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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

obliquus (Tiirp) Kiitz, were studied in batch cultures. The

uptake of Fe and PO4 from culture media containing humic

59Fe and 32PO4 as tracers.

Fe and PO4 were found to have concentration dependent

acids was also studied, using

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 S. obliquus
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 S. obliquus 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 S. obliquus 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 Poq.

The addition of Ca to algal culture media caused an
increase in early growth of S. obliquus 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
321’04 from AAP media by S. obliquus 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 S. obliquus 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 S. obliquus was unable to obtain this bound Fe.

The presence of 1.0 mg/1l PO4 in the medium caused a

decrease in the uptake of Fe over that observed when PO, 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
S. obliquus 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 S. obliquus 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 S. obliquus 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
aguatic 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 et al., 1934; Flaig and Otto, 1951; Shapiro, 1957;
Prakash and Rashid, 1968; Martin et al., 1971; Schnitzer
and Khan, 1972; Prakash et al., 1973).

Early work by Allen (1919) found that humic acids
stimulated growth in the bacterium Azotobacter sp. and the

alga Chroococcum sp. Other early studies found that humic

acids were stimulatory to the aquatic angiosperm, Lemna
minor (Ashby, 1929; Clark, 1930, 1931).

Shapiro (1957) demonstrated humic acids extracted from
lake water could stimulate growth of Scenedesmus guadricauda,

Chlamydomonas sp. and Haematococcus sp. at concentrations



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

tus have also been found to be stimulated by humic acids
(Prdt, 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
Gymnodinium breve (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 (Oata 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 sp. (Iswaran, 1960). Humic acids may also
be taken up by plants and translocated within the plant
(Aso and Sakai, 1963). This observation has increased specu-
lation 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 et al., 1962;

Mun et al., 1966; Martin et al., 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; Gjeéssing, 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 inor-
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. 1In 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 et al., 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






Then it was found that synthetic chelating

culture medium.
Synthetic organic

agents could be used for the same end.
chelating agents have been found to enhance algal growth

during in situ field experiments as well as in laboratory
batch cultures (Schelske et al., 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-
dies. Most of the synthetic media used presently for the

<Sulture of algae contain a chelating agent (Stein, 1973).
The

This is especially true of artificial sea water media.
Tact that synthetic chelating agents seem to replace soil
S3<tracts in these culture media indicates that both may be

tesponsible for enhancing algal growth by the same mechanism.
Shapiro (1966b) found that the higher molecular weight

fx'act;:l.f::n of the naturally occurring colored organic acids
Was responsible for most of the chelating capacity in surface

"Qters. The larger molecular weight fraction has also been
T Swung to be more stimulatory to freshwater as well as marine
The larger molecular

b1‘1"!’.¢)plankton (Prakash et al., 1973).
weight fractions of dissolved organic acids seem to be more

&timulatory 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
To test

F'e tightly and make it unavailable to algal cells.

Ehig hypothesis, sets of experiments were designed to deter-
™3 ne the effects of humic acids on the uptake of Fe and Po4

by Scenedesmus obliquus (Tiirp) Kiitz as well as their effects
S growth. These experiments tested the ability of humic
S| <=3igs of molecular weight 30,000 or greater to stimulate

gtOwth of S. obliquus and if so to identify the stimulating

™S chanisn.

The effect of humic acids on algal growth in the pres-
Qhee of Fe and PO4 and Fe and Po‘1 uptake were studied in
thjunction because of the possible antagonistic effects of
B and Pod on each other via precipitation as strengite



(PePO4.2H20). 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 PO, 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

SXperimental and maintenance culture methods are reported in

Appendix I. The humic acid characterization and purifica-
Tion methods and a description of the humic acids used in

Thig study may be found in Appendix II.
Appendix III contains the results of a study of various

in‘l exchange methods for removing humic acids from water.

The pH records, relative growth rates and generation

ti-‘Iles for each experiment are reported in Appendices IV and

¥ X espectively.



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 1.8X10-5 M Fe when growing autotrophically, but may re-

guire as much as 1.8)(10_4 M Fe in dense cultures (Eyster,
1962),. Heterotrophic growth by Scenedesmus sp. requires an

Fe concentration of only 1){10_9 M to grow and reproduce

(o " Kelly, 1968), although the optimum Fe concentration for
S| totrophic growth of this genus was reported to be 0.05

™y /1 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
eeI‘*t:a:l.n species specific cellular Fe level the algae can no
lchger divide (Davies, 1970). Before the effect of humic
|<=1ias on the PO, and Fe nutrition of S. obliquus could be
B":"'Jldi.ed, the limiting levels as well as the algal growth
teaponses to various levels of these nutrients had to be
SStaplished 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 lxlO_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

©F nutrients which can interfere with the testing of nutrient
The AAP medium has an Fe

L 3imitation by batch bioassays.
8 M which should be limiting to

SOoncentration of about 6X10~
The cellular build-up of Fe

=1 gal growth (Anon., 1971).

™May pe due to stock S. obliguus cells being regularly trans-
These transfers may enable

T <exrred to fresh culture medium.
The algal cells to store excess Fe, even though the Fe level
X2 the medium is very low. To avoid the carry-over problem,

= Stock of Fe-starved S. obliquus cells was grown in Fe-free
S\1 ture medium (Appendix I).
Fe Limiting Levels

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

to varied Fe concentrations (Figure 1 and Table 1).
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Table l.--Statistical 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/l1)
DAY F 0.0003  0.001 0.0l 0.1 0.5 1.0
+

3 84.98%*x
0.0003 _ 0.001 0.0l 0.1 1.0 0.5

5 70.37%#x
0.0003  0.01 _ 0.001 _ 0.1 0.5 1.0
> 54,47%%% S St
0.01 0.001 _ 0.0003 0.1 0.5 1.0

L O 3p,39%x
0.0003  0.01 __ 0.001 0.1 1.0 0.5

L2 g, 06kH*

S  treatments with 4 replications

TEx o<
=.g.95 Tep
* 0.90 <P
=+ 0.95 > 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

3X10_4, 1X10_3, and leO_2 mg/l Fe. No significant difference
was found between the maximum standing crop in the presence of

0.5 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
S xXrowth rate or maximum standing crop. This was probably be-

<ause there was sufficient Fe available, but another nutrient
rad pecome the limiting factor to further algal growth.
Although the maximum standing crop was less and there

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

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

\leiguus was able to grow and divide after it had accumulated
e"1ough cellular Fe, which may have been removed from solution

=|_S goon as it was released by the hydroxide or PO, precipi-
T ates of Fe that would be expected to form in the medium.
Th% relative growth rate of S. obliquus in synthetic growth
x"edium 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-
1¥ a constant for a particular set of environmental factors.
These include temperature, light intensity, nutrient availa-
bility, etc. The relative growth rate also depends on the
S=11 size and physiological state of the stock used. The
deE’emiency upon these conditions makes comparisons of relative
9XOwth rates under different culture conditions questionable
|14 should not be done. The limiting level of Fe for growth
S Fe-starved S. obliquus under these particular culture con-
qitions was tentatively determined to be between 0.1 and 0.5
MG/ Fe.

Further experiments were conducted to more precisely
e'et‘Ez:mine the limiting level of Fe to the Fe-starved cells

|ng study more closely the algal response to Fe nutrition
Near the limiting level. The responses were studied as be-

f°re, but for a more restricted range of concentrations.
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The growth response of S. obliguus 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
s-'i-gnificantly 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-":'l.:ng the next highest relative growth rate for the same

Pexiog (appendix V, Table 22). All other concentrations of

Fe hag approximately the same relative growth rate for the
Same period.

The log growth phase continued until day 12 for all con-
ce""til:at:ions of Fe except 1.0 mg/l, which reached a maximum
stahding crop on day 7 and decreased until there was no sig-
xlj-fieam: difference between any of the final standing crops
after 16 days of growth. This phenomenon may be caused by
se"el:'al factors. The final standing crop may be a function
S the solubility of Fe precipitates, with the culture con-
ta-"l-l'u'.rxq the highest free Fe concentration initially support-

ing 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 < 0.95), are
grouped by underlining.

TREATMENT
Fe (mg/1)
DAY F 0.4 0.1 0.3 0.2 0.5 1.0
+
¢ 1.78
0.1 0.4 0.3 0.2 0.5 1.0
9 1.69
0.1 0.2 1.0 0.4 0.5 0.3
12 1.64
0.4 0.1 0.2 0.3 0.5 1.0%
16 1.43

6 treatments with 4 replications

BeNE0.99
Re..0. 95
* 0.90
+ 0.95

4
R
P
P Student-Newman-Keuls test

IVIALALA
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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. obliquus grown in AAP medium
to carry over 904 by luxury consumption, which masked the
effects of varying the PO4 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 P04—starved

S. obliquus to the following concentrations of PO4 were stud-

4 3 3 2 1l

ied: 2x107%, 1x1073, s5x1073, 1x1072, 1x107! ana 5x10”

mg/l. The PO4 in the media from the impurities of the other
nutrients used, was calculated to be 2x10-4 mg/l. This was
the lowest PO, concentration attainable.

No growth occurred in the lowest 4 PO, concentrations

4
so these were not plotted (Figure 3). Significantly greater

growth was supported by the medium containing 0.5 mg/1l PO4

than that contained 0.1 mg/l1 (Figure 3). As well as support-
ing a greater final standing crop, the higher PO4 concentra-
tion produced a higher maximum relative growth rate (Appendix
V, Table 23).

A second P04—1imitation experiment was performed to more

precisely determine the limiting level of PO, for PO,-

4 4
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 PO, concentrations showed no

4
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 PO4 were significantly
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different and all significantly lower than the 3 highest
levels of PO4 (Table 3). There was no significant differ-
ence between the final standing crops in the highest 3 PO4
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
4 to the P04—starved
S. obliquus used here was found to be about 0.5 mg/l under

V, Table 24). The limiting level of PO

the described experimental conditions.

The fact that an increase in PO, 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 PO4 concentration from 0.50 to 0.75 mg/l indicates that
initially higher concentrations of PO4 are available but
these differences are soon equalized by the removal from
solution of PO4 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 PO4 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)
DAY F 0.05 0.50 0.25 1.00 0.10 0.75
3 1+71

5 95 34t

9 {4t 2l

6 treatments with 4 replications

*ReT0099s P
** 0,95 < P
* 0.90 T P
+ 0.95 > 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 PO4 level.

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-PO, Interactions

The effects of PO4 and Fe in combination, on the growth
of Pe-P04-starved stock S. obliquus 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 PO4 were added to make the appropriate concentrations.
Fe-P04-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,
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5, 6, and 7 days and the standing crop determined by cell
counts.

Neither PO4 nor Fe added singly stimulated growth of
Pe-PO4-starved S. obliquus (Figure 5). There was a growth
response only when Fe and PO4 were added in combination.

As the cultures grew, the responses became more and more
variable with an increase in the growth response to PO4 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 PO4 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 PO, media had begun

4
decreasing in intensity while some of the cultures with

lower Fe and PO, levels continued to increase.

4
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 Po4 were supplied at
concentrations near the limiting levels of the stock S.
obliquus 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 coffbinations
of Fe and PO4. Expressed as cells/ml X103
reported as a function of Fe and PO4 concen-
tration after 4, 5, 6 and 8 days of growth.
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The media with 0.5 mg/1l PO4 supported the lowest final
standing crop of the 4 PO4 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 PO At

40

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

4 4

nutrient for growth because an increase in PO, concentration

4
to 0.7 mg/1 PO4 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 PO4 and a concomitant de-
crease in the standing crop.

When 0.7 mg/1 PO4 was present in the culture medium, a
different Fe response was noted (Figure 6b). At this level
of PO4 addition, there was sufficient PO4 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 PO4 at this point.

As with the lower level of PO 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-POy4 interactisn studies. Ehe growth

response is reported as cells/ml X102 as a
function of time.
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Increasing the PO4 level to 0.9 mg/l1l 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 PO4 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 FePO .2H20 and not the maximum potential growth rate

4
of S. obliquus. By day 8 the cultures in the 3 highest Fe
media were in the death phase and had begun to decline.

At the highest PO, 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
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terminated on day 8. At the highest PO, concentrations, the

4
2 lowest Fe levels supported the greatest final standing
crop (Figure 6d), This was probably due to the fact that
less Fe than PO4 was required for growth and higher Fe
levels reduced the PO4 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 PO4 precipitation by the higher Fe
concentration after PO4 had become the limiting nutrient.

There was an interaction between Fe and PO, affecting

4
the growth of S. obliquus. In general the effects can be
explained by mass action chemical precipitation, making the
Fe and PO4 less available to the algae, although the algae
seem to be able to grow after a lag phase when either Fe or
PO4 is in short supply, which indicates that algal growth
may be mitigated by the kinetics of FePO4.2H20 dissolution or
the necessity to prepare the environment for growth by the
excretion of extracellular by-products when Fe or PO4 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(OH)3 or FePO4.2H20, 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 PO4
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=10—39) and provides a sink for Fe+3. The
stabilization of the Fe(OH)3 gel is a.slow process so that
over the short run, FePO4.2H20 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 PO4 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 E_-HzPO4 of FeP04.
2H20 at pH 8.5 is approximately 26.5 (Lindsay and Moreno,
1960), which is a higher solubility than that of Fe(OH)3
under similar conditions, but still low enough to make very
little Fe or PO4 available as free ions. Ferric phosphate
solubility in soil and water systems increases with increas-
ing pH while that of Fe(OH)3 decreases with increasing pH
(Lindsay et al., 1972). The important ionic species of Fe
in natural waters include Fe+3, Fe+2, Fe(OH)2+, Fe(OH)2+2

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

excess of 0.0l mg/l only as a suspension of Fe(OH)3 (Hem and

Crooper, 1959), Fe+3

forms a complex readily at pH values

between 5.3 and 9.1 but PO4 complexes were not able to pre-

vent the precipitation of Fe(OH)3 (Hem and Crooper, 1959),
It has been reported that algae are able to use PO4

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

4 4
(Fitzgerald, 1972). Diatoms seem to be especially well
adapted to using Fe(OH)3 as a source of Fe (Harvey, 1937;
Goldberg, 1952; Hayward, 1968). Fogg (1971) reports that PO4
in the form of FePO4.2H20 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. obliquus 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/1

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%** )
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 18.85%*%*

6 treatments with 4 replications

*%k%® 0,99 < P
** 0,95 < P
* 0.90 < P
+ 0.95 > 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/l1l 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). 1In 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. obliquus 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/1l 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 obligquus 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 et al., 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 leO3

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/l1l 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 10° to cells/ml X 106 at day 7.



Day 3

Day 4

s

)

Iron starved stock

50

s

»

Cells/mi x105

Figure 8

59

unstarved stock

»




51

Day 5§

Cells/m| x108

Day 7

« v

7., §8 o 59

Iron starved stock unstarved stock

Figure 8 (cont'd)

B

Cells/mi x10°



52

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 égents 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). 1In 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/l1 humic
acids in the absence of EDTA while the second greatest
growth response was to the medium containing 25.0 mg/l1 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. The F-value and level of
significance is listed for each main effect and
interaction at each sampling. 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 < 0.95), grouped by

underlining.
DAY EFFECT F
2 H 0.29
E 5.08%%*
HE 1.39
TREATMENT
mg/1l EDTA
o.0 0.3 0.0 0.3 0.00.3 0.3 0.0 0.0 0.0 0.30.3
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/1l 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/1l 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 11.11%%*
E 14,53%%*
HE 0.65
mg/1 EDTA
o.0 0.0 0.3 0.3 0,0 0.0 0.0 0.3 0.3 0.3 0.0 0.3
mg/1l 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 O.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/1 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 > P Student-Newman-Keuls test
H Humic acid
E EDTA



64

Figure 1ll.--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/1l 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/1 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/l1 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 crop 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 et al., 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(OH)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 tﬁat 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(OH)3 and FePO4.2H20.

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 sutch 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 PO4

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 PO4
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 P04. One experiment was done using Fe-
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 PO4 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

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 P 20.95 level (Table 7). After
2 days, the response to Fe was greater in the presence of
PO4 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 PO4 application there was little difference
between the 2 levels of Fe (Figure 12). At the higher level
of PO4 the response to the higher level of Fe was about the
same as it was at the lower PO4 level, but the standing crop

of S. obliquus was lower in the low Fe medium when PO, 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 PO, 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
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