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ABSTRACT 

Cercocarpus betuloides is an actinorhizal plant 

commonly found in the chaparral vegetation association of 

Arizona. Information needed to assess the contribution of 

actinorhizal plants to the nitrogen (N) economy of 

chaparral ecosystems is lacking. Several physical and 

chemical factors are known to influence symbiotic N

fixation. To improve understanding of the influence some 

of these factors have on C. betuloides a series of 

greenhouse and laboratory studies were conducted to assess 

the response of ~. betuloides to phosphorus (P) 

supplementation, water availability and temperature. 

9 

Seedlings of ~. betuloides grown in P-supplemented 

soil produced nearly twice as much dry matter (1.30 vs. 

0.77 g pot-1 ) as did plants grown without added P. 

Phosphorus supplementation affected nodulation more than 

dry matter production. Only one of three control seedlings 

was nodulated, while all nine seedlings grown in P

supplemented soil were nodulated. A higher incidence of 

nodulation greatly improved the N status of the seedlings. 

The amount (18.9 mg pot-1 ) and concentration (1.55 %) of N 

in plant tissue of nodulated seedlings in the P

supplementation treatment were higher than the amount (7.9 

mg pot-1 ) and concentration (1.20 %) of N in tissue of 
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control plants. 

Dry matter production, nodulation, whole plant 

nitrogenase activity and N-accretion were greatest in 

seedlings grown at a soil water potential of -0.19 MPa and 

declined at higher and lower soil water potentials. 

Dependent variables exhibited a quadratic response to soil 

water content and a cubic response to soil water potential. 

Optimum temperature for nitrogenase activity in 

nodules of C. betuloides appeared to be between 30 and 

35 0 C. Nitrogenase activity declined at higher and lower 

temperatures. Nitrogenase activity responded positively 

when nodules exposed to lower than optimum temperatures 

were then exposed to optimum temperatures, but did not 

recover after being exposed to higher than optimum 

temperatures. 

Temperature and soil water potential conditions in the 

rooting zone of ~. betuloides are not known but it seems 

likely that conditions favorable for N-fixation occur 

during a portion of the growing season. When temperature 

and soil moisture conditions are favorable for nitrogenase 

activity, N-fixation may be limited by P availability. 
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INTRODUCTION 

The chaparral vegetation association covers 

approximately 1.2 million hectares in Arizona (Bolander 

1982) forming a discontinuous band across the central part 

of the state from northwest to southeast. Chaparral is 

found at elevations between 900 and 1800 meters above sea 

level; it occurs above the grassland or dry desert 

vegetation association and below the pinyon-juniper 

vegetation association. 

The chaparral ecosystem can be managed to achieve many 

goals: increased water yield, biomass conversion to 

vegetation types that provide wildlife habitat and improved 

grazing for livestock, and recreation (Conrad and Oechel 

1982). To achieve these goals the manager must manipulate 

chaparral growth and succession. 

In 1978 the Battle Flat watershed on the Prescott 

National Forest was selected as a research site to 

determine the effect of various management treatments on 

water yield, forage production and recreation use of 

Arizona chaparral (Bolander 1982). In 1985 a study was 

initiated to assess the effect of prescribed fire on 

nitrogen and phosphorus dynamics in Arizona chaparral. 

Results of this study suggested that significant amounts of 

Nand P may be lost from chaparral systems under certain 
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burn conditions. 

Unless mechanisms exist to replace nutrients lost 

during burning, system productivity will decline as a 

result of repeated burning. In studies of N accretion in 

California chaparral ecosystems, Dunn and Poth (1979) 

concluded that legumes are important in N replenishment on 

a short-term basis while non-legume species contribute over 

a longer period. One species known to support nodules 

containing actinomycetes capable of N-fixation is C. 

betuloides (Vlamis et al. 1971). The ability of ~. 

betuloides to fix N and factors influencing N-fixation by 

this species have not been evaluated. Symbiotic N-fixation 

is affected by a variety of physical, chemical and 

biological factors (Wheeler and McLaughlin 1979). The main 

physical factors are light, temperature and water 

availability. Chemical factors include nutrient 

availability and pH. To assess the potential of C. 

betuloides to replenish N in chaparral ecosystems an 

understanding of the response of C. betuloides to physical 

and chemical factors influencing N-fixation is necessary. 

Objectives of this study were: 

1). To assess the effect of P-supplementation on growth, 

nodulation and N-accretion in seedlings of ~. betuloides. 

2). To assess the effect of water availability on growth, 

nodulation and N accretion in seedlings of ~. betuloides. 



3). To assess the effect of temperature on nitrogenase 

activity of ~. betuloides nodules. 

13 



LITERATURE REVIEW 

Factors Influencing Nitrogen-Fixation by Actinorhizal 

Plants 

14 

Actinorhizal plants are those plants, mostly shrubs, 

capable of forming symbiotic relationships with 

actinomycetes of the genus Frankia (Torrey and Tjepkema 

1979). The host plant provides the endophyte with a supply 

of energy and in return obtains N in a usable form (Torrey 

1978) • 

Almost all research conducted on actinorhizal plants 

has occurred within the last 30 years. The importance of 

this group of plants as a colonizing plant in early stages 

of succession and a resident of nutrient poor sites was 

realized over 100 years ago, but little research involving 

these plants took place (Silvester 1977). Since the 1950s 

the body of literature dealing with this group of plants 

has grown rapidly. The literature on actinorhizal plants 

has been reviewed extensively, including distribution and 

occurrence (Becking 1970, 1977, Bond 1967, 1976, Silvester 

1977, Torrey 1978, Wheeler 1984), physiology (Tjepkema et 

al. 1986), Frankia genetics (Normann and Lalonde 1986), 

isolation of the endophyte (Baker and Torrey 1979), Frankia 

taxonomy (Lechevalier 1984), cumulative listing of Frankia 

isolates (Baker 1982), and methods of studying actinorhizal 
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systems (Bond and Wh.eeler 1980). Symposia dealing with 

Frankia and actinorhizal plants were held at Harvard 

Forest, Petersham, MA (1978), Corvallis, OR (1979), 

Madison, WI (1982), wageningen, The Netherlands (1983), 

Quebec, Canada (1984), Umea, Sweden (1986) and Story, CT 

(1988). Research results concerning many aspects of 

actinorhizal plants have been published in the proceedings 

from these symposia (Gordon et al.1979, Torrey and Tjepkema 

1983, Akkermans et ale 1984, and Lalonde et ale 1985). 

In spite of the abundance of published literature 

concerning actinorhizal plants, relatively little is known 

about these systems. Most of the research conducted on 

actinorhizal systems has been done using Alnus species 

common in the eastern United States and Europe. 

Information dealing with actinorhizal plants common to the 

western United States is scant (Klemmedson 1979). 

A particularly useful technique for assessment of 

nitrogenase activity is the acetylene reduction assay 

(Hardy et ale 1968, Masterson and Murphy 1980, Turner and 

Gibson 1980, Somasegaran and Hoben 1985). This technique 

is based upon the ability of the nitrogenase enzyme to 

reduce a number of substrates other than molecular N (e.g. 

Turner and Gibson 1980). Triple bonded N analogues such as 

acetylene, cyanide, nitrous oxide and methyl isocyanide are 

molecular compounds that may be reduced by the nitrogenase 
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enzyme. Of the many compounds reduced by the nitrogenase 

enzyme, acetylene has the desirable characteristics of 

being easily available and lacking toxicity. Acetylene is 

reduced to ethylene by the nitrogenase enzyme at a rate 

which is proportional to the rate molecular N would be 

reduced to ammonia. Quantification of ethylene production 

by nodules incubated in the presence of acetylene 

(acetylene reduction assay) has become the accepted means 

of assessing N-fixation. 

While the acetylene reduction aS3ay is useful in 

assaying nitrogenase activity, care must be exercised in 

using acetylene reduced to estimate N fixed (Bergersen 

1970). Theoretically, a ratio of three moles of N

fixed:mole of acetylene reduced should explain the 

stoichiometric relationship between acetylene reduction and 

N-fixation. Unfortunately, the observed N-fixed:acetylene 

reduced ratio varies. Variation between observed and 

theoretical N-fixed:acetylene reduced ratios is due, in 

part, to differences in solubility of N and acetylene in 

water and cell membrane permeability of N and acetylene. 

While the lack of consistency between N-fixed and acetylene 

reduced makes estimates of N-fixed based on the acetylene 

reduction assay somewhat tenuous, it in no way invalidates 

use of the acetylene reduction assay to compare nitrogenase 

activity in different N-fixing systems or to assess the 



effect of a treatment on nitrogenase activity within a N

fixing system. 

Energy Requirements 

17 

The endophyte present in the nodules of actinorhizal 

plants is dependent on the host plant for a source of 

energy. The host plant supplies the endophyte with energy 

in the form of carbohydrates produced during 

photosynthesis. The endophyte uses a portion of the energy 

supplied by ~he host plant to fix atmospheric N, hence net 

photosynthesis and N-fixation rates are closely correlated 

in these symbiotic systems (Marschner 1986). Gordon and 

Wheeler (1978) found that net photosynthesis was positively 

correlated with mean fresh nodule weight and mean acetylene 

reduction rate in A. glutinosa clones. Decreasing 

photosynthesis by reducing intensity or duration of light 

resulted in inhibition of nodule formation (Quispel 1954, 

1958) and decreased nitrogenase activity (Wheeler and Bowes 

1974) in young A. glutinosa plants. Interrupting 

photosynthesis by defoliating the plant can reduce 

nitrogenase activity in as little as one hour (Huss-Danell 

and Sellstedt 1985). Wheeler (1971) concluded that maximal 

N-fixation rates occurred only when new photosynthate was 

entering the nodules in quantity. 

Plants capable of forming symbiotic relationships with 
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N-fixing microorganisms expend approximately 2.5 percent of 

their photosynthetic energy supporting the endophyte 

(Gutschick 1978). Gutschick (1978) determined that 12 

grams of glucose were used to fix one gram of N in a legume 

nodule system. Actinorhizal and legume symbioses appear to 

have similar energy requirements. Tjepkema and Winship 

(1980) compared respiration (measured as carbon dioxide 

evolved) and N-fixation (measured as acetylene reduced) 

rates in five actinorhizal and eight legume systems and 

concluded that the energy requirements in the two types of 

systems were similar. 

Nitrogen-fixation rates are affected by other plant 

processes (flowering, seed development, shoot growth and 

wood production) which act as competing sinks for 

photosynthates (Dawson and Gordon 1979, Marschner 1986). 

However, source-sink relationships for photosynthates are 

not well understood (Bidwell 1979, Marschner 1986, Tjepkema 

et ale 1986) and removal of competing sinks (e.g. removal 

of flowers and pods in legumes or induced dormancy of shoot 

growth) may result in increased (Marschner 1986) or 

decreased nitrogenase activity (Huss-Danell and Sellstedt 

1983) • 

Because the endophyte present in the nodules of 

syn~~uLic N-fixing plants is dependent on the host plant 

for energy, separation of nodules from their host plant has 
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a significant effect on nitrogenase activity (Wheeler et 

ale 1978). Nitrogenase activity of detached nodules is 

dependent on energy reserves stored within the nodule. 

Sprent (1969) found that nitrogenase activity proceeded at 

a constant rate in soybean nodules provided the gas 

volume:nodule mass ratio of the sampling container was 

large enough to prevent oxygen depletion and relative 

humidity in the sampling container was high enough to 

prevent desiccation of the nodule. Respiration and 

nitrogenase activity in excised nodules of ~. rubra showed 

no significant change over a two hour period (Tjepkema and 

Winship 1980). Other actinorhizal species have exhibited a 

similar response. Excised nodules of A. incana and Purshia 

tridentata continued nitrogenase activity at a constant 

rate for two and five hours, respectively (Huss-Danell 

1978, Dalton and Zobel 1977). 

Mineral Nutrition 

Although twenty chemical nutrients are known to be 

essential or beneficial to plants (Bidwell 1979, Marschner 

1986), research concerning the mineral nutrition of 

actinorhizal plants has been limited to the role of N, P 

and S in the symbiosis. 

The mineral nutrient most limiting to plant production 

in most soils is N (Stevenson 1982). Some plants are able 
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to cope with low levels of available N by forming symbiotic 

relationships with microorganisms capable of fixing 

atmospheric N, hence these plants are not solely dependent 

on the soil to meet their N nutritional needs (Barbour et 

ale 1980). 

The energy a plant must expend to meet its N 

requirements is dependent on the form of N available to the 

plant. Ammonium is the form of N used by plants for 

protein synthesis (Bidwell 1979). Nitrate is taken up by 

plants, and is mobile within the plant, but must be 

converted to ammonium before being incorporated into plant 

tissue (Bidwell 1979). Molecular N is unavailable to 

plants and must be reduced by specialized procaryotic 

microorganisms before a plant can utilize it. Symbiotic N

fixation requires a greater expenditure of energy by the 

plant than either ammonium uptake or nitrate uptake and 

reduction (Marschner 1986). If sufficient inorganic N is 

available to meet plant needs, formation of a symbiosis 

will be inhibited as it is more efficient for a plant to 

convert inorganic N to a usable form than to act as host 

for symbiotic N-fixing microorganisms (Marschner 1986). 

Plants which form symbiotic relationships with N

fixing microorganisms require a certain amount of available 

N to meet their nutritional needs prior to establishment of 

the symbiosis. Low levels of combined N in the soil 
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enhance the contribution of N-fixation to the N budget of 

host plants by alleviating N deficiencies during the 

infection and nodule development stages. Nitrate 

supplementation at rates of from 0.10 to 0.68 mg N g-l dry 

substrate stimulated N-fixation in clones of ~. glutinosa, 

increasing the efficiency of the Alnus-Frankia symbiosis 

(Mackay et ale 1987). Troelstra et ale (1987) found that 

seedlings of Hippophae rhamnoides dependent on N-fixation 

as their sole source of N exhibited significantly less 

growth than non-nodulated seedlings supplied with inorganic 

N. They attributed these results to N-limited nodule 

biomass production and associated nitrogenase activity 

being insufficient to meet the nutritional needs for N by 

the host plant during the greater part of the experimental 

period. 

Adequate supplies of P are necessary for nodulation 

and N-fixation (Quispel 1958). Phosphorus is a structural 

member of many plant compounds (e.g. nucleic acids, 

phospholipids and phosphate esters) and is important in 

energy metabolism (Bidwell 1979). The role of P in N

fixing nodules may be related to the high energy 

requirements of N-fixing systems (Bergersen 1977). 

Phosphorus supplementation affects nodulation much more 

than root or shoot growth (Cassman et ale 1980). 

Phosphorus supplementation had little effect on root 
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biomass production in Purshia glandulosa, but resulted in 

the production of more nodules, a greater total mass of 

nodules and higher nitrogenase activity compared to plants 

grown in unsupplemented soil (Righetti and Munns 1981). 

Vlamis et al. (1971) showed that ~. betuloides plants 

supporting nodules grown in P-supplemented soil were 

capable of producing similar amounts of dry matter to that 

of individuals grown in soil fertilized with P and N. 

Sulfur requirements in excess of those necessary for 

normal plant growth have not been demonstrated for 

nodulation or N-fixation (Wheeler and McLaughlin 1979). 

Seedlings of ~. glandulosa and ~. tridentata grown in S

supplemented soil showed no increase in nitrogenase 

activity compared to plants grown in unsupplemented soil 

(Righetti and Munns 1981). 

Water Availability 

The literature dealing with the effect of water 

availability on actinorhizal plants is scant. The response 

of plants to water availability, movement of water from the 

soil through the plant to the atmosphere, and regulation of 

water movement through the plant have all received a great 

deal of research attention (Slatyer 1967, Brown 1977, 

Bidwell 1979). By contrast, the effe~t of water 

availability on nitrogenase activity in root nodules is not 
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as well understood (Sprent 1976) and much remains to be 

learned about the effect of water availability on incidence 

of nodulation and maintenance of nodules by actinorhizal 

plants. 

Actinorhizal plants do not appear to differ from other 

plants in their response to water stress. When progressive 

water stress was imposed on unnodulated clones of three 

Alnus species stomatal diffusive resistance increased and 

leaf area and total height were reduced (Hennessey et ale 

1985). Seiler and Johnson (1984) found that five weeks of 

water stress significantly reduced shoot, root, and total 

plant dry weight in A. glutinosa seedlings. The response 

of Alnus to water stress was consistent with the response 

of other species of woody seedlings to water stress (Zahner 

1968) • 

The effects of water deficits on N-fixing root nodules 

has been reviewed by Sprent (1976). Water stress may 

influence symbiotic N-fixing systems in at least two ways: 

formation and maintenance of nodules and nitrogenase 

activity within existing nodules. The effect of water 

stress on incidence of nodulation in actinorhizal shrubs 

has not been thoroughly researched. Water stress may be a 

factor in the shedding of old nodules and formation of new 

ones (Wheeler and McLaughlin 1979). 

More is known about the effect of water stress on 
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nitrogenase activity in actinorhizal nodules. Nitrogenase 

activity in actinorhizal nodules tends to decline when 

nodules are subjected to water stress but the response 

varies with the species of shrub being studied and the 

method used to impose water stress. In field-excavated 

plants nitrogenase activity and plant moisture stress were 

highly correlated in Ceanothus velutinus (McNabb et al. 

1977). In nodules of ~. glutinosa seedlings subjected to 

five weeks of water stress, nitrogenase activity declined 

slightly between water potentials of -0.5 and -1.3 MPa and 

rapidly at water potentials lower than -1.3 MPa (Seiler and 

Johnson 1984). Seiler and Johnson's root-nodule harvesting 

technique may have influenced the response of nitrogenase 

activity to water stress as nodules were rinsed with water 

after being excavated from the soil and hence, may have 

been slightly rehydrated. Nitrogenase activity in A. 

incana seedlings declined by 50 % when subjected to 

moderate stress (-0.6 to -0.8 MPa) and to zero at more 

severe stress levels «-1 MPa) (Sundstrom and Huss-Danell 

1987). Significant acetylene reduction activity was 

detected in ~. tridentata at xylem pressure potentials 

greater than -2.5 MPa, but no activity was detected at 

lower water potentials (Dalton and Zobel 1977). 

Each of the above studies used a different method to 

impose water stress on the plants and expressed the level 
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of water stress in a different way (i.e. xylem pressure 

potential versus soil water potential) making comparisons 

between the studies difficult. To date no one has 

determined if the differential nitrogenase activity between 

species of actinorhizal shrubs correlates with the effect 

of water stress. 

Excessive water may slow plant growth by inhibiting 

respiration in root tissue. The oxygen demand of respiring 

root tissue may exceed the oxygen transport capacity of the 

soil when air spaces are occupied with water as oxygen 

diffuses through air much more rapidly than through water 

(Armstrong 1982). Huang et ale (1975) found that gas 

exchange rates in soils with water potentials greater than 

-0.2 MPa were sutficiently small to inhibit nitrogenase 

activity in soybean root nodules. Nodulated root systems 

have significantly higher respiration rates than non

nodulated root systems and hence, soil aeration may be more 

important for symbiotic N-fixing systems than for root 

systems not supporting nodules (Etherington 1982). 

For all species studied, maximum N-fixation rates in 

actinorhizal nodules tend to occur when oxygen partial 

pressure (p02) is near atmospheric levels (20 kPa) 

(Tjepkema et ale 1986). Nitrogenase activity in A. 

glutinosa nodules was inhibited slightly when incubated at 

p02 of 5 kPa and was severely inhibited at a p02 of 1 kPa 



(MacConnell 1959). Alnus incana root nodules cease 

reducing acetylene when oxygen is withheld from the root 

environment (Huss-Danell et ale 1987). Respiration and 
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nitrogenase activity in ~. rubra nodules were strongly 

correlated with oxygen tension (Winship and Tjepkema 1985). 

Temperature Effects 

Temperature can affect actinorhizal plants in many 

ways. Wollum and Youngberg (1969) studied the effect of 

temperature on incidence of nodulation in Ceanothus 

velutinus. As the incubation temperature increased from 10 

to 26 0 C, percentage of shrubs possessing nodules increased 

and length of time required for a shrub to develop its 

first nodule decreased. Soil temperature in the rooting 

zone of naturally occurring stands of ~. velutinus were low 

enough that Wollum and Youngberg (1969) concluded that N

accretion was temperature limited. 

Nitrogen fixation is an enzyme-mediated process which 

is very responsive to temperature. Within certain 

temperature limits, enzyme-mediated processes follow van 

Hoff's law (Q10 value), doubling in rate of reaction with 

each 10 0 C increase in temperature (Bidwell 1979). 

Waughman (1977) studied the effect of temperature on 

nitrogenase activity in a variety of systems and reported 

that nitrogenase activity in legumes is less sensitive to 



changes in temperature than non-legumes. The optimum 

temperature for nitrogenase activity in M. gale, ~. 

glutinosa and ~. rhamnoides was between 20 and 25 0 C. A 

higher optimum (350 C) was reported for Casuarina 

equisetifolia. 010 values for these species (calculated 

using data in Waughman 1977) range from 2 to 3.7. 
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Dalton and Zobel (1977) developed a technique to 

assess the effect of temperature on nitrogenase activity 

and the ability of the enzyme system to recover from a 

temperature treatment. Their technique involved 

successively measuring the acetylene reduction rate at 20 0 

C, at the treatment temperature, and again at 20 0 C. 

Nitrogenase activity at treatment temperatures below 20 0 C 

were very low and recovery of nitrogenase activity was 

high. The response of nitrogenase activity in P. 

tridentata nodules to temperature did not behave according 

to enzyme kinetics (010). Dalton and Zobel (1977) 

hypothesized that an accumulation of energy reserves during 

the low temperature treatment was available for nitrogenase 

activity during the recovery stage resulting in higher than 

expected reaction rates. This hypothesis has not yet been 

tested. 

Experiments assessing the effect of temperature on 

nitrogenase activity and oxygen uptake (respiration) 

simultaneously have shed light on the underlying mechanism 
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which may be responsible for the observations reported by 

Dalton and Zobel (1977). Winship and Tjepkema (1985) 

suggested that a temperature sensitive gas diffusion 

barrier within the nodules may playa role in the response 

of nitrogenase activity in actinorhizal nodules to 

temperature. They proposed that the gas diffusion barrier 

became less permeable to oxygen as temperature declined 

below the optimum. This decline in oxygen concentration 

results in a lower respiration rate which would reduce the 

amount of energy available for nitrogenase activity. 

Hence, a decline in nitrogenase activity is observed at 

lower than optimum temperatures. When nodules are returned 

to a more favorable (warmer) temperature regime, the gas 

diffusion barrier becomes more permeable to oxygen 

resulting in increase respiration and an increase in 

nitrogenase activity is observed. Nodules of A. incana 

exhibited a rapid decline in both respiration and 

nitrogenase activity as temperature was reduced below the 

optimum (22 0 C). When temperature was subsequently 

increased to 22 0 C, oxygen uptake recovered rapidly, but 

nitrogenase activity lagged and did not reach pretreatment 

levels for 5 or 6 hours (Huss-Danell et ale 1987). The 

time necessary for recovery of nitrogenase activity appears 

to be species dependent as nodules of A. rubra exhibited a 

response similar to A. incana with the exception that the 



lag in nitrogenase recovery (30 minutes) was much shorter 

(Winship and Tjepkema 1985). 
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Poor recovery of nitrogenase activity after exposure 

to higher than optimum temperatures suggests that something 

within the nodule is breaking down at these temperatures. 

Before nitrogenase activity can resume it appears that 

whatever was damaged as a result of exposure to higher than 

optimum temperatures must be repaired or replaced. While 

heat inactivation of enzymes has not been disproved, a 

satisfactory mechanism explaining the irreversible effect 

of higher than optimum temperatures on nitrogenase activity 

of actinorhizal nodules has not been developed. 
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GENERAL MATERIALS AND METHODS 

Study Area 

Soil and plant material for this study were collected 

within Subwatershed 11 of the Battle Flat watershed in the 

Bradshaw Mountains of central Arizona. Mean annual 

precipitation is 584 mm with 15-20% occurring as snow. The 

annual precipitation pattern is bimodal with summer and 

winter precipitation periods being separated by prolonged 

dry periods. Mean daily temperature is 150 Ci the annual 

maximum range is -29 to 39 0 C. Parent materials underlying 

the watershed are composed of massive bedded crystalline 

tuff (Anderson and Blacet 1979). Dominant soil in the area 

is the Moano very rocky loami it is classified as a loamy 

skeletal mixed, mesic dry lithic Ustochrept. Vegetation 

covers approximately 70 % of the Battle Flat watershed on 

an aerial basis (Wysong, personal communication). The 

vegetation within Subwatershed 11 is dominated by pointleaf 

manzanita (Arctostaphylos pungens), shrub live oak (Quercus 

turbinella), and birch-leaf mountain mahogany (Cercocarpus 

betuloides). Herbaceous vegetation is very sparse. 

Soil and Plant Material 

A large volume of soil was collected from beneath 

several shrubs of C. betuloides and Ceanothus greggii. 
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Nodules were noted on two of the shrubs and it was assumed 

that tte soil contained the endophyte responsible for 

nodulation of the above species. The soil was transported 

to Tucson where it was passed through 0.635 cm mesh screen, 

and mixed in a cement mixer for 15 minutes. The soil was 

placed in plastic bags and stored at room temperature in 

the laboratory. Nutrient content of the soil is given in 

Table 1. 

A single large shrub of ~. betuloides was selected and 

a large amount of seed was collected. Seed was transported 

to Tucson and spread out to dry. After the seed was air

dry the awns were removed and the seed was stored at room 

temperature in a paper bag. 

Twenty small seedlings of C. betuloides were excavated 

at the Battle Flat site. The root systems were wrapped in 

moist paper towels, enclosed in plastic bags and 

transported to Tucson. Seedlings were transplanted into 

vermiculite and watered daily. All but three seedlings 

died. Surviving plants were transplanted into soil 

collected from Battle Flat and placed in the greenhouse. 



Table 1. Nutrient content of composite soil sample 
collected within the Battle Flat watershed. 

Nutrient 

Total C 
Inorganic C 
Total N 
Extractable N 
Total P 
Available P 

Percentage 

0.72 
0.01 
0.04 
Trace 
0.04 
Trace 

32 
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A moisture retention curve was developed for the soil 

collected at Battle Flat. Approximately 50 g (oven dried 

basis) of soil was placed in each of 14 plastic vials and 

water added to give water contents (mass basis) of 4 to 15 

percent. Soil samples were placed in a psychrometer 

chamber and water potential was determined using a 

thermocouple psychrometer. The relationship between water 

potential and water content was determined by regressing 

water potential on water content. The resulting equation 

was: 

1 
W.P.=----------------------------; r 2=.99 

3.57 - 1.59 X + 0.18 X2 

where; W.P. = Soil water potential (MPa) 
X = Soil water content (percentage mass basis x 

100) 

Seed Germination 

Cured seed of~. betuloides was placed between 

several layers of paper towel, moistened and placed in a 

germinator (16 hours of light at 30 0 C; 8 hours of dark at 

20 0 C). Germinated seeds were removed and transplanted 

into a bedding medium of peat moss and vermiculite. 

Seedlings were watered daily and maintained in the bedding 

media until needed for one of the experiments described 

below. 
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Greenhouse Conditions 

Plants in the experiments described below were grown 

in a greenhouse. Daily temperatures ranged from 10.5 to 

42 0 c (Figure 1). Average daily low and high temperatures 

were 19 and 300 C, respectively. Day length was maintained 

at 16 hours of light and 8 hours of dark by supplementing 

sunlight with florescent lights suspended 1 meter above the 

plants. 

Gas Chromatography 

Nitrogenase activity in C. betuloides nodules was 

assessed using the acetylene reduction assay (Hardy et al. 

1968). Ethylene production was measured using a Varian 

3700 Gas Chromatograph (Varian Associates, Inc., Palo Alto, 

CA) equipped with a Flame-Ionization-Detector (FlO). A 

stainless steel column (2 meters long and 0.32 cm 

diameter) filled with Porapak N media (Waters Associates 

Inc., Farmingham, MS) was used to separate acetylene and 

ethylene. Nitrogen was used as a carrier gas at a flow 

rate of 35 ml min-1 • Column, injector and detector 

temperatures were 80, 250 and 3100 C, respectively. 

All gas samples were collected from incubation 

containers using a Pressure-Lok "A-2" gas syringe (Dynatech 

Precision Sampling Corp., Baton Rouge, LA). Samples were 
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analyzed immediately after collection. 

A standard curve was developed by injecting known 

amounts of pure ethylene into the gas chromatograph and 

measuring output as peak height (FlO units = peak height x 

attenuation) on a chart recorder. Ethylene concentration 

was regressed on peak height and the slope (0.02365 nMoles 

C2H4 FlO unit-1 ) of the resulting equation was used to 

determine ethylene concentration in acetylene reduction 

assay samples. Nitrogenase activity for a given sample was 

calculated as follows; 

uMoles C2H4=0.02365 (FlO units) (incubation vessel vol.)1000 

Whole Plant Nitrogenase Activity 

Huss-Danell's (1978) whole plant acetylene reduction 

technique was used to assess incidence of nodulation and 

activity of the nitrogenase enzyme in plants from the 

experiments described below without harvesting the plants. 

Air-tight containers were used to enclose the pots while 

allowing shoots to remain exposed to the atmosphere. After 

the plants had been sealed in the plastic container, they 

were allowed to incubate for one hour before a 1.0 ml 

sample of the container atmosphere was withdrawn and 

ethylene concentration determined. Five percent (v/v) of 

the atmosphere of the container was then replaced with 

acetylene and the system was allowed to incubate for three 
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or four hours. During the incubation period a 1.0 ml 

sample of the container atmosphere was removed each hour 

and analyzed for ethylene. Five pots were assayed per day. 

A sixth container, treated in a similar fashion was used as 

a blank each day. Trace amounts of ethylene occurring as a 

contaminant in the acetylene were measured in the blank. 

The amount of ethylene in the blank was constant from day 

to day and was subtracted from the ethylene produced in the 

treatment containers. Ethylene production was regressed 

against time of incubation to give ethylene production 

rate. 

Plant Harvesting 

At the conclusion of the experiments described below 

plants were severed at the cotyledon scar and root-nodule 

systems were excavated. Root-nodule systems were used to 

assess the effect of temperature on nitrogenase activity. 

After the effect of temperature on nitrogenase activity had 

been assessed root-nodule systems were removed from the 

incubation containers and nodules were separated from 

roots. Nodules were counted and fresh weight determined. 

Plant material was oven-dried (70 0 C), weighed and ground in 

a Wiley mill. An acetylene reduction assay was conducted 

on the post-harvest soil from each pot to test for the 

presence of free-living N-fixing microbes and nodules 
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accidently separated from the root system of the test 

plants. After excavating the plants, the remaining soil 

from each pot was placed in a airtight container. Five 

percent of the container atmosphere was removed and 

replaced with acetylene. Ethylene production was assessed 

after one hour. Soil was than air-dried, sieved to remove 

the >2mm fraction, ground with a mortar and pestle, and 

analyzed for moisture. Total Kjeldahl nitrogen (TKN) of 

plant and soil material was determined (Bremner and 

Mulvaney 1982). 



EXPERIMENTAL STUDIES AND RESULTS 

A. EFFECT OF PHOSPHORUS SUPPLEMENTATION ON GROWTH, 
NODULATION AND NITROGEN ACCRETION 

A greenhouse experiment was conducted to assess the 

effect of P-supplementation on growth, nodulation and N-

accretion by seedlings of C. betuloides. The null 

hypothesis tested in this experiment was: P-
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supplementation has no effect on growth, nodulation and N-

accretion in seedlings of C. betuloides. 

Materials and Methods 

Two thousand grams (oven-dry basis) of soil were 

placed into each of 12 pots. Nine pots were supplemented 

with P, as calcium phosphate, at a rate of 0.178 g kg- 1 ; 

three pots served as a control. Glass tubes were inserted 

into the soil to facilitate watering from below. A single 

seedling of C. betuloides was transplanted from the bedding 

media into each pot. The seedlings were grown in the 

greenhouse and watered with tap water as needed. A whole 

plant acetylene reduction assay (described previously) was 

conducted after six months and plants were harvested after 

seven months. 

A t-test was conducted to test the hypothesis and 
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determine if significant differences exist between plants 

grown in P-supplemented soil and controls. When the 

dependent variable took the form of count data (i.e. number 

of nodules) and the assumption of a normal distribution was 

not appropriate, Wilcoxon's Signed Rank Test was used. 

Results and Discussion 

Plants grown in P-supplemented soil produced 

significantly more shoot, nodule and total dry matter than 

did control plants (Table 2). Root biomass was not 

significantly different between treatments. 

Number of nodules and fresh mass of nodules per shrub 

were significantly greater for plants grown in P

supplemented soil (Table 3). All plants grown in P

supplemented soil were nodulated, however, only one of 

three control plants was infected. 

Nitrogen concentration of shoots and roots differed 

significantly from that of control plants (Table 4). The 

variation in N-concentration of shoots in the control 

treatment was much greater than that for the P-supplemented 

treatment. Inspection of N-concentration values for shoots 

of individual seedlings in the control treatment shows that 

N-concentration of the single nodulated seedling was much 

larger than that of the two seedlings not possessing 

nodules (1.47 vs. 1.08 and 1.06 percent, respectively). 
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Table 2. Effect of P-supplementation on dry matter 
(mean+/-SE) production in Cercocarpus betuloides soil
plant systems. 

Component 

Shoots 

Roots 

Nodules 

Total 

Treatment 

P-supplemented Control 

Probability of 
difference 

-----------g pot-1-----------
0.950+/-0.083 0.586+/-0.078 <.01 

0.255+/-0.049 0.178+/-0.042 N.S. 

0.093+/-0.028 0.005+/-0.005 <.02 

1.298+/-0.141 0.769+/-0.110 <.02 



Table 3. Effect of P-supplementation on nodulation 
(mean+/-SE) in soil-plant systems of Cercocarpus 
betuloides. 

42 

Nodule 
Attribute 

Treatment probability of 

Number pot-1 

Fresh mass, 
g pot-1 

---------------------------- difference 
P-supplemented Control 

4.8+/-1.5 0.3+/-0.3 <.02 

0.179+/-0.054 0.009+/-0.009 <.02 
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This suggests that even low incidence of nodulation may be 

beneficial to host plants. Nodule N concentration (2.02 

+/- 0.17 percent) and soil N concentration (0.038 +/- 0.001 

percent) were not significantly different between 

treatments. 

Results from the acetylene reduction assay suggest 

that the site of nitrogenase activity in ~. betuloides 

soil-plant systems are the nodules and that free-living N

fixing microbes are relatively unimportant to the N-economy 

of these soil-plant systems. Evidence supporting these 

conclusions include: 

1.) Cercocarpus betuloides soil-plant systems 

produced no measurable ethylene when incubated in the 

absence of acetylene. 

2.) Soil-plant systems that produced ethylene when 

incubated in the presence of acetylene had root 

nodules, while those that did not produce ethylene 

lacked root nodules. 

3.) Soil from which nodulated seedlings were 

excavated exhibited no ethylene production when 

incubated in the presence of acetylene. 

4.) A significant (p<.005) linear relationship 

existed between total N-accretion in plant material 

and short term nitrogenase activity (Fig. 2). 



Table 4. Effect of P-supplementation on N concentration 
(mean+/-SE) in Cercocarpus betuloides soil-plant 
systems. 
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Component Treatment Probability of 
difference 

P-supplemented Control 

-----------Percent------------
Shoots 1.547+/-0.092 1.205+/-0.135 <.10 

Roots 0.835+/-0.064 0.418+/-0.034 <.001 
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Figure 2. Regression of N accretion on short-term 
nitrogenase activity (acetylene reduction rate) of C. 
betuloides seedlings. 



These results are consistent with those of Righetti 

and Munns (1981) who found that P-supplementation had 

little effect on root biomass in Purshia glandulosa, but 

resulted in larger numbers and mass of nodules and higher 

nitrogenase activity compared to plants grown in 

unsupplemented soil. 
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The N budget in Table 5 shows that N-accretion in all 

biomass components was significantly higher for seedlings 

grown in P-supplemented soil than for controls. Nodulated 

seedlings growing in P-supplemented soil accumulated twice 

as much N as seedlings in the control treatment. 

Actinorhizal plants are not solely dependent on N-fixation 

to fulfill their N nutritional needs. Inorganic-N is 

utilized by the plants prior to the establishment of 

effective nodules and a shortage of inorganic-N during the 

seedling stage of plant development has been shown to 

reduce growth, nodulation and N-fixation in actinorhizal 

shrubs (Mackay et ale 1987, Troelstra et ale 1987). While 

N-accretion by seedlings in the control treatment was 

inflated by the single seedling which developed a nodule, 

this value (7.9 mg pot-1 ) is close to the predicted value 

when no acetylene reduction occurs (Y-intercept, Fig 2) and 

represents N supplied by the soil. 

The amount of N present in plant tissue (18.9 and 7.9 

mg pot-1 for P-supplemented and controls, respectively) is 
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small relative to the total N content of the soil (450 mg 

pot-1 ). Within treatment variation of soil N content, 

while within acceptable sampling limits (C.V. < 5%), is 

sufficiently large to mask any net gains of N to soil-plant 

systems over the time period used in this experiment. 
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Table 5. Effect of P-supplementation on N budget of soil
plant systems of Cercocarpus betuloides. 

Treatment 

P-supplemented Control 

Component Initial Final Diff. Initial Final Diff. Prob.* 

----------------mg pot-1------------------
Plants 

Shoots 
mean 
SE 

Roots 
mean 
SE 

Nodules 
mean 
SE 

0.0 14.7 14.7 
1.49 1.49 

0.0 

0.0 

2.3 2.3 
0.58 0.58 

1.9 1.9 
0.57 0.57 

Total plant 
mean 0.0 
SE 

Soil 

18.9 18.9 
2.51 2.51 

0.0 

0.0 

0.0 

0.0 

7.1 7.1 
1.34 1.34 

0.7 
0.13 

0.1 
0.09 

7.9 
1.45 

0.7 
0.13 

0.1 
0.09 

7.9 
1.45 

<.01 

<.05 

<.02 

<.01 

mean 453.3 451.6 -1.79 452.9 452.7 -0.2 N.S. 
SE 5.45 9.28 6.23 7.55 13.32 7.43 

Total soil-plant system 

* 

mean 453.3 470.4 17.1 452.9 460.6 
SE 5.45 9.94 6.85 7.55 12.70 

7.7 
6.29 

t-Test betw~en phosphorus supplemented and check 
treatnlents. 

--,..,,-

N.S. 
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B. EFFECT OF WATER AVAILABILITY ON GROWTH, NODULATION AND 
NITROGEN ACCRETION 

A greenhouse experiment was conducted to assess the 

effect of water availability on growth, nodulation and N-

accretion by seedlings of C. betuloides. The null 

hypothesis tested in this experiment was: growing 

seedlings of C. betuloides at varying levels of water 

availability had no effect on growth, nodulation and N-

accretion. 

Materials and Methods 

Two thousand grams (oven-dry basis) of the soil 

collected at the Battle Flat site was placed in each of 20 

pots. A glass tube was placed in the soil to facilitate 

watering of the plants from below. Three seedlings of C. 

betuloides were transplanted from the bedding media into 

each pot. Five pots (n=5) were randomly assigned to each 

of four levels (a=4) of water availability and placed in a 

completely randomized design on a greenhouse bench. All 

pots were watered as needed to insure seedling 

establishment. To insure that mineral nutrition needs of 

the seedlings were met, pots were watered with one-tenth 

strength minus-N nutrient solution (Huss-Danell 1978). 

Seedlings were replanted as plants died to keep three 
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seedlings in each pot. 

After the seedlings were established in the pots (2 

months), the soil was allowed to dry down to the treatment 

levels. The four levels of water availability used were 

selected from the literature based on the effect of water 

availability on similar actinorhizal s!st~ms. Soil water 

potential levels used in this study were: -0.09, -0.19, -

0.37, and -0.66 MPa. Soil water contents corresponding to 

these soil water potentials (12.5, 10, 8.5, and 7.5 

percent, respectively) were determined using the soil water 

retention curve generated earlier. The soil water content 

of all pots had dried down to the treatment weights by day 

8 and water contents were maintained at these levels 

throughout the remainder of the experiment. Pots were 

weighed from one to three times daily and one-tenth 

strength nutrient solution was added to bring each pot to 

treatment weight. After soil water availability treatment 

levels were established seedlings which died were not 

replaced. Daily measurements recorded were minimum pot 

weight and total grams of nutrient solution added. Whole 

plant nitrogenase activity was assessed 150 and 210 days 

after water availability treatments were initiated. Four 

pots (one replication of each treatment) were harvested 

daily beginning on day 214. 

Analysis of variance was used to test for a 
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significant response of dependent variables to levels of 

the treatment. Treatment sum of squares was partitioned 

into single degree of freedom tests to determine if the 

response of the dependent variable to level of the 

treatment was linear, quadratic or cubic. In addition, an 

equation was developed that described the line that best 

fit the data. Table 6 shows the general form of the ANOVA. 

Studentized residuals and normal probability plots of 

residuals were used to test for the presence of outliers. 

A single pot tested as an outlier in the ANOVA for several 

different dependent variables. Close inspection turned up 

no physical explanation (i.e. gravel content of the soil, 

location on the greenhouse bench etc.) for the unusual 

response of this experimental unit. Hence, its response 

could not be adjusted and it was not used in the ANOVA for 

those dependent variables. 
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Table 6. ANOVA for effect of water availability on growth, 
nodulation and N-accretion of ~. betuloides seedlings. 

Source D.F. Mean Squares F 

Treatment a-l SStmt/(a-l) MStmt/MSE 
Linear 1 SSLinear MSL/MSE 
Quadratic 1 SSQuadratic MSQ/MSE 
Cubic 1 SSCubic MSC/MSE 

Error a(n-l) SSerror/a(n-l) 

Total an-l 
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Results and Discussion 

Pots were maintained at four levels of water 

availability. The moisture content for a given level of 

the treatment ranged from a high value (the designated 

treatment weight) to a low value (the weight to which the 

pot dried before nutrient solution was added) (Figure 3). 

The mean minimum pot weight for a given treatment declined 

to the designated treatment weight of the next lower 

treatment on only three occasions over the 213 days of the 

experiment. 

Average daily water use differed significantly among 

levels of water availability (p<.OOl) and exhibited a 

linear relationship with soil water potential (p<.OOl) 

(Figure 4). Daily water use increased over the course of 

the experiment as daily greenhouse temperature and leaf 

area of the shrubs increased. Variation in water use among 

replications increased as the experiment proceeded. This 

increase in variation appeared to correspond to the 

variation in plant height and growth form exhibited by the 

population of plants used in the experiment. 
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Figure 3. Average daily range of pot weights for soil
plant systems of cercocar1us betuloides grown at four 
levels of water availabil ty. 
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systems of cercocar1us betuloides regressed against 
soil water potentia • 
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Dependent variables exhibiting a significant response 

to water availability were: dry matter production of 

shoots, roots and shoots plus roots, number of nodules, 

weight of nodules, whole plant nitrogenase activity at day 

150, amount and concentration of N of shoots, amount of N 

in roots, N concentration of nodules and total N 

accumulated in plant tissue. Coefficients for equations 

describing the regression of these dependent variables on 

soil water content and soil water potential are given in 

Table 7 and Table 8, respectively. Dependent variables 

that did not have a significant relationship with water 

availability were: whole plant nitrogenase activity at day 

210, N concentration of roots, and amount and concentration 

of soil N. 

Dry matter production of plants was greatest at a 

water potential of -0.19 MPa (soil water content of 10 %) 

and declined at higher and lower levels of water 

availability (Table 9). Shoots, roots, nodules and total 

plant dry matter exhibited significant quadratic 

relationships with water content (Table 7) and significant 

cubic relationships with water potential (Table 8). 
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Table 7. Regression statistics for dependent variables of 
soil-plant systems of Cercocarpus betuloides regressed 
on soil water content (percentage mass basis X 100). 

Dependent 
Variable Constant 

Regression 
Coefficients 

Linear Quadratic 

Dry Matter (g) 

Shoots -29.83 

Root -11.06 

Total -44.96 

Nodulation 

Nodules, # pot-1 
-190.36 

Nodules, g pot-1 
-3.41 

6.35 

2.39 

9.64 

42.56 

0.74 

Whole plant nitrogenase activity 
(uMoles C2H4 hour-1 pot-1 ) 

Day 150 -15.13 3.24 

N Concentration (percent) 

Nodules 14.98 -2.73 

N Content (mg pot-1 ) 

Shoots -502.49 107.20 

Roots -77.60 16.73 

Total plant 
material -595.98 128.38 

-0.30 

-0.12 

-0.46 

-2.14 

-0.04 

-0.16 

0.13 

-5.12 

-0.81 

-6.18 

.493 

.399 

.469 

.525 

.312 

.403 

.493 

.461 

.343 

.413 

* Probe 

<.005 

<.02 

<.01 

<.005 

<.025 

<.02 

<.01 

<.01 

<.05 

<.01 

* Probability of a significant regression. Presence of a 
quadratic or cubic term indicates these terms 
significantly improve the fit of the line. 
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Table 8. Regression statistics for dependent variables of 
soil-plant systems of Cercocarpus betuloides regressed 
on soil water potential (MPa). 

Dependent 
Variable 

Constant Regression Coefficients r2 Prob.* 

Linear Quadratic Cubic 

Dry Matter (g) 

Shoots -2.54 -72.01 -245.47 -219.11 .592 <.005 

Root -1.59 -32.68 -108.64 -96.64 .544 <.01 

Total -5.57 -125.63 -459.06 -392.17 .570 <.005 

Nodulation 

Nodules, # pot-1 
-27.51 

Nodules, g pot-1 
-0.61 

-518.60 -1592.73 -1351.75 .556 <.01 

-10.84 -35.99 -32.62 .398 <.025 

Whole plant nitrogenase activity 
(uMoles C2H4 hour- 1 pot-I) 

Day 150 -2.34 -46.18 -154.86 -138.58 .585 <.005 

N Concentration (percent) 

Shoots 1. 63 -0.40 .213 <.05 

Nodules 0.76 -1.57 .310 <.01 

N Content (mg pot-I) 

Shoots -49.11 -1318.66 -4518.05 -4058.57 .595 <.005 

Roots -11.68 -242.87 -817.96 -733.99 .514 <.02 

Total Plant 
Material -74.38 -1751.49 -6034.19 -5550.99 .551 <.01 

-----------------------------------------------------------
* Probability of a significant regression. Presence of a 

quadratic or cubic term indicates these terms 
significantly improve the fit of the line. 
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Table 9. Dry matter production for soil-plant systems of 
cercocarius betuloides grown at four levels of water 
availabi ity. 

Treatment 

1 2 3 4 
-----------------------------------------------------------
Soil water content 
(% mass) 12.5 10 8.5 7.5 

Soil water 
potential -0.09 -0.19 -0.37 -0.66 
(Mpa) 

n 4 5 5 5 

Dry matter (g pot-1 ) 

Shoots 
mean 2.11 3.78 1. 59 1.05 
SE 0.325 0.730 0.208 0.280 

Root 
mean 0.54 1.36 0.52 0.44 
SE 0.100 0.301 0.052 0.129 

Nodules 
mean 0.12 0.38 0.15 0.12 
SE 0.035 0.106 0.058 0.062 

Total 
mean 2.77 5.52 2.25 1. 61 
SE 0.424 1.122 0.321 0.469 
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Table 10. Effect of water availability on nodule numbers 
and nitrogenase activity in soil-plant systems of 
Cercocarpus betuloides. 

1 

Soil water 
content (% mass) 12.5 

Soil water 
potential (MPa) -0.09 

n 4 

Nodules, * pot-1 
mean 7.2 
SE 1.55 

Nitrogenase activity 
hour- 1 pot-1 ) (uMoles C2H4 

Day 150 
mean 
SE 

Day 210 

* n=3 
** n=4 

mean 
SE 

0.7 
0.14 

0.8* 
0.42 

Treatment 

2 

10 

-0.19 

5 

22.8 
3.99 

1.8 
0.40 

1.5 
0.45 

3 

8.5 

-0.37 

5 

14.8 
2.33 

0.6 
0.06 

0.9** 
0.12 

4 

7.5 

-0.66 

5 

9.6 
1. 97 

0.5 
0.15 

0.6 
0.12 
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Nodulation of the shrubs was assessed in two ways: the 

total weight (Table 9) and number of nodules (Table 10) 

produced per pot. Nodulation by either criterion was 

greatest at a water potential of -0.19 MPa (soil water 

content of 10 percent) and was significantly related to 

water availability (Tables 7 and 8). The effect of water 

stress on incidence of nodulation in actinorhizal shrubs 

has not been thoroughly researched, but has been suggested 

as an important factor in the shedding of old nodules and 

formation of new ones (Wheeler and McLaughlin 1979). In 

the present study, incidence of nodulation exhibited a 

significant response to soil water potential. At 

suboptimal levels of soil water availability number of 

nodules and the total weight of nodules declined. This 

agrees with field observations by McNabb et al. (1977) who 

found a high correlation between nodulation and plant 

moisture stress in Ceanothus velutinus. 

Nodulation was highly correlated with all dry matter 

production components (Table 11). Development and 

maintenance of nodules appears highly dependent on 

photosynthates produced in shoots (Gordon and Wheeler 1978, 

Wheeler and Bowes 1974). In addition, it seems plausible 

that the lower root production which occurred at lower 

levels of water availability would result in a smaller 

volume of soil being occupied by the roots. This should 
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reduce probability of roots coming into contact with the 

endophyte. The effect of water potential on the infection 

process warrants further study. 

Whole plant nitrogenase activity per pot was assessed 

on days 150 and again on days 210. No ethylene was 

produced in any of the 20 pots incubated for one hour in 

the absence of acetylene. Ethylene production after 

addition of acetylene was significantly related to water 

content (Table 7) and water potential (Table 8) on the 

first sampling date. Absolute values for nitrogenase 

activity at the four levels of soil water availability on 

day 210 were very similar to those on day 150 but variation 

across replications was greater (Table 10). The increased 

variation in nitrogenase activity observed on day 210 can 

be attributed to a decrease in sample size as plants in two 

experimental units died between sampling dates (see below). 

Whole plant nitrogenase activity was greatest at a water 

potential of -0.19 MPa (soil water content of 10 percent) 

and declined at higher and lower levels of water 

availability during both sampling periods (Table 10). 

Whole plant nitrogenase activity was highly correlated with 

number and weight of nodules (Table 11) which is expected 

as the nodules contain the endophyte possessing the 

nitrogenase enzyme. If nitrogenase activity is expressed 

as uMoles C2H4 g nodule- 1 hour- 1 , the response to level of 
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water availability was not significant. Moderate levels of 

water stress have been shown to have a small effect on 

nitrogenase activity in other actinorhizal systems (Dalton 

and Zobel 1977, Seiler and Johnson 1984). 

Plants in two pots died between acetylene reduction 

assays on days 150 and 210. Both pots exhibited 

significant ethylene production in the presence of 

acetylene on day 150 and no ethylene production in the 

presence of acetylene on day 210, suggesting that 

nitrogenase activity was dependent on the presence of a 

living plant in this system. Whole plant nitrogenase 

activity on day 150 was highly correlated with shoot 

production (site of photosynthesis). A high correlation 

between net photosynthesis and nitrogenase activity has 

been documented in several actinorhizal shrubs (Gordon and 

Wheeler 1978, Huss-Danell and Sellstedt 1985, Wheeler and 

Bowes 1974) demonstrating the dependency of the endophyte 

on the host plant as a source of energy in the form of 

photosynthates. 

Soil from the 20 pots was incubated in the presence of 

acetylene after plants were harvested. Significant 

ethylene production occurred in only 2 of 20 cases. In one 

case a nodule, which was missed when the plant was 

harvested, was recovered. Possibly other nodules were 

missed when the root systems were excavated from the rocky 



soil. The general lack of nitrogenase activity in the 

post-harvest soil suggests that free-living N-fixing 

microorganisms made little or no contribution to the N 

economy of the soil-plant system used in this experiment. 
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Nitrogen concentration of shoots exhibited a linear 

response to water availability (soil water potential) 

(Table 8). Nitrogen concentration of shoots was 1.69 

(SE=0.049) percent at a soil water potential of -0.09 MPa 

and increased to 1.94 (SE=0.069) percent at a soil water 

potential of -0.66 MPa. Nitrogen concentration of nodule 

material exhibited a quadratic response to water 

availability expressed as soil water content (Table 7) and 

a linear response to water availability expressed as soil 

water potential (Table 8). Nodule N concentration 

increased from 1.29 (SE=0.096) percent at a soil water 

potential of -0.09 MPa to 1.88 (SE=0.305) percent at a soil 

water potential of -0.66 MPa. Nitrogen concentration of 

root material was 0.71 (SE=0.031) and did not exhibit a 

significant response to levels of water availability. 

Total N present in plant material demonstrated a 

significant quadratic relationship with soil water content 

(Table 7) and a significant cubic relationship with soil 

water potential (Table 8). Hence, the concentration of N 

in plant material decreased with increasing levels of water 

availability but the total amount of N incorporated into 
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plant material increased with increasing levels of water 

availability. Nitrogen accretion in plant material was 

highly correlated with nitrogenase activity and nodulation 

(Table 11). Because nodules are the site of nitrogenase 

activity, N nutrition of the plant seems highly dependent 

on number and mass of nodules the plant is capable of 

supporting. 

Soil N concentration at the end of the experiment was 

not significantly different among treatments. Soil N 

concentration was 0.038 (SE=O.OOl) and 0.037 (SE=O.OOl) 

percent at the beginning and end of the experiment, 

respectively. The N budget for the experiment is given in 

Table 12. Plants grown at soil water potential of -0.19 

MPa fixed three times more N than plants grown at -0.66 

MPa. water stress appears to reduce plant growth and 

limits the amount of energy available for supporting 

symbiotic N-fixing microbes. 
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Table 11. Pearson correlation coefficients for dependent 
variables exhibiting a significant relationship with 
levels of water availability. 

Plant Dry Matter 
Shoot Root Total 

Plant dry matter 
Shoot 1.000 
Root 0.959 1.000 
Total 0.997 0.978 1.000 

Nodulation 
Nodule number 0.740 0.777 0.756 
Fresh weight 0.933 0.937 0.941 

Nitrogenase 
150 days 
210 days 

Nitrogen 
Accretion 

Shoot 
Root 
Total 

Nitrogenase 
150 days 
210 days 

Nitrogen 
Accretion 

Shoot 
Root 
Total 

activity 
0.969 0.975 0.979 
0.761 0.777 0.772 

0.997 0.964 0.996 
0.937 0.968 0.953 
0.995 0.972 0.997 

Nitrogenase 
150 days 

actIVIty 
1.000 
0.740 

0.976 
0.980 
0.984 

activity 
210 days 

1.000 

0.754 
0.723 
0.755 

Nodulation 
Number Weight 

1.000 
0.776 

0.744 
0.452 

0.740 
0.699 
0.740 

1.000 

0.935 
0.754 

0.926 
0.915 
0.931 

Nitrogen accretion 
Shoot Root Total 

1.000 
0.941 1.000 
0.999 0.956 1.000 
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Table 12. Nitrogen budget for seedlings of Cercocarpus 
betuloides grown at four levels of water availability. 

Treatment 
------------------------------------------

1 2 3 4 

Soil water content 
(% mass) 12.5 10 8.5 7.5 

Soil water 
potential (MPa) -0.09 -0.19 -0.37 -0.66 

n 4 5 5 5 
Nitrogen content (mg pot-1 ) 

Shoots 
mean 35.93 66.17 25.85 19.96 
SE 6.312 12.767 2.628 4.681 

Roots 
mean 4.09 9.97 3.38 3.33 
SE 0.969 2.332 0.509 0.973 

Nodules 
mean 1. 54 2.76 1.81 2.70 
SE 0.487 0.672 0.643 1.843 

Total 
mean 41. 56 78.90 31. 81 26.00 
SE 6.851 15.652 3.943 7.461 
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C. EFFECT OF SHOOT REMOVAL ON NITROGENASE ACTIVITY IN C. 
betuloides NODULES 

A laboratory experiment was conducted to assess the 

effect of shoot removal on nitrogenase activity in nodules 

of C. betuloides. The null hypothesis tested in this 

experiment was: shoot removal has no effect on nitrogenase 

activity in nodules of C. betuloides. 

Materials and Methods 

Two seedlings of ~. betuloides, collected at Battle 

Flat and maintained in the greenhouse for six months, were 

used to determine how long nitrogenase activity would 

continue at a steady rate after separating shoots from the 

root systems. 

Seedlings were brought into the laboratory, stems 

severed at the cotyledon scar, and root systems excavated. 

Root-nodule systems were placed into airtight incubation 

vessels. Five percent of the vessels atmosphere's was 

replaced with acetylene and the vessels were incubated at 

28 oc. One milliliter gas samples were removed from the 

incubation vessels at hourly intervals, beginning 30 

minutes after addition of 2cetylene, and analyzed for 

ethylene using a gas chromatograph. Ethylene production 

was regressed against time elapsed since shoot removal. 
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Results and Discussion 

Root-nodule systems of C. betuloides maintained 

nitrogenase activity at a steady rate of 1.05 uMoles C2H4 g 

fresh nodule weight-1 hour-1 for 5.5 hours after being 

separated from shoots (Fig 5). The regression of 

nitrogenase activity on elapsed time (from 0 to 5.5 hours) 

had a coefficient of determination of 0.99. After 5.5 

hours nitrogenase activity declined, and 7.5 hours after 

shoot removal the acetylene reduction rate was 

approximately half of the initial rate (0.59 uMoles C2H4 g 

fresh weight- 1 hour- 1 ). 

The response of nitrogenase activity of ~. betuloides 

nodules to shoot removal is consistent with the response of 

nitrogenase activity of nodules from other actinorhizal 

species to shoot removal. Purshia tridentata nodules 

reduced acetylene at a rate of 3.5 umoles C2H4 g fresh 

nodule weight-1 hour-1 for 5 hours (Dalton and Zobel 1977) 

and Huss-Danell (1978) reported that ~. incana nodules 

reduced acetylene at a steady rate for two hours after 

being separated from shoots. Gordon and Wheeler (1978) 

demonstrated a significant positive correlation between 

photosynthesis and both fresh weight of nodules and 

acetylene reduction rate. In the present study, the 

decline in acetylene reduction rate after 5.5 hours 

suggests that the energy source of the endophyte was being 
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exhausted. 

The ability of actinorhizal nodules to reduce 

acetylene at a steady rate after being separated from 

shoots facilitates the use of excised nodules as 

experimental units in other experiments. If treatments are 

imposed, and responses measured within the time period that 

the nodules exhibit a steady acetylene reduction rate, 

measured responses can be attributed to the treatment 

rather than loss of activity due to exhaustion of the 

energy reserves available to the endophyte. In addition, 

all measurements can be expressed on an hourly basis, 

regardless of when they were taken within the time interval 

by dividing the activity by the incubation period. 
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Figure 5. Acetylene reduction rate of C. betuloides 
nodules regressed against time elapsed S1nce shoot 
removal. Plotted point represents the mean; bars 
represent the range of observed values. Equation of 
line was developed using data from 0 to 5.5 hours. 
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D. TEMPERATURE RESPONSE OF NITROGENASE ACTIVITY IN C. 
betuloides NODULES 

Two laboratory experiments were conducted to assess 

the effect of temperature on nitrogenase activity in 
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nodules of C. betuloides. The null hypothesis of the first 

experiment was that temperature has no effect on 

nitrogenase activity in nodules of C. betuloides. The 

second experiment assessed the effect of temperature on 

nitrogenase activity in nodules of C. betuloides and the 

permanence of that effect. 

Materials and Methods 

a.) Experiment One 

The effect of temperature on nitrogenase activity was 

assessed by conducting an acetylene reduction assay on 

nodules of C. betuloides sequentially at 15, 25 and 35 0 C. 

The acetylene reduction assay was repeated daily for five 

days. Each day the root-nodule system of one plant from 

each experimental unit (pot) of a replication (four pots 

per replication) in the water availability experiment 

described earlier was placed in an unsealed incubation 

vessel and allowed to equilibrate at 150 C. After 

equilibrating for 30 minutes the four incubation vessels 

containing root-nod'lle systems and a fifth incubation 
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vessel, which was empty and served as a blank, were sealed. 

Five percent of each vessel's atmosphere was replaced with 

acetylene and the vessels were incubated at 150 C for one 

hour. A 1.0 ml gas sample was then removed from each 

vessel and analyzed for ethylene using a gas chromatograph. 

After sampling for ethylene p~oduction, the root-nodule 

systems were placed in clean incubation vessels and the 

above procedure was repeated at 25 and 35 0 C. 

Variation in nitrogenase activity increased with test 

temperatures. Hence, variance across treatments was not 

homogenous. To alleviate this problem, a log 

transformation (log observed value + 1) was used in 

analysis of the data. 

Because the acetylene reduction assay was conducted 

sequentially at three temperatures on each root-nodule 

system, the experimental design is best described as a 

repeated measures experiment blocked across days. The 

repeated measures data were analyzed using maximum 

likelihood analysis, with a general linear model for 

expected responses and arbitrary structural models for the 

within-treatment covariances (Jennrich and Schluchter, 

1986). Model parameters that best predicted the response 

of transformed values of nitrogenase activity to levels of 

temperature and water availability were estimated. Number 

of nodules and fresh weight of nodules were used as 
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covariates in the analysis. Results from the water 

availability experiment discussed earlier demonstrated that 

these covariates (nodule number and fresh weight) were 

dependent on levels of water availability. Hence, 

covariate adjustments were made within levels of water 

availability. The full model was 

Yijk=bi+Tl+Tq+Pl+Pq+Pc+B2(Xij-X.j)+B2(Xij-X.j)+interactions 

where Yijk=log(expected nitrogenase activity value + 1) 

Xij=log (observed nitrogenase activity value + 1) 

x.j=mean observed nitrogenase activity value for 

jth level of water availability j=1, ••• ,4 

bi=block effect i=1, ••• ,5 

T=temperature response: l=linear, q=quadratic 

P=water availability response: l=linear, 

q=quadratic, c=cubic 

B1=covariate coefficient for nodule fresh weight 

B2=covariate coefficient for nodule numbers. 

interactions=interaction between temperature and 

water availability responses (i.e. Tl * Pc) 

Two models were compared to determine which would best 

describe the response of nitrogenase activity to 

temperature and levels of water availability. Both models 

used the observed values to calculate the maximum 

likelihood estimates of the full model parameters. In the 

first model the within-treatment covariances were assumed 
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to be unstructured (i.e. sums of cross-products in the 

covariance matrix allowed to vary). In the second model 

the within-treatment covariances were assumed to have a 

compound symmetry structure (i.e. sums of cross-products in 

the covariance matrix were equal). The two models were 

compared and the most parsimonious used to complete the 

analysis. Model parameters were systematically dropped and 

remaining parameters re-estimated until the simplest model 

which adequately described the response of the dependent 

variable (nitrogenase activity) to levels of the treatment 

(temperature) was developed. 

b.) Experiment Two 

The effect of temperature on nitrogenase activity in 

nodules of ~. betuloides and the permanence of that effect 

was assessed using a technique similar to that of Dalton 

and Zobel (1977). Root-nodule systems from plants in the 

P-supplementation experiment and root-nodule systems of 

five plants from the water availability experiment were 

randomly assigned to one of five treatment temperatures. 

For each treatment temperature, root-nodule systems of 

plants assigned to that treatment were excavated and placed 

in individual unsealed incubation vessels and allowed to 

equilibrate at 25 0 C, the reference temperature, for 30 

minutes. The three incubation vessels containing root-
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nodule systems and a fourth incubation vessel, which was 

empty and served as a blank, were then sealed. Five 

percent of the vessel's atmosphere was replaced with 

acetylene and incubated at 25 0 C for one hour. The effect 

of temperature on nitrogenase activity was assessed by then 

placing the root-nodule systems in clean incubation vessels 

and repeating the above procedure at the treatment 

temperature (i.e. 5, 15, 25, 35, and 450 C). Permanence of 

the effect of treatment temperatures on nitrogenase 

activity was assessed by placing the root-nodule systems in 

clean incubation vessels and repeating the procedure at the 

reference temperature (25 0 C). At the end of each of the 

three incubation periods (initial, treatment condition and 

recovery condition), 1.0 ml gas samples were withdrawn from 

the incubation vessels and ethylene concentration 

determined by gas chromatography. 

Results 

a.) Experiment One 

To analyze the repeated measures response of 

nitrogenase activity to temperature, the full model with an 

assumed within-treatment covariance structure of compound 

symmetry was used as it was found to be the more 

parsimonious model tested. Two covariates tested - nodule 

number and fresh weight of nodule - were not significant 
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and were dropped from the model. Moreover, all 

interactions between response to levels of temperature and 

response to levels of moisture availability were not 

significant and were dropped from the model. The response 

of nitrogenase activity to temperature was not 

significantly different among levels of water availability. 

Hence, the main effect level of water availability was 

dropped from the model. Response of nitrogenase activity 

to temperature was best explained by a quadratic equation 

(p<.001). Parameter coefficients for the reduced model 

were estimated using a maximum likelihood procedure 

designed for repeated measures multivariate problems (Laird 

et al. 1987) ~ this yielded the following equation~ 

where 

y=-1.926 + O.303(T) - O.005(T2) 

y=log(estimated value of nitrogenase activity+!) 

T=temperature 

This equation predicts that the optimum temperature for 

nitrogenase activity in nodules of C. betuloides is 30oC. 

b.) Experiment Two 

To assess the response of nitrogenase activity in 

nodules of C. betuloides to temperature in this experiment, 

nitrogenase activity values measured during the three 

incubation periods were plotted against treatment 

temperature. Initial nitrogenase activity of nodules, 
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measured during the first incubation at the reference 

temperature, was plotted against the treatment temperature 

at which nodules were subsequently incubated (Figure 6a). 

Nitrogenase activity of ~. betuloides nodules, measured 

during the incubation at the treatment temperature (5, 15, 

25, 35 and 450 C), was plotted against treatment 

temperature in Figure 6b (note that the Y axis in Figure 6a 

has a different scale than Figures 6b and 6c). Nitrogenase 

activity of nodules at the reference temperature, 

subsequent to exposure to the treatment temperature, were 

plotted against treatment temperature in Figure 6c. The 

large within treatment variation (Figure 6a-c) makes 

assessment of the response of nitrogenase activity to 

temperature difficult. For example, the two root-nodule 

systems assigned to the 25 0 c test temperature varied by two 

orders of magnitude in nitrogenase activity during the 

first incubation (Fig. 6a) (6.4 and 709.8 nMoles C2H4 jar-1 

hr-1 , respectively). Differences in nitrogenase activity 

between experimental units for a given treatment 

temperature were often larger than the change in 

nitrogenase activity which occurred when root-nodule 

systems were exposed to the temperature treatment. The 

large variation in nitrogenase activity among root-nodule 

systems within a temperature treatment can be explained, in 

part, by the differences in number and mass of nodules 
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present on the root systems used in this experiment. Other 

sources of variation include surface area of the nodules 

and effectiveness of the nodules (i.e. some nodules on a 

plants' root system may not exhibit nitrogenase activity). 

With several potential sources of variation, it is 

extremely difficult to adjust the observed nitrogenase 

activity values in such a way as to remove the effect of 

extraneous sources of variation. Therefore the effect of 

temperature on nitrogenase activity in this experiment was 

evaluated by plotting relative nitrogenase activity 

(nitrogenase activity at the treatment temperature - i.e. 

5, 15, 25, 35 and 450 C - as a percentage of initial 

nitrogenase activity at the reference temperature) as a 

function of treatment temperature (Fig. 7a). 

Relative nitrogenase activity increased from treatment 

temperatures of 5 to 35 0 C and declined at a treatment 

temperature of 45 0 C (Figure 7a). Relative nitrogenase 

activity was greatest at a treatment temperature of 35 0 C 

suggesting that the optimum temperature for nitrogenase 

activity is close to this temperature. 

P~rmanence of the effect of temperature on nitrogenase 

activity was evaluated by plotting relative nitrogenase 

activity (nitrogenase activity during the third incubation 

- recovery conditions - as a percentage of initial 

nitrogenase activity at the reference temperature) as a 
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Figure 7. Relative nitrogenase activity under treatment 
conditions (A) and recovery conditions (B) in 
Cercocarpus betuloides nodules. 
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function of treatment temperatures (Fig. 7b.). Recovery of 

nitrogenase activity was greatest for root-nodule systems 

incubated at a treatment temperature of 150 C (Figure 7b). 

This suggests that exposing nodules to temperatures of 150 C 

temporarily affected nitrogenase activity and nitrogenase 

activity was restored relatively quickly after nodules were 

returned to the reference temperature. For root-nodule 

systems incubated at a treatment temperature of 250 C 

relative nitrogenase activity under recovery conditions was 

about 75 percent (Fig. 7b) which is similar to relative 

nitrogenase activity under treatment conditions (Fig. 7a). 

The lack of change in relative nitrogenase activity under 

treatment and recovery conditions for nodules incubated at 

a treatment temperature of 25 0 C suggests that incubating 

nodules at this temperature has little effect on 

nitrogenase activity. Root-nodule systems exhibited no 

nitrogenase activity under recovery conditions after being 

incubated at a treatment temperature of 45 0 C (Fig. 7b). 

This suggests t~at the affect of incubating nodules at a 

temperature of 45 0 c is relatively permanent and nodules 

were unable to restore nitrogenase activity during the 

recovery incubation. 
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Discussion 

The response of nitrogenase activity in nodules of £. 

betuloides to temperature in the two experiments described 

above was quite similar. In both cases nitrogenase 

activity exhibited a quadratic response to temperature with 

the maximum rate occurring between 30 and 350 C. The 

optimum temperature for nitrogenase activity in nodules of 

~. betuloides appears to be higher than the optimum 

temperature (20-250 C) reported for ~. gale, ~ glutinosa, 

~. rhamnoides (Waughman 1977), ~. tridentata (Dalton and 

Zobel 1977) and similar to the optimum temperature (35 0 C) 

reported for ~. equisetifolia (Waughman 1977). These 

results are not surprising as the actinorhizal shrubs which 

exhibit an optimum temperature for nitrogenase activity of 

20-250 C are native to temperate regions, while C. 

betuloides and ~. equisetifolia are native to much warmer 

semi-arid climates. 

During Experiment two the decline in relative 

nitrogenase activity (89 and 78 percent under treatment and 

recovery conditions, respectively) at a treatment 

temperature of 25 0 C was unexpected. If the optimum 

temperature for nitrogenase activity in C. betuloides root 

nodules was similar to the reference temperature (25 0 C) 

selected for this experiment, the expected response would 

have been relative nitrogenase activity values of 100 



percent during treatment and recovery incubations. A 

likely explanation for the observed response is that the 

optimum temperature for nitrogenase activity is above the 

reference temperature selected for this experiment. 
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Because nitrogenase activity is an enzyme mediated process 

and the rate of an enzymatic reaction will decline at lower 

than optimum temperatures, the decline in relative 

nitrogenase activity observed at the reference temperature 

is probably a temperature response. 

After the nodules used in Experiment two were exposed 

to a treatment temperature of 45 0 C, nitrogenase activity 

ceased and did not recover during subsequent incubation at 

25 0 C (Figure 7b). That nitrogenase activity ceased after 

nodules were exposed to a 45 0 C for one hour, suggests that 

the 30 minute equilibration period, preceding the treatment 

incubation, was not long enough. It seems likely that the 

nitrogenase activity observed during the 45 0 C treatment 

incubation (Fig. 7a) was residual activity that occurred 

before the temperature effect had fully manifested itself. 

If temperature has no effect on nitrogenase activity, 

the curve for treatment conditions (Figure 7a) should be a 

horizontal line with a value of 100 percent. If the 

treatment condition curve has values less than 100 percent 

the treatment temperature corresponding to those values 

would appear to have a detrimental effect on nitrogenase 
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activity. A decline in nitrogenase activity at other than 

optimum temperatures has been documented for several 

actinorhizal species (Dalton and Zobel 1977, Waughman 1977, 

Winship and Tjepkema 1985). 

If the detrimental effects of temperature on 

nitrogenase activity can be reversed by returning the 

nodules to a more favorable temperature, relative 

nitrogenase activity under recovery conditions (Figure 7b) 

should have a value greater than relative nitrogenase 

activity under treatment conditions (Figure 7a). If the 

effect of temperature is more permanent (i.e. nitrogenase 

activity does not return to the intial rate when the 

nodulea are returned to a favorable temperature regime) the 

reverse would be expected. 

In C. betuloides nodules, temperatures greater than 

25 0 c appear to have a more permanent effect on nitrogenase 

activity than do temperatures less than 250 C (Figure 7). 

In nodules of P. tridentata, Dalton and Zobel (1977) 

described a similar response which they attributed to 

reduced gas diffusion in and out of the nodules at low 

temperatures and inactivation of enzymes or increased 

drying of nodules at high temperatures. Winship and 

Tjepkema (1985) developed a model of a temperature 

sensitive gas diffusion barrier within the nodules which 

partially explains the response of nitrogenase activity in 
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actinorhizal nodules to lower than optimum temperatures. 

While inactivation of enzymes has not been disproved, a 

satisfactory explanation of the irreversible effect of 

higher than optimum temperatures on nitrogenase activity of 

actinorhizal nodules has not been proposed. 



DISCUSSION OF EXPERIMENTAL RESULTS AND CONCLUSIONS 

Seedlings of ~. betuloides exhibited a significant 

response to each of the physical and chemical factors 

evaluated in this study. 
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Phosphorus availability in Battle Flat soils appears 

to be limiting productivity and N-fixation by the 

actinorhizal shrub C. betuloides. Seedlings of ~. 

betuloides grown in P-supplemented soil produced more dry 

matter, supported a greater number and mass of nodules and 

accumulated more N than did control seedlings. It has been 

suggested that symbiotic N-fixing systems have higher P 

requirements than non N-fixing systems (Bergersen 1977). 

This claim has not been positively substantiated nor has 

the role of the additional P been identified. 

Actinorhizal shrubs are considered to be an important 

mechanism for N addition to chaparral systems. Hence, P 

limitation of nodulation and N-accretion by ~. betuloides 

has important management implications. Phosphorus has a 

sedimentary nutrient cycle and the major source for P 

addition to an ecosystem is via weathering of parent 

material. Management practices should be implemented in 

such a way that potential losses of P are minimized. A 

potential mechanism for ameliorating P deficiencies would 

be the existence of mycorrhizal fungi capable of infecting 
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c. betuloides. Rose and Youngberg (1981) have shown that 

the association of actinorhizal and mycorrhizal symbiotes 

in Ceanothus velutinus seedlings enhanced dry matter 

production, incidence of nodulation and accumulation of N 

and P. Nodulated seedlings of Hippophae rhamnoides 

supporting mycorrhizal symbiotes produced 50 percent more 

dry matter, accumulated twice as much P and exhibited four 

times the nitrogenase activity of ~. rhamnoides seedlings 

possessing nodul~s but not supporting mycorrhizal symbiotes 

(Gardner et al. 1984). The existence of a similar 

association involving ~. betuloides has not been explored. 

Seedlings of C. betuloides were able to support 

effective nodules at all levels of water availability 

assessed in this study. Dry matter production, incidence 

of nodulation and N-accretion were greatest in seedlings of 

C. betuloides grown at a soil water potential of -0.19 MPa. 

Seedlings grown at higher (-0.09 MPa) and lower (-0.37 MPa) 

soil water potentials produced less dry matter, developed 

fewer nod~1~5 and fixed less N than those grown at -0.19 

MPa. Seedlings grown at -0.66 MPa (the lowest soil water 

potential evaluated) performed similarly to seedlings grown 

at -0.37 MPa. While the number of nodules a plant 

possessed was significantly affected by water availability 

all plants were nodulated. Hence,~. betuloides appears to 

be able to support nodules even at soil water potentials 
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low enough to inhibit dry matter production. 

The site of nitrogenase activity in the C. betuloides 

soil-plant system appears to be the nodules. Evidence for 

this is: 

1). Cercocarpus betuloides soil-plant systems 

produced no measurable ethylene when incubated in the 

absence of acetylene. 

2). Soil-plant systems that produced ethylene when 

incubated in the presence of acetylene had root 

nodules, while those that did not produce ethylene 

lacked nodules. 

3). Plants in two experimental units died between 

acetylene reduction sampling dates. Plants in both 

experimental units possessed nodules and exhibited 

significant ethylene production when healthy plants 

were present and no ethylene production after the 

plants had died. 

4). Soil from which nodulated seedlings were 

excavated exhibited no ethylene production when 

incubated in the presence of acetylene. 

S). Short term nitrogenase activity (acetylene 

reduction) was highly correlated with total N

accretion in plant material. 

Free-living N-fixing microorganisms appear to contribute 

little to the N economy of ~. betuloides. Free-living N-
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fixing microbes appear unable to acquire sufficient energy 

from root exudates, in the competive environment of the 

rhizosphere, to meet the high energy costs of N-fixation 

(Beck and Gilmour 1983). 

Nitrogenase activity in nodules of C. betuloides was 

greatest at temperatures between 30 and 350 C. Nitrogenase 

activity declined rapidly at temperatures lower than 25 0 C, 

but the effect of lower temperature was reversible as 

activity resumed during subsequent incubation at 250 C (i.e. 

at higher temperature). Nitrogenase activity declined 

rapidly at temperatures just 100 c above the optimum. 

Higher than optimum temperatures appear to have a more 

detrimental and lasting effect on the nitrogenase enzyme 

than do lower than optimum temperatures as nitrogenase 

activity was not restored in nodules incubated for one hour 

at 25 0 C subsequent to a one hour incubation at a 

temperature of 450 c. 

Temperature and soil water potential regimes in the 

rooting zone of chaparral shrubs have not been evaluated. 

It seems likely that favorable temperature and water 

potential conditions would exist in the rooting zone of C. 

betuloides at least periodically during the growing season. 

When temperature and water potential conditions are 

favorable for N-fixation, P status may limit the N-fixing 

potential of C. betuloides. It seems unlikely that soil 
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temperature and water potential conditions can be 

manipulated, by improved management, to create an 

environment more favorable for N-fixation by ~. betuloid~s. 

Productivity and N-fixation by ~. betuloides may 

someday be improved by genetic improvement of the host 

shrub or the Frankia endophyte. Selection or genetic 

manipulation of strains ~ess sensitive to temperature and 

low soil water potential may lead to a symbiosis which is 

more efficient at N-fixation under the physical conditions 

found in Arizona chaparral. In addition, transferring the 

ability to form symbiotic relationships with Frankia to 

non-actinorhizal shrub species would likely increase 

productivity by these plants. While the technology needed 

to accomplish the above genetic modifications does not 

exist at the present time, advances in genetic and 

molecular biology are proceeding at a rate which may make 

these modifications possible in the near future. 

To fully evaluate the contribution of actinorhizal 

shrubs to the N budget of Arizona chaparral some measure of 

the incidence of nodulation and N-fixation rates of shrubs 

in the field are necessary. Nodules are rarely encountered 

in the upper 30 cm of the soil profile. High soil 

temperature and low soil water potential in the upper 

portion of the soil profile during much of the growing 

season probably precludes nodulation in this layer of the 
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rooting environment. The steep topography and rocky soils 

common in Arizona chaparral will make field quantification 

of N-fixation very difficult. 
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