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ABSTRACT

THE EFFECTS OF HUMIC ACIDS ON THE GROWTH OF AND

UPTAKE OF IRON AND PHOSPHORUS BY THE

GREEN ALGA SCENEDESMUS OBLIQUUS (TURP) KUTZ

BY

John Paul Giesy, Jr.

Naturally occurring colored organic acids have long

been known to affect the growth of microorganisms as well

as vascular plants. It has been suggested that the effects

of humic acids on the growth of plant cells may be due to

their chelation properties. Humic acids are thought to be

able to chelate divalent and trivalent cations such as Fe

and prevent them from precipitating, thus making them avail-

able to plants.

In this study the effects of humic acids of molecular

weight 30,000 or greater, on the growth of Scenedesmus

 

obliguus (Tfirp) Kfitz, were studied in batch cultures. The

uptake of Fe and P04 from culture media containing humic

acids was also studied, using 59Fe and 32P04 as tracers.

Fe and P04 were found to have concentration dependent

negative effects on each other. This supposed precipitation

effect was mitigated by the presence of humic acids in the

medium.
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Humic acids stimulated increased growth of g, obliguus

over controls grown in AAP culture medium (Algal Assay Pro-

cedure, United States Environmental Protection Agency), with

a concentration of 25.0 mg/l humic acids causing the great-

est growth response. The presence of humic acids increased

the maximum relative growth rates, maximum standing crops,

final standing crops, and decreased the length of the lag

phases of the g. obliguus cultures.

The addition of humic acids to AAP medium caused algal

growth responses similar to those caused by EDTA addition,

with the addition of humic acids and EDTA in conjunction

causing an even greater growth response than when either

humic acids or EDTA was added alone.

Fe-starved g. obliguus cells gave similar growth

responses to the addition of Fe or humic acids. The addition

of humic acids and Fe in conjunction caused the greatest

growth enhancement. This effect was greater in the presence

of 0.9 mg/l PO4 than in the presence of only 0.5 mg/l P04.

The addition of Ca to algal culture media caused an

increase in early growth of g. obliguus cultures when humic

acids were present at a concentration of 10.0 mg/l or less.

In the presence of a humic acid concentration of 10.0 mg/l

or greater, the increased growth due to Ca was very small.

After the cultures reached the stationary growth phase,

there was no difference in growth due to the addition of Ca.
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There was a slight decrease in the total uptake of

32P04 from AAP media by g. obliguus in the presence of humic

acids. Humic acids greatly reduced the total uptake of 59Fe

from AAP medium. The presence of 5.0 mg/l humic acids

reduced the Fe uptake by more than a factor of 10, with in-

creased concentrations of humic acids causing proportionally

smaller decreases. Fe—starved g. obliguus cells were found

to be saturated with Fe in less than 10 min at all humic acid

concentrations. Fe was tightly bound to the humic acids

studied and g. obliguus was unable to obtain this bound Fe.

The presence of 1.0 mg/l P04 in the medium caused a

decrease in the uptake of Fe over that observed when P0 was

4

absent from the medium. This effect was more pronounced

when humic acids were not present in the medium.

Increasing the Fe concentration from 0.03 mg/l to 1.03

mg/l caused an increase in the Fe uptake by Fe-starved

g. obliguus greatly in the absence of humic acids and to a

lesser extent in the presence of various concentrations of

humic acids. The addition of more Fe that could be bound by

the humic acids did not overcome the effect of the humic

acids.

A concentration of 40.0 mg/l Ca and a pH range of 4.0-

10.0 had very little effect on the uptake of Fe by Fe-

starved g. obliguus from culture media containing humic acids,
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although the addition of Ca did increase the uptake of Fe in

the absence of humic acids.

Humic acids were found to support heterotrophic growth

of g. obliguus in non—axenic cultures, with the response

enhanced in cultures grown in the light and humic acids did

not have to come in contact with the algal cells to cause a

stimulation.

Culture media made from filtered bog water gave similar

results to those observed when humic acids were added to

media made with distilled water and the addition of the

purified humic acids of 30,000 molecular weight or greater

to media made with bog water caused a further growth enhance—

ment, but addition of Fe to the bog water medium did not

cause an increased growth response.
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INTRODUCTION

It is the care we bestow on apparently

trifling, unattractive and very troublesome minu-

tiae which determines the result (Bullock, 1935).

Natural aquatic environments are very complex, with

many organic compounds affecting the availability of in-

organic nutrients to algae. One of the most important

groups of naturally occurring organic compounds are the

humic acids. These colored organic compounds are major

constituents of soil and sediment organic matter (Otsuki and

Hanya, 1966) and are of world—wide distribution in soil and

aquatic systems (Schnitzer and Khan, 1972). The physical

and chemical features of these compounds are described in

Appendix II. Because of their ubiquity, humic acids are

involved in the chemical processes of nearly all surface

waters. Some areas, such as bogs and marshes, are noted for

their high humic acid content. Although some humic acids

may be of autochonous origin in aquatic systems, most of the

humic acids are allochthonous, originating in the soil.

Large amounts of organic matter are eroded and leached from

soils and washed into surface waters each year (Yentsch and

Reichert, 1962).



 

Recent interest in the cultural and natural eutrophi-

cation of surface waters has increased the urgency of

understanding the role of naturally occurring organics in

the availability of inorganic algal nutrients. An under-

standing of the cycling of these inorganic nutrients and

their interactions with dissolved organic acids is essential

if key algal nutrients are to be controlled.

Humic acids are very important in plant growth proces-

ses in soil and aquatic systems (Schnitzer and Khan, 1972)

and have long been known to stimulate terrestrial plant

growth (Hajduhovic and Ulrich, 1965). Dissolved, naturally

occurring humic substances have also been reported to stimu-

late growth in some species of algae and may play an impor-

tant role in the nuisance growth of algae in natural waters

(Horner SE 21" 1934; Flaig and Otto, 1951; Shapiro, 1957;

Prakash and Rashid, 1968; Martin 2E 31" 1971; Schnitzer

and Khan, 1972; Prakash SE 31., 1973).

Early work by Allen (1919) found that humic acids

stimulated growth in the bacterium Azotobacter EE- and the

alga Chroococcum Sp. Other early studies found that humic

acids were stimulatory to the aquatic angiosperm, nggg

miggg (Ashby, 1929; Clark, 1930, 1931).

Shapiro (1957) demonstrated humic acids extracted from

lake water could stimulate growth of Scenedesmus quadricauda,

Chlamydomonas SR. and Haematococcus SE. at concentrations



 

between 5 and 50 mg/l. Scenedesmus obliquus and S. biguga-

225 have also been found to be stimulated by humic acids

(Prat, 1955).

In his work with blue-green algae, Lange (1970) found

the fulvic acid fraction of the dissolved organic acids to

stimulate the growth of Anabaena circinalis, Gloeotrichia

echinulata, Microcystis aeruginosa and Nostoc muscorum.

In the marine environment it is thought that humic acids

are important in stimulating the red—tide dinoflagellate

Gymgodinium EEEZE (Wilson and Collier, 1955; Prakash and

Rashid, 1968, 1969; Martin, 1971).

Humic acids stimulate increased respiration in cereal

roots at a concentration of 0.01% (Smidova, 1960) and have

been observed to affect the cell division and elongation of

plants (Data and Tsudzuki, 1971). Humic acids have also

been shown to accelerate the penetration of alkali salts

into plant cells (Heinrich, 1966) and stimulate nitrogen fix-

ation in Azotobacter _E.(Iswaran,l960). Humic acids may also

be taken up by plants and translocated within the plant

(Ase and Sakai, 1963). This observation has increased specu-

1ation that humic acids may act in the same way as plant

growth substances (Schnitzer and Khan, 1972).

The large polyphenolic humic acids have long been

thought to be important in soil and aquatic systems because

of their chelation properties (Harvey, 1937b; Hutchinson,



 

1957; Kawaguchi and Kyuma, 1959; Schelske EB 21" 1962;

Mun 2E Sl., 1966; Martin 2E EL-r 1971). Of special interest

are the reactions between humic acids and micronutrients

such as Fe, Mg, Cu and Zn (Leclerc and Beaujean, 1955a,

1955b; Shapiro, 1957; Gjessing, 1964).

Interactions between humic acids and Fe have been shown

to be significant in the chemical equilibria of natural

waters (Shapiro, 1966a, 1966b). Shapiro (1957) also found

that many surface waters had higher Fe concentrations than

would be predicted by the solubility of ferric hydroxide

(Fe(OH)3). With a solubility product of approximately 10-39,

Fe(OH)3 is the most insoluble Fe precipitate and the inorv

ganic species that controls the free Fe conCentrations in

aerobic surface waters. In a study of Linsley Pond, Shapiro

(1957) found that colored, dissolved, organic acids were

able to keep Fe from precipitating even when the pH was

raised to 13.2. In the absence of organic chelates, under

aerobic conditions and alkaline pH, there was almost complete

precipitation of Fe in natural waters (Davies, 1970). Studies

of the surface waters of Northern Europe showed that most of

the Fe in the water column existed as soluble chelates

(Gjessing, 1964).

Iron (Fe) and phosphorus (P) have both been shown to be

important in algal nutrition and may be limiting to algal

growth and reproduction in some natural waters (Menzel and



 

Ryther, 1961; Mackenthun, 1968; Fitzgerald, 1970; Goldman,

1972; Lee, 1973; Hutchinson, 1973). The P and Fe of natural

waters can exist in many forms and their chemistry is complex.

Some of the forms are available for uptake and use by algal

cells while some are not (Lee, 1973). Because of this com—

plexity of nutrient chemistry, the availability of nutrients

to algae may vary spatially and temporally. If the eutrophi-

cation process is to be elucidated, the complex interactions

between naturally occurring organic molecules with inorganic

nutrients and their availability to algal cells must be

studied.

Nutrient limitation is considered to be the most

critical factor determining the amount of growth in the

epilimnion of thermally stratified lakes (O'Brien, 1972).

It has been postulated that organic chelates may stimulate

algal growth by making normally insoluble nutrients, such as

Fe, more available for uptake than they would be in the

absence of the chelating substances (Burk SE 31" 1932a;

Provasoli and Pinter, 1959; Johnson, 1964). Shapiro (1957)

found that colloidal, organic acid-Fe complexes could make

Fe more available to phytoplankton and Lange (1970) reported

that the stimulation of blue-green algae by fulvic acids was

due to the ability of the organic acids to hold Fe in solu-

tion and make it available for uptake by algae.

Early workers in algal culture found that many species

of algae grew better if soil or soil extract was added to the
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Then it was found that synthetic chelatingculture medium.

Synthetic organicagents could be used for the same end.

chelating agents have been found to enhance algal growth

during i_n situ field experiments as well as in laboratory

batch cultures (Schelske E 11., 1962) . Knezek and Maier

(1971) found that the synthetic chelating agent, EDDHA

(ethylenediamine di-o—hydroxyphenylacetic acid) promoted

cell division in Euglena gracilis and EDTA (ethylene-diamine-

tetraacetic acid) has been used in many algal culture media,

including the AAP (Algal Assay Procedure, United States

Environmental Protection Agency) medium used in these stud—

ieS. Most of the synthetic media used presently for the

c3"--1ll1.:ure of algae contain a chelating agent (Stein, 1973) .

TheThis is especially true of artificial sea water media.

fact that synthetic chelating agents seem to replace soil

eattracts in these culture media indicates that both may be

responsible for enhancing algal growth by the same mechanism.

Shapiro (1966b) found that the higher molecular weight

fraction of the naturally occurring colored organic acids

was responsible for most of the chelating capacity in surface

waters. The larger molecular weight fraction has also been

fol-Ind to be more stimulatory to freshwater as well as marine

The larger molecularphl’toplankton (Prakash g; g. , 1973) .

weight fractions of dissolved organic acids seem to be more

at-'-'|~Inulatory to algae, but Stevenson and Ardakani (1972) found



that humic acids bind metals very tightly and thought that

the metals bound to the humic acids were unavailable for up-

take by plants. The larger humic acid molecules were found

to bind metals more tightly and were less mobile than the

smaller fulvic acid molecules. These two findings seem to

be contradictory, if in fact humic acids are stimulatory to

algal growth by making nutrients available by chelation pro-

cesses. The low ionic strength and low productivity of

dystrophic bog waters may, among other things, be due to the

binding of metals to humic acids, where they are unavailable

to algae.

The hypothesis upon which this work was based was that

high molecular weight (30,000 or greater) humic acids bind

Fe 'tightly and make it unavailable to algal cells. To test

this hypothesis, sets of experiments were designed to deter-

mine the effects of humic acids on the uptake of Fe and P04

by Scenedesmus obliguus (Tiirp) Kfitz as well as their effects

These experiments tested the ability of humic

 

on growth.

3"kids of molecular weight 30,000 or greater to stimulate

91‘Owth of S. obliquus and if so to identify the stimulating

”echanism.

The effect of humic acids on algal growth in the pres-

ence of Fe and P04 and Fe and P04 uptake were studied in

QOrljunction because of the possible antagonistic effects of

Fe and P04 on each other via precipitation as strengite
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(FePO4.2H20). Although generally not the controlling factor

in most natural surface waters, this compound is fairly

insoluble (szp=25) and removal of Fe and P04 from solution

by this mechanism can effectively reduce the availability of

these nutrients. Fe is routinely used in tertiary sewage

treatment systems to remove soluble PO4 from water and P04

is often added to drinking water to remove undesirable con-

centrations of Fe.

Initial studies of the growth responses of S. obliquus

to various concentrations of Fe and P04 were also studied

and reported as baseline information before the effects of

humic acids on the growth of S. obliguus were studied.

A description of the experimental alga as well as the

e"‘perimental and maintenance culture methods are reported in

IKI>Pendix I. The humic acid characterization and purifica-

tion methods and a description of the humic acids used in

this study may be found in Appendix II.

Appendix III contains the results of a study of various

ion exchange methods for removing humic acids from water.

The pH records, relative growth rates and generation

times for each experiment are reported in Appendices IV and

V respectively .



Fe AND P DYNAMICS

Fe and Phosphorus (P) are both essential for growth

and reproduction of plants. PhOSphorus is used in proteins

and energy transfer systems, while Fe is a constituent of

enzymes and respiratory cytochromes. Fe is also needed for

syntheses that maintain chlorophyll content (Oborn, 1960;

Karali and Price, 1963; Bowen, 1966).

The genus Chlorella requires a minimum concentration

Of 1.8){10u5 M Fe when growing autotrophically, but may re-

qu—‘ire as much as 1.8x10-4 S Fe in dense cultures (Eyster,

l962). Heterotrophic growth by Scenedesmus .912; requires an

Fe concentration of only 1X10—

(0 'Kelly, 1968) , although the optimum Fe concentration for

9 M to grow and reproduce

a“ultiotrophic growth of this genus was reported to be 0.05

I“9’/l Fe in the absence of chelating agents (Eyster, 1967) .

The level of Fe required for growth in the genus Scenedesmus

is related to the extent of hydrogenase synthesis. Below a

ceil‘—‘tain species specific cellular Fe level the algae can no

longer divide (Davies, 1970). Before the effect of humic

a"(35415 on the P04 and Fe nutrition of S. obliquus could be

s.t‘ildied, the limiting levels as well as the algal growth

he Sponses to various levels of these nutrients had to be

est-ablished for the bioassay system being used (Appendix I).

9
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Stock Scenedesmus obliquus cells from cultures growing

actively in AAP medium (Algal Assay Procedure, Environmental

Protection Agency) showed no variation in their response to

Fe concentrations ranging from 1X10"3 mg/l Fe to 1.0 mg/l Fe.

This is not surprising since by luxury nutrient uptake, many

algae are able to accumulate excess nutrients in their cells

when these nutrients are available (Fitzgerald and Lee, 1971;

Lee, 1971; Fitzgerald, 1972). This carry-over of nutrients

allows algae to grow and divide normally for several genera—

tions when placed in a medium deficient in the stored

nutrient.

The AAP medium was developed to minimize the carry-over

of nutrients which can interfere with the testing of nutrient

The AAP medium has an Felintitation by batch bioassays.

8 M which should be limiting toc"ancentration of about 6X10-

The cellular build-up of Fealgal growth (Anon., 1971).

lilii)? be due to stock S. obliquus cells being regularly trans-

These transfers may enableferred to fresh culture medium.

the algal cells to store excess Fe, even though the Fe level

11': the medium is very low. To avoid the carry-over problem,

a Stock of Fe-starved S. obliquus cells was grown in Fe-free

culture medium (Appendix I). .

Fe Limiting Levels

The Fe-starved stock S. obliquus did show a response

t° varied Fe concentrations (Figure l and Table l) .
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Table l.--Statistica1 analysis of the Fe limitation of Fe—

starved S. obliquus. The F—value and level of sig—

nificance for the analysis of variance is listed

for each day with treatments listed from left to

right by ascending algal standing crop. Treatments

that were not significantly different from one ano—

ther (P;§0.95), using a Student-Newman—Keuls multi-

ple range test, are grouped by underlining.

 

     

   

   

   

    

  

TREATMENT

Fe (mg/l)

84.98***

70.37***

54.47***

12.39***  

   

 

3L1? 40.06***

6 treatments with 4 replications

***0A9I :P
*OJS<P

*mwgp

‘F' 0.95 3 P Student-Newman-Keuls test
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A concentration of 0.1 mg/l Fe caused a significantly greater

relative growth rate after day 7, but there was still a lag

phase. When 0.5 or 1.0 mg/l Fe were present in the culture

medium, there was no lag phase and the relative growth rate

was significantly enhanced over that found in the media with

lower concentrations of Fe (Figure 1 and Table 1). There was

no significant difference between the growth responses to

4, leO-3, and leO-2 mg/l Fe. No significant difference3x1o'

was found between the maximum standing crop in the presence of

O. 5 and 1.0 mg/l Fe, indicating that the limiting level of Fe

for the Fe-starved stock was 0.5 mg/l Fe or less. Increasing

the Fe level above 0.5 mg/l caused no increase in relative

growth rate or maximum standing crop. This was probably be—

céuse there was sufficient Fe available, but another nutrient

had become the limiting factor to further algal growth.

Although the maximum standing crop was less and there

was a lag phase for the lowest 4 concentrations of Fe, there

was some algal growth. This indicates that the Fe-starved S.

\obliguus was able to grow and divide after it had accumulated

erleugh cellular Fe, which may have been removed from solution

as soon as it was released by the hydroxide or PO4 precipi-

tates of Fe that would be expected to form in the medium.

The relative growth rate of S. obliquus in synthetic growth

medium at saturating illumination has been reported to be

2 ~ 2 (Hoogenhout and Amesz, 1965) , while the maximum relative
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growth rate for the cultures in these studies was 0.37, which

occurred in the 0.5 mg/l Fe medium between day 0 and 3

(Appendix V, Table 21). This indicates that something other

than Fe was limiting the algae in the exponential growth

phase. The cultures may have been carbon limited, but this

was not likely because air was bubbled through the medium

(Appendix I) and the pH never rose above 9.5 (Appendix IV,

Table 11). The cultures were grown under 375 ft candles con-

tinuous illumination which was possibly not the limiting

factor.

For a given species, the relative growth rate is general-

1y a constant for a particular set of environmental factors.

These include temperature, light intensity, nutrient availa-

bleity, etc. The relative growth rate also depends on the

cell size and physiological state of the stock used. The

dependency upon these conditions makes comparisons of relative

gI‘thh rates under different culture conditions questionable

and should not be done. The limiting level of Fe for growth

by Fe-starved S. obliguus under these particular culture con-

ditions was tentatively determined to be between 0.1 and 0.5

I“is/1 Fe.

Further experiments were conducted to more precisely

de‘tT-ermine the limiting level of Fe to the Fe-starved cells

and study more closely the algal response to Fe nutrition

near the limiting level. The responses were studied as be.—

fore, but for a more restricted range of concentrations.
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The growth response of S. obliquus to 0.1, 0.2, 0.3,

0.4, 0.5 and 1.0 mg/l Fe were plotted (Figure 2). There was

no significant difference between the standing crops in the

media containing 0.1, 0.2, 0.3 or 0.4 mg/l, at any sampling,

although the mean standing crops were generally higher for

the higher Fe concentrations (Table 2) . After 7 days of

growth, there was a significantly greater cell density in

the medium containing 1.0 mg/l Fe than at all other Fe con-

centrations. The medium containing 0.4 mg/l Fe showed a

Significantly lower growth than all other Fe concentrations.

The highest maximum relative growth rate was between days 0

and 7 in the 1.0 mg/l Fe medium, with the 0.5 mg/l Fe medium

ha‘ring the next highest relative growth rate for the same

Period (Appendix V, Table 22). All other concentrations of

Fe had approximately the same relative growth rate for the

Same period.

The log growth phase continued until day 12 for all con-

eel'11:.rations of Fe except 1.0 mg/l, which reached a maximum

s‘tahding crop on day 7 and decreased until there was no sig-

nificant difference between any of the final standing crops

after 16 days of growth. This phenomenon may be caused by

8eVeral factors. The final standing crop may be a function

of the solubility of Fe precipitates, with the culture con-

taihing the highest free Fe concentration initially support-

1119 the greatest growth until the Fe concentrations in all
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Table 2.--Statistical analysis of further Fe limiting level

studies for Fe-starved S. obliquus. The F-value

and level of significance for the analysis of

variance is listed for each day with treatments

listed from left to right by ascending algal

standing crop. Treatments that were not signifi-

cantly different from one another, using a Student-

Newman-Keuls multiple range test (P§_O.95), are

grouped by underlining.

 

TREATMENT

Fe (mg/l)

 

16 
6 treatments with 4 replications

*** 0.99 < P

** 0.95 E P

* 0.90 i P

+ 0.95 3 P Student—Newman-Keuls test
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of the media were equalized by precipitation. The algae in

the medium with an initially high free Fe concentration would

be able to take up Fe rapidly and create an excess cellular

Fe level for growth. This would cause an increased growth

rate until the Fe had been partitioned between the algal

cells, bringing the cellular concentration for growth to a

level that was limiting to growth. The cells in the media

with lower Fe levels grew at a lower rate which may have been

controlled by the release rate of Fe from precipitates. The

reason the final standing crops were the same may be due to

Fe depletion or the build-up of wastes and algal extracellu-

lar by-products. The slower growing cultures may acquire

Fe as it becomes available due to its dynamic equilibrium

with Fe precipitates. To test this, additional Fe was added

as FeCl3 to each of the cultures. This caused a stimulation

of growth in all of the media, indicating that the level of

growth attained in the cultures was due to Fe limitation and

not toxic by—products or the depletion of other nutrients.

PO4 Limiting Levels

Pilot studies showed S. obliguus grown in AAP medium

to carry over P04 by luxury consumption, which masked the

effects of varying the P04 concentrations of the culture

media. As with the Fe experiments, PO4-starved stock algae

were grown to minimize the carry-over effects (Appendix I).
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Using the same methods that were used to study the algal

growth responses to Fe, the growth responses of PO -starved

4

S. obliquus to the following concentrations of P04 were stud-

ied: 2x1o'4, 1x1o’3, 5x1o'3, 1x1o'2, 1x10‘1 and 5x10"1

mg/l. The P04 in the media from the impurities of the other

nutrients used, was calculated to be 2x10-4 mg/l. This was

the lowest PO4 concentration attainable.

No growth occurred in the lowest 4 P04 concentrations

so these were not plotted (Figure 3). Significantly greater

growth was supported by the medium containing 0.5 mg/l PO4

than that contained 0.1 mg/l (Figure 3). As well as support-

ing a greater final standing crop, the higher PO concentra-

4

tion produced a higher maximum relative growth rate (Appendix

V, Table 23).

A second PO4-limitation experiment was performed to more

precisely determine the limiting level of P04 for PO4-

starved S. obliquus under the experimental culture regime.

The algal growth response was plotted for the following PO4

concentrations: 0.05, 0.10, 0.25, 0.50, 0.75 and 1.00 mg/l

P04.

The only PO4 level producing a lag phase was 0.05 mg/l.

The algae grown in the higher PO4 concentrations showed no

lag phases (Figure 4) and exhibited very similar maximum

relative growth rates (Appendix V, Table 24). The final

standing crops of the 3 lowest levels of P04 were significantly
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different and all significantly lower than the 3 highest

levels of P04 (Table 3). There was no significant differ-

ence between the final standing crops in the highest 3 P04

concentrations (Figure 4 and Table 3), although there was a

significant difference in the standing crops after 3 days

of growth. There was also an increase in the maximum rela-

tive growth rate with increased PO4 concentration (Appendix

V, Table 24). The limiting level of P0 to the PO -starved

4 4

S. obliquus used here was found to be about 0.5 mg/l under

the described experimental conditions.

The fact that an increase in P0 concentration causes

4

an increase in the algal growth rate initially but no dif-

ference in standing crops between cultures grown in differ-

ent PO4 concentrations after they reach the stationary

growth phase indicates that the final standing crop of these

cultures may be limited by the availability of another

nutrient or the accumulation of toxic extracellular products

(Fogg, 1971). The increased growth achieved by increasing

the PO; concentration from 0.50 to 0.75 mg/l indicates that

initially higher concentrations of P04 are available but

these differences are soon equalized by the removal from

solution of P04 by adsorption and precipitation.

The phenomenon of increased algal growth rate to the

higher PO4 concentrations initially with no increased stand-

ing crop at the stationary growth phase may also be due to
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Table 3.--Statistical analysis of the further P04 limiting

level study. The F—value and level of signifi-

cance on the analysis of variance is listed for

each day and treatments are listed from left to

right by ascending algal growth responses. The

treatments that were not found to be significant-

ly different, using a Student-Newman—Keuls multi-

ple range test (P§_0.95), are grouped by under-

lining.

 

TREATMENT

PO4 (mg/1)

 

 

 

20.91***   
6 treatments with 4 replications

*** 0.99 < P

** 0.95 E P

* 0.90 g P

+ 0.95 l P Student-Newman-Keuls test‘
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luxury uptake consumption by the PO4-starved S. obliquus

cells. The actively growing cells at the beginning of the

culture experiments may be limited by the rate with which

they build up their cellular PO levels, but by the end of
4

the experiment after the deficient cells have satisfied

their cellular PO4 requirement for growth, there may be very

little advantage to increasing the PO level.
4

Many of these growth effects are artifacts caused by

growing algae in batch culture. The small volume and con-

tinued justaposition of the algal cells and precipitates is

different than the situation observed in most natural sys-

tems.

Fe-PO4 Interactions

The effects of PO and Fe in combination, on the growth
4

of Fe-PO4-starved stock S. obliguus were studied, using a

4x4 factorially designed experiment. The concentrations of

PO studied were 0.50, 0.70, 0.90 and 1.10 mg/l, while the

4

Fe concentrations were 0.30, 0.50, 1.00 and 1.20 mg/l. The

base medium was the normal AAP medium without EDTA, to which

Fe and PO were added to make the appropriate concentrations.

4

Fe-PO4-starved stock S. obliguus was added to each experi-

mental flask to make an initial cell concentration of 1X103

cells/mg. The algae were cultured under the standard experi-

mental conditions (Appendix I), with samples taken after 4,



5, 6, and 7 days and the standing crop determined by cell

29

counts.

Neither PO4 nor Fe added singly stimulated growth of

Fe-PO4-starved S. obliquus (Figure 5). There was a growth

response only when Fe and P04 were added in combination.

As the cultures grew, the responses became more and more variable with an increase in the growth response to P04 as

well as an increased response to the lower levels of Fe.

During the actively growing log phase (day 5), the greatest

response was to Fe and P04 in combination at the highest

levels of application. After 8 days, when the cultures had

passed the point of maximum standing crop and senescence

had set in, the response surface became more complex because

the cell densities in the high Fe and P04 media had begun

decreasing in intensity while some of the cultures with

lower Fe and P04 levels continued to increase.

There was no decrease in the growth response at the

high levels of either nutrient indicating that there was no

decrease in the availability of nutrients due to mass action

precipitation. Because both Fe and P04 were supplied at

concentrations near the limiting levels of the stock S.

obliguus there was an "inching up" effect of the growth re-

sponses. When more of one of the two nutrients being stud-

ied (Fe and P04) was added, the algae were limited by the

other nutrient and an increase in that nutrient was able to

cause a growth response.
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Figure 5.--Response surfaces of growth by Fe-PO -starved

S. obliquus grown in 16 treatment combinations

of Fe and P04. Expressed as cells/ml X105

reported as a function of Fe and P04 concen-

tration after 4, 5, 6 and 8 days of growth.
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The media with 0.5 mg/l P04 supported the lowest final

standing crop of the 4 P04 levels although all of the ini-

tial growth rates were similar (Figure 6 and Appendix V,

Table 25). There was a lag phase only in the medium con-

taining 0.5 mg/l Fe. The lower 2 levels of Fe showed the

greater standing crop after 8 days. The higher Fe levels

supported a smaller final standing crop of S. obliquus, indi-

cating that there is an antagonism between Fe and P0 At4I

the low level of P0 (0.5 mg/l P04), P0 is the limiting
4 4

nutrient for growth because an increase in P0 concentration

4

to 0.7 mg/l P04 causes an increase in the algal growth re-

sponse. Increasing the level of Fe in the medium seems to

cause a decrease in the available P04 and a concomitant de-

crease in the standing crop.

When 0.7 mg/l P04 was present in the culture medium, a

different Fe response was noted (Figure 6b). At this level

of P04 addition, there was sufficient P04 that the greatest

final standing crop was supported by 1.0 mg/l Fe. Increasing

levels of Fe supported higher final standing crops of algae

until an Fe level of 1.2 mg/l was reached. This level of Fe

caused a decrease in the final standing crop, indicating that

the Fe was decreasing the availability of P04 at this point.

As with the lower level of P0 there was an initial lag
4!

phase for cultures grown in the 0.3 mg/l Fe medium.

Increasing the Fe concentration to 0.5 mg/l increased the

initial growth rate to 0.37 (Appendix V, Table 25).
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Figure 6. Growth curves for Fe-PO -starved S. obliquus

in the Fe-P04 interactign studiesT' ghe growth

response is reported as cells/ml X10 as a

function of time.
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Increasing the P04 level to 0.9 mg/l did not cause an

increase in the final standing crop nor the maximum standing

crop for any of the Fe levels, but there was an increase in

the initial growth rate (Appendix V, Table 25). The antag-

onism of the P04 at this level was great enough to prevent

growth in the cultures containing 0.3 and 0.5 mg/l Fe before

day 4 (Figure 6c). The media with the higher 2 levels of Fe

did support growth, with the greater growth occurring in the

medium with 1.2 mg/l Fe. The maximum standing crops for the

3 highest levels of Fe were reached on day 6, while the cells

in the medium containing only 0.3 mg/l Fe continued to grow

at a lesser rate and were still dividing when the experiment

was terminated on day 8. This indicated that the culture

where Fe was limiting was growing at the rate of release of

Fe from FeP04.2H20 and not the maximum potential growth rate

of S. obliguus. By day 8 the cultures in the 3 highest Fe

media were in the death phase and had begun to decline.

At the highest P0 level (1.1 mg/l) there was still a
4

lag phase for the lowest levels of Fe with the 2 highest

Fe concentrations supporting the highest initial growth rate

(Appendix V, Table 25). The maximum standing crop was

reached on days 5 and 6 in the 2 highest Fe concentrations,

after which the cell densities decreased. The algal cell

density, in the media with the lower 2 Fe levels, continued

to increase and was still increasing when the experiment was



36

terminated on day 8. At the highest P0 concentrations, the
4

2 lowest Fe levels supported the greatest final standing

crap (Figure 6d), This was probably due to the fact that

less Fe than P04 was required for growth and higher Fe

levels reduced the P04 availability. The higher Fe levels

supported a higher initial growth rate which was probably

because at this point Fe was limiting algal growth. The

higher final standing crop observed in the lower Fe levels

was most likely due to P0 precipitation by the higher Fe
4

concentration after P04 had become the limiting nutrient.

There was an interaction between Fe and P04 affecting

the growth of S. obliquus. In general the effects can be

explained by mass action chemical precipitation, making the

Fe and P04 less available to the algae,\although the algae

seem to be able to grow after a lag phase when either Fe or

P04 is in short supply, which indicates that algal growth

may be mitigated by the kinetics of FeP04.2H20 dissolution or

the necessity to prepare the environment for growth by the

excretion of extracellular by-products when Fe or P04 is in

short supply due to chemical precipitation.

Ionic Fe in natural waters occurs in very small concen-

trations at the pH, oxygen concentration and redox potential

normally found in the euphotic zone of temperate thermally

stratified lakes (Hutchinson, 1957). Most of the suspended

Fe exists as Fe(0H)3 or FeP04.2H20, sorbed to particulates,
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as complexes or chelated by organic molecules (Hutchinson,

1957).

It is difficult to determine which forms of Fe and P04

will be determining the availability of these nutrients to

algae in a particular system. In an oxygenated system, with

a pH between 8.0 and 9.5, the solubility product of ferric

hydroxide (Fe(OH)3) determines the concentration of free Fe

in solution because it is the most insoluble Fe-containing

compound (KSp-lO-Bg) and provides a sink for Fe+3. The

stabilization of the Fe(0H)3 gel is a slow process so that

over the short run, FeP04.2H20 may exert some control over

the system (Ellis, Personal Communication). The kinetics of

the system are such that in short term bioassay systems both

Fe and P04 may have an effect on the availability of the

other. By mass action an increase in one nutrient would

cause a precipitation of the other. The prZPO4 of FeP04.

2H20 at pH 8.5 is approximately 26.5 (Lindsay and Moreno,

1960), which is a higher solubility than that of Fe(0H)3

under similar conditions, but still low enough to make very

little Fe or P04 available as free ions. Ferric phosphate

solubility :h1 soil and water systems increases with increas-

ing pH while that of Fe(OH)3 decreases with increasing pH

(Lindsay 23.213! 1972). The important ionic species of Fe

in natural waters include Fe+3, Fe+2, Fe(0H)2+, Fe(0H)2+2

and Fe(0H)+, depending upon pH and Eh (Cooper, 1937).
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3
In aerated water with a pH above 5.0, Fe+ can be present in

excess of 0.01 mg/l only as a suspension of Fe(0H)3 (Hem and

3
Crooper, 1959), Fe+ forms a complex readily at pH values

between 5.3 and 9.1 but P04 complexes were not able to pre-

vent the precipitation of Fe(0H)3 (Hem and Crooper, 1959),

It has been reported that algae are able to use P04

from very insoluble Fe-PO compounds such as FePO .2H20
4 4

(Fitzgerald, 1972). Diatoms seem to be especially well

adapted to using Fe(0H)3 as a source of Fe (Harvey, 1937;

Goldberg, 1952; Hayward, 1968). F099 (1971) reports that P04

in the form of FeP04.2H20 is largely unavailable to algae.

The availability of nutrients to algal cells from insoluble

chemical compounds may be species specific and is probably

also dependent on environmental factors.



GROWTH EXPERIMENTS

Effect of Humic Acids on S. obliquus Growth

An experiment was conducted to determine the effects

of various concentrations of humic acids on the growth of

Scenedesmus obliquus. The algal growth response was tested

for the following humic acid concentrations: 0.0, 2.0,

10.0, 15.0, and 25.0 mg/l in AAP medium without EDTA. This

range of concentrations was chosen to bracket the concentra-

tions frequently encountered in natural waters. Prakash

and Rashid (1968) used humic acid concentrations of 6.0,

13.0, and 32.0 mg/l in their studies of the effects of humic

acids on marine dinoflagellates. The experimental media

were inoculated with Fe-starved stock S, obliguus to an

initial concentration of 1X105 cells/ml (Appendix I). The

culture medium and methods used in this experiment were the

standard experimental procedures (Appendix I).

Humic acids significantly increased the growth of

S. obliquus grown in AAP culture medium (Figure 7a, 7b and

Table 4). After 5 days, the lowest growth had occurred in

the medium containing no humic acids while the humic acid

containing media supported greater growth. A Student-Newman-

Keuls test showed no significant differences between the

growth responses of S. obliquus to 2.0, 5.0, or 10.0 mg/l

39
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Table 4.--Statistical analysis of the algal growth responses

of Fe-starved S. obliquus to 6 levels of humic

acids. The F-value and level of significance for

the analysis of variance is listed for each day

with the treatments listed from left to right by

ascending algal growth response. The responses

that were not significant, using a Student-Newman-

Keuls multiple range test (P:0.95) , were grouped

by underlining.

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TREATMENT

H.A. (mg/l)

DAY F 0.0 2.0 10.0 5.0 15.0 25.0

+

5 20.33***

0.0 5.0 2.0 10.0 15.0 25.0

7 13.75***

2.0 0.0 5.0 10.0 15.0 25.0

9 8.64***

0.0 2.0 5.0 10.0 15.0 25.0

11 10.20*** (IV

0.0 2.0 5.0 10.0 15.0 25.0

12 35.52***

0.0 2.0 5.0 10.0 15.0 25.0

15 l8.85***
 

   
6 treatments with 4 replications

*** 0.99 < P

** 0.95 E P

* 0°9°.£ P

+ 0.95 1 P Student-Newman-Keuls test
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humic acids (Table 4). The responses to these levels of

humic acids were significantly greater than when humic

acids were absent, but significantly less than the response

to 15.0 and 25.0 mg/l humic acids (Table 4). This trend

continued throughout the experiment so that on day 15 the

standing crop was not significantly different at the 2 high-

est concentrations of humic acid. The response to the 2

highest humic acid concentrations was significantly higher

than the response to the next 3 highest concentrations which

was in turn higher than the response to AAP medium in the

absence of humic acids (Figure 7a, 7b and Table 4). In the

presence of humic acids, S. obliquus exhibited a longer log

growth phase than was observed in cultures where humic acids

were absent. The algal cells in the medium where humic

acids were absent reached a maximum standing crop after 5

days, while the algae in the humic acid containing media

continued to grow.

Although generally greater standing crops of algal cells

were found in the media containing humic acids before day

7, the growth rates for all of the media were approximately

the same (Appendix V, Table 26). This seems to support the

theory that humic acids are able to supply nutrients which

become limiting in their absence. Since the stock S.

obliquus cells used were Fe-starved, the nutrient that was
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most likely to be in short supply was Fe. The ability of

humic acids to sustain the log growth phase and support a

greater final standing crop indicates that they may be

stimulating growth by making Fe available for growth for a

longer period of time. This may be misleading because

earlier it was shown that S. obliguus was able to acquire

Fe from Fe precipitates so that the final standing crops

were the same at various Fe concentrations.

The humic acids were also able to shorten the lag time

and decrease its severity at the beginning of the experiment.

Bozniak (1969) found that humic substances were able to de-

crease the lag time of a species of Chlorella grown in batch
 

culture. This decrease in lag time may be due to direct

cellular stimulation by the humic acids or by making

nutrients available sooner than in media containing no humic

acids. Thus humic acids not only make growth in an Fe-

limited system last longer, but enable it to begin sooner.

The fact that the final standing crops in the 2 highest

humic acid concentrations were not significantly different

indicates that a point of diminishing return is reached where

the further addition of humic acids does not increase the

growth response. Prakash and Rashid (1968) found that in-

creasing concentrations of humic acids caused increased

growth responses in marine phytoflagellates until a humic

acid concentration of 35.0 mg/l was reached. This concentra-

tion caused a reduction in growth from that of the next lower
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humic acid concentration. The Fe chelation theory explains

this phenomenon by postulating that the high concentration

of humic acids is able to compete with the algal cells for

the available Fe and thus make Fe less available, decreasing

the algal growth. The humic acids may also be directly

stimulatory to algal cells at lower concentrations, but be-

come toxic at the higher levels.

Because the growth studies were not done in axenic S.

obliquus cultures (Appendix I) possible bacterial effects

must be taken into account when explaining the stimulatory

effects of humic acids on algal cells. The bacterium

Azotobacter Sp. has been found to be stimulated by a 25.0

mg/l humic acid solution (Burke, 1932b). It was thought that

this may be due to a redox effect on the bacterial cell mem-

branes, but may also be due to nutrient availability. The

bacteria may be able to use parts of the humic acid mole-

cules as a carbon source although humic acids seem to be

very resistant to bacterial decomposition.

Although the mechanism is not well understood, humic

acids do stimulate some species of bacteria and this may have

an indirect effect on the growth of algal cells. It was

found that Scenedesmus obliguus could not be grown in aqueous

media in the absence of its normally associated bacteria

(Appendix I). It was postulated that the bacteria may be
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supplying a nutrient or service that the S. obliquus cells

could not supply themselves. If this was true, a stimula-

tion of the associated bacterial cells could also cause a

stimulation of the algal cells. This explanation works well

to explain the increased growth rates and decreased lag

times, but does not explain the increased final standing.

crops in the media containing humic acids. If the supply of

some bacterial product was determining the standing crop of

S. obliquus, one would expect the final standing crops to

eventually be the same.

Another possible explanation for the extended growth of

S. obliquus is that humic acids may mitigate the possible

toxic effects of metabolic by-products that build up in batch

algal cultures. There are many metabolic by-products which

are actively secreted and excreted from cells and others

which simply leak from the cells (Zajic, 1970; Fogg, 1971).

It has been found that the presence of some of these extra-

cellular by-products are necessary for the logarithmic

growth of some algal species (Fogg, 1971). If this is true

and humic acids are able to decrease the lag phase, they must

not be sequestering these extracellular products or are able

to replace them. It is possible that there are different

mechanisms acting at the beginning and end of the algal

growth functions and there may be different metabolic prod-

ucts involved in causing the death or declining growth phase.
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There may also be concentration effects enacted. That is,

there may be a minimum concentration of extracellular by-

products needed to support good growth and a maximum concen-

tration above which growth is inhibited. None of these

problems have been studied here and need further investiga-

tion.

Humic Acid-EDTA Interactions

Since the stimulatory effects of humic acids have been

theorized to be due to the ability of the humic acids to

form stable complexes and chelates with algal nutrients and

thus make them available, an experiment was conducted to

compare the stimulatory effects of humic acids to those of

ethylene-diaminetetraacetic (EDTA). EDTA is a synthetic

chelating agent which has been shown to stimulate the growth

of Fe-starved algae by keeping Fe in solution and making it

available for algal growth (Schelske 22 21°! 1962). The

possible interactions between EDTA and humic acids were also

studied.

A 23 factorial experiment with 3 replications was used

to determine the effects of humic acids and EDTA on Fe-

starved and non-starved S. obliquus. The experimental condi-

tions were those of the standard culture procedure (Appendix

I). The 2 levels of EDTA were 0.0 and 0.3 mg/l while the

experimental levels of humic acids were 5.0 and 15.0 mg/l.
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The third factor studied was the nutrient condition of the

stock S. obliquus. The stock algae were either normal

actively growing cells from AAP medium or Fe-starved cells

(Appendix I). The culture flasks were inoculated with enough

stock cells to make an initial cell density of 1X103 cells/

ml.

EDTA in the presence of 5.0 mg/l humic acids caused an

increased algal standing crop at each sampling (Figures 8

and 9). The increased standing crop was significant for day

4 and 7, but not for day 3 and 5 (Table 5). Humic acids

also had a stimulatory effect on S. obliquus in the absence

of EDTA .

Initially 15.0 mg/l humic acids in the absence of EDTA

caused an increase in growth rate for both the non-starved

and Ferstarved algae, but caused a significant decrease in

growth rate of the cultures after day 5 (Figures 8, 9 and

Table 5). By day 7 the response was reversed and there was

a significant reduction of the standing crop of the culture

inoculated with Fe-starved and non-starved stock (Figures 8,

9 and Table 5). In the absence of EDTA, 15.0 mg/l humic

acids caused the algae to have a higher maximum relative

growth rate than 5.0 mg/l humic acids, but the log growth

phase was shorter when the higher humic acid concentration

was present (Figure 9 and Appendix V, Table 27). Similar

responses were obtained for cultures inoculated with starved

and non-starved stock S. obliquus.
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Figure 8.--Response surfaces of S. obliquus growth to

humic acids and EDTA with the algal growth

response in cells/ml reported for each treat-

ment combination for Fe-starved and non-

starved stock S. obliquus after 3, 4, 5 and

7 days of growth. Note the scale changes from

cells/ml x 105 to cells/ml x 106 at day 7.
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Figure 9.--Growth response curves of Fe-starved and non-

starved S. obliquus to humic acids and EDTA.

Each point represents the mean of 3 replica-

tions with 95% confidence limits for each mean

indicated.
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When 0.3 mg/l EDTA was included in the medium, the

presence of 15.0 mg/l humic acids caused a lower standing

crop at every sampling in the culture inoculated with Fe-

starved stock and the culture inoculated with the non—

starved stock had a lower final standing crop than when 5.0

mg/l humic acids were present (Figure 9). There was a sig-

nificant negative interaction between EDTA and the high

level of humic acids after 3 days of growth (Table 5).

When both of these chelating agents were present, there was

an initial inhibition of growth (Table 5). The interaction

was positive but not significant for the samples taken on

day 4 and 7 while the positive interaction was highly sig-

nificant for the sample taken on day 5 (Table 5).

The nutritional state of the algal inoculum had a sig-

nificant effect on the growth response. Initially the non-

starved algae grew better than the Fe-starved S, obliquus

(Figures 8, 9 and Table 5). By the fifth day there was a

significantly lower growth response by the non-starved algae

because of the fact that the initial growth rate of this

algae was greater than the starved cells and they had begun

to enter the stationary growth phase (Table 5, Figure 9 and

Appendix V, Table 27).

The only significant second order interactions between

the presence of EDTA and the nutritional condition of the

stock algal cells were in the samples taken on day 3 and 5.
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EDTA caused a significantly lower growth response when non-

starved stock algae were used than when Fe-starved S.

obliquus stock was used (Table 5, Figure 9 and Appendix V,

Table 27).

Humic acids on the other hand, significantly stimulated

growth in the culture inoculated with non-starved stock

after 5 and 7 days of culture (Table 5 and Figure 8).

The initial effect of the third order interaction was

a decreased growth response of non-starved S, obliquus in the

presence of EDTA and the higher concentration of humic acids.

This initial response was not shown to be significant, but

the increased standing crop on day 7 was significant (Table 5).

An additional set of experiments was conducted to more

precisely determine the effect of humic acids and EDTA on

the growth response of Fe-starved S. obliquus. A 6x2

factorially designed experiment with EDTA at 0.0 and 0.3

mg/l and humic acids at 0.0, 2.0, 5.0, 10.0, 15.0 and 25.0

mg/l was used to study the main effects and interactions of

these chelating agents.

The results of the more detailed study of the effects

of humic acids and EDTA on the growth responses of Fe-

starved S. obliquus were similar to those of the previous

experiment. Initially EDTA caused an increased growth rate

in the absence of humic acids (Figure 10 and Appendix V,

Table 28). After 2 days, EDTA alone caused a significantly
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greater growth rate than all combinations of EDTA and humic

acids (Table 6). The lowest growth rate was observed in

the medium which contained neither EDTA nor humic acids

(Figure 10, Table 6 and Appendix V, Table 28). In the

presence of humic acids, the growth response increased with

increasing concentration of humic acids with and without

EDTA (Table 6, Figures 10 and 11). This trend continued

until a humic acid concentration of 25.0 mg/l was reached,

which caused the same growth response as that for 2.0 mg/l

humic acids (Figure 10).

Growth enhancement seemed to depend upon the presence

of either humic acids or EDTA. While the addition of EDTA

alone caused the highest single increased growth response,

the next highest responses were caused by humic acids either

with or without EDTA. When humic acids were present the

presence of EDTA increased standing crops only slightly

(Figure 10 and Table 6).

After 4 days of growth, the greatest growth response

was observed for the medium containing 25.0 mg/l humic

acids in the absence of EDTA while the second greatest

growth response was to the medium containing 25.0 mg/l humic

acids and 0.3 mg/l EDTA (Figures 10 and Table 6). The low—

est growth response after 4 days was observed in the medium

containing no EDTA or humic acids. There were no signifi-

cant differences between the growth in the various media
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Table 6.--The statistical analysis of a 6X2 factorial humic

acid-EDTA experiment.

significance is listed for each main effect and

interaction at each sampling.

The F-value and level of

The treatment combi-

nations are listed from left to right by ascending

algal growth response, with the means that were

not significantly different, using a Student-Newman-

Keuls multiple range test (P:10.95), grouped by

 

 

 

 

 

underlining.

DAY EFFECT F

2 H 0.29

E 5.08**

HE l . 3 9

TREATMENT

mg/l EDTA

0.0 0.3 0.0 0.3 0.0 0.3 0.3 0.0 0.0 0.0 0.3 0.3

mg/l H.A.

0.0 25.0 25.0 2.0 2.0 5.0 15.0 4.0 10.0 15.0 10.0 0.0

+

EFFECT F

4 H 1.87

E 1.26

HE 1.42

mg/l EDTA

0.0 0.0 0.3 0.0 0.3 0.0 0.0 0.3 0.3 0.3 0.3 0.0

mg/l H.A.

 
0.0 2.0 5.0 15.0 10.0 10.0 5.0 0.0 15.0 2.0 25.0 25.0

 

 

continued
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Table 6--continued

DAY EFFECT F

5 H 1.05

E 0.83

HE 0.30

TREATMENT

mg/l EDTA

0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.3 0.3 0.3 0.0 0.3

mg/l H.A.

0.0 10.0 15.0 2.0 10.0 5.0 2.0 0.0 15.0

 

5.0 25.0 25.0

 

 

 

 

 

EFFECT F

7 H 3.48*

E 15.80***

HE 0.74

mg/l EDTA

0.0 0.0 0.0 0.0 0.0 0.3 0.3 0.3 0.3 0.3 0.0 0.3

mg/l H.A.

0.0 2.0 10.0 5.0 15.0 10.0 5.0 0.0 15.0 2.0 25.0 25.0

EFFECT F

9 H ll.ll***

E l4.53***

HE 0.65

mg/l EDTA

0.0 0.0 0.3 0.3 0.0 0.0 0.0 0.3 0.3 0.3 0.0 0.3

mg/l H.A.

0.0 10.0 0.0 2.0 2.0 15.0 5.0 10.0 15.0

  5.0 25.0 25.0

 

 

continued
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Table 6--continued

 

 

DAY EFFECT F

12 H 9.58***

E 2.97*

HE 1.58

TREATMENT

' mg/l EDTA

0.0 0.0 0.3 0.3 0.3 0.0 0.3 0.0 0.0 0.3 0.3 0.0

mg/l H.A.

0.0 0.2 0.0 2.0 5.0 15.0 10.0 10.0 5.0 15.0 25.0 25.0

 

 

 

EFFECT F

16 H 6.01***

E 0.45

HE 1.01

TREATMENT

mg/l EDTA

0.0 0.3 0.0 0.0 0.3 0.3 0.0 0.3 0.3 0.0 0.0 0.3

mg/l H.A.

0.0 0.0 2.0 5.0 5.0 2.0 25.0 15.0 10.0 10.0 15.0 25.0

 

   
6X2 Factorial with 4 replications

*** 0.99 < P

** 0.95 :<'_ P

* 0.90 £.P

+ 0.95 3 P Student-Newman-Keuls test

H Humic acid

E EDTA
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Figure ll.--Growth response curves of Fe-starved S, obliquus

to humic acids and EDTA. Each point represents

the mean of 4 replications with the 95% con-

fidence interval for the mean reported.
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containing 5.0, 10.0, and 15.0 mg/l humic acids with and

without EDTA, although the means were higher when EDTA was

present (Table 7).

By the fifth day the relative growth rate was beginning

to decrease (Figure 11 and Appendix V, Table 28). The media

containing 0.3 mg/l EDTA in general supported better algal

growth than the media containing no EDTA with the greatest

growth response occurring in the medium which contained 25.0

mg/l humic acids as well as EDTA (Figure 10). In the absence

of humic acids EDTA still caused an enhanced algal growth,

but there was little difference between the responses to the

various concentrations of humic acids without EDTA. There

were 2 significantly different groups of algal growth re-

sponses. The higher growth response was obtained when EDTA

was included in the culture medium with the higher humic

acid concentrations supporting better growth than EDTA alone

(Figure 10).

After 7 days the relationships between the growth re-

sponses to the various experimental treatments were essential-

ly the same as they were on day 5 (Figure 10) and the growth

rates were further decreased (Figure 11 and Appendix V,

Table 28). The greatest growth response was still in the

medium containing EDTA and 25.0 mg/l humic acids with the

standing crops increasing with increasing concentrations of

humic acids in the media. There was a higher response to
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each level of humic acid when EDTA was present. Once again

there were 2 statistically different groups of growth re-

sponses. As in the day 5 sample, the higher growth responses

occurred in the media where EDTA was present, although when

25.0 mg/l humic acid was present in the medium in the absence

of EDTA the growth response was almost as great as when both

EDTA and 25.0 mg/l humic acid were present.

The standing crops for the various media displayed the

same trend on day 9 and 12 as they did on day 7 (Figure 10,

11, Table 6 and Appendix V, Table 28).

The cultures were entering the stationary growth phase

on day 12. By day 16 some cultures were in the stationary

growth phase while others had entered the death phase (Figure

11). The more actively growing cultures began to decline

first so that the response surface for the growth responses

on day 16 showed a smaller standing crap for the media con-

taining 25.0 mg/l humic acids with and without EDTA. Other-

wise the response surface is proportionately the same as for

earlier samples. There were two significantly different”

groups of responses. Because some of the cultures had en-

tered the death phase of the growth curve there was a

tendency for the differences between the growth responses to

decrease, but the least growth still occurred in the media

which contained neither EDTA nor humic acids (Table 6). The

growth responses of S, obliquus to humic acids and EDTA were
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very similar. Alone EDTA and humic acids caused almost

identical growth responses and in combination there was a

slightly higher response than when each was present singly.

EDTA has been found to hold Fe in solution and make it

available to algae in fresh water (Schelske 22 El}! 1962).

EDTA has also been found to prevent the precipitation of

Fe from sea water and keep the Fe available to marine phyto-

plankton (Lewin, 1971). It has also been found that EDTA

was able to dissolve Fe(0H)2.2H20 when added to culture

media (Davies, 1970).

EDTA has a stimulatory effect on algal growth by che-

lating Fe and other cationic nutrients and keeping them

from precipitating. The stability constants of EDTA are

such that they can make these metal ions available for algal

growth. Since the growth responses of S, obliquus to EDTA

and humic acids were very similar, it seems that humic

acids may be acting in a similar manner to EDTA in stimulat-

ing algal growth. In the absence of a chelating agent, the

reduced growth may also be due to the fact that the algal

growth rate was the same as the rate of Fe release from

Fe(0H)3 and FeP04.2H20.

The fact that humic acids seemed to enhance the algal

growth even in the presence of EDTA suggests that the humic

acids may have been acting to stimulate S, obliquus growth

by some mechanism other than chelation alone. The addition
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of humic acids at the highest level and EDTA both resulted

in no over-chelation. Humic acids seemed to be acting in

two ways: (1) Chelation such as that of EDTA and (2) some

other stimulatory mechanism (see section of heterotrophic

growth).

Effect of Humic Acids on the S. obliquus

Growth Response to Fe and P04

Because humic acids may be stimulatory to algal growth

by making Fe available to Fe-starved S. obliquus, the ef-

fects of humic acids on algal growth at 2 levels of Fe were

studied. The earlier experiments indicated that Fe and P04

can have reciprocal effects on their availability to algal

cells so the effects of humic acids on the Fe-PO4 interac-

tion were also investigated.

The 23 factorial experiments were performed to determine

the effects of humic acids on the growth response of S.

obliquus to Fe and P0 One experiment was done using Fe—4.

starved stock algae, while the other was done using non-

starved stock algae (Appendix I). The experimental levels

of Fe were 0.5 and 1.2 mg/l, while the 2 levels of P04 stud-

ied were 0.5 and 0.9 mg/l. Humic acids were either absent

or present at a concentration of 15.0 mg.l. The cultures

inoculated with Fe-starved algae had an initial cell density

3
of 3X10 cells/ml and when the non-starved stock was used

3
the initial cell density was 6X10 cells/ml.
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When non-starved stock algae was used, 1.2 mg/l Fe

caused an increase in growth over 0.5 mg/l (Figure 12),

which was significant at the P310.95 level (Table 7). After

2 days, the response to Fe was greater in the presence of

P04 than to Fe alone (Figure 12).

The sample taken after 3 days showed the standing crop

to have increased in all of the cultures (Figure 13), but at

the low level of P04 application there was little difference

between the 2 levels of Fe (Figure 12). At the higher level

of P04 the response to the higher level of Fe was about the

same as it was at the lower P04 level, but the standing crop

of S, obliquus was lower in the low Fe medium when P0 was
4

present at 0.9 mg/l.

After 4 days, the standing crop was the same for the

high Fe medium at the low level of P0 application. The
4

structure of the response surface was beginning to break

down because the relative growth rates of the cultures were

decreasing as the cultures moved into the stationary growth

phase (Figures 12, 13 and Appendix V, Table 29).

By the fifth day of the experiment, the cultures were

either in the stationary phase or the death phase. The

initially more rapidly growing cultures were declining while

the other cultures were in the stationary phase. This caused

the standing crops of the various cultures to be more simi-

lar, with no difference between the 2 levels of Fe at an
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Figure 12.--Response surfaces for the growth responses

of non-starved S. obliquus to Fe and humic

acids. The standing crop is reported as

cells/m1 after 2, 3, 4, 5 and 7 days of

growth for each of the 2 P04 levels studied.

Note the scale of standing crop changes from

cells/m1 X105 to cells/ml X106 on day 4.
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Figure l3.--Growth curves for the growth responses of

non-starved S. obli%uus to Fe and humic

acids at 2 levels 0 P04 application re-

ported as log cells/ml. Each point repre-

sents the mean of 3 replications with 95%

confidence intervals for each mean indicated.
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.application of 0.5 mg/l P04. The standing crop was greater

1J1 the higher Fe medium when 0.9 mg/l P04 was present.

Because of the large amount of experimental error, in-

creasing the Fe concentration caused a significant stimula-

tory effect on the standing crop only on day 2 and 4 (Table

7) . The main effect of P04 was always negative, but this

Insijrn effect was not significant for any of the sampling.

PO4 did seem to have a positive effect on the growth response

.111 some cases (Figure 13 and Appendix V, Table 29), but

Since the main effect was a measure of all P04 effects, the

OVerall main effect was negative and not significant at each

Sampling.

After the first 2 days of growth, the main effect of

‘tlle higher humic acid level (15.0 mg/l) was negative and

1lighly significant (Table 7). The higher level of humic

iicids caused a decreased standing crop at both Fe levels

Vihen P04 was present at 0.5 mg/l and at the higher Fe concen-

‘tration when P04 was present at 0.9 mg/l (Figure 13). The

greatest standing crop after 2 days was in media containing

humic acids in the presence of the higher Fe and P04 con-

centrations. When humic acids were present the growth

response to the lower level of Fe was the same as the growth

response to the higher Fe level in the absence of humic

acids at both the higher and lower levels of P04 applica-

tion (Figure 12).
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After 3 days of grdwth, there were no significant main

effects or interaction terms involving humic acids (Table

7) . There were no differences in the responses to either

level of Fe or humic acids at the lower P04 level, but at

the higher level of P04 either humic acids or the higher Fe

level caused an enhancement of growth. The presence of

humic acids and 1.2 mg/l Fe did not cause a greater growth

response than that observed for the higher level of Fe or

humic acids alone .

Between day 2 and 3, the growth curves of the S.

 

bliquus in humic acid containing media and non-humic acid

media crossed (Figure 13). In the log growth phase, the

growth rate of the algae in the media containing humic acids

was greater (Appendix V, Table 29) , allowing the algae in

these media to surpass the standing crop of those in the

media containing no humic acids. Although the humic acids

caused an initially decreased growth rate in all the media,

Except where Fe was present at the lower concentration and

PO4 was present at the higher concentration, once the algae

in these media surpassed the others the standing crop was

always higher in the media containing humic acids (Figure

13). The sample taken on day 4 showed the greatest growth

responses to be in the media containing humic acids. There

were no differences between the responses to the levels of

Fe at the high or low P04 level in the presence of humic

acids. At the higher level of P04, the addition of humic
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.acids to the low Fe medium caused the same growth response

:33 the higher level of Fe in the absence of humic acids.

There was a significant positive growth response to

the higher level of humic acids as well as Fe (Table 7) .

The P04 main effect was negative but not significant and

there were no significant interactions.

By day 5, the cultures had reached or passed their

Insiscimum standing crop (Figure 13). With some cultures in

‘tlnee death phase and some in the stationary phase the dif-

IEeeirences between the cultures were minimized and there was

3misttle difference between the media with and without humic

acids present. At the lower P04 concentration, humic acids

.iJmcreased the growth response in the presence of 1.2 mg/l

'EWE but caused a decrease in the growth response when 0.5

nIsa/l Fe was present. At the higher P04 concentration there

Vmas a slight increase in the growth response to the lower

ILevel of Fe when humic acids were present, but humic acids

3had no effect on the growth response to 1.2 mg/l Fe.

The sample taken on day 7 of this experiment was well

into the death or decline phase of all the cultures (Figure

13). The presence of humic acids in the culture media had

no effect on the algal growth response at the lower P04

level, but at the higher P04 concentration the presence of

humic acids caused an increase in the growth response.

There was no significant main effect due to the presence of
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high Fe or Fe-humic acid interactions. The humic acid main

ef feet was significant, but none of the interactions involv-

ing humic acids were significant.

When Fe-starved stock S. obliquus was used to inoculate

the experimental media a different set of responses was

observed than those observed for non-starved stock. After

2 days of growth, the greatest algal growth response was to

the medium with the higher level of Fe and no humic acids at

bOth the higher and lower P0 levels. The greatest response

4

to this combination occurred at the lower P04 level (Figure

14 ) . At the lower P04 level the lowest growth response was

to 15.0 mg/l humic acids and 0.5 mg/l Fe. There was little

difference between the response to low Fe in the absence of

hmnic acids and that to the higher Fe level in the presence

of humic acids. The presence of humic acids in the culture

medium caused a growth inhibition and decreased the differ-

ence between the higher and lower levels of Fe. When P04

Was present at 0.9 mg/l the smallest growth response was

obServed in the medium where Fe was present at a concentra-

tion of 0.5 mg/l and humic acids were absent, while the

grfieadzest growth occurred in the medium containing no humic

acids and the higher Fe level. Humic acids had a slight

stimulatory effect at the lower Fe level, but decreased the

growth response to the higher level of Fe. No significant

main effects or interactions could be shown (Table 8).
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Figure l4.--Response surfaces for the growth response of

Fe-starved s. obliguus to Fe and humic acids

at 2 levels of P04. Standing crops are re-

ported as cells/ml after 2, 3, 4, 5 and 7

days of growth. Note the scale changes from

cells/ml X 104 to cells/ml x105 on day 3.
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After 3 days of growth, the greatest growth for the

low PO4 media occurred when humic acids were absent from

the medium and Fe was present at 1.2 mg/l. There was very

little difference between the other 3 treatments, although

the humic acids did seem to enhance growth when present in

the lower Fe medium. When the P04 concentration was 0.9

mg/l the greatest growth response was to the higher Fe con-

centration and humic acids in conjunction, but the differ-

ences between the various responses were not very great

and could not be shown to be significant (Table 8)

After 4 days of growth, all of the main effects and

interaction effects were highly significant. By day 4, the

maximum standing crop in the low PO4 media was found in the

medium containing 1.2 mg/l Fe. There was no difference be-

tween the response to Fe in the humic acid and non-humic

acid containing media. The response to the lower Fe level

was nearly as great as the higher Fe level in the presence

of humic acids, but in their absence this level of Fe sup-

ported the smallest standing crOp observed at this sampling.

When PO4 was present at the higher concentration, the

greatest growth response was to the higher Fe level. This

was true of both the medium where humic acids were present

and the medium where they were absent. There was no sig-

nificant effect of humic acids at the higher or lower Fe

level.
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By the fifth day of growth, all of the cultures were

in either the stationary phase or death phase of growth

(Figure 15). The standing crops were proportionately the

same as they were after 4 days when 0.5 mg/l PO4 was present

in the culture media, but there was a difference in the

relative standing crops for the media containing 0.9 mg/l

PO At the higher level of PO the greatest standing crop
4' 4

occurred in the high Fe medium in the presence of 15.0 mg/l

humic acids with the response to high Fe in the absence of

humic acids being slightly less. The media containing only

0.5 mg/l Fe exhibited a much lower standing crop, with humic

acids slightly enhancing the growth at this level of Fe

application.

After 7 days of growth, the most rapidly growing cul-

tures had entered the decline phase while the less rapidly

growing cultures had reached their stationary phase (Figure

15 and Appendix V, Table 30). The presence of humic acids

had a significantly negative effect on the standing crop

(Table 8 and Figure 15).

The media containing humic acids initially supported a

greater growth rate than the non—humic acid media (Figure

15). By the seventh day of the experiment, the standing

crOp was lower in all of the media containing humic acids

except the high PO4-low Fe medium.
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Figure 15.--Growth curves for the growth responses of

Fe-starved g. obliguus to Fe and humic acids

at 2 levels of PO . Each point represents

the mean of 3 replications reported as loglo

cells/ml with 95% confidence intervals for

each mean indicated.
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The growth responses of the Fe-starved stock s.

obliguus cells were much more variable than those of the

non-starved stock. This made it very difficult to show any

significant differences between the treatment main effects.

Fe and P04 have an antagonistic effect on the algal

growth responses caused by each other. Similar responses

were observed when Fe-starved and non-starved stock algal

cells were used, although the responses of the Fe-starved

stock were much more variable. The cultures grown at the

lower P04 level responded to increased levels of Fe. This

may be explained by the mass action precipitation of the

available Fe by the presence of a high concentration of P04.

The response to additional Fe was about the same as that

to the addition of 15.0 mg/l humic acids in the presence

of the low Fe concentration which seemed to indicate that

the humic acids were somehow able to keep the P04 from

precipitating the Fe, making the Fe available for algal

growth. The initially decreased growth response in the

presence of humic acids indicates that humic acids may

initially decrease the availability of Fe but later make it

more available.

The effect of the addition of Fe or humic acids to

the culture media was not as great at the low level of P04

application when non-starved stock g. obliguus was used be-

cause this level of P04 was near the limiting level for
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growth determined for‘§, obliguus grown under these cultural

conditions. Thus the lack of differences between the variw

ous responses may have been due only to PO limitation.
4

When Fe-starved stock algal cells were used to inoculate

the experimental media the responses to Fe were less at the

higher PO4 concentration. This was probably due to precipi-

tation of Fe as FePO4.2H20.

Humic acids did not decrease the negative effects of

P04 on the availability of Fe. Growth responses were even

decreased in the presence of humic acids and the higher PO4

concentration in conjunction.

There were differences in the growth rates and standing

crops for the early samples taken, but as the cultures aged

the growth rates and standing crops became more alike. This

was due in part to the decreasing growth of the more active-

ly growing culture while the more slowly growing cultures

continued to grow. The fact that the more slowly growing

cultures continued to grow indicated that the algal cells

were able to eventually get the Fe and PO necessary to

4

attain the same final standing crOp as the cells grown in

higher concentrations of these nutrients.

In a closed and confined system, such as a culture flask,

the precipitates formed are kept in contact with the algal

cells. Because of this the cells are able to obtain the

needed nutrients by active solubilization of the precipitates
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or by the uptake of the nutrients as they are solubilized

by the dynamic equilibrium of the chemical species. In a

natural system the precipitates formed are often sedimented

out of the euphotic zone where algal cells are actively

growing. This effectively removes the nutrients and makes

them unavailable to algal cells for growth. If chelating

agents are able to bind Fe and keep it from precipitating

and thus sedimenting out of the euphotic zone, they could

play a role in supplying the needed Fe to algal cells.

Shapiro (1957) found this to be the case in Linsley Pond.

Humic acids as well as the numerous other large organic

fractions that occur in natural waters are also subject to

sedimentation (Otsuki and Wetzel, 1972). At low Fe levels

the addition of humic acids caused a reduction in the ini-

tial growth response of Fe-starved S. obliguus, indicating

that the humic acids were making Fe less available, but the

humic acids caused an enhanced growth response in the pres-

ence of a higher Fe concentration. This effect may be due

to a simple chelation and release phenomenon or may be more

complex. The humic acids may be functioning in two ways; by

chelating Fe and making it more or less available to algae

or directly stimulating the algal cells by some other

mechanism.
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Effects of Ca on the‘S3‘9bligUEs Growth.Response

to Humic Acids

A 3x3 factorial experiment with 2 replications was used

to study the effects of 3 levels of Ca on the algal growth

responses to 3 levels of humic acids. The Ca concentrations

studied were 0.0, 20.0 and 40.0 mg/l and the experimental

humic acid concentrations were 0.0, 10,0, and 15.0 mg/l in

AAP base medium without EDTA. Each culture flask was inocu-

lated with enough Fe—starved S. obliguus to make an initial

cell concentration of 7X103 cells/ml.

After 2 days there was an increased standing crop in

the presence of 15.0 mg/l humic acids as well as in the

Presence of 40.0 mg/l Ca (Figure 16) , but an analysis of

\nariance showed no significant differences between any of

tflle experimental treatments (Table 9).

By the sample taken on the third day there were some

sjhgnificant differences between the treatments (Figure 17

aJId.Table 9). The greatest growth response was to 40.0 mg/l

C21 with the same standing crop occurring at all 3 levels of

'hxnmic acid at this level of Ca. In the absence of humic

aIlids there was a growth response to 20.0 mg/l Ca that was

intermediate between that to 0.0 and 40.0 mg/l Ca. The mean

stlanding crOp for the medium containing 15.0 mg/l humic

ac3i<§is in the absence of Ca was slightly greater than that

for the media with lower concentrations of humic acids.
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Figure 16.--Response surfaces for the growth responses of

Fe-starved S. obliguus to humic acids and Ca

with standing crOps reported as cells/ml after

2, 3, 4 and 5 days of growth. Note the scale

changes from cells/ml X 104 to cells/ml X10S

on day 3 and to cells/ml x106 on day 5.
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Table 9.--Statistical analysis of the algal growth responses

of Fe-starved S. obliguus to Ca and humic acids.

The F-value and level 0 significance for each

main effect and interaction are listed for each

sampling. The treatment combinations are listed

from left to right by ascending standing crops.

The means that were not found to be significantly

different, using a Student-Newman-Keuls multiple

range test (P510.95), are grouped by underlining.
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2X3 factorial with 2 replications. *** 0. 99 < P; ** 0. 95_<_ P;

(3 90 < P; + 0. 95 < P Student-Newman-Keuls test; H humic .

acid; C—Ca.
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Figure l7.--Growth response curves of Fe-starved S. obliguus

to humic acids and Ca. Each point represents

the mean of 2 replications reported as log 0

cells/ml with 95% confidence intervals indicated

for each mean.
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There were no statistically significant differences among

most of the treatments due to the large amount of variabil-

ity in some of the samples (Figure 17). There was a sig-

nificantly lower standing crop in the medium containing no

Ca in the presence of 10.0 mg/l humic acids and in the

medium containing 20.0 mg/l Ca in the presence of 15.0 mg/l

humic acids than all of the other treatment combinations.

A Student-Newman-Keuls multiple range test showed no

significant differences among the growth responses to the

‘various treatments after 4 days of growth, but there was a

significant interaction between the humic acid and Ca effects

Crable 9), although there seemed to be a growth enhancement

12y either Ca or humic acid addition (Figure 16).

After 5 days, the differences in standing crops on the

reaponse surfaces (Figure 16) were not as pronounced, but

“thezstandard deviations of the means were smaller (Figure 17)

SO that some significant differences were shown by the

Stuadent-Newman-Keuls multiple range test. The highest stand-

jdrg crops were in the media containing the lowest Ca concen-

trations, while the higher concentrations of Ca supported

1CNver growth (Table 9).

Wilson and Collier (1955) reported that humic acid-

bCNand Fe carried into the marine environment was released

tflrus making it available to the phytoplankton. The effects

015 Ca on the growth of S. obliquus were not as expected.
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The presence of Ca was expected to exchange humic-bound Fe

thus making the Fe available for algal growth.

The Ca did have a stimulatory effect that was manir

fested in the absence of humic acids. In fact, the presence

of humic acids in the media decreased the effect of Ca on

algal growth. This was probably due to the fact that the

humic acids were chelating the Ca and making it unavailable.

Ca did not seem to be able to release Fe, but did seem to

be chelated or otherwise have its stimulatory effect negated

by humic acids.

It was thought that the stimulatory effect of Ca may

lmave been due to the increased buffering capacity of the

Inedia in the presence of the Ca, but the pH values in the

Imedia containing Ca were not any lower than those where it

vwas present (Appendix IV, Table 20).

The effect was a direct stimulation of the algal cells

“filich was effective only for the first few days of culture.

33' the fifth day of growth, there was no difference between

the various Ca concentrations, indicating that the stimula-

tC>:ry effect of the Ca was probably not due to Ca limitation

111 the culture media. This direct effect of Ca on S.

Pbliguus growth was not studied here.



UPTAKE EXPERIMENTS

32PO4 Uptake in the Presence of Humic Acids

Bremner (1954) reported that humic acids were able to

sequester the phosphorus that is available to plants while

Manojlovic (1965) found that humic acids were able to se-

quester H3PO4 and reduce adsorption onto soil particles from

super phosphate solutions. This ability of humic acids to

sequester PO4 may cause a reduction in the availability of

P04 to algal cells. If humic acids are present in aquatic

systems as colloids they may hold PO4 by surface binding

phenomena. Since it has already been shown that Fe and P04

can affect the availability of each other, it is important

to understand the effects of humic acids on both P04 and Fe

availability. Hutchinson (1957) reports an unknown sub-

Stance which he calls the phosphorus sparing factor which

al.'l.ows algae to grow with a lower PO4 level. This was dis-

CXIvered when cultures made with lake water and distilled

Water were compared. Since it has already been shown that

SClil extracts added to culture media stimulate growth it was

thought that the humic acids may be acting as a phosphorus

sParing factor. This effect was thought to be due to humic

axlids sequestering P04, thus preventing its precipitation,

102



103

but still keeping it available for uptake by algal cells.

An experiment was designed to study the effects of

humic acids on the uptake of P04 by S. obliguus from AAP

culture medium. The effects of various concentrations of

humic acids (molecular weight 30,000 or greater) on the

uptake of P04 from 200 ml of non-EDTA AAP base medium were

studied radiologically, using carrier free P04 in 300 ml

Erlenmeyer flasks.

The stable PO concentration of the AAP culture medium

4

was 0.186 mg/l P (added as K HPO4) and the 32PO concentra-

2 4

10
tion was 4.28x10- mg/l P (850 CPM/ml). After the tracer

was added to the medium the system was allowed to equili-

brate for 4 h. The loss of 32P04 due to adsorption to the

flask was less than 1%.

After the equilibration period enough PO4-starved stock

S. obliquus (Appendix I) was added to make a final cell

5

 

density of 2x10 cells/ml in the experimental media.

Twenty ml samples of the algal suspension were removed

31: known time intervals from 0.25 to 4.0 h with a volumetric

Pipette and filtered through a 5 u cellulose-ester membrane

fjdlter at a vacuum of 5 psi or less to separate the algal

C36.1.13 from the culture medium. Microscopic examination

1ndicated that filtration at this vacuum level did not rup-

tltre the S. obliquus cells. The filters and associated

aJ-gal cells were washed with a 50 ml portion of 0.01 11 HCl
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followed by a 50 ml portion of distilled water to remove

32PO4 from the outside of the cells and from the membrane

filter. Tests indicated that this procedure removed between

98.5% and 99.5% of the activity adsorbed on the cellulose-

ester filters and did not rupture the algal cells.

The filters were air dried and the activity counted,

using a gas flow geiger-muller detector. The detectable

background radiation was less than 2 counts per minute (CPM)

and the activities high enough that a 10.0 min count gave at

least 90% confidence to the counting statistics. All samples

were counted for 10.0 min or 10,000 total counts, whichever

came first. All samples were corrected for background and

also for decay to the beginning of the experiment if there '

was a time lapse of more than 2.0 h between countings. In

samples where only relative differences were meaningful all

comparisons of uptake were made in CPM. If there were dif-

ferences of specific activities between treatments the com-

.Parisons were made in mg/l. The uptake of 32P04 by PO4

starved S. obliquus cells was determined in the presence of

0-(3, 10.0, 15.0, 20.0 and 25.0 mg/l humic acids.

The presence of 20.0 mg/l humic acids reduced the rate

oi? 32PO uptake and the cells in this medium had the lowest

4

fiJnal cellular 32PO4 level (Figure 18). When 25.0 mg/l

hlunic acids were present, the final cellular 32P04 concen-

t11‘ation was slightly reduced but the initial uptake rate
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Figure l8.--Uptake curves for the uptake of 32PO from

AAP media containing 5 levels of humic acids

by PO4-starved S. obliquus. The specific

activities are the same so all of the uptakes

are reported as CPM.
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was the same as when humic acids were absent or present at

10.0 mg/l. The highest final cellular 32PO4 level was

achieved in the medium containing no humic acids while the

next highest final cellular level was in the medium contain-

ing 10.0 mg/l humic acids. This shows a trend of increasing

32PO4 uptake with decreased humic acid concentration with

the exception of the medium containing 15.0 mg/l humic acids

which supported a final cellular 32PO concentration as high
4

as that of the algae in the medium containing no humic acids.

This 32PO4 uptake enhancement may be either an artié

fact or a true humic acid effect. If this is a true effect,

it indicates that there is an optimum humic acid concentra-

tion. Concentrations greater or less than 15.0 mg/l cause

a decrease in the 32P04 uptake.

The presence of humic acids in the nutrient medium had

32PO4 which adsorbed to the

cellulose-ester filters and also had no effect on the amount

of 32P04 activity lost to the glass culture flasks by ad-

sorption.

no effect on the amount of

The uptake results and the fact that the humic acids

did not affect the adsorption of PO suggests that the se-
4

questering of P04 by purified humic acids of molecular weight

30,000 or greater is slight and of little importance in

directly determining the availability of P04 to algae.
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59Fe Uptake in the Presence of Humic Acids

The mechanism of Fe uptake in algae is not well-known,

but one possibility that has been suggested is that the

cellular metabolic Fe is simply in equilibrium with free Fe

released from Fe precipitates such as Fe(OH)3 which is ad-

herant to the cell membrane (see section on membrane effects).

The uptake of Fe by higher plants may involve the movement

of Fe across the cell membrane by sideramines (Prelog, 1964).

The same mechanism is probably not operating in microorgan-

isms, but there may be a similar mechanism. As early as

1953, Waris suggested that some algae may have chelating

agents on their surfaces to make insoluble Fe compounds

available for uptake.

Lewin (1971) found that some species of marine phyto-

plankton were unable to utilize unchelated Fe from sea

water.

If humic acids are chelating Fe or if Fe is surface-

bound to humic acids it is important to know if Fe held by

‘thelhumic acids is available to algal cells. If humic acids

can bind Fe and keep it in solution or suspended in the

ePilimnion of lakes but bind the Fe in such a way that it

153 unavailable to phytoplankton, the theory that humic acids

stimulate algal growth by supplying Fe is not valid.

The effect of humic acids on the uptake of Fe from AAP

I“edia was studied using 59Fe as a tracer. Fe uptake from
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culture media made with an AAP base medium was studied in

the presence of 0.0, 5.0, 10.0 and 25.0 mg/l humic acids.

In studying the effects of humic acids on Fe uptake the EDTA

called for by the AAP medium was omitted. The experimental

2 10 mg/l
media contained 3x10“ mg/l stable Fe and 5.56x1o‘

59Fe (123 CPM/ml) added as carrier-free FeC13. As in the

P04 uptake study the media were allowed to react for 4 h

after the tracer was added. After 4 h, less than 1.0% of

the Fe was lost by adsorption to the glass culture flasks.

This was true whether humic acids were present or absent.

The cell density in the experimental flask was made up

to 5X105 cells/ml with Fe-starved stock S. obliquus and 20

ml samples of the algal cell suspension were taken over

time as in the P04 uptake study.

Another Fe uptake study was conducted to better define

the Fe uptake during the first 30 min of the uptake and

further clarify the length of time needed for the algal cells

to reach saturation. In this experiment the Fe concentra-

2 mg/l and the 59Fe concentration wastion was 3X10-

5.752(10-lo mg/l (250 CPM/ml) and the media were inoculated

with Fe-starved stock S. obliguus to make a cell density of

l§C106 cells/ml.

The samples were filtered and washed as in the P04 up-

take study, but instead of drying the filters, each filter

was placed in a 9 dram plastic counting vial and dissolved
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in 10.0 ml o£.methanol, which kept the counting geometry

of the samples constant. The 59Fe gamma radiation was de-

tected with a well type, NaI cryStal scintillation detector

and corrected for background, which was a constant 5 counts

per minute (CPM). As with the 32 P, the activity was counted

for 10 min or 10,000 counts immediately after sampling with

no correction made for decay.

When humic acids were present in the culture medium,

there was a decrease in the Fe uptake by the S. obliquus

cells (Figure 19). In the absence of humic acids the S.

obliguus cells had an activity of more than 1,300 CPM after

30 min, but in the presence of 5.0 mg/l humic acids the

final activity of the algal cells was only 130 CPM and when

the humic acid concentration was 10.0 mg/l the uptake was

even less. A concentration of 25.0 mg/l humic acids allowed

the least uptake of Fe although this uptake was not much

less than that observed in the medium which contained 10.0

mg/l humic acids.

Not only was there a decrease in the final activity of

the cells but there was also a decrease in the rate of up-

take in the media containing the higher concentrations of

humic acids. Uptake of 59Fe was complete in about 1 h when

humic acids were present in the culture medium but uptake

was complete after a h in the medium where humic acids were

absent.
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Figure 19.--Uptake of 59Fe by Fe-starved S. obli uus from

AAP media containing 4 concentrations of humic

acids. The specific activities for the media

were the same so the uptake was reported as

CPM for the algal cells in a 20 ml sample.
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Similar results were obtained when the experiment was

repeated with samples being taken at shorter intervals.

Although the 59Fe activity in the culture was slightly high-

er and cell density was greater, the final cellular 59Fe

activity was less, but the greatest uptake still occurred in

the medium where humic acids were not present (Figure 20).

There was little difference in the uptake of Fe from the

media containing humic acids, but the higher the humic acid

concentration, the lower the cellular Fe level. The uptake

of Fe was complete after 5 min in the presence of humic

acids and virtually complete after 10 min when humic acids

were not present in the culture medium, although there was

a slight increase in the cellular Fe activity with time.

The addition of 10.0 mg/l humic acid to a solution of

59Fe and stable Fe caused a 97% decrease in the amount of

Fe adsorbed onto cellulose-ester filters when they were

washed with 50 ml of 0.5 S HCl and 50 ml of distilled water.

59Fe to stand forAfter allowing culture media containing

36 h, the activity in the medium containing no humic acids

decreased from 250 CPM/ml to 190 CPM/ml, while in the media

containing 5.0, 10.0 and 25.0 mg/l humic acids the activity

decreased to 226, 231 and 245 CPM/ml respectively. The

humic acids were able to bind or otherwise make Fe unavail-

able to undergo adsorption reactions with the surfaces in

which it came in contact.
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In another experiment the loss of 59Fe activity due to

adsorption was 50% less in culture medium containing 25.0

mg/l humic acids than in culture medium containing no humic

acids.

The greater adsorption of 59Fe in the absence of humic

acids was a source of error in the uptake experiments.

Despite the fact that there was a decrease in the total Fe

concentration because of adsorption in the absence of humic

acids, the greatest algal uptake of Fe still took place in

the medium where humic acids were not present. There may

also have been error introduced by increased adsorption of

Fe onto filters in the absence of humic acids.

Removal of Humic Acid-Bound Fe by S. obliggus

An experiment was conducted to determine the ability

of S. obliguus to remove Fe that was complexed or otherwise

bound to humic acids. Because humic acids may exist as

_ colloids instead of soluble molecules the bound Fe may exist

in a surface bound state as well as a complex or chelate.

Humic acid-bound Fe was formed by allowing a mixture

of stable Fe and 59Fe to react with a solution of humic

acids for 24 h and dialyzed against distilled water to remove

the unbound Fe. One hundred ml of the humic acid-Fe solu-

tion were placed in a dialysis bag and suspended in 3,000

ml of distilled water and dialyzed for 7 days, resulting in
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a 200 mg/l humic acid solution with a specific activity of

6.98X104 CPM/mg Fe (Appendix II).

Ten ml of the humic acid-bound Fe solution were added

to 180.0 ml of Fe-free AAP medium without EDTA and 10.0 ml

of Fe-starved S. obliguus making an algal suspension with

a cell density of 1X10f1 cell/ml and an 59Fe activity of

22.5 CPM/m1. A control flask to estimate adsorption losses

was created by adding 10.0 ml of humic acid-bound Fe solue

tion to 180 ml of Fe-free AAP medium with 10.0 ml of dis-

tilled water in place of the stock algae solution.

Twenty ml samples from each flask were taken after 0.5,

2.5 and 24.0 h, filtered through 5 u cellulose-ester mem-

brane filters and washed as in the other Fe uptake studies.

The dissolved membrane filters with the S. obliquus as well

as the filters through which the control medium was passed,

were counted and the counts corrected for background. The

activity of each sample was also corrected for decay to the

beginning of the experiment so that the cellular Fe activ-

ity could be compared over time.

There was no significant difference between the activ-

ity of the filtered algae and the control filters, indicat-

ing that S. obliguus was unable to remove the Fe bound to

humic acids of molecular weight 30,000 or greater. Even

after 24 h, the algal cells showed no greater activity than

that adsorbed on the membrane filters from the control

medium.
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The results of the Fe-uptake studies and decreases in

Fe losses to glass and filter papers due to adsorption in

the presence of humic acids indicate that Fe is bound

tightly by humic acids and thus less available for uptake

by the S. obliguus cells. It has long been known that

humic acids may compete with terrestrial plant roots for Fe

in soils (Alben EE.El°r 1960, 1961a, 1961b). The unavail-

ability of Fe and the resulting chlorosis has long been

recognized as a problem of soils with a high humic acid

content. Marine phytoflagellates have been shown to be un-

able to use chelated Fe (Goldberg, 1952; Provasoli, 1963;

Johnson, 1964). Goldberg (1962) also demonstrated that the

marine diatom Asterionella japonica was unable to utilize Fe

from Fe-humate complexes, while work by Gran (1933) showed

that the growth of another marine diatom, Sceletonema
 

costatum was stimulated by soil extract containing 0.2 u.fl

Fe/l. Gran (1933) did not demonstrate that the stimulation

of the growth response was due to the availability of Fe, but

theorized that the stimulation was due to the additional Fe

made available to the diatom by the soil extract. Prakash

and Rashid (1968) also demonstrated that Fe-humic acid com-

plexes stimulated the growth of marine phytoflagellates but

thought that the stimulation was not due to increased avail-

ability of Fe.

Natural and synthetic chelating agents have been shown

to bind metals and reduce their toxicity to algae and
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Prakash and Rashid (1968) suggest that the chelation of

trace metals may reduce their toxicity to marine dinoflagel-

lates. Waris (1953) found that chelation decreased the

toxicity of heavy metals to freshwater algae, while the

toxicity of copper to phytoplankton has been reduced by the

addition of EDTA to the culture media (Goldman, 1972).

Wetzel (1967) found that chelaters enhanced the phosphorus

effect by binding metal ions that might precipitate the

phosphorus. When 500 mg/l EDTA was added to culture media

the optimum Fe concentration for a particular algal Species

was increased from 0.05 mg/l to 5.0 mg/l because of the

chelation of the Fe (Eyster, 1967).

Humic acids, like EDTA seem to bind Fe tightly, making

it less available to the S. obliquus cells. It was also

found that the Fe bound to humic acids was completely un-

available to S. obliquus and could not be removed during a

24 h period. The fact that the addition of humic acids to

AAP media decreased Fe uptake and that S. obliquus was un-

able to remove the Fe from humic acids indicated that the

stimulation of the growth responses of S. obliquus by humic

acids was not due to the increased availability of Fe.

It has been suggested by some workers that high concen-

trations of humic acids may over-chelate metal ions and

make them less available for uptake by algal cells (Provasoli

gg'gl., 1957; Siegel, 1971; Prakash SE 21°! 1973). The uptake
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studies and growth studies reported here were done over the

same range of humic acid concentrations. In the growth

studies the growth stimulation was increased by increasing

humic acid concentrations while the same concentrations of

humic acids caused a decrease in Fe availability in the up-

take experiments. This does not seem to be consistent with

the idea that the humic acids were stimulating growth in an

Fe limited culture system by supplying Fe. This indicates

that the stimulating effects of humic acids may be due to

some mechanism other than chelation alone. The low rate of

P04 sequestering by humic acids indicates that the effect

was not due to increased Fe due to decreased PO4-Fe inter-

actions.

Effects of Humic Acids and P04 on 59Fe Uptake

A 2X4 factorial experiment was used to study the effects

of humic acids and P04 on the uptake of Fe by Fe-starved

S. obliquus. The 2 P04 levels studied were 0.0 and 1.0 mg/l,

while the experimental concentrations of humic acids were

 

0.0, 5.0, 10.0 and 25.0 mg/l. The stable Fe concentration

2 59
was that of the AAP medium (3X10- mg/l) while the Fe

8 mg/l (365 CPM/ml).

4

tracer concentration was 1.7X10-

The cell density was made up to 1X10 cells/ml with

Fe-starved S. obliguus and 20.0 ml samples were taken after

0.5, 1.5, 7.0 and 23.0 h. The samples were taken and treated

59
as above with the Fe uptake measured as CPM.
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After 0.5 h the greatest 59Fe uptake had occurred in

the medium containing no humic acids (Figure 21). The pres-

ence of 5.0 mg/l humic acids caused a decrease in the

59
cellular Fe activity with the higher humic acid concentra-

tions causing only slightly lower cellular concentrations of

59Fe. The presence of P04 caused a reduction in the uptake

of 59
Fe, especially in the absence of humic acids.

The sample taken after 1.5 h showed the same trends and

there had been an increase in the cellular 59Fe in the medium

containing no humic acids, but little increase in the media

containing humic acids.

After 7 h there was an increase in the cellular 59Fe

level in the medium where humic acids were absent, but very

little increase in the humic acid containing media. The

cellular 59Fe concentration was slightly decreased by 1.0

mg/l P04 in the absence of humic acids but caused no effect

on the cellular 59Fe activity in the medium where humic acids

were absent.

The 23 h sample exhibited the same trends as the earlier

59
samples except that the cellular Fe levels were higher.

In the absence of humic acids the cellular 59Fe activity had

increased to 2,000 CPM while the activity of the cells in

the culture medium containing 25.0 mg/l humic acids was less

than 20.0 CPM.

The presence of P04 caused a lower uptake of 59Fe in the

absence of humic acids, as it did in the earlier samples but
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Figure 21.--Response surfaces for the uptake of 59Fe from

AAP media by Fe-starved S. obliquus in the

presence of 2 levels of P04 and 4 levels of

humic acids. Samples were taken after 0.5,

1.5, 7.0 and 23.0 h with the response reported

as CPM contained in algae in a 20 ml sample.
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there was also a PO4 induced decrease in the cellular 59Fe

activity for the algae in culture media containing 5.0 and

10.0 mg/l humic acids. There was no difference in the

uptake of 59Fe between the P04 levels in the presence of

25.0 mg/l humic acids.

The presence of humic acids decreased the uptake of

59Fe by S. obliguus as in earlier uptake studies. The

slightly increased Fe uptake from the medium containing the

lower PO4 concentration was probably due to less precipita-

tion of Fe as FePO4.2H20. This effect was most pronounced

after 23 h which was probably due to the time involved in

forming the precipitate. When humic acids were present in

the culture media the P04 effect was much reduced, indicat-

ing that the binding of Fe by the humic acids was the con-

trolling factor determining the availability of Fe to

S. obliquus.

Effects of Fe Concentration on Fe Uptake

in The Presence of Humic Acids

The effects of increased Fe concentration on Fe uptake

by Fe-starved S. obliguus were studied in a 4X2 factorially

designed experiment. If the decrease in Fe uptake by algae

caused by humic acids is strictly a chelation or binding

phenomenon, the addition of Fe to the culture medium should

cause an increase in the Fe uptake if the binding sites of

the humic acids are saturated. Two levels of Fe, 0.03 and



125

and 1.03 mg/l, were studied in conjunction with 4 humic

acid concentrations: 0.0, 5.0, 10.0, and 25.0 mg/l. The

59 8 mg/l (365 CPM/ml) inFe tracer concentration was 1.7X10-

each culture flask. Because the specific activity was not

constant the Fe uptake could not be compared using counts

per minute, but by knowing the specific activity of each

solution the uptake of Fe as mg Fe/20 ml sample of cell

suspension could be calculated. All of the algal uptake

responses were reported as mgXlO-4 Fe. The cell density

was made up to leO4 cells/m1 with Fe-starved stock S.

obliguus and samples were taken at 0.5 and 7.0 h after the

algal cells were added. Each sample was filtered through

a 5 u cellulose-ester filter, washed and counted as in

previous uptake studies.

As was reported earlier, the presence of humic acids

causeda decreased uptake of Fe by S. obliguus (Figure 22) .

The greatest Fe uptake was from the medium which contained

no humic acids. There was little difference between the

uptake of Fe from the 3 media containing humic acids. When

the Fe concentration of the culture medium was 0.03 mg/l,

there was very little Fe uptake after 0.5 h or 7.0 h, but

when 1.03 mg/l Fe was present in the cutlure medium the

uptake was much greater (Figure 22). This greater uptake

was most evident in the absence of humic acids, but there

was also an increased Fe uptake in the culture media con-

taining humic acids.
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The Fe uptake in the absence of humic acids was de—

pendent on the Fe concentration in the medium. In the

presence of humic acids, the higher Fe concentration made

more Fe available for uptake, but even the higher Fe con—

centration was not enough to completely mask the uptake

inhibition of the humic acids. The Fe binding capacity of

the purified humic acids was calculated to be approximately

1.5x10'2 mg Fe/mg humic acids. At this binding capacity,

the 25.0 mg/l humic acid solution used here would be ex-

pected to bind 0.05 mg of Fe. This is much less than the

0.260 mg Fe which was added to the high Fe medium, but more

than that added to the low Fe medium. It would be expected

that there would be almost no uptake from the low Fe medium

containing 25.0 mg/l humic acids, but one would expect a

greater uptake from the high Fe medium than was observed in

the presence of 25.0 mg/l humic acids. This exceptionally

low uptake was not due to precipitation or adsorption because

the medium containing no humic acids supported a much higher

Fe uptake. The humic acids effectively blocked uptake to

a greater level than would be predicted from their Fe bind-

ing capacity indicating some other mechanism was operating

to reduce Fe uptake.

Effects of pH on 59Fe.Uptake..'in The

Presence of Humic Acids

Because of the importance of pH on the availability of

inorganic Fe and possible effects on the Fe binding capacity



129

of humic acids, an experiment was conducted to determine

the effects of 3 pH regimes on the uptake of Fe from AAP

culture medium in the presence of humic acids. A 3X3 fac-

torial experiment was used with pH levels of 4.0, 7.0 and

10.0 and humic acid concentrations of 0.0, 10.0 and 25.0

mg/l. The pH was adjusted by the addition of 5.0 E HCl or

5.0 E NaOH. The uptake was studied as in the previous uptake

studies, with 200 m1 of non-EDTA AAP medium in 300 ml Erlen-

meyer flasks. The stable Fe concentration was 0.03 mg/l,

8 mg/l

(225 CPM/ml). The algal density was made up to 1X104 cells/

while the 59Fe tracer concentration was 1.03X10-

mg, using Fe-starved stock S. obliquus.

A sample taken after 4 h showed the same response to

humic acids that was observed in all of the previous Fe up-

take studies: The greatest 59Fe uptake occurred in the

medium containing no humic acids, with a pronounced decrease

in the uptake of 59Fe in the presence of 10.0 mg/l humic

acids (Figure 23). When the humic acid concentration was

25.0 mg/l, the 59Fe uptake was not much less than that ob-

served when 10.0 mg/l humic acids were present in the medium.

In the absence of humic acids, increasing the pH caused

an increase in the 59Fe uptake by S. obliquus. When the

humic acid concentration was 10.0 mg/l, the greatest 59Fe

uptake was from the pH 7.0 medium. At a humic acid concen-

59
tration of 25.0 mg/l the lowest Fe uptake was from the
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Figure 23.--Response surface for the uptake of 59Fe

from AAP media by Fe-starved S. obliguus in

the presence of 3 concentrations 0 um1c

acids and 3 pH levels. The sample was taken

after 4 h and uptake reported as CPM 59Fe in

20 ml.
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pH 7.0 culture medium, while the uptake from the pH 4.0

and 10.0 media was only slightly greater.

This experiment was designed to study the effects of

pH on the uptake of 59Fe from a humic acid containing medium

because of the possible effects of the hydrogen ion concen-

tration on exchanging bound Fe from humic acids. The

physiological effects of the pH on the algal cells could

not be separated from the possible effects of the hydrogen

ion concentration on the exchangeability of the Fe from the

humic acids, so it was difficult to determine if the pH had

an effect on the availability of humic acid-bound Fe.

It was expected that the lower pH would make more Fe

available for uptake. The fact that the uptake was greatest

in the medium where the pH was highest in the absence of

humic acids indicated that the physiology of S. obliguus

was best suited to 59Fe uptake at the higher pH. This may

also have been due to the increased solubility of FePO4.2H O
2

with increased pH (see Fe and PO Dynamics section). Only
4

when humic acids were present at the highest concentration

59
was the uptake of Fe enhanced by the lower pH values.

Increasing the hydrogen ion concentration does not seem to

increase the availability of humic acid-bound Fe to S.

59
obliguus, as would be expected if the Fe uptake inhibition

was due to chelation and adsorption phenomena only.
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Effects of Ca on SSFe.Uptake in The

Presence of Humic Acids

Because Fe and Ca both exist as cations they may com-

pete for binding sites on humic acids. Ca may be important

in displacing Fe from humic acids and thus making the Fe

available for uptake by Algae. Ca also acts as a coagulat-

ing agent on humic acids in natural waters (Ruttner, 1972).

The effects of Ca on the uptake of 59Fe from AAP medium

by Fe-starved S. obliguus in the presence of humic acids

were evaluated, using a 3X3 factorial experiment. The 3 Ca

concentrations used were 0.0, 20.0 and 40.0 mg/l, while the

humic acid concentrations studied were 0.0, 10.0 and 25.0

mg/l. The Ca was supplied by CaHCO3 and the humic acids

used were the purified stock solution used in all of the

experiments (Appendix II). Stable Fe was present at a con-

59
centration of 0.5 mg/l while the Fe concentration was

8
1.63X10- mg/l (349 CPM/ml). The algal cell density was made

up to 1X104 cells/ml with Fe-starved stock S. obliguus and

sampled after 0.5 and 4.0 h.

After 0.5 h the greatest 59Fe uptake was by the cells

in the medium containing 15.0 mg/l Ca in the absence of

humic acids (Figure 24). When humic acids were present in

59Fe uptake was much less than in the absencethe medium the

of the humic acids. When humic acids were absent from the

medium Ca caused a greater 59Fe uptake, but when humic acids
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Figure 24.--Response surface for the uptake of 59Fe from

AAP media by Fe-starved S. obliguus at 3 levels

of humic acids and 3 levels 0 Ca. The sample

was taken after 4 h and the uptake reported as

CPM 59Fe in a 20 ml sample.
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were present there was no increased uptake due to the pres-

ence of Ca.

59
After 4 h the Fe activity in the cells had increased

in the media containing no humic acids, but not in the media

where humic acids were present. The relative intensities

of the cellular 59Fe activity remained the same in the 3 Ca

concentrations in the absence of humic acids as well as in

the media where the cellular 59Fe activity did not increase.

59
The increased uptake of Fe in the absence of humic

acids, caused by the higher Ca concentrations may have been

caused by a physiological stimulation which increased 5.9Fe

uptake when it was not bound to humic acids (see section on

the effects of Ca on S. obliquus growth in the presence of

humic acids). This possibility was not studied. Another

possibility was that the Ca ions were able to bind negatively

charged sites which may have been competing for 59Fe. The

excess P04 in the AAP culture medium may have been precipi-

tated by the addition of Ca, thus decreasing the amount of

59Fe tied up with P04.

The fact that Ca caused no increase in the uptake of

59Fe from AAP medium in the presence of humic acids indi-

59
cated that the Ca was unable to make Fe available for up-

take by displacing humic acid-bound 59Fe. In the presence

of only 10.0 mg/l humic acids, 40.0 mg/l Ca did cause a

59Fe uptake which may have been due

to the increased availability of humic acid-bound 59Fe.

slight increase in the
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This may not be a true effect of Ca on the availability of

Fe from humic acids, but the increased 59Fe uptake may have

been due to a residual effect that was seen of Ca in the

absence of humic acids. The presence of 10.0 mg/l humic

acids may have bound some of the Ca and caused a decrease

in the effect of Ca on 59Fe uptake.

The fact that the addition of Ca does not greatly in-

crease the uptake of 59Fe from AAP medium has significance

for marine as well as freshwater systems. It has been pos-

tulated that humic acids may be responsible for the red

tide organism reaching bloom conditions off the coasts of

the United States (Wilson and Collier, 1955; Martin, 1971).

Martin (1971) has suggested that this effect may be due to

the ability of humic acids to chelate Fe and supply it to

the algae in the Fe-limited marine surface waters. Although

the effects on the uptake of Fe bound to humic acids need

to be studied further, it seems clear that Fe bound to humic

acids washed into a freshwater system high in Ca would still

be held in a form which is unavailable to S. obliquus.

In freshwater systems, Ca may even act to remove humic

acids from the epilimnions of lakes with their load of bound

Fe. Ruttner (1972) indicated that Ca coagulates humic acids

in natural waters, causing them to settle out, while Otsuki

and wetzel (1973) found that humic acids were removed from

solution by adsorption to CaCO crystals. In a natural

3
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system this too would have an important decreasing effect

on the cycling of Fe.

Displacement of Fe From Humic Acids by Ca

An experiment was designed to test the simple displace—

ment of humic acid-bound Fe by Ca. Ten ml of a solution of

humic acid-bound Fe was placed in each of several dialysis

bags and suspended in 200 ml of AAP culture medium, in the

absence of algal cells. The humic acid-Fe solution was that

used in the experiment to determine the availability of

hwmic acid-bound Fe to S. obliquus and had a specific activ—

ity of 6.98X104 CPM/mg Fe (Appendix II). One medium was the

normal AAP medium without EDTA, while the other had 100 mg/l

Ca added as CaHCO3.

The experimental systems were allowed to stand for 5

days, after which time the solutions outside of the dialysis

bags were acidified with 5 m1 of concentrated HCl to remove

Fe adsorbed to the glass sides of the flasks. Several 20

m1 samples were drawn from each flask and counted for gamma

radiation in plastic counting vials. The samples were

counted for 10,000 counts and corrected for background.

The solution containing 100 mg/l Ca had an activity of

26.2 CPM/20 ml sample, while the normal AAP medium had an

activity of only 1.95 CPM/20 ml. Although the previous

stmiies did not indicate that Ca was able to make Fe avail-

able from humic acids for algal growth or uptake, it was
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found that Ca was able to increase the unbound Fe in solu-

tion. This may have been from direct displacement of Fe

from the humic acids or may have been due to the binding of

negative sites that could otherwise bind or precipitate Fe.

Less than 5% of the humic acid-bound 59Fe was released by

Ca. This small amount may not have been sufficient to

cause a growth response or detectably increase the uptake

of Fe from humic acid containing culture media. Even when

this amount of Fe was released by the addition of Ca it did

not increase the uptake cf Fe by S. obliquus indicating that

humic acids may be able to block Fe uptake by some mechanism

in addition to simply binding up Fe.



ALTERNATIVE STIMULATORY MECHANISMS

Heterotrophic Use of Humic Acids

by S. obliguus

Algae, for the most part, obtain their carbon from

carbon dioxide or some carbon dioxide containing compound

such as bicarbonate. Some algae can use only inorganic

carbon sources while others are able to use reduced carbon

sources. Some algae such as Prototheca qufii are colorless
 

and are obligate heterotrophs (Baker, 1935). Other species

of algae have been found to be facultative heterotrophs.

That is, they can form inorganic carbon into reduced carbon

compounds by photosynthesis, but are also able to use exo-

genous reduced carbon sources (Zajic and Chiu, 1970). The

genus Scenedesmus has been found to have actively hetero-
 

trophic species, capable of using a wide variety of carbon

sources. Taylor (1950) found that S. obliquus was able to

use glucose, cellulose and acetate as carbon sources, while

Algeus (1949) found this species to be able to use glycocol

and alanine. Dvorakova-Hladka (1960) reported S. obliguus

also used cellobiose as a carbon source for heterotrophic

growth.

Because the stimulatory effects of humic acids on S.

obliguus may be due to the use of humic acids or their

140
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degradation products as a carbon source for heterotrophic

growth, a 22 factorial experiment was designed to study the

possible heterotrophic growth of S. obliguus in the presence

of humic acids of molecular weight 30,000 or greater. The

factors studied were humic acids and light. Humic acids

were either absent or present at a concentration of 20.0

mg/l. The cultures were either grown in the dark or under

375 ft candles of continuous fluorescent illumination from

"grow lux" bulbs.

The cultures were grown in 20 ml "Pyrex" screw top

vials, with the dark treatment vials covered with aluminum

foil and black tape. Each vial was filled with 15.0 ml of

AAP medium containing the appropriate concentration of humic

acids and the cell density made up to an initial density of

1X105 cells/ml with non-starved stock S. obliquus. After
 

addition of the stock algae, the vials were capped and

placed under the lights. The vials were shaken 3 times a

day for 21 days, after which time the cell densities were

determined by microscopic cell counts. The cultures of

S. obliguus were not axenic so were associated with bacterial

cells of the type described in Appendix I.

There was significantly greater growth in the cultures

grown in the light than those grown in the dark (Figure 25).

When humic acids were present in the media there was a

greater standing crop in both the cultures grown in the light

and dark.
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Figure 25.--Histogram representing the heterogrophic growth

standing crop of S. obliquus after 21 days

growth. Each bar represents the mean of 4 repli-

cations with 95% confidence limits indicated.

(A)

(B)

(C)

(D)

 

AAP medium, grown in dark.

AAP medium + 20.0 mg/l humic acids, grown

in the dark.

AAP medium, grown under 375 ft candles of

continuous fluorescent illumination.

AAP medium + 20.0 mg/l humic acids, grown

under 375 ft candles of continuous illumina-

tion.
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The growth stimulation of S. obliquus by humic acids

may not have been due to the addition of a substrate for

heterotrophic growth, but may have been simply due to a

stimulation of division of the cells present in the inoculum,

with a resulting decrease in cellular size and level of

stored reduced carbon supplies. Since the cellular size and

starch content were not monitored, this possibility cannot

be ruled out, although the cell size did not seem to decrease

noticeably from the stock cells added. Uptake studies using

radio-labeled humic acids could be conducted to monitor the

incorporation of 14C to more precisely determine the possi-

bility of humic acids being used as a carbon source.

The growth stimulation in the media containing humic

acids may have been due to the direct heterotrophic use of

humic acids by the algal cells or the breakdown products of

the humic acids may have been another possible source of

carbon for the algal cells. Since the growth studies were

not done in axenic culture (Appendix I), bacteria may have

been able to break down the humic acids to smaller struc-

tural components which could be assimilated by the S.

obliguus cells. Although humic acids have been found to be

highly resistant to bacterial degradation (Barber, 1968),

bacteria may be able to attack some of the functional groups.

The humic acids or particular parts of their structure may

also have been used as a carbon source by the bacteria with
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the reduced carbon compounds produced by the bacteria in

turn being used by the S. obliguus (see section on stimula—

tion of S. obliguus by humic acids). No measure of bacteri-

al degradation was made in these studies, but the possibil—

ity of this additional source of carbon is attractive

because the cultures were grown in sealed vials containing

only 15.0 mg/l NaHCO3 as an inorganic carbon source. The

bacteria may also have been able to supply CO2 directly to

the algal cells. Because of the size of the molecules in-

volved, Pratt (1955) concluded that the stimulation of algal

growth by humic acids was probably not due to their direct

use as an algal nutrient.

In the light-grown cultures the growth response to

humic acids was almost twice that to AAP medium alone, which

was further support for the heterotrophic growth theory.

Many workers have found that the introduction of light

greatly increases heterotrophic growth (Dvorakova-Hladka,

1966; Karlander and Krauss, 1966). Light may be used to sup-

ply ATP through photophOSphorylation. Scenedesmus Sp.
 

grown in glucose had its growth increased threefold by i1-

luminating the culture (Myers, 1947). The use of organic

carbon sources only in the presence of light may not be true

heterotrophic growth, but may explain, in part, the stimula-

tory effect of humic acids on S. obliquus.

Simply because humic acids are able to stimulate in-

creased algal growth one could not expect the use of humic
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acids as a carbon source to enhance growth alone to explain

the growth stimulation in an Fe-deficient system. If the

system was Fe-deficient the increased supply of carbon in

any form would not increase the algal growth. Since one of

the major functions of Fe in algal growth is the synthesis

and maintenance of chlorophyll, the heterotrophic use of

humic acids or their breakdown products may reduce the need

for photosynthetic activity and thus the Fe requirement of

the algal cells would also be reduced. Humic acids could

then be thought of as Fe sparing factors instead of supplying

additional Fe for growth (see section on P04 and Fe dynamics).

Surface Membrane Effects of Humic Acids

Prakash and Rashid (1968) suggested that the stimula-

tory effect of humic acids on marine phytoplankton may be a

membrane phenomenon. They found that the growth rates, yield

and uptake of radio-labeled CO2 was not entirely attributable

to metal chelation. Burke (1932b) thought that the stimula-

tory effects of humic acids on bacteria may be due to the

redox potential effects on cell membranes. Chaminade (1956)

found that humic acids stimulated growth in violet epidermal

cells by allowing mineral transport across the cytoplasmic

membrane. It was thought by Saunders (1957) that humic acids

may exert a stimulatory effect on the cell membranes of

phytoplankton, allowing an influx of bound metal nutrients,
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while Waris (1953) suggested that humic substances may exert

an effect on the cytoplasmic membrane directly. The low

molecular weight humic acid fractions and fulvic acids may

be able to penetrate the cell membranes of phytoplankton

(Prakash 23.31., 1973), but the high molecular weight humic

acids (molecular weight 30,000 or greater) under study here

probably could not. Prat g£_§l. (1959 and 1961) found that

humic acids are not able to penetrate plant cell membranes,

but the humus substances that were able to penetrate cell

membranes were found to be inhibitory to all processes (Prat,

1968). It has been realized that many plant cells have

chelating agents associated with their cell membranes which

may have an effect on the uptake of inorganic metal

nutrients. Humic acids may act to facilitate this chelation

aided inorganic nutrient uptake (see section on Fe uptake

in the presence of humic acids).

To test the possibility that the stimulatory effect of

humic acids on S. obliguus growth was a membrane effect, a

dialysis experiment was designed so that the humic acids

could be added to the culture medium, but kept from direct

contact with the cell membranes of the algal cells, while

allowing free exchange of smaller molecules. The experimen-

tal design was a completely randomiZed block with 4 treat*

ments and 4 replications.

The cultures were grown in 300 ml Erlenmeyer flasks

with 200 ml of EDTA-free AAP medium. Treatment "A" was a
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control treatment of 200 ml AAP medium only. Treatment "C"

was also a control to determine the effects of the dialysis

membrane on the growth of S. obliquus. Treatment "C" had

100 ml of AAP medium inside a dialysis bag and 100 ml of AAP

medium outside of the dialysis bag. Treatments "B" amd "D"

were humic acid treatments. The medium used in treatment

"B" had 10.0 mg/l humic acids in the 100 ml outside the

dialysis bag as well as in the 100 ml of AAP inside the bag.

Treatment "D" contained a concentration of 20.0 mg/l humic

acids in the 100 ml of AAP medium inside the dialysis bag,

but no humic acids outside of the bag. Fe-starved stock S.

obliguus was added to the 100 ml of culture medium outside

of the dialysis bag in each flask to make a cell density of

1X104 cells/ml (based on 200 ml of medium). The experimental

flasks were then placed randomly in a culture rack and bub-

bled with air for 5 days (Appendix I).

The media containing humic acids supported greater

growth than those without (Figure 26). There was no differ-

ence between the control treatments indicating no effect due

to the dialysis membrane alone. There was also no differ-

ence between the media where humic acids were present,

demonstrating that the growth stimulation caused by the humic

acids of molecular weight 30,000 or greater was not a mem-

brane phenomenon.

Keeping the humic acids separated from the S. obliguus

cells kept them from direct contact but did not affect the
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Figure 26.--Histogram of the growth response of S. obliquus

separated from humic acids by dialysIs membranes.

Each bar represents the mean of 4 replications

with 95% confidence limits indicated.

(A) 200 ml of AAP medium with no dialysis bag.

(B) 100 ml of AAP medium containing 10.0 mg/l

humic acids inside as well as outside of the

dialysis bag.

(C) 100 ml of AAP medium without humic acids

inside and outside of the dialysis bag.

(D) 100 ml of AAP medium outside of the dialysis

bag with 100 ml of AAP medium containing

20.0 mg/l inside of the dialysis bag.
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Figure 26
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passage of small inorganic molecules such as Fe or small

humic acid fragments.

The fact that there was still a stimulation of growth

in the presence of humic acids, whether they were in contact

with the algal cells or not, indicated that if the humic

acids were being used heterotrophically by the S. obliguus

cells they were not the entire humic acid molecules that

were being used, but rather small fragments of the molecules

or some bacterial products.

If chelation effects were responsible for the growth

stimulation by making Fe available to the Fe-starved S.

obliguus, the released Fe would also be able to move across

the dialysis membrane and be available to the algal cells.

Wallace (1962) suggested that humic acids may be able

to make Fe available to terrestrial plants because the entire

Fe-humic acid complex is taken up by the roots. Even if the

metal is not taken up still attached to the ligand, the

plant root is thought to have an active role in removing the

metal from the humic acid molecule. This cell contact was

not possible in the dialysis studies presented here indicat-

ing that this type of chelate transfer was not the mechanism

responsible for the growth stimulation.

The fact that the stimulatory effect of humic acids

was found even when the humic acids were denied contact with

the cell membranes of S. obliguus indicates that the
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stimulatory effect on algal growth is not a membrane effect

alone, although this is not conclusive evidence that surface

membrane effects do not take place.



BOG WATER EFFECTS

Bioassay of Natural Bog Water

In an effort to determine the effects of naturally

occurring, dissolved, unconcentrated organic acids on the

growth of S. obliguus, a bioassay was conducted to compare

a medium made with bog water to one made with distilled

water.

Bog water was collected from Bear Lake Bog south of

the Michigan State University campus, Ingham County, Michi-

gan (Lansing Township, SEH, NWk, Sec. 35, T4N, RZW). Five

liter samples were collected in polyethylene carboys on 10

October 1973. At the time of collection there was a dense

bloom of Chlorella SE. and Staurastrum Sp. in the surface
 

waters of the bog. Samples were returned to the laboratory

within 1 h of collection and filtered through washed, 0.45

n membrane filters. Chemical determinations were made on

the filtered water immediately and the remaining water

stored in polyethylene sample bottles at 4.0 C until it was

used for the algal assays.

The total alkalinity was found to be 10.0 mg/l as CaCO3,

using the H2804 titrametric method, while the hardness was

found to be 36.0 mg/l as CaCO3 by the EDTA complexation

method. The total dissolved P04, as determined by the
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stannous chloride—ammonium molybdate method on a concen-

trated sample, was found to be 0.015 mg/l P0 in the orig-
4

inal water sample. Most of the PO present in the bog water
4

was tied up in the algal biomass and not in the water. The

Fe concentration was determined by the bathyphenanthroline

method (Lee and Stumm, 1960). No Fe could be detected in

an undigested sample when it was concentrated by a factor

of 10. After digesting with HNO , the total Fe concentra-
3

tion was found to be 10.0 mg/l. This indicates that most

of the Fe in solution or suspension was held in a form un-

available to algal cells. The amount of Fe removed from

these associations may not be indicative of the total bound

Fe because some Fe may not have been removed by the HNO3

digestion.

A simple experiment using 2 treatments with 4 replica-

tions was used to test the effect of bog water on the growth

responses of S. obliquus. The regular AAP medium was made

up using distilled water as the control medium with filtered

bog water used to make the experimental AAP medium. Each

experimental flask was inoculated with Fe-starved S. obliguus

stock (Appendix I) to make an initial cell density of 9X103

cells/ml. Samples were taken after 2, 3, 4, and 5 days and

the cell density determined by cell counts.

After 2 days, there was greater growth in the medium

made with bog water, but from day 3 to the end of the
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experiment the greater standing crop was in the distilled

water medium (Figure 27). These results were dissimilar to

those obtained by the addition of purified humic acids of

molecular weight 30,000 or greater in AAP medium. In fact,

the algal growth response to bog water was exactly opposite

to that obtained with purified humic acids.

Although it is impossible to determine the active

ingredients of the bog water causing the observed results

it is evident that the results obtained by using bog water

in the culture medium were different from those observed

when purified humic acids were used. This indicates that

the humic acids of molecular weight 30,000 or greater are

not responsible for the effect caused by filtered bog water.

The results of this experiment are inconclusive and may be

confounded by other limiting nutrients as well as a multi—

tude of organic compounds.

Effects of Bog Water on The Growth Response of

S. obliquus to Humic Acids, Fe and P04

Further studies were conducted with bog water to deter-

mine its effect on the algal growth responses to the addition

of humic acids, Fe and PO to AAP culture medium. The P0

4 4

concentrations were 0.0 and 0.9 mg/l, while the humic acid

concentrations were 0.0 and 10.0 mg/l. Fe was either absent

or present at a concentration of 10.0 mg/l. Each of the

experimental treatments was made up in filtered bog water.
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Figure 27.--Growth response curves of Fe-starved S.

obliquus to AAP media made with distilled

water and filtered bog water reported as

10910 cells/ml. Each point represents the

mean of 4 replications with 95% confidence

limits reported.
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Each 300 ml Erlenmeyer culture flask was filled with 200 ml

of culture medium, autoclaved and inoculated with enough

Fe-starved stock S. obliquus to make a concentration of

7x103 cells/ml. The culture flasks were placed in a culture

rack under 375 ft candles of continuous fluorescent illumi-

nation and bubbled with 20 ml/min air. Samples were taken

after 3, 4, 5 and 7 days.

There was no growth in the media without PO4 so these

cells were dropped from the analysis. After 3 days of incu-

bation, the greatest growth response was to the medium con-

taining 1.0 mg/l Fe and 10.0 mg/l humic acids, while the

least growth occurred in the medium which contained no Fe or

humic acids (Figure 28). When humic acids were present in

the absence of Fe, there was an increased standing crop that

was intermediate between that to Fe alone and to Fe and

humic acids in combination.

After 4 days, the differences in standing crops between

the 4 media had decreased although the standing crop in the

medium containing no Fe or humic acids still supported the

least growth. After 5 days, the growth responses of the 3

media were not very different, although there was a slightly

greater growth response to the medium containing both 1.0

mg/l Fe And 10.0 mg/l humic acids.

By the seventh day, the greatest standing cr0p was in

the medium containing 10.0 mg/l humic acids in the absence
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of Fe, while the lowest growth response was to the medium

containing the high Fe level in the absence of humic acids.

In the presence of humic acids there was no difference

between the growth responses to the higher or lower Fe con-

centrations, but when humic acids were absent from the

culture medium there was a lower standing crop in the high

Fe medium.

When bog water was used to make up non-EDTA AAP media

with various levels of Fe, PO and humic acids, the results

4

were different from those observed for Fe-starved S. obliguus

in similar media prepared with distilled water. The lack of

a stimulatory response to the addition of Fe after day 3

indicated that the availability of Fe from the bog water

medium was such that the algal cells were able to acquire

all of the Fe required for growth at the beginning of the

experiment.

Although there were dissolved colored organics present

in the filtered bog water used, the addition of purified

humic acids of molecular weight 30,000 or greater caused

a growth stimulation indicating that the dissolved organics

causing the stimulation were not present in the bog water in

great enough quantities to allow the maximum stimulation.

Even in the presence of the many smaller molecular weight

fractions, the large purified humic acids still caused a

growth stimulation. This increased growth response does not
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seem to be the effect of humic acids providing Fe because

the addition of Fe to the AAP medium made with filtered bog

water caused very little growth stimulation.



SUMMARY

The initial studies of the P04 and Fe nutrition of

Scenedesmus obliquus indicated that each of these nutrients

could have a negative effect on the availability of the

other. When Fe was added as FeCl and P was added as PO
3 4'

the 2 nutrients were precipitated as strengite (FePO4.2H20).

This interaction was found to cause a decrease in the ini-

tial growth rates of cultures, but not in the final standing

crops of the cultures indicating that the algal cells were

able to use the Fe and P04 in the precipitated form or take

up the 2 nutrients as soon as they became available due to

the solubilization of FePO4-2HZO.

Humic acids stimulated the growth of S. obliguus, with

the stimulation being humic acid concentration dependent.

Increased humic acid concentrations caused increased growth

responses up to 25.0 mg/l, above which there was no increased

growth. The presence of this high concentration of humic

acids often caused a reduction in the growth response to

levels below those observed in the media containing lower

concentrations of humic acids. This was especially true in

the presence of a low Fe concentration or high PO4 concentra-

tion. The presence of humic acids increased the maximum

relative growth rate, maximum standing crop and final

163
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standing crop as well as decreasing the lag phase over that

of AAP.

The stimulation of the growth responses of S. obliquus

caused by humic acids was similar to the responses to EDTA,

but the humic acid induced stimulation seemed to be not

only by chelation. Humic acids did seem to act as chelating

agents, but also stimulated algal growth by other mechanism.

The addition of humic acids to Fe-limited culture systems

caused the same growth response as the addition of FeCl3.

These results seem to indicate that the humic acids were

acting as chelating agents in much the same way as the syn-

thetic chelating agent EDTA is known to work. The responses

of the Fe-starved S. obliguus cells indicated that the humic

acids were stimulating increased growth, in part, by making

additional Fe available to the algal cells.

When Ca was added to the culture media, the algal growth

was stimulated in the absence of humic acids. There was a

lesser stimulatory action by the Ca when humic acids were

present and there was no stimulatory effect due to Ca in the

presence of a humic acid concentration of 10.0 mg/l or

greater. The Ca, when added to an Fe-limited system contain-

ing humic acids, was unable to increase algal growth by

displacing humic acid-bound Fe, thus making the Fe available

for algal growth. In fact, the presence of humic acids even

decreased the stimulatory effects on the early growth of
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S. obliguus cultures. This effect was probably due to the

chelation effects of humic acids on Ca.

Humic acids caused a slight decrease in the uptake of

32P04 from AAP media by S. obliguus, but this effect was

slight and may have been due to adsorption reactions between

the P04 and humic acids.

The presence of humic acids decreased the uptake of

59Fe from AAP media greatly. The presence of 5.0 mg/l humic

acids decreased the uptake of 59Fe from AAP culture medium

by more than an order of magnitude. Increasing the humic

acid concentration in the medium further reduced the uptake

of 59Fe, but to a lesser extent. The cellular capacity of

S. obliguus was found to be saturated by Fe in less than 10

min by all humic acid concentrations. Humic acid-bound Fe

was found to be tightly bound and unavailable to S. obliguus

indicating that the stimulatory effect of humic acids on

S. obliquus was not due to supplying Fe by chelation proces-

ses alone, even though the growth responses were similar for

humic acids, Fe and EDTA. The growth studies seemed to sup-

port the theory that humic acids are able to bind Fe and

make it available to algal cells by preventing precipitation,

but the uptake studies reported here do not support this

theory.

The presence of 1.0 mg/l P04 in the media caused a de-

crease in the 59Fe uptake over that observed when PO4 was
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absent from the media. This effect was more pronounced when

humic acids were absent from the media and was thought to be

due to the precipitation of Fe by the P04.

Increasing the Fe concentration from 0.03 mg/l to 1.03

mg/l caused an increase in the Fe uptake by Fe-starved S.

obliquus in the absence of humic acids and to a lesser extent

in the presence of various concentrations of humic acids.

The addition of more Fe than could be bound by the humic

acids did not overcome the inhibitory effect of the humic

acids on Fe uptake which indicates that the humic acids may

be able to block Fe uptake by processes other than the simple

Fe binding.

Ca and pH had very little effect on the uptake of Fe

by Fe-starved S. obliquus from culture media containing

humic acids, although the addition of Ca did increase the

uptake of Fe in the absence of humic acids. Ca was found to

be able to release humic acid-bound Fe in the absence of

‘S. obliguus, but only about 5% of the bound Fe was displaced

in 4 days. This small amount of release was not enough to

cause a detectable increase in the growth responses or up-

take of Fe and it was concluded that Ca had only a slight

effect on the availability of Fe from humic acids for algal

uptake and growth.

Humic acids were found to support heterotrophic growth

of S. obliguus with this growth being enhanced by light



167

indicating that the humic acids were used by the algal cells

in a photoheterotrophic process.

Culturing S. obliguus in media separated from humic

acids by dialysis membranes demonstrated that the stimula-

tory effects of humic acids were not due to surface membrane

effects nor the direct uptake of intact humic acid molecules

as had been suggested. There was a growth stimulation of

'S. obliguus cells whether the humic acids came in contact

with the algal cells or not.

It was also discovered that algal culture media made

from filtered bog water supported algal growth responses

differing from those to purified humic acids of molecular

weight 30,000 or greater, but the addition of purified humic

acids to the bog water media caused a further growth stimula-

tion.

It was concluded that humic acids of molecular weight

30,000 or greater had a stimulatory effect on the growth of

Scenedesmus obliquus. Although the growth responses of Fe-

starved S. obliguus cells were similar for humic acids and

EDTA, the humic acids did not seem to be able to supply Fe

for uptake to Scenedesmus obliquus.
 

Several alternative mechanisms of stimulation such as

heterotrophic growth of S. obliguus using humic acids or

their degradation products as reduced carbon sources and

indirect stimulation of algal growth by direct stimulation
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of bacteria by humic acids may be responsible for the stimu-

latory effect observed. If humic acids were used as a re-

duced carbon source and the photosynthetic requirements of

the cells were reduced, the Fe requirement of the cells for

growth would be less. The humic acids may be acting as an

Fe sparing factor instead of supplying Fe to the algal cells

directly.

The studies presented here pose more questions than

they answer, leaving many avenues of research into the stimu-

latory mechanisms of humic acids on the green alga Scenedes-

mus obliquus.
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APPENDIX I

Algal Culture Methods

Presently, algal bioassays are done in static (batch),

continuous (chemostat) and ig_§igg culture systems. ;g_§igg

culture systems were not used in this study because of the

difficulty in defining and controlling experimental para-

meters. £§.§igg cultures are also less convenient when

many treatment cells are used, as in the factorial experi-

ments used here to study interactions. Each of these sys-

tems of bioassay has advantages which make it attractive.

An advantage of chemostat systems over batch systems is that

nutrient levels as well as other chemical and physical para-

meters can be held constant by continuous addition and flush-

ing of the system. Because of this nutrient stability

chemostats are recommended for studying uptake and growth

kinetics (Torein §E_S£., 1971). Although batch cultures are

thought to be inferior to the continuous culture systems by

some, they do have certain advantages. Because of their low

cost and ease of construction, batch culture bioassays are

well suited to factorially designed experiments where a large

number of experimental units are needed. The complexity and

cost of the chemostat systems make their use almost prohibi-

tive for these types of experiments.
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Continuous culture systems maintain a constant nutrient

regime which does not approximate the euphotic zone of most

fresh water lakes. Because of the changes in nutrient con—

centration with time, batch cultures allow one to study all

of the phases of algal growth: (1) lag phase; (2) exponen-

tial growth phase; (3) declining growth phase; (4) stationary

growth phase; (5) and death phase (Fogg, 1971). The effect

of nutrient availability does not only affect the exponential

growth phase but has effects on all of the other growth

phases. To get a good understanding of the effects of

nutrient availability, all of these growth phases must be

studied.

Because of their flexibility, batch culture bioassays

were used for all of the growth experiments presented here.

The limitations of batch culture were taken into account for

each experiment.

Experimental Algae

Scenedesmus obliquus (Tfirp) Kfitz was chosen as the

test organism for these studies because Species of Scenedes-

222 are easily cultured and ubiquitus, occurring in almost

every freshwater environment (Bold, 1967). Scenedesmus is

a common genus to small ponds and lakes with highly colored

water (Loub §£_§$., 1954). The genus Scenedesmus is impor-

tant, ecologically, because Species of the genus may make
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up as much as 90% of some phytoplankton communities (Round,

1970; Loub SE 21" 1954). The fact that many Species of

Scenedesmus are not susceptable to destruction by zooplank-
 

ton grazing, since individuals pass through the gut undi-

gested or exist as tetrads of cells too large to ingest,

make them even more important in phytoplankton blooms.

Individuals of S. obliguus tend to be persistent and largely

unavailable as an energy source to higher trophic levels.

Finally, much is known about the physiology of the genus

Scenedesmus which makes the results of a nutritional study
 

more meaningful.

Stock cultures of Scenedesmus obliquus (Tfirp) Kfitz

(strain 1952 isolated by Krauss) were obtained from the

Indiana University Culture Collection (Starr, 1971).

Stock cultures were maintained in 300 m1 Erlenmeyer

flasks containing 200 ml of AAP culture medium (Anon., 1971;

Toerien EE.El-I 1971). Each flask was stoppered with a two-

hole #6 rubber stOpper to allow for ventilating the stock

with air (see section on culture racks). Stocks were main-

tained without a bubbling air supply except for the two

days prior to their use in an experiment. This kept the

growth rate depressed so that cultures needed to be trans-

ferred much less often. Bubbling air through the stocks for

two days before they were.used for experimentation increased

the growth rate of the cells and insured that the cells were
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in an actively growing phase when they were used. Stocks

were kept under 375 ft candles continuous illumination from

balanced Spectrum "grow lux" fluorescent bulbs while a

blower kept the temperature under the lights at 23 C.

Stock cultures were maintained in a viable form by

transferring the cells to new culture medium and halving

the cell density at 14 day intervals. This prevented

senescence because of cell aging and nutrient depletion,

and also prevented the build-up of extracellular by-products

and wastes. After halving the cell suspension, the cells

were centrifuged out of solution and the old medium decanted.

They were then resuspended in 200 ml of fresh medium.

The stock cells used in each experiment were from the

same part of the growth curve. By keeping the stocks on a

regular schedule of medium transfer the stocks were kept in

the same physiological state for all of the experiments. It

is important to keep the stock algal cells in the same

physiological state because if the physiological state of

the stock cells is variable, the responses of the cells will

be variable. For example, if stock cells are taken from the

senescent phase they may not be viable or may Show a lag

phase.

AAP culture medium was created as a low nutrient medium

to somewhat starve algal cells so that they would Show a

response to various nutrient regimes. However, stock
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S. obliquus grown in the AAP medium, was found to carry

over enough Fe to mask growth responses of algal cells

grown in experimental media with varying Fe concentrations.

Fogg (1965) found that Fe was most often the limiting

nutrient in artificial algal culture media. Murry (1971)

found that the Fe concentration in the AAP medium was

limiting to Selenastrum capricornutum and Toerin EE.21-

(1971), found that by increasing the nutrient concentrations

of the AAP medium above the standard concentrations Selenas-

trum capricornutum Showed an increased growth response.
 

Because of the problem of Fe carry-over, stock cul-

tures of Fe-starved algae were grown. This was done by

spinning down the normal cells in 100 ml of the actively

growing stock (about 105 cells/ml) and washing them with

50 mg/l NaHCOB. The cells were then resuspended in 200 ml

of AAP medium minus Fe and bubbled with air. The cells

were transferred in this way every day for seven days pre-

ceding their use for experimentation.

S. obliguus grown in AAP medium also showed a carry-

over of PO and PO -starved cells were obtained in a manner
4 4

similar to the Fe-starved cells. When Fe and P04 effects

were to be studied in combination, stock cells starved for

Fe and P04 were grown by deleting both Fe and P04 from the

AAP medium. The limiting levels of Fe and PO and dynamics
4

of algal growth responses to Fe and P04 were determined for
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the Fe and PO4-starved stock algae before any experiments

were done.

Culture Media

The AAP medium (Table 10) was used as the base medium

for Stock and experimental media with stock solutions of

each nutrient made up in glass containers to 1,000 times

the final concentration in the nutrient medium, autoclaved,

and stored in the dark. New stock solutions were made up

every 4 weeks and only nutrient medium stocks from the same

lot were used in each battery of experiments.

Experimental media were made up by using 100 ml of a

double strength base medium to which the appropriate amount

of experimental solution, such as humic acids, Fe or PO4

was added. This was made up to 200 ml with distilled,

double deionized water. The resulting medium had the de-

sired concentration of experimental compound or nutrient

without confounding the experiment with between flask vari-

ation introduced by mixing the base medium separately for

each flask. The base medium was not always whole AAP

medium, with varying concentrations of Fe and PO4 and EDTA

depending upon the experiments. In a pilot study to deter-

mine variability, no Significant differences could be Shown

between flasks with media mixed in this way. The experi-

mental media were always made up fresh for each experiment

and autoclaved in the experimental flasks.
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Table lO.--Synthetic algal assay procedure (AAP) medium

developed by the National Eutrophication Re-

search Program, Environmental Protection Agency

(Anon., 1971).

 

 

Compound

NaNO3

KZHPO4

MgCl2

MgSO4.7H20

CaC12.2H20

NaHCO3

Compound

H330

MnCl

ZnCl

CoCl

CuCl2

NaZMoO4.2H20

FeCl3

NaZEDTA.2H20

3

2

2

2

Macronutrients

Concentration

mg/l

25.500

1.044

5.700

14.700

4.410

15.000

Micronutrients

Concentration

ug/l

185.520

264.264

32.709

0.780

0.009

7.260

96.000

300.000

Element

Element

B

Mn

Zn

Co

Cu

Mo

Fe

Na

Concentration

mg/l

4.200

0.186

2.904

1.911

273:4? .303

ieeezee“5

11.001

0.469

Concentration

ug/l

32.460

115.374

15.691

0.354

0.004

2.878

33.051

36.900
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Physical Conditions for Culture

Experiments were conducted in 300 m1 Erlenmeyer flasks

fitted with two-hole rubber Stoppers. Each flask had a

Pasteur pipette inserted through the rubber stopper and

bent to reach the bottom of the flask when these were placed

at a 45° angle in wooden culture racks (Figure 29 A, B, C).

Each flask also had a glass exit vent with a polyethylene

plug to prevent foreign matter from falling into the flask

as well as to minimize evaporation.

Pilot culture studies found actively growing cultures

of S. obliguus to be carbon limited. When not bubbled with

air the pH often exceeded 11.0. At this pH carbon becomes

limiting to most algae (Goldman, 1972). Increased pH may

also cause changes in the solubility and valence state of

nutrients and there may be pH induced physiological effects

on algae. For example, fluctuations in CO concentration

2

affects nitrate utilization by Scenedesmus (Brown, 1969).
 

The more actively growing cultures reach carbon limiting

conditions sooner than do the less actively growing cultures,

causing a dampening effect on the differences between ex-

perimental treatments. For the algal cells to reach their

maximum potential response to a particular treatment, in

bioassays, their growth must not be limited by carbon avail-

ability.
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Figure 29.--Photographs of the algal culture apparatus.

(A)

(B)

(C)

(D)

(E)

(F)

Algal culture rack with 300 ml Erlenmeyer

flasks.

Algal culture rack; note aquarium gang

valves, tygon delivery system and bent

glass delivery tubes.

Algal culture rack in place under fluor-

escent lights.

In-line 0.45 n membrane filter.

Algal sampling.

System for axenic culture.
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Figure 29
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When air was bubbled through the AAP culture medium,

much better growth was realized than when the cultures were

not bubbled (Figure 30). When 5% COZfenriched air was bub-

bled through unbuffered AAP medium, S. obliguus was com-

pletely inhibited but when the CO bubbling ceased, the cul-
2

ture rapidly recovered to the same level as that achieved by

cells in the unbubbled medium (Figure 30). Bubbling C02-

enriched air through the culture media caused the pH to

decrease to 4.5 which was probably responsible for the

growth inhibition.

Amine buffers are often used to maintain a constant pH

regime in algal cultures but these have been found to be

inhibitory to S. obliguus and cause morphological changes

(Giesy, unpublished data). For this reason amine buffers

were not used to maintain a constant pH. Because of the dif-

ficulty of controlling the pH when COz-enriched air is

bubbled through culture media, air only was bubbled through

the culture media in this study.

Air was supplied to each flask by piston pumps at a

rate of 20 cc/min. After passing through a column packed

with cotton and activated charcoal to remove residual pump

oil and an in-line of 0.45 p membrane filter to remove par—

ticulate impurities and bacteria, the air was metered to

each flask with stainless steel aquarium gang valves mounted

on the culture rack (Figure 28b). The flasks were incubated
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Figure 30.--Algal growth response (cells per m1) as a

function of time (days) to AAP media bubbled

with air, 5% CO -enriched air and unbubbled

medium. Each paint represents the arithmetic

mean of three replications, with 95% confidence

limits reported for each mean.
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at 23 C under 375 ft candles of.continuous illumination from

ballanced spectrum "grow luxf‘fluorescent lights.

Axenic Culture Techniques

Non—axenic cultures of S. obliquus had singleécelled,

gram-negative, rod-Shaped bacteria associated with them.

These nonflagellated bacteria were found free in the medium

and adherent to the S. obliguus cells. To eliminate bacteri-

al effects from the growth and uptake studies, an attempt was

made to isolate S. obliquus from its associated bacteria.

A 2% agar suspension with 0.5 mg/l penicillin was made

up in full strength AAP medium, poured into petri dishes and

autoclaved. Scenedesmus obliquus cells were washed several

times with sterile 50 mg/l NaHCO and a dilute suspension of
3

these washed cells was plated onto a nutrient-penicillin agar

plate and incubated at 23 C, under continuous fluorescent

illumination. After 3 days small green clones of S. obliquus

and cream colored clones of bacteria began appearing on the

surface of the agar.

Sterile micro-pipettes, drawn to very fine tips from

Pasteur pipettes, were used to isolate single clones of

S. obliquus from the agar. Each clone was suspended in 10.0

ml of sterile AAP medium with 2.0 ml aliquots being plated

on fresh nutrient-penicillin agar medium. This procedure

was repeated until 3 transfers had been made without any
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bacterial colonies growing on the agar. Clones of the

axenic Scenedesmus obliquus were transferred to 35.0 ml of

sterile AAP medium in serum bottles. Each serum bottle had

a rubber diaphragm top so that samples of the cell suspension

could be removed with a sterile syringe without contaminating

the culture. The culture bottles were placed on glass sup-

ports over 375 ft-c of continuous illumination (Figure 29f).

There was no growth observed in the 7 culture bottles.

This was thought to be due to carbon limitation so sterile

air was delivered to each serum bottle by a 2-inch, 18 guage

hypodermic needle and allowed to escape through a k-inch,

21 guage hypodermic needle (Figure 29f). A piece of tygon

tubing containing a cotton plug on the exit vent minimized

evaporation and prevented contamination of the culture. The

air delivery system consisted of a series of five ml plastic

syringe barrels on glass -T's (Figure 29f). The T's were

connected with tygon tubing leading to the piston pump which

supplied the air. To protect against contamination, the

entire air delivery system was autoclaved and the air passed

through 0.45 p membrane filters in the delivery line imme-

diately after the pump.

Aerating the cultures did not stimulate growth, indi-

cating the S. obliquus was being limited by something other

than inorganic carbon. The addition of 2.0 mg/l vitamin

B12 and biotin also failed to promote algal growth.
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When the normally associated bacteria were reintro-

duced to the axenic cultures, the S. obliquus grew.

Scenedesmus obliquus could be grown axenically on agar, but

could not be grown axenically in aqueous AAP medium. This

indicates that something required by S. obliquus is sup-

plied by bacteria when the alga is grown in an aqueous

medium. WOrking with the blue-green alga Microcystis aerigr
 

inosa, Reilly (1972) found that when the alga was separated

from its associated bacteria there was little or no algal

growth.

Because Scenedesmus obliquus could not be grown in
 

axenic media, all of the growth and uptake studies were done

in non-axenic systems. It is difficult to separate the

algal and bacterial effects on algal growth and nutrition if

cultures are not grown axenically. Although it is desirable

to separate out bacterial effects for academic reasons,

studying algal growth in the presence of their naturally

associated is acceptable from an ecological point of view

because in nature the bacteria are always found associated

with algal cells. Because of this association bacteria and

algae often work as an inseparable ecological unit and should

be studied as such.

Measurement of Algal Response

There are many ways to measure and report algal growth

responses in batch culture. These include optical density,
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cell counts, cell volumes, extracted chlorophyll, ig_!izg

chlorophyll fluorescence, and dry weight. Most results

are reported as cells/ml or dry weight/l no matter how the

response is measured.

Optical density and fluorescence are both easy to

measure, but because varying concentrations of humic acids,

which absorb in the visible region and also fluoresce, were

used in these studies, these 2 methods were inappropriate

and the small volume cultures used did not provide enough

material for chlorophyll extraction or dry weight determin-

ations.

Direct microscopic cell counts were chosen as the best

method of measuring the algal growth responses in this study.

Samples were counted in 0.16 ml glass algal counting cells

and by knowing the total surface area of the counting cell,

volume of the counting cell and area of an ocular micrometer

grid field, a constant was derived to convert raw S. obliquus

cell count data to cells/m1.

Several pilot culture experiments were conducted to

determine where the greatest amount of experimental error

lay. A nested analysis of variance Showed the greatest

source of error to be the ocular micrometer field counts.

There was little error between flasks and less error between

samples drawn from one culture flask. To minimize sampling

error, the greatest sampling effort was put on micrometer
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count replication and culture flask replication. Fifty ran-

dom.micrometer counts were made on a single sub-sample

drawn from the 5 ml preserved sample taken from each culture

flask. Treatments were always replicated at least twice

and generally in 3 or 4 flasks.

Scenedesmus obliquus exists as tetrads as well as

single cells. This tendency to remain together in groups of

4 means that the assumption of random distribution is not

strictly fulfilled for single cells even though the tetrads

may be randomly distributed. This effect was assumed to be

minimal and no correction was made for it (Cress, personal

communication). The occular micrometer counts followed a

poisson distribution when the cell density was low because

finding a S. obliquus cell or tetrad of cells was a rare

event, but as the cell density increased, the distribution

became normal. This should be considered when interpreting

the data from the first few days of each experiment, before

a cell density of 1X104 cells/ml had been reached.

Because S. obliquus tended to adhere to the bottom of

the culture flasks or simply sink to the bottom of each

flask, a magnetic stirrer was used to suspend all of the

cells before samples for counting were taken (Figure 29e).

Five ml samples were taken from each flask and placed in 3

dram screw tOp sample bottles with 1.0 ml of 37% formalin.

Before counting, the content of each sample bottle was drawn
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up into a syringe and forced out against the Side of the

sample bottle to break up aggregations of cells. This pro-

cedure did not break up the typical Scenedesmus obliquus
 

tetrads, but did break up clumps of cells. From this homo-

geneous cell mixture an aliquot was pipetted into the count-

ing cell (0.16ml), covered with a coverslip and counted at

430x. The micrometer counts were converted to cells per ml

of original culture after correcting for the dilution due to

the preservative.

Expression of Growth Response

There are several ways to express the response of

algae to nutrient availability. One of the most widely used

parameters in batch culture is the maximum cell concentra—

tion (X) or maximum standing crop. This is a relatively

easy parameter to measure but does not contain all of the

information that can be expressed by growth curves.

Another frequently used measure of algal growth response

is the maximum relative growth rate (Anon., 1971; Fogg, 1971;

Toerien 22.213! 1971). Environmental effects are most fre-

quently expressed as rates, so the maximum relative growth

rate is a logical measure of biostimulatory responses.

Relative growth rates of different Species under different

environmental conditions are important in algal competition

and succession and the maximum relative growth rate is an
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important parameter in understanding interspecific inter-

actions under various conditions.

The maximum relative growth rate for algal cells can

be determined by batch or continuous cultures (Pearson

§E_§l., 1968; Borchardt, 1968). The relative growth rates

(k') were calculated for set time intervals of each treat-

ment in each growth experiment on a loglo base using the

following equation (Hoogenhout and Amesz, 1965; Fogg, 1971):

k' = logloN-logloNo

I
 

t

where

k' = relative growth rate

N = number of cells per ml at time t

N0 = initial number of cells per ml

t = time interval.

The generation time (G), or the length of time it takes

for the population to double, was also calculated for each

segment of the growth curves using the following equation:

0.301
G = k' 

The constant 0.301 is derived in the following way:

k' = i (log N-log N )
T 10 10 0

Since the generation time is the time to double the

population;
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I = _

k l/T (loglOZN logloNo)

where now, T = G

k' = l/G 109102

. __ G = 0.301
k5

 

The relative growth rates and generation times for each

experiment are reported in Appendix V. Although the maximum

relative growth rate is an important ecological parameter

for algae, it may be misleading. Two populations of algae

under different regimes of nutrient availability can Show

the same relative growth rate when both populations are in

the log growth phase. Much information can be gleaned from

the other growth phases. Two populations may Show the same

maximum relative growth rate but the population where

nutrients are more available will Show a continuation of the

log growth phase to a greater standing crop. This is true

because algae are saturated by low concentrations of mineral

salts (Fogg, 1971) and all of the available nutrients may be

taken up in a very Short period of time.

The relative growth rate (k') is related to nutrient

concentration by the following expression (Heinshelwood,

1946):

w ' c

°° C+Cl

 

*4

where

the limiting level of a nutrient

the half saturation level of the same

nutrient.
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It follows that as long as the cell density is low

enough not to alter the concentration of the nutrient being

studied, k' remains constant even though the concentration

of the limiting nutrient may vary.

The lag time, an initial period of low or no growth,

is also an important ecological parameter (Fogg, 1971).

There may be an apparent lag phase caused by inoculation

with inviable cells or cells not in a condition to divide

immediately. This is why stock cultures were kept in the

actively growing log phase. Even actively growing cultures

have been found to exhibit a lag phase when transferred to

new media (Fogg, 1971). The lag phase has been suggested

as the time needed for a culture to acclimate to a new en-

vironment or prepare that environment for growth by actively

or passively secreting extracellular by-products. This is

especially important when studying the effects of chelaters

and growth promoting substances.

Two other important growth phases are the stationary

phase and death phase. These phases may be only partly

determined by environmental parameters but still must be

considered when studying the entire effects of the availabil-

ity of nutrients and effects of growth stimulators on algal

populations. Because all of the growth phases of an algal

population are important in understanding the effects of

growth stimulators on an algal population, all of the growth

phases were reported for each experiment as growth curves.
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Most of the growth experiments in this study were of

factorial designs. This enables one to study the complex

interactions of nutrients as well as eliminate the problem

of comparing growth responses from experiments run at dif-

ferent times. Standing crOpS at each sampling are reported

with 95% confidence intervals and the results of appropriate

statistical tests reported. Only cell numbers were compared

statistically. No statistical analysis was done on the

growth rates.
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APPENDIX II

Purification and Characterization

of Humic Acids

The fraction of those naturally occurring organic

molecules known as humic substances which are soluble in

alkaline solution but precipitated by mineral acids are

referred to as humic acids (Schnitzer and Khan, 1972).

Because of their ubiquity and importance in soil and aqua-

tic science, they have been much studied and numerous books

have been written on their chemical composition, structure

and characteristics.

Humic substances are some of the most widely distri-

buted natural products on earth, making up the bulk of the

organic matter in most soils and sediments (Schnitzer and

Khan, 1972). Although there is some variation from location

to location, most humic acids are very Similar in their

structure and chemical nature. The greatest variation is

in the length of Side chains and proportions of various

active Sites (Steelink, 1963). Nissenbaum and Kaplan (1972)

suggested that humic and fulvic acids are of the same gen-

eral structure, with humic acids being more highly polymer-

ized and containing a smaller number of -COOH groups per

unit weight.

194
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Humic acids are a diverse group of 3—dimensional,

polymorphic substances of high molecular weight, which are

resistant to decomposition (Gillam, 1940; Ishiwatari, 1960;

Murphy and Moore, 1960; Felbeck, 1965; Christman and

Ghassemi, 1966a; Guminski, 1968). These compounds are dis-

cussed as having definite molecular weights, although they

may exist as colloids in nature.

There are 4 hypotheses for the mechanism of humic acid

synthesis. These include the plant alteration hypothesis,

the chemical polymerization hypothesis, the cell autolysis

process and the microbial synthesis hypothesis (Knonoova

and Sandrova, 1958, 1959; Kononova 22.21;! 1960; Flaig,

1964; Felbeck, 1971). The actual process is probably a

combination of all 4 of these mechanisms, in which humic

compounds are synthesized from a multiplicity of naturally

occurring organic compounds. The main precursor of all

humic substances is lignin (Christman and Ghassemi, 1966a,

1966b). To this backbone of lignin may be added many organic

compounds and functional groups.

These functional groups may include carboxylic,

methoxyl, acetyl, hydroxyl and amine groups as well as num-

erous less common groups and various length alkyl groups

(Forsyth, 1947; Murphy and Moore, 1960; Chalupa, 1966;

Schnitzer and Khan, 1972). There may also be sugars, alco-

hols, aldehydes, ketones, polypeptides and amino acids
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integrated as part of the structure (Ishiwatari, 1966;

Guminski, 1968). Polyvalent metals may also be structural

components of the humic acids.

Humic acids may be formed in lake and marine sediments

as well as soils. The humic acids formed in lake and

marine sediments may differ from those formed in soils

although the general chemical and structural characteristics

are the same (Ishiwatari, 1966). The humic acids found in

lake sediments are probably of both autochthonous and allo-

chthonous origin, while those present in unpolluted streams

are predominately allochthonous (Flaig, 1960).

Purification of Humic Acids

Humic acids used in these studies were obtained from

the Aldrich Chemical Company (H 1675-2; lot # 082091).

These humic acids were prepared from European sources and

supplied in powdered form. The assayed melting point re-

ported was 300 C or greater.

The most widely used method of extracting and separat-

ing humic acids is by aqueous alkaline extraction (Bremner,

1954; Shapiro, 1957; Murphy and Moore, 1960; Ishiwatari,

1966; Christman, 1966; Martin, 1971). Other methods have

been used with success but since the definition of humic

acids is based on solubility properties, a dilute alkaline

extraction was used to solubolize the humic acids for
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purification. Extraction with strong NaOH may create new

exchange Sites and cleave the humic acids, thus changing

the exchange capacity (Lewis and Broadbent, 1961) and there

has been some evidence that some autoxidation of humic acids

may occur under alkaline conditions (Bremner and Lees, 1949;

Bremner, 1950, 1951; Tinsley and Solam, 1961). WOrk by

Choudhiri and Stevenson (1957) Showed that extraction with

0.5 S NaOH did not change the characteristics of humic

materials. Humic acids extracted with NaOH, H20 or Na3P207

were the same (Forsyth, 1947a; Schnitzer and Skinner, 1968a).

A 5 gram sample of the Aldrich humic acids was dis-

solved in 25.0 ml of 0.25 S NaOH and made up to 500.0 ml

with distilled, doubly deionized water. This was sufficient

to dissolve all of the humic acids. The humic acid solution

was then acidified (pH = 6.6) with concentrated HCl, causing

the humic acids to precipitate. The brown, humic acid pre-

cipitate was alternately centrifuged, at 5,000 RPM, and

washed. The first 3 washes were 100 ml volumes of 0.05_S

HCl and the final 4 washes were with 200 m1 of distilled

water. The supernatents from the first 2 washes were light

brown indicating the presence of some impurities. This may

have been due to the presence of a small quantity of fulvic

acids in the commercially prepared humic acids or due to

fragmentation of the humic acids by the purification process.

The discarded supernatent from all successive washes was
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clear and colorless. Humic acids have not been found to be

hydrolized by dilute HCl (Forsyth, 1947) but there may have

been some fragmentation of side chains by the alkaline

extraction. It was thought that the color in the first 2

washes was due to impurities in the original mixture rather

than humic acid fragments. The washed precipitate was then

washed with two 50.0 ml volumes of 95% ethanol to remove

impurities of hymatomelanic acids. There was no color ex-

tracted by these 2 washes, indicating that there were no

hymatomelanic acids in the original humic acid mixture.

After desiccation over CaSO 250.0 mg of the purified4.

humic acids were redissolved in 5 ml of 0.25 S NaOH and

made up to 1,000 ml with distilled water. It has been sug-

gested that drying with heat may destroy some of the proper-

ties of humic acids but changes seem to be minimal for acids

dried at room temperature (Forsyth, 1949; Chalupa, 1966).

Shapiro (1966b) found no difference in molecular weight be-

tween dried and undried humic acid samples from lake sedi—

ments.

The 250.0 mg/l stock humic acid solution was dialyzed

against distilled water in a Dow "beaker ultrafilter" with

a molecular weight exclusion of 30,000 for 2 hours, to remove

free inorganic ions as well as lower molecular weight organ-

ics. The nominal molecular weight exclusion is listed by

the manufacturer for the hollow fiber apparatus as the
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molecular weight which will be 85% retained by the cellu-

lose acetate fibers. This molecular weight designation may

not be completely applicable to humic acids since they may

exist as colloids instead of dissolved molecules. Even the

steric considerations of the polymorphic humic acids makes

the molecular weight exclusion a crude approximation.

Although the dialysis procedure was not an exact method of

qualifying the molecular weights of the humic acids used, it

did assure that the humic acids used for experimentation

were of high molecular weight. This purified and dialyzed

stock was then used to make up media for each experiment.

No effort was made to remove the ash content from the

purified humic acids. It was thought that Since the humic

acids occur in association with clays and other minerals in

natural systems that the ash content of the humic acids was

acceptable. Treatment with HF-HCl to reduce the ash content

may also have adverse effects on the structure of the humic

acids.

The extraction and purification method should always

be considered when comparing results of experiments using

purified humic acids and when extrapolations to natural sys-

tems are made.

Characterization of Humic Acids

There are many physical and chemical parameters used to

characterize humic acids. A partial list of these includes:
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ultimate analysis, nitrogen distribution (Bremner, 1965),

functional group analysis, absorption in the visible, ultra-

violet and infrared regions of the electromagnetic spectrum

(Sato and Kumada, 1967), nuclear magnetic resonance, elec-

tron spin resonance, X-ray analysis, electrometric titra-

tions, gas chromatography, gel permeation, paper and thin

layer chromatography and electrOphoresis. All of these

techniques have been employed with greater or lesser success

in the study of humic acids. Because humic acids are not

made of a pure compound but rather a mixture of similar com-

pounds of varying structure and molecular weight, many of

these techniques to estimate character are not very useful.

Although some of the techniques are not useful in determining

structure or composition they are still useful in gross char-

acterization of the humic acids. Since the structure and

empiricle formulae of these compounds can not be accurately

determined, their characterization takes on a greater impor-

tance.

Molecular Weight

Many methods have been described for the determination

of the molecular weights of humic acids (Clark, 1941; Hanson

and Schnitzer, 1969; Wershaw EE.E$°' 1970; Brogden, 1971).

One of the most widely used methods is gel permeation

(Posner, 1963; Dubach 22.21°' 1964; Gjessing, 1965; Gjessing
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and Lee, 1967; Bailly and Margulis, 1968; Schnitzer and

Skinner, 1968b). Gjessing (1965) using gel permeation,

found the surface waters of Norway to have 2 distinct mole—

cular weight fractions, one with molecular weights of about

10,000 and the other with molecular weights of between

100,000 and 200,000. Gjessing (1970) also found that less

than 10% of the organic carbon and 1% of the color of aqua-

tic humus from Norwegian lakes was due to the fraction with

a molecular weight of less than 1,000, while more than 50%

of the organic carbon and 90% of the color was due to the

fraction with a molecular weight of 20,000 or greater.

Steelink (1963) found some humic acid fractions to have a

molecular weight as high as 500,000, while Rashid (1971)

reported some humic acid fractions with molecular weights

less than 700.

Shapiro (1966b) reported that the humic acids of some

Minnesota lakes could be grouped into 4 ranges. Marine

sediments also seem to be grouped into 4 distinctly differ-

ent fractions: less than 700; 700—10,000; 10,000-100,000

and greater than 100,000 (Rashid, 1971). Schnitzer and Khan

(1972) reported that some humic acid fractions may have

molecular weights as great as several millions.

The molecular weights of humic acids are quite vari—

able (Schnitzer and Khan, 1972) and may not be a valid meas—

ure of the true Size of humic acids. The various molecular
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weight fractions probably are caused by different length

chains of the basic polyphonelic backbone of the humic acid

structure. AS was pointed out before, humic aCids may

exist naturally as colloids so that a molecular weight deter-

mination is meaningless. Because humic acids probably

differ in charge and structure from the dextrans normally

used as standards in gel permeation molecular weight deter-

minations, it is difficult to assign meaningful molecular

weights to humic acid fractions. Since molecules in the

fractionation range of the gel enter the pores of the poly-

sacharide Spheres, molecular shape plays a large role in the

way a particular set of molecules fractionate. A better

characterization method might be a size determination using

a membrane technique with known pore sizes. Although the

exact molecular weights of various humic acids may not be

determined by the gel permeation technique, the method may

be used successfully to determine ranges of approximate

molecular Size and shape.

The molecular weights of the humic acids used in these

studies were not determined, but the size-shape ranges were

characterized using "Sephadex G-200". This particular poly-

sacharide gel has a fractionation range of 5,000-800,000 for

peptides and globular proteins and a fractionation range

1,000-200,000 for dextrans which was assumed to cover the

"molecular weight" range of the purified humic acids.
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A 40 cm glass column (8 cm I.D.) was filled with swol-

len gel and allowed to pack for 24 h, at a flow rate of

J. - 0 ml/min with pH 6.85 Sorenson's buffer. After layering

0 - 2 ml of a 1.0 g/l humic acid solution onto the top of the

column, the column was eluted with Sorenson's buffer at a

rate of 1.0 ml/min. One ml fractions were collected by a

fraction collector and the humic acid concentration deter-

mined fluorometrically (see section of fluorometric determin-

ations) . The fluorescence, as read, was plotted as a func-

tion of the fraction number (ml) to give a "molecular weight"

distribution (Figure 31b).

The column was allowed to elute for more than 100 frac-

tions with all of the humic acids being eluted in the first

25 ml. The eluted humic acids were diluted by a factor of

12 5. There was only one maximum in the size distribution,

although the distribution was spread out in the later frac-

tions. This Spreading was probably due to pibonding to the

gel particles by the functional groups of the humic acids.

All of the humic acids seem to be of similar "molecular

Weights", although the exact molecular weights were not

determined because of the above mentioned difficulties. The

aE>£>£51rent bimodal distribution is probably an artifact due to

adsorption or fraction collection.



5
9

F
i
g
u
r
e

3
1
.
-
(
A
)

E
l
u
t
i
o
n

o
f

h
u
m
i
c

a
c
i
d
s

a
n
d

b
o
u
n
d

F
e
.

T
h
e

d
o
t
t
e
d

(
B
)

l
i
n
e

r
e
p
r
e
s
e
n
t
s

a
c
t
u
a
l

a
c
t
i
v
i
t
y

d
e
t
e
r
m
i
n
a
t
i
o
n
s

f
o
r

e
a
c
h

f
r
a
c
t
i
o
n
,

w
h
i
l
e

t
h
e

h
i
s
t
o
g
r
a
m

r
e
p
r
e
s
e
n
t
s

t
h
e

a
r
e
a

u
n
d
e
r

t
h
e

c
u
r
v
e

(
t
o
t
a
l

C
P
M
)

u
s
e
d

t
o

c
a
l
c
u
l
a
t
e

t
h
e

t
o
t
a
l

b
o
u
n
d

t
o

t
h
e

h
u
m
i
c

a
c
i
d
s
.

D
i
s
t
r
i
b
u
t
i
o
n

o
f

h
u
m
i
c

a
c
i
d
s

e
l
u
t
e
d

f
r
o
m

"
S
e
p
h
a
d
e
x

G
-
2
0
0
"

g
e
l

f
i
l
t
r
a
t
i
o
n

c
o
l
u
m
n
.

204



.

.

N

(wda) Mmuay

  
l
l
l
l
l
l
l
l
l
l
l
l
l
j

5
I

1
I

5
1
0
1
1
1
2
1
5
1
4
1
5
1
.
1
1
1
5

F
r
a
c
t
i
o
n

(
m
l
)

F
i
g
u
r
e

3
1

03009501011”

 1
|

1
1

l
l

1
5

2
0

1
1

(
m
l
)

F
r
a
c
t
i
o
n

 
205



206

Fluorescence

Humic acids are capable of intense fluorescence which

can be used for quantitative determinations in an aqueous

solution (Christman and Ghassemi, 1966a, 1966b). Buck

(1968) reported a peak of maximum fluorescence at 4700 A

for an activation wavelength of 3350 A.

Fluorescence was determined using a Turner model 111

fluorometer with a Turner primary filter 7'60 and a second-

ary filter combination of Turner filters 2A and 48. All

determinations were made in 12X75 mm, 8 cc, "Pyrex" cuvettes

using a 3660 A.mercuryline as an excitation source. With

the fluorometer connected to a Sargent model SR strip chart

recorder, responses were expanded to 12.5 mv full scale.

Because the fluorescence of organic compounds is sen“

Sitive to pH and temperature fluctuations, all fluorometric

determinations were made at pH 8.3 and 23 C.

The standard curves for the 3X and 1X sensitivity

settings for concentrations of humic acids between 10 and

100 mg/l showed that the relationship was linear only for

the concentrations below 20 mg/l (Figure 32). Standard

curves were prepared for humic acid concentrations between

1.0 and 10.0 mg/l at the 3X sensitivity setting and from 1.0

to 5.0 mg/l for the 10X sensitivity setting (Figure 33).

The linear regression prediction equation for the 3X

sensitivity setting was determined to be:
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Figure 32.--Humic acid fluorescence as a function of

concentration from 0 to 100 mg/l humic acids

for sensitivity settings of IX and 3X. All

determination made at 23 C and a pH of 8.3.
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Figure 33.--Humic acid fluorescence as a function of

concentration from 0 to 10 mg/l humic acids

for a sensitivity setting of 3X and from 0

to 5 mg/l humic acids for a sensitivity

setting of 10X. All determinations were made

at 23 C and a pH of 8.3.
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§ = o.232x-o.197.

The coefficient of regression of fluorometer units on humic

acid concentration was 0.999.

From this equation, the humic acid concentrations could

be calculated but most of the laboratory studies required

only relative measurements in fluorometer units. The use

of fluorometry to detect humic acids in natural waters is

limited because of interferences from other organics in the

humus group as well as from dissolved organics such as

chlorophyll, proteins and the whiteners added to detergents

(wright and Collings, 1964).

Visible Spectrophotometry

Visible Spectral characteristics have long been used in

the study of humic acids. The color of natural waters has

been one of the routinely measured parameters in limnologr

ical studies and initially was measured by comparison to

some standard such as platinum cobalt. The color character-

istics are now determined spectrophotometrically.

The absorbance (optical density) of a 250.0 mg/l solu-

tion of purified humic acids was determined at 20 mp inter-

vals between 350 and 950 mu using a Beckman DB-G Spectro-

photometer (Figure 34b). The featureless visible Spectrum,

which decreased continually with increasing wavelength,

closely resembles those found by Schnitzer and Khan (1972)

for humic acids.
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The E4/E6 ratio, which is the ratio of the absorbances

at 465 and 665 mu respectively, is often used for the char-

acterization of humic acids (Schnitzer and Khan, 1972).

This ratio is independent of concentration but varies for

humic acids from different sources (Konova, 1966). The

E4/EG ratio for the humic acids used in this study was cal-

culated to be 9.9. Schnitzer and Khan (1972) reported E4/E6

values of about 5.0 for brown humic acids while Kononova

(1966) found grey humic acids to have E4/E6 ratios of between

2.2 and 2.8. Increased humification and condensation gener-

ally causes a decrease in the E4/E6 ratio. This indicates

that the humic acids used in this study were less aromatic

and thus of more recent origin than most of the soil humic

acids which have been studied. Fulvic acids have been re-

ported to have E4/E6 ratios of between 6.0 and 8.5 (Kononova,

1966).

Direct spectral analysis is only valid for humic acids

of Similar origin so the molar absorbtivity (extinction co-

0.001%

El

acids (Orlov, 1967). The molar absorbtivity for the humic

efficient, cm) is often used to characterize humic

acids used in this study was calculated to be 0.04 when

measured at 465 mu, which corresponds to the value found by

Orlov (1967) for humic acids extracted from a sod podzolic

soil.
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Ultraviolet Absorption Spectra

The multiple bonds and unshared electron pairs which

confer color to organic molecules also absorb energy in the

ultraviolet region of the electomagnetic spectrum (200-400

mu). This absorption may be used to characterize the struc-

ture of organic compounds.

An ultraviolet absorption spectrum (Figure 34a) was

determined using a Beckman DB-G Spectrophotometer. The

large number of double bonds and unshared electrons in the

humic acid functional groups are probably responsible for

the smooth curve obtained. When more than one chromophoric

group is present, the interpretation of spectra becomes dif-

ficult. Since humic acids occur as mixtures and not as pure

compounds, they generally Show a smooth curve of decreasing

absorbance with increasing wavelength. Because of these

problems, ultraviolet Spectra are of little use in character-

izing humic acids and identifying functional groups, although

they may be useful in identifying fragments and decomposi-

tion products.

Infrared Spectrophotometry

Infrared Spectrophotometry can be used for the gross

characterization of humic acids of diverse origins as well

as for determining structure (Ceh and Hadzi, 1956; Theng

2; 21°! 1967). Infrared spectra are generally used to
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detect the presence of particular functional groups of struc-

tural configurations or the effect of treatments such as

oxidation and reduction on humic acid molecules (Farmer,

1960). Because of the uncertainty of peak identification,

the characterization of humic acids by infrared analysis

Should be substantiated by other methods (Schnitzer and

Skinner, 1963).

Desiccated, purified humic acids were pressed into a

pellet with KBr as the matric material and the spectrum

determined with a Perkin-Elmer model 337 infrared spectro-

photometer.

The resulting Spectrum (Figure 34c) was very similar to

the Spectra obtained by others working with humic acids

(Elofsen, 1951; Kumada and Aizawa, 1958; Schnitzer, 1971).

The spectrum was a series of broad bands caused by the

many functional groups and heterogeneity of the humic acid

1 and 3500 cm-1mixture. The large bands between 2900 cm-

may be due to many groups including the absorptions of C-H

stretching, N-H stretching, O-H stretching and aromatic C-H

stretching, all of which may be present in the purified

humic acids. The large peak at 1100 cm.1 is undoubtedly due

to the C-0 stretching of the numerous carboxyl groups associ-

ated with the humic acids. The fingerprint region (less

than 1000 cm-1) is one broad band, again due to the multi-

plicity of functional groups and is not of much use qualita-

tively.
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Because of their complexity, humic acids absorb at

almost all of the infrared wavelengths, causing all humic

acids to have similar infrared Spectra. Rice EE.El° (1962)

found that humic acids all had similar infrared spectra

regardless of where they were collected. The fact that all

humic acids infrared Spectra are so similar they are of

almost no use for humic acid characterization.

Nutrient Analysis of Humic Acids

Humic acids are large organic molecules composed main-

ly of carbon, oxygen, nitrogen, hydrogen and sulfur with

small quantities of numerous other elements integrated into

their structures and associated as chelates, complexes or

surface sorbed.

Schnitzer and Khan (1972) compiled an inventory of

humic acid ultimate analyses. They found that the percent

carbon for soil humic acids ranged from 53.7% to 60.4% while

the carbon content of humic acids from lake sediments was

53.7%. They also reported soil humic acids as being between

3.7% and 5.8% hydrogen, 1.6% to 4.1% nitrogen, about 0.4%

sulfur and 31.9% to 36.8% oxygen. Lake sediment humic acids

were very Similar with a composition of 5.8% hydrogen, 5.4%

nitrogen and 35.1% oxygen.

The humic acids used in this study were analysed to

determine their phosphorus and metal content. Five grams of
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purified and unpurified humic acids were both refluxed with

400 m1 of concentrated HNO3 and 50 ml of concentrated HClO

for 12 h in a 500 m1 glass distillation flask. The HNO

4

3

was then distilled off and the HClO4 allowed to reflux until

the reaction mixture reached 200 C. This resulted in a 60

ml sample which was diluted to 100 ml with distilled water

and stored in polyethylene bottles.

Sulfur, released by the digestion, floated to the top

of the acid mixture but was not assayed. There was also an

oily residue, perhaps due to the very resistant phenolic

fractions of the humic acids and a precipitate which was

probably due to clay.

Metals were measured by atomic absorption spectrometry

within 24 h of digestion. The Jarrel Ash model 800 unit was

zeroed with dilutions from refluxed acid blanks and standard

curves were used to compare with the metal concentrations in

samples of the original solution diluted 1 to 10 with dis-

tilled water.

No detectable concentrations of the following metals

could be found in the digested, unpurified humic acids: Ni,

Co, Cu, Zn, AS, Pb, Mn, Si, Cd, V and Mo. Fe, Ca and Mg

were the only metals that were detected. Fe was in the

greatest abundance, with the purified and unpurified humic

acids having about 20.0 mg Fe/g humic acids. This Fe was

thought to be structural Fe and not present as a complex or

chelated form because the acid purification procedure would
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remove most of the Fe bound in these forms. The binding of

metals to the humic acids may have involved the associated

clays but this was not Studied here.

The digested unpurified humic acids had 2.5 mg Mg/g

humic acids and 1.1 mg Ca/g humic acids. No detectable con-

centration of either of these elements could be found in

samples of the digested, purified humic acids. These ele-

ments were probably present in the raw humic acids as

chelates, complexes or surface bound by sorption phenomena

and were removed by the purification process.

P04 in the undigested purified and digested samples

was analysed using the ammonium molybdate-stannous chloride

method. No PO4 was detected in either sample.

Ash Content of Humic Acids

Humic acids not only interact with metals but also form

complexes with clays and metal oxides. Humic acids are

almost always found associated with ash in natural systems

(Mortland, 1970). Because of this natural association, it

was believed valid to study humic acids in the presence of

their associated ash. Humic acids and their associated ash,

including clays and metals, act as a functional unit in

nature and should be studied as such. The humic acids used

in all of the experiments reported here were not freed from

their associated ash because it was also believed that the
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usual HCl-HF treatment generally used for the removal of

ash from humic acids would be detrimental to the humic acids

themselves as well as destroying the natural association.

The ash content of the purified humic acids was deter-

mined by ashing at 600 C for 6 h. Five gram samples of the

humic acids were placed in tared porcelain casseroles and

ashed in a muffle furnace. The ashing was done under an air

atmosphere. This may have caused some oxidation of the

metals associated with the humic acids, which would cause

an increase in the estimated ash content. Schnitzer and Khan

(1972) reported that the combustion of humic substances

occurs between 350 and 550 C and weight losses above this

temperature range are due to reorganization of the ash

.materials and loss of waters of hydratidn from the clay

materials.

The ash content of the purified humic acids was found

to be 15.9%. Schindler (personal communication) found

humic acids from the South Eastern United States to have an

ash content of about 15% after an HCl-HF treatment.

The ash associated with the humic acids was not assayed

for elemental content but an ocher color indicated the

presence of Fe.

Iron Binding Capacity of Humic Acids

The interactions of metal ions with humic acids may be

ion exchange (Basu, 1964), surface sorption, complexation
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(Schnitzer and Khan, 1972), chelation, coagulation or pep-

tization reactions (Mortland, 1970). The metals bound to

humic acids may be held in part by all of the above mechan-

isms. The numerous carboxyl, phenolic and carbonly groups

are probably responsible for the complexing and chelation

of metals by humic acids and the fact that the humic acids

may also act like colloids explains the possible surface

reactions of humic acids and metals. There has been much

work done on the determination of metal-organic matter

chelates (Martell and Calvin, 1952; Chaberek and Martell,

1959; Rossatti and Rossatti, 1961).

Humic acids have a particular binding capacity for

metal ions such as Fe. This capacity is generally measured

as a stability constant calculated either thermodynamically

or stochiometrically (Stevenson and Ardakani, 1972). The

methods of calculating stability constants have been success-

ful for metal complexes and chelates with ligands of known

molecular weight structure and exchange capacity (Stevenson

and Ardakani, 1972), but may not be suitable in cases where

the molecular weight and structure are not known or the

ligand is a mixture of compounds or heterogeneous structures

or exchange capacities.

Since the calculation of stability constants is not

applicable to humic acids, an Fe binding capacity was calcu-

lated for the purified humic acids used in the experiments

reported here. This is Simply the amount of Fe that will be
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bound by the humic acids at a particular temperature and pH

regime, expressed as mg Fe/mg humic acids. Two methods, a

gel permeation method and a dialysis method, using an 59Fe

tracer, were used to determine the Fe binding capacity of

the purified humic acids.

Gel Permeation Technique

The Fe binding capacity of purified humic acids was

determined using a gel permeation column of "Sephadex G-lS".

After swelling in distilled water for 24 h, the gel was

slurried into a 40 cm glass column with an inside diameter

of S cm and packed at a rate of one ml/min for 3 hours with

a solution of 1.0 mg/l stable Fe and 6X10.8 9mg/l 5 Fe (202

CPM/ml). A 500.0 mg/l solution of humic acids was made up

to have the same specific activity as the eluent. After both

the humic acid and eluent had come to equilibrium with their

mixing flask, their activities were found to be 173 and 175

CPM/m1 respectively.

The eluent was passed through the column at a rate of

1.0 ml/min until the fractions collected showed a constant

activity (Figure 31a). A 0.1 ml sample of the humic acids

was then layered onto the top of the column and eluted at a

rate of 1.0 ml/min. One ml fractions were collected with

a fraction collector and their activity determined with a

well type, No. I, Single channel scintillation counter.
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Because the half life of 59Fe is 45 days and the activities

were all determined immediately, no correction was made for

decay. Since all determinations were relative, all of the

activities were reported as counts per minute (CPM) and not

corrected for counter efficiency or converted to mg/l Fe.

The fractionation range of the "Sephadex G-15" gel is

0-1,500 molecular weight units. Since the purified humic

acids had a molecular weight of 30,000 or greater, they were

not in the fractionation range of the gel and were excluded

from the pores of the gel. The larger humic acid molecules

were eluted in the void volume of the gel (V0), while the Fe

atoms in solution were fractionated. Because the free Fe

atoms were entering the pores of the gel, they were eluted

in a volume greater than V0. The eluent and humic acid mix-

ture had the same specific activity, so as the humic acid

molecules with their bound Fe moved ahead of the unbound Fe

atoms that they were added with, the activities of the frac-

tions containing humic acids were increased by the amount of

59Fe bound to them. By subtracting the activity of the

eluent from the fractions containing humic acids, the activ-

59Fe bound to the humic acids was calculated.ity of the

The activity of each fraction was plotted as a function of

the fraction number and the area under the curve computed

10 mg of 59Fe(Figure 31a). A total of 517 CPM or 9.3ox1o'

was bound to the humic acids. By knowing the specific activ-

ity Of the samples, the bound stable Fe was calculated to be
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2
1.5X10- mg Fe/mg humic acids. Replications of this deterv

2 2'andl.4XlO"2mination produced values of 1.6X10' , 1.7X10'

mg Fe/mg humic acids.

Fluorometric measurements of the fractions indicated

that all of the humic acids were eluted with a dilution

factor of 45.

Dialysis Technique

A 50.m1 solution containing 10.mg humic acids, 0.5

mg stable Fe and 6.3x1o"4 mg 59Fe (34,860 CPM) , giving a

specific activity of 6.98X10-4 CPM/mg Fe was allowed to

react for 30 min and placed in a 1.0 in diameter dialysis

bag, which was suspended in a flask containing 3 liters of

distilled water. The system was allowed to stand for 7

days, after which time the activity inside and outside the

dialysis bag was determined and COrrected for decay to the

start of the experiment. The distilled water outside the

dialysis bag was acidified with concentrated HCl to remove

absorbed Fe from the glass Sides of the reaction flask.»

The activity inside the dialysis bag was 452 CPM/m1 while

that outside the bag was 3.2 CPM/ml. Assuming that the

solution inside the dialysis bag also had an activity of

3.2 CPM/ml unbound Fe, the activity of the bound Fe was 449

CPM/m1. Using the Specific activity, the amount of bound

2
stable Fe was calculated to be 3.2X10- mg Fe/mg humic acids,
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which is very near the value obtained with the gel permea-

tion method. Shapiro (1966b) found that the Fe binding

capacity of dissolved organic acids varied from one lake to

another and from one pH regime to another. The Fe binding

capacity of the humic substances in the lakes studied by

Shapiro (1966b) ranged from 1.5 mg Fe/mg humic substance to

2.6 mg Fe/mg humic substance at a pH of 9.0, which are

higher than the values determined here. The pH of the solu-

tions used to determine the Fe binding capacity reported

here were all 8.3. The greater binding capacity reported

by Shapiro (1966b) may be due to differences in the organic

acids studied or to the initial Fe concentration associated

with the organic acids. There also may have been further

differences caused by the extraction methods used. Rashid

(1971) found that humic acids of molecular weight less than

700 had the greatest binding capacity for divalent metals

on a weight per weight basis with binding capacity decreas-

ing as the molecular weight of the humic acids increased.

The molecular weight distribution of the humic substances in

the lakes studied by Shapiro (1966b) may have been composed

of smaller molecular weights or the extraction procedure

used by Shapiro may have selected for the lower molecular

weight fractions in the lake waters. It has been determined

that about a third of the exchange sites of humic acids exist

in the nonchelating form, although this number would change

with molecular size and structure.
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Release of Bound Fe From Humic Acids

When studying the Fe binding effects of humic acids on

the availability of Fe to algae, it is important to know

something about the rate of release of bound Fe from the

ligand. It is also necessary to know the ability of common

ions to displace Fe from the organically bound forms.

Several experiments were conducted to determine the

rate of Fe release from the purified humic acids used in the

Algal growth and uptake studies. The ability of Ca to dis-

place bound Fe was also studied. Since a stability constant

of the traditional type is inappropriate in the humic acid

metal system (Stevenson and Arakani, 1972) a simple release

rate was determined using a 59Fe dialysis technique. The

humic acid-Fe complex described in the section on binding

capacity was used to study the rate of release of Fe from

humic acids. The humic acids studied had their binding Sites

completely saturated with Fe (1.6X10-2 mg Fe/mg humic acids

and a Specific activity of 6.98X10-4 CPM/mg Fe). The pH of

the humic acid solution was 6.5 while that of the distilled

water was 6.7.

A 10.0 ml aliquot of the humic acid-Fe complex was

placed in a dialysis bag and suspended in 20.0 ml of dis-

tilled water in a 9 dram plastic counting vial. The dialysis

bag was periodically removed and the activity in the dis-

tilled water determined. By counting the whole vial there
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was no error due to adsorption losses of Fe to the Sides of

the vial.

After 4 days the activity of the distilled water was

0.3 CPM/m1. This is about the activity that would be ex-

pected from partitioning of the 3.0 CPM/m1 due to the free

59Fe in the humic acid solution. This free Fe alone would

be expected to produce an activity of 0.5 CPM/ml in the

distilled water. This indicates that Fe bound to humic acids

of molecular weight 30,000 or greater iS bound very tightly,

making it essentially unavailable. Stevenson and Ardakani

(1972) suggested that this is due to the fact that the

larger humic acid molecules have basic and acidic functional

groups such as phenolic and carboxylic groups arranged such

that chelation is highly favored. This is especially true

in alkaline solutions where the humic acids are ionized.

Replacement of Fe by Ca

Since meaningful equations could not be derived to ex-

press the complex competition of Fe and Ca ions for binding

sites on the humic acids, a simple tracer study was done to

determine if Ca ions were able to displace humic acid-bound

Fe.

Two 10.0 ml aliquots of the humic acid-bound Fe used in

the release experiment were placed in dialysis bags and sus-

pended in 300 mlErlenmeyer flasks. Two hundred ml of dis-

tilled water were added to one flask while 200 ml of a 100
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mg/l Ca solution were added to the other flask. The pH of

the Ca and distilled water solutions were 7.1, while the

humic acid solutions had a pH of 6.3.

After 5 days, the dialysis bags were removed and the

solutions in the flasks acidified with concentrated HCl to

remove adsorbed Fe from the walls of the reaction flasks

and 10.0 ml samples were counted for 59Fe activity. Samples

from the distilled water had an activity of only 0.4 CPM/ml,

while the 100 mg/l Ca solution had an activity of 26 CPM/m1

indicating that the Ca ions were able to displace humic acid—

bound Fe.

This may explain why Fe bound to humic acids has been

found to be available to marine phytoplankton (Martin, 1971).

Basu (1964) determined that the great binding ability of

humic acids was due to the higher exchange capacity of col-

loidal humic acids. He also indicated that adsorbed cations

were readily released-by exchange reactions. The Fe bound

to humic acids washed into sea water could be released by

the high ionicestrength solution, thus making it available

to phytoplankton.
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APPENDIX III

Humic Acid Removal from Water, Using

Ion Exchange Resins

Introduction

Ion exchange resins have been used for many years to

remove humic acids from industrial feed waters (Leclerc and

Samuel, 1956; Jong and Jansen, 1958; Bogers, 1958; Van

Beneden, 1959). Strongly basic anionic exchange resins of

the tertiary amine type have been used to remove humic

materials from the highly colored waters of Northern Europe

(Jong and Jansen, 1958; Van'Beneden, 1959). These resins

have proven to effectively remove the organic color in

water but the humic substances are difficult to elute from

the resins. In many cases the organics seem to be irrever-

sibly bound to the resins (Wilson and Collier, 1955). This

phenomenon, known as organic fouling, makes regeneration

impossible and decreases the effectiveness of these resins

for water purification purposes. The difficulty in eluting

humic acids from strongly basic anionic exchange resins

also makes them of little use in concentrating humic acids

for scientific study (Hissel, 1955). Shapiro (1957) also

found that anionic exchange resins were good scavengers for

humic acids but the elution recovery was low.

Other exchange matrices, such as activated charcoal

and magnesia-silica gels have been used to extract humic
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acids from water (Shapiro, 1957). Many workers have ex-

tracted humic acids by freeze-drying (Shapiro, 1961) and

liquid-liquid partitioning techniques. These methods are

acceptable when small quantities of the organic acids are

needed for analysis but impraCtical when larger quantities

are needed for biological experiments.

Buck (1958) used the chlorine form of "Duolite A-4"

(a weakly basic polystyrene exchange resin) to remove

colored, dissolved organics from Michigan streams. Moreau

(1972) also used a strongly basic ionic exchange resin

("Dowex 1-8X") to remove humic acids from natural water.

Both authors reported good elution with NaOH or NaCl or a

combination of both.

Experiments were conducted to determine the scavenging

and regeneration capacities of 4 anionic exchange resins

for known humic acid solutions as well as complex colored

organics from natural waters. Most ion exchange procedure

for removing humic acids from water have been done with

complex naturally occurring compounds and not tested for

humic acids of a relatively pure form.

Strongly Basic Anionic Exchange Resin

"Dowex-l" is a strongly basic anionic exchange resin

with a trimethyl benzyl ammonium active group on a poly-

styrene divinyl benzene cross-linked matrix formed into

Spheres. The 50-100 mesh analytical grade chloride form of



232

this resin has a total exchange capacity of 1.4 meq/ml

swollen resin.

A 30 ml polyethylene exchange column was packed with

swollen resin and conditioned with 5 bed-volumes of 2.0 S

NaCl, followed by 5 bed-volumes of distilled water.

The removal efficiency for removing humic acids from

water was tested with 1.0 liter of a 10.0 mg/l solution of

the purified humic acids used in the growth and uptake

experiments (Appendix II). The humic acid solution was

passed through the column at a rate of 30 ml/min with 30 ml

fractions collected for fluorometric analysis to determine

the column effeciency (Appendix II).

There was no breakthrough of humic acids as the humic

acid solution was passed through the column which took on a

dark brown color.

The column was eluted with 100 ml of 3.0 N_NaCl which

removed about 0.3 mg humic acid or about 3% of the total

added. Batch elution of the resin with 100 ml hot (80 C),

3.0 S NaCl removed no more humic acid.

Column elution with 100 m1 of 5.0 S NaOH remoVed abOut

6% of the humic acid, while a 24 h batch elution with 200

ml 5.0 S NaOH removed 7% of the humic acids from the resin.

"Dowex-l" was also used to remove dissolved, colored

organics from the highly colored waters of the Red Cedar

River on the Michigan State University campus, Ingham County,
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Michigan (Meridian Township, SWk Sec 18, T3N, R1W). Samples

were taken during the high water period of October, when

the river was swollen by runoff. Swollen "Dowex-l" was

packed into a 30 cm long, 4.5 cm inside diameter glass col-

umn with a volume of 475 ml. This column was fitted at

each end with #6, one-hole, rubber stoppers. Each stopper

had a piece of glass tubing inserted in it and these were

attached to tygon tubing.

Screw clamps were attached to the inlet and exit tubing

to control the water flow and prevent desiccation of the

resin when not in use. Porous, polyethylene dishes were

located above and below the resin to hold it in place. In

addition, a glass wool plug was positioned at the top of the

column. This as well as glass wool and polyethylene in-

line filters removed silt and debris from the feed water

before it passed through the column.

The column was conditioned with 5 bed-volumes of 2.0%

NaCl followed by 5 bed-volumes of distilled water. River-

water was passed by a metering pump (Seelye, 1971) to a

tank equipped with a floating microswitch which maintained

a constant head-height (1,1 in). Over a period of 68 h

200 liters of water were passed from the river through the

column. This gave a dark brown color to the top 75% of the

column, but no discoloring of the bottom quarter.

Because of the complexity of the organic mixture, the

concentrations could not be determined by fluorometry
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(Appendix II). Determinations of elution efficiency were

made visually by observing the change in the color of the

resin and the color intensity of the eluent. The column

was moved to the laboratory where it was eluted with 500 ml

of 2.0 S_NaCl. Very little of the color was taken from the

resin. A batch elution with 500 m1 of 2.0 §_NaOH also

failed to remove much of the color from the resin, although

the eluent did have a slight yellow color.

The two 500 ml elution volumes were combined and freeze-

dry concentrated to 1/10 of their original volume yielding

a clear yellow solution.

This concentrated fraction was acidified with concen-

trated HCl to a pH of 6.3 and centrifuged at 5,000 rpm for

30 min. No precipitate was formed. According to Christman

and Ghassemi (1966a), this indicates that the color removed

from the resin was due to the fulvic acid fraction of the

dissolved, organic, colored substances. The yellow color

of the eluent is further support for the supposition that

the fulvic acids were eluted from the resin, leaving the

dark brown humic acid fraction behind.

Weakly Basic Anionic Exchange Resin

Because the humic acids could not be eluted from the

strongly basic anionic exchange resin, a weakly basic resin

was tested for its ability to remove them from water and be

regenerated. The resin used was Rohm and Haas, 50-100 mesh,
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"IR-45". This resin has a polyamine functional group on a

polystyrene-DVB matrix.

The resin was swollen in distilled water, packed into

a 30 ml polyethylene exchange column and conditioned with

5 bed-volumes of 2.0 §_NaOH followed by 5 bed-volumes of

distilled water.

A 1.0 liter sample of 10.0 mg/l purified humic acid

solution was passed through the column at a rate of 10

ml/min.

The resin was batch eluted with 200 ml of 2.0 N_NaC1

after which the resin was transferred to 200 ml of 2.0 S

NaOH. Only a small amount of the humic acid was exchanged

off the resin, which remained dark brown. The concentration

of acids in the eluent was determined by fluorometry and the

percent recovery determined. About 6% of the humic acid

added to the column was eluted from it. As with the strongly

basic exchange resin, the weakly basic resin effectively

removed the humic acids from water, with no detectable

humic acid breakthrough. Only a slightly larger percentage

of the humic acid could be eluted from the weakly basic

anionic exchange resin than from the strongly basic anionic

exchange resin.

These results, and those with the strongly basic anionic

resin differ from those of Buck (1968) and Moreau (1972) and

indicate that ion exchange resins of the type tested are
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very ineffective for the concentration of humic acids from

water.

Attempts have been made to elute humic acids from

anionic exchange resins with very stringent methods, such

as eluting with hypochlorite, concentrated mineral acids,

and hot solvents (Leclerc and Samuel, 1955); Harrington,

personal communication). Rapid heating and cooling of the

resins in combination with strong eluents has also been

used to expand and contract the pores so that the organics

are released. The larger molecular weight humic acids are

not exchangeable from anionic resins without destroying the

integrity of the exchange resin or that of the humic acids

when these techniques are employed.

Since humic acids are large molecules and highly

branched with many active functional groups (Appendix II),

they are difficult to elute from exchange resins. The humic

acids tend to become lodged in the pores and since they have

a large number of exchange sites, it is difficult to have

them all exchanged at any one time. These difficulties,

combined with the high bond strengths of the humic acids

with the anionic exchange resins are the principal reasons

for the low recovery rate.

Large Pore and Macroporus Strongly Basic

Ion Exchange Resins

Since the Size and complex geometry of humic acid mole-

cules may be the reason they are not easily eluted from
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exchange resins, both a large pore and a macroporus anionic

exchange resin were used to try to lessen the effect of

molecular size and geometry.

The large pore anionic exchange resin used in this

study was 20-50 mesh "Dowex-ll" in the hydroxide form. This

is a strongly basic resin consisting of trimethyl benzyl

ammonium active groups on a polystyrene-DVB matrix (Wheaton

and Seamster, 1966).

Thirty milliliters of the swollen resin were placed in

a 30 m1 polyethylene column and conditioned with 3 bed-

volumes of distilled water, 3 bed-volumes of 4% NaOH and

finally washed with 3 bed-volumes of distilled water.

A 1.0 1 sample of a 10.0 mg/l solution of purified humic

acids was passed through the column at a rate of 30 ml/min

with a hydrostatic head of 12 inches. As in previous experi-

ments, 30 m1 samples were taken for fluorometric analysis

to determine the removal efficiency of the resin.

The removal efficiency was initially about 90% but

decreased rapidly to about 50% after only 150 ml of humic

acid solution had been passed through the column. After re-

taining this efficiency for the next 300 ml the removal

efficiency decreased to 20%, at which time the experiment

was terminated. This low removal efficiency may be due to

the large pores and large void volume letting humic acids

pass through without being exchanged.



238

Although "Dowex-ll" had a low removal efficiency, once

the humic acids were bound to the resin they were not easily

exchanged. The humic acids could not be eluted by batch

elution with 4% NaOH, 4% HCl or 5% LiCl.

The chloride form of 20-40 mesh Dow "MSA-l" macropor-

ouS, strongly basic anionic exchange resin was tested to

determine its removal efficiency and elution capacity for

purified humic acids in aqueous solution. This resin is

also a polystyrene-DVB resin with trimethyl benzyl ammonium

active groups (Wheaton and Seamster, 1966). The resin is

formed into large Spherical beads (0.5 mm), giving a large

void volume between beads.

As with the other resins tested, a 30 ml portion of the

swollen resin was packed in a polyethylene exchange column

and conditioned with 5 bed-volumes of 4% NaOH, followed by

5 bed-volumes of distilled water. One liter of 10.0 mg/l

purified humic acid was passed through the column at a rate

of 30 ml/min with 30 m1 fractions collected to determine

the resin's removal efficiency.

The removal efficiency was about 99% for the entire

liter, with no breakthrough. Batch elution with 4% NaOH

for 24 h did not elute a detectable amount of humic acid and

the resin remained a dark brown color.
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Conclusions

Three of the anionic exchange resins studied ("Dowex-l",

"Amberlite IR-45" and "MSA-l") were found to be highly ef-

fective scavengers for humic acids in aqueous solution. Of

the anionic exchange resins studied only "Dowex-ll" was in-

effective for removing humic acids from water.

All of the resins bound humic acids very tightly,

making their elution efficiency very low. Some drastic elu-

tion schemes have been proposed but these destroy the

integrity of the exchange resins and probably the humic acids

as well.

A portion of the organic color exchangedlfrom natural

water was eluted from the columns. The experiments with

purified humic acids of molecular weight 30,000 or greater

indicate that the color eluted from the "Dowex-l" used to

scavenge Red Cedar River water was probably not due to humic

acids but due to the fulvic acid fraction of the dissolved

organic acids. This hypothesis is further supported by the

fact that when the eluents of the Red Cedar River column

were combined, concentrated, and acidified no precipitate

resulted. The fulvic acids are soluble in acid solution

while the humic acids would be precipitated. The Red Cedar

River colored organics eluted from the anionic exchange resin

were the yellow color typical of fulvic acids.
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The dissolved organic color extracted by Buck (1968)

was probably of the fulvic fraction although it could also

have been tannins or lignins. Moreau (1971) reported

successfully concentrating dissolved, colored, organic acids

from a Michigan stream with 50-100 mesh "Dowex-l" in the

chloride form. The acids that he was able to elute with

2.0 §_NaCl were probably only the fulvic acid portion of

the dissolved, organic, colored acids and not humic acids as

he reports.

It was concluded that the types of anionic exchange

resins tested are not an effective tool for concentrating

humic acids for scientific study.
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Table 11. --pH values for cultures of Fe--starved S. obliquus

grown in AAP media containing 6 different Fe

concentrations. Each pH value is the mean of 4

 

 

 

 

replications.

TREATMENT DAY

7 T E? 16

0.1 mg/l Fe 7.6 9.2 8.9 8.4

0.2 mg/l Fe 7.4 9.2 8.9 8.2

0.3 mg/l Fe 7.5 9.4 8.9 8.6

0.4 mg/l Fe 7.4 9.0 9.0 8.4

0.5 mg/l Fe 7.6 9.1 8.3 8.1

1.0 mg/l Fe 7.5 9.5 8.2 8.2  
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Table 12.--pH values for cultures of PO —starved S. obliquus

grown in AAP media containin 6 different concen-

trations of PO . Each pH value represents the

mean of 4 replications.

 

 

 

 

TREATMENT DAY

Mg/l po4 5 7 9

2 x 10"4 7.5 7.6 7.3

1 x 10‘3 7.4 7.4 7.3

5 x 10‘3 7.8 7.6 7.5

1 x 10'2 7.4 7.3 7.4

1 x 10‘1 7.5 8.4 8.6

5 x 10'1 9.1 9.4 8.8  
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Table l3.--pH values for cultures of PO -starved S. obliguus

grown in AAP media containing 6 different concen-

trations of P04. Each value represents the mean

of 4 replications.

 

 

 

TREATMENT DAY

(mg/1 P04) 3 5 7 9

0.05 7.4 8.0 7.7 7.6

0.10 7.4 7.9 7.7 7.6

0.25 7.4 8.2 7.8 7.7

0.50 7.4 9.3 7.8 7.6

0.75 7.4 9.6 7.8 7.6

1.00 7.4 10.0 7.9 7.7
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Table l4.--pH values for cultures of PO4-Fe-starved S.

obliguus grown in AAP media containing 12 dif-

ferent treatment combinations of Fe and P04.

Each value represents the mean of 4 replications.

 

 

 

 

TREATMENT

Po4 Fe DAY

(mg/1) (mg/l) 4 .5 6 8

0.5 0.3 6.6 6.9 7.2 7.3

0.5 0.5 6.9 7.6 7.4 7.2

0.5 1.0 6.8 7.5 7.0 7.2

0.5 1.2 6.7 7.4 7.1 7.2

0.7 0.3 7.0 8.0 7.4 7.3

0.7 0.5 6.9 7.2 7.2 7 7.3

0.7 1.0 7.0 7.8 7.3 7.2

0.7 1.2 7.0 7.1 7.3 7.3

0.9 0.3 6.6 6.6 7.3 7.4

0.9 0.5 7.0 7.9 7.4 7.3

0.9 1.0 7.2 9.1 7.3 7.3

0.9 1.2 7.1 7.5 7.2 7.2

1.1 0.3 6.8 7.5 7.1 7.2

1.1 0.5 7.0 7.7 7.4 7.2

1.1 1.0 6.9 7.5 7.1 7.2

1.1 1.2 7.0 7.7 7.2 7.2
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Table 15.-—pH values for cultures of Fe-starved S. obli uus

grown in AAP media containing 6 concentrations

of humic acids. Each value represents the mean

of 4 replications.

 

 

 

 

TREATMENT DAY

5 7 9 11 12 15

0 mg/l H.A. 7.4 7.5 7.5 7.4 7.4 7.4

2 mg/l H.A. 7.4 7.6 7.6 7.5 7.6 7.6

5 mg/l H.A. 7.5 7.7 7.7 7.8 7.8 7.9

10 mg/l H.A. 7.7 7.7 7.8 7.7 7.8 8.0

15 mg/l H.A. 7.7 7.8 7.9 7.9 8.0 8.2

25 mg/l H.A. 7.9 8.0 8.2 8.3 8.3 8.5  
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Table 16.--pH values of cultures of Fe-starved S. obliquus

grown in AAP media containing 8 treatment co 1-

nations of humic acids and EDTA. Each value

represents the mean of 4 replications.

 

 

 

 

 

TREATMENT DAY

H.A. EDTA
1

(mg/l) 2 .3 V 4 . s 7 9

5 0.0 s** 7.4 7.9 8.1 8.3 10.1 8.4

5 0.0 U*** 7.3 7.8 7.8 8.0 8.1 7.9

5 0.3 s 7.4 8.0 7.9 8.0 8.0 8.0

5 0.3 U 7.4 7.9 8.4 8.1 8.0 7.8

15 0.0 s 7.5 8.2 9.1 8.1 8.1 8.0

15 0.0 U 7.5 8.0 8.9 8.1 8.4 8.0

15 0.3 s 7.5 8.1 8.6 9.3 8.3 8.0

15 0.3 U 7.6 8.0 8.1 8.3 8.1 8.0  
** Starved Stock Scenedesmus obliqgus

*** Unstarved Stock Scenedesmus obliquus
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Table l7.--pH values for cultures of Fe-starved S. obliguus

grown in AAP media containing 12 treatment com-

binations of humic acids and EDTA. Each value

represents the mean of 2 replications.

 

 

 

 

TREATMENT DAY

H.A. EDTA ,

(mg/1) 2 4 5 7 9 12 16

0 0.0 7.3 7.4 7.4 7.4 7.4 7.5 7.8

2 0.0 7.3 7.5 7.4 7.5 7.4 7.8 8.2

5 0.0 7.4 7.5 7.4 7.5 7.5 8.0 8.2

10 0.0 7.5 7.5 7.6 7.7 7.7 8.0 8.2

15 0.0 7.5 7.6 7.5 7.8 7.7 8.0 8.2

25 0.0 7.6 7.6 7.7 7.9 8.0 8.2 9.0

0 0.3 7.4 7.5 7.5 7.4 7.4 7.5 7.7

2 0.3 7.3 7.5 7.5 7.6 7.6 8.0 7.8

5 0.3 7.4 7.5 7.5 7.6 7.7 7.9 8.1

10 0.3 7.5 7.5 7.5 7.7 7.7 8.0 8.9

15 0.3 7.5 7.6 7.6 7.7 7.8 8.1 8.4

25 0.3 7.6 7.7 7.8 8.9 8.0 8.9 8.2 
 



249

Table 18.--pH values for cultures of Fe-PO starved S.

obliquus grown in AAP media confiaining 8 treat-

ment combinations of Fe, P04 and humic acids.

Each value represents the mean of 3 replications.

 

 

 

 

TREATMENT DAY

H.A. Fe PO4

(mg/l) 2 3 4 5 7

0 0.5 0.5 7.5 8.4 8.5 8.3 8.4

15 0.5 0.5 7.7 8.5 8.3 8.1 8.2

0 1.2 0.5 7.3 8.1 8.1 7.9 8.1

0 0.5 0.9 7.3 8.9 9.1 8.7 8.5

0 1.2 0.9 7.2 8.1 8.9 8.6 8.4

15 0.5 0.9 7.6 8.9 9.3 9.2 8.1

15 1.2 0.5 7.6 8.9 9.1 8.6 8.4

15 1.2 0.9 7.8 9.6 9.4 8.7 8.2  
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Table l9.--pH values for cultures of unstarved S. obliquus

grown in AAP media containing 8 treatment co -

nations of Fe, P04 and humic acids. Each value

represents the mean of 3 replications.

 

 

 

 

TREATMENT DAY

H.A. Fe PO4

(mg/l) 2 3 4 5 7

0 0.5 0.5 8.4 8.8 9.1 8.7 8.4

15 0.5 0.5 8.4 8.9 9.2 9.1 8.6

0 1.2 0.5 8.2 8.4 8.8 8.7 8.5

0 0.5 0.9 8.4 8.9 8.9 9.1 8.7

0 1.2 0.9 8.5 9.2 9.1 9.2 8.8

15 0.5 0.9 8.5 8.9 9.2 9.1 9.0

15 1.2 0.5 8.5 8.9 9.3 9.0 8.6

15 1.2 0.9 8.5 9.0 8.9 9.2 8.8  
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Table 20.--pH values for cultures of Fe-starved S. obliguus

grown in AAP media containing 9 treatment.c 1-

nations of Ca and humic acids.. Each value

represents the mean of 2 replications.

 

 

 

 

TREATMENT DAY

Ca H.A.

(mg/1) 2 3 .4.......... 5. ,

0.0 0.0 8.0 9.4 10.1 9.4

20.0 0.0 8.0 9.9 9.9 8.0

40.0 0.0 8.3 10.0 9.9 9.2

0.0 10.0 7.9 8.0 8.7 8.3

20.0 10.0 7.8 8.0 9.9 8.4

40.0 10.0 7.9 9.0 9.9 9.2

0.0 15.0 8.0 8.7 10.1 8.5

20.0 15.0 8.0 8.5 9.8 10.0

40.0 15.0 8.0 8.4 10.0 9.0  
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Table 21.--Relative growth rates (k') and generation times

(G) for Fe-starved S. obli uus grown in AAP
F__‘1_

media containing 6 dif erent concentrations of

Values are tabled for each treatment byFe.

segments of the growth curves.

 

 

 

TREATMENT SEGMENT (DAYS)

Fe (mg/1) 0-3 3-5 5-7 7-10 10-12

0.0003 k' 0.0 0.0 0.18 0.13 - 0.11

0.001 k' 0.0 0.0 0.24 0.40 - 0.53

G undef. undef. 1.25 0.75 - 0.57

0.01 k' 0.0 0.0 0.21 0.41 - 0.51

G undef. undef. 1.43 0.73 - 0.59

0.1 k' 0.0 0.0 0.45 0.11 - 0.01

G undef. undef. 0.67 2.74 -30.10

0.5 k' 0.36 0.17 0.04 0.01 - 0.03

G 0.84 1.77 7.53 30.10 -10.03

1.0 k' 0.37 0.09 0.03 0.01 - 0.07

G 0.81 3.34 10.03 30.10 - 4.30   
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Table 22.-~Relative growth rates (k') and generation times

(G) for Fe—starved S. obliquus grown in AAP

media containing 6 different Fe concentrations.

Values are tabled for each treatment by segments

of the growth curves.

 

 

 

TREATMENT SEGMENT (DAYS)

Fe (mg/1) 0-7 7-9 9-12 12-16

0.1 k' 0.11 0.08 0.08 - 0.02

G 2.74 3.76 3.76 -15.05

0.2 k' 0.12 0.10 0.03 - 0.02

G 2.51 3.01 10.03 -15.05

0.3 k‘ 0.12 0.11 0.08 - 0.05

G 2.51 2.74 3.76 - 6.02

0.4 k' 0.10 0.10 0.08 - 0.05

G 3.01 3.01 3.76 - 6.02

0.5 k' 0.16 - 0.01 0.04 - 0.01

G 1.89 -30.10 7.53 -30.10

1.0 k' 0.21 - 0.15 - 0.04 - 0.02

G 1.43 - 2.01 - 7.53 -15.05   
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Table 23.—-Relative growth rates (k' ) and generation times

(G) for PO4-Starved S. obliguus grown in AAP

media containing 2 P0 concentrations. Values

are tabled for each treatment by segments of the

growth curves.

 

 

 

TREATMENT SEGMENT (DAYS)

PO4 (mg/1) 0-5 5-7 7-9

0.5 k' 0.35 0.18 0.01

G 0.86 1.67 30.10

0.1 k' 0.21 0.25 0.0

G 1.43 1.20 undef.
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Table 24.--Relative growth rates (kl) and generation times

(G) for P04-starvedS. obliguus-grcwn.in1AAP

media containing 6 concentrations of.P04.

Values are tabled for each treatment by segments

of the growth curves.

 

 

 

TREATMENT SEGMENT (DAYS)

Po4 (mg/1) 0-3 3-5 5-7 7-9

0.05 k' 0.09 0.37 0.04 - 0.06

G 3.34 0.81 7.53 - 5.02

0.10 k' 0.50 0.11 - 0.04 - 0.01

G 0.60 2.74 - 8.53 -30.10

0.25 k' 0.47 0.29 0.03 - 0.04

G 0.64 1.04 10.03 - 7.53

0.50 k' 0.43 0.43 0.06 0.08

G 0.70 0.70 5.02 3.76

0.75 k' 0.57 0.33 - 0.02 0.08

c 0.53 0.91 —15.05 3.76

1.00 k' 0.49 0.48 - 0.05 0.06

c 0.61 0.63 - 6.02 5.02   
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Table 25.--Relative growth rates (k') and generation times

(G) for Fe-PO -starved S. obliquus grown in AAP

media at 16 different treatment combinations of

Fe and P04. Values are tabled for each treat-

ment combination by segments of the growth

 

 

 

curves .

TREATMENT SEGMENT (DAYS)

p04 Fe

(mg/1) (mg/1) 0-4 4-5 5-6 6-7

0.5 0.3 k' 0.38 0.10 0.04 0.27

c 0.79 3.10 7.53 1.11

0.5 0.5 k' 0.0 1.60 0.24 1.12

G undef. 0.19 1.25 0.27

0.5 1.0 k' 0.36 0.03 0.05 - 0.03

c 0.84 10.03 6.47 -1o.03

0.5 1.2 k' 0.37 0.15 0.02 0.24

c 0.82 2.01 15.05 1.25

0.7 0.3 k' 0.0 1.49 0.49 0.87

G undef. 0.20 0.61 0.35

0.7 0.5 k' 0.37 0.42 0.05 0.20

G 0.81 0.72 6.02 1.51

0.7 1.0 k' 0.36 0.21 0.48 0.14

G 0.84 1.43 0.63 2.15

0.7 1.2 k' 0.40 0.47 0.12 0.04

c 0.75 0.64 2.51 7.53

0.9 0.3 k' 0.0 1.49 0.17 0.36

" G undef. 0.20 1.77 0.84

0.9 0.5 k' 0.0 1.79 0.29 0.25

G undef. 0.17 1.04 1.30

0.9 1.0 kl 0.37 0.40 0.30 0.13

G 0.81 0.75 1.00 2.32

0.9 1.2 k' 0.42 0.39 0.12 0.08

c 0.72 0.77 2.51 3.76

1.1 0.3 k' 0.0 1.46 0.61 0.25

G undef. 0.21 0.49 1.20

1.1 0.5 k' 0.32 0.24 0.43 0.46

c 0.94 1.25 0.70 0.65

1.1 1.0 kl 0.0 2.06 0.09 0.50

G undef. 0.15 3.34 0.60

1.1 1.2 k' 0.38 0.70 0.03 0.07

c 0.79 0.43 10.03 4.30
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Table 26.--Re1ative growth rates (k') and generation times

(G) for Fe-starved S. obliguus grown in AAP

media containing 6 concentrations of humic acids.

Values are tabled for each treatment by segments

of the growth curves.

 

 

 

TREATMENT SEGMENT (DAYS)

H.A.

(mg/1) 0—5 5-7 7-9 9-11 11-12 12-15

0.0 k' 0.0 0.14 0.26 0.01 0.06 0.02

c undef. 2.15 1.16 30.10 5.02 15.05

2.0 k' 0.07 0.10 0.10 0.12 - 0.01 0.14

G 4.30 3.01 3.01 2.51 -30.10 2.15

5.0 k' 0.89 0.04 0.19 0.08 0.05 0.11

G 0.34 7.53. 1.58 3.76 6.02 2.74

10.0 k' 0.08 0.15 0.23 0.08 - 0.02 0.04

c 3.76 2.01 1.31 3.76 -15.05 7.53

15.0 k' 0.13 0.11 0.16 0.10 0.03 0.06

G 2.32 2.74 1.88 3.01 10.03 5.02

25.0 k' 0.14 0.12 0.23 0.04 0.01 0.04

c 2.15 2.51 1.31 7.53 30.10 7.53   



259

Table 27.--Re1ative growth rates (k') and generation times

(G) for Fe-starved S. obliquus grown in AAP

media containing 8 treatment combinations of

Values are tabled for

each treatment combination by segments of the

growth curves.

humic acids and EDTA.

 

 

 

TREATMENT SEGMENT (DAYS )

H . A . EDTA ALGAE

(mg/1) 0-3 3-4 4-5 5-7

5 0.0 S* k' 0.52 0.70 -0.07 0.51

G 0.58 0.43 -4.30 0.59

5 0.0 U** k' 1.78 0.55 0.51 0.18

G 0.17 0.55 0.59 1.67

5 0.3 S k' 1.90 0.63 0.58 0.12

G 0.16 0.48 0.52 2.51

5 0.3 U k' 2.00 0.43 0.49 0.18

G 0.15 0.70 0.61 1.67

15 0.0 S k' 1.34 1.07 0.59 0.0

G 0.22 0.28 0.51 undef.

15 0.0 U k' 1.97 0.45 0.62 0.05

G 0.15 0.67 0.49 6.02

15 0.3 S k' 1.77 0.72 0.49 0.18

G 0.17 0.42 0.61 1.67

15 0.3 U k' 1.73 0.79 0.46 0.12

G 0.17 0.38 0.65 2.51  
 

* Starved stock algae

** Unstarved stock algae
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Table 28.--Re1ative growth rates (k' ) and generation times

(G) for Fe-starved S. obliguus grown in AAP

media containing 12_treatment combinations of

humic acids and EDTA. Values are tabled for

each treatment combination by segments of the

growth curves.

 

 

 

TREATMENT SEGMENT (DAYS)

H . A . EDTA

(mg/1) 0-2 2-4 4-5 .5-7. 7-9 9-12 12-16

0 0.0 k' 0.58 0.17 0.23 0.21 0.11 0.11 - 0.02

G 0.52 1.77 1.31 1.43 2.74 2.74 -15.05

2 0.0 k' 0.67 0.10 0.41 0.19 0.16 0.09 0.02

G 0.45 3.01 0.73 1.58 1.88 3.34 15.05

5 0.0 k' 0.71 0.21 0.22 0.21 0.19 0.12 - 0.03

G 0.42 1.43 1.37 1.43 1.58 2.51 -10.03

10 0.0 k' 0.67 0.22 0.07 0.29 0.16 0.14 0.01

G 0.45 1.37 4.31 1.04 1.88 2.15 30.10

15 0.0 k' 0.67 0.21 0.18 0.28 0.17 0.09 0.02

G 0.45 1.43 1.67 1.08 1.79 3.34 15.05

25 0.0 k' 0.63 0.39 0.16 0.23 0.14 0.10 - 0.03

G 0.48 0.77 1.88 1.31 2.15 3.01 -10.03

0 0.3 k' 0.81 0.12 0.31 0.22 0.10 0.06 - 0.02

G 0.37 2.51 0.97 1.37 3.01 5.02 -15.05

2 0.3 k' 0.67 0.28 0.17 0.29 0.09 0.09 0.0

G 0.45 1.08 1.77 1.04 3.34 3.34 undef.

5 0.3 k' 0.70 0.18 0.46 0.19 0.21 0.04 - 0.01

G 0043 1067 0.65 1058 1043 7053 -30010

10 0.3 k' 0.72 0.17 0.23 0.28 0.18 0.07 - 0.01

G 0.42 1.77 1.31 1.08 1.67 4.30 -30.10

15 0.3 k' 0.71 0.23 0.31 0.20 0.20 0.08 - 0.03

G 0.42 1.31 0.97 1.51 1.51 3.76 -10.03

25 0.3 k' 0.59 0.38 0.39 0.21 0.17 0.05 - 0.01

G 0.51 0.79 0.77 1.43 1.77 6.02 -30.10   
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Table 29.--Re1ative growth rates (k') and generation times

(G) for Fe-PO —starved§. obliguus grown.in AAP

media contain1ng 8 treatment co 1nations of Fe,

P04 and humic acids. Values are tabled for each

treatment combination by segments of the growth

 

 

 

curve3 o

TREATMENT SEGMENT (DAYS)

H.A. Fe PO4

(mg/1) 0-2 2-3 3-4 4-5 5-7

0 0.5 0.5 k' 0.59 0.72 0.82 0.22 - 0.16

G 0.51 0.42 0.37 1.37 - 1.88

15 0.5 0.5 k' 0.45 1.19 0.80 0.07 - 0.12

G 0.67 0.25 0.38 4.30 - 2.51

0 1.2 0.5 k' 0.65 0.94 0.56 - 0.01 - 0.11

G 0046 0032 0.54 -30010 - 2074

0 005 009 k. 0.42 1012 0063 0027 - 0012

G 0072 0027 0048 1.11 - 2051

0 1.2 0.9 k' 0.60 0.88 0.79 - 0.01 - 0.12

G 0.50 0.34 0.38 -30.10 - 2.51

15 0.5 0.9 k' 0.50 0.87 0.81 0.01 - 0.01

G 0060 0.35 0.37 -30010 -30010

15 1.2 0.5 k' 0.44 1.08 0.92 0.19 - 0.22

G 0.68 0.28 0.33 1.60 - 1.37

15 1.2 0.9 k' 0.51 1.06 0.81 0.19 - 0.19

G 0.59 0.28 0.37 1.58 - 1.58   



262

Table 30.--Relative growth rates (k') and generation times

(G) for unstarved S. obliguus grown in AAP

media containing 8 treatment combinations of Fe,

PO and humic acids. Values are tabled for each

tréatment combination by segments of the growth

 

 

 

curves 0

TREATMENT SEGMENT (DAYS)

H.A. Fe PO4

(mg/l) 0-2 2-3 3-4 4-5 5-7

0 0.5 0.5 k' 0.36 0.92 0.80 0.03 - 0.02

G 0.84 0.33 0.38 10.03 -15.05

15 0.5 0.5 k' 0.47 0.71 0.89 - 0.17 0.02

G 0.64 0.42 0.34 - 1.77 15.05

0 1.2 0.5 k' 0.42 0.80 0.38 0.40 0.0

G 0.72 0.38 0.79 0.75 undef.

0 0.5 0.9 k' 0.51 0.53 0.87 - 0.04 - 0.03

G 0.59 0.57 0.35 - 8.47 -10.03

0 1.2 0.9 k' 0.39 0.64 0.58 0.46 - 0.08

G 0.77 0.47 0.52 0.65 - 3.76

15 0.5 0.9 k' 0.47 0.71 0.62 0.15 0.03

G 0.64 0.42 0.49 2.01 10.03

15 1.2 0.5 k' 0.49 0.65 0.69 0.16 - 0.04

IG 0.61 0.46 0.44 1.88 - 7.53

15 1.2 0.9 k' 0.56 0.49 0.54 0.26 - 0.03

G 0.54 0.61 0.56 1.16 -10.03   
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Table 31.--Re1ative growth rates (k') and generation times

(G) for Fe-starved g. obliguus grown in AAP

media containing 9 treatment combinations of

humic acids and Ca. Values are tabled for each

treatment combination by segments of the growth

 

 

 

curves.

TREATMENT SEGMENT (DAYS)

Ca H.A.

(mg/l) 0.2 2-3 3-4 4-5

0.0 0.0 k' 0.46 -0.13 1.40 0.57

G 0.65 -2.31 0.21 0.53

20.0 0.0 k' 0.51 1.07 0.25 0.36

G 0.59 0.28 1.20 0.83

40.0 0.0 k' 0.61 0.98 0.12 0.50

G 0.49 0.31 2.50 0.60

0.0 10.0 k' 0.38 0.95 0.48 0.42

G 0.79 0.32 0.63 0.71

20.0 10.0 k' 0.61 0.65 0.39 0.54

G 0.49 0.46 0.77 0.56

40.0 10.0 k' 0.56 1.06 0.08 0.64

G 0.54 0.28 3.75 0.47

0.0 15.0 k' 0.62 0.66 0.45 0.34

G 0.48 0.45 0.67 0.88

20.0 15.0 k' 0.55 0.69 0.44 0.52

G 0.55 0.43 0.68 0.58

40.0 15.0 k' 0.56 0.80 0.33 0.50

G 0.54 0.38 0.91 0.60  
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