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Summary

The ratio of nitrate/ammonium in the soil decreases from a high
level in the early stages of old field succession to a low level in the
climax in the tall grass prairie region of central Oklahoma. Character-
istic plant species from different stages of succession were grown in
culture solutions where the total nitrogen content was held constant,
but the form varied from nitrate only to ammonium only. The nitrate
reductase activity of leaves and roots was measured in vivo. The
results indicated that four pioneer species had relatively high levels
of enzyme activity while four climax species had relatively low levels.
Nitrate reductase activity was consistently higher in either the leaves
or tine roots of a spacies than in the other organ regardless of the
nitrogen treatment. Enzyme activity gensrally decreased with decreasing
nitrate concentrations, but seven cases were found where there were no
significant differences in enzyme activity between any of the nitrogen
treatments. All eight species had their highest shoot dry weights on

the ammonium only treatment.

Introduction

Bootn (1941) reported that secondary succession in abandoned
fields in the tall grass prairie region of southeastern Kansas and
central Oklahoma has four prominent stages of revegetation: (1) the
pioneer weed stage which lasts 2-3 years, (2) the annual grass stage
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lasting 9-13 years, (3) the bunch grass stage lasting 40 years or more,
and (4) the climax tall grass prairie. The change in species composition
during this succession has been of particular interest. Some species

such as Helianthus annuus and Ambrosia trifida are found only in the

recently abandoned fields, while others such as Sorghastrum nutans and

Panicum virgatum are found only in the climax prairie. The mechanisms

involved in the changes in composition of species during old field
succession in central QOklahoma have been extensively investigated. The
seed dispersal and mineral nutrition requirements of the species change
during succession (Rice et al., 1960). Allelopathic effects of the
pioneer weeds are important in the rapid disappearance of the pioneer
weed stage {Abdul-Yahab and Rice, 1967; Neill and Rice, 1971; Paranti
and Rice, 1969; Rice, 1976; Yilson and Rice, 1958) and also in tha
early inhibition of nitrogen fization (Kapustka and Rice, 1976; Rice,

1964, Rice, 1968). Aristida oligantha is allelopathic to the nitrogen-

fixing bacteria and species from several stages are allelopathic to
nitrogen-fixing bluegreen algae (Parks and Rice, 1969). Species from
several stages are also inhibitory to the nitrifiers (Rice and Pancholy,
1972; 1973; 1974) with the climax species being the most inhibitory.

Rice and Pancholy (1972) found that the concentration of ammonium
nitrogen increased from a low value in the pioneer weed stage to a high
value in the climax, whereas the concentration of nitrate nitrogen
decreased Trom a nigh vaiue in the pioneer weed stage to a very low value
in the climax. They also found that the number of nitrifiers was high
in the pioneer weed stage but was Tow in the climax. They hypothesized

that the soil under the climax vegetation was low in nitrate due.to an
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inhibition of nitrification by the climax plant species. This was
thought to be a Togical successional developement of ecosystems as a
result of the increased conservation of nitrogen and the reduced
energetic cost to incorporate ammonium instead of nitrate.

The result of the inhibition of nitrification would be a shift in
form of nitrogen during the succession. Pioneer species would have
mostly nitrate available to them while the climax species would have
mainly ammonium. The utilization of a particular nitrogen form by a
species has been reported previously. Scme species of conifers grow
best on nitrate (Krajina et al., 1973), others on ammonium (Bigg and
Daniel, 1978; McFee and Stone, 1968), and still others on a mixture of
both forms (Addoms, 1937; Yan Den Driessche, 1971). Brassica hirta

grows bast on nitrate alone (Kirkby, 1968) but Vaccinium macrocarpon is

unable to survive on nitrate and requires ammonium (Greidanus et al.,
1972). Other species are reported to be able to use a mixture of the
two forms (Haynes and Goh, 1978; loris and Giddens, 1963; Schrader et
al., 1972). Gigon and Rorison (1972) reported that some ecologically
distinct species respond best to the nitrogen form which is available
in their particular habitat. Calcifuge species grew best on ammonium while
calcareous species grew best on nitrate. They also found that populations

of Scabiosa columbaria which grows an both soil types had become adapted

to the nitrogen form of tne habitat. Seedlings grown from seeds of the
calcifuge population grew best on ammonium whereas seedlings grown from
seeds of the calcareous population grew best on nitrate. Reports of a

change in preference in the form of nitrogen across several successional

stages are relatively few. However, Wiltshire (1973) reported that
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climax grasses showed a greater preference for ammonium than did
earlier seral species or crop cultivars,

Species that are adapted to a particular successional stage must
be adapted to the nitrogen form available to them. In particular, the
enzymatic systems for absorbing and incorporating nitrogen should
reflect the form of nitrogen used. Nitrate reductase (henceforth
labeled NR) is the enzyme involved in the first step of the reduction
of nitrate into a form that a plant can use (Beevers and Hageman,
1980). This enzyme controls the ability of a plant to use nitrate as a
nitrogen source. Species that use mostly nitrate as their nitrogen
source should have relatively high levels of nitrate reductase activity
(henceforth labzled NRA). Species that use mostly ammonium as their
nitrcgen source should nave relatively Tcw Tevels of MRA.

Havill et al. (1974) reported that calcavecus species showed high
levels of NRA. Calcifuge species (mostly members of the Ericaceae)
showed no NRA in the field. They were able to demonstrate low levels
of NRA in calcifuge species under laboratory conditions, but only after
feeding the plants nitrate. Studies that correlate the NRA of a species
with its successional stage are few. Bate and Heelas (1975) reported

that Sporobolus pyramidalis, a pioneer grass, had relatively high

levels of NRA while Hyparrhenia filipendula, a climax grass, had

relatively low levels of NRA. Franz and Haines (1977) reported that
the NRA of vascular piants decreased during an oid field to forest
succession in South Carolina.

To date, no studies nave been reported correlating the NRA of a

species with its successional stage in the tall grass prairie region.
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I hypothesized that the pioneer species in the tall grass prairie
region should be adapted to nitrate as their primary nitrogen source
and have relatively high levels of NRA. Climax species should be
adapted to ammonium as their primary nitrogen source and should have
relatively Tow levels of NRA. One goal of this study, therefore, was
to determine if the NRA of a species depends on the successional stage
in which the species occurs. Another goal was to determine the growth
responses of species from the different successional stages to various

ratios of nitrate to ammonium.

tlethods and Materials

1. Growth of the plants

Eight species were used in the study. Seeds of two species from

the pioneer weed stage (Ambrosia trifida L. and Helianthus annuus L.),

one species from the annual grass stage (Aristida oligantha Michx.), and

three climax species (Panicum virgatum L., Schizachyrium scoparium

Nash., and Sorghastrum nutans (L.) Nash.) were collected in 1979 in the

Norman, Oklahoma area. Representative specimens for each seed source
are deposited in the Bebb Herbarium at the University of Oklahoma

(OKL}. Seeds for ine pioneer species, Bromus japonicus Thunb., had

been previously collected in the spring of 1978. Seeds collected

Tocally for Andropogon gerardii Vitman failed to germinate, therefore
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seeds from a non-local source were substituted in order that all four
dominant grass species of the climax prairie could be tested. Seeds
were stratified if necessary and germinated in plastic petri dishes on
one sheet of Whatman No. 1 filter paper. The seedlings were
transplanted into vermiculite in glazed ceramic pots, 12 cm in diameter
and 20 cm deep. Planting densities of the seedlings were: 1 plant/pot

(Helianthus annuus), 2 plants/pot (Ambrosia trifida), or 3 plants/pot

(all grass species). Seedlings that died within the first 10 days
after transplanting were replaced. The pots were then placed in a
growth chamber immediately after transplanting. The growing conditions
were: 28°C day/20°C night with a 16 hr 1light/8 hr dark photoperiod.

Ambrosia trifida and Helianthus annuus ware grown for ten weeks and all

the grass species were grown for 2ight weseks before the determination
of NRA.

The nitrogen treatments used were based on a modified Evan's
minus-N solution (Moore, 1974). The final concentrations of the
mineral salts used were: Ca504— 6 mi, MgSO4- 2 mM, K2504- 1.6 mM,
KH2P0

- 0.17 mM, KZHPO - 0.83 mM, HBO3- 23 M, MnC]Z- 5 uM,

4 4
ZnSO4- 0.76 pM, CusO,- 0.32 pM, CoS04- 0.35 pM, and H2M004- 0.28 pM.
Iron was added at a 50 pM concentration as iron chelated with ethylene-
diaminetetraacetic acid. Nitrogen was given as Ca(NO3)2 or NH4C1 with
a total nitrate and/or ammonium concentration of 0.33 mM. Calcium

2 content. The

chloride was added as necessary to balance the ca”
nitrogeﬁ form was varied so that a nitrogen treatment contained either
nitrate only, a 2:1 ratio of nitrate/ammonium, a 1:2 ratio of

nitrate/ammonium, or ammonium only., There were 10 replicate pots per
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nitrogen treatment. I found in preliminary experiuients that ammonium
concentrations higher than 0.33 mM caused toxicity. Consequently, the
nitrate/ammonium concentrations were maintained below this level. The
total nitrogen concentration used here was approximately twice that
reported in the soil by Rice and Pancholy (1972), but it was still in
an ecologically meaningful range. No apparent ammonium toxicity was
observed at the 0.33 mM nitrogen content. Maintaining the pH of the
nutrient solutions is important (Barker et al., 1966; Karim and Vlamis,
1962) and the pH of the solutions was adjusted to 6.0 by the addition
of NaOH or HC1 before the nutrient solution was given to the plants.
Each pot was given 100 m1 of a nutrient solution three times a week for
the first four weeks after transnianting, then five times a wesk Tor

the remaindar of tr

e growing pericd. Distillad water was given as
nacessary to prevent desiccation. The pots were flooded on two consecutive
days per week to prevent pH shifting and accumulation of the mineral

salts. Spot checks of the pH of pot exudates indicated tnat the pH was

6.0 = 0.1. N-serve 24E {2-chloro-6-(trichloromethyl)pyridine, Dow

Chemical Co.) was added at a rate of 0.1 m1/1 nutrient solution once

per week to inhibit the oxidation of ammonium to nitrate by nitrifying

bacteria {Goring, 1962a; 1962b).

2. Enzyme assay

A modified in vivo assay system for NRA was used (Klepper et al.,

19713 Jaworski, 1971). A series of preliminary experiments were run
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for each species on the roots and leaves of plants grown in nitrate
only. These experiments were designed to maximize NRA by finding the
optimal combinations of phosphate buffer, substrate (KN03), incubation
time length, and n-propanol for the incubation. The pH of the incubation
medium was held at 7.5 (Kannangara and Woolhouse, 1967). The optimal
combination of variables determined for the leaves and roots of each
species was then used in the incubation for determining the NRA of that
organ for all nitrogen treatments. The incubations were conducted two
to three hours after the light period had started in order to maximize
the NRA (Duke et al., 1978). The leaves were prepared for incubation
by removing the uppermost expanded Teaves from each plant in the pot
(Chu 2t al., 1980; Hallam and Blackwood, 1979; Peirson and Elliott,

1981). The leaves of Helianthus annuus and Ambrosia trifida were cut

into 1 cm2 pieces and the Teaves of the grasses were cut into pieces
approximately 1 cm long. The leaf segments for each pot were pooled
and kept on ice. The roots were prepared by washing them free of
vermiculite, then cutting them into 1 cm long pieces. The root segments
from each pot were then pooled and kept on ice. The incubations were
conducted in foil-wrapped two dram vials. The incubation medium (minus
n-propanol) had been previously added to the vials and chilled to 59¢
12 hr before the incubations. Approximately 0.2-0.5 g fresh weight of
the segments was added to a vial. It was found that larger samples
were sometimes necessary to accurately measure the NRA in species that
had Tow levels of activity. WN-propanol was added after the segments
had been placed in the vials. It was found tnat high levels (10%v/v)

were necessary in order to wet and sink the leaf segments of some of
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the grass species when the n-propanol was added to the incubation
medium prior to addition of the sample. These high levels of n-propanol
caused an interference in the detemmination of nitrite by allowing the
leaching of some substance into the incubation medium that absorbed at
540 nm. Adding the n-propanol as a pulse after the segments had been
placed in the vials allowed for the thorough wetting and sinking of the
sample at lower n-propanol concentrations (2-5%v/v) and avoided the
interference problem. The roots and leaves of the plants from each pot
were tested in triplicate. The vials were sealed and were incubated in
a water bath at 30°C. At the end of the incubation period, a 0.4 ml
sample was withdrawn from each vial. Color formation for nitrite
determination was obtained by adding 0.3 ml of a 1% sulfanilamide

reagent and 0.3 mi of a 0.02% M-naphthylathylene diamine HC1 solution.

-

The sampla was diluted to 5 ml with distilled water and absorption was
measured at 540 nm. The amount of nitrite present was computed from a
standard curve generated the day of the test. The tissue was removed
from the incubation medium, rinsed twice with distilled water, and

dried at 80°C for 24 hr. The dry weight of the sample was obtained and
the NRA was calculated as uM N02/g dry wt/hr. The NRA was calculated

on a dry weight rather than a fresh weight basis because of the differing
water content of the organs within a species and between species. The
data were found to be heterogenous; therefore, a log transformation was
made before a nested Analysis of Variance (ANOVA) was calculated. The
triplicate readings for the Teaves or roots of the plants from each pot
were nested within each replicate pot of a nitrogen treatment. Differences

between means were determined by a Student-Newman-Keuls test. The
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total shoot material per pot was saved and dried for 48 hr at 80°C, and
the shoot dry weights were recorded. The shoot data were analyzed by

ANOVA and differences between means were determined as before.

Results

The preliminary experiments to obtain the incubation conditions
for maximal NRA were necessary. The NRA could vary significantly
depending on the combination of conditions used (Table 1). The incubation
conditions that ware used in the determination of NRA for the roots and
leavas of eacn spacies are given in Table 2, The optimal concentration
of phesphate buffer and substrate was found to vary between tha roots
and Teaves within a species and between species. The time required for
a steady state of HRA was the same for both organs of the species, with

the exception of Bromus japonicus and Andropogon gerardii, where the

roots required less time than the leaves. There did not appear to be
any correlation between the optimal incubation conditions and the
successional stage of a species.

Both organs of each species tested showed some MRA. The amount of
the activity varied between the roots and leaves, with one organ in a
given species consistently showing higher NRA than the other under all
nitrogen treatments. Wallace and Pate (1965; 1967) and Oghoghorie and
Pate (1972) categorized plants based on the organ of highest NRA. Five

species were found to resemble Xanthium pennsylvanicum by having most
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of their NRA in the leaves (Table 3) and three species were found to
resemble Pisum arvense by having most of their NRA in the roots (Table
4). There was no apparent correlation between the organ with the
highest NRA and the successional stage of the species.
The NRA of the leaves of the leaf-high pioneer species Ambrosia

trifida, Aristida oligantha, and Helianthus annuus was always signifi-

cantly higher (<X=.01) than that of the leaves of the climax species

Andropogon gerardii and Panicum virgatum, regardless of the nitrogen

treatment (Table 3). The same pattern occurred in the roots except in

the ammonium only treatment, where Helianthus annuus and Andropogon

gerardii were not different. There were also some significant differences
between tha }MRA of the leaves and of the roots within tha pioneer

spacies and the climax species for one or wmore of the nitrcgen treatments.
The root-high species (Table 4) showed a similar correlation between

the successional stage and NRA. The pioneer species, Bromus japonicus,

was always significantly higher (cx=.01) in NRA thdn the two climax

species Sorghastrum nutans and Schizachyrium scoparium, regardless of

the organ or nitrogen treatment. Sorghastrum nutans was also always

nigher in NRA than Schizachyrium scoparium.

The pattern of NRA between nitrogen treatments for organs of a
species was variable (Table 5). In general, NRA decreased with decreasing
nitrate in the treatment. This was expected because NR is a substrate
induced enzyme (Beevers et al., 1965; Beevers and Hageman, 1969). In

some instances, such as Helianthus annuus leaves, the nitrate only,

2:1, and 1:2 treatments did not show any significant difference in NRA,

but all three treatments were significantly higher in NRA than the
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leaves from the ammonium only treatment. 1In cases such as Ambrosia
trifida roots, the NRAs of the 2:1 and 1:2 nitrogen treatments were not
significantly different from each other, but they were intermediate
between the NRA of the nitrate and ammonium only treatments. Sorghastrum

nutans and Schizachyrium scoparium roots showed a pattern of NRA in

which the nitrate only and 2:1 treatments grouped together, the 1:2
treatment was intermediate and the ammonium only treatment was significantly
Tess. Seven cases were found where there was no apparent inducibility

of the enzyme because there were no significant differences between any

of the nitrogen treatments. Four of these cases {Schizachyrium scoparium

leaves, Sorghastrum nutans leaves, Andropogon gerardii roots, and

Aristida oligantha roots) occurred in the organ that had the Towest NRA

for that spacies. Three cases (Panicum virgatum leavas, Ambrosia

trifida leavaes, and Bromus japonicus roots) occurred in the organ with

the highest NRA of that species. One of these cases was re-examined

(Bromus japonicus roots) in an attempt to discover why the enzyme was

apparently not inducible. It was determined that four week old plants
did show substrate inducibility, but this ability was lost when the
plants were eight weeks old. A time plot of NRA during the incubation

of eight week old Bromus japonicus roots (Fig. 1) indicated that the

nitrate grown plants showed NRA almost immediately while the ammonium

grown plants showed a lag of 30-45 min before NRA could be detected.

The final NRA shown by the ammonium grown plants was somewhat less than

that of the nitrate grown plants, but the difference was not significant.
The shoot dry weights indicated a correlation between successional

stage and response to the nitrogen treatment (Table 6). All eight species
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attained their highest shoot dry weight with the ammonium only treatment.

Three of the pioneer species (Helianthus annuus, Aristida oligantha,

and Bromus japonicus) had no significant differences in shoot dry

weight between the nitrate only, 2:1, and 1:2 nitrogen treatments. The
shoot dry weight in the ammonium only treatment was significantly
higher than in any combination of nitrate/ammonium or nitrate only.

Ambrosia trifida had an increase in shoot dry weight with the shifting

of the nitrate/ammonium ratio from nitrate only to ammonium only. All
climax species had two groups of shoot dry weight response. The nitrate
only and the 2:1 treatments grouped together and the 1:2 and ammonium
only treatments grouped together. The all or mostly nitrate group had
a significantly lower snoot dry weignt than the all or mostly ammonium

group.

Discussion

The pattern of NRA was correlated with the successional stage of
the species as had been hypothesized. These results are in complete
agreement with the information obtained in other studies. Havill
et al. (1974) reported that ruderal plants had the highest NRA of any
species they tested. Both Bate and Heelas (1975) and Franz and Haines
(1977) reported that the pioneer species had high NRA while the climax
species had low NRA. The field NRA values obtained by Franz and Haines

viere very close to the values reported here. They found an average NRA
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of 47 uM N02/g dry wt/hr for the herbs in their old field stage 1, and
an average value between 1 and 2 uM NOz/g dry wt/hr for the leaves of
the climax tree species (personal communication).

It is difficult to make direct comparisons of the NRA values
reported in this study with other NRA values found in the literature.
Much of the literature information is based on seedlings of cultivated
plants grown at ecologically unrealistic levels of available nitrogen.
In some cases there was no indication as to whether preliminary tests
were made to maximize the NRA. For example, in contrast to my findings,

Weissman (1972) reported that Helianthus annuus had most of its NRA in

the roots and Tittle in the leaves. Also, no NRA was detected for

plants grown in ammonium only. He used 19 day o7d seadlings of cultivated

Helianthus annuus that were grown on 10 mM of NH,C1 or 10 mi KNO3, and

the enzyme analysis was done in vitre. Weissman (1964) also reported

that the shoot dry weight of Helianthus annuus seedlings was highest on

a mixture of nitrate and ammonium rather than on nitrate or ammonium
alone, It is difficult to make meaningful comparisons between our
results because of the difference in the methods and materials. The
ecological relativity of studies using cultivated species grown at high
nitrogen concentrations is questionable. One difference between the
studies might possibly be explained, however, on the basis that the
relative amounts of root and leaf NRA can shift from one organ to
another during a growing season (Van Berkum and Sloger, 1981; Yuan and
Shien, 1980).

The occurrence of NRA in both Teaves and roots of ammonium grown

plants for all eight species tested would appear to be contradictory to
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the induction of the enzyme by substrate. This also suggests that low
levels of constitutive enzyme are present and that induction increases
the NRA above this base level. Several studies have indicated, however,
that either NR or a NR precursor is present in ammonium grown plants
(Ferguson, 1969; Funkhouser and Ramadoss, 1980; Funkhouser et al.,
1980) or the plants have preformed messenger RNA for NR synthesis
(Hipkin and Syrett, 1977). Other workers have indicated that both
light (Jolly and Tolbert, 1978; Tischner and Htittermann, 1978) and
substrate (Pistorius et al., 1976) induction of NR involves the shift
of NR from an inactive to an active form. Orebamjo and Stewart (1975)
suggested that the shifting of inactive to active NR can be reversed
and may involve protein-protein interaction. They hypothasized that
inactivation of MR by an ammonium triggered protain would snable the
plant to use ammonium preferentially and prevent the energy expense of
reducing nitrate. Such an inhibitor could be removed when the ammonium
concentration falls below some threshold level, reactivating the NR.

Ferguson and Bollard (1969) reported that Spirodela oligorrhiza could

use ammonium preferentially when both ammonium and nitrate were present.
Littie nitrate was reduced until the ammonium had been removed from the
medium. Shen (1969) reported a similar response in rice seedlings, but
also found that the addition of ammonium shut down NRA and that the NRA
was resumed only when the ammonium was depleted. The lag phase abserved

in this study in the NRA of ammonium grown Bromus japonicus roots

suggests that this species may have an inactivated NR caused by the
presence of ammonium, but that the NR can be activated by the nitrate

in the incubation medium. This could explain why the NRA values for
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Bromus japonicus roots were not significantly different between the

nitrogen treatments. It is not known whether a similar situation exists
in the six other cases that did not show NR inducibility. In all seven
cases, one of the two organs showed inducibility by substrate while the
other organ did not. This suggests that at least one organ of each
species could change NRA in response to changing nitrate concentrations
while the other organ may not. Radin (1975) suggested that roots and
shoots of cotton plants responded differently to ammonium inhibition

and that each tissue might be under a different control system. Similar
differences in control systems could exist for the seven cases of
non-inducibility found here.

The ability o inhibit NR in order to utilize ammonium preferen-
tially could be very important ecologically. A plant could use ammonium
as the more efficient nitrcgen source when it is available and reduce
the energy expense of incorporating nitrogen into its metabolism. If
the ammonium should become depleted, the NR could be activated and
nitrate could be utilized, although at a greater energetic cost. The
shoot dry weight data showed that the pioneer and climax species differ
in their growth response to changing nitrate/ammonium ratios. Three of
the pioneer species had the same shoot dry weights regardless of the
nitrate/ammonium ratio. Their dry weights were increased significantly
solely in the presence of ammonium oniy. A1l four climax species had
tne same snoot dry weignt in the 1:2 or all ammonium treatments. Thus
they demonstrate a greater preference for ammonium than do the pioneer
species. The low levels of NR in the climax species may require lower

concentrations of ammonium for inactivation than the higher Tevels of
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NR in the pioneer species. This would enable the climax species to
inactiviate their NR at low ammonium concentrations and use ammonium
preferentially as their primary nitrogen source. Pioneer plants can
use ammonium for their nitrogen source, but it could take a higher
concentration of ammonium to inactivate their NR and allow them to
preferentially utilize ammonium. Because the soil of the pioneer stage
is low in ammonium, it would be a disadvantage for these species to
inactivate their NR and use ammonium as their primary nitrogen source.
Therefore, these species would need to have high NRA in order to reduce
and utilize the more abundant nitrate in order to meet their metabolic
nitrogen demands. The soil of the climax stage is higher in ammonium
than nitrate, therefore, the c¢limax spacies can inactivate their MR and
utilize ammonium oreferentially without suffering from nitrogen deficiency.
It would not be advantageous for them to produce NR and have hign NRA.
It should be noted that all four climax species grew perfectly well on
nitrate only, even though they have low levels of NRA. Thus, they can
obviously use nitrate if it is the only nitrogen source available to
them. This observation that these species can use nitrate indicates
that the Tow levels of NRA are not attributable to restricted uptake of
the nitrate. Therefore, the climax species resemble the NR-deficient
mutants reported by Warner and Kleinhofs (1981) in that they have low
Tevels of NRA but are still able to grow narmally on nitrate only. The
present study does not conclusiveiy prove the NR-active to NR-inactive
switch, but it does provide evidence that several factors may be involved

in obtaining and utilizing soil nitrogen.
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It is interesting to note that there is a significant difference
between the NRA of the species within each successional group of plants.
Part of the patterning observed in the pioneer and climax stage might
possibly be related to the NRA differences and the patchiness of nitrogen
in the soil.

Rice and Pancholy's (1972) hypothesis that climax vegetation
inhibits nitrification has been examined in a Targe variety of successional
systems. In some studies the evidence supports the theory (Haines,

1977; Lodhi, 1979; 1981; Smith et al., 1968; Todd et al., 1975) and in
other studies it does not (Johnson and Edwards, 1979; Lamb, 1980;
Purchase, 1974; Rennie et al., 1977; Robertson and Vitousek, 1981). 1In
some instances the evidence is not clear (Montes and Christensen, 1979)
or the innibition is dependent on the parent matarial frcm which thne
soils under the climax vegetation were derived (Makes, 1977). Alternative
hypothesis have also been suggested (Gorham et al., 1979; Vitousek,
1977; Vitousek and Reiners, 1975). It would be premature to generalize
that all successional systems exhibit the same NRA pattern that was
found in this study. If the soil nitrogen form is observed to shift
from nitrate to ammonium during the succession, a similar adaptation of
the NRA of the species might be expected. The data presented here show
that the distribution of plant species across a sere can be correlated
with their ability to utilize the nitrogen form available to them. The
conclusion is &that the successional position of a species is correlated

to its physiological adaptation to the nitrogen form in the soil.
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Table 1. Variations in mean Nitrate Reductase Activity (pM N02/g

dry wt/hr) in Ambrosia trifida leaves and roots according to

the phosphate buffer and nitrate concentrations. The pH was
7.5, the temperature was 30°C, and the period of incubation

was 2 hr in all cases.

Phosphate Buffer

Substrate (KN03) 1 mM 10 mM 50 mM 100 mM
10 mi
leaves 33 28 24 30
roots 33 37 19 12
50 mif
leavas 89 8 33 33
roots 40 18 9 12
100 ntt
leaves 98 88 65 31
roots 40 42 15 13
150 mt
leaves 104 89 34 33
roots 26 33 15 14
Teaves 75 71 40 34

roots 26 30 13 11
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Table 2. Optimal conditions for in vivo Nitrate Reductase Activity

mi PO, Buffer mM KNO, Time(hr) n-propanol(v/v)

Pioneer Species

Helianthus annuus

Teaves 50 50 4 3%
roots 100 200 4 5%

Ambrosia trifida

Teaves 1 150 2.5 1%
roots 1 50 2.5 5%

Aristida oligantha

Teavas i0 50 4 0%

0%

KES

roots 10 50

Bromus japonicus

Teaves 1 50 4 %
roots 50 10 2 0%
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Table 2. Continued

mM PO4 Buffer mM KNO5 Time(hr) n-propanol{v/v)

Climax Species

Schizachyrium scoparium

leaves 100 150 2 2%
roots 100 50 2 3%

Sorghastrum nutans

Teaves 1 50 2.5 %

(3}
(93]
[N

roots 10 50 2.

Panicum virgatum

leaves 50 100 4 o

roots 50 50 4 4%
Andropogon gerardii

leaves 50 50 2 1%

roots 50 50 1.5 0%




Table 3. Nitrate Reductase Activity of leaf-high species (uM NOz/g

dry wt/hr, antilog of log mean * standard deviation).

Comparisons are made vertically in the table.

Numbers that

share the same letter are not statistically different at

the .01 Tevel.

Nitrogen Treatment

N0, 2:1 1:2 NH,
Leaves
Pioneer Species
Ambrosia trifida 53.9=z1.2a 45,1x1.3a 45.4+1,2a  31.9¢1.7a
Aristida oligantha 45.1x1.2a 41.921.3a 43.1£1.2a  28.5z1.3a
Helianthus annuus 22.4=1.3ab 22.5£1.3b 22.54+1.1b  13.1z1.4b
Climax Species
Andropogon gerardii 10.5z1.7bc 3.0x1.7¢c 7.7%1.4c¢ 5.6x1.6¢C
Panicum virgatum 7.4+1.4c 5.5+1.7d 5.2%1.7d 4,8+1.7¢
Roots
Pioneer Species
Ambrosia trifida 19.2+1.3a 15.8+1.2a 14.6%1.4a 4.6tl.6a
Aristida oligantha 12.2+2.5b 5.3+3.0b 11.9+2.6a 5.4+2.3a
Helianthus annuus 8.6x1.4c 6.7+1.8b 7.6%1.3b 2.4+1.6b
Climax Species
Andropogon gerardii  4.3+2.2d 3.4£2.1c 3.8%1.9¢ 3.0x1.6b
Panicum virgatum 3.3x2.2d 2.1£3.0d 1.8%3.2d 1.0£3.3c
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Table 4. Nitrate Reductase Activity of root-high species. (uM N02/g

dry wt/hr, antilog of log mean *+ standard deviation).

Letters as in Table 3.

Nitrogen Treatment

NO, 2:1 1:2 NH,
Leaves
Pioneer Species
Bromus japonicus 27.7+1.5a 32.4+1.3a 27.4x1.6a 19.5%1.7a
Climax Species
Sorgnastrum nutans 4.6=3.0b 4.7£3.7h 6.5%2.2b 4,422.7h
Schizachyrium scoparium 2.0%1.6¢ 1.8£1.7¢ 1.5z1.6¢ 1.5=1.7c
Roots
Pioneer Species
Bromus japonicus 61.1+3.5a 82.3+1.8a 88.9+1.9%a 79.8+1.8a
Climax_Species
Sorghastrum nutans 12.122.2b 12.4+1.2b 7.8%1.5b 5.8:1.7b
Schizachyrium scoparium 4.9%1.7c 4,2+1.8¢ 3.1%2.8¢c 1.5%1.8¢
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Table 5. Nitrate Reductase Activity of species grown on different
nitrogen treatments (pM N02/g dry wt/hr, antilog of log
mean + standard deviation). Comparisons are made horizontally
in the table. Numbers that share the same letters are not

significantly different at the .01 level.

Nitrogen Treatment

NO4 2:1 1:2 NH,
Pioneer Species
Heliantnus annuus

l2aves 22.4%1.3a 22.5+1.3a 22.4£1,1a 13.0%1.4b

roots 3.6+1.4a £.7£1.8b 7.6:1.3ab  2.4%l.5¢
Ambrosia trifida

Teaves 53.9%1.2a 45.0+1.3a 45.5¢1.2a 31.9#1.7a

roots 19.2£1.3a 15.8+1.2b 14.6%1.4b 4.6%1.6¢C
Aristida oligantha

leaves 45,1+1.2a 43.1+1.3a 41.9+1.2a 28.5#1.3b

roots 12.6%2.5a 11.9+3.0a 5.312.6a 5.4+2.3a
Bromus japonicus

leaves 27.7x1.5a 32.4+1.3a 27.4z1.6a 15.51.7b

roots 61.1£3.5a 82.3x1.8a 88.9x1.9a 79.8%1.8a
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Table 5. Continued

Nitrogen Treatment

NO3 2:1 1:2 NH,

Climax Species
Schizachyrium scoparium

Teaves 2.0+1.6a 1.8£1.7a 1.5¢1.6a 1.5%1.7a

roots 4.8x1.7a 4.2+1.8a 3.1+2.8b 1.5+1.8c
Sorghastrum nutans

leaves 4,6+3.0a 4,7x3.7a 6.5%2.2a 4.,422.7a

roots 12.1x2.2a 12.4%1,2a 7.81.5h 5.8%1.7¢
Panicum virgatum

Teaves 7.4x1.4a 5.5%1.7a 5.2¢1.7a 4.8+1.7a

roots 3.3x2.2a 2.1x3.0b 1.9£3.2b 1.0x3.5¢
Andropogon gerardii

leaves 10.5¢1.7a 8.1+1.7b 7.7+1.4b 5.6+1.6¢

roots 4.3+2.2a 3.8%#2.1a 3.4£1.9a 3.0+1.6a
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Table 6. Shoot dry weight (g) of species grown on different nitrogen
treatments (mean = standard deviation). Comparisons are
made horizontally in the table. Numbers that share the same
Tetter are not significantly different at the .01 level
except for species marked with an *, where the comparison

is at the .05 level.

Nitrogen Treatment

NO3 2:1 1:2 NH4
Pioneer Species
Hdeliantnus annuus 2.76x0.27a 3.31z1.01la 2.55%0.25a 4.3620.76b
Ambrosia trifida 2.29+0.30a  2.83z0.33ab 3.24z0.38bc 3.35%0.81c
Aristida oligantha* 0.81+0.26a 0.90%+0.43a 1.13x0.442  1.49:0,41b

o
w
E-
i+

o
~Ny
[en)
(=

Bromus japonicus* 1.10+£0.13a  0.99+1.14a 1.12#0.15a

Climax Species
Schizachyrium scoparium 1.73+0.36a 2.12:0.30a 2.65x0.37b 2.79+0.40b

Sorghastrum nutans 0.68+#0.19a 0.79+0.23a 1.36%0.24b 1.54+0.23b

Panicum virgatum* 1.37£0.33a  1.71x0.30a 2.03z0.34b 2.09+0.36b

Andropogon gerardii 0.59+0.13a 0.61%0.13a 0.98#0.17b 0.82+0.10b
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Figure 1. Nitrate Reductase Activity of eight week old Bromus

japonicus roots grown on nitrate only (e y = 45.25x -

2 3. 15.12, 2 = .96) or ammonium only

2

15.57x% + 1.71x

(Ay = 42.22x - 11.52x% + 0.99x> - 25.45, rZ = .97).
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