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Short-term changes in the distribution, surface to 10 meters, of

phytoplankton-associated trace metals (Fe, Mn, Cr, Zn, Co, Ni, and

Cu) were studied in the near-shore waters off Humboldt Bay,

California, through the summer of 1971. The depth distribution of

phytoplankton-associated trace metals was related to local hydrog-

raphy. During periods of upwelling higher concentrations of

phytoplankton-associated Fe, Mn, Cr, and Zn were found at depth

(10 meters) than at the surface. During periods of non-upwelling

there was less stratification in their distribution. Phytoplankton-

associated Cu, Go, and Ni showed no significant increase with depth

during either period. The rate of change in trace metal distribution

patterns of Fe, Mn, Cr, and Zn were regulated by surface wind pat-

terns and hydrographic regimes. Again, Cu, Co, and Ni did not

fluctuate in a significant fashion.
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The elements studied tended to fall into three ordered groups

based on their behavior with respect to 1) depth distribution,

2) correlation with other metals studied, and 3) correlation with bio-

mass indicators. The groupings were Fe, Mn, and Cr; Zn, Co, and

Ni; and finally Cu. This ordering is similar to the Irving- Williams

series and to the elements relative 'hardness" as a Lewis acid where

Fe(III), Cr(lII), and Mn(lI) are considered hard Lewis acids while

Zn(II), Co(II), Ni(ll) and finally Cu(II) are considered borderline hard

to soft Lewis acids. These properties are related to the relative

affinities and selectivities of the elements for organic ligands. There

also appears to be some relation between the physical (dissolved

versus particulate form) and the chemical (oxidation state and ionic

potential) behavior of the elements in sea water and their behavior in

the phytoplankton.

There was a negative correlation between most phytoplankton-

associated trace metal concentrations (Fe, Mn, Cr, Zn, Co, and Ni)

and biomass during non-upwelling periods and a positive correlation

during upwelling periods. Copper, on the other hand, showed a posi-

tive correlation during both periods. This aberrant behavior of copper

may be related to its high affinity for organic ligands and its relative

softness as a Lewis acid. Since no simple negative correlation was

found betwe en phyto plankton biomas s and phytoplankton.- as soc i.ated

trace metal concentrations, biological dilution does not appear to be as



important as the hydrographic regime and the chemical activities of

the element in determining the concentrations of trace metals in

near shore phytoplankton populations.
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TRACE METALS IN PHYTOPLANKTON FROM AN
AREA OF COASTAL UPWELLING

INTRODUCTION

The uptake and accumulation of biologically active trace elements

is a complex problem involving such variables as concentration of the

element in sea water, relative concentration of competitive elements,

possible need for chelated forms for use of the metal by phytoplankton,

and the type and concentration of the accumulating organism. Several

studies have shown that marine organisms can concentrate certain

trace metals far above ambient concentrations (Mauchline, 1961;

Rice, 1963a; Polikarpov, 1966; Lowman etal. , 1971). Different

organisms tend to selectively concentrate specific elements; for

example, zinc (Chipman etal. , 1958) is concentrated in the oyster

Crassostrea virginica and vanadium (Bertrand, 1950) is concentrated

by the tunicate Ciona intestinalis. Riley and Roth (1971), however,

found no relation between classification of phytoplankton and the dis-

tribution pattern of 18 trace metals studied in laboratory cultures.

The concentrations found in the species of diatoms studied were quite

similar in distribution (Riley and Roth, 1971). The concentrations

may represent actual needs of the organisms, or they may represent

a passive accumulation from either the water or from the food source.

A number of studies (Baptist and Price, 1962; Rice, l963b) have shown
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that the uptake of nuclides can come both from food and water, the

source being partially dependent on the element. However, in the case

of phytoplankton trace elements are undoubtedly accumulated directly

from sea water. Some of the uptake, may, however, be associated

with organic molecules such as cobalamine, a known requirement for

growth of some marine phytoplankton (Droop, 1957; Droop, 1961; Curl,

1962). Several recent papers have shown that the addition of organic

chelators enhance the growth of phytoplankton, presumably by making

soluble otherwise particulate forms of trace metals (Johnston, 1964;

Barber and Ryther, 1969; Barber etal., 1971).

Many papers deal with the elemental composition of marine

animals (Black and Mitchell, 1952; Nicholls etal. , 1959; Rozhanskaya,

1967), but as we noted in an earlier paper (Pequegnat etal., 1969)

there are a paucity of data concerning the concentrations in natural

populations of marine phytoplankton. Vinogradov (1953) gave some

information on a few trace elements, mainly iron and manganese, in

phytoplankton from the Caspian Sea. The data cited by Bowen (1966)

and Lowman etal. (1971) on trace element concentrations in phyto-

plankton composed of "mostly diatoms", came from a paper by

Vinogradova and Koval'skiy (1962). These data represent concentra-

tions of trace elements in phytoplankton obtained from the Black Sea,

a relatively isolated body of water. It was not clearly stated whether

the data were obtained on laboratory cultured specimens or from
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collections made during uni-algal blooms. Data on laboratory cultures

may give an indication of the relative uptake of trace metals by differ-

ent species (Riley and Roth, 1971), but due to the enrichment of the

sea water with various nutrient salts and the confined conditions which

prevail, they are not applicable to in situ conditions, especially for

trace metals which tend to adsorb to vessel walls (Robertson, 1968).

A more recent paper by Martin (1969) gave the trace element composi-

tion of net samples from waters off Panama, but does not indicate the

relative species composition, plant or animal, of the sample. Martin

and Knauer (1973) analyzed the trace metal composition of phyto-

plankton collected in Monterey Bay, California, giving the most corn-

plete analysis of phytoplankton to date. Their data were however of

single net samples collected from the surface water and give no mdi-

cation of possible small scale differences in elemental composition.

Knauer and Martin (1973) have considered seasonal variations of

selected trace metals in sea water and surface phytoplankton of

Monterey Bay. These data indicate that there is some relation between

trace metal concentrations in sea water and phytoplankton, and

hydrography. They were, however, unable to explain variations in

trace metal concentrations in the phytoplankton from concentrations in

sea water alone.

Any attempt to explain fully the variability of trace metal

concentrations in phytoplankton should consider several factors: l)the
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amount of the element present in the sea water, and the physical and

chemical state of the element in sea water, 2) possible chemical

activities of the element with chelators, 3) the amount of other ele-

ments in the sea water which might act as competitors, again with

respect to chelators, 4) the biomass of the population of phytoplankton,

and 5) the stage of equilibrium among several possible compartments

including the organisms, sea water, and chelators.

First consider the concentration of trace elements in sea water.

There are numerous studies of trace element concentrations in sea

water (Cooper, 1948; Harvey, 1949; Black and Mitchell, 1952,

Vinogradov, 1953; Ishibashi, 1953; Morita, 1954; Krauskopf, 1956;

Goldberg, 1965; Schultz and Turekian, 1965; Macchi, 1965; Alexander

and Corcoran, 1967; Spencer etal. , 1970; Stanford, 1971; Foster and

Morris, 1971). Although there is some variability due to techniques

(Spencer etal. , 1970), the concentrations of trace elements are con-

sidered to be somewhat stable in the open ocean and more variable in

coastal regions associated with large amounts of local runoff (Black

and Mitchell, 1952; Jennings, 1968). There also tends to be variations

in the vertical distribution of trace elements (Morita, 1954; Alexander

and Corcorn, 1967; Spencer etal.., 1970), with lower concentrations

usually being associated with surface waters and being more variable

in coastal regions (Black and Mitchell, 1952; Laevastu and Thompson,

1956; Jennings, 1968).
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In association with the problem of the absolute concentration is

the problem concerning the chemical and physical state of the element

in sea water (Krumholz etal. , 1957). Here again there are numerous

studies which suggest that most of the trace elements are distributed

among four compartments: particulate, dissolved organic (chelated),

colloidal, and ionic (Greendale and Ballou, 1954; Hood and Slowey,

1963; Goldberg, 1965; Macchi, 1965; Slowey etal. , 1967; Williams,

1969; Zirino and Healy, 1970; Foster and Morris, 1971; Stanford,

1971). The distribution among the four compartments is quite variable

and, in part, depends on the immediate source of the element (fallout,

river runoff, or scouring) (Greendale and Ballou, 1954; Krumholz

etal. , 1957; Foster and Morris, 1971; Stanford, 1971;

Sankaranaranyanan and Reddy, 1973). The importance of the physical

and chemical state in the uptake of trace elements by phytoplankton

was emphasized by Krumholz etal. (1957) and demonstrated by

Goldberg (1952) and Davies (1970) for iron, and by Gutknecht (1961)

for zinc. Zirino and Healy (1970) showed that local changes in pH,

perhaps associated with photosynthesis (Gutknecht, 1961), might be

responsible for rapid changes in the chemical form of zinc and, there-

fore, the affinity of zinc to phytoplankton. The affect of chelators has

been shown to be important by Johnston (1964), Barber and Ryther

(1969) and Barber etal. (1971).



As noted before, chelators have been shown to enhance the

productivity of phytoplankton populations under certain conditions.

Johnston (1964) and Barber etal. (1971) suggested that this enhance-

ment of growth is caused by chelators making the trace metals more

available for uptake by phytoplankton. Steeman-Nielsen and Wuim-

Anderson (1971) suggest that the chelators enhance growth by render-

ing copper nontoxic. This suggestion is not as likely as the former

explanation since Johnston (1964) showed that very weak and very

strong chelators both gave poor results. The strongest chelating

agent used, ethylenediaminediorthohydroxyphenylacetic acid (EDDHA),

showed poor growth even when used in very low concentrations

(109M). This is probably related to metal denial by the strong corn-

plexing nature of the ligand. Similar results were obtained with iron

specific high stability deferriferrioxamine ligand (Barber etal.

1971).

The general order of affinities of trace metals in the ionic state

for organic ligands is: tetravalent and trivalent > divalent transitional

metals > divalent Group II metals > univalent Group I metals (Bowen,

1966). The order of stability of divalent transitional metal complexes

noted by Irving and Williams (1953) is Mn < Fe < Co < Ni < Cu > Zn.

This is similar to the order of stability of these metals for chelators

found by Siegel (1967): Fe < Mn < Zn < Co < Ni < Cu. Since some of

the metals considered in the present study are not usually found in the



divalent ionic state in sea water, especially Fe and Cr, some change

in this order is probable. Williams (1959) indicated that there are

differences in affinities of the metals for various functional groups on

proteins. He noted that Cu, Co, Fe(II) and Zn are most strongly

bound to thio, amino and imino groups with copper showing the highest

affinities for these nitrogen and sulphur groups. Chromium, Fe(III)

and Mn, on the other hand are most strongly bound to the carboxyl and

phosphate groups. This behavior was explained by Pearson (1966;

1968) by the relative !!hardnessH of the metal as a Lewis acid.

Iron(IlI), Cr(III), and Mn(II) are considered to be hard Lewis acids

while Fe(I1), Zn(II), Co(II), Ni(II) and Cu(II) are considered borderline

to soft Lewis acids. Pearson (1968) stated that hard acids prefer to

associate with hard bases, and soft acids prefer to associated with soft

bases. He (Pearson, 1966) also noted that the softer acids tend to be

poisonous to biological systems, indicating that Cu is one of the softer

borderline metals. The order of affinity of these metals could be

further changed by physiological function and need.

There is a relationship between the concentration of trace

elements available in sea-water-based culture media and the concen-

tration found in phytoplankton growing in the media (Knauss and Porter,

1954; Hayward, 1969; Riley and Roth, 1971). Trace elements

associated with phytoplankton can be either incorporated into the

matrix of the cell or simply adsorbed to outer surfaces (Polikarpov,
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1966). In either instance the absolute concentration of cells or

biomass will influence the concentrations of trace elements in the

phytoplankton. One would expect that the higher the biomass per unit

volume of sea water, the less trace element that would be available

per unit biomass. There are however several studies which suggest

that only a relatively small percentage of the metal present is actually

associated with the particulate (phytoplankton) fraction (Spencer and

Brewer, 1969; Morris, 1971). This may, in part, be related to the

form of the element in sea water and to the rate of accumulation of the

element. If the concentration of the element per unit biomass does not

decrease rapidly in actively growing populations, then the daughter

cells would have to draw on the surrounding sea water for a new supply

as the cells mature. However, if the vast majority of the element is

already associated with the cells, then the concentration of that ele-

ment remaining in the water would drop by about 50% per generation.

Boroughs etal. (1957) suggested this possibility for a laboratory

population of Nitzschia sp. which appeared to have taken all of the

zinc-65 from the culture medium within 10 hours, but ws subse-

quently able to divide through 10 generations.

The uptake and utilization of trace elements by phytoplankton,

though rapid, is not instantaneous. Many studies indicate that the rate

of uptake is rapid in the beginning but diminishes with time, finally

reaching some steady-state equilibrium concentration Boroughs etal.,



1957; Jones, 1960; Rice, 1963a; Polikarpov, 1966). In addition,

illumination of phytoplankton appears to influence the uptake rate of

zinc (Bachmann and Odum, 1960), nickel (Laevastu and Thompson,

1956), and undoubtedly others. The rate at which this equilibrium is

reached varies with the element, the organism involved, and condi-

tions under which the organism is growing. Poiikarpov (1966) noted

that the steady-state equilibrium for radioisotopes of iron and cobalt

in plants from the Black Sea occurred within eight to sixteen days.

Boroughs etal.(1957) and Chipmanetal. (1958) showed that zinc-65

reached 80% of the equilibrium concentration within two hours and that

essentially all of the zinc was removed from low-zinc sea water media

within 24 hours. Equilibrium took longer to achieve and smaller

percentages of the total zinc-65 were associated with the phyto-

plankton as the concentration of stable zinc was increased in the

medium. Similar results were demonstrated by Jones (1960) for

ruthenium -106 with Phaeodactylum tricornutum. Hayward (1969)

indicated that zinc was taken up more slowly than iron and that although

the zinc concentration per unit biomass leveled off within the first few

hours, it did not drop by 50% per generation. If the rate at which

equilibrium is achieves is of the same order of magnitude or slower

than the rate of cell growth, then one would expect that the potential

equilibrium concentration would decrease as the cell number increased.

This dependence on cell growth would mean that observed trace
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element concentrations could vary quite rapidly in a highly

productive environment such as a region of upwelling.

The present study was undertaken to determine small scale

variations in trace metal concentrations in net phytoplankton and to

relate these variations to hydrography, the chemical activity of the

elements, and to biological parameters including particulate carbon,

nitrogen, total biomass, chlorophyll a and carotenoids. The ele-

ments studied were Fe, Mn, Cr, Zn, Cu, Co and Ni, because of their

relative importance biochemically and from a radioecological point of

view, and because of their range of stability in the formation of corn-

plexes with organic ligands (chelators).



MATERIALS AND METHODS

Sampling Procedure

11

Net phytoplankton samples were collected approximately every

two weeks from mid-June through August 1971. The sampling area

and the times of the sampling were largely determined by the

abundance of phytoplankton relative to zooplankton and detritus.

Samples were not used prior to mid-June since many larval forms were

present. Copepodite and adult copepods caused a small zooplankton

component to the September samples, so sampling was stopped. The

predominant sampling station, two miles offshore on a line northwest

of the North jetty of Humboldt Bay, California (Figure 1), was chosen

because it was accessable by small boats, it was out of the bay plumes

and the lack of zooplankton in the samples obtained. Samples from

regions further from shore were also collected, but microscopic

examination proved the samples to be contaminated with zooplankton

and detritus. Two samples were collected from the bay plume to

determine possible affects of bay water and clay on HB-2 samples. A

series of stations off the Oregon coast were sampled, but again the

samples lacked the purity deemed necessary for this study. The

actual sampling dates were partially determined by the weather condi-

tions, but attempts were made to sample for three successive days

every two weeks. Sampling dates and additional locations are listed
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Trinidad Head
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Chart of Humboldt Bay and the California coast from
Trinidad Head to the Eel River with station locations for
the collection of phytoplankton and hydrographic data.
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in Appendix A and discussed with the results.

Three 73 mesh Nitex screen nets with 30-centimeter

diameter mouths were used. The nets had stainless steel rings

covered with several layers of plastic tape and brass grommets which

were coated with silicon rubber to prevent sample contamination. The

nets were towed at the surface, at 5 and at 10 meters from a 16 foot

fiberglass outboard motor boat using a nylon rope and bridle. The

samples from 15 minute tows were transferred to 3Z ounce jars which

were kept in a cooler during transport back to the laboratory for

examination and preparation. Water samples were collected in Van

Dorn bottles and stored in 4-liter Nalgene bottles for transport to the

laboratory. Water samples for eventual determination of chlorophyll

were fixed with MgCO3; all water samples were kept cool during

transport to the laboratory and were filtered within two hours of

collection.

In the laboratory subsamples of the phytoplankton were

preserved in 10% formalin for subsequent observation; in addition,

fresh material was examined for evaluation of relative purity and for

the possibility that species poorly preserved by formalin were

numerically significant (> 1%). Samples containing zooplankton or

mineral particles were not used. Chlorophyll samples were filtered

using 47 mm-diameter 0.45 membrane filters while particulate

carbon and nitrogen samples were filtered using Whatmann GFA glass
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fiber filters 1 cm in diameter. All filtered samples were stored in a

desiccator containing silica gel, at -20°C.

Sample Preparation

In the laboratory the phytoplankton samples were concentrated

on a 35 i Nitex screen to reduce excess interstitial water. The

water retained in the interstitial spaces would be insignificant with

respect to trace element concentrations, but the associated salts might

have increased the dry and ash weights slightly. The concentrate was

put in tared crucibles, and each crucible was weighed and then dried

at 60° C until a constant weight was obtained (approximately three

days). The samples were then ashed in a small muffle furnace at

500° C for 36 hours, cooled and reweighed. The ash samples were

stored in snap-cap glass vials until prepared for elemental analysis.

Ashed subsamples of approximately 0. 25 gram each were put

in a 50 ml polyethylene beaker for treatment to oxidize any remaining

organic material and to rid the sample of Si02 frustules. Two

milliliters of double glass distilled water were added first to suspend

the sample. The samples were then heated to 45°C on a hotplate.

Twelve milliliters of a 3:1 mixture of concentrated HF (48%) and con-

centrated HNO3 were added, the procedure being to add 3 ml at 30

minute intervals. The samples were taken to near dryness at the end

of the desiliconization treatment. The remaining sample material
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was transferred to a 50 ml volumetric flask using acid solution

composed of 3. 5% perchioric acid and 2.0% concentrated nitric acid.

The sample was dissolved by heating to near boiling, cooled to 20°C

in a water bath, and then brought up to 50 ml with the perchloric acid

solution before being transferred to a 60 ml screw cap Nalgene bottle.

Samples were analyzed for trace metals immediately, but were found

to be stable even after more than a week of storage.

Trace Element Analysis

A Perkin-Elmer 303 Atomic Absorption Spectrometer using a

pre -mixed air-acetylene flame, was used in all elemental determina-

tions. The aspiration rate was 5 ml mm. The samples were allowed

to equilibrate between 30 to 90 seconds, depending on the instrument

noise and the noise suppression setting use. Instrument parameters,

including scale expansion noise suppression and flame composition,

were adjusted to optimize the signal for each element. Standard

Perkin-Elmer hollow cathode lamps were used as a light source.

Wave lengths were chosen to minimize known interferences and to

maximize absorption.

The absorption was recorded on a strip chart recorder with the

scale expansion and noise suppression selected to give the most con-

sistent and significant reading possible considering absorbance, noise

and zero drift. Pulse height, as a measure of relative absorbance,
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was used as an index of concentration. Standard curves were made

using Fisher Certified Standard Solutions diluted with the same

perchloric-nitric acid solution used in the samples. The concentra-

tion of the standards bracketed the samples in all cases, although

dilutions were necessary for iron in order to work within a linear

absorbance range. The concentration of the elements in the samples

were calculated as follows:

1) the regression slope and intercept of the standards

(ppm/mm peak height) were determined,

2) the intercept was subtracted from each sample pulse height

(mm-mm),

3) the corrected pulse height was multiplied by the slope

(mm x ppm/mm),

4) the product was divided by the number of grams of ash per

milliliter sample solution, and

5) the result was in ppm with respect to ash.

The formula was:

pulse height (mm) - intercept (mm) x slope (ppm/mm)ppm (ash) gram ash/ml sample solution

Pigment Analysis

Millipore R membrane filters, with the filtered sample, were

homogenized in a Sorval homogenizer for 90 seconds in cold 90%
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acetone. The ground sample was rinsed into a plastic centrifuge tube

and the volume was brought to 10 ml. The contents were centrifuged

in a refrigerated centrifuge for 25 minutes at 25, 000 g. The optical

density of the supernatant was measured at 7500 A, 6650 A, 6450 A,

6300 A, 5100 Aand 4800 A with a Coleman Hatachi III spectrophotometer.

Chlorophyll a and carotenoids were calculated using the Parson and

Strickland formula (Strickland and Parsons, 1968).

Particulate Carbon and Nitrogen Analyses

Particulate carbon and nitrogen were estimated by combustion

of the GFA filter samples in a F and M Model 1800 CHN Gas

Chromatograph. Acetanilide (C6H5NHCOCH3, 10. 36% Nitrogen;

71. 11% Carbon) was used as a standard because of the similar

Carbon:Nitrogen (C:N) ratio in phytoplankton. Maximum pulse heights

were used as an index of concentration for both samples and the stand-

ard curves.
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RESULTS

Upwelling Indices

The coast of Humboldt County is noted for spring and summer

northwest winds and seasonal upwelling (Allen, 1964). This upwelling

manifests itself in cold surface waters which are, in part, related to

the wind direction and speed. The northwest winds, though persistent,

tend to increase in velocity in the early afternoon and to die in the late

evening. These winds are caused by the interaction of two pressure

systems: first, the North Pacific High which dominates the weather

of the Pacific Northwest during the spring and summer months and

second, a thermal low in the central valley of California which is

caused by local heating of the land during the day with a concomitant

rise of the valley air. The winds have a diel nature because of the

pattern of heating of the central valley. They persist through the

night, although at lower intensity because the North Pacific High is a

semi-permanent feature in the spring and summer months.

Recently Bakun (1973) developed a method to predict the

magnitude of upwelling at stations near the west coast of North

America based on Ekman's (1905) theory and estimates of surface wind

velocity generated from mean pressure fields. The mass transport of

water in the Ekman layer is 90 degrees to the right of the wind (in the



Northern Hemisphere) and is related to the wind stress by the

expres sion

TMT (1)

where M is the mass transport of water (cubic meters per second

per 100 meters of coastline), T is the wind stress and f is the

Coriolis parameter. The wind stress vector (T) was calculated by

Bakun (1973) using the equation

TpC (2)a dl

where a is the density of the air (0.00122 glcm), Cdl is the

drag coefficient (0. 0026) and v is the velocity of the surface wind in

meters per second.

Upwelling indices for the study area were calculated using the

wind speed and prevailing direction recorded by the Eureka, California

office of the National Oceanic and Atmospheric Administration

(Table 1). Calculations were made by substitution of Equation 2 into

Equation 1 and redefining some terms

M = PaCd2dsds (3)

where Cdz the drag coefficient, was set equal to 0.0013 instead of

0. 0026 because the latter value has recently been revised down by
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Table 1. Daily upwelling indices, June 1 to August 31,
1971. Units are cubic meters per second
per 100 meters of coastline.

Day June July August

1 17.9 14.1 12.1
2 30.6 10.1 18.3
3 9.4 12.6 13.7
4 5.1 15.6 12.5
5 8.7 15.0 15.9
6 11.7 10.1 14.6
7 29.6 0.0 10.6
8 17.9 -10.4 3.1
9 ...55 37 75

10 14.7 6.7 4.9
11 23.4 35.1 -5.7
12 10.1 29.3 14.6
13 0.0 6.2 8.9
14 23.4 0.0 8.0
15 9.9 0.0 14.2
16 12.9 0.0 10.9
17 -4.6 -6.8 9.5
18 -5.7 9.1 15.0
19 4.9 -5.3 5.1
20 4.4 0.0 0.0
21 0.0 -5.1 -7.5
22 -0.9 4.5 16.2
23 27.5 -15.9 3.3
24 0.0 6.8 3.7
25 -14.6 -15.0 0.0
26 11.2 13.7 -4.5
27 40.0 13.2 12.9
28 11.7 13.2 -3.0
29 10.1 4.9 0.0
30 14.1 10.6 -8.0
31 -- 10.6 -11.2
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Bakun (pers. comm.). The Wd term equalled the cosine of the

prevailing wind direction times the average wind speed. Winds from

the north were considered to come from 90 degrees, from the north-

west at 45 degrees, from the west at 0 degrees, from the southwest at

-45 degrees, and from the south at -90 degrees. This resulted in a

positive upwelling index for north and northwest winds and a negative

upwelling index for south and southwest winds.

The correlations between Baku&s (1973) calculated upwelling

indices for stations nearest the study area (39° N, 125°W and 42° N,

125°W) and those calculated using local wind data were significant

except during the summer months (Table 2). The breakdown in the

correlation during summer (July, August, and September) is quite

possibly related to the method used by Bakun (1973) to calculate the

geostrophic winds. He depended on estimated pressure gradients

based on calculated atmospheric pressures three degrees east and

west of the station location. The western atmospheric pressure sta-

tions were, therefore, located in the central portion of California

which, as stated before, is noted for thermal lows during the summer

months. This, along with the coastal mountain range and Cape

Mendocino, are probably the reasons for the differences between the

upwelling indices generated in this study and by Bakun (1973).



Table 2. Monthly correlations between the daily upwelling indices
calculated by Bakun (1973) for the stations closest to HB-2
and those upwelling indices calculated for HB-2 using local
wind data. The correlations between two of Bakun's
stations (39°N, 125°W and 42°N, 125°W) are also calculated.
lit H_values are calculated to test the significance of each
correlation coefficient. (t > 2.74 shows a significant cor-
relation at p < 0.01, n = 30).

No.of HB-2 vs 39°N H:B-2 vs 42°N 39°N 42°N
Month Days C.C. t-value C.C. t-vaiue C.C. t-value

Jan 29 .675 4.75 .545 3. 38 .939 14. 1
Feb 28 .680 4.73 .609 3.92 .911 11.3
March 31 .515 3.23 .598 4.02 .883 10.2
April 30 .802 7. 10 .790 6.82 .932 13.6
May 31 .721 5.61 .648 4.58 .828 8.0
June 30 .477 2.87 .504 3.09 .920 12,4
July 31 .445 2.68 .196 1.08 .870 9.5
Aug 31 .358 2.07 .212 1.17 .823 7.8
Sept 30 .252 1.38 .102 0.55 .788 6.8
Oct 31 .833 8. 11 .802 7.22 .889 10.5
Nov 30 .771 6.41 .776 6.51 .871 9.4'
Dec 31 .682 5.01 .640 4.48 .905 11.4

363 days (1971) .699 18.58 .641 15.9 .885 36.2

Upwelling is not a continuous phenomenon during the summer

months along the northern California coast. Periodically low pressure

systems move through the area. This results in a rapid shift in wind

direction from northerly or northwesterly to southerly or south-

westerly. Similar shifts in wind direction off the Oregon coast have

been related to changes in nearshore surface currents (Huyer and

Pattullo, 1972) and to changes in the slope of nearshore isopycnals

(FTuyer, 1974). Rapid shifts in wind direction may also be related to
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changes in the direction of Ekman transport, with an interruption in

the upwelling pattern.

To smooth out the day-to-day variability in the upwelling indices

and to allow for a biological (production) response to the upwelled

water, upwellirig indices were summed over varying numbers of days

(5 to 20 days) prior to the sampling date, to give a value related to the

relative upwelling during each period prior to sampling (Figure 2).

A period of 10 days was selected as being most representative of

periods of upwelling and non-welling (Figure 3). The final criterion

for selecting the 10-day period was based upon 1) maximizing the

difference between group means, 2) minimizing the range of values

within each group, 3) minimizing the variance within each group,

and 4) maximizing the difference between the minimum value of the

upwelling group and the maximum value of the non-upwelling group

(Table 3). It is obvious from Figure 2 that several other periods

besides the 10-day period would have served to separate upwelling

from non-upwelling conditions, though not quite so clearly.

The 10-day upwelling indices show three periods of significant

upwelling and three periods of low or negative upwelling (non-

upwelling) between June 11 and August 31, 1971 (Figure 3). The five

groups of sampling dates for this study fall during the two highs and

three of the lows. The data, therefore, break naturally into two

groups, one assumed to be representative of a period following ten
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Table 3. Criteria for selecting the 10-day upwelling index: (1) XH-XL difference between the
high and low group mean, (2) range of high and low group combined, (3) combined vari-
ance for high and low group each day, (4) difference between mm of high group and
max of low group, (5) R summed ranks.

(1) (2) (3) (4) (5)
Days Prior

to Sampling XHXL Rank Range Rank Var Rank Max-Mm Rank

5 2.53 16 14.8 16 15. 1 16 -4.5 16 64
6 4.04 13 11.1 15 8.7 15 -2.0 15 58
7 4.97 11 9.1 12 5.3 9 1.6 12 44
8 6.23 9 7.8 9.5 4.7 7 3.3 8.5 34
9 7.36 6 6.9 7 3.5 5 4.7 2.5 20.5

10 7.70 3 5.5 3 2.0 3 5.2 1 *10
11 7.96 2 9.4 13 5.9 10.5 4.7 2.5 28
12 8.00 1 9.2 14 7.2 14 4.2 4 33
13 7.60 4 8.0 11 5.9 10.5 3.9 6 31.5
14 7.43 5 7.0 8 5.0 8 4.1 5 26
15 7.10 7 7.8 9.5 7.1 13 3.6 7 36.5
16 6.39 8 6.0 4 6.2 12 3.3 8.5 32.5
17 5.22 10 6.4 5.5 4.4 6 2.4 11 32.5
18 4.72 12 4.8 2 1.7 1.5 2.6 10 25.5
19 3.61 14 4.6 1 1.7 1.5 1.2 13 29.5
20 2.95 15 6.4 5.5 3.4 4 -0.2 14 38.5

NJ
0'
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days of significant upwelling, and the other during periods of

non-upwelling (Table 4).

Table 4. Grouping and rank of sample dates by magnitude
of the lO-day upwelling index. Group A repre-
sents periods of non-upwelling; group B repre-
sents periods of upwelling.

Sampling 10 Day
Date Upweiling Index Rank Group

26 June 15.0 9 A

27 June 13.2 10 A

8 July 113.4 1 B
9July 91.3 4 B

11 July 77.5 6 B

Z8July 6.0 12 A

29 July 10. 1 11 A

3OJuly 20.0 8 A

12 August 95.4 2 B
13 August 91.7 3 B
15 August 82.4 5 B

29 August 26. 2 7 A

Group A Non-upwelling Group B - Upwelling

15.1 X 91.95
S.E. 2.94 S.E. 5.07
95% conf. 7. 55 95% con.f. 13. 04

Ten-Day Upwelling Indices Versus Nearshore Hydrographic
Structure

The relationship between the 10-day upwelling index and the

near shore hydrographic structure was tested during the early



summer, 1974. Upwelling indices were calculated as previously

noted. During the period from June 25 to August 4, 1974, there were

two periods of high upwelling indices separated by a period of low

indices (Figure 4). Hydrographic data were collected using an in situ

salinometer at stations HB-2 and HB-4 (two and four miles off shore).

Surface temperatures were used to check the instrument. The data

were checked for slope of the isotherms as indicators of periods of

upwelling and non-upwelling (Figure 5). In general the data are

consistent with the expected result. June 27 and July 7 came during a

period of high upwelling indices and the isotherms tilt up inshore.

July 9 through July 17 came during a period of low upwelling indices

and the isotherm pattern show this to be a period of downwelling.

July 19 began another period of high upwelling indices and again the

isotherms tend to tilt upward inshore.

The close relationship between winds and nearsurface hydro-

graphic structure has been noted before (Fisher, 1970; Huyer, 1974).

Huyer (1974) found a good relation between wind variations with

periods of several days and hydrographic data for nearshore (< 6

miles) and hydrographic data for shallow water (< 20 meters), but not

for deeper water. Fisher (1970) found that temperatures of the water

in the upper 20 meters were correlated with winds. These studies,

along with the present study indicate that the use of wind data and the

10-day upwelling indices does suggest the hydrographic regime.
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Vertical Distribution of Trace Metals Associated with Net
Phytoplankton

Trace metal concentrations in the phytoplankton samples varied

both spatially and temporally during this study (Appendix A). Although

the concentrations did vary greatly, there are consistencies which

indicate that the differences are real. Two surface samples collected

July 29, 1971, at TH-1 show little significant difference for the ele-

ments studied (Appendix A). This indicates that the individual sam-

ples were representative, at least for the immediate sample area.

When the sampling dates are divided into groups based on the

high and low 10-day upwelling indices, it is apparent that the concen-

trations of Fe, Mn, Cr, Zn and Ni in the ash increase with depth when

the 10-day upwelling index is high (upwelling) but do not do so when

the index is low (Table 5).

The data may be converted to phytoplankton-associated trace

element concentrations per unit volume (Table 6) using the following

e xpr e ssio n

T.E. conc g carbon g ash-free-dry wt
liter liter g carbon

(4)
g ash wt T.E. conc

x g ash-free-dry wt x g ash wt

This equation uses the particulate carbon coicentration

(g carbon/liter), a conversion factor of 2 from carbon to ash-free-dry



Table 5. Mean trace element concentrations (surface, 5, and 10 meters) for periods of upwelling
and non-upwelling, and their relative distribution (percentage of total for a single sample
date found at each depth). Based on trace element concentrations per unit ash.

Depth Fe Mn Cr Zn Cu Co Ni

Group A, nonupwelling, ppm/ash
0 5074 97 26 53 48 23 49
5 6069 107 28 47 26 26 52

10 6443 117 31 48 55 20 53

Group B, upwefling, ppm/ash
0 2478 44 20 38 32 22 48
5 4392 84 22 41 27 23 52

10 12963 221 47 66 31 25 68

Group A, nonupwelling, X % total at each depth ± 1 S. E.
0 31.7±5.4 32.3±4.1 32.0±2.9 35.3±2.8 34.7±5.5 33.5±3.0 32.8±2.4
5 32.2±3.5 33.4±2.4 32. 1±2.7 32.0±1.8 26.3±4.5 37.5±3.0 33. 1±1.8

10 36. 1±3.3 35.3±2.6 35.9±2.2 32.4±2.0 39. 0±4. 8 29. 1±1. 8 34. 1±1.2

Group B, upwelling, X % of total at each depth ± 1 S.E.
0 14.1±4.5 12.4±2.9 22.6±1.6 26.8±1.5 36.3±2.8 30.7±2.5 29.4±1.6
5 20. 1±4.1 22.6±4.3 24.7±2.8 27.7±1.4 27.6±3.5 33. 5±1. 8 31. 1±0.9

10 65. 8±7.3 65.0±6.5 52.7±4.4 45. 5±2. 8 36. 1±2.2 35. 8±2. 8 39. 5±2.0

(JJ



Table 6. Mean trace element concentrations (surface, 5, and 10 meters) for periods of upwelling
and non-upwelling, and their relative distribution (percentage of total for a single sample
date found at each depth). Based on trace element concentrations per unit volume.

Depth Fe Mn Cr Zn Cu Co Ni

Group A, nonupwelling, p.g/liter
0 1.64 0.032 0.009 0.018 0.019 0.008 0.017
5 2.19 0.040 0.011 0.019 0.011 0.010 0.020

10 2.93 0.052 0.014 0.024 0.035 0.011 0.026

Group B, upwelling, rig/liter
0 1.22 0.022 0.008 0.014 0.0 14 0.007 0.016
5 2.47 0.047 0.011 0.020 0.013 0.010 0.023

10 6. 89 0. 121 0.025 0. 037 0.019 0.013 0.034

Group A, nonupwelling, X % total at each depth ± 1 S. E.
0 25.4±5.1 25.8±3.5 25.4±2.4 28.3±1.4 31.5±3.6 26.9±2.7 26.0±1.6
5 33.0±4.9 33.4±3.9 33.0±4.2 33.1±3.3 27.0±5.6 38.4±4.0 33.9±3.0

10 41.6±4.8 40.9±3.6 40.6±3.7 38. 6±3.0 41.5±5.9 34.6±3.5 40. 1±2.6

Group B, upwelling, X % total at each depth ± 1 S. E.
0 11.5±4.6 9.6±3.0 16.6±2.6 19.7±2.6 27.9±3.9 22.6±2.8 21.7±2.8
5 20.8±4.2 23.5±4.5 26.5±3.1 30.4±2.9 31.0±3.5 37.2±3.4 34.5±3.4

10 67.8±7.2 66.9±6.5 57.0±5.2 49.9±3.9 41.1±2.4 40.3±4.3 43.8±3.5

(J-,



34

weight (total organics), and the ash weight to ash-free-dry weight

ratio for each sample. The particulate carbon concentrations and

conversion factors for each sample and depth are in Appendix B.

When the data are converted to phytoplankton-associated trace ele-

ment concentrations per unit volume, using Equation 4, significant

differences are found with depth for Fe, Mn, Cr, Zn and Ni for both

the upwelling and non-upwelling groups (Table 6). In addition, border-

line differences are seen for Cu and Co. The apparent increase is

caused by the concomitant effect of increased trace elements per unit

ash and increased carbon concentration with depth.

The correlation between the magnitude of the 10-day upwelling

index and the vertical distribution of trace elements per unit ash and

per unit volume were calculated using Kendallts rank correlation test.

The ranks of the vertical distributions were based on the ratio between

the trace element concentration in the surface and 5 meter samples,

the surface and 10 meter samples, and the S and 10 meter samples.

The results show a significant correlation between the magnitude of

the 10 -day upwelling index and the vertical distribution of all of the

elements except copper (Tables 7 and 8). The data tend to fall into

four groups with Fe and Mn exhibiting the most significant increases

with depth; Cr and Zn next, differing mainly between surface and

5 meters; Co and Ni next, showing only scattered trends with depth;

and Cu which exhibited little or no correlation with depth. The results
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Table 7. Kendall rank correlation between the ratio of trace
metal concentrations in the surface, 5 and 10 meter
samples versus the magnitude of the 10-day
upwelling index. Based on trace metal concentra-
tions per unit ash.

0:5 0:10 5:10

Fe 0.485 0.697 0.454
Mn 0.545 0.636 0.545
Cr 0.182 0.667 0.454
Zn 0.212 0.394 0.424
Cu -0.061 -0.182 -0.061
Co -0.030 0.242 0.394
Ni 0.000 0.242 0.364

Critical value T Sign level a
>0.64 99% 0.01
>0.40 95% 0.05
>0.30 90% 0.10

Table 8. Kendall rank correlation between the ratio of trace
metal concentrations in the surface, 5 and 10 meter
samples versus the magnitude of the 10-day
upwelling index. Based on the trace metal concen-
trations per unit volume.

0:5 0:10 5:10

Fe 0.454 0.636 0.364
Mn 0.636 0.697 0.394
Cr 0. 303 0. 576 0.333
Zn 0.364 0.424 0.303
Cu 0. 000 0.030 -0. 121
Co 0.182 0.454 0.182
Ni 0.424 0.303 -0.030

Critical value T Sign level a
>0.64 99% 0.01
>0.40 95% 0.05
>0.30 90% 0.10
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also indicate that there are greater differences between surface and

5 meter, and the surface and 10 meter samples based on the

phytoplankton-associated trace element concentrations per unit

volume, suggesting that there are less total trace elements associated

with phytoplankton in the surface samples compared with 5 and 10

meter samples. This is particularly evident for Ni, Go, Cr, Zn, and

Mn and to a lesser extent Fe.

Rate of Short-Term Changes in Phytoplankton Metal
Concentrations Related to Short-Term Wind Shifts

Huyer (1974) found that relatively slow variations in wind

conditions did not affect the long-shore current and caused only slow

changes in the hydrographic regime. On the other hand, rapid changes

in wind speed and direction were associated with dramatic changes in

sea level and currents. In the present study, short-term changes in

the concentration and relative depth distribution of phytoplankton-

associated trace elements appear to be related to wind shifts from N

or NW to S or SW and vice versa, and the intensity of these shifts.

The sampling periods were ranked according to the magnitude of

the change in upweiling indices between dates with alternate sign in

their upweiling indices during the seven days prior to sampling (Table

9). For example the seven days prior to the July 28-29 sampling per-

iod there were 5 shifts in the wind from positive to negative sign or

vice versa (Table 1). The shift between July 21 and July 22 (-5.1 to +4.5)
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resulted in an addition of 9. 6 to the indices; the shift between July 22

and July 23 (+4.5 to -15.9) added 20.4 to the indices, and so on. Use

of the upwelling indices helped to account for the degree of direction

change since the cosine of the direction was used in calculating the

upwelling index. This would mean that, for equal wind speeds, a

change from north to southwest (135°) would be larger than a change

from northwest to southwest (90°). In addition, changes in currents

and sea level are related to the rate of the shifts in winds (Huyer,

1974), shifts which occurred with a day of prevailing westerly winds

(0. 0 upwelling index) were cut in half since two days instead of one

day was required for the shift to occur. High shift indices indicate

numerous, rapid, intense shifts in the days prior to sampling. Low

numbers indicate more stable directional conditions and/or lower

intensities. The wind shift indices were calculated for each of the 10

days prior to sampling (Figure 6). The indices begin to group into

high and low categories starting on day 5, and remain in the same

relative position or rank after the sixth day. Because only the magni-

tude of the wind shift indices changed after day 6, the 7-day wind shift

indices were used in this study (Table 9). It is obvious that the 10-day

wind shift indices maintain the same rank order as the 7-day indices

(Table 9).
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Table 9. Magnitude and rank of the 7-day and 10-day wind
shift indices for each pair of sampling dates.

7-Day Reversals in 10-Day Reversals in
Sample Tjpwelling Index Upwelling Index

Date Rank Rank

26-27 June 60. 1 5 &8. 2 5

8-9 July 5.1 1 5.1 1

9-liJuly 24.4 3 24.4 3

28-29 July 103.2 7 122, 8 7

29-30 July 93. 6 6 108.2 6

12-13 August 10.6 2 10.6 2

13-15 August 30.9 4 30.9 4

The relative rate of change in phytoplankton trace metal

distribution for one sampling day to the next was based on changes in

the percent distribution (the percent of total for the three depths on

any sampling date). Percentages of the total rather than the absolute

concentrations were used because of the large concentration variation

between groups of sampling dates. The percentage depth distribution

was calculated for each sampling date on the bases of per unit ash and

per unit volume. The major changes were for Fe, Mn, Cr and Zn.

A combination of the ranks of the Fe, Mn, Cr and Zn data versus the

rank of the wind shift index for seven days (six or more days)

yields a Kendall coefficient of rank correlation of 0. 275 for the ash and

0. 225 for the per unit volume data. These values are significant at

p = 0. 05 and p 0. 10 level, respectively. These data indicate that

there is a relationship between the shifts in wind direction and speed
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in the days prior to sampling, and the amount of day-to-day change in

observed metal concentrations.

Rate of Short-Term Change in Phytoplankton Metal Concentrations
Related to Short-Term Changes in the Upwelling Index

There is also some indication that differences in the relative

rate of change in distribution of Fe, Mn, Cr, and Zn is related to the

upwelling index (Equation 3) in the few days prior to sampling. The

summed upwelling indices for each day from one to seven days prior

to sampling were ranked (Table 10) and compared to the relative

changes in Fe, Mn, Cr, and Zn on a per unit ash and per unit volume

basis. Kendall coefficient of rank correlation and the calculated

t-values (Table 11 and Figure 7), indicate that there is a significant

correlation between short-term upwelling indices (2 to 5 days prior

to sampling) and the day-to-day change in phytoplanktonic metal con-

centrations.

Correlations. Among Trace Elements Per Unit Ash

The combined data from HB-2 exhibit high correlation

(p < 0. 01) of the phytoplanktonic trace elements for one another, with

one notable exception (Table 12). Ther exception is copper. When all

36 sample points are considered, Cu shows no significant correlation

with any of the other elements. However, grouping of the data



Table 10. Magnitude and rank of the short-term upwelling indices one to seven days prior to each
pair of sampling dates.

Summed Days Before Sampling
Samping 1 2 3 4 5 6 7

Dates 1J.I.* Rank U.I. Rank U.I. Rank U.I. Rank U.I. Rank U.I. Rank U.I. Rank

June 26-27 11.2 5 -3.4 2 -3.4 1 24.1 4 14.2 2 14.2 1 16.6 1

July8-9 -10.4 1 -10.4 1 -0.3 2 14.7 2 30.5 6 43.1 7 53.2 7

July9-l1 6.7 3 10.5 4 0.0 3 0.0 1 10.1 1 25.1 3 40.6 4

Ju1y28-29 13.2 6 26.4 7 40.1 7 25.1 5 30.9 7 15.0 2 19.5 2

Ju1y29-3O 4.9 2 18.1 6 31.3 5 45.0 7 30.0 4 36.8 5 20.9 3

August 12-13 14.6 7 8.9 3 13.8 4 21.3 3 24.4 3 35.0 4 49.6 6

August 13-15 8.0 4 16.9 5 31.9 6 25.2 6 30.1 5 37.6 6 40.5 5

*
Upwelling index.

I-
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Figure 7. Significance of the rank correlation coefficients for the
relation between the magnitude of the short-term
upweliing index and the relative rate of change in trace
element distribution one to seven days prior to
sampling. Based on per unit ash (white bar) and per
unit volume (black bar) trace metal concentration.
"t" greater than 1.7 and 2.5 are significant at the 95
and 99 percent level for the one tail test (N = 28).



Table 11. Rank correlation between the magnitude of the short-term upwelling index and the
relative rate of change in trace element distribution. Based on per unit ash and per
unit volume trace element concentration.

Index Days 1 2 3 4 5 6 7

A) Per unit ash Kendells' T 0. 146 0.387 0.387 0.354 0. 275 0.006 0. 006
t-value 1.090 2.892 2.892 2.640 2,054 0.042 0.042

B) Per unit volume Kendell's T -0.017 0.359 0.404 0.342 0.348 0.073 0

t-value -0. 126 2.682 3.017 2.556 2.598 0.545 0

Sign value test there is a positive relation
99% t = 2.473
95% t= 1.703
90% t= 1.314

Table 12. Correlation matrix for trace metal concentrations per unit phytoplankton ash. All
depths and upwelling indices. (N = 36).

HB-2 Fe Mn Cr Zn Cu Co Ni

Fe 1.000 .971 .964 .839 -.039 .463 .740
Mn 1.000 .964 .798 .007 .425 .710 Sign

Cr 1.000 .816 -.006 .522 .766 Level a C.C.
Zn 1.000 188 .508 .652 99% 0.01 .386

.

95% 0.05 .278
Cu 1.000 -.114 -.048

90% 0.10 .219
Co 1.000 .678
Ni 1.000

(j.)
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according to 10-day upwelling indices (Table 13) and by depth (Table

14) results in some important changes in the correlations noted above.

The trace elements tend to break into three sets based on similarities

in behavior with respect to the various groupings.

In the first set, which includes Fe, Mn and Cr, the metals show

a significant positive correlation (p < 0.005) with one another regard-

less of whether the data are grouped with respect to 10-day upwelling

indices (irrespective of depth) or with respect to depth (irrespective

of upwelling indices) (Tables 12, 13 and 14). There are, however,

two significant trends in the data: first, there is a higher positive

correlation during periods of high 10-day upwelling indices (Wilcoxon

sign ranks test, p < 0.05), and second, there is generally a higher

positive correlation with increasing depth (p < 0. 05).

Metals in the second set, Zn, Co and Ni, exhibit a significant

positive correlation with all other metals, except Cu, when grouped

by high or low upwelling indices (Table 13). The correlation coeffi-

cients are not as high as those of the metals in the first set, however.

When grouped by depth (Table 14) there was a significant increase in

correlation coefficients with increasing depth; in fact, all Co correla-

tions and all but the correlation between Zn and Ni at the surface were

significant at p < 0. 10 for Zn and Ni. All Zn, Co and Ni correlations

at 10 meters were significant at p < 0.01.



Table 13. Correlation matrix for trace metal concentrations per unit phytoplankton
ash. Data divided by upwelling indices. (N = 18).

Non-Upwelling Fe Mn Cr Zn Cu Co Ni

Fe 1.000 .965 .945 .810 -.429 .511 .726
Mn 1.000 .956 .742 -.455 .438 .709
Cr 1.000 .759 -.347 .515 .717
Zn 1.000 -.063 .548 .517
Cu 1.000 .240 _.333
Co 1.000 .766
Ni 1.000

Upwell ing

Fe 1.000 .983 .971 .887 .471 .444 .744
Mn 1.000 .975 .886 .474 .441 .714
Cr 1.000 .879 .438 .535 .785
Zn 1.000 .695 .479 .763
Cu 1.000 .085 .339
Co 1.000 .653
Ni 1.000

Sign Level a. C.C.
99% 0.01 .543
95% 0.05 .400
90% 0.01 .318

u-I
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Table 14. Correlation matrix for trace metal concentrations per unit
phytoplankton ash. Data divided by depth (surface, 5 and
10 meters). (N = 12).

Fe Mn Cr Zn Cu Co Ni

Surface

Fe 1.000 .957 .936 .808 -.003 .077 .313
Mn 1.000 . 907 .734 . 141 -.053 .226
Cr 1.000 .778 .101 .163 .389
Zn 1.000 .299 .288 .476
Cu 1.000 0.14 -.044
Co 1.000 .448
Ni 1.000

5 Meters

Fe 1.000 . 968 .940 . 865 .327 .520 . 541
Mn 1.000 .937 .816 .442 .517 .479
Cr 1.000 .831 .389 .625 .500
Zn 1.000 .574 .527 . 519
Cu 1.000 .394 .202
Co 1.000 .616
Ni 1.000

10 Meters

Fe 1. 000 . 963 .969 . 927 -.344 .775 . 888
Mn 1.000 .974 .912 -.340 .754 .865
Cr 1.000 .913 -.355 .831 .926
Zn 1.000 -.191 .765 .807
Cu 1.000 -.167 -.219
Co 1.000 .913
Ni 1.000

SignLevel a C.C.
99% 0.01 .659
95% 0.05 .498
90% 0. 10 ,398
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Copper exhibited the most interesting behavior of the elements

studied. Although there was no correlation between Cu and the other

six elements when all 36 samples were considered together (Table 12),

grouping the data with respect to 10-day upwelling indices resulted in

a very significant change. During periods of low 10-day upwelling

indices there was a negative correlation between copper and each of

the other elements (Table 13). The negative correlation was signifi-

cant (p < 0. 10) except for zinc and cobalt. Periods of high 10-day

upwelling indices yielded significant positive correlations (p < 0. 10)

for all elements except cobalt (Table 13). This directed trend from

positive to negative correlation was significant for all elements with

respect to copper (Wilcoxon sign rank test, p < 0.01).

The trend for copper with respect to depth was much less clear

(Table 14). This is undoubtedly the result of combining two groups

(upweiling and non-upwelling) that are positively and negatively cor-

related. When the data are split by both 10-day upweiling indices and

depth the correlation coefficients are higher, positive and negative

(Table 15). During both periods the correlation coefficients tend to

move in a negative direction with depth (Table 15).



Table 15. Correlation matrix for copper versus Fe, Mn,
Cr, Zn, Co and Ni. Sample periods divided by
depth and upwelling indices (n 6).

Non-Upwelling Upwelling
Om 5m lOm Om 5m lOm

Fe -.391 -.334 -.751 .966 .767. .706
Mn -.341 -.332 -.861 .967 .787 .709
Cr -.290 -.036 -.741 .834 .752 .602
Zn .141 .069 -.535 .746 .960 .858
Co -.266 .416 -.256 -.340 .544 .287
Ni -.418 -.222 -.537 .471 .423 .387

Signlevel C.C.
99% . 882
95% .730
90% .608

Correlations Among Ash-Based Trace Element Concentrations
and Biomass Indicators

When all 36 samples are considered together, the correlations

among the trace elements and biomass indicators (particulate C, N,

chlorophyll a and carotenoids) fall into three groups. First, Fe, Mn,

Cr and Zn show no significant correlation with any of the biomass

indicators. Second, Cu exhibits a significant positive correlation with

all four biomass indicators. Third, Ni and Co are negatively corre-

lated with the biomass indicators (Table 16).
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Table 16. Correlation between trace metals and biomass
indicators (carbon, nitrogen, chlorophyll a and
carotenoids). All depths and upwelling indices.
(n = 36).

36 Samples Station HB-2 (0, 5 and 10 meters)
Carbon Nitrogen Chioro Carot

Fe .013 -.037 -.094 -.133
Mn .077 .011 -.019 -.048
Cr -.010 -.051 -. 121 -. 141
Zn .046 -.017 -.108 -.114
Cu .510 .477 .336 .413
Co -. 268 -. 299 -.300 -. 245
Ni -.298 -.314 -. 432 -.416

Sign level a C.C.
99% 0.01 .386
95% 0.05 .278
90% 0.10 .219

There are significant changes in the pattern when the data are

divided into groups based on 10-day upwelling indices and on depth.

The most important differences are found when high and low 10-day

upwelling indices are compared. The biomass samples collected

during periods having low indices generally show significant (p < 0. 10)

negative correlations with Fe, Mn, Cr, Zn, Ni and Co (Table 17).

The only exceptions were for particulate Zn with particulate carbon

and nitrogen. Such correlations were negative but not significant.

Copper was positively correlated with all of the biomass indicators

during periods having low 10-day upwelling indices. The biomass

samples collected during periods with high 10-day upwelling indices



Table 17. Correlation between trace metals and biomass indicators (carbon, nitrogen, chlorophyll
a and carotenoids). Data divided by upwelling indices. (N = 18).

Non-Upwelling Upwelling
Carbon Nitrogen Chioro Carot Carbon Nitrogen Chioro Carot

Fe -. 428 -.431 -.561

Mn -. 522 -. 522 -.625

Cr -.454 -.448 -.589
Zn -.242 -.284 -.408
Cu .515 .441 .333

Co -.338 -.371 -.479
Ni -. 558 -.606 -.744

SignLevel a C.C.
99% 0.01 0.543
95% 0.05 0.400
90% 0.10 0.318

-.613 .343 .392 .361 .335

-.672 .418 .450 .431 .418

-.606 .309 .355 .310 .294

-.415 .348 .373 .300 .311

.441 .520 .488 .242 .241

-.423 -.204 -. 241 -. 095 -. 028

-.736 -. 129 -.069 -. 216 -, 190

U,
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exhibited in most cases significant positive correlations with Fe, Mn,

Cr, Zn and Cu (Table 17). Cobalt and nickel were not correlated with

biomass during upweiling. The trend toward more positive correlation

during periods of high upweliing was significant since in every instance

except between copper and the two pigments, the correlation was more

positive during the high 10-day upweiling period.

When the data are grouped according to depth and upwelling

indices a trend developes which shows a more negative correlation at

depth for elements other than copper. During the non-upweuling

period Fe, Mn, Cr, Zn, Co and Ni are slightly negatively correlated

with the biomass indicators at the surface while at 5 and 10 meters

all of the correlation coefficients become more negative (Table 18).

The correlation coefficients at S and 10 meters are of sufficient

magnitude to be significant in many cases, particularly for the metals

versus the pigments. During the upwelling periods Fe and Mn are

positive and significant (p < 0. 05) at the surface and decrease with

depth. The other elements show a less clear trend but, in general,

the correlations tend to be lower at depth than at the surface. Com-

bining the data from upwelling and non-welling periods further sub-

stantiates this trend. The Wilcoxon sign ranks test showed this trend

to be significant for Fe, Mn, Cr, and Zn from the surface to 5 meters,

surface to 10 meters and from 5 to 10 meters (p < 0. 005). This trend

is less clear for Cu, Ni and Co, however, a cumulative Wilcoxon sign
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Table 18. Correlation between trace metals and biomass
indicators (carbon, nitrogen, chlorophyll a
and carotenoids). Data divided by depth and
upwelling indices. (N = 6)..

Depth Carbon Nitrogen Chloro Carot

Non -upwelling
Fe 0 -0. 281 -0. 167 -0. 221 -0. 239
Mn -0. 166 -0. 047 -0. 078 -0. 086
Cr -0.110 .007 -0.011 -0.009
Zn -0.008 .051 -0.146 -0.083
Cu .649 .535 . 222 .422
Co O.132 -0.074 -0.365 -0.440
Ni -0. 174 -0. 116 -0.398 -0. 504

Fe 5 -0.621 -0.618 -0.691 -0.777
Mn -0. 772 -0. 761 -0. 810 -0. 884
Cr -0. 698 -0. 681 -0. 748 -0.773
Zn -0. 413 -0. 425 -0. 491 -0. 523
Cu .200 . 199 . 193 .383
Co -0.655 -0. 665 -0.732 -0. 584
Ni -0.896 -0.911 -0.958 -0.932

Fe 10 -0.520 -0.586 -0.778 -0.821
Mn -0. 656 -0. 684 -0. 847 -0. 902
Cr -0. 570 -0. 577 -0. 802 -0. 828
Zn -0.299 -0.386 -0.574 -0.627
Cu .678 .721 .813 .884
Co -0.184 -0.290 -0.462 -0.459
Ni -0.594 -0.678 -0.800 -0.784

Upwell ing
Fe 0 .789 .759 .222 .134
Mn .856 .819 .298 .218
Cr .528 .509 -0.029 -0.123
Zn .233 . 162 -0. 095 -0. 151
Cu .737 .710 .051 -0.029
Co -0. 469 -0. 568 -0. 156 -0. 152
Ni -0. 226 -0. 226 -0. 621 -0. 662

Fe 5 .593 .558 .489 .438
Mn .656 .603 .569 .526
Cr .700 .670 .597 .555
Zn .358 .343 .246 .212
Cu .338 .295 .252 .241
Co -0.173 -0.307 -0.155 -0.142
Ni -0.443 -0.311 -0.619 -0.668
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Table 18. Continued.
Depth Carbon Nitrogen Chioro Carot

Fe 10 .107 .113 -0.093 .028
Mn .256 .221 .022 .170
Cr . 106 .082 -0. 127 .020
Zn .379 .331 .175 .325
Cu .717 .707 .600 .675
Co -0. 103 -0. 168 -0. 282 -0. 092
Ni -0. 156 -0. 172 -0.366 -0.213

SignLevel a C.C.
99% 0.01 0.881
95% 0.05 0.730
90% 0. 10 0.608

Table 19. Correlation between trace metals and biomass indicators
(carbon, nitrogen, chlorophyll a and carotenoids). Data
divided by depth (surface, 5 and 10 meters). (N = 12).

Depth Carbon Nitrogen Chloro Carot

Fe 0 .237 271 .046 -.016
Mn 393 .422 .221 . 158
Cr .268 .309 . 108 .057
Zn . 125 . 142 -.027 -.018
Cu .590 .543 .237 .371
Co -.345 -.362 -.203 -.241
Ni -. 198 -. 168 -.409 Sign

Level a C.C.
Fe 5 -.112 -.185 -.241 -.333 99% 0.01 0.659
Mn - 052 -. 156 -, 178 -. 257 95% 0. 05 0.498
Cr -. 133 -. 192 -. 247 -. 299 90% 0. 10 0.398
Zn -. 087 -. 129 -. 195 -. 240
Cu . 257 . 177 . 173 . 237
Co -.455 -.442 -.477 -.383
Ni -.688 -.635 -.773 -.773

Fe 10 -. 240 -. 325 -.379 -.343
Mn -. 193 -. 290 -.316 -.268
Cr -.259 -.330 -.420 -.368
Zn -. 025 -. 148 -. 222 -. 177
Cu .664 .728 .731 .790
Co -. 185 -.278 -.354 -. 268
Ni -.335 -.396 -.480 -.403
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ranks test between all of the trace elements and biomass indicators

exhibited a decrease in correlation coefficients from the surface to

5 meters and from the surface to 10 meters (p < 0.005).

Concentrations of and Correlations Between Biomass Indicators

Particulate carbon and nitrogen are perhaps the best indicators

of standing stock available, and photosynthetic pigments such as

chlorophyll a are better indicators of potential primary productivity

(Strickland, 1960). This is true if there is assurance that living tis-

sue only is measured. Under this assumption, the ratio between car-

bon and nitrogen (C:N) also gives some indication of the general

condition of the population. Lower C:N ratios (< 7.0) are indicative

of high nutrients, high protein and high nucleic acid concentrations.

Higher C:N ratios (>7. 0) indicate poorer nutrient conditions and

higher lipid production (Parsons etal. , 1961). The average C:N

ratios for the 36 samples from HB-2 was about 6. 5 (Table 20) suggest-

ing that the organic matter was mainly healthy phytoplankton (Redfield,

1958).

The particulate organic concentrations found at HB-2 during the

study period (Appendix B) were all typical for areas of upwelling and

high productivity (Ramberg, 1970). When the samples were grouped

according to 10-day upwelling indices, on the average the concentra-

tions were slightly higher, and the C:N ratios slightly lower, during



Table 20. Mean particulate carbon, nitrogen, chlorophyll a and carotenoid concentrations for various groupings of sample points. Data are in
mg/liter for particulate carbon and nitrogen, and mg/rn3 for chlorophyll a and carotenoids. Carbon to nitrogen, chlorophyll a to
carbon, and chlorophyll a to carotenoid are presented as ratios. Means ± one standard error.

Sample C Chioro xict3 Chloro
Grouping Size Carbon Nitrogen Chloro a Carot N Carbon Carbon

All samples 36 0.708±0.126 0. 109± 0.025 8. 10± 2.00 6.37±1.35 6.54±0.35 10.9± 1.4 1.23± 0.09

Non-upwelling 18 0.751±0. 197 0. 123±0.015 9.22±3.47 7.03±2.39 6.27±3.8 11.4±2.5 1.30± 0. 12

Upwelling 18 0.660±0.172 0.094±0.030 6.99±2.24 5.70±1.48 6.85±0.58 10.4± 1.6 1.16±0.13

All samples
Surface 12 0.586±0.213 0.086±0.025 5.55±2.74 4.70±1.95 6. S4±0. 74 9.50±3.37 1. 15± 0.22
5meters 12 0.746*0.215 0.115±0.038 9.14±4.45 7.24±2.89 6.74±0.72 11.45±2.53 1.20±0.15
10 meters 12 0.797±0.139 0. 129±0.054 9.61±4.08 7. 17±2.89 6.33±0.60 11.80±2.30 1.32± 0. 14

Non-upwelling
Surface 6 0.623±0. 120 0.092±0.016 6.70±2.06 5.35 ± 1.51 6.64±0.24 10.2±2.7 1.31± 0. 14
5rneters 6 0.749±0.149 0.112±0.037 10.80±3.48 8.23±2.29 5.96±0.18 13.1±1.7 1.28±0.05
10 meters 6 0.884±0.215 0.150±0.041 10.15±3.09 7.52 ±2.17 6.08±0.42 10.9±1.8 1.31± 0.06

Upwelling
Surface 6 0.548±0. 151 0.079±0.016 4.41± 1.22 4.03±0.85 6.44±0.96 8. 80± 1.46 1.01± 0. 10
5 meters 6 0.709±0.119 0.093±0.014 7.50±1.88 6.25±1.14 7.53±0.37 9.78± 1.20 1.11±0.10
lOrneters 6 0.723±0.165 0.109±0.024 9.07±2.04 6.81±1.46 6.59±0.29 12.75±0.80 1.34±0.09

U-'

U-'
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periods of non-upwelling. Pigment concentrations also tended to be

higher during non-upwelling periods. None of the differences were

significant however. The chlorophyll: caroteno id ratios increased

with depth during periods of high 10-day upwelling indices but the

chlorophyll: carotenoid ratios were relatively constant with depth or

showed no trend (p < 0. 05) during the periods of low 10-day upweiling

indices (Table 20). Higher chlorophyll:carotenoid ratios generally

are indicative of healthy cells and higher nitrogen availability, found

in deeper water (Yentsch and Vaccarro, 1958; Strickland, 1960). It

is important to note that both the upwelling and non-upwelling groups

contained equal numbers of samples obtained during periods of high

and relatively low biomass (Table 21).

The concentration of C, N, chlorophyll a and carotenoids all

tended to increase with depth (Table 20). This general trend follows

for both periods of high and low upwelling. Nitrogen, however, often

increases relatively more than carbon with depth, so that the C:N

ratio often (but not always) decreases with depth (Appendix B). All

C:N ratios remained close to those predicted by Redfield (1958) for

viable phytopiankton however. There often was a dramatic increase in

the average chlorophyll a concentration between the surface and

5 meters, with a smaller increase between 5 and 10 meters (Wilcoxon

sign ranks test, p < 0.01) (Appendix B). The chlorophyll a to carbon

ratio also tended to increase with depth. This increase is probably a
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Table 21. Mean particulate carbon, nitrogen, chlorophyll a and
carotenoid concentrations for each sampling period (June
26,27; July 8,9, 11; July 28,29,30; August 12, 13, 15;
August 29, 1971).

X S.E. 95% Conf. Group

June 26-27; N 6

Carbon 0, 494 0. 026 0. 067 non-upweiling
Nitrogen 0.081 0.005 0.013
Chioro a 3.59 0.50 1.29
Carot 3.1 0.4 1.03

July 8-9-11; N = 9
Carbon 0. 953 0.072 0. 166 upwelling
Nitrogen 0.127 0.013 0.030
Chloroa 10.48 1.23 2.83
Carot 8.0 0.8 1.8

July 28-29-30; N = 9

Carbon 1.047 0.122 0.281 non-upwelling
Nitrogen 0. 173 0. 026 0. 060
Chloroa 14.55 2.06 4.74
Carot 11.0 1.17 2.69

August 12-13-15; N = 9

Carbon 0.368 0.041 0.094 upwelling
Nitrogen 0.061 0.006 0.014
Chioro a 3.50 0.46 1.06
Carot 3.37 0.26 0.60

August 29; N = 3

Carbon 0.380 0. 028 0. 128 non-upwelling
Nitrogen 0. 061 0.005 0. 022
Chloroa 4.49 1,29 5.55
Carot 2. 87 0. 94 4. 04



response to 1) acclimation to lower light intensities at the greater

depth, and 2) photo-oxidation of pigments in the higher lighted surface

waters. That chlorophyll concentrations within a cell and within a

water column can vary rapidly is well known (Glooschenko etal.

1972).

All of the correlations among the biomass indicators are quite

high (Table 22). The correlations between carbon and nitrogen, and

between chlorophyll a and carotenoids were consistently higher than

those between the pigments and either carbon or nitrogen (Table 22).

Grouping the data according to high and low 10-day upwelling indices

and according to depth yielded only two points of interest. First, the

correlation coefficients tended to be higher during periods of low

upwelling (Wilcoxon sign ranks test, p < 0.05), and second, the cor-

relations between the pigments and either C or N were considerably

lower at the surface than at depth (Table 22). The correlation coeffi-

cients were still significant (p < 0.05) for the surface samples,

however.
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Table 22. Correlations among the biomass indicators (particulate
carbon, nitrogen, chlorophyll a and carotenoids) for
various grouping of the data. All values are significant at
p < 0.05.

All Samples
HB-2 C N Chioro Carot

N = 36 C 1. 000 . 942 . 855 . 846
N 1.000 .887 .869
Chloro 1. 000 . 980
Carot 1,000

Non -upweiling
N = 18 C 1.000 .962 .875 .866

N 1.000 .903 .889
Chioro 1.000 .978
Carot 1.000

Upwell ing
N= 18 C 1.000 .960 .841 .835

N 1.000 .831 .804
Chloro 1.000 .982
Carot 1.000

Surface
N = 12 C 1.000 .975 . 593 . 620

N 1.000 .632 .648
Chioro 1.000 .978
Carot 1. 000

5 Meters
N = 12 C 1.000 . 928 .948 . 924

N 1.000 .965 .939
Chioro 1.000 .978
Carot 1.000

10 Meters
N = 12 C 1.000 .954 . 939 .918

N 1.000 .932 .910
Chioro 1.000 .982
Carot 1.000



DISCUSSION

Changes in the Distribution of Phytoplankton-Associated Trace
Metal8 Between Periods of Upwelling and Non-Upweliing

It is apparent from the results of the present study that there

are significant differences in the activities of phytoplankton-

associated trace metals between periods of upwelling and non-

upwelling. First, the vertical distributions of Fe, Mn, and Cr are

distinctly different between the two periods. There are higher con-

centrations of these elements at depth (10 meters) than at the surface

during upwelling but less vertical structure during non-upweiling

periods. Furthermore, the trace metal distributions remain rela-

tively unaffected by the particulate biomass in the water during

upwelling and non-upwelling periods.

If it is assumed that deeper water is relatively new to the

euphotic zone during upweiling and that it continues to slowly rise to

the surface, then my sampling at a series of depths should allow some

interpretation of trace metal dynamics in the system. One interpre-

tation is as follows. Deeper water contains higher concentrations of

basic nutrients and trace elements than surface water (although I did

not measure concentrations in the water in my study). At depth,

available trace elements would rapidly become associated with the

phytoplankton through adsorption and absorption. There are several



61

studies, to be explored later, which indicate that phytoplankton

populations rapidly take up trace metals if the proper chemical form

is available (Knauss arid Porter, 1954; Boroughs etal., 1957;

Hayward, 1968; Hayward, 1969). As the water rises toward the sur-

face, production of phytoplankton uses up the basic nutrients. During

primary production a portion of the organic material produced is

excreted into the surrounding water (Hellebust, 1965; Watt, 1966).

Watt (1966) indicated that the absolute amount of dissolved carbon

excreted was related directly to the light intensity. Therefore, the

older surface water would presumably contain higher concentrations of

excreted orgariics. The excreted organics might act as chelators,

competing with phytopiankton for the absorbed and surface-adsorbed

trace metals. Such competition would result in lower concentrations

of the metals associated with the phytoplankton.

Following periods of upwelling, the pattern of water movement

can be quite complex. The general pattern would be for the offshore

surface water to move onshore (Huyer, 1974), but much vertical

mixing and the production of surface swirls and eddies often accompan-

ies transitions from upweiling to non-upweiling per iods. It is not sur-

prising that periods of numerous wind shifts (non-upweliing) show the

most rapid change in the distribution pattern of the phytoplankton-

associated trace elements studied. The phytopiankton in the surface

water still contain lower concentrations of many of the trace elements,



again possibly because of the excretion of organic material; however,

there is less vertical structure in phytoplankton-associated trace

metals under nonupwelling conditions than under upwelling.

There was some tendency for the concentration of phytoplankton-

associated trace elements to be more negatively correlated with bio-

mass at greater depth during both upwelling and non-upwelling periods,

though the relationship was not significant. A negative correlation

might be expected as available trace metals are divided among the

population. Increases in biomass would result in less of the metal per

unit biomass. This result would be especially evident for trace metals

which were surface adsorbed. The absorbed trace metal concentra-

tions would be expected to be less variable since there is probably

some minimum amount of metal necessary for vital function.

Grouping of the Elements With Respect to Behavior

The elements studied tended to fall into three ordered groups

based on their behavior with respect to 1) depth distribution,

2) correlation with the other metals studied, and 3) correlation with

biomas s indicators. Phytoplankton-as sociated iron, manganese and

chromium tended to form one group. These metals showed the great-

est variation with depth and showed significant increases at depth

during periods of upwelling. The correlation coefficients among the

three metals were always greater than 0. 90 irrespective of grouping
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by depth or upwelling indices. In addition, the behavior of Fe, Mn,

and Cr with respect to the biomass indicators was the same, gen-

erally being more negatively correlated with biomass at greater

depths and during non-upwelling periods.

Zinc, cobalt, and nickel form the next group. Their behavior is

intermediate between that of iron, manganese, arid chromium on the

one hand, and that of copper on the other. As a group they tended to

show smaller concentration differences between the surface and depth,

when compared with Fe, Mn, and Cr. They showed lower but still

significant correlations among themselves and with Fe, Mn, and Cr.

These elements, like Fe, Mn, and Cr, were more negatively corre-

lated with biomass during non-upwelling periods than during upwelling.

Zinc tends to change concentrations with depth, similar to the Fe, Mn,

and Cr group, while Co and Ni tend to be more stable with depth,

like Cu.

Copper showed the most aberrant behavior of any of the elements

studied. There was no tendency for phytoplankton-associated copper

to stratify with respect to depth except on a per unit water volume

basis. The increase on a per unit water volume basis but not on a per

unit ash basis, can be explained simply by the increases in biomass

per unit water volume with increasing depth. The concentration of

phytopiankton-associated copper increased slightly with increased

biomass.



Copper showed a complete reversal in correlation with the other

elements, being positive during periods of upwelling and negative

during non-upwelling periods (Table 13). Perhaps the most significant

point is its positive correlation with the biomass indicators during

both upwelling and non-upwelling periods. This positive correlation

with biomass, in conjunction with the negative correlations of the other

elements with biomass, likely is the cause of the correlation reversal

between copper and the other elements from periods of upwelling to

non-upwelling. I will discuss possible processes later.

Ordering of the Elements by Chemical Characteristics

The relative behavior of the elements, from Fe, Mn and Cr

through Zn, Ni and Co to Cu, apparently is related to at least three

chemical characteristics of the metals: 1) the physical form of the

element in sea water, 2) the stability of coordinate bonding of the

elements with organic ligands, and 3) the relative "hardness"

(tendency to accept electron pairs) of the metals as a Lewis acid and

their resulting specificity for certain functional groups on organic

molecules. Obviously these characteristics are interrelated but each

is important to the present study for slightly different reasons. The

first grouping concerns the physical form (particulate versus ionic or

soluble) of the elements in sea water. Iron(III), chromium(III) and

manganese are though to be at least partially in the particulate
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(inorganic complex, solid phase) form in sea water (Hager, 1973).

Chromium(VI) might also be found as the anion chromate, which would

be ionic. Manganese(II) also might be partially ionic. The remaining

elements, Zn, Co, Ni, and Cu, are thought to be ionic and soluble

(Hager, 1973). Whether an element is particulate or ionic is, in part,

related to pH, with the higher pH of sea water favoring the particulate

forms. Park etal. (1962) noted that near-surface water has a lower

hydrogen ion concentration than deeper water and that upwelling tends

to bring lower-pH water toward the surface. The utilization of carbon

dioxide during primary production might also tend to change the pH

of surface water, by increasing it. Changes in pH in the near-surface

water might be important in determining the physical form of the

elements studied.

Differences in physical state would be expected to be related to

an element's behavior in biological systems (Boweri, 1966). Stumm

and Morgan (1970) have noted that metal ion hydrolysis species such as

Fe(OH)3(H20)3(s) are strongly adsorbed at solution-solid interfaces.

They suggest that this behavior might be related to 1) the larger and,

therefore, less hydrated form of the complex, and 2) the presence of

coordinated OH groups for binding. The soluble ionic forms would

also be expected to sorb, but since the physical form is significantly

different, substantially different behavior would be expected.



The second ordering which might be related to the phytoplankton-

associated trace metal behavior found in the present study is the

relative stabilities of coordinate bonding. The metals seem to rea-

sonably follow the Irving-Williams series (Irving and Williams, 1953)

for divalent cations (Mn < Fe < Co < Ni < Cu > Zn). This ordering

would be especially important with respect to the possible formation

of chelates. Although the thermodynamic stability of many chelates

is suspect in a sea water system rich in competing ions (especially

Ca+Z and Mg), Stumm and Morgan (1970) suggest that Cu(II), Zn(II),

Ni(II) and presumably Co(II) might plausibly be chelated in a natural

system rich in organics. They base this statement on a hypothetic3l

nine-metal, nine-ligand matrix which includes Ca, Mg, Sr, Fe and

Mn in the system. Cut shall (pers. comm. ) felt that the calculations

likely are not valid for natural systems at equilibrium; however, they

do show that Cu, Zn, Ni and Co are more likely to form stable chelates

than Fe and Mn. Cutshall (pers. comm.) also suggested that many

natural systems are not in equilibrium, and under this condition there

is a distinct possibility that chelated forms might be found which are

thermodynamically unstable but kinetically inert in sea water. This

would be especially true for chelates involving hydrophobic chelators

such as lipids.

There are several studies which have shown that the addition of

chelators to natural waters enhances the growth of phytoplankton



populations (Johnston, 1964; Barber and Ryther, 1969; Barber etal.

1971). Some of the studies suggested that freshly upwelled water

and surface water at different times of the year contain enough of

certain trace metals but are only suitable for rapid growth of diatoms

when chelators or organic extracts (zooplankton extract) are added

(Barber etal., 1971). Spencer (1958) and Duursma and Sevenhuysen

(1966) suggested that high concentrations of chelators would be

required to chelate transition metals in sea water because calcium

and other abundant divalent cations would tend to flood the equilibrium

of the system even though the stability constants of calcium and mag-

nesium are considerably lower than those for transition metals.

Duursma noted that the stability constant would have to be more than

six orders of magnitude greater than that of calcium before stable

chelates of transition metals would form in significant quantities.

The stability constants for certain copper and possibly nickel

chelates are more than six orders of magnitude greater than

magnesium chelates and might, therefore, form complexes when the

concentrations of the chelators are high enough (Table 23). The

micro-environment of the cell might allow for the formation of

chelated transition metals, with slow kinetics being involved with their

further presence in the water. Significant quantities of trace metals

of unknown form, especially copper, have been shown to be in some

way associated with dissolved organics (Laevastu and Thompson,
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Table 23. Stability constants of divalent metal chelates
(log K) (Singer, 1967).

Metal Salicladehyde Ethylenediamine Glycine

Cu 13.3 19.6 15.5
Ni 9.2 18.6 11.1
Co 8.3 13.8 9.0
Zn 8.1 12.9 9.8
Fe 7.6 9.5 7.8
Mn 6.8 5.7 6.9
Mg 6.8 4.0

A third ordering is, in part, related to the second in that it

involves the formation of chelates, but in this case it is related to the

specificity of specific types of ligands for different metals. It is an

ordering of the elements and ligands based on their behavior as Lewis

acids and Lewis bases, respectively. A Lewis acid is characterized

by its ability to accept electrons and a Lewis base is characterized as

being an electron donor. Iron(1II), chromium(III), and manganese(II)

are considered hard Lewis acids, while zinc(II), cobalt(II), nickel(II),

and finally copper(II), are considered borderline Lewis acids in order

of hardness to softness. Pearson (1966) states that hard Lewis acids

tend to show preference for hard Lewis bases, and that soft Lewis

acids tend to show preference for soft Lewis bases; therefore, it is

possible Lor ligands to be selective. A hard Lewis base is character-

ized by being hard to oxidize, having a high electronegativity and low



polarizability (Pearson, 1968). Stumm and Morgan (1970) indicated

that chelators containing only sulfur or nitrogen ligands do not

coordinate well with hard Lewis acids to form complexes of

appreciable stability. Hard Lewis acids do, however, form very

stable complexes with 0H, C032, and P043. Soft Lewis acids

preferentially combine with bases containing I, 5, P, and N as donor

atoms. Although we do not know the exact composition of excreted

organics there are indications that the composition is quite varied.

Webb and Johannes (1967) found copepods to excrete significant quan-

tities of 21 amino acids, possibly as polypeptides. Hellebust (1965)

noted that in direct sunlight phytoplankton excreted more than 25% of

the organic carbon produced. The composition of the organic carbon

varied but contained glycolic acid (9-38%), protein (0.2 - 5.9%), and

chloroform-soluble material (2. 8 10. 3%) (Hellebust, 1965). With

this spectrum of organic material at least some selectivity of trace

metals would be expected. The chloroform-soluble material would

possibly form complexes which may be thermodynamically unstable

but kinetically inert because of the hydrophobic nature of the material.

Copper has one of the greatest affinities for chelators of the

elements studied. Copper would therefore be expected to be one of the

first elements to be complexed by increasing concentrations of

excreted organics, and would possibly be the first to be stripped from

the cell during excretion. However, phytopiankton-associated copper
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correlates reasonably well with biomass concentrations, unlike the

other metals. In fact, copper apparently can accumulate in phyto-

plankton to such a degree that it becomes toxic (Mandelli, 1969;

Steeman Nielsen and Wium-Andersen, 1970). Copper toxicity might in

turn cause increases in the excretion of organic material (Steeman

Nielsen and Wium-Andersen, 1971). It seems probable that the rela-

tively stable concentrations of copper found associated with the

phytoplankton in my study represent concentrations of copper which

are mostly absorbed, while readily removed or excreted copper in

other studies might be adsorbed to surfaces. Because the chelation of

trace metals is assumed to aid in absorption this would help explain

why there was some positive correlation between biomass and copper.

More excreted organics and time for absorption would allow for higher,

non-labile concentrations per unit biomass.

Iron, manganese and chromium seem to be greatly adsorbed to

phytoplankton in the deeper (10 meter) water and then become

desorbed with the increase of dissolved organics in the surface water.

More organic material would be expected in the surface water because

of the positive relation between light intensity and excreted organics

(Watt, 1966). The idea that adsorption is important at depth is sup-

ported by the more negative correlation between trace metals and

biomass at greater depth. Such a negative correlation would be
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expected when the available trace metals are divided equally by the

population.

Differences in phytoplankton -associated metal concentrations

could also be a function of the rate of uptake by phytoplankton.

Spencer and Brewer (1969) felt that either the rate of uptake of copper,

zinc and nickel from sea water was slow or that the rate of regenera-

tion of the metals in surface waters was high. There are conflicting

results on rates of uptake in the laboratory. Hayward (1969) found

iron and manganese to behave similarly while zinc differed slightly.

Uptake of manganese was initially slow, then increased to a point and

finally decreased. Zinc uptake was faster and continued for a longer

period. Hayward suggested that eventually all of the zinc would

become associated with the cells. When radionuclides, such as

zinc-65, are added to a culture of phytoplankton they are rapidly

accumulated by the population (Rice, 1963b). This is probably related

to the radionuclide being added in the ionic form which is rapidly

adsorbed to the cell surface. In natural systems much of the metal

found in the water is not associated with the particulate fraction

(Spencer and Brewer, 1969; Morris, 1971). Morris (1971), working

in the Menai Straits prior to and during a bloom of Phaeocystis, found

only small changes in the concentration of copper and zinc in the water

during the bloom. This result suggests that only small fractions of

the metals become associated with the phytoplankton cells. Morris
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(1971), however, found that manganese did tend to fluctuate inversely

with the phytoplankton population although less than 50% became

associated with the particulate fraction. Again these results can be

explained by the formation of metallo -organic complexes, first with

respect to copper, next with zinc, and least effectively with manganese.

The lack of fluctuation in the dissolved copper and zinc concentrations

could, in part, be related to the method of measuring the concentra-

tions. Chelated or otherwise organically associated copper and zinc

may not be extracted and measured. This could help explain why

there were no changes in the copper content of the water, for example,

while there was a considerable increase in the copper content in the

particulate fraction. The difference shown by manganese might be

due to its lower affinity for the dissolved organic fraction, thereby

making its measurement in the particulate fraction more accurate.

Trace Metal Concentrations in Phytoplankton

Riley and Roth (1971) studied the uptake of 18 trace metals by

15 species of phytoplankton from a single medium and found that there

were no differences in the patterns which could be correlated with the

class, order, or genus of phytopiankton. They did find that the trace

metal concentrations in the organisms were related to the concentra-

tions of the metals in the medium and to the concentrations of the test

organism. All of the elements determined in my study were taken up
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in significant quantity. Iron was found in such high concentrations in

or on the plankton (greater than 6, 000 ppm Fe dry weight) that

accurate measurements were not possible. Although the concentra-

tions of all metals tended to vary, the concentrations within the

Bacillariophyceae were similar to one another and to sea plankton col-

lected from the Irish Sea by Riley and Roth (1971). The major differ-

ences between concentrations found in my study and those of Riley ard

Roth were for copper and zinc. These were found in lower concentra-

tions in my study. The trace metal concentrations I found are in the

ranges of those found in other studies (Appendix A).

Martin and Knauer (1973) found considerably lower concentra-

tions of trace metals in phytoplankton collected from Monterey Bay,

California, than in phytoplankton found in this and other studies

(Appendix A). Their results are possibly lower for three reasons.

First, their results were reported as trace metal concentrations per

unit dry weight, not ash weight; second, their collections were from

the surface only (Knauer and Martin, 1973); and third, their results

did not include the trace metals associated with the frustules. They

did find relatively high concentrations of iron, manganese and zinc

associated with the frustule, but since the frustule represents an

unknown proportion of the sample direct comparisons are difficult to

make.
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It is interesting to note that Knauer and Martin (1973) found

seasonal differences in phytoplankton-associated trace metal concen -

trations, with lower concentrations coming during periods of high

biomass and upwelling. Again if the samples were near-surface

plaknton they would agree with my results, which show near-surface

plankton to have the lowest concentrations of trace metals per unit

ash. This result was especially true for periods of upwelling.

Martin and Knauer (1973) also lumped their data seasonally,

calling late spring and early summer "intense upwelling" and late

summer "moderate upweUing". Considering Bakun's (1973) data and

the hydrographic data collected in my study it seems unrealistic to

assume that these are periods of continual upwelling. In fact, in my

study, there are periods of several days when upwelling ceases or

reverses. These periods might be long enough to allow for further

production, and equilibrium to be more closely achieved, at the

sur Lace.
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CONCLUSIONS

1. There is a relationship between surface winds and hydro graphic

regime in the nearshore waters off Humboldt Bay, California.

During the summer months a reversal of winds from N or NW to

S or SW results in a change in water movement from one of

upwelling to one of non-upwelling and possibly downwelling.

2. There is a relationship between hydrographic regime and the

distribution pattern of phytoplankton-associated trace metals in

the near-surface water. During periods of upwelling there are

higher quantities of trace metals associated with the phyto-

plankton at depth (10 meters) than at the surface. During periods

of non-upwelling there is less stratification in trace metal distri-

bution. The concentrations of phytoplankton-associated trace

metals is quite variable temporally and spatially.

3. There is a relationship between several chemical characteristics

of trace metals and their behavior in association with phyto-

plankton. The behavior patterns apparently follow an ordering

related to their affinities to organic ligands, and to their physical

and chemical form in sea water.

4. There was not a simple relationship between biomass and

phytoplankton -associated trace metal concentrations. Therefore,
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biological dilution does not appear to be as important as the

source water and the chemical activities of the elements in deter-

mining the relative concentrations of trace metals in near-shore

phytopiankton.
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Iron

APPENDIX A

Trace Element Concentrations in Net Phytoplankton- -
Literature Comparisons

Iron exhibited the largest range for any of the elements at HB-2,

624 to 16,729 ppm Fe ash weight (a factor of 26. 8 times). This range

covers most, but not all of the values for phytoplankton in the litera-

ture. Vinogradov (1953) reported a lower value of 500 ppm dry weight

for a Microcystis bloom in the Sea of Azov and 31,400 ppm Fe dry

weight for diatoms in the Bay of Kiel. Vinogradova and Koval'skiy

(1962) reported a value of 30, 000 ppm Fe ash weight for Chaetoceros

curvistus from the Black Sea. The data reported by Martin and

Knauer (1973) for phytoplankton from Monterey Bay, California, were

only for the organic fraction and were reported in terms of p.g metal

per unit gram dry weight. For these reasons their data are hard to

compare with the present study. Their range for iron was from 49 to

3120 ppm Fe dry weight, this is a factor of 63.7, even larger than the

one found in the present study. Although their results were generally

lower it is important to note that they found significant amounts of Fe

in the silicon fraction. It is also important to note that Knauer and

Martin (1973) took their samples from just below the surface where

the lowest concentrations were found in the present study. Other



values for phytoplankton (or samples composed mostly of phytoplankton)

are 6, 000 to 8, 000 ppm Fe ash weight for diatom samples from the

Black Sea (Vinogradova and Koval'skiy, 1962) and 9,800 to 13,300

ppm Fe dry weight for dinoflagellates samples from the Bay of Kiel

(Vinogradov, 1953). Vinogradov (1953) also reported values from

1, 000 to 11, 000 ppm Fe dry weight for samples from the Gulf of Kola

and the Caspian Sea. It should be noted that data reported on a dry

weight basis would be lower than those reported on an ash weight

basis. Judging from the data available, it is probable that the values

obtained in the present study are realistic and typical for coastal

regions of high productivity.

Manganese

Manganese concentrations in the HB-2 phytoplankton samples

ranged from 15.2 to 369.6 ppm Mn ash weight (a factor of 24.3 times,

similar to that for iron). Vinogradov (1953) reports some very low

values for manganese in phytoplankton, 0. 3 to 0.4 ppm Mn dry weight

for Rhizosolenia blooms in the Caspian Sea. Vinogradov (1953) also

reports a value of 240 ppm Mn dry weight in a Coscinodiscus bloom.

The values reported by Vinogradova and Koval'skiy (1962) for the

Black Sea diatoms were from 50 to 300 ppm Mn ash weight, which fall

within the range presented in my study. Rozhanskaya (1967) reported

an average concentration of 16 and 62 ppm Mn dry weight for two
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samples containing mostly diatoms from the Sea of Azov. Again

Martin and Knauer (1973) reported concentrations which are generally

lower, however, as with iron their range over laps the present study

(2.1 to 32.3 ppm dry weight, a factor of 15.4). They also reported

there seemed to be a significant amount of Mn in the silicon fraction.

(' In ,. r. rn I I Inn

Chromium concentrations for the samples from HB-2 ranged

from 11.5 to 71.2 ppm Cr ash weight (a factor of 6.3 times). Because

chromium is of little physiological importance, there are very few

studies of this element in the biological literature. Vinogradova and

Koval'skiy (1962) found concentrations ranging from 2 to 80 ppm Cr

ash weight for the Black Sea samples. Martin and Knauer (1973) were

unable to detect Cr in some samples (below detection limits for the

instrument), but in other samples they did find concentrations as high

as 21.4 ppm Cr dry weight.

Zinc

Zinc concentrations ranged from 21. 6 to ill. 9 ppm Zn ash

weight for samples from HB-2 (a factor of 5. 2 times). As was noted

in an earlier paper (Pequegnat etal. 1969) there are few values for

zinc in the literature on phytoplankton. Vinogradova and Koval'skiy

(1962) reported values which are very high compared with my results



and range from 1,000 to 15, 000 ppm Zn ash weight. Martin and

Knauer (1973) report a much broader range for Zn than found in the

present study. In general their results are the same or lower, but

they report a few cases with concentrations as low as 3 and as high as

703 ppm Zn dry weight. Their median value was 28 ppm Zn dry

weight, similar to the value found for HB-2.

Copper

The concentration of copper found in the HB-2 samples ranged

from 9. 0 to 154. 7 ppm Cu ash weight (a factor of 17. 2 times). There

are very few data available on the concentration of copper from any

source. Nicholls etal. (1959) had one sample which contained 50%

neritic phytoplankton and 50% Calanus finmarchicus and was reported

to have 300 ppm copper in the ash. Calanus alone was reported to

contain 1,350 ppm Cu ash weight, so the phytoplankton must have con-

tamed less than 300 ppm Cu in their ash in order to balance the higher

content in the copepods. Concentrations from 200 to 500 ppm Cu ash

weight were reported by Vinogradova and Koval'skiy (1962) for the

Black Sea phytoplankton. Rozhanskaya (1967) found copper concentra-

tions of between 40 and 200 ppm Cu dry weight for samples from the

Sea of Azov. Again Martin and Knauer's (1973) data are slightly lower

but the ranges overlap. As noted before, this could be the result of

the method of analysis and reporting used by Martin and Knauer (1973)



who considered the organic fraction separate from the frustule. Their

data ranged from 1.7 to 45.4 ppm Cu dry weight (a factor of 26.7

times) and had a median value of 5. 0 ppm Cu dry weight.

Cob alt

Cobalt showed the smallest range for any of the elements studied

in the HB-2 samples. The range was from 13.6 to 38.9 ppm Co ash

weight (a factor of only 2.8 times), Vinogradova and Koval'skiy (1962)

had values for only one of the four species of phytoplankton they

studied, and, therefore, this does not help in determining if this rela-

tively narrow range is truly representative of other environments.

Cobalt concentrations for Chaetoceros curvistus ranged from 10 to

15 ppm Co ash weight. The concentration determined by Nicholls

etal. (1959) for the sample containing 50% neritic phytoplankton, was

80 ppm Co ash weight. Because Calanus finmarchicus, representing

the other 50% of the sample, was reported to contain only 3 ppm Co

in the ash it may be concluded that the phytoplankton contained more

than 80 ppm Co in their ash.

Nickel

The HB-2 phytoplankton samples ranged from 23.3 to 104.2 ppm

Ni ash weight (a factor of 4. 6 times). All but one of Vinogradova and

Kovai'skiy's (1962) samples from the Black Sea fall within this range.



Their range for nickel was 40 to 150 ppm Ni ash weight. Laevastu

and Thompson (1956) found nickel concentrations ranging from 5 to

10 ppm Ni dry weight for samples (containing mostly diatoms) from

the East Sound of the San Jaun Archipelago and Puget Sound. These

values convert to 7 and 13 ppm Ni ash weight using the average dry

weight to ash weight conversion factor of 1. 33. Nicholls' et al.

(1959) sample containing copepods and 50% neritic phytoplankton had

a concentration of 70 ppm Ni ash weight (164 ppm Ni ash weight for

copepods alone). It can be concluded that the neritic phytoplankton

contained less than 70 ppm nickel in their ash. Martin and Knauer

(1973) found a range from 0.9 to 12. 8 ppm Ni dry weight (a factor of

14.2) with a median value of 3. 5 ppm Ni dry weight.

Trace Element Concentrations in Humboldt Bay Plume Samples

Two sets of samples were collected from the Humboldt Bay

plume to check the affects of contamination from bay water and sedi-

ment (clay and sand). Most of the sediment in Humboldt Bay and the

adjacent nearshore region comes from the Mad and Eel rivers. It

would be expected, therefore, if samples were contaminated with

benthic sediment they would have a similar composition to the samples

from the bay plume. These samples were found to contain consider-

ably higher concentrations of most of the elements studied, especially

Fe and Mn. The proportions of the various elements were compared



with those from the HB-Z station. The ratio of Fe to the other

elements was found to be considerably higher than the bay plume

samples (e. g. , 93. 6 Fe:Mn for the bay plume and 55. 9 Fe:Mn for the

HB-2 samples, and 293 Fe:Ni for the bay plume and 115 Fe:Ni for

HB-2). In addition, the ratios of the other elements one to another

did not vary in similar proportions for the HB-2 and bay plume

samples.



Table A-i. Trace element concentrations for phytoplankton collected at station HB-2 and additional
samples for individual dates and depths. Data in ppm ash weight ± one standard
deviation, N = 10.

Fe Mn Cr Zn Cu Co Ni

June 26, 1971
HB-2 0 5611±25 104. 0±2. 1 27 4±3.9 31.6±0.7 12. 6±0.9 17. 9±3 1 45. 0±8.3

5 8503±188 139.3±1.3 31.0±1.4 39.5±1.0 11.9±1.0 29.1±3.2 67.9±4.3
10 7922±44 131.7±2 3 36.4±1.0 43. 1±1.9 12.2±1.1 20.1±1.4 59.0±6.6

June 27, 1971
HB-2 0 11505±166 165.0±8.0 38.8±3.4 106.7±2.3 25.4±0.6 27.9±4.3 54.0±6.4

5 13903±645 190.0±5.3 49.2±1.7 93.6±2.9 29.8±2.9 32.7±2.4 66.2±6.8
10 13029±418 195.8±4.0 52.7±2.0 83.7±6.4 28.3±2.3 30.7±3.2 76.6±5.5

July 8, 1971
HB-2 0 6327±62 103.7±1.2 30.8±1.0 71.9±2.6 63.0±1.1 21.7±2.1 65. 1±5.7

5 10299±117 190.0±4.5 36.6±2.4 78.4±1.5 78. 6±1.0 27.1±5.1 61.4±9.4
10 19824±201 369.6±7.7 71.2±3.9 111.9±8.2 53.0±2.1 33.5±4.7 92.1±13.1

July 9, 1971
HB-2 0 4519±63 82.2±1.4 24.0±1.6 32.0±1.1 52.6±1.4 13.6±0.5 40.7±9.8

5 7637±71 138.0±2.2 31.6±2.9 37.6±0.9 16.9±0.7 20.7±3.7 44.6±2.9
10 12496±109 198.5±5.7 39.7±3.6 66.8±1.0 46.1±1.8 18.3*3.0 49.5±2.6

July 11, 1971
HB-2 0 962±35 26.3±2.3 12.2±0.7 22.7±1.2 13.8±1.0 22.7±3.9 Z63±1.4

5 624±37 32. 8±0.8 13.7±1.6 21.6±1.5 9.0±1.1 21.0*3.2 23.3±4.1
10 1361±19 67. 4±1. 1 17. 5±1. 1 24. 5±1. 1 10.9±1.3 17. 1±2.7 26.7±3.7



Tab1eA- 1. Continued.

Fe Mn Cr Zn Cu Co Ni

July 28, 1971
HB-2 0 5141±123 102.2±1.2 27.0±1.6 51.4±2.4 47.7±1.5 26.5±4.2 56.3±4.2

5 3802±94 79.2±1.2 19. 1±1.9 44.0±1.6 28.6±1.6 27.8±4.4 57.3±9.2
10 7160±141 108.4±0.9 27.8±2.5 57.7±1.0 61.7±3.1 24.5±2.7 58.8±10.2

July 29, 1971
HB-2 0 3470±125 87.0±1.4 24.8±1.9 33.3±1.0 32.5±1.0 16.3±1.3 40.1±4.9

5 1380±47 58. 8±0.9 23.5±0.6 33.6±1.5 47.8±2.1 30.8±5.4 43. 8±4.4
10 1324±45 44.3±0.9 16.2±2.1 25.3±0.9 121.2±3.1 16.8±1.8 46.2±16.3

July30, 1971
HB-2 0 2243±48 67. 6±1.2 20. 9±3.4 59.6±0.8 154. 7±2 9 19.3±3.4 42. 0±4.0

5 2134±15 43.4±1.7 12.0±1.3 31.4±0.9 21. 1±1.7 13.4±3.1 25. 8±6.3
10 2972±29 65.9±0.7 20.6±1.2 36.2±0.5 90.1±1.3 15.6±1.2 33.9±3.4

August 12, 1971
HB-2 0 686±15 21.2±1.3 11.6±1.9 34. 8±1.9 26. 0±2.6 13.7±2 2 50. 9±6.0

5 1609±42 31.9±2.6 11.5±1.5 38. 1±0.6 14.7±0.2 17. 1±2.0 55.7±12.4
10 12228±124 192.3±1.4 42.9±3.5 56.2±1.4 23. 2±0.7 16.0±2.3 60. 1±6.6

August 13, 1971
HB-2 0 1169±41 15.2±1.2 21.0±2.8 40.6±2.3 21.2±1.0 38.0±3.9 56.6±8.6

5 5259±56 88.9±5.2 20.1±1.9 39.5±1.4 21.2±1.8 29.1±5.2 64.3±13.5
10 15077±266 205.8±10.5 46.6±0.9 70.0±5.5 30.3±2.0 29.5±6.2 77.4±7.8

August 15, 1971
HB-2 0 1206±67 16.9±1.9 18.6±0.8 29.4±2.2 17.8±0.8 21.3±3.5 49.5±2.1

5 922±32 21.5±2.5 16.8±0.6 27.8±1.4 19. 1±1.5 22.5±4.5 63.5±10.2
10 16792±799 294.3±7.6 65.3±1.1 70.7±3.2 23.6±2.8 38.1±4.5 104.2±12.4 .o



Table A-i. Continued.

Fe Mn Cr

August 29, 1971
HB-2 0 2476±20 56.5±1.0 16.9±1.9

5 6690±108 137.2±3.5 3L0±1.3
10 6253±49 144.7±4.6 30.0±1.9

July 29, 1971
TH-1 0 6397±65 130±3 32±1
TH-1 0 7380±107 141±5 30±2

Bay Plume
July 28, 1971
Plume 0 50192±520 558±20 125±4

August 12, 1971
Plume 0 39452±487 428±11 89±4

Zn

36.5±2.2
42.0±3. 1
43. 8±3. 1

39±1
43±3

Cu

16.5±1.2
17.7±0.6
13.5±1.0

48±2
53±2

Co

28. 3±3. 1
21.9±2.9
13.7±1.9

18±2
22±3

Ni

59. 1±6.3
53. 4±4. 1
47.4*5.5

39±5
41±5

132±5 64±1 56±10 172±14

108±4 41±3 41±3 139±20

'.0
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APPENDIX B

Conversion Factors

The data for the trace element concentrations are given in parts

per million ash (ppm ash) for consistency. Because other workers,

notably the Russians, present data of this type based on wet and dry

weights, conversion factors from ash weight to wet weight and from

ash weight to dry weight were calculated for each set of data (Table

B-i). Conversion factors from wet weight to dry weight and from ash

weight to ash-free dry weight are also included. The latter values

were used to calculate the concentrations of trace elements associated

with net phytoplankton per unit volume.

The conversion factors for the samples from HB-a, almost

purely diatoms, show little variation (Table B-i). Since the values

given represent ratios, logarithmic transformations were made before

the means and confidence intervals were calculated. The mean of the

values given in the table (Table B-i) for HB-Z might be considered

typical for natural diatom populations. The wet weights include an

uncertain amount of interstitial sea water and therefore are the least

consistent measurement. The salt in the interstitial sea water is

included in the wet, dry and ash weights, causing each of these values

to be slightly high. It is assumed that the amount of salt added in this

manner is small. Even if equal volumes of phytoplankton and sea



water were mixed together the sea water would contain an insignificant

amount of the trace elements studied. Perhaps the best indicator of

biotic potential would be the ash-free dry weight, which represents the

weight of organic material in the sample. All of the pertinent conver-

sion factors are included so that the data can be manipulated for later

comparison with literature values.



Table B-i. Conversion factors from ash to wet wt. , dry to ash-free -dry wt. , wet to
ash-free-dry wt., ash to ash-free-dry wt., ash to dry wt., and dry to
wet wt. for phytopiankton (mostly diatoms) collected at HB-2. Also included
are transformed means for each conversion factor.

Wet! Dry! Ash-free! Ash-free! Ash-free! Wet!
Depth Ash Ash Ash Dry Wet Dry

26 June 0 23.9 1.33 0.324 0.245 0.014 18.0
5 24.1 1.37 0.317 0.236 0.014 17.2

10 23.8 1.34 0.310 0.230 0.014 17.0
27 June 0 20.0 1.32 0.324 0.245 0.016 15.1

5 19.7 1.33 0.321 0.241 0.016 15.0
10 19.6 1.32 0.319 0.242 0.016 14.9

8 July 0 21.4 1.30 0.310 0.237 0.015 15.9
5 22.2 1. 32 0.320 0. 242 0.014 16. 8

10 22.3 1.29 0.267 0.211 0.016 17.3
9 July 0 24.6 1.32 0.321 0.243 0.013 18.7

5 24.9 1.28 0.277 0.217 0.011 19.5
10 22.7 1.29 0.286 0.222 0.014 17.5

11 July 0 25.8 1.33 0.330 0.248 0.013 19.4
5 26.9 1.36 0.358 0.264 0.013 19.8

10 26.0 1. 36 0.357 0.263 0.014 19.2

28 July 0 23.9 1.40 0.396 0.283 0.017 17. 1
5 25.3 1.35 0.350 0.259 0.014 18.7

10 23.7 1.30 0.304 0.233 0.013 18.2
29 July 0 25.6 1.35 0.347 0.258 0.014 19.0

5 25.7 1.37 0.374 0.272 0.015 18.7
10 27.0 1.36 0.358 0.264 0.013 19.9



Table B-i. Continued.

Wet! Dry! Ash-free! Ash-free! Ash-free! Wet!
Depth Ash Ash Ash Dry Wet Dry

30 July 0 25.9 1.42 0.423 0.297 0.016 18.2
5 27.4 1.38 0.380 0.275 0.014 19.9

10 26.2 1.37 0.372 0.271 0.014 19. 1

12 August 0 28.1 1.31 0.311 0.237 0.011 21.4
5 27.2 1.31 0.307 0.235 0.011 20.8

10 27.4 1.29 0.280 0.219 0.014 21.2
13 August 0 28.9 1.32 0.323 0.244 0.011 21.9

5 27.1 1.28 0.282 0.220 0.011 21.2
10 21.9 1.30 0.304 0.233 0.014 16.8

15 August 0 28.5 1.29 0.287 0.223 0.010 22.2
5 28.4 1.33 0.327 0.247 0.012 21.4

10 23.9 1.29 0.278 0.218 0.014 18.6

29 August 0 27.7 1.34 0.342 0.256 0.012 20.6
5 24.5 1.33 0.329 0.247 0.013 18.4

10 24.8 1.34 0.336 0.251 0.014 18.6

Ratio mean 24.0 1.33 0.324 0.244 0. 0135 18.2

X+95% conf. interval 25.1 1.36 0.332 0.251 0.0141 18.9

x-95% conf. interval 23.0 1.33 0.313 0.237 0. 0129 17.4



Table B-2. Carbon, nitrogen, chlorophyll a and carotenoid data for the phytoplankton samples
from HB-2 and other stations. Data in mg/liter for C and N, and mg/rn3 for
chlorophyll and carotenoids. Carbon:nitrogen, chlorophyll a: carbon and
chlorophyll a: caroteno id ratios.

Chioro S.P. Chioro a Chioro a
Depth C N C/N a CaroL Carbon Carot

26 June 0 0.411 0.062 6.63 1.85 2.0 4.50 0.93
5 0.526 0.086 6.12 4.36 3.7 8.27 1.18

10 0.509 0.080 6.37 3.82 3.5 7.31 1.09

27 June 0 0.422 0.073 5.78 4.20 3.5 9.98 1. 20
5 0.562 0.091 6.20 4.97 4.0 8.83 1.24

10 0.535 0.096 5. 57 2.33 2. 1 4.36 1. 11

8July 0 0.847 0.107 7.92 5.71 4.7 6.74 1.21
5 0.951 0.118 8.09 10.74 8.2 11.3 1.31

10 1. 164 0. 157 7.46 12.61 10.6 10. 84 1. 19

9 July 0 1. 078 0. 141 7.65 4.66 4.0 4.34 1. 17
5 1.120 0.187 7.62 13.29 9.4 11.87 1.41

10 1.268 0.205 6.19 16.77 11.4 13.23 1.47

11 July 0 0.655 0.084 7.80 9.52 7.8 14.51 1.22
5 0.782 0.089 8.79 10.76 8.7 13.78 1. 24

10 0.708 0.096 7.38 10.25 7.5 14.51 1.37

28 July 0 1.046 0.152 6.88 10.89 8.2 10.4 1.33
5 0.678 0. 104 6.52 8.94 8.0 13. 18 1. 12

10 1.210 0.151 8.01 12.57 8.6 10.38 1.46



Table B-2. Continued.

Depth C N C/N
Chioro

a
S.P.

Carot
Chioro a
Carbon

Chioro a
Carot

29 July 0 0.628 0.097 6.47 14.26 10.2 22.7 1.50
5 0. 882 0. 161 5.48 14.23 12.6 16. 2 1. 13

10 0.893 0. 173 5. 16 14.30 11.9 16.0 1. 20

30 July 0 0.903 0.118 7.65 7.08 7.2 7.85 0.98
5 1.421 0.266 5.34 26.5 17.2 18.62 1.59

10 1.764 0.334 5.28 22. 14 15.3 12. 51 1.45
12 August 0 0.235 0.046 5.11 1.68 2.4 7.15 0.70

5 0.558 0.086 6.49 4.46 4.2 8.00 1.06
10 0.408 0.072 5.67 5.01 3.0 12.25 1.70

13 August 0 0.172 0.030 5.73 1.58 2.1 9.17 0.75
5 0.376 0.048 7.83 2.66 3.3 7.08 0.81

10 0.312 0.046 6.78 4.76 4.2 15.25 1. 13

15 August 0 0.301 0.068 4.43 3.28 3.2 10.91 1.03
5 0.467 0.073 6.40 3.07 3.7 6.57 0.83

10 0.480 0.079 6.08 5.01 4.2 10.41 1. 19

29 August 0 0.328 0.051 6.43 1.92 1.0 5.85 1.92
5 0.422 0.069 6. 12 5.79 3.9 13.70 1.48

10 0.390 0.064 6.09 5.77 3.7 14.80 1.56

I-'
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