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INTRODUCTION

Blue-green algae are common components of the microbial flora
of the soil in many parts of the world (7.,8,18;30)7 In the
tropics most attention has been paid to their role in rice paddy
soils where, free-living (26,27) and in symbiotic association with
the water-fern Azolla (3,19,21,36) they contribute substantial
amounts of nitrogen to the ecosystem. In this paper we present
information on the occurrence, activity, and factors affecting soil
algae from tropical savanns regions of Nigeria and from the
Amazon region of Brazil. The findings are compared with J
observations made on algae from temperate soils in Scorland.

These studies complement.ones  from tropical (e.g. 22,26,27,37) and
temperate (e.g. 6,9,12,28) regions.

THE STUDY AREAS AND THE OCCURRENCE OF
POTENTIAL NITROGEN-FIXING ALGAFE

Heterocystous, non-heterocystous and unicellular blue-green
algae are now known to fix Ny (see 35). Of these the
heterocystous forms which invariably fix N, under zerobic and
anaerobic conditions are ecologically the most important (see 18,
26,30) although the non-heterocystous strains which fix N, under
anaerobic conditions only (23,24,29,33,34) may also be imporcant
in environments such as marine salt marshes (31).
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The Scottish samples provide good examples from a temperate
marictime climate and the sites chosgn for study are shown in Fig.
1. At euch sampling site of 10 km™, the following soil classes
were selected, if present: arable soils, bogland, coniferocus wood-
land, deciduous woodland, fresh-water marshes, grassland, heath-
land, river banks, rock outcrops, marine rocky shores, maripe
sand~dunes and salt marshes. Samples were collected using a
sterile cork-borer, or sterile scalpel, transferred to sterile
containers and returned to the laboratory. They were then
moisctened with nitrogen—free medium (2) and incubated for 2 ~ 4
weeks in petri dishes at 3000 lux and 25°¢C. Table 1 shows the
algae which predominated in the various samples at the end of
this periocd, dostoc commune was the most common heterocystous
alga present, with Calothrix dominating in the rocky shore
samples. Osctllatoria tenuis was the most common non—
heterocystous form and in maritime marshy areas Nodularia
spwrigena and Gloeocapsa were particularly common.
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TABLE 1

The dominant algae detected in algal samples from the various
habitats im Scucland after incubation of samples in nitrogen-free
medium, at 25°C and 3000 lux for 2 - 4 weeks,

Habitat

Dominant algal genera

Arable land

Acid bogland

Coniferous woodland
Deciduous woodland

Fresbwater marsh

Permanent grassland

Heathland
Riverbanks

Rock outcrops

Marine rocky shores

Sand dunes

Salt marshes

Nostoe, Anabaena, Cylindrosperrmm,
Osctllatoria

Osctllatoria, Anabaena, Lyngbya,
Nostoe

Csctllatoria
Nostoe

Osctllatoria, Phormidium, Nostoc,
Anabaena

Nostoe, Oucillatorta, Lyngbya,
Aulosira, Anabaena, Phormidiwn

Nostoe
Oseillatoria, Nostce, Phormidiwm

Anaba€nq, Anabaenopsts, Nostoc,
Phormidiwm, Oscillatoria, Lyngbya
Calothrizx

Nostoe, Anabaena, Lyngbya,
Oscillatorta

Phormediwm, Oscillatoria, Lyngbya,
Anacbaena, Nestoc, Nodularia,
Gloeoeapsa

Studies on Nigerian algae were concerned with those which
occurred as soll crusts (Plates 1 and 2). Fifty sampling sites
were chosen and the major ones are shown in Fig. 2. These cover
the 5 main types of savanna found in the country (derived savanna,
Soythern Guinea savanna, Northern Guinea savanna, Sudan savanna
which covers about two-thirds of all savanna land in Nigeria, and
Sahel savanna) as well as the predominantly forested areas of the

south~west of the country.

There is a decrease in rainfall from

the south-west where the rainy season lasts for aboutr 1l months,
to the north-east where the rainy season lasts only for about
three months and where the soils are extremely dry for most of the
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S9il crusts from higeria (x 0.18).

Soil crust from Nigeria showing a gelatinous blue-green
algzal mat (x 0.9).

Light micrograph of a Jostce sp from a Nigerian soil
crust (x 27Q).
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year (see 15). The diversity of soil types in Nigeria is great
but most are ferruginous ferratites and, apart from areas whare
there are iron pans, the soil can usually support good algal
crusts when moisture is available. Large areas of savanna are
burnt annually and blue-green algae develop prominently in open
areas after the start of the rainy season (see 15), They are
least abundant in the dry Sahel.

On direct microscopical examination of the soil crusts,it was
found that all were dominated by one algal genus Scytonsma,
together with small quantities of non~heterocystous Oscillatoriaceae.
and occasionally with species of Tolypothriz and/or Nostoce (Plate
3). The Seytonema (Plates 4-6) shows typical false branching,
numerous hetarocysts and frequently brown, blackish, or ochre,
thick mucilaginous sheaths (see e.g. Plate 6). The presence of
one dominant alga only in Nigerian soil crusts contrasts wich our
findings for Scottish soils where species diversity is greater
and where Nostoe is usually the dominant heterocystous algs.

Fig. 2. Map of Nigeria showing the major sampling areas (@) and

the different savanna zones.
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Places <-o. Light micrographs of a Scytorema sp from a Nigeria
soil crust. Note false branching, heterocysts (H) and
blackish sheaths of certain filaments (x335).
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Plate 7. Colonies of Stigonema panniforme from Brazil (x 0.45).

Plates 8-9. Light micrographs of Stigonema panniforme. Note true
branching (x 270).
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Studies on Brazilian algae were concerned witb onu-ulgu ) |

Stigorema pannijorme.  In parcs of the Amdzon TEELON Bl Brazil

nesr Manaus this alga develops in the open "Campina™ areas among the

ruin forest. It is most abunddnt in the.raxny season when e

extensively covers the bare soil, but during the dry season it is i

less abundant, developing over the soil surface as blackish I

granules, a few mm in diameter (Plate 7). ) Light micrographs 9f

the alga (Plates 8-9) show the LTue br?nchlng of this alga, which

is a very distinctive member of the Stigonematales.

he
-2h—1)

occurring in t
laboratory

bated in eitu
Maximum rates of
CoHy reduction
41
292
765
387
3627
342
1503
12240
259
*
279

TESTS FOR NITROGENASE ACTIVITY l

incu
(nmoles Czﬂkcﬁ—2h~1) (nmoles Czﬂacm

Tests for nitrogenase activity were carried out using the
acetylene reduction assay (22). Stud%es on Scottish soils were
carried our in citu and also by returning soil samples to the
laboratory, incubating them in nitrogen-free medium for 4 weeks,
and then re-assaying them for nitrogenase activity. The data,
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nitrogenase activity was derected in every major habi?ﬂ? type
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The possible importance of mitrogenase activity by soil crust
alpae from Nigeria is summarised in Table 3. The samples were
collected dry in the field, returned to the laboratory, moistened
and then rates of C,H, reduction were obtained under otherwise
simulated field conditions. Every soil crust tested showed
nitrogenase activity, with the rates being highest in crustfzc§§en
frow the open areas in the forest (mean 11.2 nmoles CpH4 cm “h °)
and minimal in crusts from the Sahel savanna (2.0 nmoles CpHy cm™2
h'l). On average these yalues are considerably higher than ghose
found in Scottish soils, although the average rates obtained 7
situ on the rock outcrops in Scotland are higher than those of
any of the Nigerian soil crust samples.  Tests were also carried
out iu which the soil cruvts were molstened with nitropgen-free
culture medium and then maintained in the laboratory at 259C and
3000 lux for 2 - 4 weeks before assaying for nitrogenase activity.
Very much higher rates of nitrogenase activi;y_rere_chen obFaine§
with 2 maximum value of 76.4 nmoles C,H, cm™“h™" being obtained in
forest soil crust samples.
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TABLE 3

Acetylene reduction by algal crust samples from various habitats
in Nigeria

Mean rate Maximum rate
of C7H2 of CzHg
Arca reduction_ reduction_, _;

(nmoles cm h )} (nmoles cm “h

Sahel savanna 2.0 10.0
Sudan savanna 6.6 25.2
Lorthern Guinea savanna 5.7 29.7
Southern Gulnea savanna 9.2 23.7
Derived savanna 10.6 24,5
Forest 11.2 76.4
100F
80F
=
T 60F
S @
i
-
g @
c
) °
200 o
1 i L 41
0 025 030 075 1-00
dry wt(g)

Light-dependent acetylene reduction by Stigonema
panniforme at 25°C and 3000 lux. The acetylene
reduction assay period was 60 min.

Fig. 3.
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Tests for nitrogenase activity by Stigonmema were carried out
in the laboratory by weighing out different quantities of algae
collected during the dry season, wetting these and then testing for
light-dependent nitrogenase activity 24 h later. As Fig. 3 shows
nitrogenase activity increases with increase in algal biomass
indicating that the alga is‘"a N,~fixing species. No data were
obtained on the quantitative significance of this alga in the field.

ENVIRONMENTAL FACTORS AFFECTING NITROGENASE
ACTIVITY BY ALGAE

In natural ecosystems Np-fixing algae are subjected to a
variety of extreme and often rapidly fluctuating environmental
conditions (18,32), Among the cnvironmental parameters which are
important are pH, temperature, light, moisture, and nutrients other
than nitrogen., The effect of variation in these on the
nitrogenase activity of the various soil algae are presented
below.

pH

Blue-green algae are characteristic of neutral and slightly
alkaline soils; they are less common in acid soils and are rarely
active in pure culture at pH levels below 5, Data on the effect
of pH on algae from Scotland, Nigeria and Brazil are presented in
Fig. 4. It is seen that all three types have a wide pH tolerance
with an optimum near pH 8 and with good activity occurring at pH
10, Nicrogenase activity by the Scottish samples decreases
markedly below pH 6. The tropical algae, on the other hand, show
good activity even at pH 4, Such algae must possess an efficient
pH buffering mechanism because ©n Uitro the nitrogenase enzyme
of cyanophytes is very susceptible to pH change outside the range
7.0 - 7.5 (10). The capacity of tropical algae to fix Ny under
acid conditions may be a factor contributing to their ecological
SUuccess in many arcas. :

Temperature

Most blue-green algae grown in laboratory culture show
temperature optima near 32.5 - 359C, although exceptions occur
(see 32), and field populations may show very different temperature
optima. Data on the effect of temperature on sail cores from
Scotland, soil crusts from Nigeria and Stigomema from the Amazon
region are presented in Fig. 5.
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The effect of pH on acetylene reduction by (a) a Scottish
soil Anabaena, (b) Scytonema crusts and (c) Stigonema
pannt forme. The samples were Lncubated at the various
pH levels for 24 h prior to the 60 min acetylene reduction
assay. The pH of the medium did not change from the
values given by more than 0.2 pH units during the
experimental period.
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Fig. 5. The ellect ol tempuratuce on acetylene treductiva by (u)

Scottish soil cores dominated by Nostoc and Cylindrocpermum,

(b) Seytonema crusts from Nigeria, and (c) Stigonema
panniforme from Brazil.

The algae show rather different responses to temperature. Thus,
while the Scottish samples reduced acetylene at 0°C, the tropical
forms showed little activity even at 5°C,
samples, however, was still high at 40°C, .although they had a
temperature optimum of 15 - 25°C, The Nigerian samples,
surprisingly, showed increased nitrogenase activity with increase

in temperature to 40°C, while activity of Stigonema declined steeply

above 30°C, The Scottish algae showed the greatest response to
temperature increases from O - 10°C, with the corresponding ranges
for Nigerian and Brazilian samples being 15 = 209C and 20 - 25°C
respectively, There is thus a general direct correlation between
the temperature responses of the algae and the temperatures of the
habitats from which they were collected, although the Scottish
algae were able to reduce acetylene at temperatures which would
seldom, if ever, be experienced in Scotland, except possibly in

53

Activity by the Scottish
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certain localised soil niches for short periods in summer.
Alexander (1), for example, reported how in the Arctic, heat
absorption by dark coloured mosses in summer may result in high
temperacures and high rates of Np-fixation then. The difference
in response of the Nigerian and Brazilian algae to high
temperatures is, however, unexpected.

Light

Many blue-green algae are obligate photoautotrophs receiving
their necessary energy from photophosphorylation, some grow
photoheterotrophically at low light intensities which do not
support photoautotrophic growth, and others grow slowly in the
dark (see 32). Data obtained with Stigonema panniforme show the
type of result most usually obtained (Fig. 6). It is seen that
on incubating this alga in the dark, there is a rapid decline in
nitrogenase activity, compared with the light, with activity
ceasing after 20 h in the dark. In soil samples from Scotland a
rather similar pattern was observed, although some samples showed
a4 luw rate vf dark nitrogenase activity for at least 24 .

%% of light activity

25

Time(h)

Fig. 6. Nitrogenase activity in the dark as % of nitrogenase
activity in the light by Stigonema panniforme.
The alga had been growing previously at 3000 lux and
259C before being placed in the dark at O time.
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_ Data were also obtained on the response of the tropical algae
to increase in light intensity. It was found that both
photosynthesis (0, evolution) and nitrogenase activity increased
with increase in Iight intensity up to 80,000 lux probably because
the dark-pigmented sheaths of these algae served as a light screen.
This was likely to be the case particularly with the Stigonema
which occurred on light coloured "Campina" soils. Data on the
relative light transmission through algal mats of different
ch%ckness were then obtained by filtering different amounts of
Stigonema onto Whatman GFC filters, clearing the filters in
Cedar Wood oil and then measuring transmission of light of 665nm
(the absorption maximum of chlorophyll @). As Fig. 7 shows,
with increase in algal biomass there is, as expected, a decrease
in light transmission with an algal layer less than 2 mm thick
reducing light transmittance by approximately 80%. Thus in nature
it is likely that these tropical algae adapt to the pertaining
light intensity by varying their pigmentation and/or by
aggregating together to cause self-shading, as Castenholz notad
with some filamentous hot spring algae (5).

80

40 "

/s light transmitted

201

0 40 80 120 ) 200
Fchu

Fig. 7. Relative transmittance of 665 nm wavelength light
through Stigonema panniforme mats. A value of 200 ug
chl a correspond 8 approximately to an algal layer 2 mm
thick. Light was supplied by a 100 watt incandescent
bulb placed 15 cn from the algal mat.



1] . . W.D.P. STEWART ET AL.

Moisture

Desiccation or lack of moisture is a major factor affecting
algal growth and nitrogenase activity by blue-green algae in
tewperate (12,13,25), tropical (26,37) and polat regions (7,14).
However blue-green algae with their gel-like protoplasm and thick
wucilaginous sheaths are able to absorb water extremely quickly
when it is available and lose it much more slowly., Thus as Fig. 8
shows when air-dried Stigomema panniforme clumps are moistened
they absorb several times their dry weight of water within 60 sec
and take several hours to lose that absorbed water even on
bubbequent incubation at a relative humidity of 407. Similar
results were ubtained with algae from Nigerian and Scottish suils,
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Fig. 8. Uptake and subsequent loss of water by Scytonmema from
Nigeria ( @ ) and by Stigonema panniforme from Brazil
(O ). The samples were initially placed at a relative
humidicy of 40% until they equilibrated, they were then
placed in water at O time and uptake of water measured
by weighing of surface-dried samples at intervals
thereafter, After 60 min they were removed from the
water and the rate of water loss at a relative humidity
of 40 monitored. The temperature throughout was
25°¢C,
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Fig. 9. Time course of acetylene reduction after rewetting air-
dried samples of algae (Nostoc and 4nabazna)from Scottish
soils ( X ), Scytonema from Nigeria ( O ) and Stigonema
panniforme from Brazil ( @ ). The temperature was 25°C.

The results in Fig., 9 show further than on re-wetting air-dried
and inactive algae, light-dependent nitrogenase activity restarts
within 24 h even in the case of Nigerian and Brazilian samples
which had been kept dry for several months before remoistening.
Another factor which may be important, and which has been seldom
considered in relation to moisture supply is the relative humidity
of the atmosphere. Thus as Fig, 10 shows, Scottish soil algae
retained under a relative humidity of 97.5% sustain an active
nitrogenase when other factors are non-limiting, whereas algae
exposed to lower relative humidities (87Z and 75Z) lose their
activity within 60 h. Activity recovers just as quickly as it is
lost however when the algae are subsequently returned to a high
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Fig. 10. The effect of different ralative humidities on acetylane
reduction by soil algae ‘Yosior and laabaerna) f
Scotland. The algas ¢ .e incubatsu a7 the Jiff
relezive hym? T ijes shewr ( ¥, 27.%: & , 87.0 4
75.0) for 72 h, -fter warch a.l

Fig. 1l. The production of ssluble nitrogen when dried Seyronema
cruscs from Nigeria 2re moistzned ¥ , acetylene
seduncion; ) , soluble amine acids: @ , soluble
amwiuia (see 34 for methods).  The experiment was

ca.ried ocut at 25

at a relative huwnidicy of 37,5, Lo
relative humidicy. In nscural ecosystems alltrogemase activi_y cen
Molybdenum

be governed by soil moisture =cd/or the relative humidicy of . =
atmosphere, aad this .s ¢f irper:amca .n galstion to the liac A
which field assays for nlitcooz i are casvied cun, sar

Tn £:s6? on Soottish soils, data wera al:c~ obtained on the
respocses of coll ceoves to molybdenum, an esse cial component of
thle nitrogenas: enzyme [4). It was found thz: approximately one-
quarter of the soils teszed showed an increase in light-dependent
nitrcgenase activity when Mo concentrations as low as O.1 p.p.m.
were provided. In all caces 0.5 p.p.m. of z¢“2d Mo was found to
te saturatiag. Typical dataz are prescnted Tig. 12, These
dats resewdle these obtained by Wolfe (38) . found that the
optimu molybdeaum concentrations for N ~fixa. on by Anabaena
eylindrica was 0.2 p.p.m. 2

Stewart and d.W. Pearson, unpublished) zhac
nitrogenase activiry in early mernios ¢hen che ¥
and soil moisture were high, but not accund noon when the algae
had become desiccared.

In connexion witch the ef
£o note with soll crust =lgae
after a period of dryness, there is an
extraceliular nitrogen, prior o ihe rescart cf nitrogenase
accivicy., This production of errracellular nicrogen vn chunge
from one set of envirvonmental conditions 9 another iz aimilar in
some respects to the findings of Jures and Stewavt (719,17) fo
the marine Calovhriz scopuiorm,

NS




&d

T
= @
o
‘g 20- ./.
Iﬂ’
o~
(&)
E; 10k /’
E ¢
(=3 F N 1 1 L
0 02 04 06 08 10

MoO[.= (mg-l—l)
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QUANTITATIVE SIGNIFICANCE OF N,-FIXATION BY THE
SOIL ALGAE

The quantitative significance of nitrogen fixation in any
ecosystem depends on the total requirement of that ecosystem for
nitrogen and on the relative contribution of biological nitrogen
fixation, relative to other sources of nitrogen input. In
tropical soils, for example, which are often characteristically
poor in nitrogen, the input of a few kg nitrogen ha™* ann™* may
be as important to the maintenance of the ecosystem, as are the
additions of very much higher quantities of nitrogen by legumes
in intensively cultivated agricultural land.

The data presented in this paper obtained using the CpHp
reducrion assay, over short periods of time, provide information
on whether or mot nitrogenase activity is likely to occur in
any habitat, but quantitative extrapolations of the data
obtained to amounts of nitrogen fixed must be treated with
extreme caution. Nevertheless it is important to obtain some
indication of the order of magnitude of fixation in particular
areas, and the following extrapolations attempt to do that.

In general it is clear from our studies om Scottish soils that
the overall input of biological nitrogen fixation by blue-green
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algae is very low, and assuming a 100-day period of fixation,
each with activity occurring for 2 16 h period and assuming a

3 : 1 ratio for the rates of CjyHj reduction : N, reduction then
average rates of fixation calculated are of the order of 1 - 2 kg
N ha ann -, These values are very much lower than the values
attributed to algae in the Brbadbalk wilderness by Day et al.

(6).

The data for Nigerian savanna soils are, on the whole,
appreciably higher and assuming a 12 h period of fixation per
day, a 3 : 1 ratio, as above, and 250 days of activity per year
in the wet south-west of the country this could account for an
annual input of combined nitrogen of approximately 3 g N m 2ann” L.
In the dry north-east of the country, on the other haad, the
input by algal crusts is probably around 0.3 g N m~2ann~l.
According to Nye and Greenland (20) there is annual input in
the soil-plant system of the tall-grass savanna of Nigeria of
about 38 kg N ha~lann~l and in this connexion input of nitrogen
from these crusts may be of considerable importance.
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