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A monthly time series of samples from the Columbia and Willamette Rivers over

a one year period was combined with tidal time series in the Columbia River estuary and

Youngs Bay mudflats. The variations of total suspended particulate material, particulate

organic carbon and nitrogen and phytoplankton pigments in the river, estuary and

mudflats were investigated to determine the contribution and fate of particles entering the

estuary from the Columbia River.

A spring pbytoplankton bloom in the Columbia and Willamette Rivers resulted in

a change in organic matter quality from detrital to phytoplankton dominated. The spring

bloom occurred at different times in the two rivers, suggesting different limiting factors,

or varying distance from the origin of the blooms to the sampling sites. The

phytoplankton community in the rivers as well as the estuary was composed mainly of

diatoms, with a minor contribution of cryptophyte and green algae in fall.

Tidal variations in estuarine organic matter were similar to those found during

previous studies. Low percentages of %chl and chlorophyll a/carbon, and high
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taxonomic pigment/chlorophyll a ratios in estuary turbidity maxima (ETM) provided

further evidence that phytoplankton sampled during these events are moribund. The tidal

action on the mud flats in Youngs Bay suspended benthic diatoms into the water column.

The suspended organic material characteristics in Youngs Bay were similar to those in

ETM, suggesting that the mudflats might be an origin or exit channel for particles in

ETM. Particles in estuarine surface waters could originate mainly from upriver, and

could be flushed rapidly from the system. Particles in ETM appear to be the result of an

indiscriminate trapping of river particles.

The standard fluorometric method for chlorophyll determination produced

chlorophyll a concentrations on average 1.15 times higher than those determined by High

Pressure Liquid Chromatography (HPLC). The fluorometric method also overestimated

pheopigment concentrations by 2.5-25 times, probably due to interfering fluorescence

from chiorophylls b and c. As a result, historical pheopigment concentrations measured

by the fluorometric method are not accurate, and there is less phytodetritus in the

Columbia River and estuary than previously believed.
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ANNUAL CYCLES OF ORGANIC MATTER AND PHYTOPLANKTON
ATTRIBUTES IN THE COLUMBIA AND WILLAMETTE RIVERS,

WITH REFERENCE TO THE COLUMBIA RIVER ESTUARY

1. INTRODUCTION

The Columbia River estuary is currently one of three active Land Margin

Ecosystem Research (LMER) sites in the United States (figure 1). These sites have been

chosen to represent a range of American estuaries and are studied to better understand

and predict changes that correspond with increased human abundance and activity at the

land-sea margin. In particular, couplings between the watershed, estuary and sea are

investigated in order to understand the systems and make these predictions.

The Columbia River is the fourth largest river in the United States in terms of

discharge, with mean annual flow of approximately 7,500 m3/s (Van der Leeden et al.,

1990). It drains a 667,000 km2 (257,000 sq. mile) watershed which includes portions

of seven American states and one Canadian province along its 1950 km (1211 mile) run

to the Pacific Ocean (Fox et aL, 1984) (figure 1, inset). The Columbia River has been

extensively altered from its natural state through the construction of dams, irrigation

projects and shipping channels. Its flow is highly regulated, resulting in a dampening of

the seasonal flow cycle and a decrease in sediment input to the estuary (Sherwood et al.,

1990).

The major tributaries of the Columbia River are the Snake and Willamette Rivers.

The two Willamette River forks originate in the Coast and Cascade Ranges of Oregon

and drain a 29,500 km2 (11,400 sq. mile) watershed as they coalesce and travel 497 km

(309 miles) to join the Columbia River near Portland, OR (Van der Leeden et al., 1990)

(figure 2). The Willamette River drains forested and agricultural land, and has increased

concentrations of nitrogen and phosphorus relative to the Columbia River (Fuhrer et al.,

1996). The Willamette River has a mean annual discharge of approximately 900 m3/s
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and contributes on average 14% of the flow entering the Columbia River estuary, with

values reaching greater than 30% during winter months (figure 3). With this high

discharge, the Willamette River has the potential to influence water properties in the

lower Columbia River and estuary.

The Columbia River estuary itself ranges from 3.2- 14.5 km (2-9 miles) wide,

and the maximum salt intrusion extends about 43 km (27 miles) inland (Jay and Smith,

1990) (figure 4). The edges of the estuary are defined by bays, mudflats, marshes,

islands, bars and winding channels. In this river-dominated estuary, biological and

geochemical transformations are localized within estuary turbidity maxima (ETM)

(Simenstad et al., 1994). ETM are dynamic features 1-5 km in length where particles are

trapped and resuspended (Simenstad et al., 1994). They usually occur at the toe of the

salt wedge in a 20 km area in the estuary (Gelfenbaum, 1983) and are identified by

suspended particulate matter concentrations greater than 50 mg/I (Small and Morgan,

1994). ETM are areas of enhanced biological activity and are important sites of particle

transformation as organic matter travels from the river, into the estuary and eventually

out to sea (Simenstad et al., 1994).

In one of the first publications dealing with phytoplankton in the estuary, Haertel

(1969) identified the major forms of phytoplankton and noted that estuarine

pbytoplankton are mainly an extension of the river flora. She also studied phytoplankton

abundance in relation to nutrients, light and river flow and hypothesized that light is the

limiting factor to phytoplankton growth. In the following two decades, several

investigations were carried out in order to understand primary production and detrital

cycling in the entire estuary (Small et al., 1990 and references therein). These studies

included production rates and turnover times (the ratio of carbon production to carbon

biomass) of phytoplankton, emergent vascular plants and benthic algae in all areas of the

estuary. It was during these studies that the importance of ETM in trapping

phytoplankton and creating a prime food zone for grazers was realized.



Figure 3. Daily water discharge averaged from previous years (m3/s). a) Columbia
River at Beaver Army Terminal (entrance to estuary). Data from 5/1/68-5/30170
and 6/28/91-9/30/93. b) Willamette River at Portland. Data from 10/1/72-
9/30/93. c) %discharge of the Willamette River at the entrance to the Columbia
River estuary. Gray lines are ± 1 standard deviation. (USGS historical
streaniflow data from the world wide web: www.h2o.usgs.gov/ swr/OR/)
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Beginning in 1990, a series of Columbia River LMER cruises were initiated that

have focused on ETM as a coupling mechanism between the watershed, estuary and sea.

These cruises combine biological, geochemical and physical data to determine the origin,

transformation and export processes, and residence times of particles in ETM. Through

these cruises, phytoplankton attributes in ETM have been well studied and are found to

vary according to tidal strength and season (Morgan, 1992; Small and Morgan, 1994).

Recently, interest has focused on the origin of particles in ETM. Particles in

E1'M could potentially originate from riverine, oceanic, estuarine or mudflat processes.

From past investigations, it is evident that all of the above areas must be studied during

each season to determine the source of ETM particles in the estuary (Simenstad et al.,

1994). Over the past six years, the Columbia River LMER project has sampled ETM

intensively during 30 hr time series, as well as river, and recently, mudflat sites. No

data from winter months have been collected. The lack of monthly time series sampling

has made it difficult to separate seasonal from annual changes in organic matter

properties in ETM.

In this study, I have combined an upriver, monthly time series over a one year

period with estuary and mudflat samples collected during the 1996 July-August LMER

cruise to help put boundaries on the quality and quantity of organic matter entering the

estuary and to determine the contribution of riverine organic matter to ETM. I have

included samples from the Willamette River to determine the tributary's impact on

particle attributes in the lower Columbia River and, eventually, ETM.



2. METHODS

2.1 Sampling

Two separate sampling regimes were undertaken during this study. Samples

were collected monthly in the Columbia and Willamette Rivers, and during the 1996

LMER cruise in the Columbia River estuary. Sampling locations are identified in figures

2 and 4.

2.1.1 Columbia and Willamette River sampling

For the time series sampling, water was collected approximately monthly from

November 1995 until October 1996 in cooperation with the U.S. Geological Survey's

(USGS) NAtional Stream Quality Accounting Network (NASQAN) project (Portland,

OR office). The sampling site in the Columbia River is located 85 km (53 statute miles)

upstream from the mouth of the river at Beaver Anny Terminal near Quincy, OR

(46°11Y54" N, 123°1O'58" W). [This site will be referred to as River Mile 53 (RM53)

because of past convention and use on navigational charts]. This is an ideal area for

obtaining a cross-sectional sample of particles entering the estuary, as it is the first

location upstream from the estuary where the channel is fairly narrow (approximately 65

m) and is not interrupted by islands.

The sampling site in the Willamette River is located in downtown Portland, just

downstream from Morrison Bridge [45°31'04" N, 122°40'07" W, Willamette River

Mile (WRM) 12.8]. This site is relatively far from the Willamette-Columbia confluence

because during normal discharge, tides can cause the Columbia River to back-flow into

the Willamette (Rickert, 1984). At times during late winter when the Willamette River
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contributes a significant percentage of the Columbia River's discharge (figure 3), this site

was moved further downstream to St. John's Bridge in northwest Portland (WRM6).

In October 1996, a third site was sampled on the Columbia River upstream from

the Wjllamette River confluence near Warrendale, OR (45°36'45" N, 122°O1'35" W,

RM141). This site was sampled to attempt a mass balance approach to determine the

effects of the Willamette River on organic matter in the Columbia River. This approach

is only possible if the Lewis and Cowlitz Rivers [average annual discharges are 26 and

150 m3/s, respectively çlTetra Tech, 1993a)], the main tributaries which enter the

Columbia River between the Willamette confluence and RM53, do not contribute a

significant amount of water to the Columbia River.

A detailed description of the sampling protocol can be found in Fuhrer et al.

(1996). Briefly, samples were collected onboard a small boat at five equally spaced

stations across each river. A depth integrated sampler fitted with an 8 L collapsible

Teflon bag and Teflon nozzle was lowered to the bottom and then raised back to the

surface, collecting water isokinetically (Edwards and Glysson, 1988). The result is a

velocity-weighted sample. The sampling process took approximately 2 hours, and 3-10

L of water were collected, depending on water velocity. The water was transported (2-3

hr) to Oregon State University (OSU) in a 10 L carboy surrounded by ice. Once at

OSU, the water was homogenized immediately by shaking the carboy and then was

separated without prescreening into aliquots for each analysis described below. The

USGS provided data for water discharge, temperature, nutrients, particulate organic

carbon and herbicides, all analyzed from replicate water samples.

2.1.2 Columbia River estuary sampling

Estuary and mudflat samples were obtained during the July-August 1996 LMER

cruise. Samples from ETM events were collected near buoy 39 (46°12'03" N,
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123°49'05" W), 15 miles upstream from the Columbia River mouth in the South

Channel of the estuary, aboard the RN Robert Gordon Sproul (Scripps Institute of

Oceanography, San Diego, CA). Surface' samples (approximately 1 m below the

surface) and 'bottom samples [approximately 0.5 m above bottom (typically 12 m below

the surface)] were collected on July 19, 1996 every 2 hr during a 12 hr time series from

06:00 to 18:00 Pacific Daylight Time (PDT). Water was sampled using vertical profile

pump casts coupled with a conductivity-temperature-depth profiler (CTD) and an optical

backscatter sensor (OBS) which provided real time data on water turbidity. The water

was prescreened through a 250 tm mesh screen and processed immediately.

Prescreening eliminated larger particles and organisms and does not appear to affect

phytoplankton attribute measurements, as 400 and 250 im mesh screens produce similar

results (Morgan, 1992).

Mudflat samples were obtained from Youngs Bay near the mouth of the Lewis

and Clark River (46°09'64"N, l23°5 133"W). Samples were collected 5 times during a

7.5 hr flood-ebb sequence from a small boat with a submersible pump lowered to just

above the bottom. The timing of the sample collection was decided according to the tidal

height at a tower nearer to the land edge of the mudflat. Samples were taken just before

the water reached the tower (pre-flood), when the water was 1 foot up the tower (1'

flood), at high tide, and when the water ebbed past the 2 and 1 foot marks on the tower

(2 and 1' ebb). Water samples were then driven to the R/V Sproul, docked in Astoria

(approximately 5 mm away), for immediate processing. A benthic algae sample was

collected on August 2, during low tide when the mud flats were exposed. A small

amount of algae (visible as a gold-colored mat on the mudflat surface) was skimmed off

with a metal spatula and wiped onto a 25 mm Whatman GFIF filter. The filter was

processed for pigment analyses as stated in section 2.4.
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2.1.3 Size fractionations

Size fractionation studies were carried out at two locations in the sampling area.

Water was collected during the 1996 LMER cruise in the North Channel on July 24,

1996 and during the monthly time series sampling at RM53 on August 27, 1996. To

size fractionate the samples, 2.5 L (RM53) or 4 L (N. Channel) of water were gravity

filtered through a 64 J.tm mesh screen. The filtrate was then passed through a 10 im

mesh screen. The >64 and 10-64 pm size fractions were resuspended using OF/F

filtrate water of the same salinity as the sample (0 ppt at RM53 and 26 ppt at N.

Channel). All three size fractions were then processed for pigment analyses as described

in section 2.4.

2.2 Suspended particulate material

The gravimetric weight of total suspended particulate material (SPM) was

determined by pressure filtering (10-15 psi) 0.5-2 L of water through a pre-weighed

Poretics 90 mm polycarbonate membrane filter (1.0 im pore size) with N2 gas. The

filters were folded into quarters, placed into clean plastic petri dishes and oven-dried (24

hr at 43 OC). The dried filters were then re-weighed, and the SPM concentration was

calculated as the difference between the post- and pre-filtration weights, divided by the

volume of water filtered.

2.3 Particulate organic carbonlnitro!en

Particulate organic carbon and nitrogen concentrations (POC, PON) were

determined by filtering 50-250 ml of water through a pre-combusted 25 mm Whatman

OF/F filter (0.7 J.tm pore size) under a <250 i-mn Hg (5 psi) vacuum. The filters were

folded, placed in pre-combusted borosilicate vials (1 dram) with Teflon lined caps and

frozen (-15 °C) until further analysis. Frozen samples were removed from the vials,
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fumed with concentrated HC1 for approximately 4 hr to remove any inorganic carbon and

then oven-dried (24 hr at 43 OC). The dried filters were cut in half, packed into clean tin

boats and analyzed on a Carlo Erba NA1500 nitrogen/carbon/sulfur analyzer using

acetanilide as a calibration standard (Verardo et al., 1990).

Errors associated with the POC and PON concentrations were estimated two

ways. Replicate filters were run for four of the samples. The average standard deviation

of the replicates was 5.1% of the POC concentration and 3.4% of the PON

concentration. The USGS also measured POC concentrations on replicate water samples

as part of the NASQAN project. The USGS method includes filtering water onto a silver

filter (0.45 jim) and shipping the filter on ice to the National Water Quality Laboratory

(Denver, CO) (Wershaw et aL, 1987). A comparison of the USGS POC concentrations

with my data also demonstrates variability associated with the POC values (figure 5).

The average standard deviation of the replicates in figure 5 is 16.4% of the POC

concentration. This relatively large error may be due to the sampling procedure for the

replicates (i.e. the replicates were not split from one full Teflon bag, but were acquired at

each section during separate fillings of the sampling bag) or to differences in analytical

techniques between the laboratories. While there is variability in the POC

concentrations, a 16% error would not diminish the significance of the results.

Organic matter as a weight percentage of SPM (%OM) was calculated by the

following equation:

%OM=POC*2*100
SPM

where POC is the concentration of particulate organic carbon (mgfl) and SPM is the

concentration of suspended particulate matter (mg/i). Organic matter, including humic

substances and phytoplarikton, have elemental compositions that are approximately 45-

50% carbon (Harris, 1986; Rashid, 1985). Multiplying the POC/SPM ratio by 2

provides an estimate of the percent of SPM (by weight) that is organic matter. The
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15

remainder of SPM is presumably inorganic minerals and biogenic silica (Prahi et al.,

submitted).

2.4 Pigments

Phytoplankton pigments were determined by two different techniques:

fluorometry and high pressure liquid chromatography (HPLC). Both methods provide a

measure of chlorophyll a and total pheopigment concentrations. HPLC also yields

values for any pigment (chlorophyll or carotenoid) present in the sample. To determine

pigment concentrations, 50-250 ml of water were filtered in triplicate (single for the

estuary and mudflat samples) through a pre-combusted 25 mm Whatman GF/F filter

under a gentle vacuum (<250 mm Hg). The filters were then either folded in aluminum

foil packets and frozen in liquid nitrogen or processed directly. Each filter was placed in

a 10 ml polypropylene centrifuge tube and extracted in cold 90% acetone (12-24 hr at -15

OC). The colored extract was either filtered through a GF/F filter or centrifuged and then

divided for fluorometric or HPLC analysis.

The percentage of the concentration of chlorophyll a [chi a] to chlorophyll a plus

its degradation products. was calculated as follows:

%chl = Fchl al *100
[chi a] + [pheopigments]

Chlorophyll a is a photosynthetic pigment necessary for photosynthesis. Chlorophyll a

can be degraded to pheopigments by cell lysis at the fresh-salt water interface, natural

death, or grazing by zooplankton (Owens and Falkowski, 1982; Carpenter and

Bergquist, 1985; Morgan, 1992). %chl is used as an index of algal health, with higher

percentages suggesting healthier cells (Morgan, 1992).
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2.4.1 Fluorometry

The colored extract was diluted with 90% acetone and analyzed on a Turner

Designs fluorometer using the acid ratio protocol of Strickland and Parsons (1972).

First, an initial fluorescence reading is taken on the extract. The extract is then acidified

with 2-3 drops of 10% HC1, which converts all the chlorophyll a to pheophytin a, and a

final fluorescence reading is determined. Chlorophyll a and pheophytin a concentrations

in the original water sample are calculated from equations (Strickland and Parsons, 1972;

Conover and Durvasula, 1986), correcting for the acetone dilution and the volume of

water filtered. Standards solutions for calibration were produced by dissolving

crystalline chlorophyll a (Sigma Chemicals) in cold 90% acetone. The resulting solution

concentration was determined using a Bausch & Lomb Spectronic 1001 split-beam

spectrophotometer (Latasa et al., 1996). Pheophytin a was obtained by acidifying the

chlorophyll a standard with HC1.

2.4.2 HPLC

For HPLC analysis, 100 l of extract was injected into an HPLC system fitted

with a Perkin-Elmer Series 400 solvent pump, 4.6 x 15 mm Beckman Ultrasphere

separation column with 5 jim ODS beads, and a Thermoseparation Products

SpectraSystem UV2000 UV/VIS detector (436 and 665 nm). A sample chromatogram

from the dual wavelength detection is shown in figure 6. The dual wavelength mode

helped separate carotenoid from chlorophyll peaks, as only some chiorophylls absorb at

665 nm. Peak areas were integrated using a commercial software for chomatographic

analysis (LabCalc, Galactic Industries Corporation). The protocol of Wright et al.

(1991) was used with a modified solvent program that yielded the best pigment

separation (table 1). Standards of chlorophyll a and pheophytin a were prepared as for

fluorometry. Standards for chlorophyll b, fucoxanthin, zeaxanthin, peridinin, -
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Table 1. Modified HPLC solvent protocol

Solutions:
A: 80:20 methanol:0.5M animonium acetate
B: 90:10 acetonitrile:water
C: ethyl acetate

Flow rate: 1 mI/mm
step time (mm) %A %B %C

0 0.1 100
1 4 100
2 24 20 80
3 3 100
4 3 100
5 5 100
6 0
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carotene and diadinoxanthin were received from R. Bidigare (University of Hawaii). All

of the standards were dissolved in 100% acetone, except f'-carotene, which was in 100%

ethanol.

For pigments for which standards were not available, response factors (weight of

pigment injected/peak area) were calculated by comparing response factors from this

HPLC system to published response factors (Tupas et al., 1992). The response factor of

a pigment is calculated by relating its response factor to that of chlorophyll a as follows:

ii pigmentL = if pigments
rfchla rfchlaS

where if pigmentL and if chi aL are the response factors for the pigment in question and

chlorophyll a, respectively, from the literature; and if pigmentS and if chi aS are the

response factors for the pigment in question and chlorophyll a determined in this study

[R. Letelier (OSU), pers. comm.]. Since all variables are known except if pigmentS, the

equation can be solved by simple algebra. This calculation was also done with the

pigments for which I had standards, to double check the validity of the calculations.

Figure 7 shows a good correlation between response factors of pigments determined by

injection into the HPLC during this study and calculated from the above equation.

Because all pigments reported herein without available standards are reported as ratios to

chlorophyll a, the error associated with the calculated method has little significance on the

conclusions drawn in this thesis.

The response factors for all pigments reported in Tupas et aL (1992) and the

calculated response factors from the HPLC system used in my study are listed in table 2.

This list may be useful for future work on this HPLC system. The response factor for

zeaxanthin was used as the response factor for alloxanthin. The extinction coefficients at

the wavelength of maximum absorbance (approximately 453 nm for both pigments) of

these two pigments are assumed to be similar (Gieskes and Kraay, 1984). Both peaks

have similar absorption spectra between 436 and 453 nm (Gieskes and Kraay, 1984),
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Table 2. HPLC response factors a) from Tupas et al. (1992), b) calculated
from the equation on page 19 and c) determined experimentally from
standards. Data in figure 7 are calculated from columns a and c.

a b c

chlorophyll c3 0.00046 0.016 13
chlorophyll c12 0.00046 0.01613

peridinin 0.00059 0.0208 1 0.02225
19-butanoyloxyfucoxanthin 0.00042 0.01492

fucoxanthin 0.00045 0.01609 0.01366
1 9-hexanoyloxyfucoxanthin 0.00040 0.01421

prasinoxanthin 0.00043 0.0 1538
diadinoxanthin 0.00026 0.00925 0.01115

zeaxanthin 0.00031 0.01081 0.01165
chlorophyll b 0.00142 0.05044
chlorophyll a 0.00073 0.02584 0.02584

chlorophyll C4 0.00046 0.01613
carotenes 0.00026 0.00936 0.00598

alloxanthin* 0.00031 0.01081
'response tactor tor zea.xanthin, see page 19 tor explanation
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and the ratio of the absorbance at 453 to 436 nm for zeaxanthin is within 5% of the ratio

for alloxanthin. With little error, the response factor for zeaxanthin at 436 nm can be

used as the response factor for alloxanthin at 436 nm.
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3. RESULTS

The results have been separated according to sampling location. Data from the

riverine time series are shown first, followed by data from the estuary and the size

fractionation study. Historical data have been added to most plots from the riverine time

series for comparison, but will not be discussed until the next chapter. During the data

analysis process, it was noticed that pigment concentrations determined by HPLC were

significantly different from those determined by the fluorometric method. Differences in

the pigment data are described at the end of this chapter, and the causes and significance

of the disparity are discussed in the next chapter.

3.1 Riverine time series

3.1.1 Inorganic and organic attributes

Finalized water discharge data are currently unavailable for RM53 and WRM 12.8

during the sampling period. However, preliminary, calculated data from November 1,

1995 through April 30, 1996 are shown in figure 8a [U.S. Army Corps of Engineers

(ACOE), Portland, district]. The early February discharge peak in both rivers was the

result of a 50 year flood. The average discharge from November 1, 1995 through April

30, 1996 for the Columbia and Willamette Rivers was 11,700 and 2,500 m3Is,

respectively. During the time discharge data were available, the Willamette contributed

on average 20% of the Columbia River's flow at RM53, with values reaching 54%

during the February flood (figure 8b). Figure 8c shows water temperature at RM53 and

WRM12.8 during the study period (USGS preliminary data; Valerie Kelly, Portland, OR

office). Water was coldest (5-7 °C) in both rivers in February and March and reached
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Figure 8. Physical water characteristics at RM53 and WRM 12.8. a) water discharge
(m3/s), b) contribution of the Willamette River to water discharge at RM53 and c)
water temperature (°C). Water discharge is from November 1, 1995 through
April 30, 1996 (U. S. ACOE preliminary data from model). %discharge is
calculated from figure 8a. Water temperature is from USGS preliminary data.
Historical water discharge data are from figure 3. Historical temperature data at
RM79 are from Dahm et al. (1981).
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highest temperatures (>20 °C) in July and August. Temperatures at WRM 12.8 were in

general a few degrees warmer than at RM53.

Preliminary nutrient data made available by the USGS for both sites are shown in

figure 9. Nitrite made up 1-8% of the nitrate plus nitrite (NO3- NO2-) pool in both

rivers. At RM53, nitrate plus nitrite concentrations ranged from approximately 31.5 iM

in winter to 5.7 plvI in June (figure 9a). Nitrate plus nitrite followed the same trend at

WRM 12.8, but concentrations were approximately 2.6 times higher than at RM53.

Orthophosphate (PO4) concentrations at RM53 followed the same pattern as nitrate plus

nitrite with values ranging from approximately 0.7 jiM in winter to 0.03 jiM in July

(figure 9b). Orthophosphate showed less of a declining trend over the year at

WRM12.8, with values on average 3.6 times higher than at RM53. Dissolved silicate

[Si(OH)4] concentrations at RM53 were highest in February (233 j.1M) and decreased

50% by August (figure 9c). At WRM12.8, dissolved silicate showed no declining

pattern, and with the exception of a decrease during the February flood, dissolved silicate

concentrations stayed constant at an average of 257 jiM.

Suspended particulate material (SPM) varied seasonally at both RM53 and WRM 12.8,

with highest concentrations in winter and lowest in late fall (figure lOa). The

anomalously high data points in February were sampled during the flood. From April-

July, SPM concentrations at RM53 averaged 1.75 times higher than at WRM12.8.

Particulate organic carbon (POC) concentrations peaked during the February flood, with

a second peak appearing in April-May (RM53) or June (WRM12.8) (figure lOb). The

weight percent of SPM that was organic matter (%OM) was highest in early spring at

RM53 and then slowly declined through the summer and into the fall (figure lOc). The

general pattern is the same at WRM 12.8, except that the peak occurred in late spring,

showing the same lag as the POC data. Willamette Basin soils (2.8-7.0 %OM by

weight; Prahl et al., 1994) are plotted for comparison.
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Figure 9. Nutrient concentrations (jiM) from November 1995-October 1996 at RM53
and WRM12.8 (USGS preliminary data). a) nitrite plus nitrate, b)
orthophosphate and c) dissolved silicate. Historical nutrient data at RM79 from
Dahm et al. (1981) are piotted for comparison.
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Figure 10. Bulk particle attributes from November 1995-October 1996 at RM53 and
WRMI2.8. a) suspended particulate material (SPM) (mg/i), b) particulate
organic carbon (POC) (mg/I) and c) %organic matter (%OM). Average standard
deviation for POC is ± 16%. Historical, unpublished LMER data from
September-October 1990, July-August 1991, May-Jun 1992, May 1995 and July
1996 are plotted for comparison. Arrows point to peak POC and %OM values.
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Chlorophyll a concentrations determined by HPLC analysis for each station are

shown in figure 11 a. In spring, chlorophyll a concentrations in both rivers increased to

approximately 20 jig/I, indicating phytoplankton blooms of similar magnitude.

However, the timing of the blooms in each river differs. The bloom at RM53 occurred

in May, concurrent with the increase in POC and %OM in this system. The bloom at

WRM12.8 occurred in June, coinciding with the POC and %OM increases in the

Willamette River. Pheopigments (pheophytin a plus a pheophytin a-like pigment,

measured by HPLC) are shown in figure 1 lb. Pheopigment concentrations peaked

simultaneously with chlorophyll a concentrations in both rivers. Percent chlorophyll a

(%chl) was calculated in order to separate increases in pheopigment concentration caused

by phytoplankton death from changes in phytoplankton abundance (figure 1 ic). Low

%chl numbers should be associated with phytodetritus, while high %chl numbers reflect

healthy phytoplankton. During the time of the phytoplankton blooms (April through

July), %chl was high and constant ( 95.7% ± 1%) in both rivers. The %chl values were

lowest in November 1995 in both rivers.

Figure 12a shows atomic carbon/nitrogen (C/N) ratios for both rivers. Ratios were

highest during winter and decreased throughout the spring and summer to values closer

to the Redfield ratio for healthy plankton (6.625, based on a C/N atomic ratio of 106:16;

Redfield, 1934, but see also Fleming, 1940). The higher C/N ratios in winter are similar

to ratios from Willamette Basin soils (11.5-13.9; Prahl et al., 1994). Ratios of C/N at

RM53 were in general higher than at WRM 12.8. Chlorophyll a/POC (chl/C) ratios are

plotted in figure 12b. Literature values of chl/C for healthy algae range from

approximately 10-30 jig/mg (20 jig/mg is the most frequently reported number) (Harris,

1986; Riemann et al., 1989). Ratios of chl/C mimic chlorophyll a concentrations in both

rivers and are highest during the spring blooms.
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Figure 11. Chlorophyll concentrations determined by HPLC from November 1995-
October 1996 at RM53 and WRM 12.8. a) chlorophyll a (ji.gll), b) pheopigments
(jig/i) and c) %chlorophyll a (%chl). Error bars of ± 1 sample standard deviation
are shown for each data point. Only one replicate detected pheopigments at
WRM12.8 on January 9 and March 11, 1996. The sample standard deviation for
%chl was calculated using only the standard deviation of the chlorophyll a
concentration for these two sampling points. Pheopigments were below
detection limits at RM53 on January 10 and at WM12.8 on February 13, 1996.
%chl was not calculated for these two sampling points. Historical, unpublished
LMER data are plotted for comparison (see figure 10 legend for LMER dates).
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3.1.2 Phytopiankton community structure

Phytoplankton groups present during the year can be determined from HPLC

pigment analysis. Fucoxanthin, alloxanthin, zeaxanthin and chlorophyll b can be

taxonomic markers for diatoms (Bacillariophyceae), cryptophytes (Cryptophyta), blue-

green algae (Cyariophyta), and green algae (Chlorophyta), respectively (Wright et al.,

1991). These are the most abundant pigments found during this study, and are the

prominent groups of algae found near these sites in previous studies (Rickert et al.,

1977; Rinella et al., 1981; Tetra Tech, 1993a and b).

A range of the ratios of taxonomic pigments/chlorophyll a (pigmentichl) for the

groups of phytoplankton found in the Columbia and Willaniette Rivers are noted in table

3. These numbers were derived from the analysis of algae from cultures and the

Columbia River during this study. If a sample contained only one group of

phytoplankton, the pigment/chi ratio of the sample would be similar to that of the pure

culture. When more algal groups are present, the pigment/chl ratio of every group in the

sample is lowered. Literature values of pigment/chi ratios vary widely within each algal

group. Pigment/chi ratios reported for algal groups include: fucoxanthin/chi ratios of

0.49-0.65 in diatoms (Vesk and Jeffrey, 1977), zeaxanthin/chl ratios of 0.4-2.0 in blue-

green algae (Kana et al., 1988), alloxanthin/chl ratios of 0.13-0.4 in cryptophytes

(Lichtlé et al., 1987; Claustre et al., 1994) and chlorophyll b/chl ratios of 0.22-0.68 in

green algae DeMort, 1970; Senge and Senger, 1990). The wide range of pigmentichl

ratios within each algal group makes it difficult to draw conclusions about group

abundance based on these ratios. For consistency, only those ratios determined on the

HPLC system used in my study are shown in table 3.

Fucoxanthin/chl ratios were in general higher at RM53 than at WR.M 12.8 (figure

13). In both rivers, fucoxanthinlchl ratios are similar to ratios found in pure diatom

cultures. The highest fucoxanthin/chl ratios correspond with the time of greatest
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Table 3. Taxonomic pigment/chi ratios for pure cultures
of marine algae, unless otherwise noted

literature
Algal group this study range

benthic diatoms 0.34"
Thalassiosira weissflogii (light) 0.48
T. weissflogii (dark) 0.45
i algae (chiorohyll b) O.220.682
Chiorellasp. 0.64*
Dwiiella tertiolecta 0.47
tophytes (alloxanthin) 0.1 3-O.4
Chroo,nonas sauna 1.08
-green algae (zeaxanthin) 0.4-2.0
synechococcus b 2.19
svnechococcus DC-2 1.44
ripled from Youngs Bay

*from colonial Chlorella sampled at RM53
1Vesk and Jeffrey, 1977
2DeMort, 1970; Senge and Senger, 1990
3Lichtl6 et al., 1987; Claustre et al., 1994
4Kana et al., 1988
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chlorophyll a concentrations in both rivers (figure 11). Pigment data from other

phytoplankton groups are only available from June-October 1996, due to an HPLC

separation problem (figure 14). The pigmentichl ratios reported in figure 14 are much

lower than those found in pure cultures (table 3). Chlorophyll b/chl ratios were higher at

WRM12.8 than at RM53. Zeaxanthin/chi and alloxanthin/chl ratios increased throughout

the fall in both rivers, peaking in August. During June-October, the total proportion of

the taxonomic pigments from cryptophytes, blue-green algae and green algae to

chlorophyll a ((alloxanthin + zeaxanthin + chlorophyll b)/chl) increased, except for the

October sampling point at WRM 12.8. The total taxonomic pigment/chi ratio for October

at this site is comparatively low. No new pigment peaks were present in this sample

compared to previous sampling dates, so it is unlikely the low pigmentichl values were

due to the presence of a fifth algal group. There are no known sampling problems for

this data point, but the low chlorophyll a concentrations in October may be the cause of

the unusually low ratio.

3.1.3 Effects of the Willamette on the Columbia River

Samples from RM53, WRM12.8 and RM141 (figure 2) taken during October 21-

23, 1996 can be compared to study the effects of the Willamette on the Columbia River.

If a simple box model approach works, then concentrations and ratios of particulate

matter attributes at R1v153 should fall between values found at WRM 12.8 and RM141.

Table 4 summarizes the particulate matter attributes found at each site. In general,

particulate matter attributes at RM53 were similar to those at RM141. The Willamette

River carried higher SPM (1.8 times) and POC (1.5 times) concentrations, and lower

chlorophyll a concentrations (0.47 times) than the average concentration in the Columbia

River. As stated earlier, pigmentichl ratios for WRM 12.8 in October are suspect, so care

should be taken in drawing conclusions from this data point.
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Table 4. Comparison of particulate matter attributes between RM 141,
WRM 12.8 and RM53. Sample standard deviations are shown in
parentheses.

RM141 WRM 12.8 RM53

date Oct 21 96 Oct22 96 Oct23 96

SPM (mg/i) 6.5 11 6.1

POC (mg/i) 0.391 0.604 0.412

%OM 12.1 10.8 13.6

chlorophyll a (jig/I) 2.79 1.07 2.64
(0.06) (0.06) (0.11)

pheophytin a (jig/I) 0.312 0.260 0.223
(0.008) (0.020) (0.023)

%chl 89.9 80.5 92.2
(4.81) (10.7) (12.1)

ClNatomic 8.5 7.9 6.1
chi/POC (jig/mg) 7.13 1.77 6.40

fucoxanthinlchl (jig/jig) 0,3 14 0.108 0.325

(0.035) (0.018) (0.019)

zeaxanthin/chlQ.ig/jig) 0.0133 0.0119 0.0130
* (0.0039) (0.0060)

chlorophyll b/chl (jig/jig) 0.0303 0.0785 0.0255
(0.0198) (0.0112) (0.0069)

alloxanthinlchl (jig/jig) 0.0998 0.0 153 0.0967
(0.0044) (0.0084) (0.0123)

'on1y one replicate detected zeaxanthm
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3.2 Estuary and mudflats

Estuary and mudflat sample results are separated into the two time series at buoy

39 and in Youngs Bay. The format of the results is similar to that of the riverine time

series in order to allow easy comparison of riverine, estuarine and mudflat samples. The

results below should help determine the contribution of riverine particles to particles in

the Columbia River estuary and ETM, as discussed in the next chapter.

3.2.1 Buoy 39 time series

Particle attributes from a 12 hr neap ebb-flood tidal series on July 19, 1996 at

buoy 39 (figure 4) are plotted below (LMER sampling series 96N1 l01-96N1 125). The

sampling series began near flood slack tide, when bottom water salinity values were 17.8

ppt (figure 15a). This bottom ocean water was also colder than surface river water

(figure 15b). The tide reversed, and the ocean water ebbed out of our sampling site. At

this time, salinity was near zero at both depths, and the water column was well mixed

according to the temperature profile (figure 15b). The tide then reversed again, and the

last two sampling points again show a stratified water column, with warm river water at

the surface, and colder ocean water near the bottom.

During this time period, two ETM events (and one minor ETM event) were sampled with

the disappearance and reappearance of the salinity "toe" (figure 1 6a). The two ETM

events were defined as water with SPM concentrations greater than 50 mg/l. The minor

ETM event at 18:00 PDT had an SPM concentration of 43 mg/i and is denoted in the

figures with the word ETM in parentheses. POC concentrations during the time series

were typically 0.5-1.5 mg/i, with values reaching 3.9 and 6.3 mg/I in bottom water

during the two ETM events (figure 16b). %OM varied from 4-19% during the ebb-flood

sequence. During ETM events, bottom water %OM values were approximately 1.8

times higher than surface values (figure 16c).
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Figure 15. Physical water characteristics for surface and bottom samples from the July
19, 1996 buoy 39 time series, a) salinity (ppt) and b) temperature (°C). Tidal
phase is shown below the graphs [from predicted tidal elevation at Tongue Point
(near Astoria)]. The July value from the monthly time series sampling at RM53
is shown for comparison.
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Figure 16. Bulk particle characteristics from the July 19, 1996 buoy 39 time series, a)
suspended particulate material (SPM) (mg/i), b) Particulate organic carbon (POC)
(mg/I) and c) %organic matter (%OM). Tidal phase is shown below the graphs
[from predicted tidal elevation at Tongue Point (near Astoria)]. July values from
the monthly time series sampling at RM53 are shown for comparison.
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Chlorophyll a concentrations were similar at both depths throughout the time

series, with the exception of higher concentrations occurring in bottom water during the

first ETM event (21.8 j..tg/l) and during the minor ETM event (24.8 tgIl) (figure 17a).

The bottom depth pigment sample taken during the ETM event at 16:00 PDT was lost.

Pheopigment concentrations were higher in high salinity waters and during ETM events

(figure 17b). %chl values remained between 85 and 90% throughout the sampling

period, with the exception of the first ETM event (figure 17c). During ETM, %chl

dropped to 75-78%. Overall, %chl values in surface water tended to be slightly higher

than those near the bottom.

C/N ratios ranged from 6.6 to 9.7 during the time series (figure 18a). The

highest C/N ratios (9.3 and 9.7) occurred in bottom water during the two main ETM

events. ChI/C ratios ranged from 8.2 to 19.6 .tg/mg during non-E1'M events, with

surface ratios always higher than near bottom ratios (figure 18b). ChIIC values during

the first ETM event (5.6 ji.glmg) was the lowest sampled.

PigmentIchl ratios were similar in both high and low salinity waters (figure 19).

In general, ETM events produced surprisingly high pigmentichl ratios compared to those

of pure cultures (table 3). Apart from ETM bottom waters, fucoxanthin, alloxanthin and

chlorophyll b/chl ratios declined during the flood tide. Zeaxanthin/chi ratios were low

(0.006-0.01) and tended to be higher during non-slack water conditions (see appendix).

Zeaxanthinlchl ratios at RM53 during the same month (July) were 0.007.

3.2.2 Mudflat time series

The mudflat time series was sampled on July 29, 1996 in Youngs Bay (figure 4)

(LMER sampling series 96YB I). During this flood-ebb cycle, the mudflats went from

being exposed, to inundated, to exposed again. The tidal height at each sampling point is

noted below the figures. SPM and POC concentrations were highest when waters were



Figure 17. Chlorophyll concentrations determined by HPLC from the July 19, 1996
buoy 39 time series, a) chlorophyll a (.tg/l), b) pheopigments (f.Lg/l) and c)
%chlorophyll a (%chl). Tidal phase is shown below the graphs [from predicted
tidal elevation at Tongue Point (near Astoria)]. July values from the monthly
time series sampling at RM53 are shown for comparison.



25

0 To bottom'

20- ETM A surfa!j

15-
A

A A
10-

C
0

- 5-0

a
0-

I I

6:00 8:00 10:00 12:00 14:00 16:00 18:00

:i

0
0

0

8

7

6

5

4

3

2

1

0

6:00 8:00 10:00 12:00 14:00 16:00 18:00

100

90

80

70

60

50

6:00 8:00 10:00 12:00 14:00 16:00 18:00

ebb flood

time (PDT)

Figure 17

I-

p.-,

en

47



c)

0
4-a

16-

0 bottom
14-.... A surface

,/
12-

,
, ,

10- ETM
ETM 00

-. A A
A A

(ETM)

6-
I I I

6:00 8:00 10:00 12:00 14:00 16:00 18:00

25 -

20- A

15- A A
A

::L
A

10-
0

0
5

0

1i

A A

(ETM)0

6:00 8:00 10:00 12:00 14:00 16:00 18:00
ebb flood *

time (PDT)

11)0

-- C,,

>'

-

Ir

4-- -
04

11)0

04

0
4-è

0

-04

;;;7 11.)

Figure 18. a) Carbon/nitrogen (C/N) atomic ratios and b) chlorophyll a/POC (chl/C)
(jig/mg) ratios from the July 19, 1996 buoy 39 time series. Tidal phase is shown
below the graphs [from predicted tidal elevation at Tongue Point (near Astoria)].
July values from the monthly time series sampling at RM53 are shown for
comparison.



Figure 19. Pigment/chlorophyll a ratios (pigmentichl) from the July 19, 1996 buoy 39
time series, a) fucoxanthin/chi, b) alloxanthin/chi and c) chlorophyll b/chl. Tidal
phase is shown below the graphs [from predicted tidal elevation at Tongue Point
(near Astoria)]. July values from the monthly time series sampling at RM53 are
shown for comparison.
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shallow (at the first and last sampling points) (figures 20a and b). The lowest SPM and

POC concentrations coincided with slack high tide, when water over the mudflats was

deepest. %OM remained constant near 10% throughout the time series (figure 20c).

Chlorophyll a and pheopigment concentrations mimicked POC, with highest

concentrations occurring when the waters were shallow and lowest concentrations when

the water was deepest (figure 21a). %Chl values remained between 86 and 91% during

the sampling period (figure 21b). These values are similar to the %chl value found in the

benthic algae collected from Youngs Bay on August 2, 1996.

C/N ratios remained near 10 throughout the tidal cycle (figure 22a). Chl/C ratios

began near 4 during the flood period and increased to 6 during the ebb (figure 22b). No

replicates were taken for these samples, so the significance of any changes cannot be

measured.

Fucoxanthin/chl values from this time series are shown in figure 23. The

fucoxanthin/chi ratios in suspended particles were similar to that found in benthic algae.

Alloxanthin, zeaxanthin and chlorophyll b/chl ratios during the sampling period also

remained constant at approximately 0.03, 0.07 and 0.04, respectively (see appendix).

Only trace amounts of these pigments were found in the benthic algal sample.

3.3 Size fractionations

Results from the two size fractionation studies carried out at RM53 and in the North

Channel of the estuary should provide information about the size distribution of

phytoplankton communities in the two main water inputs to the estuary: the Columbia

River and the Pacific Ocean. Most of the estuary-ocean tidal exchange occurs in the

North Channel of the estuary, while most of the riverflow passes through the South

Channel (figure 4) (Jay and Smith, 1990). This is opposite to what one might expect

according to the Coriolis force because of the morphology of the channel bottom.
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Figure 20. Bulk particle characteristics from the July 29, 1996 Youngs Bay time series.
a) suspended particulate material (SPM) (mg/i), b) particulate organic carbon
(POC) (mg/i) and c) %organic matter (%OM). Tidal phase is shown below the
graphs. July values from the monthly time series sampling at RM53 are shown
for comparison.
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Figure 21. Chlorophyll concentrations from the July 29, 1996 Youngs Bay time series.
a) chlorophyll a and pheopigments (p.gfl) and b) %chlorophyll a (%chl). Tidal
phase is shown below the graphs. July values from the monthly time series
sampling at RM53 are shown for comparison.
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Figure 23. Fucoxanthin/chiorophyll a ratios (fucoxanthin/chi) from the July 29, 1996
Youngs Bay time series. Tidal phase is shown below the graph. The July value
from the monthly time series sampling at RM53 is shown for comparison.
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The size fractionation study on July 24, 1996 in the North Channel reveals the

size range of each phytoplankton group present in tidal water entering from the Pacific

Ocean. Figure 24a shows the pigment/chi ratios for each size fraction. Fucoxanthin/chi

ratios were highest in the >64 jim size fraction, and declined with declining cell size.

Alloxanthin, zeaxanthin and chlorophyll b were only detected in the 10-64 and <10 p.m

size fractions. Most of the chlorophyll a was associated with cells >64 jim in diameter

(figure 24c). The <10 p.m size fraction contained the least amount of algal biomass (as

determined by chlorophyll a concentration).

Results from the size fractionation study at RM53 on August 27, 1996 are shown

in figure 24b. Fucoxanthin was present in all size fractions at approximately the same

pigmentichl ratio per fraction. Alloxanthin was also present in all three size fractions,

with highest aJloxanthinJchl ratios in the <10 p.m size fraction. Chlorophyll b was

detected in the 10-64 and <10 p.m size fractions. Chlorophyll b/chl ratios were higher in

the 10-64 p.m size fraction. Zeaxanthin was only detected in the <10 p.m size fraction.

In contrast to the North Channel, the majority of the algal biomass was split equally

between the >64 and the <10 p.m size fractions (figure 24d). Algal cells 10-64 jim in

diameter made up the smallest fraction of the algal community in August at RM53.

3.4 HPLClFluorometric comparison

The analytical method used to determine pigment concentrations had a significant

effect on the results. Figure 25 compares the concentrations of chlorophyll a,

pheopigments, and %chl values determined by HPLC and fluorometry. Chlorophyll a

concentrations determined by fluorometry are approximately 1.15 times greater than

those determined by HPLC, but the correlation is linear (R2 = 0.96) (figure 25a). Figure

25b shows the pheopigment concentrations determined by each method.

'Pheopigments' determined by HPLC are the sum of all pheopigment peaks present in
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Figure 25. Comparison of chiorophylls determined by HPLC and fluorometry from
November 1995-October 1996 for RM53 and WRM12.8. a) chlorophyll a
(tg/l), b) pheopigments (.tgf1) and c) %chlorophyll a (%chl). Error bars are ±
sample standard deviation. The 1-to-i line is shown in each graph.
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the I{PLC spectra at 665 nm (figure 6). They include pheophytin a and a pheophytin a-

like pigment. Pheopigment concentrations determined by the fluorometric method show

no distinct linear relationship with those determined by HPLC (R2 = 0.39) and are 2.5 to

25 times higher (figure 25b). The large disparity in pheopigment concentrations causes a

depression of %chl values calculated using the fluorometric method and creates the

impression that more algal detritus is present (figure 25c).



4. DISCUSSION AND CONCLUSIONS

4.1 Riverine time series

4.1.1 Physical aspects

Preliminary U. S. ACOE discharge data suggest that 1996 was an unusually wet

year. As stated earlier, the average discharges for the Columbia and Willamette Rivers

from November 1, 1995 to April 30, 1996 were 11,700 and 2,500 m3/s, respectively.

The long term averages during the same time period for the Columbia and Willamette

Rivers are 6,700 and 1,400 m3Is, respectively (figures 3a and b). Despite the high

discharge during 1996, the contribution of the Willamette River to water discharge at

RM53 was typical. The long term average from November ito April 30 is 21.5%

(figure 3c), compared to 20% found for the same time period in 1995-1996. Throughout

the remainder of the 1996 year, this percentage is expected to decrease to approximately

8%, following the historical trend (figure 3c).

The temperature range and pattern in the two rivers in 1996 is consistent with

historical data (Dahm et al., 1981; Fuhrer et al., 1996). The reasons for the warmer

water in the Willamette River are unknown. It is possible that lower discharge rates in

the Willamette River allow for more solar warming. However, Fuhrer et al. (1996) note

that in 1966-1967, water velocity was not a significant factor in determining water

temperatures in the Willamette River near Portland. Rickert et aL (1977) stated that

temperatures in the Willamette River from WRIvI5O to where it joins the Columbia River

are controlled primarily by ambient air temperature. If air temperatures near the lower

Willamette River are wanner than those in the Columbia River Gorge, it could be a

possible explanation for the temperature difference between the two rivers.
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4.1.2 Organic matter

Particulate organic carbon concentrations in the Willamette and Columbia Rivers

are affected by both physical and biological forcings. Water discharge affected both

POC and SPM concentrations, as highest concentrations occurred during the February

flood when the carrying capacity of the rivers was greatest. Historical data of SPM

concentrations in the Willamette and lower Columbia Rivers also correlate well with

water discharge (Fuhrer et al., 1996). During the spring and summer, POC

concentrations increased even though water discharge was fairly low. This second peak

in POC was probably caused by a spring phytoplankton bloom (see below).

Organic matter shifted from detrital in winter to more algal dominated in the

spring and summer. Winter organic matter in the Columbia and Willamette Rivers was

characterized by %OM and C/N ratios similar to Wjllamette Basin soils. In addition,

chlorophyll a, %chl and chlIC values were low, suggesting any algae present were

moribund. In spring, organic matter attributes tended towards those of healthy algae.

Along with the spring increase of chlorophyll a, values of %OM, %chl and chlJC

increased, while C/N ratios decreased. Since chlIC, C/N and %chl approached values of

healthy algae, organic matter became significantly more algal dominated in the spring.

%OM values for diatoms [the most abundant phytoplankton group in the Columbia and

Willarnette Rivers (Haertel, 1969; Rickert et al., 1977; Rinella et al., 1981; Lara-Lara,

1982)] range from approximately 70-88% (Werner, 1977). %OM peaked near 30% in

both rivers in 1996, suggesting that while autochthonous production from healthy

phytoplankton was a significant source of organic matter in the spring, mineral

particulates were always abundant.

The Columbia River is relatively poor in organic matter compared to other world

rivers (Meybeck, 1982). At similar SPM concentrations, POC as a weight percent of

suspended material (%POC, proportional to %OM in my study) was typically lower at



R.M53 in 1996 than the average value for world rivers (Meybeck, 1992). An exception

to this observation occuned in April, when %POC values increased due to the

phytoplankton bloom.

From 1990-1996, the LMER project has measured SPM, POC and chlorophyll

concentrations at RM53 during various months (May-October). SPM, POC, %OM and

C/N values found in previous LM]3R studies are on par with those found during this

study (figures 10 and 12). The similar ranges of these data are particularly surprising

when it is noted that the LMER data stems from five different years. Although water

discharge changes from year to year, the seasonal values of these particle attributes

remain surprisingly constant. However, chlIC ratios found during this study were lower

than those found during previous LMER studies during the same months. Since POC

concentrations between the two data sets were similar, the cause of the chlIC disparity

stems strictly from the chlorophyll a data.

Chlorophyll a concentrations at RM53 during this study are lower than

concentrations found on LMER cruises during the same months of other years (figure

I la). The difference between chlorophyll a concentrations from my study and those

measured in other years could be the result of high water discharge and low detention

times for phytoplankton in 1996. On the other hand, my research is the first Columbia

River LMER study to employ HPLC for pigment detection. The difference in

chlorophyll a concentrations could be due to a difference in the analytical methods used

(see section 4.4). Quarterly averages of chlorophyll a concentrations in the Wilamette

River are within the range of the long term average from 1987-1992 (Tetra Tech, 1992)

(table 5). No known chlorophyll a measurements exist for the lower Willamette River

during winter, so comparisons to past data cannot be made.

Historical pheopigment concentrations measured by the LMER project at RM53

are 1.25-30 times higher than those found during my study in 1996 (LMER unpublished

data). Historical pheopigment concentrations at WRM7 are 5-14 times higher than those



Table 5. Quarterly averages of chlorophyll a concentrations (pjg/I) in the Willamette
River determined during the present study compared to historical data.

Jan-Mar Apr-June July-Sept Oct-Dec
historical* - 9.1 7 1.9

S,E, 1.7 0.6
sample size (n) 13 31 1

this study 0.6 10 7 1

SE. 0.3 8 3 0.2
n 3 3 2 2

*Tetra Tech, 1992

a'



found during my study at WRM 12.8 (Tetra Tech, 1992). This is most likely the cause

for the relatively low %chl and high chl/C values in LMER historical data (figures 1 ic

and 12b) and is probably due to differences in the analytical methods used (see section

4.4).

4.1.3 Timing of the spring phytoplankton blooms

The difference in the timing of the chlorophyll a, POC and %OM peaks at RM53

and WRM 12.8 show that the phytoplankton bloom at RM53 occurred approximately one

month before the bloom at WRM 12.8 (figures 10 and 11). The reasons for the lag in the

spring bloom between the two sites are not obvious. Possible causes for the late bloom

at WRM 12.8 could be limitation by nutrients, temperature or light, lower water retention

time, further distance from the origin of the bloom or higher herbicide concentrations.

These factors will be addressed below.

Concentrations of orthophosphate at RM53 are significantly lower than those

measured by Dahm et al. (1981). Fuhrer et al. (1996) noticed a decreasing trend in

orthophosphate of approximately 2.5% per year from 1973-1994 in the Columbia River

at Warrendale. They attributed the decrease to more conservative agricultural practices

and a decrease in suspended sediment concentrations (phosphorous commonly associates

with sediment). Nutrients in the Willamette River are high, most likely due to urban

discharge and agricultural runoff (Fuhrer et al., 1996). Rickert et al. (1977) noted that

although nutrient concentrations in the Willamette River were high enough to cause

nuisance algal blooms, algal concentrations were relatively low. They performed

numerous nutrient addition experiments, including trace metals, and concluded that

nutrients were not limiting algal growth. During the time of the phytoplankton blooms in

this study, nutrients in both rivers were low (NO3- + NO2 and P043). However,

nutrient concentrations were always above detection limits, and concentrations in the
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Willamette were almost always higher than in the Columbia River. It is unlikely that

nutrients were the cause of the lag in the spring phytoplankton bloom in the Willainette,

or that nutrients limit phytoplankton growth in either river.

Phytoplankton growth is also affected by temperature. Phytoplankton growth

rates increase with increasing temperature (Eppley, 1972). If the Wiflarnette was colder

than the Columbia River, then temperature might be a factor controlling the timing of the

blooms. In fact, the Columbia was a few degrees colder than the Willamette during the

time of the blooms, yet the phytoplankton in the Columbia bloomed before the

phytoplankton in the Willamette River.

Phytoplankton in both rivers are light limited. Haertel (1969) and Lara-Lara

(1982) state that light is the limiting factor of phytoplankton growth in the Columbia

River estuary. Lara-Lara et al. (1990) estimated the light extinction coefficient to be 1.0

(summer) to 3.5 rn' (winter) at a freshwater station near the river entrance to the

estuary. Rickert et al. (1977) calculated the light extinction coefficient in the lower

Willamette River to be 1.4 to 2.0 rn-1 between June and September. They concluded that

phytoplankton growth in the lower Willamette River was limited in part by light. These

light extinction coefficients may not apply to my data set due to annual variation and the

difference in location. However, as most of the light extinction in these rivers is due to

suspended particles, SPM may be used as a proxy for the extinction co-efficient. From

April-June, 1996, SPM concentrations were approximately 1.8 times higher at RMS3

than at WRM12.8, suggesting that light penetration at RM53 should be shallower than at

WRM 12.8.

From the above data, it seems that phytoplankton in the Columbia River would

need higher incident solar radiation than phytoplankton in the Willamette River. If this

was true, phytoplankton in the Willamette River should bloom earlier in the year than

phytoplankton in the Columbia River. Although phytopllankton at both sampling sites



are light limited, light limitation is probably not the cause for the lag in the phytoplankton

bloom at WRM12.8.

Detention times (the rate of water exchange in a section of the river) may also be a

factor limiting phytoplankton growth. Detention times in the tidal reach of the Willamette

River are relatively short, and Rickert et al. (1977) concluded that detention time was

also a contributing factor to low algal populations in the Willaniette River. The

Willamette River has been fairly channelized and is regulated by eleven flood control

dams, the nearest of which to WRIvU2.8 is in Salem (WRM84). The flow of the

Columbia River is controlled by over 100 dams. In the stretch from the last dam

(Bonneville Dam, RM146) to RM53, the river borders many sloughs, side channels and

wetlands where water velocity may decrease. In addition, because RM53 is located

closer to the estualy than WRM 12.8, detention times at RM53 may also increase due to

greater tidal forcing. It is possible that the morphology and tidal mixing near RM53

increase water detention time long enough to create 'seed" populations of phytoplankton

and allow the phytoplankton at RM53 to bloom before algae in the Willamette River

reach a high concentration.

The origin of the blooms in both rivers is unknown. It is possible that spring

phytoplankton blooms in both rivers occur at the same time of the year, but further

upstream. The blooms may have originated in an area of low water velocity (i.e. behind

a dam) and then traveled down stream to the location where they were sampled. This

theory cannot be tested, as there is no way to tell where or when the blooms sampled

during this study originated. In June 1992, the LMER project completed a transect up

the Columbia River from RM2O to RM215. During this transect, chlorophyll a

concentrations nearly doubled from 15 p.g/l at RM215 to 30 p.g/l at RM2O, perhaps

demonstrating the movement of a bloom down river (LMER unpublished data). This

illustrates the importance of spatial sampling in comparing organic material between the

Willamette and Columbia Rivers.



Finally, limitation by herbicides will be addressed. The Willamette River drains a

large portion of agricultural land and is the largest source of atrazine entering the lower

Columbia River (Fuhrer et al., 1996). Atrazine is applied to rain-soaked fields in spring

as a pre-emergent weed killer and was the most frequently detected herbicide in the

Fuhrer et al. study. Concentrations in the Willamette River at Portland peaked at 0.140

and 0.160 tg/l on November 27, 1995 and February 10, 1996, respectively, with the

lowest concentration (0.006 .tg/l) measured on August 28, 1996 (USGS preliminary

data). This pattern mirrors chlorophyll a concentrations; when atrazine is low,

chlorophyll a is high. However, EC5Os (concentration causing a 50% reduction in the

measured parameter, i.e. oxygen evolution) of freshwater algae exposed to atrazine range

from approximately 40-150 ig/1, depending on algal species (Hersh and Crumpton,

1989; Gaggi et aL, 1995). Unless there is a combined reaction between atrazine and

other herbicides, it is highly unlikely that herbicides were the cause of the lag in the

phytoplankton bloom at WRM 12.8. Therefore, the observed relationship between

chlorophyll a and atrazine concentrations may simply reflect changes in water discharge

rates.

The above discussion does not provide a definite answer to the reasons for the

lag in the phytoplankton bloom in the Willamette River. The question cannot be

answered without knowing where and when the blooms in both rivers originated. It can

only be speculated that detention time is more of a limiting factor in spring at WRM 12.8

than at RM53.

4.1.4 Phytoplankton community structure

As stated earlier, phytoplankton groups present during this study, determined by

the presence of taxonomic pigments, matched the prominent groups of algae found near
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these sites in previous studies (Rickert et aL, 1977; Rinella et aL, 1981; Tetra Tech,

1993a and b).

Zeaxanthin is a pigment found in both blue-green and green algae (Wright et al.,

1991). Several factors suggest that the zeaxanthin in this study is a marker for blue-

green and not green algae. First, if both zeaxanthin and chlorophyll b originated from

green algae, both pigments should follow the same pattern. Zeaxanthin and chlorophyll

b behave differently in both the time series and the size fractions (figures 13, 14 and 24).

Furthermore, it is fairly well documented that phytoplankton in both systems are in part

light limited (Haertel, 1969; Rickert et al., 1977; Lara-Lara, 1982). Zeaxanthin is a

photoprotective pigment; chlorophyll a can pass energy to zeaxanthin via non-

photochemical fluorescence quenching instead of transferring the energy to Photosystem

II for photosynthesis (Frank et al., 1994). This helps to alleviate photoinhibition under

high light intensities. During low light conditions, zeaxanthin is converted into the

photosynthetic pigment violaxanthin, in a process known as the violaxanthin cycle

(Yamamoto et al., 1962). Green algae in these light limited rivers have little need for the

photoprotective zeaxanthin, and would probably store violaxanthin cycle pigments as

viola.xanthin.

4.1.4.1 bulk Dhvtoplankton

Diatoms are the dominant phytoplankton group in the Columbia and Willamette

Rivers at all times of the year, as fucoxanthinlchl ratios are most similar to pure culture

values (figure 13). Based on the fucoxanthin/chi ratios, the phytoplankton assemblage in

the Columbia River appears to be composed of a greater percentage of diatoms than in

the Willamette River. Diatoms constitute the greatest percentage of the phytoplankton

population during the spring bloom in each river (April-May in the Columbia and May-

June in the Willamette), suggesting that the spring increase in phytoplankton in both

rivers is caused by a diatom bloom. Because diatoms are dominant throughout the year,
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the observed changes in organic matter quality noted in figures 10-12 that are driven by

the phytoplankton bloom are most likely due to changes in diatom abundance, not

changes in phytoplankton community.

During June-October, the relative abundance of diatoms (although still clearly

dominant) declines after the spring bloom in both rivers. At the same time, the relative

abundance of the other phytoplankton groups increases, showing a minor fall bloom

(figure 14). Pigment/chi ratios measured in August in both rivers were approximately 9-

14% (alloxanthinlchl) and 7-15% (chlorophyll b/chl) of the pure culture values noted in

table 3. The higher percentages (14 and 15%) are from the Willainette River. If the

ratios in table 3 are similar to the ratios for green and cryptophyte algae in the Columbia

and Wilamette Rivers, then these algal groups make a small but significant contribution

to the phytoplankton community in August. Blue-green algae do not contribute

significantly to the phytoplankton community, as zeaxanthinichl ratios in both rivers are

approximately 1% of those for pure cultures. It is interesting to note that while diatoms

are more abundant in the Columbia than the Willamette River, the phytoplankton

assemblage in the Willamette River is composed of a greater percentage of cryptophyte

and green algae.

The dominance of diatoms supports previous microscopy studies of algal

abundances in the Columbia River (}laertel, 1969; Lara-Lara, 1982; Neitzel, et al. 1982;

Tetra Tech, 1993a and b). In the study closest to RM53, Tetra Tech (1993a and b)

found the phytoplankton community in October 1991 consisted of approximately 75%

diatoms, 13% cryptophytes, 10% green algae, and about 2% others (determined by

relative cell density). The only blue-green algae Tetra Tech detected was

Aphcznizomenonflos-aquae at the very upper and lower extents of their study range

[RM13 (Youngs Bay), RM1 15 and RM146 (Bonneville Dam)] at densities of 1% of the

total phytoplankton population. It is unclear from the Tetra Tech study whether blue-

green algae did not exist in other areas, or were too small or rare to be identified by their
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microscopy technique. No known time series analysis for phytoplankton abundance

near RM53 exists for comparison. However, Neitzel et al. (1982) noted that at RM6I 1

(Hanford), the phytoplankton community was composed entirely of diatoms in winter

and spring. During sunmier and fall, some green and blue-green algae appeared, but

these groups contributed only 5-10% of the total algal population. It must be noted that

this site is hundreds of river miles away from RM53, and the phytoplankton community

at RM61 1 may not be congruent with the community at RM53.

Algal taxonomy studies at WRM7 also show diatoms as the dominant algal form

in the lower Willamette River. Phytoplankton and periphytin taxa consisted of 92-100%

diatoms in 1973 (March-October) and 1974 (June-September) with the remainder of the

community consisting of green and blue-green algae (Rickert et al., 1977). The lowest

%diatom values were in August during these two years. Algal counts from Rinella et al.

(1981) indicate that the population at WRIvI7 was composed of 88% diatoms in August

1978 with the remainder of the community consisting of green algae. In October 1993,

the phytoplankton community at WRM7 was comprised of approximately 85% diatoms,

13% cryptophytes and 2% green algae (Tetra Tech, 1993a and b). Again, Tetra Tech did

not detect any blue-green algae during their microscopic examinations. Collectively,

these data suggest that in the fall, diatoms contribute 85-100% of the phytoplankton

density at WRM7. The microscopy work of Rickert et al. (1977) concurs with my

HPLC pigmentichl ratios for summer and fall; i.e., the less abundant phytoplankton

groups peak in August.

Historical data show that diatoms are relatively more abundant in the Willamette,

green algae relatively more abundant in the Columbia, and cryptophyte algae have about

the same relative abundance in both rivers. These microscopy results for diatoms and

green algae are opposite to my conclusions from HPLC pigment analysis. All of the

studies were conducted during different years, and it is feasible that the phytoplankton

assemblage varies annually as well as seasonally. Another possibility is that the HPLC
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data may be reflecting a difference in algal physiology instead of algal abundance. Tetra

Tech (1993a and b) noted that the dominant genera (by biovolume) of each group near

RM53 were Cymatopleura, Melosira and Stephanodiscus (diatoms), Scenedesmus(green

algae) and Crvptomonas and Rhodomonas (ciyptophytes). The primary genera of each

group near WRM 12.8 were Stephanodiscus and Melosira (diatoms), Chiorella and

Ankistrodesmus (green algae) and Ci'yptomonas and Rhodomonas (cryptophytes). It is

possible that the difference in pigment/chi ratios found in my study between sampling

sites may be due to differences in the pigment/chi ratio between genus, or changes in

algal physiology between the two rivers. Since both rivers are light limited, I would

expect that the pigment physiology of phytoplankton in each river would be similar. It is

possible that the different diatom and green algae genera in each river have unique

pigmentichl ratios. If this is true, relative abundances of algal groups cannot be

compared between the two rivers using the pigmentichl ratio. This could explain the

difference in the relative diatom and green algal abundances between the two rivers in my

study and the historical data.

4.1.4.2 size fractionations

Lara-Lara (1982) found that even though diatoms were the dominant

phytoplankton in the estualy, size fractionation studies showed that the <10 1.Lm size

fraction of algae contributed over half of the total chlorophyll a and primary production

during winter months, and a less, but significant portion during other times. The <10

tm size fraction was too small to be identified using Lara-Lara's microscopy techniques,

and he postulated that this fraction might be small flagellates. I wanted to repeat this

experiment using the HPLC technique of algal identification to determine what group the

<10 p.m algae belong to.

Size fractionation studies reveal the range of sizes of each phytoplankton group

present at RM53 on August 27, 1996. Diatoms were present in all size fractions at
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approximately the same percentage per fraction (figure 24). The size range of diatoms is

not surprising, considering the historical data of the species of diatoms present.

Cyclotella atomus and C. meneghiniana, which have been found in both the Columbia

and Willamette Rivers by Tetra Tech (1993a and b), have cell diameters of 5-7 and 3-30

jim, respectively (Dodd, 1987). Larger diatoms such as Stephanodiscus astraea (20-70

jim) and Cynwtopleura solea (30-300 jim) were also common at both sites (Dodd,

1987). The above species alone could account for the presence of diatoms in all of the

three size fractions. Cryptophytes are oblong biflagellated unicellular or colonial algae

(Vymazal, 1995). Cryptophytes were also present in all three size fractions, but

composed the greatest percentage of phytoplankton in the 10-64 jim size fraction. Cell

sizes for Rhodomonas and Cryptomonas species range from at least 4 x 7 to 26 x 60 jim

(Vymazal, 1995). Cryptophytes in the >64 jim size fraction could be made up of large

single cells of Cryptomonas erosa or perhaps a colonial species. All green algae in the

sample were less than 64 jim. Single celled species of Chiorella range from 2-50 jim

(Shisira and Krauss, 1965). Filamentous Chiorella was seen at RM53 during this study

at other times of the year (personal observation). Presumably, portions of this sessile

algal species had detached and were occasionally caught on the sampling apparatus. It is

surprising that strands of Chiorella were not present in the >64 jim size fraction.

Crescent-shaped Ankistrodesmusfalcarus and barrel-shaped Scenedesmus quadricauda

cells [both found at RM53 (Tetra Tech, 1993a and b)] range from 28-80 x 1.2-4.3 tim

and 6-36 x 2.5-12 jim, respectively (Vymazal, 1995). These species could account for

the size range of green algae found. Blue-green algae were only present in the <10 jim

size fraction. Tetra Tech (1993a and b) do not report any blue-green algae at RM53.

However, Anabaena and Oscillatoria, both filamentous species, have been identified in

the Willamette River and, along with other tributaries might provide a source for blue-

green algae at RM53. Both of these species form filaments longer than 10 jim, but the

width of these filaments can vary from 1.3 jim to a maximum of 22 tim(V1,
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1995). It is possible that these strands slipped through the 10 jim mesh screen. Many

unicellular freshwater blue-green algae have cell diameters between 0.5 and 10 jim

(Merismopedia, Chrococcus, Microcystis, Gloeothece, Coelosphaerium and

Gomphosphaeria) (Vymazal, 1995). It is possible that unicellular blue-green algae exist

in small quantities at RM53, but have been too small or too rare to be identified by

microscopy.

The phytoplankton size distribution at RM53 can be compared with

phytoplankton present in the bottom salt water of the estuary. Phytoplankton in the

North Channel of the estuary at a salinity of 26 ppt probably more closely reflect the

oceanic rather than riverine phytoplankton community. The size fractionation studies

were carried out at different times of the year (August at RM53 and July in the North

Channel), so compositional differences may be seasonal as well as spatial. Diatoms

dominated all three size fraction in the North Channel, with the <64 p.m community made

up entirely of diatoms. The relative abundance of diatoms decreased with decreasing cell

size. Cryptophytes, green and blue-green algae were present in the 10-64 and <10 jim

size fractions, but their relative abundances were low compared to that of diatoms. Lara-

Lara's (1982) hypothesis that the <10 jim size fraction was composed of small flagellates

was partially correct. In addition to the small flagellated ctyptophytes, diatoms, green

and blue-green algae are also present.

This size structure of the phytoplankton community in the North Channel is

different than that seen at RM53, where the relative diatom abundance of each size

fraction was more similar. In addition, cryptophytes, green and blue-green algae made

up a larger percentage of the community at RM53 than in the North Channel. The

disparity between the two sites in both the relative abundances and size structures of each

phytoplankton group suggests that these two populations are taxonomically distinct.

This is not surprising, given the salinity content of the two waters. This difference,
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particularly the size difference in cryptophytes, may prove useful in future studies in

determining the contribution of river and oceanic organic material to ETM.

4.1.5 Effects of the Willamette on the Columbia River

The Willamette River did not have much of an effect on organic matter attributes

at RM53. This is not too surprising, as the samples were taken during October when the

discharge from the Willamette River, as a percent of the discharge at RM53, is

historically low (10%). The Willamette River probably would not have much of an

effect on particulate matter in the Columbia River during this month. The Willamette

River may show a greater contribution to organic matter at RM53 if water is sampled

during winter or early spring, when the Willamette River contributes a more significant

percentage of the water discharge at RM53.

In effect, this experiment was tried in June 1992 during the LMER upriver

cruise. During this cruise, samples were taken along the Columbia River from the mouth

of the estuary to past Bonneville Dam (RM146), and also 17 river miles up the

Willamette River. Although historically the discharge of the Willamette as a percentage

of the Columbia River's discharge is fairly small in June (10%), table 6 shows that the

Willamette had more of an effect on organic matter at RM53 during June 1992 than in

October 1996. The influence of the nutrient rich Willamette was evident at RM53, as

nutrient concentrations at RM53 were somewhate greater than those at RMI41. POC,

chlorophyll a, %chl and chLfC values were all greatest at RM53, suggesting

phytoplankton growth between RM141 and RM53. The influence of the Willamette is

more apparent in the 1992 data set, but it is still difficult to tell the extent of the

Willamette's contribution during winter months, when the discharge percentage of the

Willamette to river flow at RM53 is greatest.
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Table 6. Comparison of particulate matter attributes between RM141,
WRM12-17 and RM53 from the June 1992 LMER upriver cruise.
Sample standard deviations are shown in parentheses.

RMI4I WRMI2-17 RM53

SPM(mg/l) 9.47 5.71 29.4
(0.97) (0.72) (10.5)

POC (mg/i) 0.660 0.713 1.19
(0.060) (0.087) (0.20)

%OM 14.1 20.6 13.0
(1.3) (4.9)

chlorophyll a (.tg/1) 16.5 10.3 23.3
(1.2) (2.0) (3.1)

%chl 74.7 74.2 82.8
(2.3) (5.9) (0.5)

C/Natomic 7.6 8.4 8.1
(0.3) (0.9) (0.4)

ch1IPOC(i,gJmg) 25.2 14.8 30.2
(2.0) (3.7) (3.3)

silicate pM 88 250 94
(1) (14) (2)

nitratepM 0.95 38 1.1

(0.04) (1) (0.0)

phosphate p.M 0.16 3.2 0.25
(0.05) (0.2) (0.02)
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Fuhrer et al. (1996) tested a box model approach between the three sites for

various monthly water quality data from 1994. They also concluded that the Willamette

River is a significant source of nutrients to the Columbia River Basin. They arranged

their sampling sites in order of decreasing nutrient concentrations (mg/I) found during the

year. The Willamette River carried the highest concentrations. The section of the

Columbia River downstream from the Willamette River had higher concentrations than

the Columbia River upstream from the Willamette confluence. Other tributaries entering

the lower Columbia River Basin had the lowest nutrient concentrations. Using the box

model approach, Fuhrer et al. found that during summer and fall, the sum of ammonia

and nitrate plus nitrite at RMI4I and WRMI2.8 was greater than at RM53. The deficit

in nutrient concentrations at RM53 was attributed to algal uptake. In winter and early

spring, when algal growth is low, the box model approach worked fairly well for both of

these nutrients, with the exception of nitrate plus nitrite being slightly higher at RM53

due to nutrient input from other tributaries or point sources. Throughout 1994, the

Willamette River carried on average 56% of the ammonia and 54% of the nitrate plus

nitrite load (in tons/day) of that entering from RM 141, with the highest percentages

occurring in November-April (Fuhrer et al., 1996).

Unfortunately, Fuhrer et a]. (1996) do not have data for organic matter attributes

such as chlorophyll a or C/N. It would be interesting to repeat the experiment during

winter and spring to examine the changes in these parameters at the three sites before and

during the phytoplankton bloom. This is the time that the Willamette River has the

greatest effect on nutrient concentrations at RM53, and differences in organic matter

attributes between RM141 and RM53 should provide information about the effects of the

Willamette on organic matter attributes in the Columbia River.
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4.2 Estuary

4.2.1 Buoy 39

Results from ETM samples were similar to previous studies (Morgan, 1992;

Prahi et al., submitted). ETM events were the result of the estuary's ability to trap and

resuspend particles, enhancing SPM concentrations in these bottom samples (see section

4.3). This particle trapping causes increased %OM and decreased chl/C values in ETM

compared to surface waters (figures 16c and 18b). Prahi et al. (submitted) have noticed

this trapping mechanism during various years and seasons, with similar high %OM and

low chllC in ETM samples. The mechanism of this particle trap is hypothesized to be the

sinking and hydrodynamic trapping of lysed riverine phytoplankton and other particles at

the fresh-salt water interface (Lara-Lara et al., 1990; Prahi et al., submitted).

The depth to which particles axe scoured off the estuary bottom and resuspended

is evident from the SPM concentration and the phytoplankton attributes within ETM

(Morgan, 1992). Pigment concentrations were relatively high during ETM sampled in

my study. In addition, %chl and chllC values in the ETM sample for which data was

available, were lower than other surface or bottom samples (figures 17c and 1 8b). This

phenomenon was noticed by Morgan (1992), who hypothesized that strong ETM (>100

mg/i) resuspend moribund phytoplankton buried in sediments. The minor ETM event at

1800 PDT contained the highest chlorophyll a concentrations measured during the time

series, but also high %chl and chlJC values. The SPM concentration at this sampling

point was 43 mg/l and might be considered a weak-moderate ETM. Morgan (1992)

noted that during moderate ETM (50-100 mg/i), bottom particles were likely composed

of photoactive cells recently deposited on the estuary bed. It is possible that this last

sampling point in my study was similar to the moderate ETM observed by Morgan, in
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phytoplankton as during stronger ETM events.

Diatoms were the most abundant group of phytoplankton at buoy 39 (figure 19),

as fucoxanthin/chi ratios were most similar to those of pure cultures. Cryptophytes,

green algae and blue-green algae were also present in abundances similar to those at

RM53 during the same month (July). A possible relationship may exist between tidal

cycle and pigment/chi, as ratios appeared to increase after flood slack (06:00 sampling

point) and decline as the tidal cycle reached flood slack again (18:00 sampling point). It

is impossible to determine the significance of this trend, as no replicate measurements

were taken. This cycling may reflect a difference in phytoplankton physiology between

the riverine and estuarine phytoplankton communities.

Pigmentichl ratios increased during ETM events, with the execption of the

chlorophyll b/chl ratio in the minor ETM event (figure 19). Phytoplankton in strong

ETM are suspected to be moribund, and it is possible that the high pigmentichl ratios are

a result of varying pigment degradation rates. Chlorophyll a has been measured to

degrade faster than chlorophyll b and carotenoids in lake sediments and during

heterotrophic ingestion (Daley and Brown, 1973; Leavitt and Carpenter, 1990).

Degraded cells in ETM might have higher pigmentichl ratios because the cell chlorophyll

a has degraded faster than the taxonomic pigments. However, if during the minor ETM

event we sampled freshly deposited phytoplankton cells, why are alloxanthin/chi and

fucoxanthinlchl ratios high? No pigment degradation should have occurred yet.

4.2.2 Mudflats

Pigment analysis shows that the benthic algal mats in Youngs Bay are composed

of diatoms. This agrees with a previous microscopy study in Youngs Bay (Mclntire and

Amspoker, 1984). When the tide first covers the exposed mudflats, benthic particles are
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suspended by the wave action of the tide (pers. obs.). This resuspension of benthic

diatoms and sediment is likely the reason for the high SPM, POC, chlorophyll a and

pheopigment concentrations observed during the first two sampling points (figures 20

and 21). When water became deepest at high tide, the suspended benthic diatoms were

sufficiently diluted with estuary water for SPM, POC, chlorophyll a and pheopigment

concentrations to decrease. When the tide ebbed, the benthic algae were again suspended

from the mudflat bed, accounting for the increase in POC, chlorophyll a and

pheopigments at the last two sampling points. The enhanced pigment concentrations

measured during the ebb may also be a result of chlorophyll enriched water ebbing off

the surrounding marsh grass areas.

The range of SPM concentrations found in Youngs Bay were on par with those

found at buoy 39 (figure 20). However, POC concentrations during non-slack

conditions were higher than those at buoy 39. This increase in POC concentration may

be a result of the suspended benthic algae. C/N and chl/C in Youngs Bay were similar to

ratios found during ETM events at buoy 39 (figure 22). These high C/N and low chL/C

ratios may reflect waters enriched in vascular plant debris from the surrounding marsh

plants (Prahl et aL, submitted).

4.3 River-estuary link

In this section, data from the monthly time series at RM53 will be coupled with

data from the 1996 LMER cruise at buoy 39 and Youngs Bay in an attempt to determine

the relative contribution of riverine particles to the estuary and ETM. The results will be

compared to data from previous LMER sampling years to see if conclusions drawn from

historical LMIER data hold for the tidal and riverfiow conditions in 1996.

Prahl et al. (submitted) plotted the weight percent of SPM that is organic carbon (%POC)

in surface waters at buoy 39 versus 1ISPM for various LMER sampling seasons (Fall
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past convention and ease of interpretation. Prahi et al. (submitted) found that a positive

correlation (R2= 0.75-0.90) exists between water clarity and the percent of organic

matter in suspended material, with clearer water containing higher %POC values. The

regression lines for each of these sampling seasons, as well as from more recent

sampling in Spring 1995 and Summer 1996 are shown in figure 26. Because of the

1ISPM transformation, more turbid water plots closer to the x-axis origin. Prahi et al.

(submitted) also determined that the highest %POC values occurred in spring 1992 and

lowest in fall 1990. The spring-fall transition is similar to my monthly time series

sampling at RM53. The data points from each month sampled at RM53 are also plotted

in figure 26. %POC from each month at RM53 is similar to the seasonal trend in the

estuary from different years. An exception to this was in November 1995. This was the

first data point of the time series, and probably represents the tail end of the 1995

phytoplankton "growing season'. The similarity between the riverine monthly time

series and samples from previous seasons in the estuary suggests that seasonal variability

in estuarine organic matter is much greater than annual variability. Because of the similar

annual variation in %POC at RM53 and buoy 39, it is possible that most organic material

in surface estuary water originates from upriver.

The %POC: 1/SPM relationship was studied in greater detail for the buoy 39

sampling series during the 1996 LMER cruise. The trend between water clarity and

%POC is evident in surface waters (open squares) (figure 27a). The sample from RM53

during the same month (July) falls near the middle of this line (closed circle). As Prahl et

al. (submitted) point out, this shows that if estuarine particulate material originates from

the river, then particles must be either lost (increase l/SPM) or gained (decrease l/SPM)

to obtain the trend in surface water at buoy 39 seen in figure 27a. This could occur

enroute from RM53 to buoy 39 or at buoy 39 itself during velocity changes associated

with the tidal cycle. When particles are lost (i.e. deposited on the river bed) %POC
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increases, suggesting that particles remaining in suspension are relative]y organic rich,

such as phytoplankton. When particles are gained (i.e. resuspended from the river bed),

%POC decreases (moving along the regression line to the left and down from the river

point), suggesting the gained particles are organic poor, such as soil. Thus, moving

along this regression line can be explained by a loss or gain of soil-type particles from

the water column.

The idea that surface %POC values vary due to a loss or gain of soil-type

(mineral) particles becomes clear when POC concentrations (mg/i) are plotted versus

1/SPM (figure 27b). In estuarine surface waters, POC (organic particle) concentrations

remain near 1 mg/I despite changes in total particle (SPM) concentration. Thus, changes

in the percentage of total particles that are organic (%POC) must be due to a gain or loss

of mineral particles, not a gain or loss of organic particles.

Turbid bottom water (ETM) at buoy 39 did not follow this linear relationship.

The %POC values are higher in bottom water (closed squares) than in surface water at

similar SPM concentrations (figure 27a). Prahi et al. (submitted) noted this phenomenon

during other LMER sampling seasons and hypothesized that ETM acted as a POC trap,

concentrating river organic material. The hypothesis that ETM act as a particle trap is

backed by the results in figure 27. Concentrations of POC (mg/i) increase with

increasing turbidity in estuary bottom water samples. If ETM particles originate from

river material, then mineral concentrations must increase in the same proportion as the

POC concentrations in order to maintain %POC in ETM waters at the river value, as seen

in figure 27a. Under the low riverfiow and neap tidal conditions present during the 1996

LMER cruise, it appears that ETM acted as an indiscriminate particle trap. Because J3TM

particles are similar in %POC to riverine particles, ETM could simply reflect an

indiscriminate concentration of riverine particles.

The 1/SPM analysis was also done for chl/C values for the 1996 buoy 39 data

(figure 28a). In general, surface waters had higher chlJC ratios than bottom waters, a
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trend found by Prahi et al (submitted) for all seasons studied. Again, chl/C values at

RM53 during the same month (July) are similar to estuarine surface water. The relatively

unchanging surface water chlIC values are due to the invariation in POC and chlorophyll

a concentrations (figures 27b and 28b). The sample in the clearest water is an exception

to the constant chl/C value rule (figure 28 a), as POC concentrations in this sample were

slightly lower than for other surface waters (figure 27a). If changes in SPM

concentration in surface waters are caused by a gain or loss of soil material, it would not

be expected that the chl/C ratio would change.

ChL'C ratios in ETM are lower than in surface waters. Both POC and chlorophyll

a concentrations increase in bottom water with increasing turbidity (figures 27b and

28b), but POC concentrations must increase at a greater proportion for chl/C ratios to

decrease. The decrease in ch]IC values in bottom estuary water may be a result of

chlorophyll degradation. Lara-Lara et al. (1990) suggested that healthy algae lyse and

sink when they meet the fresh-salt water interface in the estuary. Lysed algae would

account for the degraded chlorophyll.

POC concentrations for Youngs Bay (open triangles) fall between those of

surface and bottom water particles (figure 27b). In addition, chIJC ratios and %POC in

Youngs Bay are similar to values found in ETM (figures 27a and 28a). This either

suggests that Youngs Bay mudflats are a location where riverine particles are

concentrated and then enter ETM [as suggested by Prahi et al. (submitted)], or where

suspended ETM particles pass enroute to sea. Although Youngs Bay is down river from

the ETM events sampled at buoy 39, estuary circulation patterns make either of the above

scenarios possible. Youngs Bay is located between the landward and seaward extent of

the turbidity maximum (Gelfenbaum, 1983). During a tidal cycle, the bay is filled by

both river and sea water, and empties both towards buoy 39 or towards the ocean,

depending on the exact tidal phase (Klein et al., 1975).



Figure 29 shows a simplified schematic of particle processes driving the changes

in %POC and chlIC seen in figures 27 and 28. Although the mechanisms for the

observed changes in %POC and chlJC are fairly clear, the location and processes

involved in riverine particle trapping are not. The amount of mineral material in estuarine

surface water may be a reflection of the water velocity, determined by the river discharge

and the tidal phase. In figure 29, this gain and loss of suspended minerals is shown to

occur before river water reaches buoy 39. At the fresh-salt water interface, river particles

indiscriminately sink out from the river and concentrate on the estuary bed (figure 29a)

(Lara-Lara et al., 1990). River particles concentrated on mudflats might also contribute

to particle build-up on the estuary bed. When the salinity toe edges up or down the

estuary, it resuspenth this bottom layer of particles into the water column (figure 29b)

(Simenstad et al., 1994). These suspended particles might then be exported out to sea,

onto mudflats or remain trapped in the estuary for some time.

4.4 HPLC/fluorometric comDarison

The use of HPLC in the current study, primarily for the analysis of carotenoids,

also provided an opportunity to compare chlorophyll concentrations determined by both

methods. This is an important comparison, as all previous chlorophyll concentrations

determined by the Columbia River LMER project are based on the fluorometric method.

The current study should provide an estimate of the accuracy of the LMER historical data

base and show whether or not the fluorometric method provides satisfactory results for

chlorophyll determinations in the Columbia and Willamette Rivers.

Because the chlorophyll a correlation between HPLC and the fluorometric

method is linear, the difference between the two methods could be due to analytical error,

as different standards were used to calibrate each instrument. However, as seen below,

it is typical to obtain different chlorophyll measurements from the two methods. The



Figure 29. Simplified schematic of particle processes (neap tide) in the Columbia River
estuary in an area near buoy 39 at the fresh-salt water boundary. a) near ebb
slack tide and b) flood tide. Straight anow length and width represent water
velocity. Wavy arrows represent particle action. Small dots represent particles.
Question marks for mudflat arrows represent hypothesized particle routes.
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difference in pheopigment concentrations between the two methods cannot be due purely

to analytical error. The calibration coefficients used to calculate pheophytin a in the

fluorometric method are r (fluorescence units of 1 .tg of chlorophyll a per fluorescence

unit of 1 .tg of pheophytin a), and Kc (the fluorescence units of a 1 pg/i solution of

chlorophyll a). The t and K found for the final fluorometer calibration during this study

were 1.83 and 2.96, respectively. Pheopigment concentrations determined by the

fluorometric method cannot be set equal to those found by HPLC by simply adjusting the

coefficients. The adjustment would need to be different for each sample. This rules out

the possibility that the high pheopigment concentrations found using the fluorometric

method are the result of a calibration error. Since no significant amount of other

pheopigments besides pheophytin a and the pheophytin a-like pigment were detected by

HPLC, it was hypothesized that the fluorometry readings were incorrect.

The disparities in determining pigment concentrations using HPLC and the

fluorometric method have been known for some time (Jacobsen, 1982; Gieskes and

Kraay, 1983; Trees et al., 1985; Dc la Giraudiere et al., 1989). The fluorometric method

assumes that chlorophyll a and pheophytin a or pheophorbide a are the only fluorescing

compounds in the sample. This can be problematic when other fluorescing compounds,

such as other chiorophylls, are present (Lorenzen and Jeffrey, 1980). Fluorescing

humic substances are also known to interfere with in vivo chlorophyll a measurements

determined by the fluorometric method, especially in lakes were concentrations of soil-

derived humic substances are high (Carison and Shapiro, 1981). These two possible

explanations for the large disparity in pheopigment concentrations found in this study are

discussed below.

Dissolved humic substances are known to have fluorescence spectra (350 nm

excitation wavelength) with peak maxima at 430-470 nm, with the tail of the peak

extending to wavelengths greater than the "cut-on" wavelength of fluorometer emission

filters configured for chlorophyll analysis (>670 nm) (Zepp and Schlotzhauer, 1981;



Carison and Shapiro, 1981). When in vivo samples from lakes with high humic

concentrations, are collected for fluorometric analysis, a small amount of sample water is

placed directly into a test tube and into the fluorometer. The fluorescence of the sample

is due both to chiorophylls in the phytoplankton and dissolved humic substances in the

water (Carison and Shapiro, 1981). For the in vitro analysis done in the current study,

the water was first filtered, and the particles caught on the filter were extracted in

acetone. In order for humic substances to be present in the resulting extract, they would

have to be associated with the particles and extractable in acetone (pH 7).

Humic material can be chemically associated with inorganic clays (Rashid,

1985). Both clays and humic materials are negatively charged. Humics will form strong

bonds with clays in a number of ways including hydrogen bonding, ligand exchange and

ionic bonding with cations adsorbed to the clay surface. In the Columbia and Willamette

Rivers where SPM is high and a majority of the particulate matter is inorganic, it is

probable that a significant amount of particles trapped on the filters for fluorometric

analysis cany humic material with them. Once in the acetone extract, the humic material

would have to become soluble. Humics are most soluble in basic solutions, but some

dissociation can occur at pH 7 (Rashid, 1985). It is plausible that dissolved humic

material could be present in the resulting extract.

If humic substances were the cause of the disparity in pheopigment

concentrations determined by each method in this study, then a positive relationship

should exist between SPM concentration (used as a proxy for humic material in the

filtered sample) and the "pheopigment disparity". The pheopigment disparity (SF) is

defined as the pheopigment concentration determined by I-IPLC (F}jpj.C) subtracted from

the pheopigment concentration determined by the fluorometric method (FF) (F = FF

The larger the F, the greater the difference in pheopigment concentrations

determined by the two methods. SPM is plotted against i.F in figure 30a. AF is largest

when the water is clearest (low SPM values). High SPM values are associated with low
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Figure 30. The pheopigment disparity (iF) (j.tgfl) versus a) SPM concentration (mg/i)
and b) %OM. Error bars represent ± I sample standard deviation. Data are from
November 1995 through October 1996 at RM53 and WRM 12.8. Lines on figure
30b provide an envelope of the data, and are not statistical.



EtF values. This pattern might occur if large F values were caused by high

phytoplankton concentrations, as phytoplankton concentration should be inversely

related to water turbidity. To test this, M' was plotted against %OM (figure 30b). In

general, high EF values are associated with high %OM. There is suggestive, but

inconclusive, evidence that this positive relationship is statistically significant (probability

that the slope is zero (p) =0.12). Therefore, it appears that a characteristic of the

phytoplankton population, and not humic materials, are the cause of the difference in

pheopigment concentrations determined by the two methods.

The second hypothesis is that other chlorophylls are interfering with the

fluorescence signal. Lorenzen and Jeffrey (1980) tested the fluorometric method with

various proportions and combinations of chlorophyll mixtures that corresponded to those

found in sea water samples. They found that a 1:0.42 mixture of chlorophyll a to

chlorophyll b produced a 21% underestimation of the true chlorophyll a concentration

(Trees et al., 1985). The calculated pheopigment concentration (not present in the

mixture) was 94% of the original chlorophyll b concentration. A 1:0.27 mixture of

chlorophyll a to chlorophyll c produced a 3.5% overestimation of the true chlorophyll a

concentration and essentially no pheopigment was calculated. In a mixture of

chlorophyll a, b and c, (1:0.21:0.16, respectively) the chlorophyll a concentration was

underestimated by 11% and the calculated pheopigment concentration was 116% of the

original chlorophyll bin the mixture. Lorenzen and Jeffrey (1980) concluded that

chlorophyll b is problematic for the fluorometric method because it is partially calculated

as "pheopigment."

If other chlorophylls were interfering with the fluorescence signal, then there

should be a positive relationship between the concentration of other chlorophylls present

in the sample (chlorophyll b or chiorophylls cl+23) and ELF. Figure 31 provides

evidence for this hypothesis. As the concentration of chiorophylls increase, the

pheopigment disparity also increases. This non-linear relationship holds best for
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Figure 31. The pheopigment disparity (F) (p.g/l) versus chlorophyll concentrations
(.igfl). a) chlorophyll c, b) chlorophyll b and c) chiorophylls b + c. Error bars
represent ± 1 sample standard deviation. Data are from June through October
1996 at RM53 and WRM 12.8.
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chlorophyll b (figure 31b), although there is also a relationship between the pheopigment

disparity and chlorophyll c (figure 3 la) and the sum of chlorophylls b and c (figure 3 ic).

The difference in analytical methods is probably the reason why pheophytin a

concentrations determined during this study using HPLC were lower than long term

averages of pheopigment concentrations reported in other studies that used the

fluorometric method. From the above discussion, it is probable that the fluorometer is

overestimating pheopigment concentrations in the Columbia and Willamette Rivers due to

interfering fluorescence from other chiorophylls. Chiorophylls present in these samples

have a larger effect on pheopigment concentrations calculated by the fluorometric method

than those predicted by Lorenzen and Jeffrey (1980). This distinction may be due to

differences in the proportions of chlorophyll a, b and c in this study (1:0.05:0.08)

compared to those used by Lorenzen and Jeffrey. In addition, algal extracts from a field

investigation were analyzed in this study, whereas Lorenzen and Jeffrey used pure

extracts.

Past field studies have shown a large range of errors associated with the

fluorometric method. The results from four of these studies are summarized in table 7.

In a study from the continental shelf of the southeastern United States, Jacobsen (1982)

reported an average overestimation of chlorophyll a by the fluorometric method of

approximately 1.6 times. The fluorometric method also overestimated pheophytin a by

approximately 1.7 times. Gieskes and Kraay (1983) reported an overestimation of

chlorophyll a concentrations by the fluorometric method of 1.4-5 times in areas of the

North Sea, Caribbean, Tropical Atlantic and Gulf of Guinea. They attributed the error in

the fluorometric method to interfering fluorescence from chlorophyll a-like derivatives,

which were present in concentrations of up to 300% of the chlorophyll a concentration.

In the Willamette and Columbia Rivers, chlorophyll a-like derivatives were found to be

approximately 2% of chlorophyll a concentrations. Hence, it is unlikely that chlorophyll

a-like derivatives are the cause of the pheopigment disparity found in the current study.



Table 7. Overestimation (x times) of chlorophylls determined
by the fluorometric method, compared with the HPLC
method in various studies.

chlorophyll a pheophytin a reference
1.14 2.5-25, n.r. this study
1.6 1.7 Jacobsen (1982)

1.4-5 Gieskes and Kraay (1983)
0.68-1.53 Trees et al. (1985)

1.35 n.r. DelaGiraudiereetal.(1989)
n.r. = no relationship
(blank) = not reported



Trees et al. (1985) reported chlorophyll a concentrations determined by the fluorometric

method ranging from 0.68 to 1.53 times HYLC concentrations from cruises in the North

and South Atlantic and Galveston Bay. Finally, De Ia Giraudiere et al. (1989) reported

that the fluorometric method overestimated chlorophyll a concentrations by 1.35 times in

the sea-surface microlayer in the western Mediterranean Sea, but the two showed a good

linear relationship. Pheophytin a values determined by the two methods showed no

relationship.

The above examples suggest that the overestimation in chlorophyll a

concentrations found during the current study might be true errors associated with the

fluorometric method, and not an artifact of instrument calibration. Although the above

studies vary in the magnitude of the disparity, the problem with the fluorometric method

is apparent. Using the fluorometric method in field studies, including the current study,

leads to an overestimation chlorophyll a and pheopigment concentrations. All studies

reported a linear relationship between chlorophyll a values determined by the

fluorometric method and HJLC. Two of the three studies listed in table 4 that reported

pheopigment concentrations found no relationship between the two methods (De la

Giraudiere et al., 1989; this study).

In the Columbia and Willamette Rivers, it appears that the errors associated with

the fluorometric method are the result of interfering fluorescence from other

chiorophylls. In this study area, the community structure changes significantly during

the summer and fall, and the proportions of chlorophyll a to chlorophyll b and c are not

constant. It is impossible to create a universal correction factor to apply to the

fluorometric data, as the factor would change according to the percentages of green algae

and diatoms present. The fluorometric method is not without merits in this study, as it

provides a quick and fairly accurate measure of chlorophyll a concentrations. However,

one must be careful in making conclusions based on pheopigment concentrations

determined by the fluorometric method.



The fluorometric method has been used exclusively in past Columbia River

LMER studies, so the historical data base must be used with caution. Chlorophyll a and

pheopigment concentrations determined by the fluorometric method for buoy 39 on July

19, 1996 were plotted over time in order to compare results with replicate samples

determined by HPLC in figure 17 (graphs not shown). The patterns of chlorophyll a and

pheopigments between the two methods are very similar, but the concentrations

determined by the fluorometric method are on average 1.4 times higher for chlorophyll a

and 4.3 times higher for pheopigments. This causes a depression in %chl to

approximately 50-80%, instead of 75-90% as found by HPLC. Overestimation of

pheopigment concentrations coupled with the low estimate of %chl leads to the

conclusion that there is more moribund algae and phytodetritus in the system than

determined with the HPLC data.

The current study provides new insight on the condition of algae in the Columbia

and Willainette Rivers. Historical chlorophyll a concentrations are most likely similar to

true concentrations found in the river and estuary. Historical pheopigment

concentrations are not accurate. From HPLC analysis, algae are actually much healthier

during the majority of the year, and phytodetritus makes up a smaller portion of organic

matter in the Columbia River than previously believed.

4.5 Future work

In order to determine the contribution of phytoplankton to organic matter in the

Columbia River and estuary, a chlorophyll a/carbon (chlIPOC) conversion factor specific

for algae in this system is needed. Literature values for this ratio range from

approximately 10 to 30 xg/mg (Harris, 1986; Riemann et al., 1989). ChJJPOC ratios at

RM53 in 1996 never reached much higher than 10 ig/mg. This low percentage could

either reflect the physiology of a pure phytoplankton sample, or the dilution of
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phytoplankton with other organic carbon. With the wide literature range of chl/POC

ratios, it is impossible to determine the percent of organic carbon that was

phytoplanktonic in origin at R1v153. For example, at the peak of the phytoplankton

bloom in May, the POC and chlorophyll a concentrations were 1.56 mg and 20 p.g/l,

respectively. Using the literature range of chi/POC ratios, phytoplankton could have

contributed from 43 to 128% of the particulate organic carbon. Having sufficient

knowledge of the chi/POC ratio for phytoplankton in the Columbia River system, as well

as the annual variation in this ratio, would help to determine the relative contribution of

phytoplankton to organic matter in the river and estuary.

HPLC pigment analysis provided an acceptable method for detecting the presence

of phytoplankton groups. However, the overwhelming dominance of diatoms at all

times of the year perhaps makes this determination unnecessary. Oceanic waters were

not sampled for this thesis. HPLC might be a useful method of tracking marine particles

in the estuary if a marine phytoplankton group exists that is not abundant in the estuary

or river (perhaps dinoflagellates). HPLC was also useful in determining the amount of

detrital algae in the system. Comparisons between HPLC and fluorometry made evident

the problems associated with the fluorometric method, and showed that detrital

phytoplankton carbon is not a significant percentage of carbon in this system, except in

ETM. Because the fluorometric method is rapid and inexpensive, it would be

worthwhile to develop a more specific fluorometric configuration that would accurately

measure pheopigment concentrations. Configurations have already been developed for

fluorometers to determine accurate chlorophyll a concentrations in the presence of

chlorophyll b (Welschmeyer, 1994). However, this method does not yield values for

pheopigment concentrations. A reliable fluorometric method for determining both

chlorophyll a and pheopigment concentrations is still needed.
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5. SUMMARY

1) Particulate organic carbon concentrations in the Willamette and Columbia Rivers are

affected by both water discharge and phytoplankton concentrations. Organic matter

is more detrital in winter and algal dominated in spring in both rivers, although

mineral particles always contribute a significant amount to suspended material.

2) A spring phytoplankton bloom occurred in the Columbia and Willamette Rivers of

similar magnitude. The bloom at RM53 occurred approximately one month before

the bloom at WRM 12.8, perhaps due to different water detention times, or distance

from the bloom origin.

3) Particulate matter attributes (SPM, POC, %OM, etc.) at RMS3 during 1996 were

similar to those found during the same season of other years, despite annual

variations in water discharge.

4) Phytoplankton in the Columbia and Willamette Rivers are mainly diatoms. Green and

cryptophyte algae contribute a small, but significant portion of the phytoplankton

assemblage. Green algae appeared to be more abundant in the Willamette than the

Columbia River. Blue-green algae were present in both rivers in insignificant

proportions.

5) During October 1996, the Willamette River did not have much of an effect on organic

matter attributes at RMS3. The Willamette might have more of an effect during

winter months when the Willamette's water discharge is a more significant

percentage of the water discharge at RM53.
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6) ETM events in the estuary were marked by low %chl, chlJC and high %OM values.

These findings are similar to previous investigations that suggest ETM material

contain detrital algae.

7) Diatoms were the most abundant phytoplankton group at buoy 39. Cryptophyte,

green and blue-green algae were also present. Enhanced pigment/chl ratios in ETIvI

events were hypothesized to reflectthe relatively high degradation rate of chlorophyll

a compared to taxonomic pigments in the detrital algae.

8) During the initial flooding or final ebbing of the mudflats, water force suspends

sediment and benthic diatoms, causing an increase in SPM, POC and chlorophyll

concentrations. %POC and chLIC ratios in mudflat water were comparable to estuary

bottom water of similar turbidity.

9) Particle attributes in estuary surface waters were similar to river particles with a loss

or gain of soil material. Particle attributes in estuary bottom water arid ETM appeared

to be the result of an indiscriminate particle trap of riverine organic and mineral

material. Mudflats may be a involved in this particle concentration mechanism.

Seasonal variations in surface water estuarine particles are greater than annual

variations.

10) HPLC and fluorometric methods yielded different chlorophyll a and pheopigment

concentrations. The pigment disparity was hypothesized to be caused by interfering

fluorescence from other chiorophylls in the fluorometric method. Although past

LMER studies have used the fluoromefric method, historical chlorophyll a

concentrations are probably fairly accurate. Historical pheopigment and %chl values

are suspect and should be used with caution.
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Sample location: RM53, (#) = sample standard deviation
SPM POC PUN

sample name date (mg/I) (mg/I) (mg/i)
B1128 11/28/95 22.0 1.44 0.123
B011O 1/10/96 17.4 0.879 0.0684
B0214 2/14/96 89.6 2.24 0.221

(0.05) (0.009)
B0312 3/12/96 18.3 0.714 0.0896
B0409 4/9/96 13.0 1.72 0.233
B0514 5/14/96 17.5 1.56 0.165
B0618 6/18/96 14.7 0.970 0.111
B0709 7/9/96 17.7 0.927 0.127
B0827 8/27/96 8.00 0.517 0.0702
B1023 10/23/96 6.05 0.412 0.0784

Sample location: RM141 (Warrendale)
SPM POC PUN

sample name date (mg/I) (mg/I) (mg/i)
A1021 10/21/96 6.45 0.391 0.0534

Sample location: WRM12.8 (A) and WRM7 (B)

sample name date
SPM
(mg/I)

POC
(mg/I)

PON
(mg/I)

W1127(A) 11/27/95 16.0 1.29 0.134
W0109(A) 1/9/96 21.8 1.16 0.121
W0213 (B) 2/13/96 127 3.21 0.348

(0.02) (0.008)
W0311 (B) 3/11/96 17.8 0.776 0.096
W0408 (A) 4/8/96 9.73 0.621 0.0903
W0513(B) 5/13/96 7.75 0.713 0.098
W0617(A) 6/17/96 8.30 1.09 0.150
W0708(A) 7/8/96 10.8 0.789 0.120
W0828 (A) 8/28/96 8.20 0.623 0.0848
W1022 (A) 10/22/96 11.2 0.604 0.0888
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Sample location: Youngs Bay, 7/29/96
SPM POC PON

sample name time (PDT) (mg/I) (mg/i) (mg/I)
YB1_1 09:30 41.6 2.32 0.28
YB1_2 10:15 49.1 2.40 0.28
YBI_3 14:15 21.7 1.17 0.15
YB1_4 16:30 41.0 2.11 0.24
YBI_5 17:00 - -

Sample location: buoy 39, 7/19/96 (B=bottom, S=surface)

sample name
SPM

time (PDT) (mg/i)
POC
(mg/i)

PON
(mg/i)

salinity
(ppt)

temp.
(deg.

96N1 101 (B) 06:00 16.0 1.52 0.269 17.8 14.7
96N1101 (S) 06:00 8.80 0.663 0.111 0.1 19.1

96N1 105 (B) 08:00 83.6 3.91 0.490 5.5 17.6
96N1105 (S) 08:00 29.7 0.891 0.133 0.1 19.1

96N1109(B) 10:00 31.9 1.50 0.236 0.3 17.3

96N1109(S) 10:00 32.1 1.17 0.159 0.3 18.8

96N1113 (B) 12:00 25.5 0.948 0.140 0.0 19.2
96N1113(S) 12:00 19.1 0.814 0.120 0.1 18.9
96N1117(B) 14:00 20.1 - 0.6 18.6
96N1117(S) 14:00 15.4 0.861 0.125 0.2 18.8
96N1121 (B) 16:00 143 6.31 0.756 4.5 17.9

96N1 121 (S) 16:00 43.5 0.867 0.116 0.9 19.2

96N1125 (B) 18:00 43.1 2.50 0.373 11.1 16.2

96N1125 (S) 18:00 13.8 0.883 0.127 0.8 19.3



chi = chlorophyll, = no data, 0,00 = below detection limits, (#) = sample standard deviation, (*) = only one replicate detected pigment

Sample location: R1v153
Fluorometry (p.tg/l) HPLC (.tg/I)

sample name date chl a pheopigments chi a pheopigments Chi c3 Chi cl+c2 fucoxanthin alloxanthin zeaxanthin chi b

B1128 11/28/95 2.0 2.4 1.51 0.570 - - 0.574 - - -

(0.2) (0.1) (0.02) (0.020) (0.052)

BOIlO 1/10/96 1.1 0.73 0.749 0 - 0.216 - - -

(0.1) (0.05) (0.066) (0.011)

B0214 2/14/96 2.4 1.2 1.72 0.163 - - 0.625 - - -

(01) (0.1) (0,06) (0.012) (0.001)

B0312 3/12/96 1.5 1.0 1.15 0.106 - - 0.371 -

(0.1) (0.0) (0.05) (0.007) (0.009)

B0409 4/9/96 15 2.4 14.7 0.470 - - 7.07 - -

(0) (0.2) (2.4) (0.120) (1.11)

B0514 5/14/96 - 19.8 1.11 - - 10.9 - - -

(1.2) (0.06) (0.7)

B0618 6/18/96 - - 8.57 0.353 0.278 0.787 3.46 0.232 0.0318 0.288
(0.51) (0.014) (0.046) (0,123) (0.13) (0.013) (0.0033) (0.035)

B0709 7/9/96 16 3.6 12.0 0.448 0.281 0.669 3.84 0,630 0.0807 0.424

(0) (0.1) (0.7) (0.047) (0.048) (0.094) (0.21) (0.041) (0,0142) (0.019)

B0827 8/27/96 6.8 3.0 5.04 0.462 0.115 0.279 1.63 0.473 0.0976 0.197

(0.3) (0.3) (0.41) (0.034) (0.021) (0.006) (0.05) (0.008) (0.0091) (0.015)

B 1023 10/23/96 4.8 2.1 2.64 0.223 0.0531 0.138 0.858 0.255 0.0344 0.0672

(0.1) (0.2) (0.11) (0.023) (0.0116) (0.010) (0.014) (0.022) (0.0145) (0.0155)

Sample location: RM 141 (Warrendale)
Fluorometry (ig/1) HPLC (1gIl)

sample name date chl a pheopigments chi a pheopigments Chl c3 Chi cl+c2 fucoxanthin alloxanthin zeaxanthin chi b

A1021 10/21/96 3.5 4.1 2.79 0.312 0.0328 0.137 0.875 0.278 0.0371 0.0846

(1.5) (1.3) (006) (0,008) (0,0089) (0.031) (0.077) (0.006) (*) (0.0532)

-4

t'.)



Sample location: WRM12,8 (A) and WRM7 (B)
Fluorometry (p,gIl) HPLC (tg/1)

sample name date chi a pheopigments chi a pheopigments Chi c3 Chi cl+c2 fucoxanthin alloxanthin zeaxanthin chi b
W1127 (A) 11/27/95 1.47 1.91 0.95 0.59 - - 0.29

(0.08) (0.23) (0.04) (0.03) (0.01)
W0109 (A) 1/9/96 0.95 1.39 0.60 0.17 0.16 - -

(0.09) (0.08) (0.06) (*) (0.06)
W0213 (B) 2/13/96 0.51 1.28 0.31 0.00 0.00 - -

(0.04) (0.08) (0.09)
W0311 (B) 3/11/96 1.13 0.79 0.95 0.09 - 0.11 - -

(0.07) (0.07) (0.13) (*) (0.01)
W0408 (A) 4/8/96 6.00 1.58 4.30 0.15 1.16 -

(0,41) (0.04) (0.26) (0.01) (0.09)
W0513 (B) 5/13/96 7.32 0.50 2.11 - -

(0.02) (0.12) (0.15)
W0617 (A) 6/17/96 - - 20.17 1.28 0.44 1.67 7.25 0.59 0,06 0.81

(0.43) (0.06) (0.17) (0.14) (0.18) (0,01) (0.02) (0.13)
W0708 (A) 7/8/96 15.21 4.87 12.33 0.53 0.12 0.70 2.61 1.16 0.03 0.85

(0.48) (0.37) (0.47) (0.03) (0.01) (0.06) (0.23) (0.10) (0.01) (0.04)
W0828 (A) 8/28/96 3.27 2.25 2.19 0.23 0.05 0.09 0.54 0.33 0.06 0.18

(0.00) (0.13) (0.06) (0.01) (0.01) (0.02) (0.11) (0.02) (0.02) (0.02)
W1022 (A) 10/22/96 1.93 2.25 1.07 0.26 0.02 0.03 0.12 0.02 0.01 0.08

(0.05) (0.08) (0.06) (0.02) (0.00) (0.01) (0.01) (0.01) (0.00) (0.01)

Sample location: Young's Bay, 7/29/96
Fluorometry (jtg/1) HPLC (.tg/1)

sample name time (PDT) chi a pheopigments chi a pheopigments Chi c3 Chl cl+c2 fucoxanthin alloxanthin zeaxanthin chi b
YB1_1 09:30 15.55 10.08 10.84 1.47 0.16 0.48 3.76 0.23 0.85 0.44
YB1_2 10:15 13.10 8.82 9.01 1.46 0.12 0.50 2.64 0,33 0.71 0.29
YBI_3 14:15 9.82 4.71 7.01 0.77 0.12 0.27 2.27 0.14 0.37 0.35
YBI_4 16:30 16.37 6.63 12.92 1.33 0.16 0.65 3.87 0.43 0.57 0.42
YBI_5 17:00 16.12 5.09 12.83 1.35 0.09 0.65 3.60 0.31 1.38 0.64

-I



Sample location: Youngs Bay benthic algae, 8/2/96
Fluorometry (g/fi1ter) HPLC (tg/filter)

sample name date chi a pheopigments chi a pheopigments Clii c3 Clii cl+c2 fucoxanthin ailoxanthin zeaxanthin chi b

YBI_6 8/2/96 7400.00 1800.00 6706 416 16.1 328 2271 53.5 0 106

Size fractionations: RM53 8/27/96 (A) and North Channel 7/24/96 (NC) (B)
Fluorometry (l.tg/l) HPLC (tgIl)

sample name size chi a pheopigments chi a pheopigments Clii c3 Chi cl+c2 fucoxanthin ailoxanthin zeaxanthin chi b

B0827 (RM53) >64 2.5 0.53 1.07 0.0207 0,0320 0.0621 0.303 0.130 0 0

B0827 (RM53) 10-64 3.3 0.93 0.644 0.0601 0.00891 0.0291 0.223 0.0335 0 0.0417

B0827 (RM53) <10 2.2 1.8 1.67 0.211 0.0366 0.115 0.462 0.288 0.0888 0.0449

96RV31,ETM (NC) >64 13 6.8 8.78 0.757 0.379 0.887 3.90 0 0 0

96RV31_ETM (NC) 10-64 8.3 9.7 5.54 1.85 0.177 0,541 2.70 0.151 0.0591 0.135

96RV31_ETM (NC) <10 4.6 10 2.95 1.45 0.0380 0.215 1.49 0.210 0,121 0.179

Sample location: buoy 39, 7/19/96
Fluorometry (xgffiIter) HPLC (p.gffiiter)

sample name time (PDT) chi a pheopigments chl a pheopigments Chi c3 Chi cl+c2 fucoxanthin alloxanthin zeaxanthin chi b
96N1 101 (B) 06:00 19 8.6 12.4 1.42 0.730 1.42 6.58 0.293 0 0.262

96N1101 (S) 06:00 18 4.7 13,0 1.65 0.434 0.810 5.23 0.430 0 0.279

96N1105(B) 08:00 32 31 21.8 7.34 0.349 1.10 11.8 0.697 0 0.916

96N1 105 (S) 08:00 20 6.4. 13.9 1.64 0.3 16 0.857 6.06 0.397 0 0.464

96N1 109 (B) 10:00 20 11 14.8 2,41 0.561 0.913 6.47 0.547 0.0936 0.513

96Nl109(S) 10:00 19 8.7 14.3 1.95 0.409 0.854 5.92 0.469 0.0917 0.564

96N1 113 (B) 12:00 18 6.4 13.4 1.75 0.485 0.936 5.83 0.417 0.0774 0.368

96N1113 (S) 12:00 17 5.4 12.6 1.41 0.520 0,925 4.99 0.391 0.0770 0.443

96N1117(B) 14:00 17 9.0 12.2 2.25 0.383 0.881 5.27 0.385 0.0890 0.346

96N1117(S) 14:00 6.4 6.4 12.4 1.39 0.480 0,949 4,93 0.394 0.096 0.464

96N1 121 (B) 16:00 15 13 10.9 2.97 0.284 0.730 4.50 0.460 0.0940 0.386

96N1121 (S) 16:00 15 7.4 11.1 1.50 0.310 0.700 4.51 0.295 0.118. 0.358

96N1125(B) 18:00 44 20 24.9 3.93 0.618 1.96 9.75 0.526 0.127 0,316

96N1125(S) 18:00 15 4.9 11.3 1.24 0.261 0.679 4.30 0.206 0.129 0.330




