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Snowbrush (Ceanothus velutinus), red alder (Alnus rubra), and 

bitterbrush (Purshia tridentata) are three important nitrogen- fixing 

nonleguminous species. They commonly grow in association with 

commercially important conifers in western United States and con- 

ceivably could be utilized to add nitrogen to forest ecosystems. Ni- 

trogen 15 gas was used to study nitrogen fixation by these three non - 

legumes. 

A method of exposing excised or attached nodules to excess 

nitrogen 15 was developed. Sealed atmospheres surrounding the 

nodules were enriched in nitrogen 15 using gas -tight syringes to re- 

move a given volume of air from the atmosphere and to inject a given 

volume of nitrogen 15. This method was convenient, allowed nodules 

to be exposed within five minutes after excision, resulted in no waste 

of nitrogen 15 gas, and appeared accurate. Excised nodules were 



found to be very convenient and suitable. 

When exposed to excess gaseous nitrogen 15, nodules of red 

alder and bitterbrush became enriched in nitrogen 15, confirming 

that nodules of these two species are capable of nitrogen fixation. 

Nodules were taken from snowbrush seedlings grown from 

east- and west- Cascade seed sources and were exposed to excess 

nitrogen 15. Different nodule samples were not shown to have sig- 

nificantly different nitrogen- fixing rates; however, the results were 

not conclusive because the nodules had low nitrogen- fixing activities. 

Based on the accumulation of excess nitrogen 15 in nodules in 

a short period following excision and immediate exposure to excess 

nitrogen 15, snowbrush nodules were tentatively estimated to fix 

21. 6 mg of nitrogen /g dry wt of nodules /day. Based on the accumu- 

lation of excess nitrogen 15 in nodules during the entire exposure, 

red alder, bitterbrush, and snowbrush nodules were found to in- 

crease their total nitrogen content by 1.49, 2. 72, and 2.46%, re- 

spectively. 

Excess nitrogen 15 accumulations indicated that at the time of 

determination nitrogen -fixing activities were the same for nodules 

of plants grown for 4. 5 months on soils amended at the time of seed- 

ing with 0, 5, or 50 ppm ammonium nitrogen. However, at the time 

of the measurements the soil ammonium levels were very low; con- 

sequently, the effect of sustained high ammonium levels on nodule 



nitrogen -fixing activity was not conclusively determined. 

Excised snowbrush nodules exposed to excess nitrogen 15 ac- 

cumulated more nitrogen 15 when placed at 23 ° C than nodules 

placed at 15, 30, or 35° C. Optimum temperature for fixation ap- 

peared to be near 23°C. 

Nodules from 9- month -old inactive plants grown from May 

to February had very low nitrogen- fixing activity, whereas nodules 

from 4.5- month -old active plants grown from June to October had 

very high activity. Evidently, nodule nitrogen- fixing activity is low 

when the plant is not actively growing. 

Nodulated nonleguminous plants are an important part of the 

nitrogen cycle. More knowledge of the extent and process of non - 

leguminous nitrogen fixation is needed in order to better understand 

the world -wide distribution of soil nitrogen and to improve methods of 

managing forest and range lands. 
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NITROGEN 15 STUDIES WITH NONLEGUMINOUS 
NITROGEN -- FIXING PLANTS 

Ni'RODUCTïON 

That nitrogen -fixing nonleguminous woody shrubs and trees can 

contribute substantial amounts of nitrogen to the forest ecosystem and 

benefit the growth of associated species is well established and has 

recently been reviewed by Allen and Allen (1965). Potential benefits 

which may be derived from these plants are f sufficient magnitude 

to warrant further investigation cf their action. 

Because they are widespread and commonly associated with 

conifers in the western United States, snowbrush (Ceanothus 

velutinus), red alder (Alnus rubra), and bitterbrush (Purshia 

tridentata) are of particular interest. Conceivably, these plants 

could be managed to utilize their nitrogen- fixing abilities. Efficient 

utilization, however, requires a much better knowledge of their 

growth characteristics and nitrogen- fixing abilities than now exists. 

Gaseous nitrogen 15 provides a very effective tool (Appendix I) 

for studying the nitrogen fixation process. In general the technique 

is to expose nodules to an atmosphere enriched in nitrogen 15 and 

then to analyze the crganic nodule nitrogen for its nitrogen 15 content. 
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If fixation has occurred the organic nodule nitrogen will be enriched 

in nitrogen 15, and because nodules are apparently not selective for 

nitrogen 14 or nitrogen 15 atoms, the percent of enrichment is 

directly proportional to the nitrogen 15 content of the enriched at- 

mosphere. Using gaseous nitrogen 15, a series of experiments with 

the following objectives was carried out: (1) to confirm that nitrogen 

fixation does occur in red alder and bitterbrush nodules, (2) to in- 

crease knowledge concerning nitrogen fixation by nonleguminous 

woody plants in forest ecosystems, and (3) to elucidate some ci the 

factors affecting this process. 
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LITERATURE REVIEW 

Nitrogen 15 Techniques 

Prior to reviewing techniques used to expose nodules to nitro- 

gen 15, a review of the effect of certain factors of the exposure pro- 

cedure on fixation by the nodule is in order. One important condi- 

tion is the gaseous content of the enriching atmosphere (nitrogen 

15 enriched gas phase surrounding the nodules). The oxygen con- 

centration is especially important. Bond and MacConnell (1955) found 

that 1 mg dry wt of Alnus nodules consumed 10.5 ml of oxygen /hour 

compared to a value of 3.5 for the roots. Using 14 -ml specimen 

tubes and 0. 6 g fresh wt of Alnus nodules, they found nitrogen fixa- 

tion to increase more than fivefold when they increased the initial 

concentration of oxygen from 1 to 21%. In another study, Bond 

(1959) showed nitrogen fixation by Alnus nodules to increase from 

zero to a maximum and then decrease to about one tenth of the max- 

imum as oxygen concentration increased from 0 to 15 to 30%, respec- 

tively. Nitrogen fixation by 1.5 g fresh wt of Myrica gale nodules 

placed in 25 -ml tubes was depressed by oxygen concentrations be- 

low 5% but unaffected by concentrations from 5 to 20% (Bond, 1957). 

Using soybean nodules, Bergersen (1 963) obtained maximum fixation 

rates at generally higher oxygen concentrations than those reported 
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for nonlegume nodules but obtained the same depressed rates at 

oxygen concentrations above 40 to 60 %. 

The nitrogen concentration of the enriching atmosphere is also 

important. Wilson (1940) discovered that nitrogen fixation by red 

clover plants was independent of gaseous nitrogen concentrations 

above 10 to 15% at 1 atm. Bond (1959) found that nitrogen fixation 

by Alnus nodules increased to a maximum rate when the enriching 

atmosphere was at least 30% nitrogen gas. 

The hydrogen concentration may also be important. Sixty per- 

cent hydrogen was found to reduce nitrogen fixation 84, 88, and 87% 

in three different nonleguminous species (Bond, 1960). Bergerson 

(1963) studied hydrogen evolution of soybean nodules and found nitro- 

gen fixation as well as hydrogen evolution to be inhibited by gaseous 

hydrogen in the enriching atmosphere. Bergersen and Costin (1 964) 

reported an increase in hydrogen in the enriching atmosphere due 

to hydrogen evolution by nodules of the nonlegume Podocarpus 

lawrencei . 

Other gases, such as helium and argon, which have been used 

to make up the balance of an enriching atmosphere with a certain 

oxygen and nitrogen concentration, are assumed not to affect nitro- 

gen fixation. 

No studies have reported the effect of the total pressure of 

the enriching atmosphere on fixation nor are there reports of a 
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minimum level of nitrogen. 15 necessary in the enriching atmosphere to 

demonstrate fixation. Levels used range from about 4% (Bond, 1957) 

to at least 30% (Harris and Morrison, 1958) for enriching atmos- 

pheres at 1 atm of pressure. 

Important factors other than the gaseous nature of the enrich- 

ing atmosphere are the amount of nodules or nodules plus roots placed 

in the enriching atmosphere, the time lapse between removal of the 

roots from the growing medium or removal of nodules from the roots 

and exposure to nitrogen 15, and the amount of time the nodules are 

exposed to nitrogen 15. However, little information about the effect 

of these factors is available. In past studies, no effects of amounts 

of tissue used were reported. Amounts of material sealed in the 

enriching atmosphere have ranged from 0.5 g (Bond, 1957) to 2. 0 g 

(Delwiche, Zinke and Johnson, 1965) for excised nodules, to 2.5 g 

(Becking, 1965) to 5 g (Bergersen and Costin, 1964) for nodulated 

root segments, to whole nodulated root systems (Bond, 1955). 

Time lapse is important because nodules decrease in activity 

after being disturbed -- particularly after segmenting the root or 

excising the nodule. Although Bond (1959) has shown that Alnus and 

Hippophaë nodules may continue to fix a detectable amount of nitro- 

gen more than nine hours after excision, the rate at which nodule 

activity decreases is uncertain but is probably rapid. Bond (1957) 

estimated that excised nodules of Alnus and Hippophaë were 1/100 



and 1/50, respectively, as active as attached nodules. Delwiche 

et al. (1965) estimated excising reduced the activity of Ceanothus 

nodules by a similar amount. Time lapses used have generally been 

about 30 minutes but have ranged from five minutes (Bond, 1957) to 

two hours (Bergersen and Costin, 1964). 

Nodules must be exposed to nitrogen 15 long enough for the 

nodules to increase their natural nitrogen 15 content by a detectable 

amount. This amount of time is of course influenced by the activity 

of the nodule and the nitrogen 15 content of the enriching atmos- 

phere. Virtanen et al. (1954) showed the nitrogen 15 content of 

Alnus glutinosa to increase from 0.105 atom % excess at 30 minutes 
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to 0.153 at 60 minutes to 0.376 at 120 minutes. Exposure times for 

excised nodules or segmented roots have usually been 24 hours or 

less (Bond and Mac :Connell, 1955; Bond, 1957; Becking, 1965; 

Delwiche et al. , 1965; Singer and Silver, 1965), rug. larger periods 

have been used (Morrison, 1961; Ziegler and Hüser, 1963; Bergersen 

and Costin, 1964). Exposure times for whole attached root systems 

were as long as several days (Bond, 1955). 

A review of exposure techniques reveals that derails of appa- 

ratus used and mechanics of exposure are nearly nonexistent. 

Virtanen et al. (195 reported placing excised nodules in Warburg 

vessels which were then attached to a manometer and twice evacu- 

ated and refilled with oxygen. After a third evacuation, 0.3 arm of 
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of a mixture of two parts oxygen and one part nitrogen was added 

followed by argon to bring the vessel to 1 atm. Magee and Burris 

(1954), Ziegler and Hüser (1963), and Sloger and Silver (1965) also 

used Warburg vessels but gave no more details of the exposure than 

did Virtanen al. (1954). Bond (1955) sealed stems of whole plants 

in large rubber stoppers and then sealed the stoppers into wide -neck 

bottles of 50 to 220 ml containing enough culture solution_ so that a 

gas space of 15 to 30 ml remained. Excised nodules were placed 

in 14 -ml specimen tubes fitted with a rubber stopper and capillary 

connections. The bottles or specimen tubes were attached to a 

capillary manifold and evacuated to 0.5 atm and then nitrogen con- 

taining 36 atom % nitrogen 15 was admitted until pressure was re- 

stored to 1 atm. Bond and MacCorìne:'ll (1955), Bond (1957), and 

Leaf, Gardner and Bend (1958) used these same techniques. 

Harris and Morrison (1958) specified only that they placed excised 

nodules in glass containers, evacuated to 0.5 atm, and restored the 

pressure to 1 atm by introducing 60 atom % nitrogen 15. Bergersen 

and Costin (1964) reported using 100 --ml flasks which they filled with 

a gas mixture of 10% nitrogen, 20% oxygen, and 70% argo... Becking 

(1965) placed nodulated root segments in 50 -ml flasks which were 

then connected to a manifold and flushed with argon by repeatedly 

evacuating to 0, 5 atm and refilling with argon. The flasks were then 

filled with a certain gas mixture giving a final mixture of 19% 

e;. 
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nitrogen, 3% carbon dioxide, 21% oxygen, and 57% argon. Delwiche 

et al. (1965) placed excised nodules in 50 to 100 ml Thunberg tubes, 

evacuated the tubes to the vapor pressure of water, and introduced 

an enriching atmosphere consisting of 50 mm of Hg of nitrogen 15 

and 20 mm of Hg of oxygen. A number of other nitrogen 15 studies of 

nitrogen fixation by plants have been reported, but the exposure pro- 

cedures were similar and as briefly discussed as those presented 

above. 

Nitrogen Fixation by Nor_leguminous Plants 

Nodulated nonleguminous species which have been confirmed to 

fix nitrogen using nitrogen 15 are listed in Table 1. Nitrogen fixation 

has been attribured to red alder for some time. Tarrant (1961) and 

Tarrant and Miller (1963) substantiated its ability to increase the 

nitrogen content of its ecosystem. 

Nodulation of bitterbrush has only recently been reported 

(Wagle and Vlamis, 1961). Nitrogen fixation has not been confirmed 

by nitrogen 15 techniques for any of the nodulated species of the 

family Rosaceae to which it belongs. 

Some evidence exists which suggests that snowbrush on the 

west and east sides of the Oregon Cascades are separate ecotypes 

and appear to have different nitrogen- fixing capacities. Wollum 

(1965) found that seedlings grown from a west- Cascades seed source 
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Table 1. Confirmed modulated nonleguminous nitrogen- fixing species. 

Family Species Reference 

Betulaceae Alnus glutinosa 

Casuarinaceae Casuarina cunninghamiana 

Coriariaceae Coriaria arborea 

Cycadaceae 

Elaeagnaceae Hippophaë rhamnoides 
Shepherdia canadensis 

Myricaceae Myrica asplenifolia 

Ce rat:oz amia 
Encephalartos 

Myrica cerifera 
Myrica gale 

Podocarpaceae Podocarpus lawrencei 

Rhamnaceae 

Podocarpus rospigliosii 

Ceanothus azureus 
Ceanothus cuneatus 
Ceanothus divaricatus 
Ceanothus foliosus 
Ceanothus gloriosus 
Ceanothus griseus 
Ceanothus inca nus 
Ceanothus integerrimus 
Ceanothus jepsoni 
Ceanothus prostratus 
Ceanothus sorediatus 
Ceanothus thy r sif l orus 
Ceanothus velutinus 

Discaria toumatou 

(Virtanen et al., 1954) 

(Bond, 1957) 

(Harris and Morrison, 
1958) 

(Bond, 
(Bond, 

(Bond, 
(Bond, 

195 8) 

1958) 

1955) 
195 7) 

(Ziegler and Hüser, 
1963) 

(Sloger and Silver, 1965) 
(Bond, 1955) 

(Bergersen and Costin, 
1964) 

(Becking, 1965) 

( Bond, 1957) 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Delwiche et al., 
(Morrison, 1961) 

1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
1965) 
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had more nodules, a greater top weight, and a greater nitrogen con- 

tent in the tops than did seedlings grown from an east- Cascades seed 

source. In another study, results similar to these were obtained 

when Wollum (1967) grew the seedlings at 22°C; however, when the 

seedlings were grown at 26° C the seedlings grown from the east - 

Cascade source out -performed those from the western source. The 

appearances of the seeds from the two sources are also noticeably 

different. Confirmaticn of the fact that different ecotypes do exist 

and that they have different nitrogen- fixing capacities would be im- 

portant if snowbrush were eventually managed to utilize its nitrogen - 

fixing ability. 

Quantitative information about the amount of nitrogen contri- 

buted to soil by snowbrush was provided by Wollum and Youngberg 

(1964) who grew nodulated snowbrush seedlings for nine months in 

pots of low nitrogen content soil. After removing the snowbrush 

tops the pots were planted to Monterey pine. Growth of the pine 

was equivalent to growth of pine in pots of the same soil supplied 

with 35 ppm mineral nitrogen. 

Zavitkovski (1966) conducted a soil -nitrogen and biomass study 

in an attempt to detect nitrogen accretion to natural stands of snow - 

brush of increasing age. Statistically he was unable to show a signifi- 

cant increase in the total nitrogen in the biomass and upper two feet 

of soil; however, his data showed a substantial increase of 1, 113 

kg nitrogen /ha in the first six years. The increase at the 
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end of 15 years was only 689 kg /ha. From greenhouse studies he 

estimated that snowbrush growing on nitrogen -deficient mineral soil 

could conceivably fix 58 kg /ha /year. 

Russell and Evans (1966) grew nodulated seedlings of Ceanothus 

velutinus var. laevigatus in nitrogen -free solution for increasing 

amounts of time and reported that their nitrogen content- -all of 

which had to be fixed -- increased 286 mg in 18 weeks. The rate of 

fixation at the end of the experiment was 25.8 mg of nitrogen /g dry 

wt of nodule /day. They concluded that this rate of nitrogen fixation 

was of the same order of magnitude as possessed by field bean, 

soybean, field pea, red clover (all legumes), and species of Alnus, 

Myrica, Hippophaë, and Casuarina (nonlegumes). 

Delwiche et al. (1965) used nitrogen 15 to determine the amount 

of nitrogen fixed in five hours by excised nodules of different species 

of Ceanothus. From this information they estimated the rate of fix- 

ation of attached nodules to be 10 µmoles of nitrogen /g fresh wt of 

nodule /hour. From an estimate of the total nodule mass /hectare 

and an assumption that the nodules are active 50% of the year, they 

proposed that Ceanothus species fix about 60 kg of nitrogen /ha /year. 

Studying Podocarpus lawrencei with nitrogen 15, Becking (1965) re- 

ported a rate of 2. 2 µg of nitrogen /0. 5 g fresh wt of nodulated roots/ 

24 hours or 0. 183 µg of nitrogen /g fresh wt /hour. Bergersen and 

Costin (1964) obtained a rate of about 0.07 µg of nitrogen /g fresh wt 
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of nodulated roots /hour for the same species. 

Factors Affecting Nitrogen Fixation 

Ammonium nitrogen supplied to nodulated plants may have 

several effects. One general effect appears to be a decrease in 

number and total weight of nodules /plant at ammonium levels above 

10 to 20 ppm, although some contrasting results have been obtained 

(Bond, Fletcher and Ferguson, 1954; MacConnell and Bond, 1957; 

Stewart and Bond, 1961). Wollum (1967) found that increasing the 

soil ammonium content caused a decrease in nodule numbers and 

weights on snowbrush seedlings. 

Another effect of supplied ammonium is a decrease in amount 

of nitrogen fixed relative to the total amount of nitrogen used by the 

plant. Four of seven legumes studied by Allos and Bartholomew 

(1 955) fixed about one half of their total nitrogen when supplied with 

enough ammonium to nearly maximize their growth in culture solu- 

tions. Stewart and Bond (1961) reported that Alnus plants fixed 100, 

68, 45, and 33% of their nitrogen when supplied with 0, 10, 50, and 

100 ppm ammonium nitrogen, respectively. Similar values were 

reported for Myrica. Stewart and Bond calculated that the plants' 

nitrogen requirements were satisfied by supplying 50 ppm ammonium 

nitrogen, yet the Alnus fixed 45% of its nitrogen and Myrica fixed 

39 %. Zavitkovski (1966) estimated that snowbrush fixed 61% of its 
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total nitrogen when grown in a greenhouse on a nitrogen- deficient 

cinder soil. 

Some evidence exists indicating that ammonium affects the 

nitrogen -fixing activity of the nodules. Stewart and Bond (1961) re- 

ported that at 0, 10, 50, and 100 ppm of supplied ammonium nitro- 

gen 438, 410, 315, and 310 mg of nitrogen were fixed /g dry wt 

of Alnus nodules; 429, 366, 414, and 247 mg of nitrogen were fixed 

per g dry wt of Myrica nodules. Contrary to these findings, 

Morrison (1961) reported some atom % excess nitrogen 15 values of 

0. 2, 0.22, and 0.33 for nodules of Coriara arborea which had been 

grown in solutions of 0, 5, and 40 ppm of nitrogen, respectively, 

prior to exposure to nitrogen 15. 

Total amount of nitrogen fixed /plant may be increased or 

decreased by supplying ammonium. Because total plant growth may 

increase considerably when ammonium is supplied, the total amount 

of nitrogen fixed may be more even though the percent of nitrogen 

fixed decreases. Allos and Bartholomew (1959) found the total 

amount of nitrogen fixed by soybeans increased from 1, 639 mg /pot 

when no ammonium nitrate nitrogen was supplied to 2, 424 mg /pot 

when the highest rate of nitrogen was supplied. He reported that 

other legumes fertilized with low rates of ammonium fixed more 

nitrogen than legumes not fertilized. The amount of nitrogen fixed 

by Alnus and Myrica supplied with 50 ppm ammonium nitrogen was 
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not significantly different from the amount fixed when 0 or 10 ppm 

nitrogen were supplied, although the percent of the plants' total 

nitrogen which was fixed was considerably less at the 50 ppm level 

(Stewart and Bond, 1961). Bond (1955) had earlier concluded that 

nitrogen fixation by these two species probably would not be inhib- 

ited by the nitrogen concentrations in normal soils. Zavitkovski 

(1966), however, expressed the opinion that fixation by snowbrush 

would be greatly reduced by normal forest soil nitrogen levels. 

No reports of the effect of temperature on nitrogen fixation of 

nonlegumes are available. Most nitrogen 15 studies have been made 

at temperatures ranging from 20 to 28° C. Wollum's (1967) data 

indicates that 22 to 26° C is the optimum temperature range for 

nodulation and top growth of snowbrush seedlings. Russell and 

Evans (1966) reported a marked decrease in growth of Ceanothus 

velutinus var. laevigatus when greenhouse temperatures were unus- 

ually high. 



METHODS AND MATERIALS 

Plant Culture 

Seeds 

15 

Snowbrush seeds were collected early in September 1965 from 

the east and west sides of the Oregon Cascades. The eastern site 

(5 -E) was along Oregon Highway 58 near Odell Butte. The western 

site (7 -W) was on Foley Ridge in the McKenzie River drainage. The 

seeds were removed from their hulls by forcing them through a heavy 

screen; the chaff was separated using a blower attached to a two -foot 

vertical plexiglass cylinder. Seeds were stored in a refrigerator at 

about 5°C. For germination snowbrush seeds require a heat treat- 

ment followed by a cold period. Therefore, prior to planting, the 

seeds were placed in small beakers and treated with 95° C water 

which was then allowed to cool to room temperature. The seeds 

were then buried in fine moist sand in small paper cups and stored 

at about 5°C for 60 to 90 days. Water was added periodically to 

keep the sand moist. 

Bitterbrush seeds were collected in July 1966 along Highway 

20 several miles east of Suttle Lake. The seeds were cleaned and 

stored the same as were the snowbrush seeds. Germination was 

maximized by soaking the seeds in 10% thiourea for five minutes and 
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allowing them to dry unwashed. 

Red alder seeds were collected in November 1965 from 

MacDonald Forest near Corvallis, Oregon. Cones containing the 

seeds were dried at room temperature and the seeds extracted by 

placing the dried cones in a cloth sack and shaking it vigorously. 

The seeds were stored at least 60 days at about 5° C prior to germin- 

ation. 

Greenhouse 

Soil used for growing all plants came from the vicinity of Fort 

Benham about ten miles southwest of Bend, Oregon. The soil is 

light textured and has a pH of 6. 6, total nitrogen content of 0. 04 %, 

organic matter content of 2.5 %, and a cation exchange capacity of 

14. 61 meq/100 g (Wollum, 1965) . Snowbrush growing on the area 

is about 85% modulated. This soil was selected because of its light 

texture, making it easy to work with, and because of its ability to 

produce good nodulation. 

The plants were grown in seven -inch or in pint, silvered 

polyethylene containers (Fig. 1). For snowbrush, ten to 20 seeds 

were placed on the surface of the potted soil and covered with fine 

sand. Red alder seeds were first germinated in a growth room by 

lightly burying the seeds in fine moist sand in paper cups. The tiny 

seedlings were then transplanted into polyethylene pots in the 



Figure 1. Four- to six -month -old greenhouse 
seedlings grown to obtain nodules. 
Top to bottom. Snowbrush, red 
alder, bitterbrush. 
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greenhouse. Bitterbrush was grown from seed in a growth room or 

was grown by germinating the pants in a growth room and then trans- 

planting them to the greenhouse. All plants were lightly watered daily 

until the seedlings were well established- after this time they were 

watered sufficiently often to keep the soil slightly below field capacity. 

At this time they were also thinned to a desired level. 

Greenhouse conditions were the same for all plants. Sunlight 

was augmented by banks of ::alter AS.ng warm -white and daylight 

fluorescent lamps suspended about 75 cm above the pots. These 

lights were on from 6 a. m. to 9 p.m. Day- and night -time temper- 

atures were set at 70 and 60° F, respectively. 

Exposure Procedure 

Excised Nodules 

For all of "she experiments to be described later, the nodules 

were excised prior to exposure to nitrogen 15. For these experi- 

ments, plants were brought to the laboratory from the greenhouse 

just prior to running the experiment. All plants in one pot were 

removed from the soil, the wadded roots were washed and separated, 

and each plant was placed in a paper cup of water. Nodules were 

immediately excised and placed on foil sitting on ice. Excision 

was accomplished by spreading the roots on a board and severing 

the root with a razor blade- several mm on either side of the nodule. 

This method was rapid and did not damage any nodule tissue. Only 
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the larger nodules were selected. A few fine roots were mixed with 

the nodules, but for the sake of getting the nodules exposed rapidly, 

they were not removed at this time. The mass of nodules was used 

as a single sample or was divided into several samples of equal 

weights or equal- appearing amounts. Each sample was placed in a 

cold 20 -ml serum bottle containing 1 ml of water, capped with a gas- 

tight serum stopper, exposed to nitrogen 15 using a method to be 

described later, and -- unless otherwise specified - -left in the dark 

at 20° C for a given amount of time. Also, unless otherwise speci- 

fied, the time between excision and exposure was about five minutes. 

Plants in the remaining pots were treated in the same manner. 

After the nodules had been exposed the required amount of 

time, they were removed from the serum bottles, separated from 

any root material, dried at 70°C, weighed, and analyzed for their 

nitrogen 15 content. 

Attached Nodules 

Although no experiments were conducted using attached nodules, 

an attempt was made to demonstrate their ability to fix nitrogen. Fig. 

2 sequentially shows the method and materials used to prepare at- 

tached nodules for exposure to nitrogen 15. A No. 2 one -hole rubber 

stopper was prepared by horizontally slicing it in half and slitting it 

vertically to the center hole. A No. 13 rubber stopper was bored 



Figure 2. Design used to expose attached nodules 
to nitrogen 15. Top. Snowbrush seed- 
ling mounted in a No. 2 rubber stopper. 
Middle. No. 2 stopper and seedling 
mounted in No. 13 hole of No. 13 rubber 
stopper. Bottom. No. 13 stopper and 
seedling sealed in 1/2-pint fruit jar with 
serum stopper in place. 
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with No. 13 and No. 9 holes and a 6 -cm glass tube with I.D. of 

13 mm was placed flush with the bottom of the stopper in the No. 9 

hole. The stopper was slit vertically to the No. 13 hole. After 

removing the plants from the soil and washing and separating the 

roots, pairs of plants were selected and mounted in the No. 2 stop- 

per which in turn was mounted in the No. 13 hole of the No. 13 

rubber stopper. This stopper was then placed in a 1/2 -pint fruit 

jar, the roots resting on a screen stapled to a block of wood and 

placed at about two thirds the jar's depth. The ring lid of the jar 

was screwed into place, forcing the stopper firmly into the jar. 

Plasticine clay was carefully molded around the stems of the plants. 

The jar and glass tube were filled with water, and 115 ml was then 

removed through the tube which was then stopped with a serum cap. 

The atmosphere surrounding the nodulated root system was enriched 

with nitrogen 15 using the same methods described for excised nod- 

ules. 

Apparatus 

Fig. 3 is a schematic drawing of the apparatus used to expose 

nodules to nitrogen 15 gas. Fig. 4 is a photograph of the same 

apparatus. Five -hundred ml of 95 atom % excess nitrogen 15 gas 

was purchased from Bio-Rad Laboratories, Richmond, California. 

As shown in Fig. 3, the gas was contained in a large round glass flask 
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Figure 4. Photograph of apparatus used to expose nodules to excess nitrogen 15. 
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with a six -inch stem and a thin glass bubble- shaped break -seal at the 

base of the stern. A special piece of glass (G) was designed and built 

which would admit water to the nitrogen 15 reservoir forcing the 

gaseous nitrogen into the rest of the apparatus. Prior to making the 

connection between valves B and C and between valve A and the water 

reservoir, a one -inch brass slug was placed on top of the break -seal, 

a polyethylene lid (not shown) from a three -pound coffee can was 

fitted over the nitrogen 15 reservoir stem, the stem was connected 

to G using 1/2-inch I. D. Tygon tubing, and valves A and B were 

shut off. The nitrogen 15 reservoir was then shaken back and forth 

in a horizontal plane with increasing vigor until the break -seal was 

broken by repeated impacts of the brass slug. The nitrogen 15 

reservoir was then placed in a snugly padded three -pound coffee can 

and held firmly in place by the lid. 

Valve B was then connected to the displacement cylinders. 

The smaller cylinder - -made from large glass tubing- -was open on 

the bottom end and fused to a three -way capillary stopcock on the 

top end. The larger cylinder was a 500 -ml graduated cylinder fitted 

with a 1/8 -inch glass cute at the bottom which was connected with 1/8- 

inch pressure tubing to a mercury reservoir placed above the top 

of the displacement cylinders. Valves E and F regulated the flow 

of mercury into and out of the displacement cylinders. 

Valve C was connected to a 1/4 -inch glass T which was 
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connected to a barometer and via 1/8 -inch Tygon tubing to a 5/20 - 

standard taper ground glass joint held in place with a small wire 

clip. The barometer was made from glass tubing and was filled by 

evacuating with an oil pump while heating the glass to expel absorbed 

gas and then admitting mercury to the evacuated space. The barome- 

ter was very sensitive to changes of pressure in the lines, although 

absolute readings were not consistent with a standard barometer. 

Using about four inches of 1/8 -inch Tygon tubing, the glass 

joint was connected to a standard male fitting on a three -way gas- 

tight metal -cased valve. The valve, also fitted with a No. 28 needle 

and standard female fitting, was purchased from Hamilton Company 

of Whittier, California. The female fitting accepted the standard 

male fitting on a 10 -ml gas -tight syringe which utilized a Teflon - 

tipped plunger. 

Valves B, C, and D were high vacuum with capillary stems of 

7 -mm O. D. Unless otherwise stated, connections were made with 

3/16 -inch Tygon tubing and sealed with Pyseal (purchased from 

Van Waters and Rogers, Inc.) to insure against leaks at these con- 

nections. The Pyseal was applied by melting it with an open flame 

and dabbing the quickly solidifying liquid around the connections. An 

additional piece of apparatus not shown in Fig. 3 was a Hamilton 20- 

ml gas -tight syringe fitted with a No. 20 gauge hypodermic needle. 
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Mechanic s 

Before filling the lines with nitrogen 15, they were checked for 

air leaks by lowering the pressure in the lines and noting any change 

in the barometer reading. Pressure was reduced by leaving valve B 

closed, opening all ports of valves C and D and the syringe valve, 

and filling the displacement cylinders with mercury by regulating 

valve E. The needle port of the syringe valve was then closed and 

mercury was withdrawn from the cylinders by regulating valve F. 

An initial barometer reading of 756 mm Hg was reduced to 600 by 

removing all the mercury from the outer cylinder. No leaks were 

detected when the apparatus remained at the reduced pressure for 

several hours. 

To fill the lines with nitrogen 15 in order to begin the exposures, 

valve A was left closed and the displacement cylinders were filled 

with mercury; with all ports of valves C and D left open, the needle 

port of the syringe valve was closed and valve B then opened. Initial 

mixing of gases in the lines with nitrogen 15 was assured by lowering 

and raising the mercury levels of the displacement cylinders several 

times. 

Sealed serum bottles containing the excised nodules were en- 

riched in nitrogen 15 in the following manner: By lowering the level 

of mercury in the outer displacement cylinder and adding water as 
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needed, a sample of nitrogen 15 gas at a desired reduced pressure 

was drawn into the inner displacement cylinder. Valve B.was then 

closed. Knowing the volume of the serum bottle with cap in place to 

be about 24 ml (although described as 20 -ml serum bottles), the 

pressure was reduced to a desired level by inserting the needle of 

the 20 -ml syringe and drawing the plunger back a calculated distance 

(Fig. 5) and removing the needle. The pressure was restored to 

near atmospheric by injecting with the 10 -ml syringe (Fig. 5) a 

calculated amount of nitrogen 15 at some adjusted pressure. The 

atom percent enrichment depended on the amount and pressure of 

nitrogen 15 injected (Appendix II). The same method was used for 

enriching the atmosphere surrounding the attached nodules. 

Enriching atmospheres of the serum bottles were calculated 

to be about 17% oxygen and 83% nitrogen of which 14% was nitrogen 

15. Atmospheres of the 1/2 -pint fruit jars were 18% oxygen and 

82% nitrogen of which 7% was nitrogen 15. 

Prior to making any exposures, the ability of the gas -tight 

syringes to accurately reduce and restore pressure in the serum 

bottles was determined. The pressures in the bottles were reduced 

or restored with the syringes, and each bottle was then connected to 

a barometer and allowed to equilibrate; the equilibrium pressures 

were then noted. 

The enriching atmospheres of 11 serum bottles were sampled 



Figure 5. Method used to enrich atmosphere 
of serum bottles with nitrogen 15. 
Top. Pre s sure reduction. Bottom. 
Nitrogen 15 injection. In actual 
experiment bottle would contain 
nodules . 
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by a method described in Appendix III and analyzed for their nitrogen 

15 content. Seven of the atmospheres were enriched by the method 

described above; four were enriched by a method discussed later. 

Experiments 

Red Alder - Bitterbrush 

Five red alder plants /pot were grown in the greenhouse from 

June 1966 until October. One pot of five plants was used to make 

one nodule sample which was exposed for six hours. Root material 

attached to the nodules during the exposure was also analyzed for 

nitrogen 15. 

Two groups of bitterbrush were used. One group was germin- 

ated in a growth room, transplanted five /pot to the greenhouse in 

June 1966, and exposed at the same time and under the same condi- 

tions as the red alder. A second group was grown in a growth room 

from December to February at which time the nodules were excised, 

divided into two 0.2-g samples, and exposed to nitrogen 15 for 24 

hours. 

Snowbrush Ecotypes 

Seeds from the 7 -W and 5 -E areas were planted in February 

1966 and grown 10 /pot until September when their nodules were 
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excised and exposed to nitrogen 15 for five hours. Because these 

nodules were the first to be exposed and the procedure was unfamil- 

iar, the time between excision and exposure was 40 minutes. Nod- 

ules from six plants were combined to make a sample. 

Rate of Fixation 

Plants used for this experiment were from 7 -W seeds and were 

grown 10 /pot from May 1966 to February 1967. Nodules from each 

pot were excised, divided into three 0. 6 -g samples, and placed in 

the serum bottles 5, 10, 20, 40, or 80 minutes before they were ex- 

posed for a 24 -hour period. 

Soil Ammonium 

Snowbrush was grown in the greenhouse by methods already 

described. However, just prior to planting the 5 -E seeds in June 

1966 the 2, 650 g of soil /pot were amended with 0, 5, or 50 ppm 

ammonium nitrogen applied as very dilute ammonium hydroxide. 

The plants were thinned to five /pot and grown until 4. 5 months 

old, at which time the nodules were excised and exposed to nitrogen 

15 for 16 hours. One pot of five plants was used for each nodule 

sample exposed. Root material attached to the nodule during the 

exposure was also analyzed for nitrogen 15. 
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Temperature 

Plants and methods used for this experiment were identical to 

those used to determine a rate of fixation except the nodules were 

exposed immediately after excision and were then placed in incubators 

kept at 15, 23, 30, or 35° C for 24 hours. 
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RESULTS AND DISCUSSIONS 

Apparatus and Exposure Method 

Table 2 shows the equilibrium pressures obtained when the 

pressure of the serum bc;`ric; v. reduced v it:L the 20 -ml syringe 

or restored with the 10 -ml syringe and then allowed to equilibrate 

with a barometer. For six serum bottles, reduced equilibrium pres- 

sures varied no more than 4 mm of Hg; the restored equilibrium pres- 

sures varied no more than 5 mm of Hg. These data indicate that 

these gas -tight syringes can be used to accurately remove and inject 

a given volume of gas. The small variances noted above indicate 

there were no gas leaks around the serum stopper or past the needle 

inserted through the serum stoppers. Even when the serum bottle 

pressures were reduced to as -tr)w as 250 mm of Hg using a vacuum 

pump, considerable movement of the needle inserted through the 

serum stoppers failed to reveal any gas leaks over a period of sev- 

eral minutes for which the pressure was observed. Although the 

serum stoppers apparently resealed after being punctured with the 

20 -gauge needle of the 20 -ml syringe, the 27 -gauge needle of the 

gas -tight valve appeared to be a more desirable size; it allowed 

fairly rapid gas flow and produced a smaller and probably more 

reliably sealed puncture in the serum stoppers. 
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Table 2. Equilibrium pressures after serum bottle pressure 
reduction or restoration using gas -tight syringes. 

Bottle no. Equilibrium pressure - mm Hg 
Reduced Restored 

1 610 745 
2 606 747 
3 606 750 
4 607 747 
5 606 747 
6 607 746 

For the experiments with nodules, the gas injected into the 

serum bottles was nitrogen 15. Since all serum bottles in a given 

experiment were treated in the same manner, all were assumed to 

have been enriched with nitrogen 15 to the same extent. The amount 

of nitrogen 15 fixed by nodules is directly proportional to the nitro- 

gen 15 content of the enriching atmosphere; therefore, to compare 

the amount of nitrogen 15 fixed by different nodule samples, the 

atom percent nitrogen 15 in the enriching atmospheres must be 

known. If the values are the same for all samples, the amount 

of nitrogen 15 each has fixed may be directly compared. 

Mass spectrometer analysis of the enriching atmosphere was 

used to determine the nitrogen 15 level and to determine with cer- 

tainty if enrichment varied between bottles. The results of these 

analyses are given in Table 3. 



37 

Table 3. Atom % excess N15 contents of some enriching atmospheres. 

Bottle no. Atom % excess N15 

R5-1 
R5-2 

0.097 
0.111 

R5-3 0. 186 
Cl 0. 124 
C2 0. 104 
C4 9.3 7 

C5 9.03 

B7 9.25 
B8 11. 99 
C6 7.04 
C7 9. 01 

Bottles R5 -1 to C2 were enriched by the method described 

in Methods and Materials. Unfortunately, during mass spectrometer 

analysis the analyst did not measure the quantity of mass -30 mole- 

cules present because only a very small quantity of mass -29 mole- 

cules had been found to be present. Normally if the quantity of mass - 

29 molecules is very small, the quantity of mass -30 molecules is 

negligible and is not measured. Later measurements revealed that 

the samples were abnormal with respect to distribution of nitrogen 

14 and 15 molecules and the quantity of mass -30 molecules was very 

large. Because this quantity was not measured, values for bottles 

R5 -1 to C2 were incorrect. 

Bottles C4 and C5 were prepared and analyzed at a later date 

and were found to contain 9.37 and 9.03 atom % excess nitrogen 15, 
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respectively. These values were correct and they indicate that 

atmospheres prepared in the same manner have nearly the same 

enrichment. More determinations must be made however to deter- 

mine if significant variation exists. 

The atom percent excess nitrogen 15 content of the enriching 

atmospheres had been calculated to be about 14; whereas it was 

determined by analysis to be about nine (Table 3). Because this 

calculation was based on several estimates of volumes involved, 

its departure from the actual value is understandable and is not 

critical because the calculation was used only as a guide. 

Atmospheres of bottles B7, B8, C6, and C7 were enriched 

using a different method and will be discussed later. 

Use of excised nodules proved very satisfactory. Atom per- 

cent excess nitrogen 15 values as high as 0.379 (Table 5) were 

obtained, indicating that considerable fixation occurred after the 

nodules were excised. The excised nodules were very convenient 

to handle. 

Attached nodules were much less convenient to use, although 

they were shown to fix nitrogen as revealed by the atom percent 

excess values in Table 4. These values, which range from 0. 007 

to 0. 045 are quite low, but except for no. 9 and no. 10 they are above 

the value of 0.02 customarily accepted as proof of fixation. Values 

for nos. 7 to 10 are low probably because the plants were sealed in 
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the jars about 48 hours before they were exposed. Low values for 

no. 11 and no. 12 probably resulted from inadvertently using dormant 

plants having nodules of low activity. Evidence that the nodules were 

of low activity will be discussed later. 

Table 4. Atom % excess N15 contents of attached snowbrush nodules 
exposed to excess gaseous N15. 

Sample no. Atom % excess N15 

7 0.032 
8 0.024 
9 0.015 

10 0.007 
11 0.045 
12 0.040 

Use of attached nodules has several disadvantages not experi- 

enced with excised nodules. One is the greater problem of sealing 

the nodules in the enriching atmosphere. A second is that a greater 

enriching volume is required which means more nitrogen 15 gas 

required for each sample. A third is that during the exposure the 

relative concentrations of nitrogen 14 and nitrogen 15 may change. 

Bond (1955) found the atom percent excess nitrogen 15 value to de- 

crease from 20 to 2. 9 in 48 hours and attributed the change to a 

diffusion of gaseous nitrogen through the plant both into and out of 

the sealed enriching atmosphere. To make a calculation of amount of 

nitrogen fixed, the atom percent excess nitrogen 15 must remain constant. 
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During the course of the experiments the weight of nodules 

placed in the serum bottle appeared to possibly influence the amount 

of nitrogen fixed. Figure 6 is a plot of atom percent excess nitrogen 

15 it the nodule sample against fresh weight of the nodule sample. 

The data are taken from the experiment on the effect of soil ammon- 

ium on nitrogen fixation reported in Table 10. Lines for 0 and 5 ppm 

ammonium nitrogen strongly indicate that the nitrogen content of 

larger nodule samples increased by a smaller percent than did that 

of smaller nodule samples. The lire for 50 ppm, however, does 

not show this relationship. Table 7 lists the fresh and dry weights 

and atom percent excess nitrogen 15 values for nodule samples in 

the ecotype experiment. The dry wt data indicate a smaller 

percent increase of nodule nitrogen for large samples than for small 

samples. Because of this possible but unverified relationship, 

nodule samples of equal fresh wt were used for the rate of 

fixation and temperature experiments. 

The nodules use c:7._ly a small fraction of the nitrogen available 

in the enriching atmosphere. Consequently, if this relationship does 

exist the smaller percer_` increase for large samples was not the re- 

sult of depletion of gaseous nitrogen. A more probable explanation 

was a depletion of oxygen in the enriching atmosphere which inhibited 

nitrogen fixation. As stated in the Literature Review, nodules re- 

quire a fairly high level of oxygen i n order to fix nitrogen. 
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One shortcoming of the method used to expose nodules in this 

study was the inability to measure exactly the pressures in the 

serum bottles both after pressure reduction and after injection of 

the nitrogen 15. Late in the study a second slightly different method 

was devised which allowed nitrogen 15 to be metered into the serum 

bottle until some exact desired pressure was reached. Pressures 

in the serum bottles containing nodules were reduced with the 20 -ml 

syringe as before. With its port closed, the needle of the three -way 

gas -tight valve was inserted through the serum stopper. The pres- 

sure of a sample of gas in the inner displacement cylinder was re- 

duced to about 700 mm of Hg (which was greater than the reduced 

pressure of the serum bottle) and then increased by very slowly 

admitting mercury to the cylinders. As the pressure increased grad- 

ually, the port between the needle and the line to the cylinder was 

opened. This caused the pressure measured by the barometer to 

decrease slightly and then to continue up. When it reached 760 mm 

of Hg the needle port was closed, flow of mercury into the cylinders 

stopped, and the needle removed from the serum stopper. Flow of 

gas was always into the serum bottle so there was no chance for air 

in the serum bottles to flow into the lines and contaminate the nitro- 

gen gas. 

Four atmospheres --B7, B8, C6, and C7-- enriched by this 

method were analyzed for their nitrogen 15 content, and the results 
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are given in Table 3. Bottles B7 and B8 contained nodules and had 

values of 9.25 and 11.99 atom % excess nitrogen 15, respectively. 

Bottles C6 and C7 had no nodules and had values of 7. 04 and 9.01, 

respectively. Differences in all four of these values were partially 

due to the presence of considerable carbon dioxide evolved by the nod- 

ules in bottles B7 and B8. Carbon dioxide presents a special problem 

(Appendix I) in the mass spectrometer analysis for nitrogen 15 and in 

this case reduced somewhat the accuracy of the results. 

Differences between the last four values in the table - -and be- 

tween values for C4 and C5 as well - -may also have resulted from the 

method used to sample the enriching atmospheres. Although not 

attempted, a more desirable method of analyzing the enriching atmos- 

phere would be to fit a two -way gas -tight valve with a hypodermic 

needle and an outlet which would attach directly to a mass spectrome- 

ter. This piece of apparatus would allow a sample of the enriching 

atmosphere to be transferred directly to the mass spectrometer. 

Further investigation is needed to check the reliability of this 

latter exposure method. 

Red Alder - Bit`erbrush 

Fresh wt, dry wt , and values of atom percent excess 

nitrogen 15 for red alder and bitterbrush nodule samples are recorded 

in Table 5. Atom tern.. 7.L_í:rogt n. 15 values for red alder ; 
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nodules ranged from 0.106 to 0. 183; values for bitterbrush nodules 

ranged from 0. 000 to 0. 3 79. These results confirm that root nod- 

ules of red alder and bitterbrush are capable of nitrogen fixation. 

Table 5. Atom % excess N15 contents of red alder and bitterbrush 
nodules exposed to excess gaseous N15 

Sample no. Wt of nodule sample -mg Atom % 

excess N15 Fresh Dry 

Alder nodules Al 
" " A2 

A3 
A4 

roots AS 

362 
372 
432 
459 

99 
93 

121 
127 

0. 106 
0. 146 
0. 183 
0.112 
0.170 

Bitterbrush nodules B1 249 44 0. 000 
B2 251 53 0.000 

" B3 254 46 0.000 
B4 331 75 0. 075 

B5 - 25 0.379 
B6 -- 15 0.120 

Analysis of the red alder root material which was attached to 

the nodules during the exposure revealed that it had a surprisingly 

high atom percent excess nitrogen 15 content of 0. 170. This value 

is good evidence that nitrogen fixed inthe nodules is rapidly released 

to the plant's vascular system and made available for plant growth. 

These results agree with those of Bond (1955, 1957) who found the 

nodules, roots, and shoots of Alnus glutinosa, Myrica gale, 

Casuarina cunninghamiana, and Shepherdia canadensis to be enriched 

with nitrogen after the nodulated root systems of these plants had been 

" 

" 

-- -- 
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exposed for several hours to an atomosphere enriched in nitrogen 15. 

Although fixation conceivably could have occurred in the root 

material, past attempts to demonstrate fixation, by roots without 

nodules have failed (Bond, 1955), and fixation has been established 

to be a nodular function (Bond, 1959). 

Bitterbrush nodule samples nos. 1 to 4 were obtained from 

five -to six-month-old plan ' :s grown in the greenhouse. Only sample 

no. 4 fixed a significant amount of nitrogen. No fixation was dem- 

onstrated for the first three samples. The reason for the poor 

demonstration of fixation with these four samples is unknown; how- 

ever, at the time of exposure several clumps of dried and withered 

nodules were observed on the root systems, and many of the nod- 

ules used did not appear turgid and healthy. Whether this unhealthy 

state of the nodules resulted from a natural growth cycle of the plant 

or was produced by some unfavorable plant culture condition is not 

known. 

Bitterbrush nodule samples nos. 5 and 6 were taken from two - 

month -old plants grown from seed in a growth room. After nitrogen 

15 exposure, analysis revealed the samples contained 0.379 and 

0. 120 atom % excess nitrogen 15, respectively, which indicates 

very active fixation had occurred. These nodules were thought to 

be more active than samples taken from the greenhouse plants be- 

cause the growth room plats were believed to be in a more vigorous 
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stage of growth. 

Confirmation of nitrogen fixation by bitterbrush is particularly 

important, because it extends proof of nitrogen fixation to at least 

one species of the Rosaceae family. Two other species --Dryas 

drummondii and Cercocarpus betuloides --have been reported to be 

nodulated. Although little is known about the latter species, little 

doubt remains that species of Dryas fix considerable amounts of 

nitrogen (Allen and Allen, 1965). 

Bitterbrush alone covers about 300, 000, 000 acres in the wes- 

tern range states of the United States. Cercocarpus betuloides is 

a dominant member in the California chaparral. Dryas species have 

been most often noted for their pioneering habit on nitrogen deficient 

areas (Allen and Allen, 1965). 

S nowbrush Ecotypes 

Table 6 contains values for the excess nitrogen 15 contents of 

snowbrush nodules exposed to enriched nitrogen 15 atmospheres 

after excision from plants grown from 7 -W and 5 -E seeds. Atom 

percent excess nitrogen 15 values were low, ranging from 0.033 to 

0.064. Low values were believed to have resulted because 40 min- 

utes elapsed between excision and exposure of the nodules. Means 

of the three nodule samples from plants of the 7 -W and 5 -E seeds, 

respectively, were 0.043 and 0.054 atom % excess nitrogen 15. 
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However, statistical analysis indicated the means were not signifi- 

cantly different at the 5% level. As discussed earlier, the weight of 

nodule sample used may influence the atom percent excess nitrogen 

15 value obtained; the smaller weights for the 5 -E nodules may be 

the reason the excess nitrogen 15 values were slightly higher. 

Table 6. Fresh wt, dry wt, and atom % excess N15 contents of 
nodules from snowbrush seedlings of 7 -W and 5 -E seeds. 

Sample no. Wt. of nodule sample -mg Atom % 

excess N15 Mean Fresh Dry 

7-W1 1000 200 0.033 
7-W2 950 1 70 0.040 0. 043 
7-W3 770 120 0.055 
5-E1 700 120 0.046 
5-E2 5 70 100 0.051 0. 054 
5-E3 620 90 0. 064 

The low values obtained in this experiment make the validity 

of any conclusion somewhat questionable. At the time of exposure 

the nodules obviously had a low nitrogen fixing activity. Very pos- 

sibly because of this low activity, the nodules did not accumulate 

enough nitrogen over a long enough period of time to exhibit a de- 

tectable difference in the rates of fixation. Also, if a difference in 

the fixation rates does exist, possibly it is greatest when the nodules 

are most active and least when the nodules approach inactivity. 

Although the results of this experiment seem to indicate that 
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no striking differences exist in the nitrogen- fixing rates of nodules 

(per unit wt) between plants grown from east- and west- Cascade seed 

sources, further study using active nodules is required to resolve 

the question regarding ecotypic differences in nitrogen fixation. 

Rate of Fixation 

Results from the rate-of-fixation experiment are contained in 

Table 7. The objective of this experiment was to determine the 

rate of excess nitrogen 15 accumulation in snowbrush nodules over 

a short period of time as soon after excision as possible. Because 

the rate of fixation is believed to decrease rapidly after excision, 

nodules exposed to nitrogen 15 40 minutes after excision- -for exam- 

ple-- should accumulate less nitrogen 15 in the following 24 hours 

than nodules exposed immediately after excision, yet both nodule 

samples should contain easily detectable amounts of nitrogen 15. 

The difference between the amounts of nitrogen contained in the 

nodules would represent the amount of nitrogen 15 fixed in the first 

35 minutes following excision. By plotting a curve of mean atom 

percent excess nitrogen 15 against time between excision and expo- 

sure and measuring the slope over a short horizontal distance near 

the start of the curve, one should be able to obtain a rate of fixation 

of the excised nodules when they are most active. Hopefully, this 

rate would be a fair approximation of the rate of fixation of attached 
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nodules under natural conditions. 

Table 7. Atom % excess N15 contents of snowbrush nodules excised 
5, 10, 20, and 40 minutes before exposure to excess N15. 

Sample no. Time between excision Atom % 

and exposure -min excess N15 
Mean atom% 

excess N15 

R5-1 5 0.072 
R5-2 5 0.051 0.054 
R5-3 5 0.038 
R10-1 10 0.036 
R10-2 10 0.052 0. 034 
R10-3 10 0.015 
R20-1 20 0.022 
R20-2 20 0.053 0.048 
R20-3 20 0.069 
R40-1 40 0.045 
R40-2 40 0.036 0. 042 
R40-3 40 0. 044 

Unfortunately, the experiment was unsuccessful. The mean 

atom percent excess nitrogen 15 contents of nodule samples exposed 

5, 10, 20, and 40 minutes after excision were 0.054, 0.034, 0.048, 

and 0.042, respectively, and were not significantly different at the 

5% level. These low values indicate that the nitrogen-fixing activity 

of the nodules was very low and for these nodules at least, was nearly 

the same 40 minutes after excision as it was five minutes after 

excision. Because the means were not significantly different, a 

rate of fixation based on the difference between the means could not 

be made. To be discussed later is the belief that the plants used 



50 

in this experiment were dormant and the nodules were relatively 

inactive, resulting in very small accumulations of nitrogen 15 during 

the exposure. 

Although not part of this experiment, data from two other ex- 

periments were combined to estimate a rate of nitrogen fixation by 

the method described above. These two were the soil ammonium 

experiment in which the nodules of the 0 ppm NH4 -N treatment (NO -1, 

N O -2, NO-3) were exposed as soon as possible (five minutes) after 

excision and the ecotype experiment in which the nodules were ex- 

posed 40 minutes after excision. Conditions were the same for 

both experiments except in two respects. First, the plants for the 

ecotype experiment were about 2.5 months older than those used 

for the soil ammonium experiment which may have meant that the 

older nodules were somewhat less active. Second, nodules from the 

ecotype plants were exposed to nitrogen 15 for five hours compared 

to 16 hours for nodules in the soil ammonium study. However, if 

the majority of fixation occurs in the first six hours after excision 

as is the case with Alnus glutinosa and soybean nodules (Bond, 1959), 

this factor may not be very important. If these two factors had any 

effect, the atom percent excess nitrogen 15 values for ecotype nod- 

ules would be low relative to the values for nodules of the soil am- 

monium experiment. 

The mean for the three 0 ppm NH4 -N samples listed in Table 
4 
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10 is 0.219 atom % excess nitrogen 15. The mean of the six ecotype 

nodule samples listed in Table 7 is 0. 048. If this mean value is 

assumed to be low and is increased by a factor of two, it becomes 

0.096. An estimated rate of nitrogen fixation by snowbrush nodules 

using these mean values of 0.219 and 0.096 is given in Table 8. A 

summary of the method of calculation also is included. 

Table 8. Estimated rate of nitrogen fixation in snowbrush nodules. 

1. Atom % excess N15 in nodules excised five minutes 
before exposure 0.219 

15 
2. Atom % excess N15 in nodules excised 40 minutes 

before exposure 0.096 

3. 15 Atom % excess N15 increase in nodules in 35 minutes 0. 123 

4. Atom % excess N15 in enriching atmosphere 9. 2 

5. 
15 14 

% increase N15 N14 in nodule nitrogen 1.34 

6. Mean dry wt of samples -mg (data in Table 14, App.IV) 128 

7. Mean nitrogen content of nodules-% (Table 14, App.IV) 3.91 

8. Nitrogen content of sample - mg 5.01 

9. Increase in nitrogen /sample /35 minutes -4g 67.2 

10. Increase in nitrogen /g dry wt of nodules/day-mg 21.6 

The difference between these two mean values of atom percent 

excess nitrogen 15 is 0. 123 which is the increase of excess nitrogen 

15 in the nodule sample in 35 minutes. However, the nodules were 

also fixing nitrogen 14 molecules. Since the enriching atmospheres- - 

which were not analyzed but were prepared in the same manner as 

and 
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C4 and C5 (Table 3) --were only about 9.2 atom % excess nitrogen 15, 

the total nitrogen content of the nodules increased by 1.34% in 35 

minutes. The mean dry wt of the nine nodule samples was multiplied 

by the normal nitrogen content of nodules used in this study (Table 

14) to obtain the total nitrogen- --5.01 mg-- present in the sample. 

Multiplying the total nitrogen content by the percent nitrogen increase 

gave 67.2 µg increase in --titrogen. /nodule sample in 35 minutes. This 

value was then converted to 21.6 mg nitrogen increase /g dry wt of 

nodules /24 -hour day. It may also be expressed as 11 µmoles or 

152 µg of nitrogen fixed /g fresh wt of nodule /hour, assuming the 

nodule sample is 16. 9% dry matter (Table 15). This value is re- 

markably close to the 10 p.mole estimate for attached Ceanothus 

nodules reported by Delwiche et al. (1965) and is also near the rate 

of 25.8 mg cf nitrogen fixed /g dry wt of nodule /day obtained by 

Russell and Evans (1966) for Ceanothus velutinus var. laevigatus. 

When expressed as percent increase in total nodule nitrogen per 

day, its value becomes 50% and is comparable to probable percent 

increases of 50 and 100% for species of Alnus and Hippophaë, re- 

spectively (Bond, 1957). Assuming the rate of nitrogen fixation 

obtained in this study is correct, these previous comparisons indi- 

cate that the rate for snowbrush is equivalent to or approaches rates 

for other Ceanothus species, other nonlegumes, and some legumes. 

However, the value of 21. 6 mg of nitrogen fixed /g dry wt of 
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nodule /day must be considered tentative until it is confirmed by 

further trials. 

A rate of nitrogen fixation can also be obtained based on the 

amount of nitrogen 15 accumulated during the entire exposure rather 

than just during the nodules' most active period. This rate is under- 

standably much less than the actual rate. Table 9 lists rates ob- 

tained for inactive (to be discussed later) and active snowbrush, 

red alder, and bitterbrush nodules. The rates listed cannot be com- 

pared directly because the nodules were exposed for different periods 

of time. For example, the percent increase in nitrogen 14 and 15 

for red alder /hour is listed as 0.249 compared to 0.113 for bitter - 

brush and would appear to be considerably greater. However, if the 

bitterbrush nodules had been exposed for only six hours instead of 24, 

they probably would have fixed nearly as much nitrogen, and their 

calculated per -hour fixation rate would have been much greater. 

Using this latter method of determination, rates of fixation by 

detached nodules of red alder, bitterbrush, and snowbrush were found 

to be similar to rates for several other nonlegumes. The percent in- 

crease in nitrogen 14 and 15 (Table 9) was 1.49 in six hours for red 

alder nodules, 2. 72 in 24 hours for bitterbrush nodules, and 2.46 in 

16 hours for snowbrush nodules. For nodules of species of 

Hippophaë, Alnus, and Casuarina Bond (1957) reported values of 

1. 8, 0. 5, and 0.9% increase in nitrogen 14 and 15 in 24 hours, 



15 Table 9. Rates of nitrogen fixation for red alder, bitterbrush, and snowbrush based on accumulation of N during entire exposure. 

Plant Red Alder Bitterbrush Snowbrush Snowbrush 
(active) (inactive) 

Experiment Red Alder Bitterbrush Soil Ammonium Rate of Fixation 

15 
Atom % excess N in 
enriching atmosphere 9. 2 9. 2 9, 2 9. 2 

Atom % excess N 
15 

of nodule 0. 137 0. 250 0. 226 0. 044 
sample (mean of samples indicated) 

Length of exposure - hours 

increase in N14 and N15 

(Table 5 Al-A4) 

6 

(Table 5 B5, B6) 

24 

(Table 10 All) 

16 

(Table 8 All) 

24 

during exposure 1. 49 2. 72 2.46 0.478 

% increase in N 
14 

and N 
15 

per hour 0. 249 0. 113 0. 154 0. 02 

Dry wt of nodule sample (mean of 110 20 112 71 
samples indicated) mg (Table 5 Al -A4) (Table 5 B5, B6) (Table 14, App. IV) (Table 14, App. IV) 

(NO -N50) (R5 -R40) 

% nitrogen of nodule samples 3. 9 3. 9 3. 9 3, 9 
(estimate) (estimate) (Table 14, App. IV) (Table 14, App. IV) 

% dry matter 17 17 17 17 
(estimate) (estimate) (Table 15, App. IV) (Table 15, App. IV) 

Cont. on next page 

% 



Table 9 (continued) 

11,g N fixed /g dry wt of 
nodules /hour 97.3 44.5 60.2 7. 92 

µ g N fixed /g fresh wt of 
nodules /hour 16.5 7.6 10 1. 34 

µg N fixed /plant /hour 2.2 1. 14 0. 15 
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respectively. Actual rates of nitrogen 14 and 15 accumulation for 

nodules of red alder, bitterbrush, and snowbrush were probably at 

least 50% of their total nodule nitrogen /day. 

Several other interesting comparisons can be made using the 

data in Table 9. Red alder plants are shown to fix 2.2µg of nitrogen/ 

plant /hour. Because nodules for this determination were exposed 

for only six hours, this rate is a better approximation of the actual 

rate than are the rates for bitterbrush and snowbrush. However, it 

is still probably no more than one tenth the actual rate. The actual 

rate then would be about 22 µg of nitrogen /plant /hour. Bond (1955) 

presented results showing that attached nodules of Alnus glutinosa 

plants growing in the presence of mineral nitrogen fixed 11 µg of 

nitrogen /plant /hour. Because these rates were obtained under some- 

what different conditions in separate studies, they cannot be com- 

pared directly; however, they do appear to be of similar magnitude. 

Table 9 shows that bitterbrush nodules were found to fix 7. 6 µg 

of nitrogen /g fresh wt /hour, which is comparable to rates for snow - 

brush and red alder. A corresponding result reported for P. 

lawrencei was a low value of 0. 183 (Becking, 1965). Bergersen 

and Costin (1964) also obtained a very small amount of fixation for 

this species. Comparing the results for these different species, 

P. lawrencei appears to exhibit a much smaller rate of nitrogen 

fixation. 

Active snowbrush nodules were calculated to fix 60.2 µg of 

nitrogen /g dry wt of nodule /hour (Table 9) which is equivalent to 

1.44 mg of nitrogen /g dry wt of nodules /day. The previous value 
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given in Table 8 was 21. 6 mg of nitrogen. The nitrogen fixing rate 

of snowbrush nodules is no smaller than 1.44 mg of nitrogen /g dry 

wt of nodules /day and most certainly is considerably greater. 

Whether or not it is as great as 21. 6 mg of nitrogen /g dry wt of 

nodules /day, or perhaps greater, is yet to be conclusively estab- 

lished. 

Soil Ammonium 

Table 10 shows the atom percent excess nitrogen 15 content of 

nodules exposed to excess nitrogen 15 in the soil ammonium experi- 

ment. Values range from 0.164 to 0.285 and indicate that fixation in 

all the nodules was very strong. Mean values for the 0, 5, and 50 

ppm ammonium nitrogen amendments were 0.219, 0. 243, and 0.216 

atom % excess nitrogen 15, respectively. Statistical analysis re- 

vealed no significant difference existed at the 5% level between these 

means, indicating that at the time of measurement the nitrogen- fixing 

activity was the same for nodules of plants grown for 4. 5 months 

on soils initially amended with 0, 5, or 50 ppm ammonium nitrogen. 

However, the discovery was made that the soil ammonium 

levels at the time of measurement were very low and nearly equal 

in all of the soils. Table 11 shows the levels of potassium chloride - 

extractable ammonium nitrogen (Bremner, 1965a) that were found to 

exist at the end of 4.5 months. All the soils that were initially amended 
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with ammonium nitrogen had less than 2 ppm remaining. A sample 

(Control 0 of soil taken from a storage drum was found to contain 

only about 3 ppm ammonium nitrogen. A second sample from the 

storage drum was amended with 50 ppm ammonium nitrogen just 

prior to analysis as a check on the procedure, and it was deter- 

mined to contain 51.5 ppm ammonium nitrogen, demonstrating that 

the determinations were reasonably accurate. Presumably the added 

ammonium was used by the plants and microorganisms in the soil. 

The rate at which the ammonium level decreased is not known. 

Table 10. Atom % excess N15 
to excess N15 after 

contents of snowbrush nodules exposed 
being excised from plants grown for 

4.5 months in soils amended with 0, 5, or 50 ppm NH4 -N. 

Nodule sample 
no. 

Amount of NH4- -N Atom % 

amendment -ppm excess N15 
Means 

NO-1 0 0.237 
N 0-2 0 0.256 0. 219 
N Oo3 0 0.164 
N5-1 5 0.285 
N5-2 5 0.221 0. 243 
N5-3 5 0. 224 
N50-1 50 0.241 
N50- 2 50 0. 235 0. 216 
N50-3 50 O. 1 72 
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Table 11. Amount of KC1- extractable NHS N in soils initially 
amended with 0, 5, or 50 ppm NH4 4-N after supporting 
snowbrush for 4. 5 months. 

Soil no. Amt. of initial 
NH4 -N amendment -ppm 

Amt. after 4. 5 mos. of 
snowbrush growth -ppm 

NO 0 0.4 
N5 5 0.0 
N50 50 2. 0 

Control 0 0 3.0 
Control 50 50 51.5 

Because at the time of measuring the nitrogen- fixing activity of 

the nodules the soils were not at their initially amended levels, data 

of Table 10 does not provide conclusive evidence that nodule activity 

is not suppressed by soil ammonium. An argument can be advanced 

that nodulation did not even occur until soil ammonium had been re- 

duced to very low levels. However, the size of the nodules indicated 

that they had developed from the start. That nodules were present 

but became active only when ammonium dropped to low levels is 

inconceivable. Generally, if nodules are present they fix and supply 

part of the plant's nitrogen. Because snowbrush nodules were found 

to develop under fairly high levels of soil ammonium and were as 

active as nodules which developed under low levels, there is reason 

to believe that levels of soil ammonium up to 50 ppm do not depress 

nodule activity to any great extent. 



60 

Of interest to note is the very low level - -3 ppm - -of ammonium 

nitrogen in the unamended Fort Benham soil which has a low exchange 

capacity because of a low clay and organic matter content. Certainly 

the level of ammonium in this soil is not sufficiently large to inhibit 

nitrogen fixation by snowbrush. Furthermore, that many of the soils 

supporting snowbrush have levels of ammonium nitrogen even ap- 

proaching 50 ppm is doubtful. 

The effect of nitrate and organic nitrogen on the nitrogen- fixing 

activity of snowbrush nodules has not been clearly established. Ni- 

trate concentrations in forest soils are generally low and probably 

have no effect. No evidence exists that types and amounts of organic 

nitrogen normally found in forest soils of the Oregon Cascades have 

any effect on nodule nitrogen -fixing activity. 

Because normal levels of forest soil nitrogen probably have 

little effect on the nitrogen- fixing activity of snowbrush nodules, 

the extent to which snowbrush could be utilized to add nitrogen to the 

ecosystem is large. Furthermore the rate of fixation estimated in 

this study indicates the potential nitrogen addition is very substan- 

tial. 

Temperature 

The atom percent excess nitrogen 15 content of nodules exposed 

to excess nitrogen 15 and then placed in incubators at temperatures 
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of 15, 23, 30, or 35° C is given in Table 12. The values obtained 

were very low, ranging from 0.000 to 0.078. As with the rate-of- 

fixation experiment, the low values resulted from using inactive 

nodules. Only the 0.048 value obtained for nodules incubated at 23° 

C indicated highly significant nitrogen fixation. However, the value 

of 0.018 atom % excess nitrogen 15 obtained for the sample incubated 

at 15° C was only slightly below 0.02 standardly accepted as proof of 

fixation and can be accepted as good evidence of fixation. Values for 

nodules incubated at 30 and 35°C are 0.011 and 0.005, respectively, 

and are well below 0.02. Nevertheless, they indicate that fixation 

was depressed most at 35°C. Temperatures above 23°C appear to 

depress nitrogen fixation to a greater extent than temperatures below 

23° C. One can say with certainty only that the optimum temperature 

is somewhere between 15 and 30° C. However, the seemingly smal- 

ler extent of depression a 'E: temperatures below 23°C provides evi- 

dence that the optimum temperature is close to 23° C. As mentioned 

earlier the optimum temperature range for seedling nodulation and 

top growth was found to be 22 to 26° C. 

Soil temperature measurements from June 30 to October 14, 

1966 of a snowbrush site in central Oregon near Bend revealed that 

in the primary nodulation zone 12 to 24 cm beneath the surface tem- 

peratures were rarely above 250C, and 85% of the time the temper- 

ature was between 10 to 20°C. Evidently field temperatures in this 
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area may be somewhat below optimum temperature for fixation, 

nodulation, and growth as determined by laboratory and greenhouse 

studies. Because this area is a natural habitat for snowbrush, inhib- 

ition of growth, nodulation, and fixation by existing temperatures 

would be difficult to understand. However, the explanation may be 

that the optimum temperature for total performance of the plant is 

quite different from optimum temperatures for individual processes. 

Table 12. Atom % excess N15 contents of snowbrush nodules exposed to 
excess N15 and then placed in incubators at 15, 23, 30, 
or 35° C. 

Nodule 
sample no. 

Incubator 
temperature ° C 

Atom % 

excess N15 
Means 

T15-1 15 0.016 
T15-2 15 0.026 0.018 
T15-3 15 0.011 
T23-1 23 0.078 
T23-2 23 0.038 0.048 
T23-3 23 0.027 
T30-1 30 0.010 
T30-2 30 0.024 0.011 
T30-3 30 0.000 
T35-1 35 0.007 
T35-2 35 0.003 0.005 
T35-3 35 0.006 

Inactive Nodules 

Good evidence was obtained and is summarized in Table 13 sug- 

gesting that nodules may exist in states of low nitrogen- fixing activity 
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which appear to be related to plant growth activity. Nodules of 4.5- 

month-old snowbrush plants grown from June to October accumulated 

0.256 atom % excess nitrogen 15 when exposed 16 hours to excess 

nitrogen 15, indicating very active fixation. Nodules of nine- month- 

old snowbrush plants grown from May to February and exposed to 

excess nitrogen in the same manner as the previous nodules accumu- 

lated only O. 072 atom % excess nitrogen 15 in 24 hours. Nodules of 

two- month -old bitterbrush plants exposed at the same time and in 

the same manner as the nodules of the nine- month -old snowbrush 

plants accumulated 0.379 atom % excess nitrogen 15 in 24 hours. 

The enriching atmosphere of the nodules from the nine -month -old 

plants was incorrectly determined by analysis to be below 0.20 atom 

% excess nitrogen 15 (Table 3). However, the very high value of 

0.379 obtained for bitterbrush nodules exposed at the same time 

indicated that the enriching atmosphere must have been high and 

was probably very close to the 9. 2 determined for samples C4 and 

C5 (Table 3). The most logical explanation for the small accumula- 

tion of nitrogen 15 for the nodules of nine -month -old plants compared 

to the large accumulation for the 4.5-month-old plants is that the 

older plants had passed through an active growing cycle during the 

summer months and were in an inactive growth stage at the time of 

use. This explanation is strengthened by similar results for young 

bitterbrush nodule samples B5 and B6 compared to the older samples 
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B1 to B4 (Table 6). This explanation is also supported by Stewart 

(1962) who found that fixation of Alnus glutinosa reached a maximum 

in late August and then decreased rapidly. 

Table 13. Nitrogen -fixing activity of nodules in relation to plant 
growth activity. 

Plant Nodule Growth Plant Atom % excess 
sample period age N15 content of 

no. months nodules exposed 
to excess N15 

Snowbrush NO -2 June -Oct. 4.5 0.256 
Snowbrush R5 -1 May -Feb. 9.0 0.072 
Bitterbrush B5 Dec. -Feb. 2.0 0.379 

Results obtained in this study indicate that even though the 

nodules may decrease in nitrogen- fixing activity during part of the 

year, they continue to fix some nitrogen. The 12 enrichments shown 

in Table 8 were obtained using inactive nodules and with the excep- 

tion of nodule sample R10 -3, all indicate significant fixation. Table 

9 shows that the percent increases in nitrogen 14 and nitrogen 15 

during exposure for active and inactive nodules were 2.46 and 0.478, 

respectively. These data indicate that nodules from plants under 

good growing conditions but not actively growing possess a nitrogen - 

fixing rate about one fifth that of nodules on actively growing plants. 

Less than ideal growing conditions which exist when plants in the 

field are normally not actively growing may cause a greater 
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difference between active and nonactive nitrogen -fixing rates than 

were estimated in this study. 

Because such a small amount is known about the nodule -endo- 

phyte symbiosis in nonlegumes, little can be advanced to accurately 

explain the reason for low nodule activity during periods of plant 

inactivity. 
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CONCLUSIONS 

The apparatus and method used in this study to expose nodules 

to excess nitrogen 15 worked very satisfactorily. The gas -tight 

syringes which were used to reduce the pressure in the serum bottles 

and restore it to near atmospheric with an injection of nitrogen 15 

gas were very convenient and accurate. The pressure of nitrogen 

15 gas in the 10 -ml gas -tight syringe was very easily and accurately 

controlled by adjusting the level of mercury in the displacement cyl- 

inders. Exposures involved no waste of nitrogen 15 gas and could 

be made within five minutes after nodules were excised from the 

roots. Although not attempted, the apparatus could very conveniently 

be used in the field because it was light, comprised of only several 

components, and did not require a vacuum pump. 

Nitrogen fixation was easily demonstrated using excised nod- 

ules which were much more convenient to use than attached nodules. 

The enriching atmosphere of about nine atom % nitrogen 15, 17% 

oxygen, and 83% nitrogen 14 plus 15 at about 1 atm pressure seemed 

very suitable. Nodules were most active when taken from actively 

growing three- to five- month -old plants. One -half gram fresh wt 

nodule samples were amply large to demonstrate fixation. Because 

some evidence indicated that the amourt of nodule material placed 

in the serum bottle influenced the percent increase in nodule 
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nitrogen, all samples of an experiment should be the same size. 

Nodules of red alder and bitterbrush were confirmed to fix 

nitrogen. This confirmation for bitterbrush extended proof of nitro- 

gen fixation to at least one species of the Rosaceae family. 

No striking differences were found in the rates of nitrogen 

fixation by nodules of snowbrush seedlings grown from an east- and 

a west- Cascade seed source. However, nodules used in the experi- 

ment possessed a low nitrogen- fixing activity at the time of exposure 

and possibly did not fix enough nitrogen to demonstrate existence of 

different fixation rates. If a difference does exist, one would still 

have to determine the feasibility of growing the species with the 

higher rate on sites with conditions different from those to which the 

species is adapted. The effect of "off- site" conditions on a plant's 

performance can range from considerably detrimental to beneficial. 

Using data obtained under similar conditions in two different 

experiments, snowbrush nodules were tentatively estimated to fix 

21. 6 mg of nitrogen /g dry wt of nodules /day. This rate is nearly 

as large as rates determined for several other nonleguminous and 

several leguminous plants. The question of amount of fixation /unit 

area of land depends on the total nodule mass on snowbrush plants 

occupying the land. This amount has never been determined. If 

it could be assumed to be similar to that of a legume, the amount of 

fixation /unit area could also be assumed to be similar. Red clover 
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has been found to fix from 75 to 171 lb nitrogen /acre /year. Soy- 

beans may fix 57 to 105 lb nitrogen /acre /year (Alexander, 1964). 

During the entire exposure period, red alder, bitterbrush, 

and snowbrush nodules were found to increase their nodule nitrogen 

content by 1.49, 2. 72, and 2.46 %. These rates of increase are 

probably much below the actual rates of increase for attached nod- 

ules. If excised nodules are to be used to estimate actual rates of 

nitrogen fixation, accumulations of nitrogen must be measured over 

a short period iraiiiediately after excision when the nodules are 

most active. 

Nodules which developed on 4. 5- month -old plants growing on 

soils amended with 0, 5, or 50 ppm ammonium nitrogen at the time 

of seeding had very nearly the same nitrogen- fixing activity. How- 

ever, because the levels of ammonium were found to be low at the 

time of measuring this activity, the effect of sustained high levels 

of soil ammonium on nodule nitrogen- fixing activity was not conclu- 

sively determined. Because nodulated legumes and nonlegumes will 

use ammonium in the soil, a problem exists of maintaining a given 

level of ammonium. This problem can be fairly easily handled 

using culture solutions which can be periodically changed; however, 

culture solution methods are not always adaptable or desirable be- 

cause they provide conditions distinctly different from conditions in 

soil systems. A method is needed to maintain a given level of 
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ammonium in a soil system supporting actively growing nodulated 

plants. 

The high nitrogen -fixing activity determined for nodules which 

developed in soil initially amended with 50 ppm ammonium provided 

reason to believe that ammonium levels normally found in forest 

soils of the Oregon Cascades do not inhibit the nitrogen- fixing activ- 

ity of snowbrush nodules to any great extent. 

Snowbrush nodules were found to fix more nitrogen at 23°C 

than at 15, 30, or 35° C. Results obtained seem to indicate that the 

optimum temperature was somewhere near 23° C. Knowledge about 

the effect of temperature on nitrogen fixation may be important to 

assess the feasibility of growing snowbrush on certain sites and to 

understand growth variations that may exist. 

Results from several experiments in this study indicate that 

nodules evidently exist in a state of low nitrogen-fixing activity when 

the plants are not actively growing. Most likely, under natural 

conditions, nodule nitrogen -fixing activity is greatest in the months 

from May to mid -September and low the remaining months of the 

year. However, the low rates of fixation probably provide enough 

nitrogen to satisfy the needs of the plant during these times. This 

ready supply of nitrogen probably is one reason that snowbrush is a 

fairly hardy species. 

Red alder, bitterbrush, and snowbrush are present on a very 
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large segment of land in western United States and Canada. Con- 

sidering all the nonleguminous species capable of nitrogen fixation 

and their world --wide distribution, one discovers that they are an 

important part of the nitrogen cycle. An increasing knowledge of 

the process and extent of nonleguminous nitrogen fixation is impor- 

tant in order to better understand the world -wide distribution of soil 

nitrogen as well as to improve our methods of managing forest and 

range lands. 
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APPENDIX I. ADDITIONAL DETAILS RELATED 
TO USE OF NITROGEN 15 

Natural Abundance 

A small level of nitrogen 15 exists naturally. Bond and Scott 

(1955) measured the nitrogen 15 content of 11 biological samples and 

obtained values ranging from 0.3 63 to 0.3 86 with an average of 0.3 76% 

of the total nitrogen present. Bond (1955) obtained an average of 

0.369% nitrogen 15 of the total nitrogen for 35 biological samples. 

Cheng, Bremner and Edwards (1964) and Bremner (1965b) regarded 

the natural abundance of nitrogen 15 to be 0. 366% of the total nitrogen 

present in a biological or inorganic sample. 

The natural abundance of nitrogen 15 for this study was taken 

as 0.368% of the total nitrogen present in the nodule samples. 

Nitrogen 15 Excess 

Materials are considered enriched in nitrogen 15 when they 

contain a greater level of nitrogen 15 than exists naturally. The dif- 

ference between the enriched level and the natural level is termed 

atom percent excess nitrogen 15. 

Significant enrichment is said to have occurred if the sample 

contains at least 0.02 atom % excess nitrogen 15. 

Determination of Nitrogen 15 Content 

For nodule samples, a Kjeldahl digest was used to convert the 
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nitrogen to ammonium which was then distilled into boric acid. If 

desired, the amount of total nitrogen present was then determined 

by titrating with a standard base. The boric acid was then acidified 

with sulfuric acid, methyl alcohol added, and the solution evaporated. 

Methyl borate volatilized leaving a residue of ammonium sulfate. 

This was treated with alkaline sodium hypobromite in a vacuum and 

the nitrogen gas produced led into the mass spectrometer where it 

was ionized by electron bombardment. The ions were passed through 

a magnetic field which caused them to deviate from a straight line. 

The different species which may exist (N14N14 -mass 28; N14N15- 

mass 29; N15N15 30) were separated because their different 

masses caused them to deviate different amounts. The amount of 

each present was determined electrically and recorded on a strip 

chart. Using appropriate formulas, the atom percent nitrogen 15 

present was determined. 

To analyze gas samples the same procedure was used except 

the nitrogen was already in the gaseous form and was led directly 

into the mass spectrometer. Certain other gases in the sample were 

removed or accounted for in the calculation of nitrogen 15 present. 

Carbon dioxide, which was produced by the nodules, was particularly 

bothersome because it split when bombarded by electrons to yield 

carbon monoxide which also has a mass of 28. However, its contri- 

bution to the total amount of mass 28 molecules present was deter- 

mined and subtracted from the total. 

mass 
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APPENDIX II. DETAILED METHOD OF ENRICHING SERUM 
BOTTLES TO ESTIMATED 14 ATOM % N15 

With the serum stoppers in place the 24 -ml (actual volume) 

serum bottles were estimated to be at about 780 mm Hg pressure. 

This pressure was reduced by inserting the needle of the 20 -ml 

syringe and drawing the plunger back from the 1- to the 6 -ml gradu- 

ation. The syringe could not be started at the 0 -ml graduation be- 

cause it was not gas -tight at that point. The total volume after ex- 

pansion was 30 ml. Using the simple relationship (Pressure 1) 

(Volume 1) _ (Pressure 2) (Volume 2) the reduced pressure was 

calculated to be about 650 mm Hg (V1 being taken as the sum of the 

serum bottle volume plus 1 ml and P1 taken as 780 mm Hg). Nitro- 

gen 15 was injected by the following steps: (1) the needle port of the 

syringe valve was left closed, (2) the syringe plunger was set at the 

4. 5 -ml graduation, (3) the pressure in the syringe was adjusted to 

710 mm Hg by adjusting the mercury levels of the displacement 

cylinders, (4) the needle was inserted into the serum bottle, (5) 

the ports were opened between the bottle and syringe, (6) the plunger 

was advanced to the 1 -ml graduation over a period of 25 seconds 

after injection started, (7) the needle port was closed 30 seconds 

after injection started, and (8) the needle was removed. 

The final pressure was again calculated. With the plunger set 
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at 4. 5 ml the volume in the syringe was 5. 5 ml because there was 

about 1 ml of dead space in the syringe when the plunger was set at 

the 0 -ml graduation. The pressure-volume product of the nitrogen 

15 gas in the syringe was 3, 900. The pressure- volume product of 

the gas in the serum bottle was 15, 600. When the syringe was ad- 

vanced to the 1-ml graduation the total gas volume was 26 ml and 

therefore had a pressure of 750 mm Hg. Thus the pressure in the 

serum bottle was increased from 650 to 750 mm Hg by the injection 

of nitrogen gas which was about 901 atom % nitrogen 15 and 10 atom 

% nitrogen 14. Assuming that the air in the serum bottle was 80% 

nitrogen 14 and 20% oxygen the enriching atmosphere was calculated 

to be about 14 atom % nitrogen 15, 17% oxygen, and 83% nitrogen 14 

plus 15. 

'Although the original nitrogen gas was 95 atom % nitrogen 15, 
equilibration with the gas in the apparatus lines reduced the level to 
an estimated 90 atom %. 
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APPENDIX III. METHOD USED TO SAMPLE ENRICHED 
ATMOSPHERES OF SERUM BOTTLES 

A three -way ground glass stopcock was fit with male and female 

10/30- standard taper ground glass connections and a 1/4-inch glass 

stem. One - eighth -inch Tygon tubing was connected to the glass stem 

and to a 5/20- standard taper ground glass male connection. 

To obtain a sample of gas the male connection of the three -way 

stopcock was connected to a vacuum pump, the female connection was 

connected to a gas sample vial, and the 5/20 -male connection was 

connected to a female connection of a gas -tight valve fitted with a 

hypodermic needle. The gas sample vial was about 15 -cm long, 

had a 12 -mm outside diameter, and had a No. 2 standard taper 

ground glass stopcock on one end. Closing the needle port the en- 

tire lines and the gas sample vial were evacuated. The port to the 

vacuum pump was then closed, the needle inserted through the serum 

stopper into the enriching atmosphere of the serum bottle, and the 

needle port opened. After one minute the stopcock of the gas sample 

vial was closed. The sample of gas contained in the gas sample vials 

was then led directly into a mass spectrometer and analyzed for nitro- 

gen 14 and 15. 
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APPENDIX IV. TABLES 

Table 14. Dry wt and % nitrogen contents of snowbrush nodules. 

Nodule Dry wt of No. of Dry wt % nitrogen 
sample nodules per plants per of nodules in nodules 

no. treatment -mg treatment per plant-mg 

R5 220 10 22 3. 77 
R10 200 10 20 4. 23 
R20 210 10 21 3. 88 
R40 230 10 23 4. 09 
R80 120 10 12 
T10 160 10 16 
T15 130 10 13 3. 98 
T23 160 10 16 3.58 
T30 130 10 13 3.47 
T35 150 10 15 4.29 
NO 357 15 24 
N5 363 15 24 
N50 288 15 19 
7-W 490 18 27 
5-E 310 18 17 

Mean dry wt of nodule /plant: 18. 8 mg 

Mean nitrogen content: 3. 91% 

Values in first three columns are totals of three samples. 

-- 
-- 

-- 
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Table 15. Percents dry matter in 15 samples of snowbrush nodules. 

Nodule Fresh wt -mg 
sample no. 

Dry wt -mg Percent 
dry matter 

7-W-1 1, 000 200 20. 0 
7-W-2 950 170 17.9 
7-W-3 770 120 15. 6 

5-E-1 700 120 17. 2 
5-E-2 570 100 17.5 
5-E-3 620 90 14. 5 

NO -1 768 124 16. 1 

NO -2 5 79 90 15. 5 

NO -3 93 7 143 15.3 
N5-1 566 89 15. 7 

N5-2 713 143 20. 1 

N5-3 674 131 19. 5 

N50-1 676 109 16. 1 

N50-2 428 66 15.4 
N50-3 662 113 17. 1 

Mean dry matter in 15 samples of snowbrush nodules: 16. 9% 


