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ISOTOPIC NITROGEN FIXATION BY DESERT ALGAL 

CRUST ORGANISMS 

Henry Frederick Mayiand, Ph. D. 

The University of Arizona, 1965 

Director: T. H. Mcintosh 

Desert algal crusts of the semi-arid Southwest are composed 

of a variety of microorganisms, the bulk of which are filamentous forms 

of blue-green algae. These algae, along with fungal hyphae, bind the 

surface soil particles forming a stable crust of up to 1 cm. in thickness 

and of varying area. The crusts are found on neutral to alkaline soils. 

Algal crusts show a remarkable greening during the summer rainy season 

but no visual growth is noted during the remainder of the year. 

Several of the blue-green algal species in the crusts have the 

capacity to fix in unialgal culture. The objective of this study was 

15 
to test the crust organisms for N^ fixation using the N technique 

under field ̂ simulated conditions and then to note any changes due to 

incubation in several of the major forms of nitrogen compounds. 

Uniform samples, with low variation in N content (C. V. of 

7. 8%), were prepared by random combination of 60 discs cut from native 

crusts. The discs were 2 to 4 mm. thick by 1 cm. in diameter. The 

xiii 
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samples were incubated in an atmosphere of 1% Ar, 5% CO., 20% O-, 
M b 

15 
and 74% enriched with N Incubated crusts were exposed to con

tinuous light of 600 to 1000 ft. -c. intensity, temperature of 22 °C and 

were wet with deionized water. 

15 
Significant amounts of N were incorporated into the crust N 

within 3 days. Decreases in N^/Ar ratios with time provided further 

evidence of net fixation. 

Grass seedlings which germinated and grew in crusts were able 

to utilize labeled fixed by the crust organisms. 

In field-simulated studies, the net rate of fixation by algal 

crust organisms was found to be 0. 16 and 0.10 pounds of N per acre per 

day for crusts which were continuously wet and cycled wet-dry, respec

tively. No change in N content was detected when crusts were incubated 

in a dry state. The incubation conditions included a 12 hour day with 

light intensity of 2000 to 3000 ft. -c. at 35°C and a 12 hour night at 18*C. 

Chemical fractionation of the nitrogen in algal crusts identified 

40 to 45% as alpha amino acid-N, less than 5% as hexosamine-N and 

10% which was hydrolyzed to NH^-N. Wet crusts were found to contain 

1 to 2% extracellular NH„-N while dry crusts contained as much as 9% 

of the total N in this form. About 78 to 95% of the crust N was acid 

soluble while 25 to 33% of the total N was acid soluble but unidentified. 

The amount of N in the acid soluble but unidentified fraction tended tc 
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increase when crusts were exposed to cyclic moisture conditions. Water 

extracts from the crusts contained NH4~N plus traces of glutamic and 

aspartic acids, but NO^- and NO^-N were not found. 

Isotopic labeling of all N fractions occurred within three days. 

The extracellular NH^-N fraction was the most highly labeled during 

the first 6 days of incubation, but, thereafter, the alpha amino acid 

fraction contained the highest isotopic enrichment. Little difference 

was observed between the isotopic labeling of the acid soluble and 

acid insoluble nitrogen fractions. 

Large heterogeneous populations of bacteria, fungi and algae 

were detected in the algal crusts; however, Azotobacter, Clostridium 

and nitrifying bacteria were not found. A large number of Nocardla 

was isolated from the crusts, but was unable to grow in a low nitrogen 

medium. 



INTRODUCTION 

Nitrogen is probably the most limiting element for plant growth 

(Youcum, I960 and Shields, 1953). This element in its gaseous phase 

is the most abundant constituent in the earth's atmosphere but, as such, 

is unavailable to most plants. There are, however, a variety of micro

organisms which can utilize atmospheric nitrogen (N^) and fix it into 

nitrogenous compounds which may then be utilized by other living 

systems (Shields, 1953). The nitrogen-fixing capabilities of the 

non-symbiotic aerobe, Azotobacter: the non-symbiotic anaerobe, 

Clostridium; and the symbiont Rhlzoblum have been recognized for 

many years (Virtanen and Miettinen, 1963). 

As a result of improved techniques in the study of nitrogen-

fixation, blue-green algae were added to the list of nitrogen fixers. 

In 1889, Frank (In Wilson, 1958) first credited the algae, as a group, 

with the ability to fix nitrogen. It was some time later before specific 

species of blue-green algae were rightfully recognized for their capacity 

to fix atmospheric nitrogen (De, 1939). Laboratory studies utilizing 

solution cultures have been used to establish the capability of these 

species to fix molecular nitrogen. 

1 
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The first attempt to evaluate nitrogen fixation under agricultural 

conditions was made by De in 1939. He initiated 4 field-simulated study 

to measure the contribution of nitrogen fixed by blue-green algae in rice 

paddies which had maintained their nitrogen fertility over hundreds of 

years. De's careful work provided the first reliable data on the agricul

tural significance of these organisms and their ability to fix atmospheric 

nitrogen. 

The possible contributions of fixed nitrogen by blue-green algae 

on semi-arid soils were discussed by Robbins (1912) in Colorado and by 

Fletcher and Martin (1948) in Arizona. The algae of semi-arid desert 

regions have been investigated primarily for their influence on soil 

erosion and water Infiltration because of their characteristic crust 

formation on the surface of the soil. Later, Cameron and Fuller (1960) 

isolated the blue-green algal species from these crusts and found that 

some algal species were capable of growth in nitrogen-free media. 

Some of the blue-green algal species isolated from the crusts 

(Cameron, 1958, 1963a) were known to fix atmospheric nitrogen as 

confirmed by isotopic nitrogen studies. It was not known, however, 

whether nitrogen fixation occurred when the organisms were in their 

natural habitat. An answer to this problem would be useful in under

standing the ecological and economic contributions which the algal 

crust; organisms might impart over the millions of acres of arid and 
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semi-arid, wild-land of the American Southwest and other parts of the 

world where the crusts are found. 

The study reported here was undertaken to evaluate the nitrogen -

fixing capacity of the algal crust organisms under field-simulated condi

tions. The crusts were exposed to nitrogen-15 enriched atmospheres 

and then examined for possible incorporation of the labeled isotope. 

The net rate of fixation was examined especially as it was influenced 

by cycling moisture conditions. 

The disposition of nitrogen fixed in the algal crust was studied 

by chemically partitioning some of the nitrogen forms. This fractiona

tion of nitrogen in the algal crust provided additional clues as to the 

fate of any nitrogen fixed and the potential availability of the nitrogen 

to other organisms in the algal crust community. 



REVIEW OF LITERATURE 

Fixation of Nitrogen by Blue-Green Algae 

Distribution of Blue-Green Algae 

Algae are commonly thought of as occurring in fresh and marine 

waters. The blue-green algae, although found in water, are not limited 

to this type of environment (Lund, 1962). The ability of the blue-green 

to adapt to a diversity of environments is shown by their having been 

among the first forms of life found on the completely denuded volcanic 

island of Krakatoa, in the South Pacific, after its eruption in 1885 (McKee, 

1962, p. 86). They may be found as a component of lichens, and viable 

vegetative forms of algae have been recovered from air samples (Brown 

et al., 1964). Extensive growths of a blue-green alga have been reported 

by Holm-Hansen (1963) in the Antarctic. Lund (1962) describes the 

presence of the algae in the upper few centimeters of the soil and De 

(1939) reported the presence of blue-green algae in flooded rice paddies. 

Calder (1959) found the algae in swamps, and Fletcher and Martin (1948) 

showed that they existed on the surface of desert soils. 

Methods of Cultivation 

Algae, isolated from many different sources, have been investi

gated for their ability to fix atmospheric nitrogen. Nearly all of the 

4 
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studies of algal growth and nitrogen fixation have utilized solution or 

submerged culturing techniques. Partial inventories of nitrogen fixing 

blue-green algal species, primarily of the family Nostocaceae, have 

been reported by Fogg (1947, 1962a), Wilson (1958), Krauss (1958), 

Cameron and Fuller (1960), Mitra (1961) and Singh (1961). These 

references also provide excellent reviews on the subject of nitrogen 

fixation by blue-green algae. 

Physiological Requirements 

Nutrients. - -No element has received more attention in nitrogen-

fixation studies than molybdenum (McKee, 1962, pp. 49-50). E. Taha 

and El Refai (1962b) have shown that blue-green alge require molybdenum 

for growth and especially for nitrogen fixation. In addition to molybdenum, 

calcium and boron were required by Nostoc muscorum in concentrations 

which were greater during nitrogen fixation than needed for optimum 

growth when combined nitrogen was supplied (Eyster, 1959). 

The specific requirements for certain elements have been studied 

by E. Taha and El Refai (1962b). They found that calcium, which could 

not be replaced by strontium, and cobalt and molybdenum, which could 

not be replaced by vanadium, were necessary for growth and nitrogen 

fixation by Nostoc commune. Sodium was also required by blue-green 

algae and potassium would not substitute for this element (M- B. Allen, 
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1955). M. B. Allen and Arnon (1955) and Krauss (1958) discuss the 

Inorganic mineral nutrition of the blue-green algae. From their find

ings, it would appear that for other than the special requirements 

for calcium, molybdenum, boron and sodium, the requirements for 

other elements are similar to those of higher plants. 

Van Baalen and Burkholder (1961) and Van Baalen (1962) 

described a vitamin requirement for growth of several nitrogen-

fixing blue-green algae. Vitamin B^ is a coordination compound of 

cobalt and may have provided this element in a more available form 

(Nicholas and Wilson, 1962). 

The algae which fix nitrogen will continue to do so even in 

the presence of organic- or nitrate-nitrogen, but at reduced rates (Cobb, 

1963). W. D. P. Stewart (1964) found the growth of two species of marine 

algae to be just as rapid when the algae were fixing nitrogen as when using 

ammonia or nitrate. The possibility that nitrogen fixation could occur in 

the presence of a less than optimum amount of ammonia or nitrate was not 

ruled out by Stewart's data. The pH levels of his cultures were carefully 

maintained throughout the study, as removal of either ammonia or nitrate 

from the solution would have otherwise resulted in a serious pH change. 

The control of the culture pH may have explained the apparent difference 

between the results of Allen and Stewart, although a species difference 

could have existed. Azotobacter fixed elemental nitrogen at a reduced 
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rate when ammonium-nitrogen was present and nitrate-nitrogen frequently 

inhibited nitrogen fixation by this organism (McKee, 1963, p. 53). 

pH Effects. - -The effects of pH on photosynthesis and nitrogen 

fixation by the blue-green algae have been studied in solution cultures 

of Anabaena cyllndrica by Kratz and Myers (1955a) and Cobb (1963), 

who demonstrated that a pH range of 7 to 8 was optimum for both of 

these processes. Both photosynthesis and nitrogen fixation rates were 

more reduced at higher hydrogen-ion concentrations than in more alkaline 

regions. Optimum pH values for nitrogen fixation by several different 

species of blue-green algae are between pH 7 and 8. 5 (Allison et al., 

1937; E. Taha and El Refai, 1963 and M. S. Taha, 1963b). 

A survey of the algal populations of a number of English soils 

showed that the blue-green algae were found only in soils with a pH 

value greater than 6, whereas other types of algae were found only in 

the more acid soils (John, 1942). De (1939) reported the occurrence of 

blue-green algae in flooded rice paddy soils which were alkaline. The 

blue-green algae were also found in one paddy soil with a pH value of 

less than 6, but their occurrence was explained by the fact that alkaline 

water was being used to flood the paddy. Cameron (1958) reported fiH 

values of 6. 5 to 8. 5 for the soils of nearly all sites from which he 

collected blue-green algae. 
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Light Intensity. - -Nitrogen fixation usually occurs in growing 

cells and is related to photosynthesis which provides the carbon skele

tons for the fixed nitrogen (M. B. Allen and Arnon, 1955; Fogg, 1959 

and 19624;Fogg and Than-Tun, I960; Fay and Fogg, 1962 and Cobb, 

1963). 

Dugdale and Dugdale (1962) found a strong correlation between 

light intensity and nitrogen fixation by Anabaena spp. in a freshwater 

lake. The rate of fixation of nitrogen by Trlchodeslum thlebautll in 

marine waters (Dugdale et al., 1961) was also related to the amount 

of sunlight. 

The rate of nitrogen fixation by Anabaena cylindrlca was found 

by M. B. Allen (1958) and M. B. Allen and Arnon (1955) to increase at 

least up to a light intensity of 16, 000 lux (1485 ft. -c.) whereas in a 

later study, Fogg and Than-Tun (i960) found the intensity for maximum 

nitrogen fixation by this alga to be at 7 500 m. -c. (696 ft. -c.). Cobb 

(1963) found that light intensities greater than those of saturation, which 

he found to be 1500 ^ watts cm. 2, equivalent to 866 ft. -c. at X = 556 

mu, sharply reduced the rate of nitrogen uptake by this same alga. 

Ukai and co-workers (In Singh, 1961, p. 51) reported that light satura

tion for the growth of Tolypothrlx tenuis was temperature dependent. 

They observed half-maximum growth at light intensities of 1. 0, 1.5 

and 2.5 kilo lux (93, 140 and 233 ft. -c.) at 26, 32 and 38°C, respectively. 
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Nitrogen fixation by Chloroglaea fritschli Mitra in laboratory 

solution cultures was reported by Fay and Fogg (1962) to be closely 

dependent on light intensity at least up to 3000 ft. -c. in both short-

term and long-term experiments. Other workers have used cultures of 

unidentified blue-green algae in light intensity experiments and have 

reported an optimum fixation at light intensities of 6000 lux (560 ft. -c., 

E. E. M. Taha and El Refai, 1963) and at 62 cal. cm. ^ day"* (1735 

ft.-c., Goering, 1962). Nitrogen fixation declined in Goering's experi

ments when the light intensity was increased further. 

Wide discrepancies in values of light intensity for maximum 

nitrogen fixation even for the same algal species could be due to differ

ent culturing conditions or to the fact that the reported intensities did 

not represent the actual intensity focused on the algae. The effective 

light intensity would have varied as a function of culturing vessel. 

depth of solution, and density of algal material. Light quality may 

also have been different for many of the studies. The recent studies 

of Cobb (1963) appear to be the most carefully designed of all light 

intensity studies reported in the literature on fixation of nitrogen by 

algae. From his studies it could be concluded that both cell growth 

and nitrogen fixation are maximum at light intensities of about one-tenth 

of full sunlight. 
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Some blue-green algae can fix atmospheric nitrogen In the dark 

if a suitable carbohydrate is supplied (Fogg, i960 and 1962a). Allison 

and Morris (1930) and Allison et al. (1937) reported nitrogen fixation in 

the dark by Nostoc muscorum when a suitable carbon source was provided 

but that the rate of fixation was only one-tenth to one-third the rate in 

cultures with low intensity light. 

The effect of time of exposure to light and darkness on growth 

and nitrogen fixation were evaluated by M. B. Allen (1958) and M. B. 

Allen and Arnon (1955). The same amounts of nitrogen and mass yield 

were obtained when Anabaena cyllndrica received 13 hours of light and 

11 hours of darkness as when receiving 24 hours of light each day. No 

differences in the weight yields were observed in the green-alga Chlor-

ella, when it was compared under the same day length treatments. 

Temperature. - -The rates of nitrogen fixation by blue-green 

algae in Wisconsin lakes were found to increase at a constant rate with 

temperature in the range of l6°C to 30°C (Goering, 1962). The findings 

of Goering's field study are in agreement with the laboratory data of 

Kratz and Myers (1955b) and M. S. Taha (1963b). Optimum temperature 

for nitrogen fixation by Nostoc commune was found to be in the range of 

30-35°C by E. E. M. Taha and El Refai (1963). 
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Atmosphere. - -The relative concentrations of nitrogen for half 

maximum activity were found by Burris and Wilson (1946) to be 0.10 

atmospheres. Yields of fixed nitrogen by Nostoc spp. increased as 

the concentration of nitrogen gas increased from 0.05 to 0.75 atmos

pheres (ibid.). The gas mixtures used in nitrogen fixation studies 

generally contained these gases in concentrations of 75% nitrogen, 

20% oxygen and 5% carbon dioxide (Table 1). 

TABLE 1. - -Gas mixtures used to study nitrogen-15 fixation. 

Gas 
Organism studied 

Gas 
Ia be c 

2 3 4 5
d 

Oxygen 

Nitrogen 

Nitrogen-15 excess 

Helium 

Carbon dioxide 

Argon 

40 

60 

35 

20 

10  

32 

65 

5 

" % 

20 

75 

20 

20  

40 

20  

5 

35 

20 

25 

enriched 

5 

50 

aAzotobacter vinelandil (Burris, 1942). 

^Nostoc muscorum (Magee and Burris, 1954). 

°Lichens (Scott, 1956). 

^Blue-green algae (Williams and Burris, 1952). 
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The inert gases, either helium or argon, have been substituted 

occasionally for a portion of the nitrogen. This substitution was important 

for isotopic studies using nitrogen-15 because there was less dilution of 

the isotope as compared to a 75% nitrogen atmosphere. Nitrogen-15 has 

been used sparingly because of its present high cost, 400 to 600 dollars 

per gram. 

The biological inactivity of the so-called inert gases has been 

questioned by Schreiner (1962). He suggested that these inert gases 

induce a physical effect on cellular growth which was related to the 

square root of the molecular weight of the gas. The effects of nitrogen 

and argon were very similar, however, and the latter appeared to be a 

satisfactory substitute. 

The growth of Nostoc spp. was inhibited by carbon monoxide 

and molecular hydrogen gases (Burris and Wilson, 1946). 

Aeration of aquatic cultures of nitrogen fixing blue-green algae 

resulted in more rapid growth because the cells were continually exposed 

to the gas being utilized (Burris, 1942; Scott, 1956 and Cameron, 1958). 

Cultures exposed to the nitrogen-15 isotope in a sealed system have 

been agitated or swirled in order to assure gas-to-cell contact. 

Disposition of Fixed Nitrogen 

The blue-green algae actively excrete polysaccarides (Moore 

and Tischer, 1964) and nitrogenous compounds (Fogg, 1952 and 1962b; 



Wilson, 1958 and Stewart, 1963) including polypeptides, free amino 

acids and ammonia nitrogen. The active excretion of nitrogenous 

products probably varies according to the age of cells (Fogg, 1952) 

and to culture conditions (Stewart. 1962) and has been found to account 

for as little as 10% (M. B. Allen and Arnon, 1955) or as much as 60% 

of the total nitrogen fixed by the algal cells (Fogg, 1952). The amino 

acids, aspartic acid, glutamic acid and alanine have generally been 

found to represent the greatest amount of excreted nitrogenous forms 

(Watanabe, In Krauss, 1958; Singh, 1961. p. 72; Stewart, 1962; 

E. Taha and El Refal, 1962a, 1963 and Venkataraman and Saxena, 

1963). 

When isotopic nitrogen was used for studies of algal excretion 

products, ammonia, glutamic acid and aspartic acid were found to be 

15 15 14 
labeled with N when the algal cells were actively fixing N N 

(Magee and Burris, 1954). 

Influence on Higher Plants. - -That the algae and their excreted 

products might have competitive, toxic or stimulatory effects on the 

growth of rice plants was first investigated by De in 1939. He found 

that the algae or their excreted materials were a satisfactory source of 

nitrogen and that rice gave higher yields in the presence of the algae. 

These yield increases were later confirmed by De and Sulaiman (1950); 
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Watanabe (1960); Rewari et al. (1961) and Rouquerol (1963). Further 

evidence that algal nitrogen was available to rice plants was given 

by the finding of a 20% average yield increase on 11 different loca

tions in Japan which were inoculated with a nitrogen fixing blue-green 

alga, Tolypothrix tenuis (Watanabe, i960 and 1963). 

Inoculation of paddies with Aulosira fertilissima resulted in 

an increase in yield and nitrogen percentage of both the grain and straw 

of rice (Sundara Raoet al., 1963). Increases were obtained even when 

adequate ammonium sulfate nitrogen was supplied, leading the authors 

to believe that the alga might also have produced some growth-promoting 

substance which activated the growth of the crop. 

Other plants, growing under conditions much different from the 

flooded paddies, may respond differently to the algal nitrogen. Accord

ing to experiments of Willis and Green (1948) it appeared that algal 

nitrogen was available to crops the second but not the first year. How

ever, since a different crop (barley and lettuce) was used each year it 

follows that this could have been a crop response and not a time response. 

Increases of 88.2% in nitrogen and 202.7% in grass yield 

were credited to the growth of Cyllndrosperrrtuhi llchenlforme and 

Nostoc commline (Singh, 1961). Sugar cane was able to benefit from 

algal material harvested and applied as a "green-manure" (ibid.). The 

40 to 60% increase in cane tonnage was attributed to the high nitrogen 



and phosphorus contents of the "green-manure" and to benefits possibly 

derived from growth-promoting substances. 

Raica (unpublished data, Univ. of Arizona) found that when the 

algal mat was present, as a result of inoculation of greenhouse pots, 

there was an active competition for applied, combined nitrogen between 

the algae and the potted rye plants. However, if autoclaved algal cells 

15 
containing N labeled nitrogen were added to the pots, the rye plants 

were soon found to contain the nitrogen isotope (Fuller et al., I960). 

Economic Assessment. - -The capacity of the blue-green algae 

to fix nitrogen has been extensively studied in solution cultures by 

Cameron and Fuller (I960), Watanabe (1960), Stewart (1962) and others 

in which the rates of nitrogen fixation were compared between algal 

species. Although these data generally are not applicable to natural 

conditions, the nitrogen fixation rate studies by R. Dugdale et al. (1959), 

V. A. Dugdale and R. Dugdale (1962) and by Goering (1962) do apply to 

marine environments because the data were obtained in situ. 

Nitrogen fixation in 1 cm. deep solution cultures of Anabaena 

cyllndrica has been extrapolated to be 480 pounds of nitrogen per acre 

per month (M. B. Allen, 1958). The amount of nitrogen fixed by the 

algae in rice paddies was found to be much less than the value cal

culated by Allen. De and Mandal (1956) found that the amount of 
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nitrogen fixed under these conditions varied from 13. 8 to 44.4 pounds 

of nitrogen per acre per season. 

The alga. Cylindrospermum llchenlforme, was found to add 80 

pounds of nitrogen per acre in 75 days in sugar cane fields of India 

(Singh, 1961) while a second alga, Phorphyrosiphon notarisil, was 

found to check erosion of the hilled sugar cane and thus helped the 

cane to stand erect during the monsoon period (ibid.). Cylindrospermum 

llchenlforme was calculated to yield as much as 96 pounds of nitrogen 

per acre in about 75 days in maize fields (ibid.). 

Generally the contribution of fixed nitrogen by blue-green algae 

is considered insignificant to other than paddy soils (Fogg, 1947 and 

Jensen, 1950). Russian workers, however, have reported large contri

butions of fixed nitrogen by algae and other non-symbiotic organisms. 

Krasilnikov (In McKee, 1962, p. 87) reported that annually 220 pounds 

of nitrogen may be fixed per acre by lichen-type algal growths. Claims 

of as high as 160 kg. N/ha. (141 pounds per acre) have been made for 

non-symbiotic nitrogen fixation in reviews by Karaguishieva (1963) and 

Rubenchick (1963). Jensen (1950) disputes these claims and suggests 

that the probability of even 2. 5 kg. N/ha. being fixed annually is 

doubtful. 

Tchan and Beadle (1955) have estimated the nitrogen contribution 

by blue-green algae growing on arid soils of western New South Wales at 



three pounds per acre per year. These amounts are seemingly low, 

especially when compared to the Russian claims, but may be signifi

cant in areas where the annual loss of nitrogen is also low (McKee, 

1962, p. 84) though the process would build up soil nitrogen over a 

long period of time (Jensen, 1950). 

The importance of algae, especially the blue-green algae, 

in soils is discussed at length in a review by Shields and Durrell (1964). 

Investigators of the desert algal crusts have proposed that the blue-

green algal constituent could possibly fix nitrogen. Cameron and 

Fuller (1960) reported increases in Kjeldahl nitrogen after incubating 

algal crust material for four weeks. No conclusive data on nitrogen 

fixation have been reported even though certain nitrogen fixing species 

of blue-green algae have been isolated from the crusts (Cameron and 

Fuller, 1960). 

Surprisingly little quantitative information is available on the 

importance of blue-green algae on virgin, semi-arid soils. Their 

potential as fixers of nitrogen and carbon under such harsh environ

ments as those in which they are found warrants further investigation. 

The scarce but widely differing data emphasize the need for sound 

studies which will correctly appraise the role of the crust organisms 

in the natural economy of semi-arid soils. 
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Ecological Importance of Surface Growing Cultures 

Algae growing on the surface of virgin soils have attracted 

attention because of their ability to survive and grow under such harsh 

conditions as high temperature and long periods of desiccation (Shields, 

1953, 1957; Shields and Drouet, 1962; Drouet, 1962 and Cameron, 

1963a). Surface growths or crusts of the algae have been found on 

desert soils of the United States (Burgess, 1930), on the Takyr soils 

of Russia (Bolyshev and Evodokimova, 1944), on Australian soils (Tchan 

and Beadle, 1955) and in dry Antarctic valleys (Holm-Hansen, 1963). 

The algal crusts have been credited with being an Important source of 

organic matter and with improving infiltration, decreasing erosion and 

aiding in the establishment of plant seedlings (Booth, 1941; Drew, 1942; 

Osborn, 1952 and Singh, 1961, p. 105). 

The "rain crusts" on the surface of Arizona desert soils were 

first reported by Fletcher and Martin (1948) and later studied in more 

detail by Cameron (1958). Shields (1957), Durrell and Shields (1961) 

and Shields and Drouet (1962) have investigated the ecology of these 

crusts found at elevations of 800 to 6575 feet in the western United States 

and have viewed the crusts as potential sources of available nitrogen. 

The algal crusts or "rain crusts" were described by Fletcher 

and Martin (1948), Cameron (1958) and Fuller et al. (i960) as being 
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composed primarily of blue-green algae. Cameron (1958} isolated, 

identified and examined the blue-green algae for their ability to grow 

in nitrogen-free solution culture. Cameron (1958) briefly examined the 

other organisms present in the crusts and found, in addition to the blue-

green algae, diatoms, green algae, fungi, bacteria, nematodes, protozoa, 

amoebic cysts and insect eggs. Actinomycetes were common and some 

photosynthetic bacteria were present, but Azotobacter was isolated from 

only 1 crust in 20 (ibid.). Shields et al. (1957) could not isolate Azoto

bacter from the algal crusts which they studied. Cameron (1960, 1961, 

1962, 1963a and 1963b) has subsequently published extensive information 

on the physiology, ecology and taxonomy of the algal component of the 

crusts as found in Arizona. Little information, however, is available 

on the other organisms found in the crusts. 

The fixation of nitrogen by blue-green algae has been generally 

visualized as a non-symbiotic process because of the evidence of fixa

tion from numerous pure culture experiments. Under field conditions 

such as previously described, though, numerous other microorganisms 

are to be found. The algae are often parasitized by such organisms as 

fungi and bacteria. On the other hand, some nitrogen-fixing algae are 

found in roots of plants (Venkataraman, 1962). The well-known lichen 

is a symbiotic association of algal and fungal parts. Some of the lichen-

associated algae are species of nitrogen fixing blue-green algae. 
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Evidence has been produced which may question the nitrogen 

fixation in blue-green algae as being strictly a non-symbiotic process. 

Bunt et al. (1961) found that the bacterium Caulobacter produced a 

stimulus, part of which was identified as indole acetic acid, on a 

species of Nostoc. Nearly twice the amount of nitrogen was fixed 

by the alga in mixed as when it was in pure culture. 

Bjalfve (1962) found that if the blue-green alga, Nostoc, was 

combined with other microorganisms such as bacteria or actinomycetes, 

a substantially greater amount of nitrogen was fixed in certain cases. 

Nitrogen fixation by Azotobacter was recognized for many years 

before the discovery of this ability in the blue-green algae. In the early 

soil-nitrogen gain studies, in which both organisms were known to be 

present, it was theorized that the algae simply provided a carbonaceous 

substrate for the bacterium which fixed the nitrogen. Work by Stokes 

(1940b) demonstrated that this was not the case, since the bacterium 

could not compete with other bacteria for use of the carbonaceous algal 

material, and, therefore, the blue-greens could be considered as direct 

participants in the process of nitrogen fixation. 

Desert algal crust organisms are unique in their ability to 

develop und~r the most adverse of environments. Drouet (1962) 

described crusts occurring on soils where the annual temperature 

ranges from -6. 5°C to 51 °C. Soil surface temperatures as high as 
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51*C have been recorded at Tucson, Arizona (Anderson et al., 1963) on 

sites from which Cameron (1958) made collections of algae. Extreme 

desiccation is common, but Drouet (1962) observed that all processes 

of life and growth began immediately when the trichomes of Mlcrocoleus 

varlnatus were wetted. 

The effective period of growth of the algal crust organisms is 

dependent on some optimum temperature and moisture conditions. The 

ecologist, Shreve (1914), estimated that there were about 63 days in 

the summer when surface soil moisture was available in the Tucson 

area. In winter soil moisture was again available for about this same 

length of time, but low temperatures restrict the growth of plants. 

Nitrogen-15 

Applicability to Biological Studies 

The inaccuracies of the Kjeldahl method prevent the detection 

of small (micro) changes in the cellular content of nitrogen (Burris and 

Miller, 1941 and Henzell and Norris, 1962). Another problem encountered 

in nitrogen fixation studies is the difficulty of removing nitrogen from 

materials used to make up the medium. As a consequence, growth in 

what is believed to be a nitrogen-free medium is not a sufficient 

criterion for stating that an organism can fix atmospheric nitrogen 

(Fry, 1955). 
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Nitrogen fixation studies are greatly facilitated by use of the 

heavy isotope of nitrogen, the analysis of which is at least 50 times 

as sensitive as the KJeldahl method (Burris et al.. 1943a and Hueser, 

1963b). Nitrogen fixation can be unequivocally detected If an excess 

of the isotopically labeled nitrogen appears in the biological agent 

(Burris and Miller, 1941). 

Biological nitrogen fixation studies using the heavy isotope of 

nitrogen were begun by Burris and Miller (1941). They suspected a 

possible mass discrimination; however, no lsotopic discrimination 

effect was found when Azotobacter was fixing labeled nitrogen (Burris, 

1942). Hoering and Ford (1960) could detect no discrimination when 

the sensitivity of the ratio of the fixation rates of the two Isotopes was 

equal to 1. 000 j- o. 001. When extensive turnover of cellular nitrogen 

has occurred, such as in the metabolism of certain proteins, mass 

discrimination against nitrogen-15 has been detected (Hoering, 1955; 

Gaebler et al., 1963; Saunders, 1963 and Bremner et al., 1964). Mass 

discrimination between nltrogen-28 (N14N14) and nitrogen-29 (N14N15) 

15 15 
or nitrogen-30 (N N ) undoubtedly exists in the biological fixation 

of nitrogen but is of such a small magnitude as to remain undetected 

with the present methods and instrumentation. 
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Nitrogen-15 Analysis 

Elemental nitrogen is the ideal molecular form for the mass 

spectrometric analysis of the relative abundance of the nitrogen isotopes 

(Sprinson and Rittenberg, 1948). This form of nitrogen is easily pumped 

and is not absorbed by the elements of the mass spectrometer tube (ibid.). 

The preparation of sample nitrogen for the determination of the 

isotope ratio involves two steps. First, the organic or mineral form is 

converted to the ammonium sulfate salt by such methods as given by 

Bremner and Shaw (1958), Bremner (in press) or Cheng and Kurtz (1963). 

These methods allow for the quantitative analysis and subsequent 

retrieval of the nitrogen for mass analysis. The second step is the 

conversion of the ammonium sulfate-nitrogen to N^. The ammonium 

salt is easily oxidized by alkaline sodium hypobromite (Sprinson and 

Rittenberg, 1948). The finding by Sims and Cocking (1958) that the 

reaction also liberated free oxygen in the presence of trace amounts of 

copper-II led them to add a 0.1% potassium iodide solution to the oxi

dizing reagent to prevent the production of free oxygen. 

The gas conversion is easily carried out in the Rittenberg 

flask (Sprinson and Rittenberg, 1949) after evaucation of atmospheric 

gases by equipment described by Glascock (1954) or Smith et al. 

(1963). The analysis is carried out in the mass spectrometer where 

the molecules are ionized and accelerated and the charged particles 



selectively attracted to an ion collector causing a current flow. The 

current is proportional to the number of ions of a given mass in register 

with the plate and may be recorded on a direct writing oscillograph. 

15 
By definition, the atom percent N is equal to the number of 

ions of nitrogen-15 divided by the number of ions of nitrogen-14 plus 

nitrogen-15 all multiplied by 100. Since the nitrogen ions are in the 

diatomic form when measured by the mass spectrometer, the 

14 15 15 15 
«. „ „15 _ NA*N + 2(N N ) x 100 
Atom % N 14 15 15 15 ' (1) 

2(N N + N N + N N ) 

The distribution of the nitrogen isotope over the several species 

of molecules approaches the ideal statistical values given by the 

equation (p + q)2 = p2 + 2pq + q2 where p = atom fraction of N*4 and 

15 
q the atom fraction of N . Terms on the right are proportional to mass 

spectrometer peaks at mass numbers of 28, 29 and 30 corresponding to 

N^N14, N14N15andN15N15, respectively (Hauck et al., 1958). That 

this distribution holds is shown by data obtained by the author in Appen

dix Table 18. This random distribution caused by the conversion of the 

ammonium-sulfate nitrogen to nitrogen gas permits calculation of the 

15 
atom percent N using only the data for mass numbers 28 and 29. The 

ratio of mass 28 to 29 is determined either from recorded peak heights 

or directly from the balancing potentiometer of the instrument. The 



simplified equation used for the calculation is 

Atom % „» = , 

where R equals the ratio of mass number 28 to 29. The development of 

equation two is given in Appendix B. 



EXPERIMENTAL MATERIALS AND METHODS 

Materials 

Algal Crusts 

The algal crusts used throughout the study were collected 

from a semi-arid rangeland site in southern Pinal County, midway 

between Oracle Junction and Oracle, Arizona. The site known as the 

Page-Trowbridge Ranch is the property of the University of Arizona and 

is used for experimental purposes. The site lies at an elevation of 3700 

feet and is part of the desert grassland community (Figure 1). A close-

up of typical desert algal crusts is shown in Figure 2. 

Saturated soil pastes of the surface 1 cm. of soil from the 

sampling site varied from pH 5.5 to 7.9, while the saturated pastes 

of prepared algal crust samples varied from pH 5. 5 to 6. 5. These pH 

values are lower than those reported by Cameron and Fuller (I960) 

which may be explained because the low pH values are representative 

of very thin horizons of soil which have a high amount of cellular tissue. 

Incubation Equipment 

Chambers for Isotope Studies. --A series of six gas-tight growth 

chambers were assembled using one-liter glass resin reaction kettles. 

26 
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Figure 1. The desert grassland community of the Page-Trowbridge Ranch 
where the desert algal crusts were collected. 

Figure 2. Desert algal crusts in situ. 



Ground glass ports in the top of each kettle cover were fitted with 

stopcocks so that water or nutrient solution could be entered or with

drawn and that the gaseous atmosphere could be entered and circulated 

within or between chambers. The chambers were mounted directly over 

cool white fluorescent lamps with an effective light intensity of 600 to 

1000 ft. -c. within the chambers. 

Glass vacuum type desiccators of 2.7, 6 and 8 liter capacity 

were used in the nitrogen-15 fixation experiments conducted in the 

p'hytotron. 

Phytotron. --A commercial plant growth chamber (number 9675, 

Percival Refrigeration and Manufacturing Co., Boone, Iowa) was used 

for controlled environment studies. The controls of the chamber were 

set for 12-hour days and 12-hour nights with 90°F days and 65°F nights. 

Both cool white VHO fluorescents and 100-watt incandescents were used 

as the light source. The light intensity at bench height decreased with 

time from 3000 to 2000 ft. -c. (Appendix Figure 7). 

Incubation Gases 

The gases used in the study were obtained in lecture size 

bottles as bone dry 99.8% carbon dioxide, prepurified 99.992% 

nitrogen, extra dry 99.6% oxygen and 99.998% argon. Isotopic 
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15 
nitrogen-15 gas was obtained as 30.9 atom % N and later diluted to 

15 15 15 
10.425 atom % N . An N enriched (0.87036 atom % N ) ammonium 

15 sulfate sample was prepared from a highly enriched (30.8 atom % N ) 

ammonium sulfate salt and used as a nitrogen-15 standard. 

Methods 

Sample Preparation 

Desert algal crusts such as those shown in Figure 2 were lifted 

from the soil surface with the aid of a knife or spatula. The underside 

of the crust was moistened and scraped to a thickness of 2 to 4 mm. in 

order to remove adhering soil particles. After an extensive study of 

sampling variation, the following procedure was adopted. Discs, one-

centimeter in diameter, were cut from the intact crusts. Algal crust 

samples were made by random selection and compositing of 60 of these 

discs. A composite crust sample intended for incubation was placed 

on top of two layers of glass wool, 0. 75 g. , in a plastic petri plate. 

A cotton wick, 1/8 by 3/4 by 8 inches, was inserted between the glass 

wool layers for samples which were to be wet from a water reservoir. 

The plates placed in the resin reaction-kettles were perforated to allow 

free drainage of water. 
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Incubation in Artificial Atmospheres 

Air dry algal crust samples were moistened with deionized water 

and placed in one of the previously described gas-tight growth chambers. 

The chamber was then evacuated to about 60 mm. of mercury (absolute) 

and the artificial atmosphere entered and adjusted to about 710 mm. of 

mercury (absolute). Crusts were wet either manually or by the wick 

during the incubation period. 

Incubation of Crusts Subjected to Moisture Treatments 

A phytotron experiment to evaluate moisture effects on nitrogen 

fixation by algal crust organisms was conducted using three moisture 

treatments of continuously wet, cycling wet-dry and continuously dry. 

The algal crusts were placed in a randomized block design with triplicated 

samples designated for each of eight harvest dates. 

The wet and cycling moisture treatments were effected by 

simultaneously wetting the crust and placing the wick into the respec

tive water reservoir. The wicks of crusts receiving the wet-dry cycle 

were removed from the reservoir after 24 hours and the crusts allowed to 

dry for three days after which the cycle was repeated. In this manner 

less than 0. 1% moisture, air dry basis, remained 48 hours after initial 

wetting of the crust. 
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Harvesting 

After incubation, the crusts were removed from the chamber or 

phytotron and prepared in one of two ways. The method used in the 

earlier phases of the study consisted of homogenizing the crust and 

glass wool pad in 200 ml. of water for eight minutes in a Waring 

Blendor. The homogenate was made up to 500 ml. and frozen (-5°C). 

The homogenate was thawed when an aliquot was required for analysis 

and then refrozen. The entire homogenate of the crusts from the moisture 

study was subjected to macro-Kjeldahl analysis. In later studies, har

vested samples, including glass wool, were frozen, lyophilized and 

ground to pass a 100 mesh sieve. Gravimetric aliquots were taken 

when needed for analysis. 

Chemical Methods 

Qualitative. - -Spot tests for the ammonium-, nitrate plus 

nitrite- and nitrite-ions were made with Nessler's reagent, diphenyl-

amine and Thrommsdorf's reagent, respectively (Q- -N- Allen, 1957). 

The lower limit of detection with the Nessler's and diphenylamine 

reagent was 0.25 ppm. NH^-N and 0. 1 ppm. NO^-N, respectively. 

One part per million NO^-N or NOj-N was detectable with the diphenyl

amine reagent. Nitrite was also determined in spot tests for microbio

logical nitrate reduction by means of alpha-naphthylamine (Difco, 1953). 



The lower limit of detection was 0.01 ppm. NO^-N by the alpha-

naphthylamine method. 

Qualitative analyses for the free amino acids were made by 

paper chromatography. The solvent system consisted of a mixture of 3 

parts glacial acetic acid to 12 parts n-butyl to 5 parts water. Chroma -

tograms were sprayed with ninhydrin for visual detection of the amino 

acids which were compared with known amino acids on the same paper. 

Quantitative. - -Quantitative analyses of ammonia- and nitrate 

plus nitrite-nitrogen utilized the 4 to 4.5 minute steam distillation method 

described by Bremner (in press). A volumetric measure of magnesium 

oxide, approximately 0.2 g., was used for oxidation of ammonium nitro

gen and approximately 0. 3 g. of 80 mesh Devarda's alloy used in the 

reduction of the nitrate- and nitrite-nitrogen to ammonia-nitrogen. The 

amount of alloy used was determined from the curve shown in Appendix 

Figure 8. Recoveries of 95 to 98% were obtained from four minute steam 

distillation of 0. 1 to 0.6 mg. aliquots of standard nitrogen solutions. 

Recoveries were determined both in the absence and presence of soil 

(Appendix Table 19). Distillations were carried out in 100 ml. Kjeldahl 

flasks which generally contained from 20 to 30 ml. of solution. 

Total nitrogen was determined following the suggestions of 

Bremner (i960). A 1:3:1 salt:acid:soil ratio consisting of 100 mesh 



^SO^tCuSO^tSe in a 100:10:1 ratio was employed with a digestion time 

of six hours after clearing. Twenty mesh zinc granules were frequently 

employed in the distillation of macro-sized samples to reduce bumping. 

Acid Hydrolysis. - -Modifications of the acid hydrolysis procedure 

of Bremner (in press) follow (see also Figure 3). Fifty milliliter aliquots 

of homogenized sample, about 3 g. of material, or 8 g. of lyophilized 

material were hydrolyzed with 6 N H2S04. Ten milliliters of 36 N H2S04 

were added to the homogenate and 25 ml. 6 N H^SO^ were added to the 

lyophilized material. The acidified soil suspension was autoclaved at 

121 °C for 5 hours and then filtered under vacuum through a sintered 

glass, F porosity, filter. The residue was washed four times with 3 ml. 

of water per washing. The washings were combined with the filtrate. 

The filtrate was carefully neutralized to pH 6. 5 with 10. 5 N NaOH and 

made up to 100 ml. volume. 

An aliquot of 30 ml. was used for the determination of hydro-

lyzable ammonium-nitrogen by distillation with MgO. The residue 

remaining after the distillation of ammonia with MgO was cooled, buf

fered at pH 11.2 and again steam distilled in an attempt to obtain 

hexosamine-N. This method resulted in low recoveries of this form 

of nitrogen. A second aliquot of 30 ml. was therefore used for the 

determination of ammonium-plus hexosamine-N by buffering the solu

tion at pH 11.2 and steam distilling. Analysis of the hexosamlne 
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Figure 3. Analytical scheme for fractionating soil nitrogen. 



fraction of soils to which known quantities of standard glucosamine 

hydrochloride had been added indicated that about 86 to 88% of the 

added amino sugar could be recovered under the conditions used in this 

study. This compares with Bremner's recovery (ibid.) of 86. 9% from 

6 N HC1 hydrolysis at 100*C for 6 hours. 

Six milliliters of 0. 5 NNaOH were added to a second 30 ml. 

aliquot in a 100 ml. KJeldahl flask. The flask was placed in a vigor

ously boiling water bath, the solution swirled frequently to remove the 

free ammonium-nitrogen and concentrated to about 20 ml. in 30 minutes. 

The sample was cooled and sufficient citric acid, generally about 3.0 g., 

added to give a pH of 2. 5. Six hundred milligrams of ninhydrin were 

added and the flask placed in a vigorously boiling water bath. After 

1 minute, the solution was swirled without removing the flask and 

the digestion continued for 11 minutes. The sample was then made 

alkaline to pH 11.2 by addition of the phosphate buffer described by 

Bremner (ibid.) and the alpha amino acid-nitrogen distilled as ammonia. 

Before the development of complete fractionation techniques ammonium-N 

and hexosamine-N were collectively distilled from a 30 ml. aliquot after 

buffering at pH 11.2 (Figure 3). Ammonium-N, hexosamine-N and alpha 

amino-N were collectively distilled after the ninhydrin digestion at pH 

2. 5 and final buffering at pH 11.2* 



Total nitrogen was determined on the acid soluble and acid 

insoluble fractions and on the residue from the alpha amino acid-nitrogen 

determination. 

Mass Spectrographic Methods 

Sample Preparation. --Aliquots which contained 0. 25 to 2.0 mg. 

of nitrogen were obtained from each of the fractions described above and 

were redistilled into 15 ml. tubes containing 2 ml. of 0. 1 N H^SO . 

The distillate was evaporated to dryness at 110°C and stoppered. For 

ratio analysis, the concentrated ammonium sulfate sample was brought 

into solution with 2 ml. of water and carefully added to one arm of a 

Rittenberg flask. Two milliliters of the NaOBr-KI oxidizing reagent 

described by Sims and Cocking (1958) were added to the other arm and 

the flask evacuated to less than four microns of mercury pressure. The 

flask was attached to the mass spectrometer inlet system, the oxidation 

reaction carried out, solutions frozen with liquid nitrogen and the 

gas entered into the analyzer system. 

Operation of the Mass Spectrometer. - -The Consolidated Electro

dynamics Corporation (CEC) mass spectrometer model 21-130 was used 

for most of the mass analyses. It was a single collector type with 

automatic scanning of mass numbers 2 to 200. Ion current developed 

on the collector plate was electronically amplified and fed to five 



attenuated mirrored-galvanometers. Light from a mercury vapor lamp 

was reflected by the galvanometers to photosensitive paper where the 

trace was recorded. The relative concentration of any mass number 

was determined by measuring the recorded peak height. 

28 29 
The sensitivity of calculating the N /N ratio varies as to 

the heights of both the 28 and 29 peaks. Peak heights are proportional 

to the pressure and as pressure is increased the trace of a galvano

meter eventually goes off scale and a second peak, at a reduced attenua

tion, must be used for calculating the ratio. The sensitivity curve of 

Figure 4 was obtained by plotting the product of the highest usable peak 

height of mass number 28 and the peak height at mass number 29 against 

the nitrogen gas pressure. The gas pressure of ratio samples in the mass 

spectrometer was therefore adjusted for optimum sensitivity. 

Precision. - -The precision of the instrument and calculation of 

peak heights were continually checked by analyzing standard samples. 

15 
The statistical variation for determination of atom percent N is shown 

15 
in Table 2 and indicates that 0.40 atom % N is needed before a highly 

15 significant enrichment of N can be detected with this instrument. The 

nitrogen-15 enrichment of three standard (NH^SO^ samples was deter

mined at regular intervals on the CEC 21-130 mass spectrometer with a 

maximum coefficient of variation of 2. 94%. Variation of this magnitude 
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Figure 4. Sensitivity curve of the N /N ratio as a function of gas 

pressure. 

Data were from the CEC 21-130 mass spectrometer with ioniza
tion energy of 22 p amperes and nitrogen gas containing 0. 368 atom % N1®. 
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TABLE 2. - -Precision of nitrogen-15 analysis obtained with CEC 21-130 
mass spectrometer during a 15 month period. 

Sourcea N X s C. V. 

15 
— atom % of N — % 

Biological controls 29 0.369 0.007 1.98 

(NH4)2so4 - 1 9 0.374 0.011 2.94 

<NH4>2S°4 • 2 10 0.871 0.009 1.08 

(NH4)2S°4 - 3 9 30.800 0.100 0.32 

aData are from biological controls and standard (NH^)SO^ 
samples analyzed over a 15 month period on the CEC 21-130 mass 
spectrometer. 

is to be expected from the singular collector type spectrometer and is 

about 10 times higher than the variation of 0. 30% (Cheng and Kurtz, 

1963) obtained from ratios determined on an instrument utilizing an 

isotope ratio device. 

A further check on sample preparation and analysis was provided 

by duplicate analyses (Table 3) of certain samples by Dr. Arthur Edwards 

of the Agronomy Department, Iowa State University, who used a CEC 

21-620 mass spectrometer equipped with a single collector and helical 

potentiometer readout. Data from the local instrument, when compared 

to the CEC 21-620, indicate a variance of -0. 0004 to +0. 011 atom per-

15 cent N between four duplicated analyses. 
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TABLE 3. - -Comparison of nitrogen-15 values determined on two different 
mass spectrometers. 

Sample 
number 

CEC 21-620 
single collector 
digital readout 

CEC 21-130 
single collector 

printed peaks 

£ Difference 

atom % N*5 % 

0907 0.3685 0.367 -0.002 0.5 

0908 0.3685 0.364 -0.002 0.5 

0912 0.7105 0.706 -0.004 0.6 

0911 0.7519 0.761 +0.011 1.4 

standard 0.8704 0.871 +0.001 0.1 

aCEC 21-620 data accepted as standard. 

Atmospheric Gas Determination. - -Gas collected from the 

atmosphere of incubation chambers could be qualitatively and quanti

tatively determined by analysis on the mass spectrometer. The instru

ment sensitivity to each of the following gases NHy H^O, CO, N^, O2> 

Ar and CO^ was determined for their parent, doublet and metastable 

peaks, at a gas pressure of 5, 25, 50 and 100 microns of mercury, 

ionization voltage of 68 volts and an ionization current of 23 micro

amperes. Instrument sensitivity curves were thus obtained and 

referred to when correcting polycomponent peaks for a single ion 
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species. A series of simultaneous equations could be used to calculate 

the actual peak height of a particular ion species. In this manner the 

contribution of CO at mass number 28, when present, could be subtracted 

so as to obtain the true peak. An example of the equations used for 

calculating the true N_ peak follows, where CO, N-, O and CO, each 
m £ & C» 

have a pressure of 50 p. in the CEC 21-130 mass spectrometer: 

28 
True N = (28 peak) - 0.0885 (44 peak) - 0.0202 (32 peak) - 1.000 (CO). 

True N29 = (29 peak) - 0.0110 (CO) - 0.0008 peak (44 peak). 

True N30 = (30 peak) - 0.0025 (CO). 

True CO28 = [(12 peak) - 0.0580 (44 peak) - 0.0011 (32 peak)] [*' 

Microbiological Methods 

Enumeration. --Algal crust samples incubated under wet, wet-dry 

and dry conditions for 147 days were homogenized with 180 ml. sterile 

deionized water in a Waring Blendor for 6 minutes. This homogenization 

time was found to yield the highest apparent numbers of algae, fungi 

and bacteria under the conditions used (Appendix Table 20). Dilutions 

were made by addition of a 10 ml. aliquot of a vigorously shaken solu

tion to a 90 ml. sterile distilled-water blank. One milliliter aliquots 

were used to inoculate the respective media. Spore forms were plated 

from a separate dilution series prepared from the homogenate after it had 

been heated in a water bath at 68°C for 30 minutes (Peiczar and Reid, 19bb>. 



Martin's rose bengal-streptomycin medium (1950) was used for 

enumeration of fungi. Bacteria were plated onto Thornton's standardized 

medium (1922), nitrogen-free Thornton's medium and the nitrifying medium 

of Fred and Waksman (1928). Three-tenths part per million iron as ferric 

ethylenediamine di(o-hydroxyphenyl-acetic acid) (Fe-EDDHA) was used 

in lieu of the iron source given for the bacterial media. 

Inoculation for the enumeration of algae was made into 15 ml. 

tubes containing 10 ml. of Knops algal medium (Bonner and Galston, 

1952). The medium was modified by substituting 0. 3 ppm. Fe as 

Fe-EDDHA for the FeCl^ and by addition of 10 ml./l of the following 

micro nutrient solution: 100 mg. H^BOj, 100 mg. ZnSO^'TI^O, 40 mg. 

MnS0.*7H,0, 20 mg. CoCl ,*6H,0, 20 mg. Na,MoO.12H.O and 4 mg. 
c, c c c 4 c 

CuSO. all made up to one liter. 

One series of inoculated plates of Thornton's standardized and 

nitrogen-free media were incubated anaerobically in vacuum desiccators 

at 23°C and were counted after 15 days. A pyrogallol-sodium hydroxide 

mixture (Parker, 1954) was used to remove the atmospheric oxygen. 

Aerobic plates were incubated at 30°C and counts of fungi and bacteria 

were made at 10 and 12 days, respectively. Algal medium was incubated 

in south window light at 23°C and tubes checked for growth at 30, 40 

and 50 days. 
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Isolation. - -Silica gel plates described by Sterges (1942a and 

1942b) and Winnogradsky's Azotobacter medium (1949) were used in 

attempts to isolate Azotobacter. The medium of Willis (1934) was used 

for isolation of Clostridium. The nitrogen-free nutrient solution of 

Metcalfe and Brown (1957) was used to test the ability of isolated 

Nocardia spp. to fix atmospheric nitrogen. Litmus milk, starch agar, 

nitrate agar and nutrient gelatine media (Difco, 1953) were employed 

in the identification of the Nocardia spp. 

Thin Sectioning 

Algal crusts were prepared for thin sectioning by immersion for 

54 hours in the FAA killing and preserving solution followed by dehydra

tion in 10 minute exposure to each of the butyl alcohol grades described 

by Sass (1951). The n-butanol saturated samples were placed in a dish 

containing chunks of household paraffin (m.p. 51 to 53°C). The contents 

were placed in a heated vacuum oven and the temperature increased to 

about 55 to 60°C. The pressure was slowly reduced over a 15 minute 

period to 15 mm. mercury (absolute) and held for 45 minutes until the 

alcohol was removed and gas bubbles were no longer observed in the 

melted paraffin. The vacuum was released and the paraffin allowed to 

cool to room temperature before removal. Vertical thin sections of 20 

to 40 ja in thickness were made using a razor blade microtome. The 
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thin sections were mounted on glass slides and stained with safranin 

and fast green. Photomicrographs were made of selected portions of the 

algal crust thin sections. 



RESULTS AND DISCUSSION 

Introduction and Objective 

Desert algal crust organisms have been credited with the 

capacity to fix atmospheric nitrogen. That the crust organisms were 

able to fix N2 was alluded to by Fletcher and Martin (1948) and Cameron 

(1958) who were able to isolate nitrogen fixing blue-green algal species 

from the crusts. Crusts were also found to contain a higher percentage 

of nitrogen than the adjacent soil. This difference in soil nitrogen 

content provided additional support for the speculation that some of 

the crust organisms were capable of fixing molecular nitrogen. Cameron 

and Fuller (i960) were able to show changes in Kjeldahl nitrogen when 

algal crusts were incubated for four weeks under laboratory conditions. 

Unequivocal evidence for nitrogen fixation by the algal crust 

organisms, however, has been lacking. The present study was under

taken in an effort to confirm nitrogen fixation by incubating the algal 

crust organisms in a nitrogen-15 labeled atmosphere. Nitrogen fixation 

experiments were conducted in such a manner as to simulate field condi

tions. 

45 



Physiological Investigations 

Sample Variation 

Desert algal crusts were found to have a high variation in 

algal density and total nitrogen content. Low variation in total nitro

gen content was desired in order to (a) be within the limits of error of 

the Kjeldahl method, (b) predict the nitrogen content of a duplicate 

sample and (c) lend a degree of homogeneity to the ecology of the 

algal crust. A coefficient of variation of ten percent or less was 

selected as an upper limit for total nitrogen variation. 

Algal crusts, subjected to five different sampling procedures, 

were analyzed for total nitrogen. The coefficients of variation were 

calculated and compared for the different procedures (Table 4). Random 

recombination of 60 one centimeter discs, 2-4 mm. thick, yielded a 

sample nitrogen variation which was within the limits established. 

The algal crust samples prepared in this manner maintained the general 

composition and organization of the natural crusts. This procedure of 

recombining 60 one centimeter discs per sample was adopted and used 

throughout the study. 

Nutrient Requirements 

Moistening of crusts with deionized water simulated natural 

conditions and eliminated the nutrient solution as a source of nitrogen 
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TABLE 4. - -Variation in nitrogen content of algal crusts as affected by 
sampling procedure. 

Coefficient of variation 
Sampling procedure 

XT Air dry Total Percent 
N wt. N N 

% 

Whole crusts3 16 33 .  1 

Unscraped discs 5.2 cm. dia. 13 20 .  3  19 .  4 24. 1 

Scraped discs 1.0 cm. dia. 20 10 .  8  31 .  8 27 .  6  

15 scraped discs 1.0 cm. dia» 10 4. 1 23 .  4 15 .  0  

60 scraped discs 1.0 cm. dia. 14 5. 7 7. 8 4 .4  

a -2 
Total N in mg. cm. 

contamination. Short term studies showed that there was no apparent 

advantage in using a nitrogen-free nutrient solution compared to sterile 

de ion ized  water  on  the  rates  o f  n i trogen  f ixat ion  (Appendix  Table  21) .  

The algal crust, which included a 2 to 4 mm. thick layer of soil, served 

as a source of all nutrients other than carbon, nitrogen and oxygen. The 

constant rate of nitrogen fixation by wet crusts in long term experiments 

(Figure 5) suggested that the availability of nutrients within the crust 

did not change even when the total nitrogen content was doubled. 
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Effects of Moistening Techniques 

The incubated algal crusts were moistened either by flooding 

the surface of the crusts or by a wick technique whereby water moved 

up through the crust. Each method of wetting produced a physiological 

effect on the crust organisms similar to that expected in the field for 

conditions of rainfall and its leaching effect or the upward movement 

of water and salts as in the case of evaporation. 

About 50 ng. of NH4~N were found in 20-30 days in the 

leachates of each of 30 cultures wet by applying water to the surface 

of the crust. Other nutrients or salts could have been leached, in 

addition to the ammonia, from the crusts. The wick technique, by 

moving water upward with subsequent evaporation tended to concentrate 

the salts at the crust surface. Traces of ammonia were detected by 

mass spectrometric techniques in the atmosphere of gas-tight incubation 

chambers when the crusts were subjected to the upward movement of 

water. Appreciable quantities of ammonia were absorbed by the water 

reservoir and in long term nitrogen-15 studies showed an enrichment of 

labe led  n i trogen  (Table  5 ) .  

Incubation Gases 

Circulation of atmospheric gases in solution cultures of nitrogen 

fixing organisms has been shown to increase the rate of growth and nitro

gen fixation. In this study of surface growing algal crust organisms, 



TABLE 5. - -Volatilization of labeled ammonia-N from algal crust*and sub
sequent absorption by the reservoir water. 

Incubation time Ammonia-N Nitrogen-15a 

days mg. atom % 

12 1 .75  0 .3642  

160 1 .71  0 .  3771  

a 15 
Data from CEC 21-620, precision of 0.0001 atom % N 

mechanical circulation of the atmospheric gases was not found necessary 

(Appendix  Table  22) .  

Photosynthetic nitrogen fixation studies which make use of the 

nitrogen isotope must be carried out in transparent incubation chambers 

which provide for the complete containment of the nitrogen-15 labeled 

atmosphere. Artificial atmospheres containing approximately 5% CO 

20% CL and 75% N were introduced into the incubation chambers at 
b C* 

the initiation of each study. 

As incubation of the algal crusts began, the carbon dioxide 

composition was found to increase while oxygen decreased (Appendix 

Table 23). After 24 days the oxygen composition began to slowly increase 

to its original concentration. This increase in the oxygen concentration 

was followed by a net loss of carbon dioxide from the atmosphere. After 
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six days a net carbon dioxide fixation activity was occurring in the 

incubated algal crusts. 

The net biological activity of the algal crust was followed by 

observing changes in oxygen and carbon dioxide levels in the desiccator 

atmospheres. The partial pressures of individual gases within the 

per iod ica l ly  sampled  a tmospheres  were  determined  on  the  CEC 21-130  

mass spectrometer by comparing to an inert standard, argon, which 

was  introduced  as  a  smal l  part  o f  the  ar t i f i c ia l  a tmosphere  (Table  6 ) .  

The use of ratio data eliminated the necessity for correcting absolute 

amounts of a gas for any change in pressure at sampling time due to 

temperature, water vapor or other gaseous changes. 

Crust Ecology Investigations 

Microbial Populations 

All groups of organisms showed an apparent increase in numbers 

in wet as compared to dry crusts (Table 7). Fungal numbers were greatly 

increased upon wetting but little difference was found between the wet 

and wet-dry cycling treatments. Yeasts, however, were most numerous on 

the cycling moisture treatment. The bacteria increased about 4 to 5 times, 

over the numbers present in dry crusts, when moisture was added. Fewer 

aerobic bacterial spore formers were found in the wet crusts. Anaerobic 

bacterial populations remained fairly uniform for all treatments; however, 
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TABLE 6. - -Initial gas composition of nitrogen-15 enriched atmospheres 
used to stud/ the rate of nitrogen fixation by algal crust organisms. 

Gasa 

Chamber Incubation ..15 
N 

number time CO, Oz At N2 

Total excess 

days % —atom % 

1 3 3 .8  13 .0  3 .0  80 .2  3 .77  3 .41  

3 6 0. 3 19 .2  1 .4  79 .0  1 .91  1. 55 

5 12 3 .2  19 .8  0 .8  76 .2  0 .91  0 .55  

7 24 4 .8  19 .7  0 .6  75 .0  0 .90  0 .54  

8 52 4 .9  20 .2  0 .4  74 .6  0 .77  0 .41  

10 160 4 .9  20 .0  0 .3  74 .9  0. 53 0. 17 

aGas composition determined on the CEC 21-130 mass spectro
meter. 
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TABLE 7. - -Population of algal crust organisms as affected by three moisture 
treatments at 147 days of incubation. 

Organism 
Crust treatment 

Organism 
Dry Wet-dry Wet 

No. organisms8 x i05g. 1 

Fungi .  0 .5  100 58 

Yeast 0. 3 50 8 

Bacteria 

Aerobic 
Total 
Spores 

500 
3 

2500 
4 

2000 
1 

Anaerobic 
Total 
Spores 

<10 
1 

10 
2 

10 
7 

Nitrifiers 0 0 0 

Azotobacter 0 0 0 

Clostridia 0 0 0 

Nocardia 
Total 
Spores 

10 
0 .6  

20 
0 .7  

20 
b 

Algae 1500 b 54000 

feast + bacteria on low N 24 360 880 

aThe data represent means of triplicated inoculations from duplicate 
dilution series from duplicate algal crust samples. 

^Counts unavailable. 

°16 ppm. N. 



the number of anaerobic spore formers was highest in the continually 

moist crusts. 

Algal numbers increased 20 fold in response to moisture. 

Since all methods for enumeration of bacteria, actinomycetes, fungi 

and algae were non-selective, the microbial numbers reflect only the 

relative proportions of the various groups present and suggest that little 

change in general ecology occurred during incubation. 

Larger numbers of bacteria (totaling about 1 x 1012Vg.) were 

observed when inoculations from wet crusts were made into Thornton's 

medium containing 1 ml. of soil:water (1:1) extract made from actively 

growing algal crust material. The extract was sterilized by filtration 

through a 0.22 jjl millipore filter. Microscopic examination and further 

plating of the solution showed it to be bacteria free. This increase in 

the population of bacteria suggests the influence of some unknown growth 

agent supplied by some organism. This possible relationship warrants 

further investigation, but was beyond the scope of the present study. 

Nitrogen Fixing Organisms 

Some blue-green algal species, isolated from the crusts 

(Cameron, 1958), have been shown to fix atmospheric nitrogen in 

unialgal solution culture. No direct evidence is available that the 

blue-green algae in the crusts fix any or all of the nitrogen in situ. 
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Although checks for Azotobacter (Cameron, 1958 and Shields et al., 1957) 

generally have been negative, the presence of other known nitrogen fixing 

organisms in the algal crust has not been investigated. Azotobacter and 

Clostridia could not be isolated from the algal crusts but were success

fully isolated from a garden soil using the same methods. 

Excellent growth of a number of •Nocardla colonies was obtained 

in 10 to 15 days on both the standard and "nitrogen free" Thornton's medium. 

Seven different species were isolated and inoculated into the special N-free 

medium of Metcalf and Brown (1957). Growth in this medium was not 

observed even at 45 days indicating that these Nocardla spp. were not 

capable of fixing appreciable quantities of atmospheric nitrogen under the 

conditions used in the investigation. 

The presence of other nitrogen fixing organisms in the algal 

crusts, such as listed by McKee (1962, p. 49), was not investigated. 

A number of microorganisms was capable of growing on the "nitrogen 

free" Thornton's medium. This agar medium contained about 16 ppm. 

nitrogen which undoubtedly was sufficient for some microbial growth. 

The numbers of yeast and bacteria which grew on this low nitrogen medium 

increased upon wetting of the crusts. 

One fungal species grew slowly on this same medium and was 

tentatively identified as a Rhlzotbnla sp. Although claims have been 

made for nitrogen fixation by some fungi (ibid., p. 39), it was likely 
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that the organisms found growing on this medium were capable of grow

ing on minimal nitrogen medium. The characteristics of these fungi are 

being investigated further. 

Nitriflers 

Desert algal crusts have been reported as important sources of 

nitrate nitrogen (Shields and co-workers, 1957 and 1964). Nitrate was 

not found in the desert algal crusts used in this study. Therefore, the 

crusts were examined for the presence of nitrifying bacteria. Nitrifiers 

were not detected when inoculations were made from the desert algal 

crust material. However, they were detected in media inoculated with 

algal crust material obtained from a campus garden. Nitrate and ammonium 

nitrogen were detected in the garden crust. 

The intense heat, wetting and drying cycles and direct sunlight 

on the desert algal crusts may have inhibited the growth of this group of 

bacteria. The absence of nitrifiers could explain the fact that nitrate 

was not found in the desert algal crusts used in this study. 

Thin Sectioning 

Horizontal layers of filamentous algae were observed when 

thin sections of desert algal crusts were examined microscopically. 

The algal cells appeared brown in the dry native state and in the 

continuously dry control samples collected following 147 days 
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incubation. The algae in the samples kept moist for 147 days appeared 

very green in color. 

Algal material occurred in layers up to 0. 35 mm. in thickness. 

A distinct layer of algal material about 0.02 mm. in thickness was 

observed on top of the wet algal crust material which was probably 

formed during the 147 day incubation. 

Some fungal-like material was also observed scattered in the 

thin sections of the crusts. These filaments did not appear in any 

apparent  organizat ion  but  seemed to  frequent  the  edges  o f  the  a lga l  

mat. 

The thin sectioning techniques used did not permit high enough 

microscopic resolution to examine the sections for organisms less than 

3 to 5 n in diameter. 

Nitrogen-15 Fixation 

Labeling of Total Nitrogen 

Total algal crust nitrogen increased as much as 9 mg. per 

sample during 21 days of incubation (Table 8). Crusts were incubated 

at 27 CC and in a light intensity of 600-1000 ft. -c. The fixed nitrogen 

was calculated as the difference between the nitrogen content of the 

incubated crusts and the nitrogen content of similar crusts not subjected 

to incubation. Preliminary investigations had shown that a minimum of 
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TABLE 8. - -Total and isotopic nitrogen fixed by algal crust organisms 
during 21 days incubation. 

Culture Nitrogen 
Nitrogen Atom % N^ 

number atmosphere b 
Initial Final Fixed Total Excess 

— mg. - —atom % 

0102  Control 34 .2  42 .4  8 .2  0. 3685° 0. 0000 

0105  N15-enriched 33 .3  41 .6  8. 3 0. 753 d  0. 383 

0107 Control 32 .4  37 .  1  4 .7  0. 3685° 0. 0000 

0109 N15-enriched 30 .6  39 .6  9 .0  0. 7519°  0. 3834 

0111  N^-enriched 33 .5  36. 1 2 .6  0. 418d 0. 050 

0112  N*5 -enriched 34 .5  41 .6  7. 1 0. 7104° 0. 3419 

aCrusts were incubated in 600-1000ft. -c., 27°C and in an 
atmosphere of 4% CO?, 20% O and 75% N enriched with about 
2 .0  atom % N 1 5 . '  '  

initial 0.211% N, s = +0.017% N. 

Data from CEC 21-620 mass spectrometer. 

Data from CEC 21-130 mass spectrometer. 



20 days was needed in order to obtain a detectable increase of at 

least 10% in total nitrogen. Four crusts incubated in the presence 

of the nitrogen isotope fixed significant amounts of nitrogen-15. At 

least 30 times more nitrogen-15 was found in the crust following 

incubation than was needed for significant detection of the isotopic 

enrichment. Two crusts Incubated in the control atmosphere fixed 

comparable amounts of nitrogen which were normally labeled with 

15 
0. 3685 atom % N . The data provide conclusive evidence that fixa

tion of atmospheric nitrogen occurred within the algal crusts when 

incubated under these conditions. 

Further evidence that algal crust organisms fix nitrogen was 

obtained when both wet and dry crusts were exposed to the same 

artificial atmosphere. Wet crusts were moistened by the cotton-wick 

technique. Humidity over the 400 ml. water reservoir in each chamber 

was found to vary between 65 and 75%. Apparently the level of humidity 

was not high enough for growth as determined by visual observation. 

Final nitrogen content of "wet crusts" was significantly higher than 

that of "dry crusts. " Preliminary trials of the technique were conducted 

wi th  a  non-enr iched  n i trogen  a tmosphere  (Appendix  Table  24) .  

Wet algal crusts exposed for 45 days to a nitrogen-15 enriched 

atmosphere showed a significant amount of fixation over a "dry crust" 

exposed  to  the  same env ironment  (Table  9 ) .  A  dry  cu l ture ,  number  07  07 ,  
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TABLE 9. - -Influence of moisture on nitrogen fixation by algal crust 
organisms during 45 days incubation in the same isotopically enriched 

atmosphere. 

Culture Moisture 
Nitrogen Atom % N 1 5  

number treatment Final Fixed'3 Total Excess 

mg. atom % 

0701  wet 42 .  1  5. 6** 0 .662°  0 .  295  

0703  dry 39 .4  3. 1* 0. 367 0. 000 

0705  wet 44 .2  7. 9** 0. 684 0 .  317  

07 07 . d 
dry 38 .  0  1 .7  0 .  379  0 .012  

0709 wet 44 .4  8. 1** 0 .  679  0 .312  

aThe nitrogen-15 enriched atmospheres from a previous study 
(Table 8) were transferred to an 8 1. vacuum desiccator and adjusted to 
contain 15% CO^. 45% and 40% N^. 

^Increase over initial nitrogen of 36. 3 mg. with standard 
deviation + 1. 38 mg. N. 

Q 
Data from CEC 21-130 mass spectrometer. 

^Crust 0707 was observed to be wet from dripping condensate 
during the last 4 days of the incubation. 
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became moist from dripping condensate during the last four days and 

fixed a small but significant amount of isotopic nitrogen. 

Interestingly, the amount of nitrogen contained in crust number 

0703 was significantly greater (at the 0. 05 level) than the initial nitrogen 

content calculated from duplicate crusts. The absence of excess nitrogen-

15, however, shows that nitrogen fixation had not occurred. This partic

ular observation aptly illustrates the necessity that labeled nitrogen be 

employed in nitrogen fixation studies. 

The rate of nitrogen fixation of the "wet crusts" was about one-

half that of the crusts exposed to continuous light (Table 8). The "wet 

crus t s"  were  exposed  to  h igher  l ight  in tens i ty ,  2000  to  3006  f t .  - c .  

compared to 600 to 1000ft. -c., but for 12 hours per day instead of 24. 

Environmental changes in day length and temperature probably account 

for the difference in fixation rates. The increase in light intensity may 

have had some Influence on the rate of nitrogen fixation. That the lower 

light intensity was not limiting for fixation appears to be in agreement 

with the findings of Cobb (1963). 

The algal crust organisms were also examined for nitrogen 

fixation in solution culture. The organisms of two algal crust samples 

were  precondi t ioned  by  incubat ion  in  400  ml .  de ion ized  water ,  300  f t .  - c .  

light intensity, 12 hour day and 27°C. The suspension had been slowly 



shaken, and after 38 days the cell material was decanted into a small 

15 15 
desiccator chamber. The N enriched atmosphere, 1.15 atom % N , 

from a previous study (Table 9) was Introduced and the culture, which 

was placed in the phytotron, was swirled briefly each day for 45 days. 

The cell material was separated by centrifugation and filtration of the 

supernatant through a 0.22 |x millipore filter. 

Isotopic enrichment was found in both the cellular and solution 

nitrogen (Table 10), thus lending additional evidence to nitrogen fixation 

TABLE 10. - -Fixation of isotopic nitrogen by algal crust organisms in 
solution culture. 

Culture 
number 

Form Total N 
atom % N 

15 

Total 
a 

Excess 

1100 

1101 

Cellular 

Extracellular 

mg. 

54 .  65  

2 .64  

atom % 
a 

0. 552 

0 .470  

0. 185 

0. 103 

1103  Control 0. 367 0. 000 

dData from CEC 21-130 mass spectrometer. 

by the algal crust organisms even under submerged conditions. The 

lower enrichment of the soluble nitrogen suggests that extracellular 

nitrogen may have originated from both old-cellular nitrogen, unlabeled, 

and recently fixed or excreted nitrogen, labeled. 
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Nitrogen Fixation In Field-Simulated Studies 

Nitrogen Fixation as Influenced by Wetting and Drying 

Net nitrogen fixation rates of desert algal crusts were investi

gated under field-simulated conditions in a phytotron. Diurnal tempera

ture changes of 30°F are common in the Southwestern United States 

where the crusts may be found. Conditions were therefore employed 

which  prov ided  a  12  hour  day  a t  95°F  and a  12  hour  n ight  a t  65  °F .  

Frequent summer rains occur in the semi-arid region where the 

crusts are found. Periods of rainfall may be spaced by hot, drying 

conditions. The following moisture conditions were employed: con

tinuously wet. continuously dry and alternately wet one day followed 

by three days of drying conditions. The continuously wet treatment 

served to measure maximum rates of nitrogen fixation, while the con

tinuously dry treatment served as a control for the initial nitrogen 

content of all crusts. 

Following the analyses of nine algal crust samples, at time 

zero, the mean nitrogen content was calculated at 38.28 mg. N 

(2s = 5.66 mg. N). The initial nitrogen content was calculated on 

an area basis with a coefficient of variation of 7.4%. Expressing 

nitrogen content on an area basis made possible the direct extrapolation 

for field assessment. 
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In Figure 5 it may be seen that the crusts receiving the contin

uously wet treatments fixed nitrogen at a rate which was significantly 

different at 50 days from the predicted initial nitrogen level. The total 

nitrogen content of the crusts is given in Appendix Table 26. The nitro

gen level of crusts on the cycling moisture treatment required nearly 80 

days before the increase in nitrogen was significantly different from the 

initial nitrogen content. Nitrogen fixation by crusts receiving moisture, 

either continually or on a cyclic basis, continued at a constant rate 

for 520 day^ Crusts which were continually wet fixed more nitrogen than 

did crusts which were cycled wet and dry. The effective moisture time of 

the wet-dry crusts was planned to be about 2 days wet and 2 days dry. 

This factor could not be controlled with much precision and the effective 

nitrogen-fixation time could have been longer than two days since these 

crusts fixed more than half that amount of nitrogen fixed by the continually 

wet crusts. 

The regression lines for the wet and cycling moisture treatments 

show that  0 .082  and 0 .053  mg.  N,  respect ive ly ,  were  f ixed  per  day .  

No significant change was observed in the total nitrogen of crusts 

remaining dry during the entire study; this indicates the stability of 

crust nitrogen under conditions of incubation. 

The rate of nitrogen fixation was also determined from a series 

of crusts incubated in a nitrogen-15 enriched atmosphere. The net 
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Figure 5. Net nitrogen fixation as a function of time and moisture treatment under field-simulated conditions. 
The shaded area represents the mean (+ 2 s) nitrogen level of all crusts at time zero. 



nitrogen change was determined from the amount of labeled nitrogen in 

the crusts (Table 11) and was plotted as a function of time (Figure 6). 

The crusts fixed 0. 0309 mg. nitrogen per day. The rate was lower than 

the rates for either of the two moisture treatments previously discussed. 

Daytime temperatures within the incubation chambers could have been 

higher than the surrounding atmosphere of the phytotron, and, as a result, 

nitrogen fixation rates may have been limited by high temperatures. 

The rainfall and temperature conditions of the Southwest (Appen

dix Table 25) are such that about 63 days per year are conducive for the 

growth of higher plants (Shreve, 1914). If the rate of nitrogen fixation 

for the continuously wet crusts (Figure 5) is accepted as the maximum, 

then about 9.6 pounds of nitrogen would be fixed per acre per year. 

Since algal crusts seldom occupy the entire surface area under native 

conditions, nitrogen fixation in situ would be less. 

Extracellular Nitrogen 

Inorganic Nitrogen. - -Extracellular ammonia was found in 

amounts up to 6% of the total nitrogen. Traces of ammonia were found 

consistently in leachates of cultures incubated in the resin reaction 

kettles. Tests on these same leachates for nitrate- and nitrite-nitrogen 

were negative. 

The presence of ammonia and absence of nitrate is especially 

interesting because Shields and co-workers (1957 and 1964) have 
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reported the algal crusts as being sources of nitrate; however, the 

presence of ammonia was not mentioned. 

Hot water extracts were made from algal crust material in 

different stages of growth and tests were made for nitrate, nitrite and 

ammonia. As much as 150 ppm. (w/w) ammonia-nitrogen were found, 

but neither nitrate nor nitrite were detected using spot plate tests. 

Similar extracts were made from algal crusts collected from a moist, 

shady campus garden. The extract from the campus crust was found 

to contain 8.9 ppm. (w/w) nitrate-nitrogen and 5 ppm. (w/w) ammonia-

nitrogen. Attempts to isolate nitrifying organisms in the desert algal 

crusts used in this study were unsuccessful, and their absence could 

explain the absence of nitrate nitrogen. 

Organic Nitrogen. - -Water extracts from crusts incubated for 

21 days (Table 8) were analyzed for amino acids and total nitrogen. 

Glutamic and aspartic acid were identified in all extracts. Cystine 

and alamine may also have been present but low concentrations pre

cluded unequivocal identification. The excretion of these particular 

amino acids is common for blue-green algae and other nitrogen fixing 

organisms (McKee, 1962). Other ninhydrin reacting substances were 

present. These soluble organic forms represented between 0.3 and 0.5% 

of the total sample nitrogen in the algal crusts. 



TABLE 11. - -Total and isotopic nitrogen fixed by algal crust organisms under field-simuiated conditions. 

Incubation Total nitrogen Nitrogen -15 
OUxUUi6 
number Time N15 Final Fixed Final Fixed 

Excess 
fixed'3 

days atom % atom 1o M-g. days atom % mg. atom 1o M-g. 

2001 0 - 41. 50 0 0.3648 0 0 

2003 3 3.77 44.23 0. 05 0.3687 1. 91 1.72 

2005 6 1. 91 38. 86 0. 14 0. 3702 2. 62 2. 11 

2008 12 0. 91 41. 10 0. 28 0.3685 2. 55 1.52 

2011 24 0. 90 45. 57 0. 30 0.3683 2.68 1. 52 

2015 52 0. 77 45. 30 0. 62 0.3704 4.78 2. 51 

2022 160 0. 53 49.93 4. 98 0.3813 26.40 8. 07 

a(N*5)(N,) - (N15)(N£ - N.) + (Ni5)(N.), where N = final mg. N; N*5 = final atom % N15; 
15 f 15 3 f 1 1 f 15 f 15 

N = atom % N of incubating atmosphere; N = initial mg. N and N - atom % N of control. 
3 1 C 

b 15 
Corrected for 0. 368 atom % of N normal. 

0s 
00 
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Nitrogen-15 Labeling. - -Extracellular nitrogen became highly 

enriched with nitrogen-15 during the 21 day incubation period (Table 12). 

Some of this nitrogen could have been excreted from the nitrogen fixing 

organisms since it was highly labeled. 

TABLE 12. - -Nitrogen-15 labeling of water soluble algal crust nitrogen 
after 21 days of incubation. 

Culture 
number 

Nitrogen-15 labeling 

Total 
a 

Excess 

atom % 

Enriched atmosphere 

0105 

0109 

0111 

0112 

0.751 

0.761 

0.414 

0.706 

0. 383 

0. 393 

0. 046 

0. 338 

Control atmosphere 

0107 

0102 

0. 364 

0. 368 0. 000 

Data from CEC 21-130 mass spectrometer. 

Availability of Fixed N to Higher Plants 

Grass plants (Arlstlda sp.) germinated and grew on algal crusts 

incubated in the nitrogen-15 labeled atmosphere and were harvested at 52 and 



160 days. Plant tops were cut about one centimeter above the crust and 

carefully washed with 1 N HC1 and then rinsed with water. The grass 

tops were analyzed for total nitrogen which in turn was subjected to 

nitrogen-15 analyses (Table 13). A significant increase in labeled 

TABLE 13. - -In situ uptake by higher plants of nitrogen fixed by algal 
crust organisms. 

Incubation Total plant Host crust 
time nitrogen 

Plant nitrogen-15 

Total Enrichment 

. a 
days mg. atom % 

0 - 0.3648 

52 0.82 0.3704 0.3650 0.0000 

160 1.22 0.3813 0.3733 0.0084 

a 15 
Precision of analysis was equal to 0.0001 atom % N 

nitrogen was obtained in the plant from the sample incubated for 160 

days. The plant contained nearly 30 times the amount of nitrogen-15 

as was needed for a highly significant enrichment. 

The plant incubated for 52 days had a lower atom percent 

15 
nitrogen-15 value (0.3650 atom % N ) than its host crust (0. 3704 

15 15 
atom % N ) but very similar to the 0. 3648 atom % N for the nitrogen 

of the control crust. This plant made most of its growth during the first 
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half of the 52 day Incubation period and probably utilized nitrogen 

present in the crust prior to incubation in the labeled atmosphere. 

The 160 day plant took up a significant amount of labeled nitrogen 

which apparently was fixed from atmospheric N by the algal crust 

organisms. 

Fixed nitrogen became available for the growth of higher 

plants, probably as extracellular ammonia and other soluble organic 

form s. 

Extrapolation of these data to field situations would indicate 

that the crusts might act as sources of nitrogen for young seedlings 

which germinate in or near the crusts. The data also indicate that the 

nitrogen taken up by the plants could have originated as atmospheric 

nitrogen fixed by the algal crust organisms, possibly within the same 

growing season. 

Nitrogen Fractionation 

Fractionation of soil nitrogen has been attempted in the past 

in an endeavor to identify the nitrogenous compounds present in soil, 

their relative solubility and subsequent availability to other organisms 

or higher plants. Previous studies have been made with little considera

tion for the biological turnover of nitrogen forms. Moreover, they have 

not been concerned with that part of the nitrogen cycle where the nitrogen 



has originated as N^. The biological system considered here provided 

a unique approach for evaluating the role of soil nitrogen originating 

as N^. 

The nitrogen compounds in the algal crust were partitioned into 

a number of different fractions, several of which could be directly iden

tified. Partitioning of algal crust nitrogen could provide information on 

the relative solubility of the algal crust nitrogen and comparison could 

be made with published data on fractionation of soil nitrogen. Changes 

in each nitrogen fraction as might result from incubation of the crusts 

could be observed. The rate of nitrogen-15 incorporation into the 

fractions might yield information as to the fate of fixed nitrogen. 

Fractionation data of crusts maintained under five different 

incubating conditions (see Appendix Tables 27, 28, 29 and 30) were 

combined on a basis of moisture treatment and incubation time. The 

data (Table 14), givenas percentages of the total crust nitrogen, have 

an inherent variation due to both natural sample variation and analytical 

errors. This variation precludes the detection of small differences due 

to culturing conditions. 

Extracellular Ammonia 

Extracellular ammonia, composed of exchangeable and soluble 

forms of ammonia, accounted for 1 to 9% of the total nitrogen (Table 14). 



TABLE 14. - -Influence of moisture and time on the amount of nitrogen found in the several nitrogen fractions In algal crusts. 

Nitrogen fraction 

Culture 
number 

Incubation 
time Total 

Extracellular 
N H .  

Acid 
Insoluble 

Acid 
soluble NH, 

Hydrolyzable 

Hexosamine Amino acid Unknown 

days nng. % of total 

Dry 
2001 
0703 
0707 
0252 
2024 

0 
45 
45 

147 
160 

41.5 
39.4 
38. 0 
38. 0 
48.2 

1 1  
1 2  

9 
8 

13 

•iy 
78 
8 1  
88  
87 

14 
1 5 
15 
24 
13 

45 
43 
42 
31 
44 

27 
2 6  
31 
32 
28 

Wet 
2003 
2005 
2008 
0102 
0105 
0107 
0109 
0111 
0112 

2011 
0701 
0705 
0709 
2015 
0246 
2022 

3 
6 

12 

21 
2 1  
21 
2 1  
2 1  
2 1  

24 
45 
45 
45 
52 

147 
160 

44.2 
38.9 
41. 1 
42.4 
41.6 
37. 1 
39.6 
36. 1 
41.6 
45. 6 
42. 1 
44.2 
44. 4 
45. 3 
54.8 
49.9 

11  
10 
11 

7 
7 
8 
8 
6 
7 

13 
9 

12 

10 
13 

9 
14 

90 
90 
85 
92 
93 
93 
92 
95 
93 
88 
80 
78 
80 
88 
91 
84 

2 0  
17 
16 
17 
16 
19 
17 
18 
16 
14 
13 
14 
13 
15 
19 
11 

45 
42 
40 
41 
42 
40 
40 
41 
43 
43 
41 
31 
40 
44 
44 
44 

28 
27 
29 
31 
31 
31 
31 
31 
31 
25 
32 
29 
35 
25 
25 
26 

Wet-Dry 
0250 147 50. 0 92 15 41 33 

Solution 
1100 45 54. 6 11 79 16 49 20 

Data not determined; included in amino acid fraction. 

1 
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Dry crusts tended to contain a larger amount of the total nitrogen in this 

form than crusts which were actively growing. All crusts which had been 

moist for 12 days or more had only 1 to 2% of the total nitrogen as extra

cellular ammonia. 

The extracellular ammonia may result from active excretion and 

by cell autolysis. Upon drying, the recycling of this nitrogenous form 

is stopped, which might permit the build-up of this relative quantity of 

extracellular ammonia. This finding was in agreement with the observa

tions of Birch (1964) who found that the quantity of ammonia from algal 

sources increased with drying conditions. 

Acid Soluble Nitrogen 

The acid soluble nitrogen fraction accounted for 78 to 95% of 

the total crust nitrogen. The wet crusts tended to have a slightly higher 

amount of nitrogen in this form than dry crusts. The solution culture, 

however, contained a relatively low amount of acid soluble nitrogen 

when compared to algal crusts. The amount of nitrogen in the acid 

soluble nitrogen fraction was larger than the 7 0-83% found for soil 

nitrogen by Cheng and Kurtz (1963). This difference was probably due 

to a greater amount of the nitrogen in the algal crusts being in some 

cellular form as compared to predominately residual organic soil 

nitrogen forms. 



Acid Hydrolyzable Ammonia 

The ammonia released following acid hydrolysis included the 

extracellular ammonia plus the ammonia obtained by deamination of such 

nitrogenous compounds as the amides. Eleven to twenty-four percent of 

the algal crust nitrogen was found in this form. When the data were 

corrected for the amount of extracellular ammonia nitrogen, the range 

(10-17%) was narrowed indicating that a consistent amount of nitrogen 

was hydrolyzed to ammonia. The relative amount of nitrogen found as 

acid hydrolyzable ammonia was only about half that reported by Cheng 

and Kurtz (1963) and Stevenson (1957) for the comparable fraction of soil 

nitrogen. 

Amino Acid Nitrogen 

Acid hydrolysis of soil released from 20 to 40% of the total 

nitrogen as alpha amino acid-nitrogen (Bremner, in press; Stevenson, 

1957). From 40 to 45% of the total nitrogen in algal crusts was found 

as amino acid nitrogen. The amount of amino acid nitrogen for two 

crusts was lower than 40%, while the solution culture contained more 

than 45% amino nitrogen. The lower values may have resulted from 

sampling or analytical errors. 

The large amount of nitrogen found in this fraction was probably 

due to the cellular material present and may have included some free 



amino acid nitrogen. Some amino acids such as tryptophan, and, to a 

lesser extent, cystine, serine and threonine are known to be destroyed 

by acid hydrolysis (Cheng and Kurtz, 1963). 

Hexosamlne Nitrogen 

About 3 to 20% of the total soil nitrogen has been found in the 

hexosamine form (Bremner, in press; Cheng and Kurtz, 1963; and Stevenson, 

1957). Algal crust samples contained less than 5% of the total nitrogen 

in this form. Hexosamine nitrogen was not determined on all crusts 

because of the complexities of the analytical method. 

Little is known about the amino sugars in algae (Lewin, 1962). 

Chitin, commonly found as a structural component of insects and fungi, 

has not been found in the few algae which have been investigated {ibid.). 

The presence of fungal hyphae in the algal crusts could account for the 

nitrogen found as hexosamine. 

Acid Soluble Residue Nitrogen 

The acid soluble but unknown nitrogen fraction from the algal 

crusts constituted from 25 to 33% of the total nitrogen. The algal 

solution culture contained a lower amount of soluble but unidentifiable 

nitrogen than the algal crusts. The difference, however, was due to a 

corresponding increase in the amount of amino acid nitrogen in the 

solution culture. 
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Cheng and Kurtz (1963) concluded that the nitrogen in several 

hydrolyzed soil nitrogen fractions, similar to the soluble residue 

reported here, was probably derived from non-protein sources. How

ever, the chemical nature of the nitrogen in this acid soluble but 

unknown fraction is still obscure. 

Acid Insoluble Nitrogen 

Non-acid hydrolyzable nitrogen comprised about 10% of the 

total algal crust nitrogen. The values, which ranged from 6 to 14%, 

were slightly lower than the range of 10 to 20% reported by Stevenson 

(1957) for soil nitrogen. That the algal crusts had less nitrogen in 

this fraction than reported for soils was probably due to a greater amount 

of cellular mass in the crusts than would be expected in soils. 

As in the case of the acid soluble residue nitrogen, little is 

known about forms of nitrogen in the acid insoluble fraction. Cyclic 

nitrogenous compounds such as the nucleoproteins may be stable 

against complete acid hydrolysis. The extent to which these compounds 

•are degraded may determine whether the nitrogen is partitioned into 

either the acid soluble or acid insoluble fraction. 

Usefulness of N-Fractionation Data 

In general, a greater amount of the nitrogen forms in algal 

crust nitrogen forms were identified than has been reported when soils 
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have been fractionated by similar techniques. Bremner (in press) reported 

that one-half of the soil nitrogen forms in soils remain to be identified. 

In the study reported here, from 60 to 70% of the total nitrogen has been 

identified as to the form of nitrogenous compound. The algal crusts 

contained a higher ratio of viable cellular tissue to organic residue than 

would be true of mineral soils. Correspondingly, the ammonia plus 

amino acid fractions thus accounted for a higher proportion of the total 

nitrogen found in algal crusts as compared to those same fractions in 

the soil. 

Small changes in the amount of nitrogen in some fractions may 

have been influenced by the moisture environment. The changes observed 

were (a) wet crusts contained less extracellular ammonia than did dry 

crusts, (b) the acid soluble fraction tended to be highest in wet crusts, 

(c) the acid soluble unknown fraction appeared to increase under wet-dry 

moisture cycles, and (d) larger amounts of amino acid nitrogen were found 

when crusts were incubated in solution culture while a correspondingly 

small amount of nitrogen was found in the acid soluble residue fraction. 

Nitrogen-15 Labeling of Nitrogen Fractions 

15 
Induced Abundance of N 

The isotopic nitrogen concentration of partitioned nitrogen was 

15 
expressed as atom percent N and is presented in Tables 15, 16 and 17.-



TABLE 15. - -Nitrogen-15 labeling of algal crust nitrogen fractions as affected by 21 day incubation 
in nitrogen-15 enriched atmospheres. 

Nitrogen fraction a 

Culture 
number Total 

Total 
minus 
NH : 

Extra
cellular 

NH. 

Acid Acid 
insoluble soluble 

NH. 

Hydrolyzable 

NH^ plus 
hexos-
amine 

Hexosamine 
plus NH4 plus 

amino acid 

atom % N 
15 

Enriched atmosphere , h h 

0105 0.753 0.750 °-737
h 0.5203 0.6433 0.633 0.609 0.756 

0109 0.7519 0.744 0-737C 0.5203^ 0.64337 0.6652 0.6335 0.7710 
0111 0.418 0.415 °-737

b 0.5203 0.6433 0.405 0.409 0.408 
0112 0.7104 0.696 0.737 0.5203 0.6433 0.633 0.592 0.718 

Control atmosphere h h h 
0107 0.3685 0.368 0.368^ 0.363^ 0.3671^ 0.368 0.369 
0102 0.3685 0.362 0.368 0.363 0.3671 0.368 0.369 

0. 364 
0. 368 

aFour place data from CEC 21-620 mass spectrometer, three place data from CEC 21-130 
mass spectrometer (precision greater than 0.01 atom % N^). 

Enrichment of bulked samples. 



TABLE 16. --Nitrogen-15 labeling of algal crust nitrogen fractions as affected by moisture treatment 
and 45 day incubation in nitrogen-15 enriched atmospheres. 

Nitrogen fraction 

Culture 
number Acid 

insoluble 
Acid 

soluble 

V 

Hydrolyzable 

Total 
Acid 

insoluble 
Acid 

soluble 

V 
NH. 

4 
NH^ plus 

hexosamlne 
NH4 plus hexosamine 

plus amino acid 

atom % N*5 atom % N*5 

Solution 
culture 0. 552 0. 561 0. 503 0.467 0.484 0. 586 

0701 -wetb 0.662 0. 651 0. 536 0. 514 0.548 0.811 

0705-wetb 0. 684 0.661 0. 561 0. 550 0. 551 0.706 

07 09-wet*5 0. 679 0. 685 0. 546 0. 524 0. 618 0.718 

0703-dryb 0. 367 0. 383 0.396 0. 564 0. 378 0.407 

0707-dryb 0. 379 0.354 0. 379 0.428 0.364 0.416 

Standard 
salt 0. 367 - - - - -

a 15 
Data from CEC 21-130 mass spectrometer, precision greater than 0.01 atom % N 

Crusts incubated in the same atmosphere. 



15 TABLE 17. --Nitrogen-15 labeling of nitrogen fractions from algal crusts exposed to excess N for 
varying lengths of time. 

Nitrogen fraction 
a 

Culture 
number 

Incubation 
time Total 

Extra -
cellular 

NH, 

Acid 
insoluble 

Acid 
soluble 

Hydrolyzable 

NH. Amino acid 

2001 

2003 

2005 

2008 

2011 

2015 

2022 

2024 

days 

0 

3 

6 

12 

24 

52 

I60b 

l60b 

0.3648 

0.3687 

0. 3702 

0.3685 

0.3683 

0. 3704 

0.3813 

0.3674 

0.3602 

0.3800 

0.3731 

0.3652 

0.3647 

0.3647 

0.3710 

0.3724 

0.3646 

0.3678 

0.3673 

0.3640 

0. 3674 

0.3662 

0,3734 

0. 3650 

atom % 

0.3647 

0.3676 

0.3647 

0.3613 

0.3666 

0.3678 

0.3802 

0.3634 

0.3586 

0.3672 

0.3662 

0.3649 

0.3652 

0.3667 

0.3689 

0.3635 

0.3634 

0.3696 

0.3652 

0.3662 

0.3663 

0.3666 

0.3850 

0.3644 

a . 15 
Data from CEC 21-620 mass spectrometer, precision of 0.0001 atom % N , 0.3663 atom 

% N for standard salt an)d for air sample. 

Crust 2022 and 2024 incubated wet and dry, respectively, in the same atmosphere. 



The data were separated into the three tables for clarity, because nitro

gen fractionation techniques varied and the reliability of the isotopic 

data differed. 

All nitrogen fractions contained labeled nitrogen even when 

crusts were incubated for only three days (Table 17). The acid insoluble 

nitrogen fraction was isotopically enriched as high or higher than the 

acid soluble nitrogen fraction except when crusts had been incubated 

for more than 52 days. The amino acid nitrogen fraction was the most 

highly labeled of any fraction, even though diluted in certain analyses 

by the nitrogen from the hydrolyzable ammonia and hexosamine fraction. 

An exception was noted in the extracellular ammonia fraction (Table 17) 

of the algal crusts incubated for 3 and 6 days. 
_ > 

The labeling of the extracellular ammonia fraction suggested 

the active excretion of fixed nitrogen. As incubation continued, the 

apparent recycling of non-enriched nitrogen diluted the isotopic con

centration of the extracellular ammonia fraction. 

A dry crust (2024) incubated in the same chamber as a crust 

which was actively fixing nitrogen contained some labeled ammonium 

nitrogen. Ammonia was detected in the incubation atmosphere above 

the crusts and labeled ammonia nitrogen was found in the water reser

voir (see Table 5). These findings provided evidence that biological 



nitrogen fixation had not occurred in the dry crust but that the crust 

simply absorbed the labeled ammonium nitrogen from the atmosphere. 

15 
Natural Abundance of N 

In isotopic nitrogen studies, the method of calculating the 

value for atom percent excess nitrogen-15 has been to subtract the 

atom percent nitrogen-15 value measured for the sample from the atom 

percent nitrogen-15 of a standard nitrogen source. The common 

assumption has been that the natural abundance of nitrogen-15 has 

remained essentially constant. 

Biological controls were purposefully included in this study 

so that valid comparison could be made between the nitrogen-15 

values of enriched and non-enriched algal crusts. The significance 

of these biological controls is shown in the enrichment data for the 

non-incubated crust (Table 17). The atom percent nitrogen-15 value 

was significantly less than that value for either the standard ammonium 

sulfate salt or for air. Significant differences were also found between 

the nitrogen-15 content of different nitrogen fractions from the same 

crust and the normal enrichment for air. The use of suitable controls 

is especially important in nitrogen isotope studies where the distribution 

of the nitrogen species may have been subject to physical, chemical or 

biological processes. 
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The results obtained in this study illustrate the need for bio

logical controls in isotopic nitrogen fixation studies. Mass discrimina

tion has occurred between nitrogen-15 and nitrogen-14 according to the 

data presented in Table 17, and appears to be a direct result of biological 

nitrogen fixation under field conditions. Since isotopic discrimination was 

not observed when the algal crust organisms were rapidly fixing nitrogen 

(Table 8), it may be concluded that the discrimination occurred when the 

algal crust organisms were slowly fixing nitrogen as might be expected 

under field conditions. 



SUMMARY AND CONCLUSIONS 

Semi-arid desert algal crust organisms when exposed to an 

atmosphere, which contained isotopically enriched nitrogen,were found 

to fix N^. Significant quantities of the nitrogen isotope were detected 

in the total crust nitrogen after three days of incubation under field-

simulated conditions. Further evidence of nitrogen fixation was also 

detected by the decrease in the ^/Ar ratio in the atmosphere which 

surrounded the algal crusts during incubation. 

Net nitrogen fixation rates by the algal crust organism^ were 

found to be 0.16 and 0.10 pounds per acre per growing day when 

exposed to continuous and cycling moisture conditions, respectively. 

The rate under field-simulated conditions was found to be linear, at 

least for 520 days. The amount of nitrogen in the algal crust was 

doubled during this time, which indicated the crust organisms could 

obtain sufficient nutrients in the 2 to 4 mm. thick algal-soil crusts. 

The data indicate less than 9. 6 pounds of net nitrogen per acre per 

year would be fixed, assuming 63 days as the length of time when 

moisture and temperature conditions would permit growth. No net 

nitrogen change was observed in dry crusts. The concentration of 

nitrogen-15 of the native crust nitrogen wasasmuchat 0. 0077 atom % 

85 ^ -j 
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15 15 
N less than the natural abundance value (0.3663 atom % N ) commonly 

reported for biological samples. This isotope discrimination may have 

occurred either during fixation of nitrogen or loss of nitrogen from the 

crust. 

Chemical fractionation of algal crust nitrogen identified 40 to 

45% of the total nitrogen as alpha amino nitrogen, less than 5% as 

hexosamine nitrogen and from 10 to 17% which was released as ammonia 

following acid hydrolysis. Algal crusts kept moist during incubation 

were found to contain 1 to 2% of the total nitrogen as extracellular 

ammonia while dry crusts contained as much as 9% of the total nitrogen 

in this form. About 78 to 95% of the total nitrogen in algal crusts was 

acid soluble; however, 25 to 33% of the nitrogen in this fraction could 

not be identified. The proportion of nitrogen in the acid soluble residue 

fraction tended to increase when crusts were exposed to cycling moisture 

conditions. 

Isotopic labeling of all nitrogen fractions occurred within three 

days. Extracellular ammonia was the most highly labeled fraction during 

the first six days of growth; subsequently, the amino nitrogen was the 

most richly labeled. Nitrogen forms which remained Insoluble following 

hydrolysis with 6 NH^SC)^ were enriched at about the same level as the 

nitrogen forms which were soluble in the acid. The fixed nitrogen was 

rapidly cycled into all nitrogen fractions even though these forms differ 

greatly in their potential solubility. 
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The fate of the extracellular ammonia may be dependent largely 

on the direction of the water movement. Rainfall may leach the cation 

into the subsoil, while evaporation would tend to induce a micro-alkaline 

area on the crust surface, thus permitting the subsequent volatilization 

of some ammonia. 

The algal crusts provided support for germinating seedlings 

and the nitrogen fixed by the organisms may become available for higher 

plants within several days. Seedlings growing in crusts exposed to 

isotopic nitrogen were found to contain a significant enrichment of the 

isotope. 

Microbiological examination of the algal crusts indicated an 

abundance of bacteria, fungi and algae. Azotobacter, Clostridium and 

nitrifying bacteria were not found. Large numbers of Nocardia were 

isolated from the crusts but they were unable to grow in a nitrogen-

free medium. Increased numbers of bacteria were isolated from the 

algal crust when an algal-crust water-extract was added to the standard 

plating medium, indicating that some bacteria were dependent on a 

growth promoting substance produced in the algal crust. 

Mass spectrographs analysis of the O^/Ar and CO^/bx ratios 

as a function of time indicated that non-photosynthetic organisms 

initially were very active. After the first week of intubation the net 

photosynthetic activity was greater, as evidenced by a loss of CO^ 

from the atmosphere. 
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TABLE 18. - -Distribution of nitrogen isotopes in species of molecules 
as determined on the Consolidate 21-130 mass spectrometer. 

15 
Data are from 30. 8 atom % N ammonium sulfate oxidized to 

N2 by sodium hypobromite. 

1 1 

Ion pressure (peak height) 

Measured Calculated 

2 
P 2pq 

2 q 2pq 
28 

N N29 N30 2^NZ%3°) 

iUlU • 

213  173  38 .  8  181  

126 104 22 .  6  106 

2110  187 423 .9  189  

716  634 143 .  5  641 

871  762  172 .  3  774  

743  655  147 .  0  660  
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TABLE 19. --Recovery of ammonia-, nitrate- and nitrite-nitrogen by four 
minute steam distillation. 

The steam distillation of known quantities of inorganic nitrogen 
was carried out in the presence of 70 mg. soil (100 mesh) after the addi
tion of Devarda's alloy and magnesium oxide. 

<NH4)2SO4 KNO3 KNOZ Recovery 

% mg. N % 

0 . 0  0 . 0  0. 1 9 8 . 7  

0 . 0  0. 1 0. 1 96. 3 

0. 1 0. 1 0. 1 9 6 . 9  

0. 1 0. 0 0. 0 98. 7 

0. 1 0. 1 0. 0 96. 7 

0. 1 0. 0 0. 1 9 5 . 6  

0 . 2  0 . 2  0 . 2  9 7 . 7  

0. 0 0 . 2  0 . 2  9 8 . 0  

0. 0 0. 0 0 . 2  9 5 . 4  

0 . 2  0 . 2  0. 0 98. 0 

0. 0 0. 2 0. 0 96. 7 

0. 2 0. 0 0 . 2  94. 4 

0. 2 0 . 2  0 . 2  96. 0 
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TABLE 20. - -Effect of homogenlzation time on the apparent numbers of 
microorganisms in both dry and moist (wet 12 days) crusts. 

Organism Factor 
Homogenlzation time in minutes 

Organism Factor a 
oa 0 . 5  3  6  1 0  2 0  

Nn nraanisms a ^io* organisms Q* 

Dry crusts 

Fungi 104 0 . 2  8 21 17 16 23 

Yeasts 104 3 2 6 6 5 8 

Bacteria 107 1 . 7  2 . 7  1 0 . 2  7 . 5  0 . 9  2 . 2  

Nocardia 106 3 3 3 3 3 3 

Algae 107 4 . 3  2 . 4  4 .  3  150 4 3  7 5  

Wet crusts 

Fungi 104 0 . 4  2  1  0 . 7  

Yeasts i o 4  2 .  3  3 6  5 9  1 . 5  

Bacteria 1—
• o
 

2 .  1  9 . 8  5 0  2 . 7  

Nocardia 106 4  2  2  3  

Algae 107 2 1  9 3  240 9 . 3  

apassed through a 40 mesh sieve. 
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TABLE 21. - -Comparison of the effect of deionized water and a nitrogen-
free nutrient solution (K k M) on nitrogen fixation by algal crust organisms. 

Cultures were incubated in the resin reaction kettle-chambers 
under the following conditions: atmosphere • 20% O , 5% CO.,, 65% 
and 10% Ar; light - cool white fluorescent, 600 to ldbo ft. -c. and con
tinuous; temperature • 27*C +IC"; daily moistening with 3 ml. of water 
or the N-free Kratz and Myers (1955b) C medium with the high Mo minor 
element medium. Initial crust nitrogen was calculated from duplicate 
samples as 0.253% for rep. I and 0.201% for rep. II. Crusts in both 
reps, were incubated for 26 days. 

Rep. 
Culture 
number 

Treatment 
Initial 

Nitrogen 

Final Fixed 

mg. 

0001 H2° 33.6 39.2 5.6 

0002 H2° 35.0 39.8 4. 8 

0003 Kfe M 35.4 40. 0 4. 6 

0004 K & M 34.8 37. 5 2.7 

0005 K&c M 36.7 40. 3 3. 6 

0006 K & M 34. 3 39.4 5 .  1 

0007 H2° 36. 5 42.2 5 . 7  

0008 H2° 33.7 44.7 11.0 

0009 K & M 37. 5 46. 6 9 .  1 

0010 Kb M 33. 3 38. 3 5 .  0 

0011 K & M 34. 2 37. 1 2.9 

0012 K k M 36.8 45. 0 8.2 
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TABLE 22. - -Nitrogen content of incubated algal crust samples as affected 
by circulation (C) and non-circulation (NC) of gaseous constituents. 

Algal crusts were incubated in resin reaction kettle-chambers 
under the following conditions: atmosphere a 20% O^. 5% CO- and 75% 
N^; light • cool white fluorescent, 600 to 1000 ft. -c. and conflnuous; 
temperature • 27 °C +_IG°; daily moistening with about 3 ml. sterile 
deionized water and gas circulation rate of 400 cm.3 /minute. Crusts 
in Rep. I (40 discs per sample) with initial 0.162% nitrogen were 
incubated 20 days; crusts in Rep. II (60 discs per sample) with 0.204% 
nitrogen were incubated 30 days. 

Rep. 
Culture 

Treatment 
Nitrogen 

Rep. 
number 

Treatment 
Initial Final Fixed 

IT1Q • 

I 0301 C 21.6 22. 5 0.9 

I 0302 C 23.6 25.0 1.4 

I 0303 C 2 3.5 26.8 3. 3 

I 0304 NC 23.8 28.2 4.4 

I 0305 NC 21.6 24.8 3.2 

I 0306 NC 23.4 26.2 2.8 

II 0307 C 39.5 49.6 10. 1 

II 0308 c 41.2 48. 8 7.6 

II 0309 c 39.7 49. 8 10. 1 

II 0310 NC 40. 3 51.2 10. 9 

II 0311 NC 39.5 52.8 13.3 

II 0312 NC 40.4 52.4 12. 0 
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TABLE 23. - -Changes in the atmospheric composition of nitrogen, oxygen 
and carbon dioxide above incubating algal crusts. 

Chamber Sampling 
Gas ratios 

number time N2/Ar COz/Ar Oz/Ar 

days 

1 0 54 1.0 2.8 

3 28 2.4 0. 3 

3 0 90 0.3 8.7 

6 46 3.3 3.7 

5 0 75 3.1 15.2 

12 66 1.4 15. 0 

7 0 120 24.8 24.8 

12 78 0.8 17.0 

24 67 0.2 14.7 

8 0 163 10. 3 34.2 

12 143 29.0 13.6 

34 129 23.5 21. 1 

10 0 234 14.8 48.2 

12 180 21.0 27. 0 

34 176 13. 5 48.0 



96 

TABLE 24. - -Influence of moisture on nitrogen fixation by algal crust 
organisms incubated for 28 days. 

Algal crusts were incubated under phytotron conditions and "wet" 
crusts moistened by means of a wick leading to a 400 ml. water reservoir 
in each desiccator. A mean initial nitrogen content of 0.207% was obtained 
from duplicate crusts. 

Rep. 
Culture 
number 

Moisture 
treatment 

Final 
nitrogen 

mg. 

I 0601 wet 40.7 

I 0604 wet 43.8 

I 0607 wet 41. 1 

I 0610 dry 37.0 

I 0613 dry 39.9 

II 0602 
, a 

dry 42.6 

II 0605 wet 43.2 

—" — II 0608 dry 40.2 

II 0611 wet 43. 3 

II 0614 dry 41.2 

a Crust was wet during incubation by condensate dripping onto it 
from the desiccator top. 
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TABLE 25. - -Mean monthly rainfall and temperature for Oracle, Arizona. 

The data (H. V. Smith, 1956) are mean values for the 60 year 
period, 1893 to 1953. Oracle lies at an elevation of 4600 feet and 
averages 242 frost-free days per year. 

Days with Temperature 

. 01 inch Month 
precipitation Mean Mean _ * * . . . Precipitation 
or more minimum maximum 

op inches 

4 January 34.3 56.9 1.96 

5 February 36.5 59. 5 1. 65 

4 March 39.7 64. 9 1. 60 

3 April 45. 5 73. 3 0.84 

1 May 53. 0 82. 1 0. 31 

2 June 62.0 91.7 0.42 

9 July 67.2 92. 1 2. 82 

9 August 65.7 89.2 3.21 

5 September 61.4 86. 0 1. 56 

3 October 48. 3 76.8 0.92 

3 November 41. 6 66. 1 1.61 

5 December 36.8 57.8 2. 11 



TABLE 26. - -Total nitrogen of algal crusts as influenced by time and moisture treatment in a field-
simulated study. 

Moisture treatment 

Incubation Wet Wet-Dry Dry 
time 

Rep. I Rep. II Rep. Ill Rep. 1 Rep. II Rep. Ill Rep. I Rep. II Rep. Ill 

days — mg. N 

0 38.0 37.7 39.2 39.9 34.5 41.8 41.7 38. 1 33.6 

6 34. 9 43. 1 35.5 36. 5 43.4 33.2 38.5 35.5 37.9 

40 43.2 46.0 lost 41. 1 40.7 40.9 37.4 37.9 38.5 

92 46.7 53.5 47.3 47. 1 43.7 46.3 36.4 lost 32.6 

140 52.2 56. 1 48.3 51.5 53. 1 45. 9 37.6 38.9 36.2 

1403 54.8 - - 49.8 - - 37.5 - -

228 62. 1 63.2 55. 0 52.6 54.5 61.1 45. 1 36.0 41.6 

402 71.0 73.9 72.0 54.6 65.7 58. 1 37.2 39.2 41.7 

519 69.6 79.8 95.6 62.4 72. 0 64.4 36.5 41.3 43.9 

aThese samples were utilized for the microbial studies. 



TABLE 27. - -The effect of a 21 day incubation period on the nitrogen fractions in algal crusts. 

Nitrogen fraction 

Culture 
number 

Total 
Extra

cellular 
NH, 

Acid 
Insoluble 

Hydrolyzable 
Acid 

soluble 
NH. Hexosamine 

Amino 
acid 

Residue 

mg. 

Enriched atmosphere 

0105 41.6 0.6 3. 1 38.6 6.7 1.4 17.6 12.9 

0109 39.6 0.4 3. 1 36.6 6.7 

00 • 

H
 16.0 12.1 

0111 36.1 0.5 2. 3 34.4 6.6 1.9 14.9 11.0 

0112 41.6 0.4 2.9 38.7 6.6 1.1 17.9 13.1 

ntrol atmosphere 

0107 37. 1 0.5 2.8 34.5 7.0 1.0 15.0 11.5 

0102 42.4 0.5 2.9 38. 9 7.1 1.4 17.4 13.0 

aData include 0.3 to 0.5% water extractable nitrogen (extracellular). 

^Calculated by difference. 



TABLE 28. - -The effect of moisture treatment on the nitrogen fractions In alga] crusts Incubated for 147 
days under field-simulated conditions. 

Nitrogen fraction 

Hydrolyzable 
Total jTi" Acid Acid 

Kjeldahl Ce " ar insoluble soluble .T„ „ . Amino _ .. a J NH. -NH, Hexosamine Residue 
4 4 acid 

mg. 

0246 Wet 54.8 1.4 4.9 50.0 10.6 1.5 24;2 13.7 

0250 Wet-Dry 50.0 1.1 4.4 46.0 7.7 1.2 20.4 16.7 

0252 Dry 38.0 3.3 3.0 34. 1 9.0 1.2 11.8 12.1 

aCalculated by difference. 



TABLE 29. - -The effect of moisture treatments on the nitrogen fractions in algal crusts incubated for 
45 days under field-simulated conditions. 

Nitrogen fraction 

Culture 
number 

Total 
Extra

cellular 
NH„ 

Hydrolyzable 
Acid 

insoluble 
Acid 

soluble 
NH Hexosamine 

Amin 
acid 8 Residue 

Solution culture 54.6 

07 01-wet 
a 

07 05-wet 
a 

07 09-wet a 

0703-dry 

0707-dry" 

a 

42. 1 

44.2 

44.4 

39.4 

38.0 

0 . 8  

0 . 8  

0 . 8  

0 . 8  

0 . 6  

0 . 6  

6 . 0  

3.9 

5.2 

4.3 

4. 6 

3.6 

mg. 

43.2 

34.0 

34. 6 

35.6 

30.9 

30.6 

8 . 8  

5.9 

6.3 

5.9 

5.8 

5.7 

0.9 

1.7 

1.5 

0 . 8  

1.9 

1 .0  

2 6 . 8  

17.1 

13.8 

17.8 

17.1 

15.8 

11.5 

13.5 

13.0 

15.6 

10 .1  

11.9 

Crusts incubated in the same atmosphere. 

Calculated by difference. 



TABLE 30. --The effect of incubation time on the nitrogen fractions of algal crusts. 

Culture 
number 

Nitrogen fraction 

Incubation 
time 

Total 
Extra

cellular 
NH. 

Acid 
insoluble 

Acid 
soluble 

Hydrolyzable 

NH. Amino acid Residue 4 

2001 

2003 

2005 

2008 

2011 

2015 

2022 

2024 

days 

0 

3 

6 

12 

24 

52 

I60a  

1603 

41.50 1.49 4.71 

44.23 2.77 4.71 

38.86 1.61 4.09 

41. 10 0.98 4.61 

45.57 0.64 5.85 

45.30 0.80 5.84 

49.93 0.52 7.26 

48.15 1.86 6.18 

mg. 

35.69 5.64 18.83 

39.80 8.94 20.00 

34.85 6.57 16.24 

34.84 6.41 16.37 

40.16 6.34 19.78 

40.04 6.84 19.93 

42.12 5.39 22.14 

41.94 6.48 21.38 

11. 10 

12.34 

10.46 

11.90 

11.25 

11. 15 

12.74 

13.55 

3Crust 2022 and 2024 incubated wet and dry, respectively, in the same atmosphere. 



APPENDIX B 

DERIVATION OF EQUATIONS JJSED TO CALCULATE 

NITROGEN-15 CONCENTRATIONS 

The atom percent nitrogen-15 is defined as the 

15 
Number of N atoms , 

x 100. (1) 14 15 
Number of N plus N atoms 

Since the nitrogen ions are in the diatomic form when measured by the 

mass spectrometer, the atom percent nitrogen-15 is further defined as 

N14N15 + 2(N15N15) 
14 14 14 15 15 15 X ^ 

2<N N + N N + N N ) 

14 14 The ion current pressures produced at mass numbers 28(N N ), 

29(N14N15) and 30(N15N15) are used to calculate the atom percent 

nitrogen-15 by means of equation (2). 

In the special cases where the ion species are completely 

randomized such as by the oxidation of ammonium sulfate to nitrogen 

gas, the distribution may be described as 

(P + q)2 = P2 + 2pq + q2, (3) 

where p is the atom fraction of nitrogen-14, q the atom fraction of 

103 
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nitrogen-15 and p plus q is equal to unity. The several terms on the 

right-hand side of equation (3) are proportional to the mass number 

(m./e) 28, 29 and 30 peaks or ion current in the mass spectrometer. 

The right hand portion of equation (3) has also been written as an 

equilibrium equation 

NUN14 + N15N15 2 NUN15, (4) 

where 

K- (N14N15) (N14N15) 

" (NUN14) (N15N15) " 1 

Equation (2) may be further simplied if the conditions of equation 

(3) have been met. This is particularly advantageous because many mass 

spectrometers are equipped with ratio devices which measure the ratio of 

the current at one m/e to the current at a second m/e. Of the possible 

ratios of the diatomic nitrogen species, the m/e = 28 and m/e = 29 are 

measured with the greatest precision. 

The development of a simplified form of equation (2) for the ratio 

m/e = 28 to m/e = 29 follows. 

Using the same terminology as presented in equation (3) where 

R is defined as 

28 2 
R = = -£— = JL 

n29 2pq 2q 
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substituting into equation (1) 

atom 1. N15 - 1(100) = q/2a(100) = 1/2(100) 
P + q p/2q + q/2q p/2q + 1/2 

but R = p/2q; therefore, 

atom % N15 = 2R
1^°' . (6) 

N29 2 
Where R' =» • ^ = the atom percent nitrogen-15 is calculated 

N p 

from the use of equation (7) which is similarly derived 

-f «15 _ 100 R' atom 1. N = . (V 
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