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In this study we measured changes in population levels of free-living N2-fixing bacteria in the root zones of
potted Bouteloua eriopoda and Sporobolusflexuosus plants as well as the photosynthetic indices of the plants in
response to added nitrogen, added water, and added water plus nitrogen treatments. In addition, N2 fixer
population changes in response to added carbon source and nitrogen were measured in plant-free soil columns.
There were significant increases in the numbers of N2 fixers associated with both plant species in the water and
the water plus nitrogen treatments. Both treatments increased the photosynthetic index, suggesting that plant
exudates were driving N2 fixer population changes. Population increases were greatest in the water plus
nitrogen treatments, indicating that added nitrogen was synergistic with added water and suggesting that
nitrogen addition spared bacteria the metabolic cost of N2 fixation, allowing greater reproduction. Plant-fee
column studies demonstrated a synergistic carbon-nitrogen effect when carbon levels were limiting (low malate
addition) but not when carbon was abundant (high malate), further supporting this hypothesis. The results of
this study indicate the presence of N2 fixer populations which interact with plants and which may play a role
in the nitrogen balance of desert grasslands.

Nitrogen and water deficiencies are usually described as

the major limits to growth in desert and desert/grassland
ecosystems (24). Recent studies have emphasized the heter-
ogeneity of desert ecosystems and the importance of "is-
lands" of biological activity. These sites, usually centered
on shrubs, represent fertile islands where on-site primary
productivity is recycled through mineralization, organic mat-
ter from upslope or upwind is trapped and recycled, and the
biological community modifies the water status of the island
soils (1, 2, 5, 11, 12, 22).
Upland (bajada) grassland sites in the Chihuahuan Desert

do not have the advantage of much upslope or upwind
vegetation as the source of nutrient inputs and therefore
must rely on activities within site for nutrient uptake.
Ammonia-N levels in the grassland zone are 53% of those in
the shrubland and 11% of those in the downslope playa.
Nitrate-N levels are similar between the grassland and
shrubland but are 8.4% of those in the downslope playa (17).
Nevertheless, the bajada zone supports healthy stands of
perennial grasses, especially Bouteloua eriopoda (black
grama) and Sporobolus flexuosus (mesa dropseed).

Nitrogen inputs to the grassland zone can come from
recycling of above- and below-ground biomass, atmospheric
deposition, N2 fixation by cryptogamic crusts, or N2 fixation
by heterotrophic organisms in the root zone of the grasses
(23). The potential importance of root zone N2 fixation is
highlighted by the finding that the addition of water plus
nitrogen was no more effective in stimulating biomass pro-
duction by B. eniopoda than was the addition of water alone
(19), suggesting that nitrogen may be available as the result
of microbial activity in the root zone.
The goal of the present study was to assess the population

size of organisms with the potential to contribute nitrogen in
the root zone of upland desert grasses and to examine the

* Corresponding author. Electronic mail address: rpeter@nmsu.
edu

influence of water, nitrogen, and carbon energy on those
population levels.

MATERIALS AND METHODS

Site characteristics. Field studies and soil and plant collec-
tions were carried out on the Jornada Long Term Ecosystem
Research area 40 km NNE of Las Cruces, N.M. Specifically,
the site was located in bajada grassland at the base of
Summerford Mountain (RlE T21S, Sec. 35 NE 1/4, Dofia
Ana County, N.M.). Soil from this area is a Ustollic Hap-
largid (6) composed of 76% sand, 7% clay, 0.68% CaC03,
and 0.48% organic matter (25). Single-year chemical charac-
teristics include a pH of 7.02, 1.13 mg of ammonia-N kg-1,
and 0.57 mg of nitrate-N kg-1 (17). The average total
nitrogen for the bajada grassland is 46 mg kg-' (26). Vege-
tation is dominated by B. eriopoda (black grama) and S.
fle-xuosus (mesa dropseed).

Media. All isolations were carried out on an almost
nitrogen-free malate-mannitol medium (NF/MM), a modifi-
cation of Azospinillum semisolid nitrogen-free malate me-

dium (18). Composition of solid NF/MM was as follows (in
grams per liter): KH2PO4, 0.4; K2HPO4, 0.1; MgSO4, 0.097;
NaCl, 0.1; CaCl2, 0.0196; FeCl3. 6H20, 0.17; NaMoO4-
2H20, 0.002; yeast extract, 0.001; L-malic acid, 3.58; man-

nitol, 5.0; agar, 15. Medium pH was adjusted to 7.0 with
KOH prior to the addition of the agar. Liquid NF/MM for
nitrogen-free growth confirmation was made as above but
without the agar and yeast extract, to remove the major
sources of trace nitrogen.
Greenhouse studies. For greenhouse pot studies, 28 plants

each of B. eriopoda and S. flexuosus were transferred
individually into 1-gallon (3.8-liter) plastic pots in the field
and returned to the greenhouse. Plants were held in the
greenhouse for a period of 3 weeks prior to the start of
experimental studies. Pots with healthy plants (24 from each
species) were numbered, set out in a four-by-six grid on the
greenhouse bench, and randomly assigned to one of the four

treatment groups. The control group received 60 ml of water
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three times weekly; the nitrogen-amended group received 60
ml of water containing 0.1 g of NH4NO3 liter-'; the water-
amended group received 180 ml of water three times weekly;
and the water plus nitrogen group received 180 ml of water
containing 0.033 g of NH4NO3 liter-'. The watering rate for
the control and nitrogen-amended groups was equivalent to
a rainfall of 10 mm week-', whereas the water-amended and
water plus nitrogen groups received the equivalent of 30 mm
week-. Application rates of NH4NO3 were the equivalent
of 2 g m-. All water additions were made by pouring the
measured volume evenly over the soil surface. Soil cores (1
cm by 10 cm, at the plant crown edge) for measurements of
free-living N2 fixer populations were taken just prior to
treatment (day zero) and after 8 and 14 days of treatment.
Soil without plants (eight pots) was obtained from the same

general location as the plants, returned to the greenhouse,
and assigned to treatment groups as above. Soil cores for
measurement of free-living N2 fixer populations were taken
from these pots immediately (day zero) and after 14 days of
treatment.
Column studies. A series of 24 polyvinyl chloride columns

(7.5 by 30 cm) were filled with bajada zone soil, watered
periodically for 2 weeks to allow the soil to settle to a
consistent level about 6 cm below the top of the column,
numbered, sampled for N2 fixer numbers, and randomly
assigned to one of six groups; control, nitrogen only, low
malate, high malate, low malate plus nitrogen, and high
malate plus nitrogen. Control columns received 60 ml of
water three times weekly. Treated columns received 60 ml of
water three times weekly with additions at the following
rates: nitrogen at 0.1 g of NH4NO3 liter-1, and DL-malic acid
at 0.015 g liter-1 for low malate and 0.15 g liter-' for high
malate. Soil cores were removed at intervals over a period of
3 months.

Isolations. Pot and column soil cores were removed by
using an alcohol flame-disinfected cork borer (1 by 10 cm).
The entire core was aseptically transferred to a plastic bag
and returned to the laboratory for processing within 30 min.
Cores were manually broken and mixed in their plastic

bags. Two 1-g samples per pot core and one per column core
were aseptically weighed and transferred to dilution bottles
containing 100 ml of sterile deionized water. Bottles were
allowed to stand for 15 min and then shaken manually for 15
s. Two dilution series were made per bottle onto solid
NF/MM. Final dilutions ranged from 104-fold to 107-fold.
Soil samples were weighed, dried for 24 h at 105°C, and
reweighed to calculate percent moisture. Plates were incu-
bated in snap-lid plastic tubs for 5 days at room temperature
(-22°C). Colonies were counted after the incubation. Obvi-
ously filamentous colonies were ignored, and plates ob-
scured by fungal growth or with large zones of inhibition
surrounding fungal colonies were discarded. In no case were

enough plates discarded to have an effect on the statistical
analysis. Data were expressed as CFU per gram of dry soil.
PO2 values in the snap-lid containers were periodically

monitored with an Applied Electronics S3A Oxygen ana-
lyzer. The P02 dropped from ambient levels to about 95
mmHg during the incubation, levels comparable to those
measured in freshly made candle jars.

Photosynthesis measurements. Photosynthetic activity of
healthy leaf tissue from greenhouse-grown plants was esti-
mated by measuring CO2 flux with a LiCor LI6200 portable
photosynthesis system fitted with the 0.25-liter cuvette. Leaf
areas were measured by using a video imaging digitizer, and
photosynthesis was calculated as micromoles of CO2 de-
pleted per second per square meter. The proportion of leaf

tissue which was photosynthetically active was estimated to
the nearest 5% at each measurement period. Photosynthesis
data were collected within 1 day of each microbiological
sampling. At the end of the 2-week experiment, plants were
harvested and divided into green and nongreen tissue. Total
plant dry weights were measured. A photosynthetic index
for each pot was calculated as the product of proportion of
photosynthetically active tissue x total plant weight x
photosynthetic rate.
ARA assay. Two separate measures, using acetylene re-

duction activity (ARA), were carried out to confirm that
colonies growing on the isolation plates on NF/MM in closed
boxes did represent N2 fixers. In the first, 20 isolation plates
with 80 to 150 colonies per plate were selected at random
from the plates enumerated during the column study. All
colonies were counted and separated into groups on the
basis of colony morphology. Colonies were picked propor-
tional to the relative abundance of their morphology (more
than 50%, had 50 colonies screened from the 20 plates; more
than 3% but fewer than 50% had 10 colonies; and fewer than
3% had 5 colonies). Picked colonies were cut from the plate,
placed in 1 ml of liquid NF/MM in 10-ml serum bottle under
an atmosphere of 10% (vol/vol) acetylene, and incubated for
60 h at room temperature. The headspace was sampled with
a gastight syringe, and acetylene reduction was measured by
gas chromatography. The 60-h incubation was chosen be-
cause, although it is not optimal for all isolates, it was the
incubation time which provided the best comparative data.

In the second test, 12 soil samples were split. Half the
sample was processed for counting as described above. A
3-g (wet weight) sample of the other half was placed in a
10-ml serum vile, flooded with 2 ml of NF/MM liquid
medium, gassed with 100 nmol of acetylene, and incubated
at room temperature for 60 h. The headspace was sampled
and analyzed for acetylene reduction by gas chromatogra-
phy. Acetylene reduction activity was plotted against nitro-
gen fixer number as calculated by dilution plating.
Gas chromatography was carried out with a Hewlett

Packard 5710A gas chromatograph with a Porapak N column
(2 m by 1/8 in. [0.32 cm]). The N2 carrier gas flow rate was
40 ml min-'. Isothermal runs were carried out at 80°C. The
injector port temperature was 80°C, and the flame ionization
detector temperature was maintained at 250°C. Data were
collected on a Hewlett Packard 3390A integrating recorder.

Statistics. All data were analyzed by analysis of variance
(ANOVA) and multivariate ANOVA (MANOVA) using
SAS General Liner Models Procedures (16). Data on figures
are displayed as means + standard errors of the mean
(SEM). Groups were considered significantly different when
P < 0.05.

RESULTS

Colonies isolated after plating on NF/MM routinely fell
into one of 10 colony types. In validation studies, 4 of the 10
colony types tested positive for acetylene reduction activity
(ARA). In three colony types all members were positive, and
in the fourth 66% tested positive. Positive colonies were
calculated to represent 76.8% of all colonies counted. The
results of these control studies are summarized in Table 1.
To determine whether there was a significant relationship

between N2-fixing ability and numbers as determined by
plate counts on NF/MM, we plotted N2-fixing ability (mea-
sured as ARA) against cell counts. The positive relationship
is described by the equationy = 3.28 x 10-7x + 1.29 x 10-2
with r2 = 0.81.
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TABLE 1. Properties of colonies selected from 20 nitrogen-free dilution plates

Colony % Relative No. of No. of % of Total no. of

typea No. Frequencyb abundancec colonies N2-fixing N2-fixing N2-fixing Cell descriptione
screened colonies colonies coloniesd

SW 975 0.95 50.8 50 33 66 33.5 g- rods -1.5 by 0.3 p.m
mw 271 0.70 14.1 10 10 100 14.1 g- rods -1.8 by 0.3 p.m
1w 305 0.60 15.9 10 10 100 15.9 g- rods -2.5 by 0.5 p.m
tf 256 0.25 13.3 10 10 100 13.3 g- rods -4.0 by 1.5 p.m
ma 76 0.35 4.0 10 0 0 0 g- rods -2.0 by 0.3 p.m
lm 11 0.25 0.6 5 0 0 0 g- rods -2.0 by 0.4 pLm
sm 3 0.10 0.2 5 0 0 0 g- rods -1.0 by 0.3 p.m
am 7 0.20 0.4 5 0 0 0 g- rods -1.5 by 0.3 p.m
ye 11 0.30 0.6 5 0 0 0 g- rods -2.0 by 0.5 p.m
dk 6 0.25 0.3 5 0 0 0 g- rods -2.0 by 0.3 p.m

Total 1,921 100.2 115 63 54.7 76.8

a Colony types: sw, small white; mw, medium white; lw, large white; tf, translucent/opalescent flat and darkening with age; ma, irregular flat white; lm, large
mucoid; sm, small mucoid; am, amber; ye, yellow; dk, dark brownish black.

b Number of plates on which colony type appeared/20.
c (Number of colonies of type/1,921) x 100.
d Unrounded relative abundance x percentage screened positive for colony type.
eg-, gram negative.

Plant-photosynthetic status and nitrogen addition influ-
enced the population of free-living N2 fixers in pots contain-
ing either B. eriopoda or S. fle-xuosus. Figure 1 shows the
effect of added nitrogen, added water, and added water plus
nitrogen on the photosynthetic index (Fig. 1B) and free-
living N2 fixer populations (Fig. 1A) associated with B.
enopoda. There were no initial differences in photosynthetic
index among the treatment groups. By day 8, the photosyn-

thetic indices for the water-amended (W) and the water- plus
nitrogen-amended (B) treatments were significantly higher
than for either the control (C) or nitrogen-amended (N)
group. This difference persisted, although at a much lower
level, at day 14. At this time point, plants were showing signs
of postflowering senescence. As with the photosynthetic
index, there were no initial differences in numbers of free-
living nitrogen fixers. By day 8, numbers in the water- plus

C N W B
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Day 8
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B C N W B
Day 14

FIG. 1. Effects of no addition (C), added nitrogen (N), added water (W), and added water plus nitrogen (B) on population levels of
organisms (CFU per gram of dry soil) capable of growing on nitrogen-free medium from the root zone of pots containing B. eriopoda (panel
A) and on the photosynthetic index of B. enopoda plants (panel B) (n = 6 for each treatment). Population values are means of 20 to 24
determinations + SEM. Bars within a sample period marked by the same letter are not significantly different (P < 0.05).
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FIG. 2. Effects of no addition (C), added nitrogen (N), added water (W), and added water plus nitrogen (B) on population levels of
organisms (CFU per gram of dry soil) capable of growing on nitrogen-free medium from the root zone of pots containing S. flexuosus (panel
A) and on the photosynthetic index of S. flexuosus plants (panel B) (n = 6 for each treatment). Population values are means of 20 to 24
determinations + SEM. Bars within a sample period marked by the same letter are not significantly different (P < 0.05).

nitrogen-amended group (B) were larger than for all other
treatments and the numbers of free-living N2 fixers in the
water-amended group (W) were significantly larger than the
control (C) and nitrogen-amended (N) groups. The clear
pattern disappeared by day 14, at which time the values for
the control, nitrogen-amended, and water-amended groups
were indistinguishable. The water plus nitrogen treatment
led to population numbers larger than those for the control
and the water treatments but was indistinguishable from the
nitrogen-only treatment.

Figure 2 shows the results of the same treatments on the
photosynthetic index and nitrogen fixer population levels
associated with the pots containing S. flexuosus. As with B.
eriopoda, the only differences in photosynthetic index were
in the day 8 W and B groups, which were associated with
significantly higher indices than were all other samples.
There were small but significant differences in population
levels among the treatment groups in the initial sample. The
same pattern as seen with B. eriopoda emerged on day 8 for
S. flexuosus. The population levels in the C and N groups
were the same and were lower than in the W group.

Populations in the B group were higher than in the three
other groups. As before, the strong pattern disappeared in
the day 14 samples, with the populations remaining slightly
higher in the B group than in the C, N, and W groups.

To determine whether the treatments alone, in the absence
of plants, would influence N2 fixer population levels, we

treated a series of plantless pots as described above. There
were no differences in the initial populations prior to any water
or nitrogen additions. After 2 weeks of watering with the same
treatments as above, the cell numbers in all pots increased to
an equal extent, -2.3-fold. The numbers in the watered,

plant-free soil were smaller than the initial values in the B.
eriopoda controls (1.1 x 106 and 2.8 x 106, respectively).
The results of the plant experiments suggested that carbon

energy sources leaked from roots stimulates the number of
free-living N2 fixers and that the addition of N potentiated
this effect. Column experiments carried out in the absence of
plant roots examined the effect of high and low carbon
source additions (as malate) on free-living N2-fixing organ-
ism numbers in the presence and absence of added N. The
numbers of free-living N2 fixers increased to significantly
elevated levels in the high-malate treatment groups. The
increase was the same in the presence or absence of added N
(Fig. 3A). In the low carbon source addition treatments,
populations were significantly elevated over controls. Popu-
lations were increased to a significantly greater degree when
both low levels of malate and N were added to the soils (Fig.
3B). The addition of N in the absence of an exogenous
carbon source resulted in no significant difference from
control populations (Fig. 3C).

DISCUSSION

The effect of added nitrogen on overall bacterial numbers
in the rhizosphere or root surface zone has yielded conflict-
ing results, with some authors finding increases (4, 10, 14,
21) and others finding no change or decreases (13, 20). Still
other studies have shown a strong dependence of the re-
sponse on plant age (7). The results for free-living N2 fixers
are similarly contradictory (4, 9, 27).

In our studies, the addition of nitrogen without extra water
had little effect on the root-associated population of micro-
organisms able to grow on nitrogen-free medium. Similarly,
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FIG. 3. Effect of carbon source and nitrogen addition on population levels of organisms (CFU per gram of dry soil) capable of growing on

nitrogen-free medium isolated from soil columns. In all cases, each point represents the mean ± SEM of duplicate determinations for four
columns. (A) Symbols: *, no addition; 0, addition of a high concentration of carbon source (0.15 g of malate liter-'); *, addition of a high
concentration of carbon source plus nitrogen. (B) Symbols: 0, no addition; 0, addition of a low concentration of carbon source (0.015 g of
malate liter-'); M, addition of a high concentration of carbon source plus nitrogen. (C) Symbols: 0, no addition; *, addition of nitrogen alone.

Kolb and Martin reported that nitrogen additions did not
stimulate, and frequently decreased, the absolute or relative
abundance of root-associated free-living N2 fixers from
temperate grassland soils (4). They suggest that N2 fixers
may be poor competitors with general heterotrophs for
added resources.
Root exudation of photosynthate (15) may be responsible

for the observed increases in microbial populations associated
with roots. Although the proportion of photosynthate actually
leaked is highly variable (11) and depends on the growth stage
and nutritional state of the plant, exudates can represent as
much as 66% of the dry weight increase of roots (7). In our
study, the addition of water (treatment W) resulted in signif-
icant population increases and the addition of water plus
nitrogen (treatment B) caused greater increases than did the
addition ofwater alone. Photosynthesis-driven root exudation
could explain these increases in N2 fixer population. This
hypothesis is supported by the change in N2 fixer populations
and photosynthetic indices at day 14 in both grass species.
When the photosynthetic index decreased at day 14 of the W
and B treatments, the N2 fixer population levels associated
with these plants decreased as well. The observed decrease of
photosynthesis is associated with the onset of postflowering
senescence in the experimental plants. The observation that
numbers of N2 fixers decrease with plant senescence is
consistent with data which show a decrease in acetylene
reduction with the onset of flowering in soil from potted B.
eriopoda plants collected from the same field site (3).
The difference in the increases in N2 fixer populations

between the water and the water plus N treatments has at
least two possible explanations. The first is that the removal
of the need to fix nitrogen allows the N2 fixer cells to devote

a larger portion of the increased carbon source availability to
cell reproduction. Even if competition of generalist heterotro-
phs suppresses the proportion of N2 fixers in the total popu-
lation (4), the added N may allow an absolute increase in N2
fixer numbers. The second major possibility is that the plants
themselves may be allocating more carbon to the roots in
treatment B than in treatment C. Wheat plants grown at high
nitrogen levels release more 14 C-labeled exudates from their
roots than do plants grown at low nitrogen levels (8).
Although additional allocation of carbon to roots in the

presence of nitrogen may play a role in the plants treated
with water plus nitrogen, it appears that data from the
column studies support the hypothesis that "metabolic cost
savings" resulting from added nitrogen is largely responsible
for increases in numbers of free-living N2 fixers. Population
response patterns in the low-carbon groups, in which carbon
is potentially limiting, mimic the pattern found in the pots
that contain plants. There are significantly greater numbers
of free-living N2 fixers in the low-carbon-source group over
controls, and this response is significantly increased with the
addition of nitrogen (Fig. 3B). Any cost saving would be
most strongly reflected by population increases when carbon
energy is limited. This hypothesis is further supported by the
lack of difference in numbers during treatments when carbon
might not be limiting growth (Fig. 3A). That carbon is not
limiting in the high-carbohydrate treatment is suggested,
although not proved, by the relatively small difference
(twofold) in numbers between the high-carbon plus nitrogen
group and the low-carbon plus nitrogen group resulting from
a 10-fold difference in carbon addition levels.

Significant time x treatment interactions in the MANOVA
of the column populations indicated that populations were

VOL. 59, 1993
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changing from their initial levels in response to treatment for
the first four to six sampling periods, depending on the
treatment. The lack of significant time x treatment interac-
tions after this point suggested that the populations had
equilibrated in response to treatment.
Not all putative nitrogen fixers enumerated in this study

were, in fact, nitrogen fixers. Some organisms were capable
of scavenging the limited quantities of nitrogen in the agar
and yeast extract. The four colony types which represented
94.1% of the colonies counted contained isolates with dem-
onstrated ARA as a measure of nitrogen fixing ability. Three
of the four colony types were made up entirely of nitrogen
fixers, whereas 66% of the isolates in the fourth colony type
demonstrated ARA. The remaining six colony types clearly
contained organisms with extremely efficient nitrogen up-
take. Our calculation that 76.8% of the screened isolates
represent true fixers suggests that the numbers of free-living
N2 fixers presented in this study are probably overestimated
by 25 to 30% (Table 1). The relatively good yield of small
gram-negative enteric-appearing rods which were capable of
fixing nitrogen was probably due to the reduced 02 tension in
the snap-lid tubs in which they were incubated. It is also
clear that the counts obtained are positively correlated with
the N2-fixing potential of field-collected soils.
The results of this study demonstrate that organisms capa-

ble of utilizing atmospheric N2 as their sole nitrogen source
exist in soils associated with B. eriopoda and S. flexuosus in
desert bajada grasslands. They also show that N2 fixer popu-
lations fluctuate in response to the photosynthetic status of
their associated plants and the nitrogen and carbon levels in
the soil. This association suggests the possibility that nitrogen
fixation by free-living N2 fixers and/or the mineralization of
dead N2 fixers makes a significant contribution to the nitrogen
balance of desert grassland communities.
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