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Thirty samples of nine soil profiles were variously treated and incubated in aerobic and in anaerobic 
1sN-labelled atmospheres in the laboratory. The addition of glucose to agricultural soils stimulated 
nitrogen fixation, especially under anaerobic conditions, but glucose had little or no consistent effect in 
most forest soils. The addition of straw litter to aerobically incubated waterlogged agricultural soils 
caused increased fixation. In general, however, and especially in forest soils, there was no consistent effect 
of either litter addition or waterlogging. It may be noted that in many cases greater fixation occurred in 
waterlogged soil-litter mixtures when incubated anaerobically than when incubated aerobically. About 
80% of all treatments showed greater fixation under anaerobic than under aerobic conditions. Nitrogen 
incorporation during 28 days at 25 "C ranged from 0 to 70 pg N/g dry weight. Estimates on an area basis 
for a 17-cm profile depth ranged from 2 to 200 kg N fixed/ha per year. 

Azotobacter was confined to agricultural soils above about pH 6.5. Clostridirrm was widely distributed 
and usually abundant even in soils with pH values as low as 3.3. "Oligonitrophiles" were abundant but 
their significance remains uncertain. 

Introduction 
Measurable incorporation of 15N2 has been 

reported under certain conditions in agricul- 
tural soils (5, 6, 18) and forest soils (5, 10, 11, 12), 
and, although Azotobacter has attracted much 
attention, some evidence implicates the clos- 
tridia and possibly facultative anaerobes as 
possibly more important agents in non-sym- 
biotic nitrogen fixation (5, 18, 22). Increases in 
nitrogen fixation have been observed following 
the addition of readilv available carbon sources 
such as glucose (5, 6) or of other organic materi- 
als such as straw (18), grass roots (7), and forest 
litter (10). Thus, earlier suggestions made on the 
basis of Kjeldahl studies (reviewed in ref. 16) 
have been confirmed. Increased nitrogen fixa- 
tion has also been reported with waterlogged 
incubation of soil-straw mixtures (2, 18) and 
with anaerobic incubation conditions (5). In the 
latter report, under anaerobic conditions there 
was a significant correlation between the nitro- 

u 

gen fixed and the increase in counts of clostridia. 
I t  appears that only one study (by Kjeldahl) has 
been made of the effects of the interaction of 
waterlogging and anaerobic conditions on 
nitrogen fixation in soil-straw mixtures (2). 

In the present study, a series of soil samples 
was incubated under moist and under water- 
logged conditions, with and without supple- 
ments of glucose and of leaf material, and under 
aerobic and under anaerobic 15N-labelled at- 
mospheres. Nitrogen incorporation was meas- 
ured after a period of 28 days. Estimates of 
aerobic and anaerobic nitrogen fixers were also 
made. 

Materials and Methods 
Soil Samples 

The following agricultural and forest soils were chosen 
to provide a wide range of properties (Table I). 

St. Bernardsandy loam was collected from a plow layer 
(A4; 0-15 cm) on the Macdonald College Farm. 

Muck field soil, a highly organic black soil, was also 
collected from the 0-15 cm depth on the Macdonald Col- 
lege Farm. 

La Pocatiire soils were taken from experimental plots 
of the Canada Department of Agriculture Research 
Station, La Pocatikre, QuCbec, in the area known as 
"les Sols de 1'Anse". Plots sampled were 48-in. water 
table, unlimed (U); 48-in. water table, limed (L); 18-in. 
water table, unlimed (U); and 18-in. water table, limed 
(L). Samples were from the 0-15 cm depth. 

Maple (Acer saccliar~im) mull samples were collected 
from the litter (L) layer and Al horizon in the Morgan 
Arboretum, McGill University. F and H layers were 
absent. 

lIssued as Macdonald College Journal Series No. 595, Beeclz (Fagla grflnd&lifl) mar-moder humus of the 
and as Canadian IBP contribution No. 25. litter (L) layer, and consisting of freshly fallen leaves 

20n leave from the Institute of Microbiolo~~.  Czecho- plus the previous year's leaves, was sampled in the Mor- 
slovak Academy of Sciences, Prague, ~ z e c h o s v a k i a .  gan Arboretum. 
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Black spr~rce (Picea t~lczriana) mor humus profile was 
collected, unless otherwise indicated, from an  untreated 
control plot in an experimental stand near Baie-Comeau, 
Quebec (20). Samples of litter (L), upper (F1), and lower 
(F2) fermentation layers (13) were collected in October, 
1966, and stored at 0-4'C for 12 months before in- 
cubation. Some further samples, which were collected 
in June 1967 and stored for 4 months before incubation, 
were as follows: fresh tleedles from the trees; decomposing 
needles taken from litter-fall trays on the untreated plot 
(U-t~eerlles) and on a plot treated in 1961 with 450 kg 
urea-N/ha (T-t~eerlles) each representing 1 year's col- 
lection; green moss plants (Upper L) and brown de- 
composing bases of mosses (Lower L) including any 
admixed needles. 

Jack pine (Pit~rrs bat:ksiatra) profile near Chalk River, 
Ontario, was sampled for the F, H/AI ,  and B (about 
20 cm deep) horizons. 

White and rerl pitre (Pitrrrs sfrobrrs and P. resit7osa) soil 
samples were collected from a mixed stand also near 
Chalk River. L, F, A2, and B (about 20 cm deep) hori- 
zons were collected. 

Aspen (Poprrl~u grat~didet:tata and P. tremrrloides) soil 
samples were collected from a site near Chalk River 
which has been selected for intensive study by the Cana- 
dian Committee for the International Biological Pro- 
gramme. The horizons sampled were the litter (L) layer, 
of fresh leaf material; the F layer, of leaves in early 
stages of decomposition; the H layer, of black amorphous 

TABLE I 
Soil sample characteristics 

Sample pH Total N, 7, 

St. Bernard s.4. 7.2 0.22 
Muck 6 .6  1.68 
La Pocatiere 48-U 4.6 0.28 

48-L 
18-u 
18-L 

Maple L 
A I 

Beech L 
Black spruce L 

Ft 
F; 

Fresh needles 
U-needles 
T-needles 
Upper L 
Lower L 

Jack ~ i n e  F ; /A1 
White pine L 

F 
A2 
B 

Aspen L 
F 
H 

organic matter with occasional charcoal present; the 
A?, of grayish-red sand; and B horizon, of reddish brown 
sand, and the B / C  horizon in the upper part of the parent 
material. 

- +G + L  - + L  A O C  - +G + L  - + L  A O C  -- 
50% WHC W - L  50% WHC W-L 

1 
P I 

3 0 0 L  /- 4 LT n 48" UNLIMED / 48" LIMED 
w 1 I 
[r 150- 
W LOG NOS 
a 

LOG NOS 
7 r  7; I 

- +G + L  - + L  A 0  - + G  + L  - + L  A 0  -- 
50% WHC W - L  50% WHC W - L  

I I 1 18'' UNLIMED LOG / 18" LIMED LOG / 

- +G + L  - + L  A 0  - +G +L - + L  A 0  -- 
50% WHC W - L  50% WHC W-L 

FIG. 1. Incorporation of nitrogen by and numbers of 
bacteria in some agricultural soils: St. Bernard sandy 
loam, Muck, and La Pocatiere (water table at 48 in. and 
a t  18 in.) soils. Incorporation is reported for samples 
incubated for 28 days in aerobic (horizontally slashed 
bars) and in anaerobic (diagonally slashed bars) atmos- 
pheres; at 50% maximum water-holding capacity (50% 
WHC) or  waterlogged (W-L); unamended (-) or amend- 
ed with 2% glucose (+G) or with 2% leaf litter (+L). 
The horizontal line indicates the level above which in- 
corporation was significant. Log numbers of bacteria 
are shown for Azotobacter (A), oligonitrophiles (O), and 
Clostridiutn (C). Small open triangles indicate: no data 
available. 
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Organic materials were first ground and then all or translucent colonies of so-called "oligonitrophiles" 
samples were passed through a 2-nmni screen and stored (23) were counted on 10-4-10-6 plates. 
nioist in the dark at 0 4  "C. Atzaerobic t~itroge~l-hers were estimated by preparing 
Esritnnrioli of Nitrogen-fixit~g Orgatanistns 

Counts of Azorobncrer, oligonitrophiles, and Closrri- 
dirrm were made on parallel unincubated saniples before 
the 15N incubation experiments. 

Azorobncrer was estimated on plates of Ashby medium 
(1) solidified with 1.5y0 Bacto-agar and surface-inocu- 
lated with decimal dilutions of soil in 0.85% sterile 
saline. Plates were incubated at 30°C. After 4 days 
incubation Azorobactel.was counted on lO-l-I0-~3 plates, 
and after 6-10 days incubation 1- to 3-mni transparent 

t- L MAPLE A, I 
3 * 2 0 0 -  r 
[L a 1 
w I 
[L I 5 0  - 
W 

LOG NOS - LOG NOS ' 
7, 7, 

- t G  t L  - + L  A O C  - t G  t L  :+L AOC -- 
50% W H C  W-L 500/. W H C  W-L 

w 
~ 1 5 0 -  7 LOG NOS - 
W B B '- LOG NOS ' 

7r 
a W 6- 

- t G  t L  - + L  AOC - +G t L  - +L AOC - - -- - -. - 
50% W H C  W - L  50% WHC W - L  

w JACK PINE BEECH 
LI: W 

LOG NOS L LOG NOS 
a 6 6 - 

- +G t L  - +L - -- 
5 O % W H C  W - L  

AOC - +G +L - + L  
50% WHC W-L 

I 
5 - 7  - 
4- 

AOC 

Frc. 2. Incorporation of nitrogen by and numbers of 
bacteria in soil samples from maple, jack pine, and beech 
stands. Symbols as in Fig. 1. 

~. . - 
decimal dilutions of soil in liquid (50°C) nitrogen- 
deficient glucose agar mediuni (21) through which filter- 
sterilized nitrogen was bubbled. The dilutions were 
maintained in a water bath shaker and 15-1111 aliquots 
were transferred to 8 X 280 mm glass tubes calibrated 
at  10 ml. The tubes were incubated in air for 10 days at 
25 OC and numbers of visible colonies and (or) lenticular 
splits in the agar were then countcd. Randomly selected 
colonies were isolated by breaking the tube, drawing the 
colony into a sterile Pasteur pipette, and transferring it 
to a tube of Oxoid reinforced clostridi~lm medium. 
Isolates which grew well on three subsequent transfers 
in the liquid Ross (21) nitrogen-free medium, lacking 
the soil extract, were considered to be pres~~mptive 
nitrogen-fixers. 

Treattnetlt mlcl Itlcubntiotl of Sanlples 
Small aliquots of the soil samples, each containing 

approximately 5 mg N, were subjected to the following 
treatments: 

(a) SOY0 nmaximum water-holding capacity (WHC), 
unamended control; 

(b) 50% nmaximum WHC + 2% glucose (dry weight 
basis); 

(c) 50% maximum WHC + 2% of dried (85 "C for 
24 h) and milled (20 mesh) leaf material: oat 
straw for the agricultural soils; appropriate tree 
species for the forest soils; 

(d) waterlogged (covered with 1 mm of water), un- 
amended ; 

(e) waterlogged + 2Y0 of dried milled leaf material. 
The treated samples (which were unreplicated) were 

incubated under aerobic (0.1 atm N2 at 30 atoni % 
excess 15N; 0.2 atm 0 2 ;  0.7 atm Ar) and anaerobic (0.1 
atm N2 at 30 atom Yo excessl5N; 0.9 atm Ar) atmospheres 
as has been previously described (5). Aerobic and anaero- 
bic systems were filled at the same tinme with the same 
N2 preparation to minimize possible differences in the 
initial partial pressure of N2 and atom % excess 15N. 
All samples were incubated at 25 "C for 28 days. Evolved 
COz was absorbed in 50% KOH. Pressure changes were 
monitored by attached mercury manometers and 0 2  was 
added periodically to the aerobic system to maintain 1 
atni pressure. 

Atmlytical 
Maximum water-holding capacity (WHC) was de- 

termined using the Keen-Raczkowski box method (19). 
The pH of samples was determined by glass electrode on 
1:s soil:water slurries. Total nitrogen was determined 
by a semimicro Kjeldahl method (3). 

The incubated samples, as well as unexposed control 
saniples, were dried it1 vnclro at  80°C and then subjected 
to Kjeldahl digestion and distillation followed by mass 
spectrometer analysis as has been described (4, 5). Air 
contamination during conversion and analysis was found 
to be negligible and therefore the observed ratios were 
not corrected (15). The results were expressed as the 15N 
atoms % excess over the corresponding unexposed 
controls and it was calculated that values greater than 
0.01 l5N atoms % excess showed significant enrichment 
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at  the 1% level. Results were also calculated as mg N 
incorporated per gram dry weight in 28 days at 25 "C. 

Results 
Table I shows that the samples studied ex- 

hibited pH values from 3.3 to 7.2, most being 
in the range 4.0 to 6.0, and also a range in 
nitrogen contents from 0.03 in the inorganic 
horizons to 2.09 in the organic horizons. 

The results of microbial analyses are in- 
cluded as bars in Figs. 1-5. Azotobacter. was 
found to occur only in the St. Bernard sandy 
loam and in the Muck soil in relatively small 
numbers of 500 per gram. It was absent from 
all the forest soils. "Oligonitrophiles" were 
observed on N-deficient agar plates in numbers 
ranging from 1 X 103 to 14 X 106 per gram. 
Many of these organisms grew on successive 
transfer on N-deficient solid medium but showed 
no detectable growth in N-free liquid medium. 

Numbers of clostridia observed varied widely. 
They were not detectable in some samples (Fig. 

4, white pine AZ and B) but were very numerous 
in many of the others (Figs. 1-3, 5). All the 
colonies picked from the deep agar tubes were 
observed to contain clostridia which could 
grow on successive transfer in the Ross N-free 
liquid medium (21), lacking the soil extract, and 
were presumed to be nitrogen fixers. 

The amounts of labelled molecular nitrogen 
fixed per gram of dry soil during the 28 days 
experimental period are shown in Figs. 1 to 5. 
The horizontal line indicates the level above 
which the incorporation was considered to be 
significant (i.e. > 0.01 15N atoms yo excess). 

The effect of glucose on nitrogen fixation was 
most striking in the St. Bernard and La Poca- 
t ihe  48-in.-limed samples (Fig. 1). Some effect 
was observed under aerobic incubation con- 
ditions but a very much greater effect occurred 
under anaerobic conditions. In most of the 
forest soils on the other hand (Figs. 2-5), there 
was no consistent response to glucose whether 
incubated aerobically or anaerobically. 

+. L BLACK SPRUCE FI 
5 2 0 0  
u n 
w 

1 5 0  
W LOG NOS- 

7 r  

- - +G + L  - + L  A O C  - +G +L - +L A O C  - -- -- 
5 0 %  WHC W - L  5 0 %  WHC W - L  

+' FRESH NEED1 
[r ' > 400/  

n 

5 0 %  WHC W - L  

LOG NOS 

- 
A O C  - +G + L  - + L  A O C  -- 

5 0 %  WHC W - L  

" - +G + L  - + L  -- 
5 0 %  WHC W-L 

LOG NOS 

A O C  

I 
I 

T - N E E D L E S  i 
1 

I 

- + G + L  - + L  A O C  -- 

UPPER L 605 

h' s 

+G + L  - + L  AOC --- -- 
5 0 %  WHC W-L 5 0 %  WHC W-L 

I LOWER L 

- +G + L  - + L  A O C  -- - 
5 0 % W H C  W-L 

FIG. 3. Incorporation of nitrogen by and numbers of bacteria in soil and litter samples from a black spruce 
stand. Symbols as in Fig. 1. 

Ca
n.

 J.
 M

ic
ro

bi
ol

. D
ow

nl
oa

de
d 

fro
m

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.c

om
 b

y 
U

ni
ve

rs
ity

 o
f P

.E
.I.

 o
n 

11
/2

5/
14

Fo
r p

er
so

na
l u

se
 o

nl
y.

 

martin rollet-méheust


martin rollet-méheust


martin rollet-méheust




BROUZES ET AL.: INCORPORATION OF lsNz BY SOILS 903 

The addition of straw litter to the water- 
logged St. Bernard and Muck field soils (Fig. 1) 
under aerobic incubation conditions caused an 
increased nitrogen fixation response. In general, 
however, there was no consistent effect of litter 
addition or of waterlogging (Figs. 2-5). It may 
be noted that anaerobically incubated Muck 
soil amended with straw and waterlogged 
showed a significant incorporation of nitrogen 
(Fig. l), and indeed a number of the other 
samples showed the highest fixation rates under 
these conditions (Fig. 2:  Maple L, Jack pine 
F, H/AI, Beech L;  Fig. 3: Black spruce, most 
samples; Fig. 4: White pine L, F, B). Generally 
speaking, however, there was no consistent 
effect of litter addition in the forest soils. 

Fixation under anaerobic incubation con- 
ditions was in most cases (about 80y0 of all 
treatments) greater than that under aerobic 
conditions (Figs. 1-5). 

Table I1 shows the observed nitrogen incor- 
poration data calculated in terms of field tem- 
perature conditions on an area basis. Minimum 
and maximum values only were used in com- 
piling the table and although the results are 

I L , WHITEPINE v I I 

O  - +G +L - +L A O C  - +G +L - +L A O C  -- -- 
50% WHC W-L 5 0 %  WHC W - L  

L O t  NOS 

* 5 0  

O 

O  - tG t L  - +L AOC -- 
5 0 %  WHC W-L 

3-$ 
- +G t L  - +L -- 
5 0 %  WHC W - L  

LOG NOS 

A 0  C 

clearly not precise the rough ranges shown in- 
clude values from 0 up to 200 kg N/ha. 

Discussion 
The present results indicate that Azotobacter 

was confined to the agricultural soils above 
about pH 6.5 and that Clostridium was widely 
distributed in both agricultural and forest soils 
even at pH's as low as 3.3. This is in agreement 
with earlier reports (5, 8, 13). It is difficult to 
assess the possible significance of the so-called 
"oligonitrophiles" in nitrogen fixation. They 
were present in moderately high numbers and 

O  - +G +L - +L A O C  - +G +L - +L AOC - 
5 0 %  WHC W - L  5 0 %  WHC W-L 

LOG NOS - 1 
Z 

L 

AOC 

5 0 %  WHC W-L 5 0 %  WHC 

I I 
B B / C  I 

LOG NOS 1 ,- I 0 0  

2 I  

- +G +L --+L A O C  - - -- AOC 
50% WHC W - L  5 0 %  WHC W-L 

FIG. 4. Incorporation of nitrogen by and numbers of FIG. 5. Incorporation of nitrogen by and numbers of 
bacteria in soil samples from a white pine stand. Symbols bacteria in soil samples from an aspen stand. Symbols 
as in Fig. 1. as in Fig. 1. 
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it has been claimed that nitrogen fixation has 
been detected in mixed populations of oligoni- 
trophilic bacteria (9). 

The addition of glucose had a marked effect 
on the incorporation of nitrogen in the St. 
Bernard, Muck, and one of the La Pocatikre 
samples especially when incubated anaerobically. 
The pattern of response and the amounts of 
nitrogen fixed were similar to those reported 
earlier for these soils by Chang and Knowles 
(5). Glucose had no stimulatory effect in most of 
the forest soils. Delwiche and Wijler (6) also 
reported increased fixation when glucose was 
added to an aerobically incubated agricultural 
soil whereas Jensen (13) reported inconsistent 
effects of glucose addition. Reports for forest 
soils are lacking but some data obtained by 
Hiiser (12) suggest that addition of glucose to 
beech litter increased fixation especially under 
water-saturated conditions. 

The increased nitrogen fixation resulting 
from the addition of straw to waterlogged 
agricultural soils incubated aerobically is in 
agreement with findings of Jensen (1 3); of Rice, 
Paul, and Wetter (18); and of Barrow and Jen- 
kinson (2). In disagreement with the latter 
authors is the significant incorporation by the 
anaerobic waterlogged Muck soil in the pres- 
ence of straw. However, theirs was a Kjeldahl 
study, the results of which would reflect the 
resultant of nitrogen fixation and denitrification. 

In similar experiments by Dubber (7), a period 
in which nitrogen fixation was dominant was 
followed by a period in which denitrification 
was the dominant activity. In the present study 
the inconsistent effect of the addition of litter to 
forest soils may perhaps be attributed to vari- 
ations in availability of carbon and other 
nutrients in the litters used. 

The authors are not aware of any IsN study, 
other than that of Chang and Knowles ( 9 ,  on 
both agricultural and forest soils incubated 
under aerobic and under anaerobic conditions. 
The present study of a wide range of soils shows 
that, regardless of moisture conditions and 
additives, the incorporation of 15N2 is in most 
cases greater under anaerobic conditions. It is - 
often argued that under anaerobic conditions 
both the rate of liberation of low molecular 
weight energy substrates and the efficiency of 
their use by nitrogen fixers must be low (2) so 
that anaerobic fixation could not be great. 
However, it may be that a much more intense 
competition for energy substrates exists in 
aerobic conditions (17) and that this becomes a 
factor of overriding importance. 

Rough calculations showed that the nitrogen 
incorporation data represented a fixation of 
commonly 10-50 kg N /ha per year and occasion- 
ally of as much as 200 kg N/ha per year. This 
paper thus provides further evidence that in 
many natural and other ecosystems the accretion 

TABLE I1 
Nitrogen incorporation (ranges of observed values from Figs. 1-5) calculated on an area basis* 

Profile considered Calculated N fixed in field 

For profile 
Depth, Dry weight, Per horizon, considered, 

Sample cm kg/ha kglha yr kglha yr 

St. Bernard s.-1. 
Muck 
La Pocatikre 
M a ~ l e  mull L 3.95X103 (0'.05l - 0.15 

Beech moder L- 2 3 . 4 6 ~  103 (0.001)- 0.02 i0.001)- 0.02 
Black spruce L 5.5X103t (0.07)- 1.5 

Fi + Fz 10 140 x103T (0.9) - 1 7  (0.97) - 18.5 
Aspen L 5.7 XIO~ 0.31 - 0.62 

F 10.2 XIO~ (0.29) - 1.83 

'Profile weishis were obtained and calculation of nitrogen fired was made as previously described (14). 
?The minimum values shown in parentheses could not be considered as showing significant nitrogen incorporation. 
:Data from Dr. G. F. Weetman (unpublished data). 
NOTE: Vhlues in mg N fired Ig dry wt. per 28 days a t  25 "C from Fip. 1-5 can be converted to kg N fired /haper 28days 

by using the dry w e i ~ h t  in kg /ha  from column 3 In the above table. 
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of nitrogen through non-symbiotic fixation can 
be of considerable significance. 
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