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Sound Ecosystem Analysis: Phytoplankton and Nutrients 

Restoration Project 983206 
Final Report 

p~istorv: The project was initiated as Restoration Project 943206. A “Draft Final Report” was 
produced as an annual report in 1995,1996,1997 and 1998 under the title “SOUND ECOSYSTEM 
ANALYSIS: Phytoplankton and Nutrients” and continues under the present grant number. The 
project began in May 1994 with D. Eslinger as a co-principal investigator to include the biological 
modeling; in 1996 the modeling work was designated a separate SEA component (see elsewhere). 
The tactic for field studies was to combine sound-wide observations collected in spring and summer 
from ships with an intensive time series of observations collected daily from a single location in 
April, May and June. The field work did not get started early enough in 1994 to include the spring 
phytoplankton bloom but good coverage of this singular event was obtained for 1995,1996 and 
1997. As this is a time series project, publications and theses resulting from the data are in 
preparation. Numerous abstracts have been published as parts of conference proceedings and one 
thesis was completed in 1997 (see appendix). 

Abstract: 
This project was a part of Sound Ecosystem Assessment, a program that sought to 

understand the reasons for the recovery of pink salmon and herring stocks following the Exxon 
Vddez Oil Spill. This component of the project examined the quantity, nature and variability of 
the phytoplankton community that develops each spring in Prince William Sound. Data were 
collected to describe events in the upper 100 m of’ the water column by measuring inorganic 
nutrient and chlorophyll a concentrations with ancillary temperature and salinity values, 
phytoplankton enumerations and identification, and carbon and nitrogen content and stable 
isotope ratios of particulates. Field work combined regional sampling from ships with an 
intensive time series of samples from a single location in Elrington Passage. Results, from 4 
years of field work, indicate that the phytoplankton bloom in Prince William Sound varies in 
duration, distribution and composition depending on climate and ocean conditions. The spring 
bloom is always dominated by diatoms. Fueled by nitrate from winter mixing, the bloom begins 
in early April, and lasts until early May when grazing and nutrient depletion take control to limit 
production. The post-bloom period is dominated bly small flagellates. Production averaged 2.33, 
2.75 and 1.49 gC m-* de’ for 1995, 1996 and 1997 respectively. Regional variations in primary 
production were calculated from nutrient depletion using silicate and nitrate+nitrite inventories. 
The data support the hypothesis that interannual variation in the production cycle directly affects 
upper trophic level production. Returns of wild pink salmon correlate well with interannual 
variability in ocean/climate processes and productivity. The phytoplankton production system in 
the sound is robust and healthy; we found no lingering evidence of an impact from the oil spill. 

Ke_v Wd Exxon Valdez, phytoplankton, nutrients, primary productivity, chlorophyll, carbon, 
isotopes 

. rowct Da& Description of Data - Data collected by this project included measurements of 
temperature, salinity, primary nutrients, chlorophyll a, particulate carbon and nitrogen as well as 
their stable isotope ratios, and identification and enumeration of phytoplankton species. Format- 
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The data are stored on an electronic database that can be accessed from the Internet. Custodian & 
Availability - All data collected by this project is available electronically via the SEA web site 
database maintained by the Prince William Sound Science Center, Cordova AK. Other inquiries 
can be directed to the principal investigator. 

w: McRoy, C.P., E.P. Simpson, K. Tambu:rello, A. Ward, and J. Cameron. 1999. Sound 
Ecosystem Analysis: Phytoplankton and Nutrients, Exxon Valdez Oil Spill Restoration Project Final 
Report (Restoration Project 9832OG), Institute of Marine Science, University of Alaska, Fairbanks, 
Alaska 
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Figure 1. Locations of all stations in Prince William Sound sampled for phytoplankton and nutrients 
during the SEA project. 
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Elrington Passage, Prince William Sound, for all Iyears of study. 
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Passage, Prince William Sound, for all years of study. 
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Elrington Passage, Prince William Sound, for all years of study. 
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As one of the several investigations constituting the Sound Ecosystem Assessment (SEA) 
program, this study was designed to examine the dynamics of the spring bloom of phytoplankton, as 
influenced by ocean mixing and nutrient supply, on the year-class success of pink salmon and 
herring in the ecosystem of Prince William Sound.. The decline of these fishery species in the years 
immediately following the Exxon Vddez Oil Spill led to formulation of SEA to examine the 
processes that could be involved in the restoration. of the populations to their former abundance. 

Many factors and processes contribute to the year-class strength of a species in the sea. In 
this project we attempted to examine the role of the annual production of phytoplankton as a key 
element in the process. Can it be that the year to year differences in the quantity of plant life set the 
magnitude for all subsequent levels in the food web? If so. what oceanographic and climate 
processes control this quantity? Could the mix of algal species available each spring be a deciding 
factor for how much food is transferred to the next trophic step? Experience from terrestrial 
ecosystems certainly would indicate this. Finally, does the physiological quality of the 
phytoplankton assemblage play a crucial role‘? These are some of the questions central to this 
investigation. 

The project concludes that, with respect to the dynamics of the phytoplankton community, 
there is no lingering effect of the oil. We could detect no such effects in the period of the field 
studies of this project (1994-97). This indicates that variability of natural processes was crucial in 
determining the observed changes. Recent reviews on the climate and oceanography of the North 
Pacific Ocean show direct links between physical changes and the returns of salmon. Such 
relationships are a priori evidence for ecosystem forcing from a bottom up (phytoplankton 
dynamics) rather than top down (predator dynamics) point of view. From data gathered here, we can 
but agree. Our second major conclusion is that the: quantity and quality of the phytoplankton 
community in a given year has direct bearing on the strength of upper trophic level populations, 
particularly pink salmon. The following is a brief summary of what we did and how we did it. 

Our basic data set includes measurements of dissolved inorganic nutrients (nitrate, nitrite, 
silicate and phosphate), phytoplankton chlorophyll u, identification and enumeration of 
phytoplankton species, carbon and nitrogen content of small particulates from the water, and stable 
isotope ratios of carbon and nitrogen in these particles. These several parameters provide an 
adequate description of the phytoplankton and the nutrients that limit their growth. We used two 
types of platforms to collect samples for these measurements. First we used ships that were deployed 
by other component projects of SEA to examine regional differences in the sound. These cruises 
were somewhat irregular and not entirely suited to fully examining the phytoplankton cycle because 
they were determined by the objectives of other projects. To supplement our regional coverage of the 
sound we set up a laboratory base first at the WN hatchery on Esther Is. (1994) then at AFK on 
Evans Is. (1995- 1997) and sampled a nearby location (Lake Bay or Elrington Passage) every day 
during spring and early summer. Sampling consisted of collecting water from 6 depths dispersed 
throughout the upper 100 m of the water column. 

Over the course of the project, six graduate students and one undergraduate were supported. 
Two theses and a dissertation will be produced from the results. In addition, six others worked on the 
project as field or laboratory technicians. This team participated in 15 cruises and 4 seasons at 
hatcheries to collect water from 803 oceanographic stations and analyze 4732 samples for nutrients 
and 3643 for chlorophyll a. Because of time and/or costs other measurements could only be made on 



a subset of the samples. The results are presented as regional analyses from the ship-board data and 
as time series analyses from the hatchery-based data. This report adds to results presented in earlier 
reports. 

In Prince William Sound the phytoplankton bloom is the major annual event that supplies the 
food web with the carbon needed for upper trophic levels. The bloom begins in early April and 
ftihes in early May. The bulk of the bloom biomass consists of diatoms; we identified 23 species 
from all years but a different community mix of relative abundance occurred in each year. The 
major difference occurred in 1996 when the smaller (~20 l.trn) cells of Skeletonemu sp. dominated 
the community. In other years the bloom consisted of species of i?haZussiosiru sp. and Chaetoceros 
sp. with larger cell sizes (90 pm). Cell size of the diatom community is a major variable in the food 
web since this can affect the amount of carbon available to herbivores. Diatoms are very scarce in 
the post-bloom water column. Flagellates are always present in bloom and post-bloom waters. While 
these cells are always numerically abundant, due to their small size, they constitute only a small 
biomass. Flagellates dominate the post-bloom waters. 

Due to winter mixing of the surface layer, the phytoplankton bloom begins in conditions of 
abundant nutrients that lead to high growth. The average primary production rates during the spring 
bloom are 2.33,2.75 and 1.49 gCm-’ d“ for 1995, 1996 and 1997 respectively, a nearly two-fold 
difference between the highest and lowest value. The bloom terminates by depletion of nutrients in 
combination with consumption by herbivorous zooplankton. The combination of zooplankton 
grazing and nutrient depletion in the surface layer lead to a post-bloom phytoplankton community 
that differs in character and quantity from the bloom community. The carbon isotope ratios show 
marked enrichment of 13C during the bloom followed by depletion in the post-bloom period. 

Regional primary production, estimated frlom uptake ratios of silicate and nitrate+nitrite, is 
lower in the central sound than in waters to the north or south of this area. The latter regions appear 
to be limited by nitrate or silicate, depending on c’onditions in a given year, but the central sound 
apparently becomes silicate limited. Throughout the sound the post-bloom period presents an enigma 
since upwelling and other mixing processes renew both silicate and nitrate concentrations to as high 
as 10 @I but no increase in diatoms occurs. Since diatoms do not increase again and only nitrogen- 
based producers dominate the post-bloom period, we conclude that selective grazing by zooplankton 
keeps the diatom populations at low levels. We halve no evidence for seeding of plankton or nutrients 
from the Gulf of Alaska. 

We found that the North Pacific Index, a proxy for climatic conditions influencing the 
surface ocean, calculated for March explained at least 8 1% of the variance in the observed spring 
bloom production rates for our data and for other historical studies in Prince William Sound and 
Auke Bay. In the years of this project the variability of phytoplankton accounted for 97% of the 
zooplankton biomass variability. A summary of trends in the data collected here in relation to returns 
of wild pink salmon show a relationship consistent with what would be expected if bottom-up 
processes exert a major control on upper level ecosystem production. The relationship to hatchery- 
reared fish is ambiguous, as is that for herring. 
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INTRODUCTION: 

The project seeks to determine the effects of a primary driving force, the dynamics of 
phytoplankton productivity, on ecosystem variability. In this component our hypothesis is that 
the timing, quantity and species composition of the plant community, that is, the phytoplankton, 
are a major determinant of variability in upper trophic levels; this is a bottom-up scenario of 
ecosystem forcing. 

The Sound Ecosystem Assessment program (SEA) aims to understand and predict 
restoration of populations of pink salmon and herring in Prince William Sound. Fundamental to 
this goal is the understanding of controls of ecosystem processes that nourish the food web at its 
primary level. Restoration of marine populations that have been damaged by human activity is 
usually limited to a few options that focus on controlling loss rate processes, i.e. harvest level, 
predator control, etc., or minor habitat modification. Pink salmon and herring offer a spectrum of 
control strategies since a large portion of salmon are protected in hatcheries in their early life and 
herring are completely wild, subject to the variance of nature. The dual populations of pink 
salmon are particularly useful since the wild fish are a result of the vagaries of natural processes 
whereas the hatchery fish, in their early life history, are protected. For young fish in hatcheries 
there is always enough food and there are no predators. What then is the role of the annual cycle 
of primary production in the success of these upper trophic level species? Does the magnitude of 
the phytoplankton production determine the strength of a year class? Is the phytoplankton 
species composition an important determinant of the grazing zooplankton community? Does any 
of this matter or is there always enough food at the right time of the year so that upper trophic 
level populations are determined by the top consumer on the food web? One central SEA 
hypothesis concerns the impact of circulation and physical conditions on the restoration of fish 
stocks (the “Lake-River Hypothesis”). This proposes that the circulation of Prince William 
Sound alternates irregularly between years of strong through-flow, river-like conditions, and 
relatively stagnant, lake-like conditions (Cooney 1998). The consequence is a high biomass of 
large zooplankton (copepods) in ‘lake’ years that are the major food for target fish (salmon, 
herring) and their predators (termed ‘middle-out’ food web control by Cooney and associates). In 
alternate ‘river’ years, the large zooplankton are sparse and predation on the target fish species 
predominates (top-down control). 

While middle-out or top-down are principal hypotheses being tested by SEA research, the 
possibility of bottom-up control, where the production of upper trophic level species is 
modulated by variations in light- and nutrientdriven phytoplankton production, is the question 
central to our investigation. In this hypothesis, the production and/or composition of the 
zooplankton community is determined by variations in phytoplankton primary production and by 
the species composition of the phytoplanlcton community. For example, a phytoplankton 
community dominated by large diatoms can support a high biomass of large oceanic copepods, 
whereas a phytoplankton population dominated by smaller flagellates results in a reduced 
number of larger copepods, or in a shift to a zooplankton community dominated by smaller 
neritic copepod species. Variations in the timing of phytoplankton populations have been 
previously suggested to be a control of ecosystem events in Prince William Sound (McRoy 
1988). A further complication in the interrelationship is that the large zooplankton are one year 
old when they become major prey for fishes (Cooney, personal communication) so their 
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abundance must be determined by the events of the previous year and their specific biomass by 
the production cycle of the present year. 

In this component, we provide the nutrient and phytoplankton data that are essential to 
evaiuate the intluence of phytoplankton dynamics on the food web and to test the bottom-up 
1 I ypottiesis. V,: characterize the interannual spatial and temporal variation in nutrient and 
phytoplankton fields and evaluate the role of phytoplankton production in zooplankton 
recruitment and growth (especially for Neocahus and Pseudocalanus). In a general sense we 
will provide an answer to the question, “Is it food?” 

A central tenet of the Lake/River Hypothesis is the variable advection of Gulf of Alaska 
waters into Prince William Sound (Eslinger et al. i.n prep.). This advection affects not only 
zooplankton populations, but also the Prince William Sound phytoplankton populations and 
production. 

OBJECTIVES: 

This study was designed to investigate the role of phytoplankton and nutrient cycling in the 
recovery process of pelagic species deemed to have been injured by the EVOS. Our hypothesis is 
that variations in ocean processes controlling nutrient supply and phytoplankton growth lead to 
interannuaI variations in phytoplankton species and production that ultimately have a significant 
influence on variations of upper trophic level populations, particularly pink salmon and herring. The 
original set of objectives follows: 
1) To measure the timing and biomass of phytoplankton cycles; 
2) To measure the primary production of phytoplankton; 
3) To determine the spatial and temporal patterns in phytoplankton distribution using satellite 

imagery; 
4) To determine the species structure of phytoplankton communities; 
5) To measure the distribution and quantity of major inorganic nutrients including nitrate+nitrite, 

ammonium, phosphate, silicate; 
8). To determine the possible linking between phytoplankton and upper trophic levels. 

METHODS: 

Field work was done from two types of platforms. Ships were used for sample collection in 
conjunction with other SEA components. As these schedules and cruise tracks were determined by 
other projects, coverage of the time and space scales has many data gaps. The other platform was a 
skiff used from a shore facility (AFK Hatchery) to sample a single location in Elrington Passage 
(60’01’N, 148°00’W). Stations visited over the course of this study are indicated in Figure 1. 

Shipboard Sample Collection 
Fifteen oceanographic cruises were conducted between May 1994 and May 1997. Water 

samples after 1994 were collected from 0,5, 10, 25,50 and 100 m using a Niskin bottle rosette. 
When possible, stations over 500 m were also sampled at 100 m intervals. During the September 
1994 cruise, water was collected from 0, 10,20,30,50 and 100 m. Water was collected from 20 
m only during the first 4 cruises of 1994. 
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Shore-based Sample Collection 
Using a small skiff fitted with a hydrographic WAIL, WI; ac.tqkC; it AI& w.ukm iu Gillgton 

Passage during the spring bloom (April to mid-June) in 1995,1996 and 1997. CTD profiles, Secchi 
depth observations and water samples were collected daily from 0, 10,20,30,50 and 75 m. A single 
zooplankton net tow was collected weekly for the zooplankton component of SEA. These data 
provide temporal continuity to the shipboard sampling. 

Dissolved Inorganic Nutrients 

Phytoplankton require the major inorganic nutrients (nitrogen, phosphorus and silica) for 
growth supplied by oceanographic circulation and land run-off. Since phytoplankton also require 
light, the problem is understanding how the nutrients are supplied to the illuminated zone of the sea. 
We routinely collected water samples for quantitative nutrient analysis. In the field and on ship- 
board, water samples were collected with Niskin bottles at standard depths over the upper 100 m. A 
small aliquot (250 ml) was filtered using acid-washed (10% HCl) 0.45 l.trn nominal pore size, glass 
fiber filters and stored frozen in acid-washed polypropylene bottles until analyzed on shore. 
Chemical determination of the quantity of dissolved nitrogen (as nitrate, nitrite and ammonium), 
phosphate and silicate were measured using prescribed Continuous Flow Analysis protocols 
(Alpkem Corp. 1986) with an Alpkem 305 Auto-Analyzer in our laboratory in Fairbanks. 
The autoanalyzer was calibrated each day using standard curves measured before, after and, in 
some cases, during the sample stream and by incorporating l-3 standard solutions within each 
batch of 10 samples. Carryover effects were detected using 10 repeated standard solutions at the 
beginning of the sample sequence. 

Phytoplankton Community Composition 

The composition of the phytoplankton community can be as important as the total primary 
production in determining zooplankton species and abundance. We collected 50-ml aliquots from 
water samples and preserved them in Lugol’s solution for species identification. Identifications and 
cell counts were done using an inverted microscopy method (Sournia 1978). On low (20x) 
magnification, all visible cells in two transects are. counted. On high (40x) magnification, fields are 
counted until a total of 300 cells are reached. For cell volume calculations and calculation of carbon 
content, cells identified to genus were grouped according to the maximum cell dimension. At least 
20 cells of each species were measured for size class. The procedure is labor intensive and only a 
portion of the samples collected can be counted. 

Phytoplankton Biomass 

Phytoplankton biomass in each water sample was determined using standard chlorophyll 
techniques (Parsons et al., 1984). Data were colle:cted at locations that allowed mapping the 
areal patterns and description of water column profiles. At each location (station) water samples 
were collected with a Niskin bottle. Chlorophyll and phaeopigments were measured by filtering 
250-1000 ml water, depending on the phytoplankton abundance, through 0.45 pm nominal pore 
size, glass fiber filters. The filters were ground with a tissue grinder and the chlorophyll was 
extracted in 10 ml 90% acetone. The remains of the filters were removed by centrifugation. 
Fluorescence of extracts was measured using a Turner Designs model lo-AU fluorometer. The 
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fluorometer was calibrated with spinach chlorophyll using a Hitachi model 100-40 
.̂ .̂  * _.- t..r,,Tc.- /T) ^-^,.N” .A .l lOOA\ nl...el. Cl&,-,. . . ..-. ,.^_._..._ I_ 1 c.- -..1, ._ . .1 ,..1 .*:.. 

‘.l ___^_ r--. .-- ._ \.__ _-..___ -_--. _,. .,. -~____-- --... I _ -0..----v - _I- ..____ __.________. D 

phaeopigment concentrations. 

Particulate Carbon, Nitrogen and Stable Isotopes 

For determination of nitrogen and carbon content and stable isotope ratio of small 
particulates, a one-liter sample was filtered onto a glass fiber filter using baked 0.45 pm pore size 
glass fiber filters and stored frozen in glass vials. In 1994 all such samples were sent to a laboratory 
at the University of California Santa Cruz for analysis of PC and PN only. After 1994 all particulate 
samples were analyzed at the University of Alaska Stable Isotope Facility on a Europa Scientific 
Model 20/20 mass spectrometer. Results of these measurements are 8’3C/‘2C, 615N/‘4N, %C and %N 
for each sample. The isotope ratio values, expressed in delta notation, are given relative to Vienna 
Peedee Belemnite for carbon and air for nitrogen. 

Nutrient Uptake Ratios 

The ratio of N+N to PO4 taken up by the phytoplankton was estimated by comparing the 
change in depth averaged N+N (AN) with the change in depth averaged phosphate (AP) at 
stations visited repeated throughout the sound. The N:P ratio is the slope of the regression of AN 
against AP excluding very low AP values from stations with a very long time between visits. 
Similar comparisons of ASi with AP and ASi with AN were made to estimate Si:P and Si:N 
uptake ratios. This method is analogous to the technique used by Stefansson and Richards 
(1963) to estimate nutrient uptake ratios, although they used a spatial measure of nutrient 
differences (ASi, AN and AP). Data were plotted onto maps of Prince William Sound using 
Generic Mapping Tools (GMT)(Wessel and Smith 1991) on a NeXT computer to observe spatial 
patterns. Data manipulations and other figures were produced using Mathematics (Wolfram 
Research 1993). 

Phytoplankton Primary Production 

We estimated production using nutrient depletion data. Productivity data are also available in 
our historical database (McRoy, unpublished data; Goering et al. 1973b ). Historical methods used 
uptake of 14C by phytoplankton in containers under neutral density filters (Strickland and Parsons 
1972; Parsons et al., 1984). 

Daily and total new primary production (Dugdale and Goering 1967) rates were 
estimated from the changes in N+N and silicate in 4 regions: the central sound, Hinchinbrook 
Entrance, and the north and south regions of Montague Strait. Total new phytoplankton 
production (mgC m‘3 ye’) and average daily production (mgC me3 de’) were estimated by 
multiplying the change in depth averaged N+N (AN) by the estimated molar C:N ratio of 6.84 
times the mass of carbon. Diatom production was estimated using silicate depletion by 
multiplying the change in depth averaged silicate (ASi) by the estimated molar C:Si ratio of 4.33 
times the mass of carbon. The C:N and C:Si ratios were estimated based on the N:P and Si:P 
ratios measured above and an assumed C:P ratio of 106: 1. 
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Personnel 

The following people, in addition to SEA colleagues, have contributed to sample and data 
collection and analysis over the life of the project: 

P. Simpson Graduate Student 
A. Ward Graduate Student 
K. Tamburello Graduate Student 
M. Donovan Graduate Student 
G. Holmes Graduate Student 
E. Brown Graduate Student 
E. Suring Undergraduate Student 
J. Cameron Senior Technician 
B . Bergeron Technician 
D. Clayton Technician 
S. McCullough Field Technician 
P. Cassidy Field Technician 
C. Morrow Field Technician 

RESULTS: 

Samples were collected to document the time series of events in the annual plankton 
production cycle as well as to examine spatial variations in Prince William Sound. These data were 
collected in conjunction with other SEA projects and reside in the SEA data base after appropriate 
verification. Over the course of the study, we collected data from 803 oceanographic stations and 
analyzed 4732 water samples for dissolved nutrients and 3634 samples for chlorophyll a content 
(Tables 1 and 2). In addition 285 water samples were examined for identification and enumeration of 
phytoplankton species, and for another 741 samples the stable isotope ratios of the particulates were 
measured. This final report builds on, rather than repeats, the results presented in annual reports 
submitted in for each year. 

Phytoplankton Communities 

In 1995,1996 and 1997 the phytoplankton community was composed of 23 diatom 
species and 8-10 flagellates (Table 3). In 1995 Skeletonema costatum, Thalassiosira sp. and 
Chaetoceros sp. were the most common species. Leptocylindrus sp. appeared inconsistently, 
composing only a small portion of the bloom. 

In 1996, the same taxa reappeared but the smaller diatoms tripled in abundance while the 
larger species declined (Ward 1997). Skeletonemu costatum and Chaetoceros sp. were the most 
abundant taxa. Thalassiosira sp. and Leptocylindrus sp. constituted less of the community in 
1996 than in 1995. For both 1995 and 1996, other diatoms, in order of abundance, were 
Fragilariopsis sp., Asterionella glacialis, Navicula sp., Eucampia sp., Stephanopyxis nipponica 
and Rhizosolenia stolteeorthii (Ward 1997). In 1995 and 1996 Pseudo-Nitzschia spp were 
identified as part of the community. In 1997 we revised the list to include a similar taxa 
identified as Nitzschia sp. For this report Nitzschia sp. is used to include Pseudo-Nikschia and 
Nitzwhia sp. 
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The most abundant centric diatoms were Skeletonema costatum, Thahsiosira sp., 

Chaetoceros sp., Leptocylindrus sp., Stephanopyxis nipponica and Fragilariopsis sp. 
Skeletonema cost&turn is a small diatom that generally forms chains. The diameter of these cells 
ranges from 7.5 - 17.5 pm. Like Skeletonemu costatum, Thalussiosira sp. can be chain forming 
or unattached cells. These diatoms ran&c from id - SSprn. Gzaetoceros sp. are chain-forming 
diatoms with long setae that vary in length from 2.5 to 40 pm. Leptocylindnrs minimus and 
Leptocylindrus danicus are diatoms that form chains by abutting valve faces (Tomas 1996). L. 
danicus is larger, averaging 11.5 l.un in width, often appearing singly or in chains of two or three 
cells. L. minimus is smaller, having an average width of 2.5~ and more cells per chain (Ward 
1997). Rhizosolenia fragilissima, also known as Dactyliosolen fragilissimus (Tomas 1996), 
averages 22 x 5 pm (1 x w). These cells form chains by uniting the valve surfaces of two cells. 
They often appear in chains of only a few cells. Fragilariopsis sp., which appear rectangular in 
girdle view, are in ribbons united by the entire or the greater part of the valve surface (Tomas 
1996). Stephanopyxis nipponica are distinguished from other similar looking taxa by their long 
external siliceous extensions of labiate processes, uniting cells in chains (Tomas 1996). Cell 
diameters range from 24-36pm. The only abundant pennate diatom, for any year, was the 
Nitzschia sp. group. These are narrow, elongate, pennate diatoms that are either multi-celled or 
solitary. Their length is as great as their width, 2pm, and they have the smallest cell volume of 
any phytoplankton, except the flagellates, in this study (Ward 1997). 

Phytoplankton Abundance 

The only taxa that constituted >l% of the bloom in all three years were Nitzschia sp., 
Thalassiosira sp. and the flagellates (Figure 2). During the bloom in 1995 flagellates constituted 
66% of bloom cells. The diatom Thalassiosira sp. accounted for 17% and Skeletonemu costatum, 
9%. In 1996, the flagellate population was lower (17%) and the diatom, S. costatum, made up 
most of the phytoplankton community with 63%. In 1997, S. costatum all but disappeared, 
constituting only 1% of the total phytoplankton community. In this year Thalassiosira sp. had the 
highest abundance (47%) and the flagellate community increased slightly in abundance from 
1996, constituting 20%. 

Since small flagellates enter the microbial loop and are not considered a primary source 
of food for larger zooplankton (Mann 1993) we focused on the diatom community (Figure 3). 
During the bloom of 1995, Thalussiosira sp. had the highest abundance, 52% of the total diatom 
community, and S. costatum constituted 24% and Rhizosolenia spp. 13%. The composition of the 
major components changed in the in 1996. S. costatum accounted for 76% of the diatom 
community, where as in 1995 it accounted for only 24%. Chaetoceros sp. had the second highest 
abundance, with 15%, and Nitzschia sp. composed 5%. ThuZussiosiru spp. abundance, which 
only constituted 4% of the total diatom community, decreased from the previous year. 

In 1997, the Thalassiosiru sp. population rebounded to 59%, the highest abundance in the 
diatom community. In this year, Frugilariopsis sp. and Stephanopyxis nipponicu constituted 3% 
and 5% respectively. During the post-bloom period only Nitzschia sp. and flagellates constituted 
>l% of the total phytoplankton community in every year (Table 4). Analyzing all the taxa from 
the post-bloom period of 1995, flagellates were 98% of the community (Figure 4). Chuetoceros 
sp. and Nitzschia sp. each accounted for 1%. In 1996, flagellates again dominated the post-bloom 
community with 90%. Chuetoceros sp. was the second most abundant with 5% and 
Leptocylindrus sp., Nitzwhia sp. and Rhizosolenia sp. constituted the remaining 5%. 
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During the post-bloom period in 1997, the flagellate population decreased to 42% and 
Chaetoceros sp. had the second highest abundance with 22%. Thalassiosira sp., Nitzxhia sp., 

and Leptocylindnu spp. accounted for 13, 12 and 11% respectively. 
Removing the flagellates from the post-bloom period, the taxon composition reveals a 

more detailed description of the diatom commt.&ty (Figtii-c 5). In 1995, Nitzwhiu sp. was the 
most numerous diatom, constituting 49%. Chaetoceros sp. accounted for 37%, Leptocylindrus 
sp., 12% and ThaZussiosiru sp. and Rhizosolenia sp. each constituted 1%. In 1996, the most 
abundant diatom during the post-bloom period was Chaetoceros sp. and the remaining 51% of 
the diatom community was composed of Nitzrschia sp., Leptocylindrus sp., Rhizosolenia sp., 
Skeletonemu costatum and Thalassiosira sp. (in order of significance). 

The 1997 post-bloom period consisted of taxa similar to those occurring in 1995 and 
1996. Chaetoceros spp. was again the most abundant, accounting for 38% of the diatom 
community, Thalussiosira sp. constituted 22%, and Nitzrchia sp. and Leptocylindrus sp. 
represented 20 and 18% respectively. 

Nit.chiu sp. was present in the post-bloom period of each year in the study (Figure 4). 
In 1996 and 1997 Chaetoceros sp. and Leptocylindrus sp. were present in the post-bloom period 
suggesting that they may not be a preferred food source for zooplankton. This scenario is very 
possible since all of these cells are fairly long, shinny, often chain-forming diatoms, which may 
make them hard for zooplankton to handle and consume. 

Phytoplankton Carbon and Chlorophyll 

The carbon content of phytoplankton cells was determined by converting cell counts and 
dimensions for each taxa from literature equations that estimate the plasma layer of a celI and it 
concomitant carbon. These data can then be compared to the chlorophyll a estimate of biomass 
and the direct biomass values of carbon for particulates as measured by mass spectrometry. 

The 1996 phytoplankton community mean cell volume, 873 pm3, was significantly lower 
than the mean cell volume for 1995 and 1997 (Table 5, Figure 6). This small value in 1996 is 
credible because the major diatom taxa during the bloom in this year was S. costutum, a small 
chain forming diatom with a mean cell volume (for the species) of 541 I.trn3, also flagellate cells 
contributing to the average were only 99.5 to 1270 l.trn3. In 1995 and 1997 when the mean cell 
volumes were 2876 and 3290 pm3 respectively, the large diatom ZIJzalassiosiru sp. (cell volume = 
7056 It.rn3) was the most abundant diatom taxon of the diatom community. A cell volume such as 
S. costutum has an expected doubling time of about 1 day whereas the larger cells, e.g., 
Thalassiosiru sp., the doubling time would be about 2 to 3 days (Harris 1986). 

The abundance mean value (cells ml-‘) for each year of the study shows the opposite 
pattern than the cell size data (Figure 6). The mean abundance for 1996 (5043 cells ml-‘) was 
more than twice that for the 1995 and 1997 (Table 5). The overall mean abundance for all 
samples (n=200) for all years was 2847 k2961 s.d. cells ml-‘. For all three study years the mean 
abundance, as measured by cell counts, is highly correlated to mean chlorophyll a concentration 
with an ? of 0.996 (Figure 6). 

The mean carbon value in 1996,209 mg/m’, was significantly larger than 1995 and 1997 
(Table 5) and the mean chlorophyll a for 1996 (6.2 mg m”) was also significantly larger than for 
1995 and 1997. The overall ratio of carbon to chlorophyll a for the three years ranged from 24, in 
1995, to 34 in 1996 and 1997 (Figure 7). The overall low values indicate nutrient stress of the 
phytoplankton communities in each year, especially in 1995 (Eppley et al. 1970). 
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The Spring Bloom 

In Prince William Sound the spring bloom is the major annual event that supplies the food 
web with the carbon needed for all trophic levels. The increase in phytoplan&on begins in ealy 
April (Figure 8) but the exact timing and character of the bloom depend on the oceanographic 
conditions of a given year (Eslinger et al. in prep). At the onset of the bloom abundant nutrients are 
available for growth and these are rapidly depleted by the phytoplankton (Figure 10). 
Concomitantly, zooplankton begin their migration from depth to the surface layer in late April and 
early May and reach a peak biomass in late May or early June (Figure 9). The combination of 
zooplankton grazing and nutrient depletion in the surface layer lead to a post-bloom phytoplankton 
community that differs in character and quantity from the bloom community. Zooplankton grazing 
must be the ultimate control of the phytoplankton in early summer since the pulses of nutrients, due 
to tidal pumping, that occur in the surface layer do not result in an increase in biomass, though they 
may increase productivity. 

The results of overall primary production rates during the spring bloom are 2.33,2.75 and 
1.49 gCm-’ d-’ for 1995, 1996 and 1997 respectively, a nearly two-fold difference between the 
highest and lowest value. These rates fall well within the values for the spring bloom measured by 
Goering et al. (1973a and 1973b) in Port Valdez and Valdez Arm using direct 14C uptake. The total 
production can be twice these values if the f ratio is less than 0.5 as would be expected for the 
region (Sambrotto and Lorenzen 1987). 

The time course of carbon isotope ratios over the spring shows the expected enrichment of 
13C during the bloom followed by depletion in the post-bloom period (Figure 11). The nitrogen 
isotope data reflect excursions around the median value for phytoplankton. The greater variability in 
the post-bloom period reflects an increase in small animal plankton in the surface waters. 

Regional Primary Productivity 

The calculated regression lines relating ASi, AN and AP (Figure 12) are: 
ASi = 24.49 AP - 0.1 (pM), 
AN = 15.46 AP + 0.84 @M), 
ASi = 1.59 AN - 1.99 (pM). 

The Si:N:P uptake ratios were set to 24.5: 15.5: 1. This produced a C:N ratio for estimating 
diatom production of 6.84 and a C:Si ratio for estimating diatom production of 4.33. The highest 
production rates in the central sound occurred between the March and April cruises and in 
Hinchinbrook Entrance occurred between April and May (Table 6). Annual diatom production 
in the central sound is a smaller proportion of total production in the south (70%) than in the 
north (98%), and nitrate-based production continues at least a month longer than silicate-based 
(diatom) production. Production in the central sound and Hinchinbrook Entrance was generally 
higher in 1996 than during the same period in 1995. Maximum diatom production in Montague 
Strait usually occurs between the April and May cruises (Table 6). North of Knight Island 
passage in 1995 the nitrate based total production estimate is greatest between the May and June 
cruises. Estimated production rates vary more in Montague Strait than in the central sound. 
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In 1995 the dissolved Si:N ratio in the surface waters increased over the summer. In 
1396 high Sic, concentrations were observed in the upper 10 m in the northwest region of the 
sound (Figure 13), after which deep water Si:N ratios throughout the sound increased to greater 
than 2. 

Sound-wide dissolved Si vs. N regression slopes prior to June 1996 ranged from 0.852 to 
1.52 and except in May 1995 have a positive intercept on the silicate axis (Figure 14). The slope 
increases to 2.0 in June 1996 and further to 2.77 in May 1997. Regression intercepts tend to 
become more positive and slopes tend to decline over the summer. Most regions of the sound 
mirror the overall patterns. The central sound, however, has a steeper Si vs. N regression slope 
in April and May with a positive intercept on the N+N axis (Figure 15). 

DISCUSSION: 

The phytoplankton production rates estimated from nutrient depletion must be considered 
conservative because they do not account for nutrient inputs due to deep mixing, upwelling or 
advection. Production estimates may be revised later using the Prince William Sound circulation 
model. The increasing surface silicate concentrations after the bloom are a strong indicator that 
such nutrient replenishment occurs throughout the sound. Increased shear in Hinchinbrook 
Entrance probably mixes substantial deep nutrients into the surface waters which will tend to 
reduce all production calculations for there. A cyclonic gyre develops around the central sound 
in the summer (Vaughn et al. 1998) which upwells deep nutrients at 60” 30”N and supports the 
moderate phytoplankton biomass observed there later in the summer. This is certainly new 
production, but it is not reflected in the production estimates based on nutrient depletion. 

Spring Bloom Production 

The spring phytoplankton bloom in Prince William Sound consists primarily of diatoms 
(Ward 1997) which rapidly deplete dissolved nutrient concentrations. The phytoplankton bloom 
in the central sound clearly appears to end when silicate is depleted (Figure 15). In other regions 
of the sound, however, it is difficult to determine whether the bloom ceases because the diatoms 
run out of silicate or nitrate. 

Except for May 1996 and May 1997, the ratio of dissolved silicate to nitrate (Figure 14) 
is less than the estimated ratio of silicate to nitrate uptake of 1.6 (Figure 12). which implies that 
silicate may limit bloom diatom production in Prince William Sound prior to 1997. The 1.6 ratio 
of silicate to nitrate uptake estimated here is less than the 50: 16 ratio reported by Broecker and 
Peng (1982) but greater than the 22: 16 ratio observed by Stefansson and Richards (1963). 
Paasche and 0stergren (1980) measured particulate C:Si ratios ranging from 5.7 to 230 
depending on the time of year. Assuming a C:N ratio of 106:16, this corresponds to a maximum 
particulate Si:N ratio of 1.16 during the bloom. Harrison et al. (1977) measured Si:N ratios in 
diatom culture between 0.43 and 2.0 depending on the nutrient conditions. Brzezinski (1985) 
measured diatom Si:N ratios, also in culture, ranging from 0.41 to 1.95. Although reported 
natural particulate Si:N ratios as high as 1.6 were not reported, diatom species exist with a higher 
ratio, so a ratio of 1.6 in Prince William Sound is possible. It is also possible that a silicate pump 
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mechanism may be acting to increase the apparent ratio of silicate to nitrate uptake in Prince 
William Sound, in which case silicate limitation would be likely (Dugdale et al 1995). 

The surface water appears to run out of N+N before it runs out of silicate (Figure 14). 
which suggests nitrate may be limiting diatom bloom production. Calculated regression 
intercepts in April, when the central sound bloom occurs, and May when the bloom occurs in the 
passageways between the central sound and the Gulf of Alaska, are between -0.84 and 3 @l 
SiO,. Egge and Aksnes (1992) found that diatom dominance of the phytoplankton community 
ceases when silicate concentrations drop below 2 yM, however, so a slight positive residual 
silicate concentration may not necessarily indicate sufficient silicate for continued diatom 
production. Ward (1997) observed weak silicification and the production of diatom resting 
spores, from which she concluded that silicate limits the diatom bloom in southwest Prince 
William Sound. 

Post-bloom Production 

Upwelling and deep mixing events bring substantia.l additional silicate and nitrate to the 
surface after the diatom bloom ends. This has been described previously (McRoy 1998) and it is 
confirmed by the redistribution of silicate from the deep water to the surface and the continued 
depletion of N+N throughout the water column as the summer progresses. 

Both nitrate and silicate are introduced into the surface waters, but the non-siliceous post- 
bloom phytoplankton only use the nitrate throughout the rest of the summer. This is consistent 
with the observations of Paasche and @stergren (1980), who measured particulate C:Si ratios 
ranging from 5.7 to 230 depending on the time of year and explained the differences based on 
changing species composition- This corresponds to Si:N ratios that vary from 1.16 during the 
bloom to 0.03 post-bloom. Jn Prince William Sound, however, the eventual result of the species 
composition change is a buildup of silicate and increasing Si:N ratios in the surface water. 

The reason for the lack of post-bloom diatom production is not lack of nutrients, since 
surface silicate concentrations around 10 PM exists in conjunction with nitrate concentrations 
ranging between 0 and 10 vM, and ammonium is also available after the bloom. Zooplankton 
grazing probably prevents diatoms from utilizing these available nutrients. Zooplankton biomass 
increases dramatically in Prince William Sound after the bloom due to the vertical immigration 
and growth of the large copepods Neocdanus plumcrus and N. cristutus. These large copepods 
are probably able to control the post-bloom diatom abundance at very low levels until they 
emigrate back to deeper water later in the summer. 

The large copepods almost certainly eat the non-siliceous successors to the bloom 
diatoms (Urban et al. 1993), but these are probably small flagellates (Ward 1997) which the large 
zooplankton can not eat fast enough to control. The continued decline in nitrate through the 
summer implies that the post-bloom phytoplanlcton are not entirely controlled by zooplankton. 
The copepods may be feeding on the microzooplankton as well as the flagellates that may ease 
grazing pressure on the flagellates. Simpson et al. (in prep.) found evidence that 
microzooplankton control of nanoplankton in the Bering Sea degrades at high total 
phytoplankton, and presumably high macrozooplankton abundance. 

The higher silicate to nitrate ratios at the end of 1996 are likely a result of increased post- 
bloom production that year compared to 1995 and increased fluvial silicate inputs. Estimated 
production based on nitrate depletion was higher in the central sound between April and June 
1996 than during the same period of 1995. There was less wind during the diatom bloom in 
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1996 than in 1995 (Ward 1997, Eslinger et al. in prep.) which mixed less deep nutrients up. The 
result was a shorter diatom bloom in 1996 which used up less of the deep silicate earlier 
(between March and April) leaving more deep nutrients available for production later (between 
April and June). The post-bloom flagellates used more nitrate in 1996 and left a larger pool of 
silicate behind. The increased silicate in the upper 10 m of the northwest region of the sound in 
May 1996 from the numerous glaciers feeding into that area (Figure 13) further increased silicate 
concentrations. 

The increased Si:N ratios of June 1996 are also apparent in May 1997. That year was 
another with low winds, similar to 1996, so high Si:N ratios might be expected, except that the 
high ratios were observed much earlier in 1997 than in 1996. These were the last 2 cruises of 
this study, so whether these high ratios were continuous between these times or recurred after a 
March similar to 1995 or a September similar to 1994 or 1995 is unknown. We do know, 
however, that biological and nutrient conditions in May 1997 were very different than those 
observed in May 1995 and 1996. Such changes could be a result of nearly triple deep water Si:N 
ratios. 

Bottom Up Control of the Food Web 

This project examined the relationship of phytoplankton community structure and primary 
productivity to production in upper trophic levels with an emphasis on pink salmon and herring. We 
find that our own data support the hypothesis that variations in ocean processes controlling nutrient 
supply and phytoplankton production and species determine upper trophic level variations. On a very 
general level nearly everyone will agree with this tenet since it is fundamental to ecology and, in the 
world ocean, more primary production in a region results in higher fisheries yields (Mann 1993). Yet 
the question remains about the role of interannual variability in primary production and community 
species composition in explaining upper trophic level variance. Furthermore, is this merely a 
question of phenology, i.e. the variance in the relative scheduling of primary and secondary 
production processes? 

This is hardly a new quest. In the subarctic North Pacific Ocean, Taniguchi (1973) reported 
that phytoplankton production controlled the biomass and food requirements of herbivorous 
zooplankton. Another study, by Brodeur and Ware (1992), found that the long-term variation in 
biomass of macrozooplankton was a result of bottom-up controls by the physical environment, 
However, Shiomoto and colleagues proposed an opposite view (Shiomoto et al. 1993). They 
reasoned that interannual variations in pink salmon could not be accounted for by concomitant 
changes in productivity and nutrients since these did not correspond to the odd year phenomenon, 
where even year classes are larger than odd, in pink salmon. Rather these investigators concluded 
that feeding effects of pink salmon controlled macrozooplankton and phytoplankton biomass. 

In the three years of this study for which we have adequate data to describe the spring bloom 
we found high phytoplankton productivity and biomass in 1996 and lower values in 1995 and 1997 
(Table 7). This pattern is consistent with the results of Shiomoto et al. (1997) who reported high 
phytoplankton productivity in even numbered years in the North Pacific. We also found a lower 
nitrogen nutrient inventory in 1997 and a high silicate: N+N ratio in this year indicating variations in 
upper layer ocean processes. We attribute the circulation differences to the impact of the El Nifio 
event that occurred in the Pacific in 1997. During the study there were also differences in the species 
composition of the bloom that resulted in variations in the carbon to chlorophyll ratio. Primary 
production along the coast of the Gulf of Alaska is apparently driven by the oceanography of the 
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North Pacific (Figure 16). The North Pacific Index (NPI; Trenberth and Hurrell 1994) for March 
explains 8 1% of the variation in primary production for all available measurements, regardless of 
year, of Prince William Sound and for Auke Bay in Southeast Alaska. Although the exact 
mechanism is not known, this relationship suggests that the upper ocean conditions prior to the 
bloom set the magnitude of bloom production for any given year. The ecological paradigm to 
explain the relationship involves nutrient supply and the degree of vertical mixing of surface waters 
(Lalli and Parsons 1993). 

Phytoplankton biomass and production apparently directly influence the quantity of 
zooplankton (Table 7). In the 3 study years the estimated phytoplankton productivity accounts for 
97% of the variation in the maximum zooplankton biomass. This is a strong relationship but it is 
limited by only 3 years of data. Similarly the returns of wild pink salmon and the growth of herring 
follow the trend set by primary production. The returns of hatchery pink salmon, however, do not 
follow this trend, suggesting that events in the early life history of the fish are crucial to the survival 
of adults. The hatchery fish are not directly coupled to interannual variations in ocean processes and 
productivity since natural processes do not feed them until they are released from the pens. 
Additional evidence for the direct influence of ocean processes (and climate) on the variation in the 
strength of the pink salmon population of any year is from an unlikely source. The mass balance of 
the Wolverine Glacier (in Prince William Sound) since 1965 and the returns of wild pink salmon 
follow a remarkable similar trend (Figure 17). Climate conditions as primary physical forcing 
controls on both glacial and ocean processes must lead to this concordance of long-term trends 
between the fish and the glaciers. The data on the hatchery-raised pink salmon do not show this trend 
but do show a response to regime shift events (Figure 18). 

Finally, the impetus for this research and its associated projects was to study the damage 
caused by the Exxon Vuldez oil spill. We did not begin the project until 1994, but from the 
perspective of phytoplankton production ecology there were no apparent lingering effects of the oil 
spill. In the study years the timing of the peak of the spring bloom was close to the mean date (day 
118) for all previous years of study of the sound (McRoy 1998), indicating a sequence of natural 
events. In addition the phytoplankton communities are constituted by species that are normal to the 
waters of the North Pacific Ocean (Homer et al. 1973, Booth et al. 1993). We conclude that climate, 
through its influence on ocean processes and their control of phytoplankton and nutrients, is the 
significant source of variability of the food web. 

CONCLUSIONS: 

1. Physical processes, through climatic conditions and oceanography, drive interannual variability 
in primary level ecosystem processes. 

2. Diatom abundance is controlled by nutrients during the bloom and by zooplankton grazers after 
the bloom. 

3. Phytoplankton Si:N:P uptake ratios observed sound wide were 24.5:15.5:1. 
4. Phytoplankton community composition and productivity are keys to carbon transfer to upper 

trophic levels. 
5. Interannual variability in timing of producer-consumer interaction is not a critical factor in the 

variability of upper trophic level production. 
6. Herbivore populations appear to be determined by primary production and phytoplankton 

community structure rather than “seeding” from the Gulf of Alaska. 
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7. Pink salmon year class success in directly linked to primary level ecosystem processes. Data are 
insufficient to determine the relationship between primary production and herring populations. 

8. No lingering effects of the oil spill could be found. The sound is robust and healthy from the 
perspective of phytoplankton community structure and productivity. 
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Table 1. Summary of data collection, including number of samples and sampling days for 1994 in 
Lake Bay and 1995,1996 and 1997 in Elrington Passage, Prince William Sound. 

Data Collection 1994 1995 1996 1997 

Sampling Dates (Julian) 143-204 107 - 170 97 - 169 91-166 

Totals 
all years 
91-204 

Sampling Depths 0,5, 10, 0,5, 10, 25, 0,5, 10,25, 0,5, 10,25, 0,5, 10,25, 
2550, 75 50,75 50,75 50,75 50,75 

No. Sampling Days 
CTD Casts 
Secchi Depth Measurements 
Chlorophyll a Measurements 
Size Fractionation Measuremen 
Nitrate + Nitrite Measurements 
Silicate Measurements 
Phosphate Measurements 
Species Composition and 
Abundance 
Carbon Biomass Measurements 
Stable Isotope Measurements 

61 64 73 73 271 
71 63 73 73 281 
71 63 73 73 281 

355 372 437 435 1870 
0 0 68 219 287 

355 372 438 435 1600 
355 369 438 435 1597 

355 372 438 435 1600 
22 73 80 110 285 

355 68 80 110 613 
383 152 535 

Table 2. Summary of sample collection for 1994, 1995, 1996 and 1997 from oceanographic cruises 
in Prince William Sound. 

Data Collection 1994 1995 1996 1997 Totals 

No. Cruises 6 5 3 1 15 
No. Stations 238 153 112 29 532 
Chlorophyll a Measurements 0 918 672 174 1979 
Size Fractionation Measurements 0 329 0 0 329 
Nitrate + Nitrite Measurements 470 918 672 174 2234 
Silicate Measurements 470 918 672 174 2234 
Phosphate Measurements 470 918 672 174 2234 
Species Composition and Abundance 215 760 672 174 1821 
Stable Isotope Measurements 206 206 
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Table 3. List of all phytoplankton taxa, in the upper 50m, from the spring of 1995 and 1996 
(Ward 1997) and 1997 (this study) in Elrington Passage, Prince William Sound. 

1995 8z 1996 1997 

Diatoms 
Asterionella glacialis 
Biadulphia sp. 
Chaetoceros spp. 
Chaetoceros deciprens 
Cocconeis sp. 
Eucampia spp. 
Fragilariopsis sp. 
Grammatophora sp. 
Leptocylindrus danicus 
Leptocylindrus minimus 
Leptocylindrus spp. 
Licmorphora glacialis 
Navicula spp. 
Pseudo-Nitzschia spp. 
Rhizosolenia fragilissima 
Rhizosolenia stolteflorthii 
Rhizosolenia spp. 
Skeletonema costatum 
Stehpanopyxis nipponica 
Thalassiosira nitzschioides 
Unidentified centric diatom 
Unidentified pennate diatom 
Unidentified hiatom 

Asterionella glacialis 
Chaetoceros spp 
Chaetoceros convolutus. 
Chaetoceros decipiens 
Coscinodiscus spp 
Eucampia spp 
Fragilariopsis spp. 
Grammatophora spp. 
Gymnodinium spp. 
Leptocylindrus danicus. 
Leptocylindrus minimus. 
Licmophora glacialis 
Navicula spp 
Nitzschia spp 
Nitzschia closterium. 
Rhizosolenia spp. 
Skeletonema costatum 
Stephanopyxis nipponica 
Thalassiosira nitzschioides 
Unidentified centric diatom 
Unidentified pennate diatom 
Unidentified diatom 

Flagellates 
Cerutiunfurca 
Ceratium spp. 
Dinophysis spp. 
Distenphanus speculum 
Ebria tripartita 
Oxytoxum spp. 
Peridinium spp. 
Unidentified flagellate 
Unidentified silicoflagellate 
Unidentified dinoflagellate 

Ceratium furca 
Ceratium spp 
Dinophysis spp. 
Ebria tripartita 
Oxytoxum spp. 
Protoperidinium spp. 
Unidentified flagellate 
Unidentified dinoflagellate 
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Table 4. Occurrence of dominant phytoplankton taxa in Elrington Passage during the bloom and 
post-bloom season (April to mid-June) for all study years. 

1995 1995 1996 1996 1997 1997 Post- 
TLiXZl Bloom Post- Bloom Post- Bloom Bloom 

Bloom Bloom 
Chaetoceros spp. + + + + + + 
Fragilariopsis sp. 0 0 0 0 + 0 
Lepfocylindfus spp. + 0 0 + 0 + 
Pseudo-Nifzschia spp. + + + + + f 
(Nifzschia spp.) 
Rhizolsolenia spp. + 0 0 + 0 0 
Skeletonema costatum + 0 + 0 + 0 
Stephanopyxis nipponica 0 0 0 + 0 

Thalassiosira spp. + 0 + 0 + + 
Unidentified flagellate + + + + + + 
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Table 5. Summary of quantitative data characterizing the phytoplankton community in Elrington 
Passage during the spring bloom and early post-bloom season (April to mid-June) for all study 
years. 

Year 1995 1996 1997 Overall 

Chlorophyll a (mg rne3) 
Mean 
Range 
SD 
n 
Carbon Biomass (mg me3) 
Mean 
Range 
SD 
n 
Abundance (cells ml-‘) 
Mean 
Range 
SD 
n 

4.60 6.19 3.53 4.69 
0.3-18.85 0.3-19.84 0.1-13.58 

4.62 5.15 2.45 4.26 
310 364 450 1124 

108 209 120 152 
6.5-306 7.0-647 3.7-333 

72.0 159 73.0 125 
68 80 52 200 

1811 5043 823 2847 
292-4738 325-15301 216-1736 

1050 3546 339 2961 
68 80 52 200 
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Table 6. Regional new production (upper 50 m averaged) estimated by nutrient depletion. 
Year Lot. Daily Annual 

(mg C m’ d-l) (C mm3 y-l) 
Months 3-4 4-5 5-6 6-9 
Total 1995 cs 
Diatom 1995 cs 

34.37 8.61 3.27 0 1234 
33.82 15.14 0 0 1216 

Total 1995 HE 5.56 24.69 9.92 0 1158 
Diatom 1995 HE 6.57 25.16 0 0 818 

Total 1995 KN 6.43 11.79 13.32 0.77 1020 
Diatom 1995 KN 2.02 21.10 1.50 0.47 660 

Total 1995 KS 0 32.12 5.41 1.08 977 
Diatom 1995 KS 1.09 36.03 0 1.13 857 

Total 1996 CS 17.74 14.64 967 
Diatom 1996 CS 21.31 4.87 614 

Total 1996 HE 41.88 11.59 1287 
Diatom 1996 HE 54.22 0.96 1020 

Total 1996 KN 18.18 7.27 640 
Diatom 1996 KN 38.81 0 699 

Total 1996 KS 21.56 10.80 874 
Diatom 1996 KS 42.92 1.04 860 

Locations: 
CS includes central sound stations north of 60”30”N 
HE includes Hinchinbrook Entrance stations south of 60”30”N 
KN includes Montague Strait stations north of Knight Island Passage. 
KS includes Montague Strait stations south of Knight Island Passage. 
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Table 7. Comparison of interanuual differences in features related to the bottom-up hypothesis of 
ecosystem control in Prince William Sound. 

FEATURE 1995 1996 1997 
Initial N+N Content of 
Water Column (mmole m-2) 

Silicate / N+N Ratio 1.55 1.55 3.00 

Maximum Phytoplankton 
Biomass (mg Chl a m-‘) 

723 863 423 

Year Day of Maximum Biomass 113 116 106 

Dominant Diatom Species Thalassiosira sp. 
Skeletonem sp. 
Chaetoceros sp. 

Skeletonema sp. Thalassiosira sp. 

Carbon / Chlorophyll Ratio 23.4 33.8 34.0 

Calculated Primary Production 
During Bloom (g C m-* d-‘) 

Zooplankton, maximum settled 
volume (ml) from R.T. Cooney 

2.33 2.75 1.49 

5.61 -;.;1‘ 4.91 

Wild Pink Returns (x 10”) -i 
(M. Willette data) 7.77 7.92 4.i9 

Herring Growth, fork length of 0 
class (mm) in Oct., Zaikof Bay 
(K. Stokesbury data) 

78.19 k14.77 93.49 kg.49 75.94 +7.54 
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Figure 1. Locations of all stations in Prince William Sound sampled for phytoplankton and 
nutrients during the SEA project. 
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Figure 2. Abundance (%) of major phytoplankton taxa during 
the bloom period, for all depths, from Elrington 
Passage, Prince William Sound, for all years of study. 
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Figure 3. Abundance (a/,) of major diatom taxa during the bloom 
period, for all depths, from Elrington Passage, Prince 
William Sound, for all years of the study. 
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Figure 4. Abundance (%) of major phytoplankton taxa during 
the post-bloom period, for all depths, from Elrington 
Passsage, Prince William Sound, for all years of study. 
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Figure 5. Abundance (%) of major diatom taxa during the 
post-bloom period, for all depths, from Elrington Passage, 
Prince William Sound, for all years of study. 
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Figure 6. Average cell volume (upper) and abundance (middle) and abundance in relation 
to chlorophyll a (lower) for all sampling depths and times in 1995, 1996 and 1997 from 
Elrington Passage, Prince William Sound. 
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Figure 7. Average chlorophyll a (upper), and cell carbon (middle) and their ratio (lower) 
for all sampling depths and times in 1995, 1996 and 1997 from Elrington Passage, Prince 
William Sound. 
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Figure 8. Daily time course of phytoplankton biomass (depth-averaged for upper 10 m) in 
Elrington Passage, Prince William Sound, for 1995, 1996 and 1997. 
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Figure 9. Weekly time course of zooplankton biomass in Elrington Passage, Prince 
William Sound for 1995, 1996 and 1997 (data from R.T. Cooney). 
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Figure 10. Depth average (upper 10 m) time series of nitrate+nitrite (solid line) and 
silicate (dash line) in Elrington Passage during the spring bloom and post bloom season 
for the 3 study years. 

3-41 



Ih dlwz 
II t>, II lb I., IU I.3 

BLOOM 

POST-BLOOM 
-b 

Figure 11. Time series of carbon (upper) and nitrogen (lower) isotope ratios for 
particulates in surface waters in Elrington Passage, Prince William Sound, 1996. 
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Figure 12. Stoichiometric nutrient uptake relationships for all stations visited twice or more in any year. Anomalous 
low AP (gray values) were excluded from calculations. Si:N:P ratios are 24.5: 15.5: 1. 
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Figure 13. Silicate (contour interval = 1 pM) in the 5 m layer for May 1996 In Prince 
William Sound. 
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Figure 14. Nutrient-nutrient (Silicate vs. N+N) plot of all data points for each cruise during the SEA 
project. 
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Figure 15. Dissolved silicate vs. N+N in the central basin of Prince 
William Sound in May. 
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Figure 16. Relationship of the North Pacific Index for March to primary production 
measurements from Valdez Arm (1971 & 1972), Auke Bay (1986-1989) and Elrington 
Passage (1994- 1997). 
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Figure 17. Returns of wild and hatchery pink salmon (ADF&G data) in Prince William 
Sound and mass balance of Wolverine Glacier (USGS data). 
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Figure 18. Returns of wild and hatchery pink salmon in relation to regime shift events in 
the North Pacific Ocean. 
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Abstract 

A 3-D coupled biological-physical model of Prince William Sound (PWS) was 

developed to simulate the spring plankton bloom. The physical model is based on an 

existing 3-D circulation model developed from the SEA (Sound Ecosystem Assessment) 

project under forcing of monthly heat flux, freshwater discharge of a line source, daily 

wind, Alaska Coastal Current (ACC) inflow/outflow and tide. The biological model 

consists of four compartments: 1) (dissolved organic nitrogen +nitrite) DIN, 2) 

(phytoplankton) P, 3) (zooplankton) Z, and 4) (detritus) D. A mixed layer model is 

introduced to calculate vertical mixing caused by wind stirring and surface cooling. 

The spring plankton bloom in 1996 was simulated using this coupled model. The 

model exhibited a spring plankton bloom, which is a feature of a steadily repeating 

annual cycle of phytoplankton population. The spring phytoplankton bloom starting and 

ending time and its magnitude compared well with field observations at several layers 

from 0 m to 50 m at a Station AFK in the sound. In the western sound, the bloom 

occurred earlier, but was less intensive, and the bloom depth was shallower than in the 

east. In the central, and eastern sound and Montague Strait, the plankton blooms occurred 

following the bloom in the western sound, but stronger and deeper. Thus, the 

phytoplankton bloom lasted longer. There was a shallower but higher phytoplankton 

concentration core related to an anticyclonic gyre in the eastern sound at the beginning of 

the bloom, and disappeared later as circulation changed. 
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1. Introduction 

Prince William Sound (PWS or the sound), located along the southern coast of the 

Gulf of Alaska, is a combination of fjords and estuaries formed by preglacial erosion, 

glacial excavation and tectonism. Because of its rich resources including seabirds, 

mammals, salmon, herring, and many other animals, a systematic study of the ecosystem 

of the sound is essential and timely in order to provide scientific knowledge as a basis for 

management decisions. 

Some observational studies were made before 1989 (Schmidt, 1977; Royer et al., 

1979; Niebauer et al., 1994). However, because North America’s largest oil spill, caused 

by the Exxon Valdez on March 24, 1989, seriously damaged the ecosystem in the sound 

and the adjacent coastal waters (such as Cook Inlet and Kachemak Bay), extensive 

observational programs have since been carried out in the sound. The SEA (Sound 

Ecosystem Assessment) project was one of the major herring studies following the spill. 

This interdisciplinary project started in 1994 and focused on salmon, herring habitat, 

ecology, and physical oceanography. The physical component in SEA project 

emphasized field program and numerical modeling of the sound. 

Among the SEA projects, a major biological research question was the timing and 

magnitude of the spring bloom of phytoplankton repeating every year. The bloom usually 

begins from early April and lasts about 30 days, depending on the biological and physical 

environment. Bakun (1973) found that settled zooplankton volumes, averaged for 

April/May at a location in Elrington Passage (Station AFK in Figure 2a) pink salmon 

hatchery, were statistically associated with the April/May Bakun upwelling index 

computed from a location just outside the sound (60N, 146W). Over the period 1981- 
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1993, approximately 74% of the interannual variability in an April/May zooplankton 

time-series was explained by this index (Cooney et al., 1995). The negative/positive 

upwelling index hypothesized to be related to strong/weak Alaska Coastal Current (ACC) 

throughflow into the sound. Another equally plausible hypothesis explaining the variance 

in the multi-year zooplankton time-series was nutrient-limited, bottom-up regulation of 

zooplankton by food supply (Eslinger et al., 2001). These hypotheses suggest that 

advection, convection, and vertical mixing are significant modulators of plankton 

production. Thus, it is important to couple a biological model with the 3-D circulation 

field. Presently, a 3-D PWS circulation model (Wang et al., 2001) and a one-dimensional 

biological model (Eslinger et al., 2001) have been developed as parts of the SEA projects. 

The 3-D PWS circulation model includes forcing of ocean tide, freshwater runoff, 

surface heat flux, ACC inflow, and wind stress. The 3-D structure and seasonal cycles of 

circulation patterns, along with temperature and salinity fields, and the mixed layer depth 

are calculated in the model. We found that two circulation regimes, cyclonic and 

anticyclonic, characterize the complex flow patterns that depend on the intensities of the 

ACC thoughflow, freshwater discharge, and wind stress. A lake-like sound occurs in the 

April anticyclonic circulation due to the minimum ACC throughflow. A river-like sound 

occurs in the September-to-winter season cyclonic circulation due to the maximum ACC 

throughflow (Wang et al., 2001). 

Using a critical depth model for the Bering Sea spring phytoplankton bloom 

(Eslinger, 1990), the one-dimensional biological model was modified and expanded to 

examine the annual phytoplankton and zooplankton dynamics in the sound (Eslinger et 

al., 2001). The model domain is the upper 100 meters of a significantly deeper water 
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column (maximum 700 m), with bottom boundary layer, advection, and tidal effects. 

Solar radiation data are from a radiation model (Frouin et al., 1989). Local 

meteorological forcing (surface winds, water column temperature and surface heat flux) 

and biological fluorescence from the C-LAB mooring (location shown in Fig. 2) data set 

were used to drive and validate the simulations for 1993-1997. All simulations began 

with identical initial temperature fields and concentrations of nutrients, phytoplankton, 

and zooplankton. The model described the general features of the seasonal phytoplankton 

cycle. The modeled interannual variability in the timing of phytoplankton bloom onset, 

rate of increase, duration, and maximum chlorophyll concentration are compared with the 

time series of field measurements from the Station AFK in Elrington Passage and C-LAB 

mooring (location shown in Figure 2a). Some unexplainable questions existed because of 

lack of 3-dimensional interactions of the physical (advection, tidal mixing, spatial 

distribution of flow) and biological environments and accurate initial data for 

phytoplankton, zooplankton, and nutrients. 

A coupled 3-D physical-biological model has not been established in the sound. 

Previously, a passive tracer simulation was performed using a 3-D PWS circulation 

model (Wang et al. 2001). An application of this model to the passive drifters of 

zooplankton that overwintered in 1996 qualitatively simulated the distribution of 

Neocalanus as observed by nets and high-frequency acoustics in May 1996 in the north 

and west regions (Kirsch et al., 2000). Nevertheless, these passive tracer studies of the 

zooplankton could not fully explain the interactions between physical and biological 

components. Therefore, in 1999, the Oil Spill Recovery Institute, Alaska (OSRI) 

supported the development of a physical-biological model. 
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This study reports the development of a coupled 3-D physical-biological model 

and investigation of how 3-D circulation modifies the spring phytoplankton bloom, and 

how the 3-D thermohaline structure of the sound affects the timing and magnitude of the 

spring bloom. The physical model is based on the existing 3-D PWS model (Wang et al., 

2001). The biological NPZD model has one component of phytoplankton, zooplankton, 

nitrate +nitrite, detritus, respectively, rather than two pieces of phytoplankton and 

zooplankton, and additional nutrients besides the nitrate +nitrite in Eslinger’s model 

(Eslinger et al., 2001), because this NPZD model is sufficient to describe the spring 

phytoplankton bloom in the sound. The purpose of this study is not to develop a more 

accurate biological model than that of Eslinger et al.‘s model, rather to extend the 1-D 

biological model to a 3-D model and examine the interactions between physical 

environment and biological populations using this 3-D coupled model. Thus, a simple but 

efficient biological model in this study may be sufficient to simulate the spring bloom 

processes in the sound. Nitrate +nitrite is the primary nutrient limitation factor of the 

spring plankton bloom in the sound, although models with additional nutrients can better 

describe the bloom, especially the post-bloom processes. 

In section 2, we introduce the 3-D coupled physical-biological model. In section 

3, we describe the model domain and initial and boundary conditions. In section 4, we 

discusse the model results with comparisons to observations. In section 5, we summarize 

our investigations and outline some suggestions for further studies. 

2. A three-dimensional coupled biological-physical 

model 
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2.1. The 3-D circulation model 

A modified version of the Blumberg’s (1991) ECOMSI (Estuarine and Coastal 

Ocean Model with Semi-Implicit scheme) is used, with a newly-implemented predictor- 

correct scheme for time integration (Wang and ikeda, 1997). The model has the following 

similar features as the Prince Ocean Model (POM; Mellor, 1991): (1) horizontal 

curvilinear coordinates (not used here); (2) an Arakawa grid; (3) sigma (terrain- 

following) coordinates in the vertical with realistic bottom topography; (4) a free surface; 

(5) a level 2.5 turbulence closure model for the vertical viscosity and diffusivity (Mellor 

and Yamada, 1982); and (6) a mean flow shear parameterization for horizontal viscosity 

and diffusivity (Smagorinsky, 1963). Differing from POM, ECOMSI uses: (7) a semi- 

implicit scheme for the shallow water equations (Blumberg 1991); and (8) a predictor- 

correct scheme for the time integration to avoid inertial instability (Wang and Ikeda, 

1996, 1997; Wang et al., 2001). The model equations, time integration method and 

boundary conditions were described by Wang et al. (200 1). 

The model domain includes the entire sound with two open boundaries, one at 

Hinchinbrook Entrance and the other at Montague Strait (Fig. 2a), allowing water 

exchange with the Gulf of Alaska coastal waters (Schmidt, 1977; Mooers and Wang, 

1998). The model grid spacing is 1.2 km (Fig. 2a) which is eddy-resolving because the 

internal Rossby radius of deformation is about 5km in winter (50km in summer; Niebauer 

et al. 1994). There are 15 vertical sigma levels, with a relatively high resolution in the 

upper 50m to resolve the upper mixed layer. 

Initial temperature and salinity fields used are based on a typical spring profile 

observed in the central sound in March 1995 (T/S ranges from 4”C/3 1.2 PSU at surface 
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to about 6”C/32.3 PSU at 400m; Wang et al., 2001). These were specified to be 

horizontally uniform. The model was spun-up for one year from these initial conditions 

under seasonal forcing. The restart file was saved for use as initial conditions for the 

prognostic runs. Vertical viscosity diffusivity was determined at each time step and each 

grid point from the Mellor-Yamada 2.5 turbulence closure model. The model forcing 

includes freshwater runoff of a line source, heat flux, ACC throughflow, wind, and MZ 

tide. 

2.2. The NPZD biological model 

Previous studies examined the following features of the spring plankton bloom in 

the sound: 

(1) The spring plankton bloom of the sound can be explained by the Sverdrup 

(1953) theory during spring in high latitudes, as solar heating increases and mixing 

decreases. The mixed layer depth rises above the critical depth and net photosynthesis 

exceeds net respiration throughout the water column, enabling the phytoplankton to 

bloom. Thus, a well responding mixed layer model is necessary to examine the bloom. 

(2) A strong seasonal cycle and interannual variations of the plankton community 

of the sound are affected mainly by physical conditions (wind, surface cooling and mixed 

layer depth, etc.) during a relatively short critical period, e.g. from day 90 to 130 in 1996 

(Eslinger et al., 2001). 

(3) High vertical resolution is essential to a biological model (Eslinger et al., 

2001). 

(4) The spring bloom of the sound is nutrient limited. 
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(5) Advection by circulation and thermohaline change by freshwater runoff can 

also affect the bloom. 

Based on this knowledge, the NPZD biological model described here consists of 

four compartments (nutrient, phytoplankton, zooplankton, and detritus) with relationships 

shown in Fig. 1. The equations controlling these compartments are described in the 

following: 

Dissolved inorganic nitration + nitrite concentration, N (mg N me’): 

F =(-Gr + Resp + R, + E, + %)/C,, + Mix - Adv - Diff (1) 

Phytoplankton biomass concentration, P (mg C 6’): 

i?P 
- =Gr-Resp-R,- Ig +Mix--Adv-Diff 
at 

Zooplankton biomass concentration, Z (mg C mm3 ): 

$=I,-EC-E, -M,+Mix-Adv-Diff (3) 

(2) 

Detritus (fecal pellets) biomass concentration, D (mg C m-‘): 

g=E,-&+Mix-Adv-Diff (4) 

where Gr is phytoplankton growth rate, the limitation factors of which include light and 

nutrient: limit, and limitN, 

Gr=P* /uO * exp(k, * T) * min { limitL, 1imitN) (5) 

limit, = (1 - exp( -k, * PAR /I,)) * exp(-ki * PAR /I,) (6) 

1imitN = (N-s,)/ (k,+N-s, j (7) 

T is water temperature; ,Q, is the maximum possible growth rate at 0°C; k, describes the 

3-A&9 



ability of the phytoplankton to absorb light; I,, is the minimum light level at which 

photosynthesis begins; PAR (W/m) is photosynthetically available radiation within the 

waveband of 400-700nm and is attenuated with depth, i.e. PAR(z) = PAR(0)e-k”R” , 

where z is depth, and z=O denotes sea surface, 

kpm = kNchl + k,hl 

kch l= kp * p ‘cm,, 

hchl=ko + kpati * k,hl 

Resp is the phytoplankton respiration rate: 

Resp = P * r0 * exp(kr * Tj 

(8) 

(9) 

(10) 

(11) 

where r0 is the respiration rate at 0°C. 

Rp is phytoplankton reminerization rate, and M, is mortality rate of 

phytoplankton, which is not used when Ingest is used: 

R, = P * Y,,~ * exp( k,, * T) (12) 

M, =rnpO * exp(k, * T) * PZ (13) 

I, is ingestion rate of phytoplankton by zooplankton, E, is the excretion rate of 

zooplankton, and E, is egestion rate of zooplankton: 

1, = Z * g,.o * exP(kgr *T) * (I-exp( C, *(PO - P))) (14) 

4 =(A@& * lg (15) 

Eg =(1-A,) * I, (16) 

& is the reminerization rate of detritus, and M, is mortality rate of zooplankton: 

R, = D * yjj * eckheT) (17) 
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M, =m,, * exp(km * T) * Z2 (18) 

“Mix” is vertical mixing of P, N, Z and D within the upper mixed layer. The 

mixed layer depth is calculated for each time step using the Froude number based on the 

mixed layer model of Thompson (1976). The Froude number of a slab is defined as: 

F= 
u2 +v2 

(19) 

which shall not be allowed to exceed 1, where Ap is the density change across the 

bottom of the slab. The density, p, is calculated as a function of water temperature and 

salinity (Mellor, 199 1). 

Hourly buoy data at NOAA Station 46060 (location shown in Fig. 2a), including 

wind and air temperature, were used to calculate the total sea surface heat flux: 

Q/u = Qso,ar + Q.y,, + Qu, + Qa,w - Qwlw (20) 

where Qso,ar is the solar radiation with wavelength from 250 nm to 4000 nm [PAR(z=O) 

is included with wavelength from 400 nm to 700 nm]; Q,,, is sensible heat flux, Q,,, is 

latent heat flux; and en,,,,, Q,, are air and water long-wave emission, respectively. The 

algorithm is based on Parkinson and Washington (1979). 

Adv and Diff are the large-scale advection and diffusion: 

(22) 

where u, v, and w are 3-D sea water velocity from the 3-D circulation model; A,, A, are 
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horizontal diffusion coefficients; AZ is vertical diffusion coefficient; 4 denotes any 

variable of P, N, Z or D; nutrient and zooplankton sinking rate w, , w, are set to 0; 

detritus sinking rate w, is set to a constant of 0.35 (m/h); phytoplankton sinking rate w, 

is 

wp = w,,, x[l-tanh(N * O..549306/kJ] 

The constants used in these equations are listed in Table 1. 

(23) 

Table 1. Values of constants used in the model equations 

G, 

Ka 

0.3 

0.057 
g r0 

&I 

0.0125 (h-l) 

0.03 (“c-l) 

K 

ki 

kP 

K part 
k i-in 
mPO 

PO 

0.0633 (“CT’) k-r 0.0693 (“C-l) 

0.001316 knl 0.069 (“C-l) 
0.0148 (m-l (mg chl -3 -1 k0 0.159 (m-l> 

m)) 
2.35428 kr 0.069 (“C-l) 
0.03 (“c-l) kS 1.5 (mg N m”) 

0.0049385 (h-l) rnZ0’ .0004283 (h-l) 

0.2447 (mg C 1“) r. 0.003 (h-l) 

SO 

I 1 
1 0.0000923 (II-‘) r,, 0.000923 (h-l) 
I  

1 
/  

1 

1 0.0 (mg N mm3> 

I  

/ W max 1 0.18 (m h-l) 

3. The Numerical Scheme 

The horizontal model grid is 1.2 km (Fig. 2a) for both the physical and biological 

models. There are 15 vertical sigma layers for the 3-D circulation model and 33 vertical 

3-IA-12 



layers for the biological model. There is a 3 m resolution in the upper 99 m, with one 

layer below 99 m. Because the NPZD model has higher vertical resolution (3 m) than the 

physical model, the output of the physical model (velocity, temperature, and salinity) was 

interpolated to the vertical grid points of the biological model. Similar to the Eslinger at 

al.‘s model, the coupled model uses a mixed layer model to deal with the rapid changes 

of the mixed layer depth in response to surface warming or cooling and wind mixing. 

Thus the important vertical process in spring plankton bloom mechanics at high latitudes 

can be included in the coupled model. In addition, the mixed layer model uses a different 

mechanism of vertical mixing (due to vertical instability defined by the Froude number) 

rather than the turbulent closure model in the 3-D physical model. The time step is 1 hour 

for the biological model and 100 s for the physical model. 

A one-year simulation was conducted using this coupled model. Due to lack of 

data, the initial condition for the biological model was set to be homogeneous at each grid 

and each layer, similar to the Eslinger et al’s (2001) model: 

P = 20 mg C mm3 =O.S mg Chl. mm3 (24) 

Z = 0.2 mg C me3 (25) 

N=160 mg N mM3=l 1.4@V (26) 

D=OmgC mm3 (27) 

The open boundary condition for the 3-D circulation conserves the volume 

transport, and the outflow at Montague Strait was specified to be equal to the inflow from 

Hinchinbrook Entrance, which was based on moored buoy data at Hinchinbrook Entrance 

during the SEA project. The M2 tide harmonic constants for amplitude and phase 
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(Schwiderski 1980) were prescribed for the surface elevation at both Hinchinbrook 

Entrance and Montague Strait (Wang et al., 2001). 

Because of lack of time series of observations for biological components at 

Hinchinbrook Entrance and Montague Strait, the open boundary conditions for the 

biological model were specified to be a zero gradient (no flux) for all biological 

components (nutrient, phytoplankton, zooplankton, and detritus) at each layer. This 

means that no matter what throughflow (inflow or outflow) it is at the open boundaries 

(Hinchinbrook Entrance and Montague Strait), the same concentrations of the inner 

boundary grid points were used to the outer boundary grid points. Using these conditions, 

we can know how the ACC throughflow influences the advection of biological 

components inside the sound, but we do not know those if the biological components 

from the ACC throughflow differ from those inside the sound. Thus, observations of 

biological components at Hinchinbrook Entrance and Montague are necessary for future 

studies. 

4. Model Results and Comparison to Field Data 

4.1. Patterns of circulation, temperature, salinity, and sea surface heat flux 

The modeled surface current (averaged over a M2 tide cycle), temperature, and 

salinity of the sound on April 16 are shown in Figs. 2b-d. There is a large anticyclonic 

circulation in the central sound and three small cyclonic circulations in the central and 

northeastern sound (Fig. 2b). In the western sound, water flows from north to south, and 

exits through Montague Strait. In mid-April, water temperature in the northwestern 

sound is warmer than water in the southeastern sound. The water is fresher in the 
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northwest because of the addition of freshwater runoff from snow and glacier melting 

along the western coast. Thus, the surface water stratification occurs earlier in the west 

than in the east. Correspondingly, the phytoplankton bloom starts earlier in the western 

sound. 

Figures 3a-d show the measured hourly air temperature, wind speed, water 

temperature, and calculated daily mean net sea surface heat flux (including short/long 

wave radiation and latent/sensible heat flux), respectively, at Station 46060. In addition to 

a diurnal cycle, the air temperature starts to rise steadily after day 94. At this time, the 

daily mean net sea surface heat flux also becomes positive and increases with time. This 

provides a physical environment for the beginning of the phytoplankton spring bloom. 

The wind was strong during days 95 to 100, after which the wind was calm. Sea surface 

temperature increased slowly with time and there were fluctuations between days 102 to 

106 that might be caused by advection because there was no significant fluctuation of 

wind, air temperature or surface heat flux during the same period. 

4.2. The 1996 phytoplankton spring bloom 

Figures 4a-d show a comparison of the observed and modeled time series of 

phytoplankton biomass as estimated by chlorophyll a at 0 m, 5 m, 10 m and 25-50 m 

average at Station AFK in Elrington Passage (location shown in Fig. 2a). Chlorophyll a 

concentrations of the surface layer (Om, 5m and 10m) show a similar pattern, except for 

some small differences at the peak. This indicates that the upper 10 m was well mixed 

during the bloom period. The simulated results show good agreement with field 

observations on the bloom start, end timing, and peak of the bloom as measured 

3-A-15 



chlorophyll a. The bloom started on day 97, reached the peak of 22 mg/m3, remained at a 

high from day 99-12 1, and ended on day 122 for a total bloom period of 25 days. The 

bloom averaged over 25-50 m denotes an average across the thermocline. The bloom in 

this layer had a slight delay, when compared with the surface layer. The peak was lower, 

The simulated start timing and the peak value of the bloom at 25-50 m compares well to 

the field observations. However, the observed data show a faster decline than the 

modeled results. This faster decline of biomass in the 25-50 m layer might be caused by 

advection of more zooplankton into this region, which grazes more phytoplankton. The 

observation data also show a second peak at day 114 to 116, especially at depth 25-50m. 

This peak was not captured by the model. Because there was no meteorological data at 

Station AFK, we had to use the meteorological data of NOAA Station 46060, which is 

located in the central sound. Since Station 46060 is in the open sea and Station AFK is in 

a narrow strait channeled by mountains, the differences of meteorological conditions 

between the two stations can cause the discrepancy in the modeled vertical mixing that 

brings up nutrients from below the thermocline by local wind or surface cooling to 

support a second bloom peak. 

The modeled and observed N + N in the O-25 m layer (Fig. 5a) at Station AFK started 

to decrease earlier and sharper than that in 25-50 m layer (Fig. 5b). This means that the 

phytoplankton bloom occurred mainly in the upper 25 m. After bloom, the modeled N + 

N was staying low, but the observed N + N rose up. Those nutrients should be flown 

from the Alaska coastal water outside the sound. The modeled N + N at 25-50 m is close 

to the observed, but did not go up after the bloom. 
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The zooplankton was collected at Station AFK by recording the settled volume of 

zooplankton to the nearest ml (mini-liter) and by rebottling individual samples for 

processing. The settled volumes were converted to biomass using a factor of 0.7 g wet 

weight ml-’ (Wiebe et al., 1975). Because the modeled zooplankton has a different unit 

from the observed data, we drawn two y-axes with different units to combine the 

modeled and observed zooplankton into one plot (Fig. 6). The comparison of the modeled 

and observed zooplankton averaged in the upper 50m at Station AFK displays a similar 

trend that zooplankton kept rising up from the beginning of phytoplankton bloom. 

Figures 7a and 7b show the modeled time series over 0 to 60 m of N + N and 

chlorophyll a at Station AFK. Strong surface mixing on days 95 to 97 corresponded to 

strong wind forcing. As a result, vertical mixing on days 103 to 105 was caused by 

surface cooling. Those mixing processes uploaded the deep nutrients to the 

photosynthesis area. After the nutrients were depleted in the euphotic layer, the 

phytoplankton started to decline and sink. 

Figures 8a-d show the time series of the modeled upper 25m averaged N + N, 

chlorophyll a, zooplankton, and detritus over the entire sound. Chlorophyll concentration 

increased from day 94 to a maximum of 22mg/ m3 around day 102, and started to decline 

after day 107. The bloom ended after day 120 (Fig. 8b). Nitrate + nitrite concentration 

(Fig, 8a) were high before the bloom and were rapidly depleted. Zooplankton biomass 

(Fig. 8c) increased steadily throughout the bloom. Detritus also showed a continuous 

increase and reached a maximum around day 125, and then sharply declined because of 

the sinking of phytoplankton and detritus. 
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4.3. Plan and section view of the phytoplankton spring bloom 

Figures 9a-d show the plan view of N + N and phytoplankton biomass averaged over 

the upper 25m on April 7 (day 97) and April 10 (day 100). April 7 was the beginning of 

the bloom. The bloom in the western sound occurred earlier than the bloom in the 

eastern sound. Thus, N + N was depleted more in the west. This was related to stronger 

stratification because of warmer and fresher surface water in the western sound (Fig. 2c 

and 2d). On April 7, there was an area of low phytoplankton biomass in the central 

sound that was consistent with the anticyclonic gyre (Fig. 2b). April 10 was the peak of 

the spring bloom. Phytoplankton biomass in the eastern sound was higher than that in the 

west because the eastern sound had a deeper mixed layer and more vertical mixing to 

bring up deeper nutrients. 

The plan view of the upper 25m-averaged N + N, phytoplankton, zooplankton, and 

detritus on April 28 (day 118) are shown in Figs lOa-d. When phytoplankton bloom in 

the western sound ended, and the bloom in the eastern sound also started to decline. 

Nutrients were low in the entire sound, while concentrations of phytoplankton, 

zooplankton, and detritus in Montague Strait, the central and eastern sound were high. 

The high phytoplankton biomass layer reached a deeper layer (shown in Fig. 1 lb) in the 

east than in the west. The more intensive blooms in those areas produced more 

phytoplankton, and thus, provided a more attractive living environment for the larva and 

herring 

Figures 1 la-d show the cross-section (the thick red line in Fig. 2a) view of N + N, 

phytoplankton on April 7 (day 97) and April 10 (day 110). The phytoplankton bloom in 
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the west began earlier than in the east (Fig. 1 lb), particularly in the water with a 

shallower mixed layer. However, the bloom was shallower in the west due to strong 

vertical stratification that prevents vertical mixing. In the central sound there was a core 

of high phytoplankton biomass located in the anticyclonic gyre, where mixed layer was 

relatively shallower and phytoplankton biomass was higher on day 97. This core 

disappeared on day 110 (Figs. 1 lc and 11 d). The spring bloom in both western and 

eastern sound reached its peak values on April 10 (day 1 lo), but the depth in the western 

sound was shallower than in the east (Figs. 1 lc and 1 Id). As expected, nutrient 

concentration was lower where phytoplankton biomass was higher due to nutrients 

uptake by phytoplankton in the surface mixed layer. 

Section views of N + N and phytoplankton on April 13 (day 103) and May 4 (day 

124) are shown in Figs. 12a-d. Strong vertical mixing was apparent on April 13 (Fig. 

12a, b) compared to May 4 (Fig. 12c, d). Vertical mixing was caused by large 

fluctuations of surface water temperature (Fig. 3~). In the central and eastern sound, the 

maximum mixed layer depth reached 55 m, but the mixed layer in the anticyclonic gyre 

was relatively shallower (48 m). In the western sound, the mixed layer depth increased 

from west to east. Vertical mixing played a very important role on bringing more 

nutrients from beneath the mixed layer to the euphotic zone and extending the bloom 

period. After the mixed layer returned to normal, all the nutrients brought up from the 

lower depth supported the bloom to last longer. On day 124, the nutrients in the mixed 

layer were almost consumed, and the bloom went down with low nutrient in the surface 

layer. Thus, phytoplankton sank down (Figs. 12c and 12d). 
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5. Conclusions 

This study is the first attempt to develop a coupled 3-D physical and biological 

model in Prince William Sound, Alaska. The model successfully simulated the spring 

phytoplankton bloom for 1996. This represents a steadily repeating annual cycle of 

phytoplankton population in the sound. The modeled timing (starting and ending) and the 

magnitude of the spring bloom compare reasonably well with observed data at several 

depths over a 50 m water column at Station AFK in Elrington Passage. The spring 

phytoplankton bloom began in early April, when the surface water absorbed solar heating 

and the mixed layer became shallow. Another favorable factor promoting the spring 

bloom was that ACC throughflow in April was at its minimum in 1996 (Wang et al., 

2001). This prevented the phytoplankton from massively flowing out of the sound. Thus, 

the phytoplankton produced in the spring bloom could be retained in the central, eastern 

sound, and Montague Strait to support over-wintering zooplankton. 

The phytoplankton bloom occurred earlier, but less intensive in the western sound 

than in the east. The bloom depth tended to be deeper from the west to the east in the 

western sound. In the central, and eastern sound, and Montague Strait, phytoplankton 

blooms occurred later, but also stronger and deeper, which produced more phytoplankton 

in the bloom. 

Because the spring phytoplankton bloom lasted more than 20 days, and 

phytoplankton flow with water passively, the circulation pattern in the sound was 

important to redistribute the phytoplankton biomass. There was a shallower but higher 

phytoplankton concentration core related to the anticyclonic gyre in the eastern sound at 
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the beginning of the bloom, which converged high phytoplankton biomass into the gyre 

center. This high phytoplankton core disappeared later as circulation pattern changed. 

Vertical mixing played an important role in bringing more nutrients from below 

the mixed layer, which extended the duration of the bloom. In this model study, a surface 

cooling process deepened the mixed layer in the central sound to more than 50 m from a 

normal 25 m. Thus, any factors that may cause vertical mixing, such as strong winds or 

surface cooling during the period of the spring bloom, could significantly change the 

duration and total phytoplankton production. 
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Figure captions 
Fig. 1. Biological cycle among the components in the biological model. 

Fig. 2. Model grid (a), surface current (b), temperature (c) and salinity (d) on April 16. In 

Fig 2a, the thick red line is the section as discussed in Figs lOa-d and 1 la-d; “w” 

denotes Station AFK; “0” denotes Station C-LAB; “x” denotes Station 46060. 

Fig. 3. Hourly air temperature (a), wind speed (b), water temperature (c), and daily net sea 

surface heat flux (c) at Station 46060. 

Fig. 4. Comparison of observed (dashed) and calculated (solid) chlorophyll a concentration 

at depth of (a) Om, (b) 5m, (c) lOm, and (d) the mean of 25-50m at Station AFK, in 

spring of 1996. 

Fig. 5. Comparison of observed (dashed) and calculated (solid) N + N concentration at 

depth of (a) O-25 m, and (b) 25-50 m at Station AFK, 1996. 

Fig. 6. Modeled (dashed, left y-axis) and observed (red solid, right y-axis) zooplankton 

averaged from 0 to 50 m at Station AFK, 1996. 

Fig. 7. Calculated N + N (p M) time series (a) and chlorophyll (mglm3) time series (b) at 

Station AFK, 1996. 

Fig. 8. Simulated time series of surface 25m averaged N + N (a), chlorophyll a (b), 

zooplankton (c), and detritus (d). 

Fig. 9. Plan view of upper 25m-averaged N +N (a, c), phytoplankton (b, d) on April 7 and 

April 10, 1996. 

Fig. 10. Plan view of upper 25m-averaged N + N (a), phytoplankton (b), zooplankton (c), 

and detritus (d) on April 28, 1996. 

Fig. 11. Section view of N +N (a, c), phytoplankton (b, d) on April 7 and April 10, 1996. 
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Fig. 12. Section view of N + N (a, c), phytoplankton (b, d) on April 13 and May 4, 1996. 
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