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(Abstract)

This project consisted of three studies, two of which

examined the effects of moisture deficits and moisture

stress conditioning of black alder seedlings and the third

examined the effects of shoot manipulations on the

physiology of black alder seedlings and the nitrogenase

activity of the seedlings' root nodules.

Endophyte strain was found to be nonsignificant in

response to moisture deficit and moisture-stress

conditioning (MSC). Using regression analysis MSC

significantly decreased the impact of low water potentials

on photosynthesis and acetylene reduction. There were no

significant improvements in this response with increased

MSC periods. Exposure of nodules to dry soil conditions

while keeping the host plant hydrated did not significantly

reduce acetylene reduction, nodule sugar content,



transpiration or leaf conductance; however, photosynthesis

was significantly reduced. Only defoliations of 100%

significantly lowered acetylene reduction. Defoliations of

45% caused increases in photosynthesis and transpiration of

residual leaves three days following defoliation. Nodule

sugar content was unaffected by any level of defoliation.
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i Introduction and Justification

European black alder (glnus Glutinosa L. Gaertn.), an
i

actinhorizal nitrogen-fixing species capable of reaching
commercial timber size, has been grown in areas far beyond

its native range in Eurasia and Northern Africa because it
adapts well to acid soils and its utility in revegitating
abandoned lands (Kohnke 1941, Lowry et al. 1962, Tarrant

and Trappe 1971, Funk 1973). Black alder acts as a nurse

tree for interplanted hardwoods and pines (Phares et al.

1975, Plass 1977) and ameliorates physical and chemical

soil properties of disturbed sites in the United States

(Lowry et al. 1962, Dale 1963).

Europeans have known about and utilized the species

helpful attributes for a long time, but only since the

early 1960s have Americans examined the alder's potential

(Lowry et al. 1962, Phares et al. 1975, Plass 1977).

Recently, black alder has received increased attention

because it yields usable wood fiber (de Souza Goncalves et

al. 1980) and adapts well to a wide range of site

conditions and silvicultural systems (Tarrant and Trappe

1971, Phares et al. 1975, Saucier 1977, Franklin 1978,

Gordon 1978, Gordon and Dawson 1979, Kellison and White

1979). There two basic silvicultural systems that use

actinhorizal plants. The first system is where the

1
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actinhorizal plants are the main component of the final

harvest. The second systems utilizes the actinhorizal as a

nurse crop in which it is not a main component of the final
harvest. Several researchers report attempts to

domesticate this species using selected genotypes and
endophytes (Hall and Maynard 1979, Robison 1979).

Black alder has a wide natural range. Within its

range black alder adapts to a wide variety of ecosystems

and occurs in both pure stands and association with other

tree species (McVean 1953, 1956). For instance, it

associates with willows (galig spp.) in low—lying areas
susceptible to floods; with birches gBetula spp.) on

elevated, infertile acid soils; and with ashes (Fraxinus

spp.) and oaks (Quercus spp.; Anderson 1950, McVean 1953).

Black alder does not tolerate drought well and this fact

probably governs its natural range (Mcvean 1953) and can

restrict its introduction to new sites.

Despite black alder's many favorable attributes,

researchers know little about the physiological

interactions between it and Frankia, the symbiotic nitrogen

fixing organism that forms root nodule associations with

black alder. A recent review has been published of the

current knowledge of actnhorizal physiology and energetics

(Tjepkema et al. 1986). 0nly recently has any work been

done on the photosynthetic "cost" of nitrogen fixation for
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actinhorizal N-fixing plants. Using the legume/rhizobium
system, several researchers have studied nitrogen

fixation efficiency and calculated the photosynthetic

"costs" of N-fixation (Finke et al. 1982, Paul and Kucey

1981, Ryle et al. 1979). These results have advanced our

understanding of and efforts to domesticate the

legume/Rhizobium association, but little effort has been

made to relate these data to the lesser studied alder

associations (Tjepkema 1985, Tjepkema and Winship 1980).

Similar information for black alder would help us to assess

its long-term potential in forestry.

Researchers have only begun to examine the effect of

water stress on black alder growth, development and N-

fixation (Seiler and Johnson 1984, Seiler 1985). Water

stress significantly reduces N-fixation (Seiler and Johnson

1984). However, no work on the physiological processes

associated with this response has been done. Water stress

may decrease N-fixation by both decreasing photosynthesis

and directly affecting the symbiotic system, but no one

has studied the relative magnitude of these effects in

actinhorizal plants. In addition, information is lacking
on the relative drought-tolerance or drought-avoidance

mechanisms of the nodule endophyte iu situ and its effect

on overall drought-tolerance and drought-avoidance

mechanisms of black alder seedlings.
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Researchers have found variation in photosynthetic

rate and distribution of assimilates to the root system of
black alder (Gordon and Wheeler 1978), This variation may
cause important interactions with the nodule endophyte
(Hall and Maynard 1979). Specific data investigating the
relationship between photosynthesis, photoassimilate

supply, and N-fixation in black alder is lacking.
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Objectives

The objectives of this study were:
l. To evaluate the effects of two strains of

nodule endophyte Frankia and water stress on
the CO exchange rate, leaf conductance, trans-
piration nodule sugar content, acetylene reduction,
and growth of black alder seedlings.

2. To separate the effects of indirect and direct
soil water stress on the acetylene reducing capabil-
ities of two strains of the nodule endophyte Frankia.

3. To determine the effects of water stress
conditioning and nodule endophyte strain on the
CO exchange rate, leaf conductance and acetylene
reduction of black alder seedlings during water
stress.

4. To determine the effects of water stress condition-
ing on black alder leaf water potential.

5. To evaluate the effects of water stress
conditioning on the acetylene reducing capability
of two strains of the nodule endophyte Frankia.

6. To determine the effect(s) of varying the photosyn-
thate source/sink ratios on the acetylene reduction
and nodule sugar content in black alder seedlings.



"Literature Review

The following literature review is provided to inform
readers of the previous work and current beliefs of plant

responses to water deficits and actinhorizal nitrogen

fixation. It provides a brief summary of the

classification of Frankia, and the infection and nodule

formation processes in actinhorizal plants. Morphological

and physiological effects of water stress pertinent to the

three studies following this review will be discussed and

include: leaf morphology, root:shoot ratio, cell division

and elongation, photosynthesis, transpiration, dark

respiration, translocation and nitrogen-fixation.
Mechanisms plants have that help them survive periods

of water deficits will be discussed in this review.

The final section of this review summarizes current
research on the effects of leaf removal on residual

physiology, specifically photosynthesis, transpiration and
leaf conductance.

Actinomycete Classification

The genus Frankia is an actinomycete in the sub—family

Frankiaceae of the family Streptomycetes. This name was

derived from Becking (l970b), who originally classified and

distinguished the members of the genera based on their host

6
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specificity and morphology. Present classification at the
genus level is based on morphology and cell chemistry,

while the species are characterized by morphology,

physiology and menaquinone composition (Lechevalier 1984).

No one has been able to define a species of Frankia using

these criteria; however, Lechevalier (1984) lists and

defines nine possible criteria to classify the members of

the genus.

Infection Process

The infection process —— the formation of nodules on

the roots —- consists of successive steps, each necessary

to the next (Becking 1977). The first step consists of

root hair deformation, which is probably caused by the

endophyte's secretion of growth regulating substances or

other compounds into the rhizosphere of the root (Becking

1975, Lalonde 1977).

The next step, the actual penetration of the root hair

by the endophyte, results from hyphal growth (Quispel 1974,

Lalonde 1977, 1978). Next the endophyte invades the

surrounding cortical cells of the root. Early growth of

the nodule, referred to as a primary nodule, occurs only in

the immediate vicinity of the infection (Quispel 1974,

Becking 1975, Angulo et al. 1976, and Lalonde 1977, 1978).

The endophyte induces lateral roots to form while
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the primary nodule forms. The lateral root eventually
develops into a true nodule following the penetration of
its cortical tissue with the organism (Angulo et al. 1976,

Callaham and Torrey 1977, and Lalonde 1977, 1978). The

formation of a functional, nitrogen fixing root nodule can

take as little as 12 days or as many as 30 (Becking 1977,

Lalonde 1977).

Effects of Water

Water is the single most important environmental
factor influencing plant productivity and species

composition and distribution (Channey 1981, Turner and

Kramer 1980, Kozlowski 1982). As a result, much of the

research on how water affects plants has dealt with water

stress --situations in which plants receive too much or too

little water for normal plant functions (Levitt 1980).

Specifically, plant water deficit refers to situations in

which plant water potential and turgor are reduced enough,

to interfere with normal plant functions (Kramer 1983).

Water deficits affect plant growth and morphology in many

ways, the severity of which depends on the plant species

or plant tissue's age and previous history as well as the

duration of the deficit.

Water deficits commonly affect cell division and

elongation. Levitt (1980) argues that cell growth and
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enlargement are the most sensitive properties to water
deficits because cell growth is quantitatively related to
cell turgor. Bunce (1978) found that leaf expansion rates
were reduced 1 to 2 days before net photosynthetic rates in
soybeans (Glycine max var. Ransom) and cotton (Gossypium
hirsutum var. McNair 612) were reduced by water stress.
Cell turgor decreases with any dehydration-induced loss of
cell water potential. This can happen frequently under
many environmental conditions.

Researchers have attempted to differentiate between
the processes of cell enlargement and cell division, as to

which is more sensitive to water deficits (Gardner and
Neiman 1964, Kirkham et al. 1972, McCree and Davis 1974).

The general consensus is that cell enlargement is inhibited
to a greater extent, and sooner, than is cell division

U
(Hasio 1973).

Cell differentiation is adversely influenced by water

deficits. Deviations in plant morphology caused by the

effects of water stress on cell differentiation include

reductions in total leaf area (due to reduction in leaf

numbers and/or leaf size), increase in cuticular waxes on

leaves, increase in leaf thickness, increase in the number

of fine roots, and decrease in the number of stomates on

newly formed leaves. Water deficits also can increase the

number of trichomes or leaf hairs (Kramer 1983). The
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extent of alteration depends on the duration and severity

of the water deficit. Plant age and previous history,

drought-tolerance and drought—avoidance mechanisms also

influence this response. These alterations help reduce

plant transpirational area and transpirational losses, but

also reduce plant photosynthetic area. Water deficits also

adversely affect reproductive tissue. Flower size, total

number of flowers, age of flowering, and flower abortion

may change due to water deficits (Fischer 1973, Sionit and

Kramer, 1977, Sionit et al. 1980, Yegappan et al. 1980).

Water deficits reduce dry matter production of plants

and alters carbohydrate partitioning (Kramer 1983).

Generally, a greater portion of the carbohydrates goes into

root production than into shoot production in plants

experiencing water stress. Shoot growth is generally

reduced more than root growth causing an increase in the

root:shoot ratio (Sharp and Davies 1979, Kramer 1983).

However, several researchers have found the root/shoot

ratio in coniferous species to decrease in response to

water deficits (Seiler 1984, Seiler and Johnson 1985).

Physiological Processes Affected by Water Deficits

The many physiological processes affected by water

deficits are beyond the scope of this review; however

several physiological processes important to the studies in



ll

i this work are discussed including photosynthesis, dark
respiration, translocation and nitrogen-fixation.

Whole plant photosynthesis can be reduced by water
deficits in many ways. As previously stated, the
photosynthetic surface area can be reduced by water
deficit. Many authors have found increases in stomatal
closure, increasing the stomatal resistance, thus
preventing the uptake of CO2 lowering photsynthetic
activity (Levitt 1980, Kramer 1983). Also, water deficits
adversely affect many steps in the carbon fixation process
and electron transport chain. Keck and Boyer (1974)
reported a reduction in both cyclic and noncyclic
photophosphorylation and electron transport of isolated

sunflower (Helianthus annus var. Russian Mammouth)

chloroplasts by a water deficit of -1.0 to -1.1 MPa. Some
enzyme—mediated steps of the dark reaction of

photosynthesis can be adversely affected by water deficits.

Several investigators have found reductions in major

photosynthetic enzymes such as ribulose-1,5-bisphosphate

carboxylase, ribulose—5-phosphate kinase, and

phosphoenolpyruvate carboxylase due to water deficits

(Kramer 1983).

Water potentials lower than -0.5 MPa retard the

development of chlorophyll in jackbean (Canavalia

endiformis L.) and barley by reducing the rate of formation
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of chlorophyll a/b protein and retarding the accumulation

of chlorophyll b (Alberte et al. 1975, Bhardwaj and Singhal

1981). Water deficits can physically disorganize

chloroplast structure and cause the photosynthetic systems

to physically break up (Giles et al. 1976).

Overall, respiration, specifically dark respiration,
decreases with increasing water stress (Kramer 1983). A

reduction in available carbohydrate reserves is the

accepted cause for this response. Some authors found

increases in respiration during water deficits (Parker
1950, Brix 1962). This could be due to the water stress,

which causes the hydrolysis of starch to sugar, providing

more substrate for respiration reactions (Kramer 1983).

Using C14 labeled CO2 , several researchers have

found water deficits to reduce the translocation of

photosynthates out of leaves (Wiebe and Wirheim 1962,

Roberts 1964, Hartt 1967). However, Bunce (1982) noted

that while daylight translocation of carbohydrates from the

leaves of sunflower (Helianthus annus var Mammouth) and
soybean (Glycine mg; var. Kent) is reduced, the nighttime

translocation of carbohydrates increases. It has been

accepted that the translocation stream is more resistent to

water deficits than is the photsynthetic system. Even

though the amount of material being translocated is reduced

primarily due to reductions in photosynthetic activity,
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researchers found the translocation stream to resist water

potentials of -2.0 to -3.0 MPa (Sung and Krieg 1979).

Likewise Wardlaw (1968) concluded that water stress caused

a source to sink alteration in plants and not an inhibition
or an injury to the translocation stream.

Research on the effects of water stress on nitrogen

fixing symbionts has primarily focused on the

legume/Rhizobium system. Sprent (1976) reviewed the

effects of water stress on this system and concluded that

depressions in the oxygen supply caused a reduction in the

nitrogen—fixation rates. This causes a reduction in the

supply of available metabolites essential in nitrogen

fixation. Increases in oxygen barriers and/or inhibition
of oxygen-requiring reactions may cause the reduction of
oxygen (Sprent 1976). Several researchers have found the

photosynthetic rate of the host plant highly correlated to

acetylene reduction (Huang et al. 1975a, 1975b, Lawn and

Brun 1974. Huang et al. (1975b) found increases in

depressed acetylene reduction in water stressed soybean

plants when the host plant was growing in a CO2 enriched

environment indicating that nitrogenase acivity is strongly
influenced by photosynthetic rate.

Seiler and Johnson (1985) studied how water deficits

affect nitrogen-fixation in black alder; however, they did

not study it at the level discussed above for the rhizobium
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system. Seiler and Johnson (1985) subjected black alder
seedlings to a series of water stresses for five weeks.
Withholding water from the seedlings until they became
visably wilted created the water stress. The results

indicated that acetylene reduction decreased only slightly

in the range of water potentials between -0.05 MPa and -
1.29 MPa. However, nacetylene reduction decreased rapidly

below water potentials of -1.30 MPa. Other aotinhorizal

plants including snowbrush (Ceanothus veluntinus Dougl.)

and bitterbrush (Purshia tridentata (Pursh. DC.)) showed

similar responses (Dalton and Zobel 1977, McNabb et al.

1977).

Huang et al. (1975a, 1975b) found a decreased

acetylene reduction rate in soybeans (Glycine ma; (L.) Mer.

var. Beeson) due to a reduction in the photosynthate

supply. No work, however, has been done on black alder to

determine whether the reduction in nitrogenase activity

during periods of water deficit is due to the direct effect

of water stress on Frankia, the indirect effect on the

energy supply to the symbiont, or a combination of both.

Recent work by Khanna-Chopra et al. (1984), using a split-

pot growing system, found a direct effect of water stress

on nitrogen fixation in cowpea.
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Drought Resistance

Many physiological and morphological mechanisms allow

higher plants to withstand water deficits (Hsaio et al.

1976). These mechanisms can be divided into two main
categories -- drought-avoidance and drought—tolerance

(Levitt 1980). Drought avoidance occurs when plants carry

out the physiologically active parts of their life cycle in
periods of sufficient moisture and pass through periods of

drought physiologically inactive. An ephemeral plants is
an example. This type of response, however, is ineffective

for tree species.

Drought tolerance involves dehydration tolerance and

dehydration postponement (Kramer 1983). Dehydration

tolerance occurs when plants passively survive drought

situations. This response is unimportant in trees since

most are intolerant to dehydration. Dehydration

postponement is the major mechanism used by trees,

including xerophytic species. Dhydration postponement

involves morphological and physiological changes that

reduce the impact of water stress.

Dehydration postponement involves the integrated

response of many morphological and physiological

adaptations of the plant (Kozlowski 1982). These

adaptations may include the ability to maintain adequate
water status in transpiring organs by osmotic adjustment,
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water storage or reduction in cell size, reduction in the
amount of foliar water loss by mechanisms such as closure

of stomata or wax deposition on leaf surfaces; increases in
stomatal resistance and the abscission of leaves; and

maintenance of water absorption during periods of limited

soil moisture by expanding the size of the root system and

by reducing the energy load on leaves by the production of

fewer and/or smaller leaves, changing the leaf angle, and

increasing the amount of convective cooling (Hinckley et

al. 1981, Kozlowski 1982, Kramer 1983).

Woody plants can maintain partial or full turgidity

under increasing water deficits (Kozlowski 1982, Nonami and

Boyer 1982, Seiler and Johnson 1985, Seiler 1985). osmotic

adjustment, one mechanism used to maintain partial or full

turgor, involves lowering the cell water potential by

lowering its osmotic potential. This prevents the loss of
water from the cell solution or increases in the uptake of

water into the cell. Plants can still undergo the

processes dependent on full turgidity (such as cell

enlargement) when they osmotically adjust to maintain full

turgor.

Osmotic adjustment may occur passively or actively.

Passive osmotic adjustment occurs when the osmotic

potential of the cell solution decreases because the tissue

has become dehydrated during a water deficit. Active
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osmotic adjustment occurs when cell solution osmotic

potential becomes more negative due to the active

accumulation of solutes in the cell vacuole. It is

difficult to separate these two mechanisms in plants

(Hinckley et al. 1980). Active osmotic adjustment is a

greater advantage for the plant during water deficits

(Seiler 1985).

The potential for active osmotic adjustment depends on

the plant species and/or variety (Osonubi and Davies 1978,

Turner and Jones 1980). Active osmotic adjustment is also

influenced by plant organ, plant history and the severity

and duration of the water deficit (Kramer 1983). Active

osmotic adjustment can occur during diurnal moisture

deficits (Kramer 1983) or over a period of several days

(Jones and Higgs 1979). Jones and Higgs (1979) found that

nine-year-old apple trees (Qyrus malus L.), after a three

month exposure to water deficit, had continually adjusted.

Osmotic adjustment, however, persisted for no more than a

few days after the removal of the stress. Osmotic

adjustment is only active over a limited range of water

potentials (Turner and Jones 1980, Kramer 1983).

The solutes used in osmotic adjustment include

inorganic ions, carbohydrates, and organic acids. The more

osmotically active inorganic ions such as Na+, K+ and C1-,

are believed to be the most important (Ford and Wilson
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1981).

Trees are also capable of storing large quantities of

water. This ability allows trees to tolerate mild water

deficits. Mild water deficits include the diurnal deficits
that occur during the summer months in temperate zones of

the world. Davies and Lasko (1979) found that apple trees

I stored water in their trunk, and leaves released it into
I

the transpirational stream. This allowed the plants to

keep their stomates open longer, allowing photosynthesis to

continue longer into the water deficit.

The stomatal apparatus of plants regulate the bulk of

the water loss in plants. Therefore, it is not surprising

that many stomatal adaptations and acclimations exist,

which modify the sensitivity of this apparatus (Kozlowski

1982, Pallardy 1981).

Stomatal adaptations include size, shape, location,

and frequency of stomates on the leaf surfaces. Coniferous

species have sunken stomates, which allows them to survive

much drier environments than deciduous tree species.

Deciduous trees are generally considered to be

hypostomatous, having stomates only on the lower surface of

the leaves (Kramer 1983). The lower surface of the leaf

has a somewhat cooler microenvironment, so transpirational

water loss is reduced. Increased stomatal resistance has

been found on the upper surface of leaves in corn (Davies



19 °
u

1977).

Change in stomatal conductance is an important
adaptation that allows plants to better regulate water loss
through the transpirational stream. Kelliher et al. (1980)
found in eastern cottonwood (Populus deltoides Bart.) that
transpiration at varying degrees of water stress was
regulated by stomatal conductance. Kelliher and Tauer
(1980) found that cottonwood clones from drier sites had a
higher stomatal conductance than those originating from
wetter sites over a range of water deficits. The higher
stomatal conductance indicated that these clones were more
drought resistant.

Moisture-stress conditioning —- subjecting plants to
temporary sublethal levels of water deficit and then
rehydrating them -- was found to be an effective means of
acclimating plants to water stress (Seiler 1984, Seiler and
Johnson 1985, Mathews and Boyer 1984, Ackerson and Hebert

1981). Seiler and Johnson (1985) found that moisture-

stress conditioned loblolly pine seedlings (gings ggsgg
L.) decreased their transpiration rates by 30% and
increased their water use efficiency by 67%. Ackerson and

Hebert (1981), studying cotton plants, found that moisture

stress conditioned plants were able to photosynthesize at

water potentials lower than the control plants. Seiler
and Johnson (1985), in their loblolly pine study, found a
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decrease of 0.45 MPa in the needle osmotic potential.
However, they were unable to determine whether it was due
to passive or active osmotic adjustment.

Another physiological and morphological acclimations
caused by moisture stress conditioning include the failure
of stomata to reach prestress conductance levels (Seiler
1985, Hinckley 1973). This could be due to the failure to
retain the stomatal aperture present before the moisture
stress conditioning (Seiler 1985). The ability to respond
to drought by photosynthesizing more efficiently during the

drought gives preconditioned plants a decisive advantage

over unconditioned plants in environments where short-term

or diurnal droughts frequently occur.

Effects of Leaf Area Removal

Most of the research on the effects of leaf area

removal on woody plants has been on those species of

horticultural importance where prunning is an essential
cultural practice for the production of certain crops.

Many physiological processes are severely impacted by

prunning or leaf area removal (Taylor and Ferree 1981,

Marini and Barden 1982, Kramer and Kozlowski 1979).

Photosynthesis and transpiration rates of residual leaves

increased significantly following prunning. Taylor and
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Ferree (1981) found a 36% increase in photosynthetic rate

per unit leaf area 12 days following a 50% prunning of

young apple trees (Malus domestica). Myers and Ferree

(1983) found a 23% increase in photosynthesis in apple
trees following a 50% summer prunning. Also, leaf

conductance has been found to increase in apple trees

following prunnning Marini and Barden (1982).



Paper 1

Physiological Respnose of Nodulated Black Alder (Alnusglutinosa (L.) Gaertn.) Seedlings to Leaf Area and Shoot
Manipulations.

(Abstract)

Two experiments were conducted to determine the

effects of leaf area and above ground sink removal on

photosynthesis, transpiration, leaf conductance, acetylene

reduction and nodule sugar content of black alder

seedlings. The results of the first experiment indicate

that removal of above ground sinks had no impact on any

physiological processes measured. Photosynthesis and

transpiration rates were significantly higher for seedlings
with 44% leaf area removed while leaf conductance,

acetylene reduction and nodule sugar content were not

significantly affected by foliar removal. The results of a

second experiment showed that defoliations of up to 65% did

not significantly impact acetylene reduction or nodule
sugar content. However, 100% defoliations resulted in a 39%

drop in acetylene reduction three days following

defoliation.

22
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Introduction and Justification

European black alder (glgus glutinosa L. Gaertn.), an
actinhorizal plant capable of reaching commercial timber

size, is receiving increased attention due to its ability
to ameliorate physical and chemical soil properties of
disturbed sites (Lowry et al. 1962, Dale 1963); its role as
a nurse tree for interplanted hardwoods and pines (Phares
et al. 1975, Plass 1977); and its potential use in

silvicultural systems (Tarrant and Trappe 1971, Phares et

al. 1975, Saucier 1977, Franklin 1978, Gordon 1978, Gordon

and Dawson 1979, Kellison and White 1979).

Research on the photosynthetic "cost" of biological
nitrogen fixation in actinhorizal plants is limited when
compared to that of the legume/Rhizobium system (Tjepkema

and Winship 1980, Huss—danell and Stellstadt 1983, Wheeler

and Bowes 1974, Wheeler 1971). The first studies on the

"costs" of biological nitrogen fixation in actinhorizal

plants was accomplished by manipulating the photosynthetic

mechanisms through the regulation of the light source to

the host plant (Wheeler 1971, Wheeler and Bowes 1974).

Later research, focused directly on the energetics of

nitrogen fixation by monitoring nitrogen fixation rates and
nodule respiration (Tjepkema 1985, Tjepkema and Winship

1980). Using nodule respiration as a measure of the energy

required for nitrogen fixation it was determined that 11.6%
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of gross photosymthesis was used im module respiratiom amd
am additiomal 4.1% im module mass (Tjepkema 1985).

Recemtly, researchers have begum lookimg at the

photoassimilate source—simk relatiomships im evaluatimg the

emergy demamds of mitrogem fixatiom systems as compared to

other plamt processes. This type has research has beem

accomplished by mamipulatimg photoassimilate simks, such as

the apical meristem or lateral buds of the host plamts or
both (Huss—dame1l amd Stellstadt 1983). Little chamge im

the mitrogem fixatiom rates was foumd im plamts with

excised simks as compared to the comtrol plamts. However,

these studies did mot look at the combimatiom of removal of

the above groumd simks amd sources of the photoassimilates.

Im a subsequemt study, Huss—damell amd Stellstadt (1985)

foumd that total defoliatiom of Almus imcama seedlimgs

caused acetyleme reductiom rates to drop to mear zero

withim 19 hours of defoliatiom. A reductiom im module

sugar comtemt amd mitrogem fixatiom rate would be expected

with a reductiom im the photosymthetic area of the host

plamt. This reductiom should be most promoumced im the

plamts im which just the photosymthetic area is reduced amd

mot foliar simk tissues. By limitimg the amoumt of

photoassimilates im the plamt we should be better able to

determime the stremgth of the modules as simks for

photoassimilates as compared to other kmowm simks.
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i The objectives of this study were to determine the

effects of varying photoassimilate source and sink removals

on the nitrogen fixation rate and nodule sugar content in

black alder. Also, this experiment was designed to

determine the effect of various foliar tissue removals on

the gas exchange rates of the residual photosynthetic

tissue.
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Materials and Methods

The study consisted of two separate experiments. In

both experiments, black alder seeds, collected from three

open—pollinated trees in central Pennsylvania, were used.

Seeds were surface sterilized by a ten minute soaking in
10% sodium hypochlorite, followed by three rinses with

sterilized distilled water. The seeds were grown in 175 cc
Spencer-Lemaire Rootrainers (Spencer-Lemaire Ind., Ltd.,

Edmonton, Alberta, Canada) containing steam sterilized

Promix—BX rooting medium. The seedlings were grown under

ambient light conditions, supplemented with high—pressure

sodium vapor lamps (100 umol uf2 s‘2 photosynthetic photon

flux density, (PPFD)) to maintain a 16-hour photoperiod.

Greenhouse temperatures were kept between 17 to 2¢°C.

The seedlings were inoculated at two weeks of age

using a crushed nodule inoculum solution as described by

Seiler and Johnson (1984). The seedlings were grown for an

additional ten weeks and were fertilized weekly with 10 ml

of a nitrogen-free nutrient solution of the following

composition: 3mM KCl, 0.75mM KH2P01, 2.5mM CaS04, and 1mM
MgSO4 . At twelve weeks of age the apical meristems were

excised to promote the formation of numerous growing

points.

At 14 weeks, after the development of new growing

points, photosynthesis, leaf conductance and transpiration
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were measured using a portable photosynthesis system (LI-

6000, LICOR, Inc., Lincoln, NE, USA). A one-liter plastic

cuvette with an equal area insert was used in all the

sampling. Measurements were taken on two fully expanded

intact leaves (one older leaf from the lower portion of

the seedling and one younger leaf from the upper portion of

the seedling) still attached to the plant. These leaves

were tagged and measured again at the end of the

experiment. Values were averaged for each seedling and

used in the statistical analysis. Environmental conditions
inside the leaf cuvette averaged 54% relative humidity,

26OC, 540 mmOl m‘2 sJ· PPFD, and 323 ppm CO2.

Following these measurements the plants were randomly

assigned to one of the following six treatment groups:

l. No tissue removed;

2. Half of the above ground metabolic sinks removed;

3. All of the above ground metabolic sinks removed;

4. Half of the leaf area removed;

5. Half of the leaf area and half of the above
ground metabolic sinks removed;

6. Half of the leaf area and all of the above
ground metabolic sinks removed.

Shoot tissue was considered a metabolic sink if it was a

rapidly developing meristem, bud or a leaf that was judged

to be less that 30% expanded. The percent of foliage
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removed was visually estimated then collected and measured
for leaf area using an AAM Automatic Area Meter (Far East

Mercantile Corp., New York, USA) and its oven dry weight
recorded to the nearest mg.

Acetylene reduction was measured immediately after

the nodules were excised from the seedlings, using the

procedure described by Seiler and Johnson (1984). This

was accomplished by placing the nodule tissue in a 25 ml

incubation tube and sealing it with a rubber septa. A 2.5

ml air sample was withdrawn from the tube and replaced with

2.5 ml of purified-grade acetylene (99.6 purity). Tubes

were then allowed to incubate for 60 minutes in a 300 C

waterbath. A 2 ALl gas sample was removed from the

incubation tubes and analyzed for ethylene using a Varian

model 3700 gas chromatograph equipped with a flame

ionization detector. The glass column (180 x 0.64, length

x outside diameter cm) contained activated alumina (F-1,

Analabs, North Haven, CT, USA) and was held at 600C. The

carrier gas was helium flowing at 40 ml/min. Sample peak

heights were compared against ethylene standards.

Nodule sugar content was determined from a 25 mg

sample of oven drie nodule tissue per seedling by a total

sugar assay as outlined by Nelson (1944). Sugars were

extracted using three washes of 80% ethanol extraction
solution on the oven dried nodule material. This was
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followed by a colormetric, total sugar assay using anthrone
as an indicator reagent. Samples were measured

spectrophotometrically using a Bausch and Laumb Spectronic
100 spectrophotometer. Sample absorbance readings were
compared to readings of known concentrations of glucose in
95% ethanol. In the second experiment, the seedlings were

defoliated to one of four levels: no leaf area removed,

50% of leaf area removed, 75% of leaf area removed, and

100% leaf area removed. Three days following defoliation,

acetylene reduction and nodule sugar content measurements

were made on nodule tissue following the procedures

described previously.

Both experimental designs were randomized complete

block designs, with five blocks. Treatment effects were

analyzed using analysis of variance techniques followed by

a Duncan's multiple range test to separate treatment

differences. To meet the assumption of homogeneity of

variance acetylene reduction values were transformed using

a log transformation. All analysis was performed at 0.05%

level of significance unless otherwise stated.
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Results

In experiment 1, sink removal had no effect on any of

the parameters measured; therefore, sink removal data

values were combined into similar leaf area treaments.

Leaf area removed from treated seedlings averaged 44% of

initial leaf area.

There were no significant differences between treatments

in photosynthesis, transpiration and leaf conductance at

the beginning of the experiment (Table 1). Both control

and treatment seedlings had increases in photosynthesis at

the end of the study 16% and 22%, respectively.

Seedlings with leaf area removed had a significantly
greater photosynthesis than did control seedlings,

indicating compensatory photosynthesis was occuring (Table

1).

Significant increases in transpiration were found in

both groups of seedlings. Control seedlings had an

increase in transpiration rate of 54% while seedlings with

leaf area removed had a 73% increase in transpiration.

Leaf conductance was also influenced by leaf removal. Both

treatments had increases in leaf conductance at the end of

the study, however, seedlings with leaf area removed had a

higher increase in leaf conductance than control seedlings,

10% versus 4.7% for the control seedlings (Table 1).

There were no differences in acetylene reduction



1

1

31

T Q E I ·;
gg Lv: O Q) . . .

_ E-• — L) Z -1 C'\1 V1

1



32

}
rates between control seedlings and seedlings with leaf

2 area removed (Table l). Additionaly, nodule sugar content

was not significantly affected by leaf removal (Table l).

Percent leaf areas removed in experiment 2 are provided in

Table 2 along with associated acetylene reduction and

nodule sugar content values for each treatment. Only

seedlings with all
iof

their leaf area removed had

significantly lower acetylene reduction rates (Table 2),

dropping over 39% of the control value. While there was no

difference in nodule sugar content between treatments

(Table 2).
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Table 2. Mean percent leaf area removed per treatment and
associated acetylene reduction values and nodule sugar
contents for black alder seedlings in experiment 2.
(¤ = 5).

Percent Leaf Nodule
Area Removed Acetylene Reduction Sugar Content

MM CZHA g'l h'l mg/g

0.0 11.00 A 26.09 A

48.4 13.97 A 25.42 A

65.3 15.45 A 25.05 A

100.0 6.71 B 22.44 A

1. Means followed by the same letter within a column do
not differ significantly (alpha = 0.05).
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Discussion
The results of this study indicate that the root

nodules of black alder can function even with large losses

of foliar surface area. Even with a 65% reduction in leaf

area, acetylene reduction did not significantly decrease

(Table 2). The removal of above ground sinks also had no

effect on acetylene reduction. Similar results were found

in an gings incana/Frankia association study that removed

all of the above ground lateral buds and shoot apex (Huss-

Danell and Stellstadt 1983). In that study they found no

significant reduction in acetylene reduction rates in the

treated seedlings.

Possible reasons for these results are that the

nitrogen fixing process of actinhorhizal plants has been-

found to require only 11.6% of overall photosynthetic

activity to fix atmospheric nitrogen (Tjepkema 1985).

Also, Huang et al. (1975b) found girdled soybean plants

were able to reduce acetylene, however, the rate was slowed

considerably. The authors attributed this continued

activity to root carbohydrate reserves. These results also

suggest that alder root nodules are strong sinks for

photosynthates.

In another study, Huss—Danell and Stellstadt (1985)

found no acetylene reduction in totally defoliated gings
incana seedlings one day after defoliation. The current
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, study showed that nodules on black alder seedlings were

still carrying out nitrogenase activity three days after

total defoliation. Huang et al. (1975b) found a similar
response in girdled soybean plants four days after girdling
of the stem. The authors attributed this continued

activity to stored reserves of carbohydrates in the root

system and nodules, however, no measurements were taken to

confirm this hypothesis. The seedlings in the gings incana
study (Huss-Danell and Stellstadt 1985) were much younger

and probably had smaller leaf areas and overall seedling

size than in the present study. Hence, the gings incana
seedlings had a lower reserve of stored carbohydrates to

support continued nitrogenase activity. Lawn and Brun
(1974) found that 60% defoliation of soybean plants caused

a reduction but did not halt acetylene reduction. This

overall decrease in acetylene reduction has been attributed

to a reduction in the amount of photosynthates supplied to

the nodules either by a reduction in the photosynthetic

rate or a severe reduction in the photosynthetic area of

the host plant (Huang et al. 1975a, 1975b, Huss-Danell and

Stellstadt 1983, 1985, Lawn and Brun 1974, Harrington and

Seiler 1987, Seiler 1985).

Both treatments in experiment 1 showed increases in

photosynthetic rate at the end of the experiment, 16% for
control seedlings and 22% for treated seedlings. Some of
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this increase is due to the change in environmental

conditions during the second measurement, specifically the

elevated C02 level (from 315 to 330 ppm) and the increased

light intensity (from 486 to 592 mols m'2 s‘2 ). The

increased photosynthetic rate for the treated seedlings was

significantly higher, indicating the occurance of

compensatory photosynthesis. Several researchers have

found increases in photosynthesis following partial

defoliation (Marini and Barden 1982, Taylor and Ferree
1981, Satoh et al. 1977, Myers and Ferree 1983, Maggs 1965,

Sweet and Wareing 1966, Wareing et al. 1968). Myers and

Ferree (1983) found increases of 23% in photosynthesis 12

days following a 50% defoiliation of apple trees (Malas
domestica Borkh.). Taylor and Ferree (1981) found a 36%

increase in photosynthesis 11 days after a 75% defoliation

of apple trees.

The changes observed in transpiration and leaf

conductance rates are also most likely due to the change in

the environmental conditions during the second measurement

period (Table 2). Since plants were sufficiently watered

throughout the experiment, the significant increase in

transpiration per unit leaf area for treated seedlings is

due to the reduced evapotranspirational surface area of

these seedlings. Whole seedling transpirational losses

might be lower for the treated seedlings due the reduced

ß
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leaf area of these seedlings at the time of measurement.

Apple cultivars have also shown increases in transpiration

in stomatal conductance following prunning (Taylor and

Ferree 1981, Marini and Barden 1982).

In conclusion, this study found that defoliations of up

to 65% do not significantly impair acetylene reduction

(nitrogen fixation) or nodule sugar content. Partial

defoliations did however, cause significant increases in
photosynthesis, transpiration, and leaf conductance of

container grown black alder seedlings three days following

defoliation. Complete defoliation of the seedlings did

significantly lower acetylene reduction in the root

nodules. This is most likely caused by the impact of

defoliation on the photosynthate supply to the nodules.
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Paper 2

The Response and Subsequent Performance of Black Alder
(Alnus glutinosa (L.) Gaertn.) Seedlings Inoculated with
One of Two Strains of Frankia to Different Levels of
Moisture Stress Conditioning.

(Abstract)

Black alder seedlings were inoculated with one of two

strains of nodule endophyte Frankia. and then subjected to

either no (control), one, three, or five cycles of

sublethal moisture deficit periods, where the seedlings

were watered only when visably wilted (moisture stress

conditioning, MSC). There were no significant differences
in reponse between the two endophyte strains.

Photosynthesis and acetylene reduction were measured over a

range of water potentials following MSC. Based on

regression analysis significant differences were found

between MSC treatments. However, most correlation

coefficients for the responses were quite low. Analysis of
variance comparing controls and seedlings exposed to one

MSC cycle versus seedlings exposed to three and five MSC

cycles failed to produce any significant differences

between treatments. Water potential was found to be

significant in affecting all processes measured with the

exception of nodule sugar content.

41
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Introduction and Justification

Water is an important environmental factor influencing
plant productivity and species composition and distribution
(Channey 1981, Turner and Kramer 1981, Kramer 1983). As a

result, much of the research on plant water relations has

looked at the effects of water stress -- situations in

which plants receive too much or too little water for

normal plant functions -- (Levitt 1980) on plant growth.

Much of this research has examined the effects of water

deficits or those situations where plant water potential

and turgor are reduced enough to interfere with normal

plant functions (Kramer 1983). The effects of water

deficits and their degree of severity depend on the

duration and the severity of the water stress, the age and

the previous history of the plant or plant tissue.

Water deficits can reduce photosynthesis several ways.

One mechanism is increases in stomatal resistance

preventing the diffusion of CO2 into the plant (Kramer

1983, Seiler and Johnson 1985). Water deficits may also

adversely affect the photosynthetic mechanism directly by

interfering with the CO2 fixation pathway and/or the

electron transport chain. Keck and Boyer (1974) reported

both cyclic and noncyclic photophosphorylation and electron

transport of isolated sunflower chloroplasts are reduced by
water deficits of -1.0 to -1.1 MPa. Some enzyme-mediatéd



43 i

steps of the dark reactions of photosynthesis can be

adversely affected by water deficits. Several

investigators have found reductions in major photosynthetic
enzymes such as ribulose-5-bisphosphate kinase, and
phosphoenol pyruvate carboxylase (Kramer 1983). Water

potentials lower than -0.5 MPa retard the development of

chlorophyll in jackbean and barley by reducing the rate of

chlorophyll a/b formation and retarding the accumulation of

chlorophyll b (Alberte et al. 1975, Bhardwaj and Singhal

1981). Water deficits can disorganize chloroplasts and

cause the photosynthetic system to physically break up

(Giles et al. 1976). Transpiration rate has also been

found to be reduced by water deficits (Seiler and Johnson

1985).

Research on the effects of water stress on nitrogen

fixing symbionts has primarily been on the legume/Rhizobium
system. Sprent (1976) reviewed the effects on this system

and concluded that depressions in the oxygen supply caused

a reduction in the nitrogen-fixation rates. This
depression in oxygen supply caused by increase in oxygen

barriers and or inhibition of oxygen-reguiring reactions

may reduce the supply of essential metabolites utilized in

the nitrogen fixation mechanism (Sprent 1976). However,

several researchers have found photosynthetic rate highly

correlated to acetylene reduction (Huang et al. 1975a,
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1975b, Lawn and Brun 1974). Huang et al. (1975b) found

that decreased acetylene reduction rates in water stressed
soybean plants could be ameliorated by enriching the
environment around the host plant with elevated CO
concentrations. Seiler and Johnson (1984) studied the
effects of water deficits on nitrogen-fixation in black
alder, an actinhorizal plant. They found that acetylene
reduction decreased only slightly in the range of water

potentials between -0.5 MPa and -1.29 MPa. However,

acetylene reduction decreased rapidly at water potentials
lower than -1.3 MPa. Other actinhorizal plants including

snowbrush and bitterbrush showed similar responses (Dalton

and Zobel 1977, McNabb et al. 1977).

Moisture—stress conditioning (MSC) —- subjecting
plants to temporary sublethal levels of water deficit and

rehydrating them -— is an effective means of acclimating
some plants to moisture stress (Seiler 1985, Seiler and

Johnson 1985, Mathews and Boyer 1984, Ackerson and Heibert

1981). Several studies, with both herbaceous and woody

plants, have found that MSC plants are able to

photosynthesize at lower water potentials than control

plants. Seiler and Johnson (1985) found that MSC loblolly

pine seedlings decreased their transpiration rates by 30%

and increased their water-use efficiency by 67%. Another

acclimation found in MSC plants is the failure of stomata



45

to reach prestress conductance levels (Seiler 1985,

Hinckley 1973). This could be due to the failure to retain
the stomatal aperature present before the MSC (Seiler 1985)

and to increased sensitivity to sudden changes in vapor
pressure deficits. The ability to photosynthesize more
efficiently during the drought gives preconditioned plants

a decisive advantage over unconditioned plants in

environments where short-term or diurnal droughts

frequently occur. Only recently has any work been done on

MSC of actinhorizal plants (Seiler and Johnson 1984). In

their study they found that black alder morphology was

changed with reduction in overall plant and nodule biomass

and a significant increase in the root—shoot ratio. Seiler
(1985) also found reductions in overall plant sizes,

increases in the root—shoot ratio, and wax deposition on

leaf surfaces in black alder seedlings exposed to twelve

weeks of sublethal moisture deficits. Seiler and Johnson

(1984) also found reductions in acetylene reduction in both

control and MSC plants and that conditioning did not
influence this response.

The objectives of this study are to determine if cycles

of MSC modify the photosynthetic and acetylene reduction

rates in container grown black alder seedlings under

greenhouse conditions.
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Materials and Methods

Black alder seeds, collected from three open-
pollinated trees in central Pennsylvania, were used in the

experiment. Seeds were surface sterilized by a ten minute
soaking in 10% sodium hypochlorite, followed by three

rinses with sterilized distilled water. Seeds were
germinated in steam sterilized 20 cm x 30 cm flats of
vermiculite.

Two weeks after germination, seedlings were inoculated
with one of two strains of Frankia inoculum, (ACN1ag or

ARgN22D; provided by Dr. M. Lalonde, Laval Univ., Quebec

City, Quebec, Canada). Inoculation was accomplished by

dipping the root system of the newly germinated seedlings

into a concentrated suspensions of Frankia. This method

proved very successful with only 3 seedlings out of 196

seedlings not successfully inoculated. Seedlings were

then transferred to 175 cc Spencer-Lemaire Rootrainers

(Spencer-Lemaire Ind., Ltd., Edmonton, Alberta, Canada)

containing steam sterilized loamy-sand nursery-soil
collected from the Virginia Division of Forestry, New Kent
Nursery (Providence Forge, Va.). The seedlings were grown

in the greenhouse under ambient light conditions,

supplemented with high—pressure sodium vapor lamps (100

umol m“2 s‘l photsynthetic photon flux density, PPFD) to

maintain a 16-hour photoperiod. Greenhouse temperatures
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) ranged between 17 and 24OC.

Seedlings were fertilized weekly for the first five

months, then biweekly with lO mls of a nitrogen-free

nutrient solution of the following composition: 3mM KCl,

0.75mM KHZPOA, 2.5mM CaSQ4, and lmM MgSQ1. After three and
five months of development, terminal shoots were clipped to

uniform heights of l2 cm and 18 cm respectively. This was

? done to increase the development of lateral buds and help

obtain uniform seedling sizes.

At seven months, seedlings were exposed to a moisture-

stress conditioning (MSC). Generation of moisture deficits

was accomplished by withholding water until the seedlings

became visibly wilted. Three plants per strain were used

to take measurements on each day of each moisture deficit

period. The remainder of the plants were rehydrated at the

end of each moisture stress period and kept well watered

for one to two days. The first moisture stress period

lasted two days. Seedlings in subsequent stress periods

were misted for 15 seconds twice a day during stress

periods. This allowed the plants to develop the moisture

stress over a longer period of time and allowed for more

seedlings to be analyzed during each moisture stress

period. A total of six moisture stress periods were imposed

on the seedlings, with measurements being taken on the
first, second, fourth, and sixth moisture stress periods.
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Photosynthesis measurements were taken in the

greenhouse using a portable photosynthesis system (LI—6000,

LICOR, Inc., Lincoln, NB, USA). A one—liter plastic

cuvette with an equal area insert was used in all sampling.
Air flow in the system was kept between 10.25 and 9.75 cm
per second. Measurements were taken on two fully expanded
intact leaves per plant. Environmental conditions at time
of analysis averaged 775 umol m—2s_llight, 25% relative
humidity and 27<>C air temperature.

Leaf water potentials were determined on the same
leaves used for gas exchange measurements using a
Scholander Pressure Bomb (PMS Inc., Corvallis, OR, USA).

Acetylene reduction was measured immediately after the
nodules were excised from the seedlings using the procedure

described by Seiler and Johnson (1984). This was

accomplished by placing the nodule tissue in a 25 ml
incubation tube and sealing it with a rubber septa. A 2.5

ml air sample was withdrawn from the tube and replaced with

2.5 ml of purified-grade acetylene (99.6 purity). Tubes

were then allowed to incubate for 60 minutes in a 300 C

waterbath. A 2 ALI gas sample was removed from the

incubation tubes and analyzed for ethylene using a Varian

model 3700 gas chromatograph equipped with a flame

ionization detector. The glass column (180 x 0.64 (outside

diameter) cm) contained activated alumina (F—l, Analabs,
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North Haven, CT, USA) and was held at 60OC. The carrier
gas was helium flowing at 40 ml/min. Sample peak heights
were compared against ethylene standards.

Nodule sugar content was determined from a 25 mg
sample of oven dried nodule tissue per seedling by a total
sugar assay outlined by Nelson (1944). Sugars were
extracted using three washes of 80% ethanol extraction
solution on oven dried nodule material. This was followed
by a colormetric, total sugar assay using anthrone as an
indicator reagent. Samples were measured
spectrophotometrically using a Bausch and Laumb Spectronic
100 spectrophotometer. Sample absorbance readings were
compared to readings of known concentrations of glucose in
95% ethanol.

The study design was a randomized complete block
design with blocking by day of analysis. Regression
analysis was used to determine the physiological responses
to low water potential. Independent variables
photosynthesis and nitrogen fixation were regressed over
leaf water potential squared. Intercepts and slope
coefficients for the cycles of MSC were compared using

indicator variable tests.

Analysis of variance was also performed by grouping

leaf water potentials into nine discrete groups, less than
-0.48, -0.49 to -0.68, -0.69 to -0.88, -0.89 to -1.08,
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I
-1.09 to -1.28, -1.29 to -1.48, -1.49 to -1.68, -1.69 to
-1.88 MPa, and greater than -1.876 MPa. Data from control
seedlings and cycle 1 were combined as were data values
from cycles 3 and 5. This was done to insure enough data
values in each of the leaf water potential groups and
because these groups were treated the most similarly. A
Duncan's multiple range test was used to separate treatment
differences. All statistical analysis was done with a
significance level of alpha = 0.05, unless otherwise noted.
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Results

Regression Analysis

Endophyte strain was found to be nonsignificant
therefore data values for similar treatments were combined
for both strains. Based on the regression analysis, cycles
of MSC reduced both the photosynthetic rate of seedlings at
full turgor and the effect of moisture stress on

photosynthetic rate (Table l). As the number of cycles
increased so did this deviation from the control group.
Slope coefficients of all the MSC seedlings (cycles l, 3
and 5) were all significantly different from control plants

(Table 2). Only cycle 5 had a photosynthetic rate at full
turgor (intercept value) significantly different from

control. Cycles l and 3 had intermediate values (Table 2).

However, the correlation coefficients for the conditioned
seedlings were quite low. The seedlings exposed to five

cycles of moisture stress having the highest correlation

coefficient, 0.44.

Acetylene reduction rates were not significantly

different for conditioned seedlings except for cycle l

seedlings (Table 2). However, none of the regression

equations had high correlation coefficients. As with

photosynthesis and transpiration the number of cycles of

MSC increased, the slope of the regression line of

acetylene reduction versus leaf water potential squared
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Table 1. Regression coefficients and associated
correlation coefficients along with their respective p
values for dependent variables - photosynthesis,
and acetylene reduction regressed by independent
variable water potential squared in the form dependent
variable = bo + bl(independent variable).

Cycle
Dependent *'“"*———‘——"——‘-*-*————***
Variable Coefficient 0 1 3 5

Photosynthesis kg 4.6 4.3 3.7 2.4
-2 - ·kvL·

(mg CQ2 m s ) Q) -2.4 -1.0 -0.7 -0.5
12 .61 .40 .19 .44

(p) .0001 .0075 .0186 .0006

Acetylene Q) 24.9 25.7 20.8 20.3
Reduction *_) _) bl -6.5 -6.9 -0.3 -0.3(AM CZH4 g h ) 2r .13 .30 .12 .21

(p) .2488 .0220 .0900 .0400

*. values multiplied by a factor of 10.
**. values multiplied by a factor of 1,000.
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Ä Table 2. The p values for comparison of regression

coefficients for the regressions of photosynthesis,
and acetylene reduction regressed over water potential
squared in the form of Dependent Variable = bo + bl
(water potential ).l

Dependent Cycle
Variable " ""“'““'“"‘“‘

Cycle Coeff. 0 1 3 5

0 bo - .7698 .3909 .0022
O bl - .0301 .0481 .0006
1 bo — - .4406 .0049

Photosynthesis
1 bl — - .5341 .1591
3 b · · - .0877O

3 bl - - - .5848
0 bo — .8654 .6413 .6104
0 bl - .0349 .1306 .1208

Acetylene 1 bo - - .4267 .4064
Reduction

1 bl — - .2962 .2992
3 b - — - .9346O

3 bl - - — .9437

1. number of data values for each cycle was: cycle 0 — 12;
cycle 1 — 17; cycle 3 — 24; cycle 5 - 20.
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became less negative, except for cycle 1 plants which had a

slightly more negative slope than control seedlings (Table

1).

Analysis of Variance

Average photosynthetic rates for control seedlings

(control and seedlings exposed to one cycle of moisture

stress) and MSC seedlings (seedlings exposed to three or

five cycles of moisture stress) for the various water

potential groups analyzed are provided in Figure 1. There
was no significant difference between the two groups of

seedlings, however, water potential was found highly

significant (alpha = 0.01). Both control and MSC

seedlings had similar inverted S shape curves (Figure 1).

At lower water potentials (less than -1.28 MPa), both

groups of seedlings had similar photosynthetic rates,

differing less than 0.1 mg CQ; m'2 s'l at any given water

potential interval (Figure 1).

Mean acetylene reduction values for both control and

MSC seedlings over the range of water potential intervals

examined are provided in Figure 2. Seedling groups did not

differ significantly, but showed a similar decrease as

water potential increased. The mean acetylene reduction

curve for both groups of seedlings combined had a similar

shape to the photosynthesis curve over water potential
(Figure 1).
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The effect of water potential on nodule sugar content

for both groups of seedlings is provided in Figure 3. The

two groups of seedlings did not differ significantly;
however, water potential was found to be significant. The

significance of water potential is due to the sharp
increase in nodule sugar content at the water potentials

less than -1.89 MPa.
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Discussion

The decline in acetylene reduction rate with
increasing water deficits is characteristic of most
nitrogen fixing associations in higher plants (Seiler and
Johnson 1984, Seiler 1985, McNabb et al., 1977, Huang et

al., 1975a, b, Sprent 1976). Seiler and Johnson (1984)
found that at leaf water potentials of -0.89 to -0.99 MPa,
significant reductions in nitrogenase activity occured.
This is slightly lower than the water potential range,

- 0.68 to -0.88 MPa, found in this study (Figure 2).

Another study (Harrington and Seiler 1987) found little
impact of low soil water potential directly on the
acetylene reduction capacity of black alder seedlings, but
attributed the reduction in acetylene reduction in water
stressed seedlings to the photosynthetic capacity of the
host plant. The lowered acetylene reduction activity in
water stressed soybean plants can be partially overcome by
elevating CO2 concentrations to 600 ppm around the host

plant, thus increasing the photosynthetic rate of the plant
(Huang et al. 1975b).

The response of acetylene reduction to water potential

closely parallels the photosynthesis response, decreasing

when photosynthesis starts decreasing, indicating that

acetylene reduction is greatly affected by the
photosynthetic rate (Figures 1 and 2). MSC of the
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seedlings did not significantly improve acetylene reduction
response to lowered water potentials (Table 1 and Figure
2). The significant increase in nodule sugar content at
extremely low water potentials (less than -1.89 MPa; Figure
3) is most likely due to depressed acetylene reduction
rates found at these water potentials.

MSC did significantly affect the response of
photosynthesis to leaf water potentials (Tables 1 and 2).
and further conditioning did not significantly change this
response but slightly decreased the sensitivity of
photosynthesis to lowered water potentials (Tables 1 and
2). Other researchers have found similar responses in

sunflower (Matthews and Boyer 1983) and loblolly pine

seedlings (Seiler 1984). Plants exposed to sublethal

moisture stress were able to regain their initial

photosynthetic rates at turgid conditions in these other

studies but this did not occur in this study. This may be

due to the sensitivity of black alder to moisture

deficits.

Lack of significant responses of MSC seedlings may be

due to the short durations of stress periods and recovery

periods between them. Most MSC studies subject plants to

longer periods of sublethal moisture deficits (Seiler 1984,

1985, Matthews and Boyer 1983). In this study seedlings

were exposed to relatively short periods of moisture
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stress, 48 to 72 hours, then rehydrated for 24 to 48

hours and stressed again. The short duration of the stress
period might not be of sufficient duration to allow

seedlings to acclimate to the stress, and hence alter their

physiologies.

Seiler (1985) found significant changes in black alder

physiology and morphology when exposed to 12 weeks of

sublethal moisture stress. That study resulted in a

significant increase in the root-shoot ratio of the
seedlings as well as a decreased leaf conductance rate in

conditioned seedlings. Both of these traits are indicative
of plants growing in environments exposed to droughty

conditions. This also shows that black alder seedlings do

have the potential to be conditioned to low moisture

levels, however, further research is needed to better

understand black alder's response to MSC.

In conclusion this study demonstrated that black alder

photosynthesis, transpiration, leaf conductance, WUE, and

acetylene reduction were all significantly impacted by

decreasing water potential. There were no significant
differences in these responses between the two strains of

endophyte evaluated, nor between control and MSC seedlings.

MSC black alder seedlings did show some improvement that,

under different conditioning techniques, longer Msc

periods, could significantly improve black alder's response
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to water deficits.
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Paper 3

A Comparison of the Physiological Effects of Black Alder
(Algus glutinosa (L.) Gaertn.) Root Nodules Inoculated
with Two Different Strains of Frankia to Direct and
Indirect Moisture Deficits Using a Split-Pot Growing
System.

(Abstract)
, Black alder seedlings inoculated with one of two

strains of nodule endophyte Frankia were used to evaluate

I the effects of direct soil moisture stress using a split-

pot growing system (Khanna—Chopra et al. 1984). Seedlings

were either watered in both rooting zones (control);

watered only in the lower rooting zone; or no water to

either rooting zone. The split-pot growing system was

successful in exposing nodulated roots of black alder

seedlings to dry environments (direct soil moisture stress)

while keeping the host plant hydrated. There were no

significant (alpha = 0.05) differences between strains of

Frankia in their response to direct soil moisture stress.

Transpiration rates and leaf water potentials were similar

for well watered controls and seedlings only watered from

below. Transpiration rates for seedlings receiving no

water was 24% lower than the controls while seedlings water

from below only had a 3.9% reduction. However,

photosynthesis was reduced 56% from control levels when

seedlings were watered from below. There were no

significant differences in leaf conductance between

66
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treatments. Direct soil moisture stress had no
significant effect on acetylene reduction. However,

acetylene reduction rates for fully stressed seedlings were

44% lower than for the control. Direct soil moisture
stress or complete plant stress had no significant effect

on nodule sugar content.
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Introduction and Justification

European black alder (glgus glutinosa L. Gaertn.), an

actinorhizal plant capable of reaching commercial timber

size, is receiving increased attention due to its ability

to ameliorate chemical and physical soil properties of

disturbed sites including its use in strip mine reclamation

(Lowry et al. 1962, Dale 1963, Funk 1973). These

environments, such as strip mine reclamation sites,

frequently experience droughty conditions both diurnally

and seasonally; however, black alder is generally

considered intolerant to water deficits (McVean 1953,

1956). Many studies have shown that when nitrogen fixing

associations, both the legume/Rhizobium and the Frankia

associations, are exposed to water deficits, nitrogenase

activity decreases and that this response is very

pronounced at higher water deficits (Seiler and Johnson

1984, Sprent 1976, Dalton and Zobel 1977, McNabb et al.

1977, Huang et al. 1975a, 1975b). However, these studies

could not separate the effects of the water stress on the

host plant (indirect effects) from those on the nitrogen

fixing organisms (direct effects). These researchers

concluded that the reduced nitrogenase activity was due to

the reduction in photosynthesis and the disruption in the

translocation stream caused by the water deficit.
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Recently Khanna-Chopra et al. (1984) developed a system

that enables researchers to impose water deficits on the

environment surrounding the nodules while keeping the host

plant hydrated. Khanna—Chopra et al. (1984) successfully

tested this "split-pot" growing system on a leguminous

plant, cowpea (Yigg; unguiculata L.). They found that when

only the root system without nodules was watered that

photosynthetic, transpiration and stomatal resistance rates

were similar to those of well watered controls, while

acetylene reduction rates and nodule sugar contents had

intermediate values between the controls and fully stressed

plants. They also found that leaf and root water

potentials were similar for the tested and control plants

while the nodule water potential for the seedlings watered

from below was intermediate between the controls and the

fully stressed plants. This is the only study which tested

this type of growing system.

While rhizobium and Frankia association have similar
energy demands and responses to indirect water stress,

there are some differences in their morphologies and

physiological processes which might influence their

response to direct water stress. The objectives of this

study were to examine the effects of direct soil moisture

stress (nodulated roots in dry soil while the host plant is

hydrated) using a split-pot growing system on black alder
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seedlings, and to see if there are any differences in

responses when using different strains of the nodule

endophyte Frankia.
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Materials and Methods

Black alder seeds, collected from three open-

pollinated trees in central Pennsylvania, were used in the

experiment. Seeds were surface sterilized by a ten minute

soaking in 10% sodium hypochlorite, followed by three

rinses with sterilized distilled water. Seeds were

germinated in steam sterilized 20 x 30 cm flats of

vermiculite.

Two weeks after germination, seedlings were inoculated

with one of two strains of Frankia innocu1um,(ACN1ag or

ARgN22D; provided by Dr. M. Lalonde, Laval Univ., Quebec

City, Quebec, Canada). Inoculation was accomplished by

dipping the root system of the newly germinated seedlings

into a concentrated suspensions of Frankia. This method

proved very successful at inoculation in previous studies.

Seedlings were then transferred to 175 cc Leach Tubes

(Ray-Leach Corp. Oregon, USA) containing steam sterilized

loamy-sand nursery-soil collected from the Virginia

Division of Forestry New Kent Nursery (Providence Forge,

Va.). The seedlings were grown under ambient light

conditions, supplemented with high-pressure sodium vapor

lamps (100 Almol m“2 s'l photosynthetic photon flux

density, PPFD) to maintain a 16-hour photoperiod.

Greenhouse temperatures ranged between 17 and 24OC.

Seedlings were fertilized throughout the study with
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ml of a nutrient solution of the following composition:

3mM KCl, 0.75mM KHZPOA, 2.5mM CaSQl, and lmM MgS04. After
five months seedlings were transferred to l-liter split-pot

growing containers. Separation of nodulated and

nonnodulated portions of the root system was easily

accomplished by applying a fine jet of water to the middle
of the root plug and washing away the soil from this region

of the root system. The nodulated portion of the root

system was above this region. The plug was then placed in

an empty l-liter pot and filled with more sterilized

nursery soil to the point where the roots were washed. At

this point a 2.5 cm layer of sterilized aquarium gravel

(0.25 to 0.5 cm) was placed. A coffee filter was placed on

top of the gravel to prevent any soil from the upper zone

from filtering into the gravel layer. The remainder of the

pot was filled with sterilized nursery soil.

Seedlings were allowed to grow for six weeks before

being tested. During this time they were water and

fertilized in both soil zones. To water the lower soil

zone, holes were cut into the bottom of the pots and the

pots were placed into tubs filled with 2 cm of water and

kept there for one hour every two days. The same nutrient

solution described previously was added to the water every

third watering.
To test the plants, plants were randomly assigned to
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one of three treatment groups: watered in both soil

layers, which served as a control; watered only from below;

and, those that received no water. Each group of seedlings

consisting of one seedling per treatment per inoculum

strain for a total of 6 seedlings and were analyzed at the

same time. Seedlings were analyzed when those seedlings

receiving no water became visably wilted.
Photosynthesis, transpiration, and leaf conductance

measurements were taken in the greenhouse using a portable

photosynthesis system (LI—6000, LICOR, Inc., Lincoln, NE,

USA). A one—liter plastic cuvette with an equal insert was

used in all sampling. Air flow in the system was kept

between lO.25 and 9.75 cm per second. Measurements were

taken on two fully expanded intact leaves per plant.

Environmental conditions in the cuvette averaged 28%

relative humidity, 856 Mmol méz s'lPPFD, 364 ppm CO2, and

28OC.

Leaf water potentials were determined on the same

leaves which were used to measure photosynthesis,

transpiration and conductance using a Schoelander Pressure

Bomb (PMS Inc., Corvallis, OR). Soil samples from each

rooting zone were taken for determination of relative water

content.

Acetylene reduction was measured immediately after

the nodules were excised from the seedlings using a
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procedure described by Seiler and Johnson (1984). This was

accomplished by placing the nodule tissue in a 25 ml

incubation tube and sealing it with a rubber septa. A 2.5

ml air sample was withdrawn from the tube and replaced with

2.5 ml of purified-grade acetylene (99.6 purity). Tubes

were then allowed to incubate for 60 minutes in a
300

C

waterbath. A 2 ALl gas sample was removed from the

incubation tubes and analyzed for ethylene using a Varian

model 3700 gas chromatograph equipped with a flame

ionization detector. The glass column (180 x 0.64 length x

outside diameter cm) contained activated alumina (F-1,

Analabs, North Haven, CT, USA) and was held at 60)C. The

carrier gas was helium flowing at 40 ml/min. Sample peak

heights were compared against ethylene standards.

Nodule sugar content was determined on 25 mg of

oven dried nodule tissue per seedling, by a total sugar

assay outlined by Nelson (1944). Sugars were extracted

using three washes of an 80% ethanol extraction solution on

the oven dried nodule material. This was followed by a

colormetric, total sugar assay using anthrone as an

indicator reagent. Samples were measured

spectrophotometrically using a Bausch and Laumb Spectronic

100 spectrophotometer. Sample absorbance readings were

compared to readings of known concentrations of glucose in

95% ethanol.
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The experimental design was a randomized complete

block design with five blocks. Treatment effects were

analyzed using analysis of variance techniques followed by

a Duncan's multiple range test to separate effects. To

meet the assumption of homogeneity of variance acetylene

reduction values were transformed using a log

transformation. All analysis was done with a 0.05% level

of significance unless otherwise stated.
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Results

The split-pot growing system was an effective means of

keeping the seedlings hydrated while exposing nodulated
roots to environments of reduced moisture (Table 1). Leaf
water potentials for seedlings watered only from below had

similar leaf water potentials as those of control seedlings

while seedlings receiving no water had significantly (alpha
= 0.01) lower leaf water potentials (Table 1).
Approximately three days of withholding water was required
for plants receiving no water in either rooting zone to
show visable signs of wilt. The control seedlings and
seedlings watered only in their lower rooting zone showed
no signs of wilt.

Soil moisture percentage in the upper rooting zone
(the zone containing the nodulated roots) for the plants

watered only from below were similar to those receiving no
water at all, while the upper rooting zone of the control

seedlings had a significantly higher moisture content

(Table 1). The seedlings watered only from below had an

intermediate soil moisture content in their lower rooting
zone, while the control seedlings and the seedlings

receiving no water differed significantly (Table 1). This

trend could be due to the plants being last watered 16

hours prior to gas exchange and moisture measurements.

seedlings watered only from below carried on normal
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Table 1. Mean leaf water potential and soil moisture
content for black alder seedlings subjected to various
watering treatments gn = 6).

Upper Soil Lower Soil
Watering Leaf Water Zone Water Zone Water
Treatment Potential Content Content

MPa —————————— % —————————-

Control 7.25 A 15.15 A 20.10 A

Watered 8.29 A 5.40 B 13.55 AB
from below

No water 15.42 B 3.28 B 11.43 B

1. Means followed by the same letter within a column do
not differ significantly (alpha = 0.05).
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photosynthesis and transpirational rates, thus depleting
the moisture from the lower rooting zone. While control

seedlings were utilizing both zones for their moisture
supply.

Endophyte strain was found to be nonsignificant, so

data were combined into similar watering treatments for
further analysis. Plants receiving no water in either

rooting zone had significantly lower acetylene reduction
rates than seedlings in the other two treatments (Table 2).

Nodule sugar content was not affected by any of the

treatments having an average of 27.4 mg/g for all
treatments.

Photosynthesis for seedlings watered only from below
was decreased 56% as compared to controls, but were

significantly higher than those for the fully stressed

seedlings (Table 3). However, transpiration for seedlings

watered from below was only reduced 3.9% from the control

(Table 3), which again indicated that the seedlings were

not exposed to water deficits. Transpiration was reduced

24% for the fully stressed seedlings. The trend in leaf

conductance showed seedlings watered only from below had an

intermediate rate between the well watered control

seedlings and the fully stressed seedlings but none were

statistically different (Table 3).
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Table 2. Mean gas exchange values for black alder
seedlings subjected to various watering treatments
(n = 6).

Leaf
Treatment Photosynthesis Transpiration Conductance

mg CO2 méz s_l
mg H20 m"2 sJ‘ cm s4

Control .42 A 79.8 A .50 A
Watered .18 B 76.7 A .43 A
from below
No water .05 C 60.9 B .38 A
1. Means followed by the same letter within a column do

not differ significantly (alpha = 0.05).
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Table 3. Mean acetylene reduction and nodule sugar content
for black alder seedlings subjected to various watering
treatments gn = 6).

Acetylene Nodule
Treatment Reduction Sugar Content

AM CZH1
g—2 h_l

mg/g

Control 13.2 A 28.7 A

Watered 15.5 A 28.1 A
from below

No water 7.6 B 25.2 A

1. Means followed by the same letter within a column do
not differ significantly (alpha = 0.05).
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Discussion

The split-pot growing system designed by Khanna-Chopra

et. al. (1984) can be used to expose nodulated black alder

roots to dry soil conditions while keeping the host plant

fully hydrated. However, the system appears to impact the

photosynthetic processes of the host plant. Khanna—Chopra

et al. (1984) found no significant reduotion in the

photosynthetic rate of the host plant when only the lower

half of the root system was watered.

The 56% reduotion in photosynthesis found in this

study could be due to a reduotion in photosynthate sinks,

damage to the photosynthate transport system, production of

inhibitory compounds such as ethylene by the stressed root

tissue in the upper soil zone or any combination of these

factors. Root growth, a sink for photosynthates was not

evident in the upper dry soil zone in plants watered only

from below, while control seedlings had evidence of new

root growth throughout their root systems. Also, the

turgor related processes in the upper rooting zone, such

as phloem unloading, might be impacted by this lack of

available moisture. Ethylene has been found to influence

various growth processes such as reducing cell elongation

and promoting leaf abscission (Wilkens 1984). Ethylene

production is known to increase in stressed tissues (Abeles

1974), including tissues exposed to water deficits (Wi1kins
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1984). This increase in "stress ethylene" production

combined with the other factors may have caused some or the

majority of the reduction in photosynthesis in the fully
hydrated seedlings, when water only in the lower portions

of their root systems.

The maintenance of normal transpiration rates in
seedlings watered only in the lower rooting zone was also

found in cowpea (Khanna-Chopra et al. 1984). This result,

and the leaf water potential measurements, indicate that

the seedlings were not exposed to any moisture deficits

when supplied with water only from below.

No direct effects of soil water deficits on the

nitrogen fixation mechanism in black alder was found.

Khanna-Chopra et al. (1984) found a 67% decline in

acetylene reduction in cowpea nodules, indicating a direct

effect of soil water deficits on the nitrogen fixation

mechanism. This discrepency can possibly be explained by

the differences in the morphologies of the two

associations. Nodules of leguminous plants form in the

corticle tissue of the root (Dart 1974) and are not

directly linked to the vascular tissue of the root. In

actinhorizal plants nodulation also occurs in the root

cortex. However, infection induces a true lateral root to

form which gives the nodules a direct contact to the

vasculature of the host plant therefore, a direct contact
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to the photosynthetic and transpiration streams of the host

plant.

Other results with leguminous plants indicate that the

effects of water stress on nitrogen fixation are indirect

and resulting largely from impacts on the photosynthesis of

the host plant. Increasing the level of CO2 around soybean

seedlings to 600 ppm reduced the impact of water deficits

on acetylene reduction by increasing photosynthesis (Huang

et al. 1975b).

Nodule sugar content was not significantly different

for any treatment. Indicating that all nodules had an

adequate sugar supply to conduct normal nitrogen fixation.

The sugar content in the fully stressed seedlings might be

high because of the reduced capacity of the nitrogen

fixation system to operate, causing a build up of sugars in

and around the nodules. Other studies (Harrington and

Seiler 1987) found that severe reductions in the

photosynthetic area, (up to 65% of the initial

photosynthetic area), of black alder seedlings did not

reduce nodule sugar contents or acetylene reduction rates.

This suggests that the nodules are a strong sink for

photosynthates but require only a small amount for

nitrogenase activity. Tjepkema (1985) estimated that only

11.6% of gross photosynthate production is required for

nitrogen fixation and another 4.1% is required for nodule
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growth and maintenance in actinhorizal plants.

Additionally, the decrease in the transpiration rate would

reduce xylem flow. Xylem is the principle pathway for

reduced nitrogen compounds leaving the nodules. Build up

of these compounds might cause a feedback inhibition of

nitrogenase as has been found in free living nitrogen

fixing organisms (Daesch and Mortenson 1972, Oppenheim and
Marcus 1970). Huang et al. (1975a) did not show any

significant effect of lowered transpiration rates on

acetylene reduction except for at very low transpiration

rates (less than 1 g dm'2 hJ‘) where acetylene reduction

was also impaired. Khanna—Chopra et al. (1984) found that

fully stressed cowpea plants had lower nodule sugar

contents than both controls and plants watered only in

their lower rooting zones. This difference might be due to
the duration of their study, five days versus three days in

this study, and their fully stressed plants had a lower

water potential, -2.2 MPa, possibly allowing the nodules to

deplete their sugar reserves.

In conclusion this study demonstrated that the split-

pot growing system can be used to expose nodulated roots of

black alder seedlings to dry environments while keeping the

host plant hydrated. There were no significant differences

between the two endophyte strains tested in this study.

There appears to be no impact on nitrogenase activity

I
1



n
u

85

(acetylene reduction), transpiration or leaf conductance
when nodulated roots are exposed to dry soil; however, it

does impair the photosynthetic efficiency of black alder.

rJ
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Conclusions

The results of the shoot manipulation study indicate

that the nitrogen fixation mechanism of the black

alder/Frankia association can withstand defoliations of up

to 65% without any severe impairment. Black alder

seedlings responded to partial defoliations (44%) by

increasing their photosynthetic, transpiration and leaf
i

conductance rates. Complete defoliation of the seedlings

does significantly reduce acetylene reduction (nitrogenase

activity) in the root nodules most likely by impacting the

photosynthate or energy supply to the nodules. These

results suggest that nitrogen fixation in alder root

nodules is a strong sink for photosynthates but can still

function with severe reductions in overall plant

photosynthesis.

Black alder seedlings responded to decreasing water

potentials with reductions in photosynthesis, and

acetylene reduction. This trend was apparent in both

control and moisture-stress conditioned (MSC) seedlings.

There were no significant differences between endophyte

strains tested nor between control and MSC seedlings in

these responses. MSC black alder seedlings did show some

improvement in their responses to increasing water

deficits; however, these differences were not significant.

'

The lack of significant differences between MSC seedlings

88
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and control seedlings is probably due to the short

durations of the MSC periods. Future studies should use

longer studies to condition black alder seedlings to

moisture deficits. This study and other conditioning

studies of black alder seedlings indicate that black alder

seedlings have the potential to be conditioned to moisture

stress which would be important in the success of

ameliorating sites prone to drought situations.

The split·pot study demonstrated that this growing

system can be used to expose nodulated roots to dry

environments while keeping the host plant hydrated. There

were no differences in response between the two endophyte

strains tested. There appears to be no impact on

nitrogenase activity (acetylene reduction), transpiration

or leaf conductance when the nodulated roots are exposed to

dry soil; however, photosynthesis was significantly

reduced.

Black alder has been used previously for the amelioration

of disturbed lands, and its potential for ameliorating soil

physical and chemical properties has been proven in many

studies. However, many of these disturbed sites are

subject to diurnal and seasonal droughts. This study

demonstrated black alder's intoerance to such conditions

and the impacts on the nitrogen fixing mechanism of this

association. This study demonstrated that it is the effect
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water stress on the host plants photcsynthetic

efficiency during drcughty ccnditions that impair the

effectiveness of nitrcgen fixaticn in this asscciaticn. To

better utilize black alder as a silvicultural tccl, further

studies must be made on the physiolcgies cf black alder and

its nitrogen fixing asscciation with Frankia. · Once we

better understand these prccesses and the effects of

stressed envircnments on them, we can better utilize the

beneficial prcperties of this asscciation in cur

silvicultural systems.
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