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Summary

The ra tio  of nitrate/ammonium in the soil decreases from a high 

level in the early  stages of old fie ld  succession to a low level in the 

climax in the t a l l  grass pra irie  region of central Oklahoma. Character­

is t ic  plant species from d ifferen t stages of succession were grown in 

culture solutions where the total nitrogen content was held constant, 

but the form varied from n itra te  only to ammonium only. The n itrate  

reductase a c tiv ity  of leaves and roots was measured in vivo. The 

results indicated that four pioneer species had re la tiv e ly  high levels 

of enzyme a c tiv ity  while four climax species had re la tiv e ly  low levels. 

N itrate reductase a c tiv ity  was consistently higher in e ither the leaves 

or the roots o f a species than in the other organ regardless of the 

nitrogen treatment. Enzyme activ ity  generally decreased w ith  decreasing 

n itra te  concentrations, but seven cases were found where there were no 

s ign ificant differences in enzyme a c tiv ity  between any of the nitrogen 

treatments. All eight species had th e ir highest shoot dry weights on 

the ammonium only treatment.

Introduction

Booth (1941) reported that secondary succession in abandoned 

fie lds in the ta l l  grass p ra irie  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 ta l l  grass p ra ir ie . The change in species composition 

during th is succession has been of particu lar in te res t. Some species 

such as Helianthus annuus and Ambrosia t r i f id a  are found only in the 

recently abandoned fie ld s , while others such as Sorghastrum nutans and 

Panicum virgatum are found only in the climax p ra ir ie . The mechanisms 

involved in the changes in composition of species during old f ie ld  

succession in central Oklahoma have been extensively investigated. The 

seed dispersal and mineral nutrition requirements of the species change 

during succession (Rice et a l . ,  1950). A llelopathic effects of the 

pioneer weeds are important in the rapid disappearance of the pioneer 

weed stage (Abdul-Wahab and Rice, 1957; N e ill and Rice, 1971; Paranti 

and Rice, 1959; Rice, 1976; Wilson and Rice, 1958) and also in the 

early in h ib it io n  of nitrogen fixation  (Kapustka and Rica, 1976; Rice,

1954, Rice, 1958). Aristida oligantha is a lle lopath ic  to the nitrogen- 

fix ing  bacteria and species from several stages are allelopathic to 

nitrogen-fixing bluegreen algae (Parks and Rice, 1959). Species from 

several stages are also inhibitory to the n i t r i f ie r s  (Rice and Pancholy, 

1972; 1973; 1974) with the climax species being the most inhib itory.

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 n itra te  nitrogen 

decreased from a high value in the pioneer weed stage to a very low value 

in the climax. They also found that the number of n it r if ie rs  was high 

in the pioneer weed stage but was low in the climax. They hypothesized 

that the soil under the climax vegetation was low in n itra te  due.to an
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inh ib ition  of n itr if ic a t io n  by the climax plant species. This was 

thought to be a logical successional developement of ecosystems as a 

result of the increased conservation of nitrogen and the reduced 

energetic cost to incorporate ammonium instead of n itra te .

The result of the inhib ition  of n itr if ic a t io n  would be a s h ift in 

form of nitrogen during the succession. Pioneer species would have 

mostly n itra te  available to them while the climax species would have 

mainly ammonium. The u tiliz a t io n  of a particu lar nitrogen form by a 

species has been reported previously. Some species of conifers grow 

best on n itra te  (Krajina e t a l . ,  1973), others on ammonium (Bigg and 

Daniel, 1978; McFee and Stone, 1968), and s t i l l  others on a mixture of 

both forms (Addoms, 1937; Van Den Driessche, 1971). Brassica h irta  

grows best on n itra te  alone (Kirkby, 1968) but Vaccinium macrocarpon is 

unable to survive on n itra te  and requires ammonium (Greidanus et a l . ,

1972). Other species are reported to be able to use a mixture of the 

two forms (Haynes and Goh, 1978; Moris and Giddens, 1963; Schrader et 

a l . ,  1972). Gigon and Rorison (1972) reported that some ecologically  

d is tin ct species respond best to the nitrogen form which is available 

in th e ir particu lar hab itat. Calcifuge species grew best on ammonium while 

calcareous species grew best on n itra te . They also found that populations 

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

to the nitrogen form of the 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 n itra te . Reports of a 

change in preference in the form of nitrogen across several successional 

stages are re la tiv e ly  few. However, W iltshire (1973) reported that
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climax grasses showed a greater preference fo r ammonium than did 

e a rlie r  serai species or crop cu ltivars .

Species that are adapted to a p articu lar successional stage must 

be adapted to the nitrogen form available to them. In particu lar, the 

enzymatic systems for absorbing and incorporating nitrogen should 

re fle c t the form of nitrogen used. N itrate reductase (henceforth 

labeled NR) is the enzyme involved in the f i r s t  step of the reduction 

of n itra te  into a form that a plant can use (Beevers and Hageman,

1980). This enzyme controls the a b il ity  of a plant to use n itra te  as a 

nitrogen source. Species that use mostly n itra te  as their nitrogen 

source should have re la tiv e ly  high levels of n itra te  reductase a c tiv ity  

(henceforth labeled I'IRA). Species th a t use mostly ammonium as th e ir  

n itrogen source should have re la tiv e ly  low le ve ls  o f 'IRA.

H a v ill e t a l .  (1974) reported th a t calcareous species showed high 

levels of NRA. Calcifuge species (mostly members of the Ericaceae) 

showed no NRA in the f ie ld . They were able to demonstrate low levels 

of NRA in calcifuge species under laboratory conditions, but only a fte r  

feeding the plants n itra te . Studies that correlate the NRA of a species 

with its  successional stage are few. Bate and Heel as (1975) reported 

that Sporobolus pyramidal is , a pioneer grass, had re la tiv e ly  high 

levels of NRA while Hyparrhenia filip e n d u la , a climax grass, had 

re la tiv e ly  low levels of NRA. Franz and Haines (1977) reported that 

the NRA of vascular plants decreased during an old f ie ld  to forest 

succession in South Carolina.

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

species with its  successional stage in the ta l l  grass pra irie  region.
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I hypothesized that the pioneer species in the ta l l  grass p ra irie  

region should be adapted to n itra te  as th e ir  primary nitrogen source 

and have re la tiv e ly  high levels of NRA. Climax species should be 

adapted to ammonium as th e ir primary nitrogen source and should have 

re la tiv e ly  low levels of NRA. One goal of th is  study, therefore, was 

to determine i f  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 d iffe ren t successional stages to various 

ratios of n itra te  to ammonium.

Methods and M ateria ls

1. Growth of the olants

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

the pioneer weed stage (Ambrosia t r i f id a  L. and Helianthus annuus L .) ,  

one species from the annual grass stage ( Aristida oligantha M ichx.), 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 the pioneer species, Bromus japonicus Thunb., had 

been previously collected in the spring of 1978. Seeds collected 

locally  for Andropoqon gerardii Vitman fa iled  to germinate, therefore
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seeds from a non-local source were substituted In order that a ll  four 

dominant grass species of the climax p ra ir ie  could be tested. Seeds 

were s tra tif ie d  i f  necessary and germinated in plastic petri dishes on 

one sheet of Whatman No. 1 f i l t e r  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 pi ant/pot 

(Helianthus annuus) ,  2 plants/pot ( Ambrosia t r i f id a ) ,  or 3 plants/pot 

(a l l grass species). Seedlings that died within the f i r s t  10 days 

a fte r  transplanting were replaced. The pots were then placed in a 

growth chamber immediately a fte r transplanting. The growing conditions 

were: 28°C day/20°C night with a 16 hr lig h t/8  hr dark photoperiod. 

Ambrosia t r i f i d a  and Helianthus annuus viare grown fo r  ten weeks and al 1 

the grass species were grown fo r  e ig h t weeks before the determination 

o f NRA.

The nitrogen treatments used were based on a modified Evan's 

ininus-N solution (Moore, 1974). The fin a l concentrations of the 

mineral salts used were: CaSO -̂ 6 niM, HgSO -̂ 2 mM, KgSO -̂ 1.6 mM, 

KHgPO -̂ 0.17 mM, K̂ HPO -̂ 0.83 mM, HBO -̂ 23 pM, MnClg- 5 ;iM,

ZnSO -̂ 0.76 ;iM, CuSÔ - 0.32 pM, CoSO -̂ 0.35 jjM, and HgMoO -̂ 0.28 pM. 

Iron was added a t a 50 pM concentration as iron chelated with ethylene- 

diaminetetraacetic acid. Nitrogen was given as Ca(N02)2 or NĤ Cl with 

a to ta l n itra te  and/or ammonium concentration of 0.33 mM. Calcium 

chloride was added as necessary to balance the Ca^  ̂ content. The 

nitrogen form was varied so that a nitrogen treatment contained e ither  

n itra te  only, a 2:1 ra tio  of nitrate/ammonium, a 1:2 ra tio  of 

nitrate/ammonium, or ammonium only. There were 10 replicate pots per
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nitrogen treatment. I found in preliminary experiments that ammonium 

concentrations higher than 0.33 mM caused to x ic ity . Consequently, the 

nitrate/ammonium concentrations were maintained below th is  le v e l. The 

total nitrogen concentration used here was approximately twice that 

reported in the soil by Rice and Pancholy (1972), but i t  was s t i l l  in 

an ecologically meaningful range. No apparent ammonium to x ic ity  was 

observed at the 0.33 mM nitrogen content. Maintaining the pH of the 

nutrient solutions is important (Barker et a l . ,  1966; Karim and Vlamis, 

1962) and the pH of the solutions was adjusted to 6.0 by the addition 

of NaOH or HCl before the nutrien t solution was given to the plants.

Each pot was given 100 ml of a nutrient solution three times a week for 

the f i r s t  fou r weeks a fte r tra n s p la n tin g , then f iv e  times a week for 

the remainder of the growing period. D is t i l le d  water was given as 

necessary to prevent d e s icca tion . The pots were flooded on two consecutive 

days per week to prevent pH sh ifting  and accumulation of the mineral 

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

5.0 ± 0 .1 . N-serve 24E (2-chloro-6-(trich lorom ethyl)pyrid ine, Dow 

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

per week to in h ib it the oxidation of ammonium to n itra te  by n itr ify in g  

bacteria (Goring, 1962a; 1962b).

2. Enzyme assay

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

1971; Jaworski, 1971). A series of preliminary experiments were run



fo r each species on the roots and leaves of plants grown in n itra te  

only. These experiments were designed to maximize NRA by finding the 

optimal combinations of phosphate buffer, substrate (KNO^), incubation 

time length, and n-propanol for the incubation. The pH of the incubation 

medium was held at 7.5 (Kannangara and Wool house, 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 fo r a ll nitrogen treatments. The incubations were conducted two 

to three hours a fte r the lig h t period had started in order to maximize 

the NRA (Duke et a l . ,  1978). The leaves were prepared for incubation 

by removing the uppermost expanded leaves from each plant in the pot 

(Chii e t a l . ,  1980; Hal lam and Blackwood, 1979; Peirson and E l l io t t ,

1981). The leaves o f Helianthus annuus and Ambrosia t r i f id a  were cut 

into 1 cm' pieces and the leaves of the grasses were cut into pieces 

approximately 1 cm long. The lea f segments fo r each pot were pooled 

and kept on ice. The roots were prepared by washing them free of 

verm iculite, 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 v ia ls . The incubation medium (minus 

n-propanol) had been previously added to the vials and chilled to 5°C 

12 hr before the incubations. Approximately 0 .2 -0 .5  g fresh weight of 

the segments was added to a v ia l. I t  was found that larger samples 

were sometimes necessary to accurately measure the NRA in species that 

had low levels of a c tiv ity . N-propanol was added a fte r the segments 

had been placed in the v ia ls . I t  was found that high levels (10%v/v) 

were necessary in order to wet and sink the le a f 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 determination of n it r ite  by allowing the 

leaching of some substance into the incubation medium that absorbed at 

540 nm. Adding the n-propanol as a pulse a fte r  the segments had been 

placed in the via ls  allowed for the thorough wetting and sinking of the 

sample a t 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 tr ip lic a te . The v ia ls  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 v ia l. Color formation for n it r ite  

determ ination was obtained by adding 0.3 ml o f a IT su lfan ilam ide 

reagent and 0.3 ml of a 0.G2T M-naphthylethylene diamine HCl s o lu tio n .

The sample was diluted to 5 ml with d is t i lle d  water and absorption was 

measured at 540 nm. The amount of n it r i te  present was computed from a 

standard curve generated the day of the te s t. The tissue was removed 

from the incubation medium, rinsed twice with d is tille d  water, and 

dried a t 80°C fo r 24 hr. The dry weight of the sample was obtained and 

the NRA was calculated as / jM NOg/g dry w t/h r. The NRA was calculated 

on a dry weight rather than a fresh weight basis because of the d iffe rin g  

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 

t r ip lic a te  readings for the leaves 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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to tal shoot material per pot was saved and dried for 48 hr a t 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 s ig n ifican tly  

depending on the combination of conditions used (Table 1 ). The incubation 

conditions that ware used in the determination of liRA for the roots and 

leaves of each species are given in Table 2. The optimal concentration 

of phosphate buffer and substrate was found to vary between the roots 

and leaves within a species and between species. The time required for 

a steady state of NRA was the same fo r both organs of the species, with 

the exception of Bromus japonicus and Andropoqon q e ra rd ii, 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 NRA. The amount of 

the a c tiv ity  varied between the roots and leaves, with one organ in a 

given species consistently showing higher NRA than the other under a ll 

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 penns.ylvanicum by having most
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of th e ir NRA in the leaves (Table 3) and three species were found to 

resemble Pi sum arvense by having most of th e ir 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 

t r i f id a , A ristida oligantha, and Helianthus annuus was always s ig n if i­

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

Andropoqon 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 Andropoqon 

gerardii were not d iffe re n t. There were also some s ign ifican t differences 

between the NRA o f the leaves and of the roots w ith in  the pioneer 

species and the climax species for one or more of the nitrogen treatments. 

The roo t-h ig h  species (Table 4) showed a s im ila r  c o rre la t io n  between 

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

was always s ig n ifican tly  higher (o<=.01) in NRA than the two climax 

species Sorghastrum nutans and Schizachyrium scoparium, regardless of 

the organ or nitrogen treatment. Sorghastrum nutans was also always 

higher 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 

n itra te  in the treatment. This was expected because NR is a substrate 

induced enzyme (Beevers et a l . ,  1955; Beevers and Hageman, 1969). In 

some instances, such as Helianthus annuus leaves, the n itra te  only,

2:1, and 1:2 treatments did not show any s ign ifican t difference in NRA, 

but a ll three treatments were s ig n ifican tly  higher in NRA than the
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leaves from the ammonium only treatment. In cases such as Ambrosia 

t r i f id a  roots, the NRAs of the 2:1 and 1:2 nitrogen treatments were not 

s ig n ifican tly  d iffe re n t from each other, but they were intermediate 

between the NRA of the n itra te  and ammonium only treatments. Sorghastrum 

nutans and Schizachyrium scoparium roots showed a pattern of NRA in 

which the n itra te  only and 2:1 treatments grouped together, the 1:2 

treatment was intermediate and the ammonium only treatment was s ign ificantly  

less. Seven cases were found where there was no apparent in d u c ib ility  

of the enzyme because there were no s ign ifican t differences between any 

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

leaves, Sorghastrum nutans leaves, Andropoqon gerard ii roots, and 

A r is t id a  o ligan tha  roo ts) occurred in the organ that had the lowest I'lRA 

fo r  th a t species. Three cases (Panicum virgatum leaves, Ambrosia 

t r i f i d a  leaves, and Sromus japonicus roo ts) 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. I t  was determined that four week old plants 

did show substrate in d u c ib ility , but this a b il ity  was lost when the 

plants were eight weeks old. A time p lot of NRA during the incubation 

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

n itra te  grown plants showed NRA almost immediately while the ammonium 

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

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

that of the n itra te  grown plants, but the difference was not s ign ificant.

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 th e ir  highest shoot dry weight with the ammonium only treatment. 

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

and Bromus japonicus) had no s ign ificant differences in shoot dry 

weight between the n itra te  only, 2:1, and 1:2 nitrogen treatments. The 

shoot dry weight in the ammonium only treatment was s ig n ifican tly  

higher than in any combination of nitrate/ammonium or n itra te  only. 

Ambrosia tr if id a  had an increase in shoot dry weight with the shifting  

of the nitrate/ammonium ra tio  from n itra te  only to ammonium only. All 

climax species had two groups of shoot dry weight response. The n itra te  

only and the 2:1 treatments grouped together and the 1:2 and ammonium 

only treatments grouped together. The a ll or mostly n itra te  group had 

a s ig n if ic a n t ly  lower shoot dry weight than the a l l  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 a l . (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 f ie ld  NRA values obtained by Franz and Haines 

were very close to the values reported here. They found an average NRA
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of 47 ;jM NOg/g dry wt/hr fo r the herbs in th e ir  old f ie ld  stage 1, and 

an average value between 1 and Z  } t M  NOg/g dry w t/hr for the leaves of 

the climax tree species (personal communication).

I t  is d if f ic u lt  to make direct comparisons of the NRA values 

reported in this study with other NRA values found in the lite ra tu re .

Much of the lite ra tu re  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 l i t t l e  in the leaves. Also, no NRA was detected for 

plants grown in ammonium only. He used 19 day old seedlings o f cultivated  

Helianthus annuus that were grown on 10 njM o f NH^Cl or 10 m,'l XNOg, and 

the enzyme ana lys is  was done in v itro . Weissman (1954) also reported 

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

a mixture of n itra te  and ammonium rather than on n itra te  or ammonium 

alone. I t  is d i f f ic u lt  to make meaningful comparisons between our 

results because of the difference in the methods and m aterials. The 

ecological re la t iv ity  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 

re la tive  amounts of root and leaf NRA can s h ift from one organ to 

another during a growing season (Van Berkum and Sloger, 1981; Yuan and 

Shien, 1980).

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

plants for a ll 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 constitu tive enzyme are present and that induction increases 

the NRA above th is  base le v e l. Several studies have indicated, however, 

that e ither NR or a NR precursor is present in ammonium grown plants 

(Ferguson, 1969; Funkhouser and Ramadoss, 1980; Funkhouser et a l . ,

1980) or the plants have preformed messenger RNA fo r NR synthesis 

(Hipkin and S yrett, 1977). Other workers have indicated that both 

lig h t (Jo lly  and Tolbert, 1978; Tischner and HUttermann, 1978) and 

substrate (P istorius et a l . ,  1976) induction of NR involves the s h ift 

of NR from an inactive to an active form. Orebamjo and Stewart (1975) 

suggested that the sh ifting  of inactive to active NR can be reversed 

and may involve p ro te in -p ro te in  In te rac t ion . They hypothesized that 

inactivation of NR by an ammonium triggered pro te in  would enable the 

p lant to use ammonium p re fe re n t ia l ly  and prevent the energy expense of 

reducing n itra te . Such an in h ib ito r could be removed when the ammonium 

concentration fa lls  below some threshold leve l, reactivating the NR. 

Ferguson and Bollard (1969) reported that Spirodela o ligorrh iza could 

use ammonium p re fe ren tia lly  when both ammonium and n itra te  were present. 

L it t le  n itra te  was reduced until the ammonium had been removed from the 

medium. Shen (1969) reported a sim ilar 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 observed 

in th is study in the NRA of ammonium grown Bromus .japonicus roots 

suggests that th is  species may have an inactivated NR caused by the 

presence of ammonium, but that the NR can be activated by the n itra te  

in the incubation medium. This could explain why the NRA values for
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Bromus .japonicus roots were not s ig n ifican tly  d iffe re n t between the 

nitrogen treatments. I t  is  not known whether a s im ilar situation exists 

in the six other cases that did not show NR in d u c ib ility . In a ll seven 

cases, one of the two organs showed in d u c ib ility  by substrate while the 

other organ did not. This suggests that at leas t one organ of each 

species could change NRA in response to changing n itra te  concentrations 

while the other organ may not. Radin (1975) suggested that roots and 

shoots of cotton plants responded d iffe re n tly  to ammonium inhib ition  

and that each tissue might be under a d iffe re n t control system. Similar 

differences in control systems could exist fo r the seven cases of 

non-inducibil ity  found here.

The a b i l i t y  to i n h ib i t  NR in order to u t i l i z e  ammonium preferen­

t i a l l y  could be very important ecologically. A plant could use ammonium 

as the more e f f i c i e n t  n itrogen source when i t  is  available and reduce 

the energy expense of incorporating nitrogen into its  metabolism. I f  

the ammonium should become depleted, the NR could be activated and 

n itra te  could be u til iz e d , although at a greater energetic cost. The 

shoot dry weight data showed that the pioneer and climax species d iffe r  

in th e ir growth response to changing nitrate/ammonium ra tio s . Three of 

the pioneer species had the same shoot dry weights regardless of the 

nitrate/ammonium ra t io . Their dry weights were increased s ign ificantly  

solely in the presence of ammonium only. A ll four climax species had 

the same shoot dry weight in the 1:2 or a ll ammonium treatments. Thus 

they demonstrate a greater preference fo r 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 levels of
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NR in the pioneer species. This would enable the climax species to 

inactiv ia te  th e ir NR at low ammonium concentrations and use ammonium 

pre feren tia lly  as th e ir  primary nitrogen source. Pioneer plants can 

use ammonium for th e ir nitrogen source, but i t  could take a higher 

concentration of ammonium to inactivate th e ir NR and allow them to 

p re ferentia lly  u t i l iz e  ammonium. Because the soil of the pioneer stage 

is low in ammonium, i t  would be a disadvantage fo r these species to 

inactivate th e ir NR and use ammonium as th e ir primary nitrogen source. 

Therefore, these species would need to have high NRA in order to reduce 

and u t i l iz e  the more abundant n itra te  in order to meet th e ir metabolic 

nitrogen demands. The soil of the climax stage is higher in ammonium 

than n i t r a te ,  the re fo re , the climax species can inactivate th e i r  NR and 

u t i l i z e  ammonium p re fe re n t ia l ly  w ithout su ffe r ing  from nitrogen defic iency. 

I t  would not be advantageous fo r  them to produce NR and have high NRA.

I t  should be noted that a ll four climax species grew perfectly well on 

n itra te  only, even though they have low levels of NRA. Thus, they can 

obviously use n itra te  i f  i t  is the only nitrogen source available to 

them. This observation that these species can use n itra te  indicates 

that the low levels of NRA are not a ttributab le  to restricted  uptake of 

the n itra te . Therefore, the climax species resemble the NR-deficient 

mutants reported by Warner and Kleinhofs (1981) in that they have low 

levels of NRA but are s t i l l  able to grow normally on n itra te  only. The 

present study does not conclusively prove the NR-active to NR-inactive 

switch, but i t  does provide evidence that several factors may be involved 

in obtaining and u til iz in g  soil nitrogen.
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I t  is interesting to note that there is a s ig n ifican t 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 s o il.

Rice and Pancholy's (1972) hypothesis that climax vegetation 

inh ib its  n itr if ic a t io n  has been examined in a large variety of successional 

systems. In some studies the evidence supports the theory (Haines,

1977; Lodhi, 1979; 1981; Smith et a l . ,  1968; Todd et a l . ,  1975) and in 

other studies i t  does not (Johnson and Edwards, 1979; Lamb, 1980;

Purchase, 1974; Rennie et a l . ,  1977; Robertson and Vitousek, 1981). In 

some instances the evidence is  not clear (Montes and Christensen, 1979) 

or the In h ib i t io n  is dependent on the parent material from which the 

s o i ls  under the climax vegetation were derived (Nakos, 1977). A lte rna tive  

hypothesis have also been suggested (Gorham et a l . ,  1979; Vitousek,

1977; Vitousek and Reiners, 1975). I t  would be premature to generalize

that a ll successional systems exhib it the same NRA pattern that was 

found in this study. I f  the soil nitrogen form is observed to sh ift 

from n itra te  to ammonium during the succession, a sim ilar adaptation of 

the NRA of the species might be expected. The data presented here show 

that the d istribution  of plant species across a sere can be correlated 

with th e ir a b il ity  to u t il iz e  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 so il.
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Table 1. Variations in mean Nitrate Reductase A c tiv ity  (^M NOg/g

dry w t/hr) in Ambrosia tr if id a  leaves and roots according to 

the phosphate buffer and n itra te  concentrations. The pH was 

7 .5 , the temperature was 30°C, and the period of incubation 

was 2 hr in a ll cases.

Substrate (KNO )̂ 1 mil

Phosphate Buffer

10 mM 50 mil 100 mM

10 mil

leaves 33 28 24 30

roots 38 37 19 12

50 mil

leaves 89 80 33 39

roots 40 18 9 12

100 mil

leaves 98 88 65 31

roots 40 42 15 13

150 mM

leaves 104 89 34 33

roots 26 33 15 14

200 mil

leaves 75 71 40 34

roots 26 30 13 11
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Table 2. Optimal conditions for in vivo N itra te  Reductase A ctivity

mM PÔ  Buffer mM KNO3 Time(hr) n-propanol(v/v)

Pioneer Species 

Helianthus annuus

leaves 50 50 4 3%

roots 1 0 0 2 0 0 4 5%

Ambrosia t r i f id a

leaves 1 150 2.5 n

roots 1 50 2.5 5 %

Aristide oliqantha

1 eaves 10 50 4 04

roots 10 50 4 0%

Bromus japonicus

leaves 1 50 4 O/o

roots 50 10 2 Q%
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Table 2. Continued

mM PÔ  Buffer mM KNO3 Time(hr) n-propanol (v /v )

Climax Species 

Schizachyrium scoparium

leaves 100 150 2 2 %

roots 100 50 2 3%

Sorqhastrum nutans

leaves 1 50 2.5 6 %

roots 10 50 2.5 3"!

Panicuiii virgatum

leaves 50 100 Z %

roots 50 50 4 4%

Andropoqon gerardi i

leaves 50 50 2 1 %

roots 50 50 1.5 0 %
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Table 3. N itrate  Reductase A ctivity of leaf-h igh species (juM NOg/g 

dry w t/h r, anti log of log mean ± standard deviation). 

Comparisons are made v e rtic a lly  in the tab le. Numbers that 

share the same le tte r  are not s ta t is t ic a lly  d iffe ren t at 

the . 0 1  le v e l.

NO3

Nitrogen Treatment 

2 : 1  1 : 2 NH4

Leaves

Pioneer Species

Ambrosia t r i f i d a 53.9±1.2a 45 .1±1. 3a 45.4±1.2a 31.9+1.7a

A r is t id e  ol iqantha 45.1+1.2a 41.9+1.3a :3.1±1.2a 28.5±1.3a

Hélianthes annuus 22.4±1.3ab 2 2 .5+1.3b 2 2 .4+1.lb 13.1+1.4b

Climax Species

Andropoqon gerardii 10.5±1.7bc 8 . 0 +1 . 7c 7.7+1.4c 5.6±1.5c

Panicum virgatum 7.4±1.4c 5.5±1.7d

Roots

5.2±1.7d 4.8+1.7c

Pioneer Species

Ambrosia t r if id a 19.2+1.3a 15.8+1.2a 14.6+1.4a 4.5±1.5a

Aristida oligantha 12.2±2.5b 5.3±3.0b 1 1 .9+2.6 a 5.4±2.3a

Helianthus annuus 8 . 5±1.4c 6.7±1.8b 7.6+1.3b 2.4+1.6 b

Climax Species

Andropoqon gerardii 4.3+2.2d 3.4+2.1C 3.8±l,9c 3.0+1.6 b

Panicum virgatum 3.3+2.2d 2.1±3.0d 1.8+3.2d 1.0±3.3c
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Table 4. N itra te  Reductase Activity of root-high species. (pM NOg/g 

dry w t/h r, antilog of log mean ± standard deviation). 

Letters as in Table 3.

NO3

Nitrogen Treatment 

2 : 1  1 : 2 NH4

Leaves

Pioneer Species

Bromus japonicus 27.7+1.5a 32.4+1.3a 27.4+1.6a 19.5+1.7a

Climax Species

Sorqhastrum nutans 4.6+3.Ob 4.7+3 .7b 5 .5±2.2b 4.4+2.7b

Schizachyrium scoparium 2.0±1.5c 1.8+1.7c 

Roots

1 .5±1. oc 1.5±1.7c

Pioneer Species

Bromus japonicus 6 1 .l±3.5a 82.3±1.8a 8 8 .9+1.9a 79.8+1.8 a

Climax Species

Sorqhastrum nutans 1 2 . 1 +2 . 2 b 12.4±1.2b 7.8±1.5b 5.8±1.7b

Schizachyrium scoparium 4.9+1.7c 4.2+1.8 c 3.1+2.8 c 1.5+1.8 c
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Table 5. N itra te  Reductase A ctiv ity  of species grown on d ifferen t 

nitrogen treatments (fiM NOg/g dry w t/h r, antilog of log 

mean ± standard deviation). Comparisons are made horizontally  

in the tab le . Numbers that share the same letters  are not 

s ig n ific a n tly  d ifferen t a t the . 0 1  le v e l.

NO3

Nitrogen Treatment 

2 : 1  1 : 2 NH4

Pioneer Species 

Helianthus annuus

leaves 22.4±1.3a 22.5±1.3a 22 .4± l.la 13.0+1.40

roots 8.5±1.4a 6 .7+1.8 b 7.S+1.3ab 2 .4+1.6 c

Ambrosia t r i f id a

leaves 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±1.6c

Aristida oligantha

leaves 45.1+1.2a 43.1+1.3a 41.9+1.2a 28.5±1.3b

roots 1 2 . 6 +2 . 5a 11.9±3.0a 5.3±2.6a 5.4±2.3a

Bromus japonicus

leaves 27.7+1.5a 32.4±1.3a 27.4±1.6a IS .5+1.7b

roots 5 1 .l±3.5a 32.3+1.3a 8 8 .9+1.9a 79.8±1.8a
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Table 5. Continued

NO3

Nitrogen Treatment 

2 : 1  1 : 2 NH4

Climax Species 

Schizachyrium scoparium

leaves 2 . 0 +1 . 6 a 1.8±1.7a 1.5±1.6a 1.5±1.7a

roots 4.8+1.7a 4.2+1 .8 a 3.1+2.8 b 1.5±1.8c

Sorqhastrum nutans

leaves 4.6±3.0a 4 .7+ 3 .7a 6 . 5±2. 2 a 4.4=2.7a

roots 1 2 . 1 ±2 . 2 a 1 2 .4+ 1 .2 a 7.8+1.5b 5.8+1.7c

Panicum virgatum

leaves 7.4+1.4a 5.5±1.7a 5.2±1.7a 4.8+1.7a

roots 3.3+2.2a 2 .1+3 .Ob 1.9±3.2b 1.0±3.5c

Andropoqon qerardii

leaves 10.5±1.7a 8.1±1.7b 7.7+1.4b 5.6±1.6c

roots 4.3+2.2a 3 .8+ 2 .la 3.4±1.9a 3.0±1.6a
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Table 6 . Shoot dry weight (g) of species grown on d iffe ren t nitrogen 

treatments (mean ± standard deviation). Comparisons are 

made horizontally in the tab le. Numbers that share the same 

le t te r  are not s ig n ifican tly  d iffe ren t at the . 0 1  level 

except for species marked with an * ,  where the comparison 

is a t the .05 leve l.

NO3

Nitroqen Treatment 

2 : 1  1 : 2 NH4

Pioneer Species

Helianthus annuus 2.76±0.27a 3.31+1.Ola 2.6b±0.25a 4.36±0.75b

Ambrosia t r i f i d a 2.29±0.30a 2.83+0.33ab 3.24+0.38bc 3.35±0.81c

A r is t id a  o liqantha* 0.81+0.26a 0.90+0.43a 1.13+0.44a 1.49±0.41b

Bromus japonicus* 1.10+0.13a 0.99±1.14a 1.12+0.15a 1.34+0.20b

Climax Species

Schizachyrium scoparium 1.73+0.36a 2.12±0.30a 2.65±0.37b 2.79+0.40b

Sorqhastrum nutans 0.68±0.19a 0.79+0.23a 1.36±0.24b 1.54±0.23b

Panicum virgatum* 1.37+0.33a 1.71±0.30a 2.03+0.34b 2.09+0.36b

Andropoqon qerardii 0.59+0.13a 0.61+0.13a 0.98+0.17b 0.82+0.10b
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Figure 1. N itra te  Reductase A ctiv ity  of eight week old Bromus 

japonicus roots grown on n itra te  only ( •  y = 45.25x -  

l £ . 5 7 x ^  + 1.71x^ -  1 5 . 12 ,  r^ = . 9 5 )  or ammonium only 

( A y  = 42.22X -  11.52x2 + 0.99x3 -  2 5 . 45 ,  r^ = . 9 7 ) .
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