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A study, consisting of two sequential greenhouse experiments, was

designed to determine the effects of soil liming upon the fungal

partner in a mycorrhizal association. A Willamette Valley foothill

soil, of the Jory series, was limed in increments to achieve a range

of acidity and alkalinity. The P-deficiency and P-fixing capacity of

this soil, and its strong acidity (pH 5 in 2:1 water:soil suspension)

provided stressed conditions favoring mycorrhizal benefit.

Two vesicular-arbuscular mycorrhizal (VAM) fungal species,

Glomus fasciculatum and Glomus mosseae, were introduced into separate

soil treatments and compared with non-inoculated control treatments.

Stem heights, stem diameters, and leaf numbers of sweetgum

(Liquidambar styraciflua L.) seedlings were measured monthly throughout

the study, along with periodic monitoring of soil pH, soil nutrient

levels, and VAM colonization of the roots.

The experimental variable involving soil pH, mycorrhizal species,

and their interactions exhibited significant effects on seedling

growth.

Growth of non-mycorrhizal seedlings remained minimal throughout



the growing season, and appeared independent of lime applications. The

efficiency of the fungal symbionts in stimulating growth was influenced

by their adaptability, or tolerance, to different soil pH environments.

In this study, G. fasciculatum was more efficient in acid to neutral pH

conditions, and generally tolerated a wider pH range than G. mosseae.

Comparatively, G. mosseae proved more efficient in neutral to alkaline

pH conditions and showed less tolerance to acid conditions.

The percentage colonization of sweetgum roots by the VAM fungal

species corresponded to their respective enhancements of growth.

However, G. mosseae exhibited a lower per cent colonization than

G. fasciculatum at any pH regardless of any larger growth responses

which it induced. At unlimed (pH 5) levels, there was no seedling

response to G. mosseae although there was root colonization.

Most nutrient concentrations in leaf tissue were little affected

by lime applications; some were more affected by VAM colonization.

Plant levels of Al, Fe, and Mn were noticeably influenced by both

lime applications and VAM colonization. Total nutrient uptake and

assimilation was substantially greater in all VAM seedlings because

of their larger biomass.

If maximum benefit from a mycorrhizal association is to be

achieved, careful consideration should be given to employing fungal

species tolerant of particular soil pH regimes.
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EFFECTS OF LIME AND VA-MYCORRHIZA INTERACTIONS ON
GROWTH RESPONSES OF SWEETGUM SEEDLINGS

INTRODUCTION

Differences in mycorrhizal fungus response to various soil cultural

practices are recognized but not well understood beyond generalized

concepts. The extreme complexities of soil systems and synthetic,

composite mixes don't lend themselves to consistent reports of

mycorrhizal performance by researchers working in this area; there is

an increasing necessity to examine the complex interactions occurring

in soil which influence a symbiotic association.

The enhancement of plant growth due to colonization by vesicular-

arbuscular mycorrhizal (VAM) fungi is now a widely demonstrated

phenomenon for diverse plant species. Benefits derived from a

symbiotic association which lead to growth enhancement may include

increased nutrient uptake and increased water uptake under stressful

or low fertility conditions.

Current research continues to indicate that the plant/host intself

in a mycorrhizal association exerts some influence on the fungal species

present. However, more research emphasis is being placed on factors

in the organism's soil environment which may influence VAM efficiency

in benefitting a host.

An aspect of the soil environment which has received little, but

increasing attention in mycorrhizal research is the effect of soil pH

on the symbiotic association. Soil liming is a common cultural practice

in the Willamette Valley, because of the inherent and culturally
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induced soil acidity (which may not sustain optimum crop productivity

from an agricultural or horticultural viewpoint).

Fungi, including the beneficial endomycorrhizal species, are

generally tolerant of a wide range of acidity and alkalinity, but

individual species may adapt to be more efficient in particular

environments. Should these adapted symbiotic organisms be subjected

to new environments, their existence and/or benefit to a plant may be

severely inhibited, especially when the fungus is tolerant of a limited

pH range.

Therefore, this study was designed to determine the effects of

soil liming upon a particular mycorrhizal symbiont and the effects the

interactions of these two variables might have on the growth of

sweetgum seedlings.

A local foothill soil, Jory clay loam, was used as the growing

medium. The P-deficient status of this soil series ensured stressful

conditions to help promote mycorrhizal benefit to the seedlings. Its

strong acidity (pH 5) provided the choice of a wide range of pH

values from unlimed conditions to highly limed conditions (pH 8).
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LITERATURE REVIEW

The literature concerning vesicular-arbuscular mycorrhizae (VAM)

has "mushroomed" in recent years. General concepts concerning possible

mycorrhizal benefits can now be found in agricultural, horticultural,

and biological textbooks and references, with considerably more discus-

sion presented than the one-or-two-sentence acknowledgments of the

topic written in the past.

To present the general literature in this review would be, in the

author's opinion, redundant and time-consuming. Therefore, only a

review of the mycorrhizal literature concerning edaphic factors and

subjects pertinent to the thesis is presented. Among the more

comprehensive reviews the author recommends any of the following:

Harley (1959), Mosse (1973), Gerdemann (1974), Slankis (1974), Smith

(1974), Sanders et al. (1975), Safir (1981), and Tinker (1981).

Host dependency or obligation

The ubiquitous occurrence of VA-mycorrhizal plants is widely

demonstrated. Some plants depend more on mycorrhizae than others.

This may be an evolutionary phenomenon partially related to the type

of root system. It appears that plants having well-developed root

systems with root hairs require little or no mycorrhizae. Crush (1973)

reported no benefit to perennial ryegrass from mycorrhizal colonization

above 8 ppm phosphorus. However, woody genera, such as Citrus or

Prunus, with relatively large, coarse roots, and few fine roots, can be

seriously affected by the lack of mycorrhizae in even moderately high

levels of fertility. Baylis (1970) proposed that the less advanced



plant species, e.g. Magnoliales, with thick roots have higher mycorrhiz-

al dependencies. His proposals were supported by St. John (1979).

Johnson (1976) also found there was a relationship between the

coarseness of eleven forest tree species and their requirements for

either phosphorus fertilization or mycorrhizal fungi.

Sweetgum is considered to have an obligate requirement for a

symbiotic association at low to moderate soil fertility (Bryan and

Kormanik 1977, Yawney 1980). The past research has demonstrated

consisten results showing very high growth stimulation of sweetgum

seedlings inoculated with endomycorrhizal fungi (Mosse 1973, Bryan and

Ruehie 1976, Kormanik et al. 1977). Yawney (1980) recently concluded

that the obligate requirement is maintained until soil P levels exceed

50 ppm; at levels above 75-100 ppm sweetgum does not rely as heavily

on the fungal symbiont.

Influence of edaphic factors on mycorrhizal associations

Recognition of the influence of edaphic properties on mycorrhizal

associations has received increasing attention in the last decade and

has convinced many researchers that these properties are just as

influential on the fungal symbiont as the host itself, if not moreso.

Upon examining influences of soil type on Endogone (Glomus) strains,

Mosse (1972) concluded that specificity in VAM, with a wide host range,

may be determined more by interactions between fungal strains and the

soil than between the fungus and the host. Lambert et al. (1978)

reported no clear superiority of individual mycorrhizal cultures when

comparing trefoil yields in three different soils. Yields were greatest
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where the inoculum used was indigenous to the soil in which the plants

were grown. Their results suggested that indigenous strains of mycor-

rhizal fungi may be adapted to various edaphic factors; some of the

adaptations might limit the efficiency of introduced strains.

Examining the effects of soil pH and soil temperature on the

germination of three mycorrhizal isolates in vitro led Green et al.

(1976) to suggest that both of these factors may substantially limit

the distribution of VAM species.

Further investigations by Daniels and Trappe (1980) into factors

affecting spore germination in the soil led them to conclude that soil

temperature, moisture, and pH all influenced spore germination, whereas

the spore density and soil fertility had little influence.

Conditions of high soil moisture reportedly reduce mycorrhizal

colonization of roots (Khan 1972, Trinick 1977), but in one instance

(Daniels and Trappe 1980), a high germination percentage occurred at

moisture levels above field capacity, and in another (Sondergaard and

Laegaard 1977), there were reports of high colony levels in aquatic

plants.

To obtain maximum VAM colonization, numbers of spores, and growth

enhancement of onions, Furlan and Fortin (1973) reported that a

moderate soil temperature regime (21/26°C) is necessary. Even higher

temperatures could lead to more rapid colonization by Endogone

(Gigaspora) calospora, but temperatures lower than 11/16°C may not only

inhibit growth enhancement but induce a pathogenic effect.

Effects of soil tillage on mycorrhizal develpment of had not been

considered prior to experimentation by Kruckelmann (1975). Compared
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with "non-tillage," spore abundance slightly increased with a shallow

plowing, while tillage with a rotary hoe decreased spore populations.

Contrary results were obtained by Black and Tinker (1979) when

they studied the effect of agronomic factors and soil conditions on the

development of colonization in barley. According to their discussion,

mycorrhizal colonization in barley crops is little affected by soil

type or composition, but it may be mainly dependent upon cropping

pattern and weather. They found a slight correlation between coloniza-

tion percentage, clay content, and pH, but no other soil factors. A

perusal of this study, however, indicated a possibility of some unre-

liable data (e.g. "accidental" fertilizer applications in fallow treat-

ments and inconsistent sampling).

Graham et al. (1982) reported that Glomus fungal isolates from

California increased growth of citrus more than did Florida isolates of

the same species; differences were apparently associated with the

edaphic origin of the isolates. Their results support the conclusions

of Lambert et al. (1978) who suggested that indigenous mycorrhizal

fungi may be better adapted to soil factors than otherwise more

efficient introduced fungi because the non-native fungi are unable to

adapt to edaphic conditions.

Menge et al. (1978) found that the mycorrhizal dependency of

Troyer citrange on G. fasiculatum (isolate 0-1) in 26 citrus soils was

inversely correlated with soil P, Zn, Mn, Cu, per cent organic matter,

and cation exchange capacity, and was positively correlated with soil

pH. VAM dependency values were not significantly correlated with

nutrient concentrations in leaves.
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The author's own undergraduate thesis study of VA-mycorrhizal

occurrences in apple orchards in central California indicated that

extensive root colonization occurred in loamy soils, but not in soils

with clayey textures (unpublished data). In loam soils abundant VAM

colonization occurred both in an extensively managed orchard and in a

completely abandoned one.

Soil fertility. Root colonization by VAM fungi reportedly is more

prevalent in soils of moderate or low fertility. Additions of

phosphorus, nitrogen, or complete fertilizers tend to reduce the amount

of colonization. Hayman (1970) reported that Rothamsted field plots

which were not fertilized contained the largest numbers of VAM fungal

spores, and the plants grown on these soils had the most abundant

colonization. However, fertilization effects could vary depending upon

the soil type.

Besides examining soil tillage effects, Kruckelmann (1975) also

investigated influence of fertilizer and soil type on spore development

in several arable soils. His results showed that Endogone (Glomus)

spores were more abundant in loamy soils than in sandy ones. In silty

loamy, most spores occurred in unfertilized plots and were reduced in

number by long term fertilizer treatments. Unfertilized plots in sandy

soils, however, contained the fewest spores, and the numbers increased

in plots manure for many years. He speculated that the spore numbers

were more closely related to pH than to organic matter, potassium, or

phosphorus content of the soil.

Carling and Brown (1980) reported that relationships between

mycorrhizal isolates changed with fluctuations in soil fertility, and



8

in some cases, were not even influenced by soil fertility. It appeared

that relative isolate effectivity was independent of soil fertility.

There is an indication, however, that low soil fertility does not

necessarily facilitate abundant mycorrhizal development. Hayman, Barea,

and Azcon (1975) found little or no correlation between the amount of

mycorrhizae at a site and the site's fertility, because mycorrhizae were

frequently abundant in both low and high fertility soils. Other edaphic

variables (e.g. temperature, moisture, soil structure, acidity) and crop

specificity may have had a larger influence.

Phosphorus fertilization usually reduces root colonization by the

endophytes (Mosse and Phillips 1971, Hayman et al. 1975, Menge et al.

1978), excepting certain cases where P is very deficient (Hayman and

Mosse 1971, Sanders and Tinker 1973). Indeed, mycorrhiza response in

terms of plant growth may be poor if the inherent soil fertility,

especially phosphorus, is too low (Hayman and Mosse 1971, Ross and

Gilliam 1973). If the P level is extremely low, even VAM fungi may be

unable to extract nutrients because the available supply is exhausted

rapidly and the soil may readily "fix" any applied sources. The host's

nutrient requirement may interact here, also, since plant species

dependent on mycorrhizal associations may show enhance P concentrations

in both P-deficient situations where soils have high sorption capacity

(Yost and Fox 1979), and in situations where P levels are high, from

added fertilizers (Yawney 1980).

The form of phosphate fertilizer applied may also have influence

on VAM colonization. Murdoch et al. (1967) showed that when phosphorus

sources of low availability such as rock phosphate were added to the
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soil, mycorrhizal maize plants were larger, and had higher phosphorus

contents than non-mycorrhizal maize. But both VAM and control plants

grew equally well when supplied with readily available phosphorus.

Both Mosse (1973) and Menge (1978) concluded from their studies of

phosphate effects on VAM fungi that it is the concentration of P

within the plant, and not necessarily the soil P, which leads to a

reduction in colonization, and spore population.

Other nutrients undoubtedly influence mycorrhizal colonization and

efficiency but few specific reports are available. Nitrogen can

reduce mycorrhizal colonization in the field (Hayman 1970), and increas-

ing N fertility can reduce fungal development, especially vesicle

development (Redhead 1975).

In studying the mycorrhizal establishment for strip mine vegetation,

Lambert (1979) found that adequate potassium fertility improved mycor-

rhizal benefit, possible by increasing sugar transport to roots.

Mycorrhizal benefit was suboptimal only in very K-deficient soils.

Likewise, he found improved mycorrhizal response to magnesium only when

Mg was in adequate supply, and P was deficient.

The toxic effects of superoptimal concentrations of zinc are

recognized (Hepper and Smith 1976, Mcllveen and Cole 1978/1979) although

small amounts of Zn added to Zn-deficient soils may enhance mycorrhizal

benefit.

Manganese concentrations greater than several ppm have also been

reported toxic to VAM fungi (Hepper and Smith 1976) and increased root

colonization has been associated with low Mn soils (Samuel 1926).

Since some of the micronutrient concentrations in the soil and plant
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tissue (e.g. Cu and Zn) are heavily influenced by phosphorus concentra-

tions present, effects of their interactions have also been examined.

Lambert et al. (1979) reported that increased soil P significantly

decreased mycorrhizal Cu and Zn concentrations in soybeans, but not

in corn. In corn, the apparent antagonism resulted from a growth

dilution effect rather than P fertility, strictly speaking. Interactions

with Mn and Fe were also mentioned, but with unclear implications.

Soil pH. When focusing on the aspect of soil acidity interactions

with VAM fungi on the growth responses of plants, one finds relatively

sparse research. Early reports primarily indicated that soil pH had a

definite influence on VA-mycorrhizae with respect to spore populations,

germination, and diversity. In examining effects of soil and spore type

on VA-mycorrhizal establishment Mosse (1972) found distinct differences

in spore establishment when acid soils were limed. The reticulate

spore type, now thought to be Glomus fasciculatum)was well established

in roots in unlimed, acid soils, and was also found to increase shoot

dry weights of Paspalum more than other spore types. She concluded

that the relative degree of growth improvement is not the same for all

fungal strains in all soils and can be differentially affected by liming.

Graw (1979) cites studies on soil pH effects by some European

investigators in publications which have been inaccessible at OSU

for this review. He mentions that as far back as 1958, H. Peuss found

the greatest benefit from mycorrhizal colonization of tobacco roots at

pH 4. Studies by Koch (1961), and Sheikh et al. (1975) concluded that

the intensities of infections from spores are dependent on soil pH.

Graw's own results caused him to conclude that the efficiency of
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VA-mycorrhizae is strongly influenced by soil pH and different

phosphorus compounds in association with the fungus.

Green, Graham, and Schenck (1976) were the first in the United

States to report soil pH influences on spore germination on soil-

extract agar in vitro, concluding that pH is a major factor which may

limit the distribution of VAM species. However, the pH influence on

spore germination of VAM fungi in actual soil was not tested until

later by Daniels and Trappe (1980), who found, after liming and acid-

ifying a local agricultural soil (Chehalis silt loam), that maximum

germination of Glomus epigaeus occurred in neutral to alkaline

conditions.

Indications that Gigaspora gigantea prefers acid soil conditions

(pH 5.1) and that Glomus mosseae is unresponsive under such an

environment were reported by Skipper and Smith (1979). In studying

soybean cultivar:mycorrhizal relationships as influenced by soil pH,

they observed that large responses were obtained in limed (pH 6.2)

soil when inoculated with either G. mosseae or Gig. gigantea.

The increased growth response of sweeetgum inoculated with

Gigaspora margarita was significantly greater in very acid soil, as

low as pH 4.5 (Yawney 1980). This implies a preference and/or tolerance

of this fungal species for a low pH regime.

Two abstracts (Ames and Schneider 1979, Struble et al. 1979) of

soil pH effects on growth responses indicate more results supportive

of those already discussed. At pH 6.1, using six month old inoculum,

corn shoot fresh weights were greatly increased with Gigaspora gigantea

and Glomus mosseae, but not by Glomus macrocarpus or Gigaspora margarita.
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At pH 5.7 increases occurred with Gig. gigantea, G. mosseae, and

G. macrocarpus. Gigaspora margarita was ineffective at both pH's

(Struble et al. 1979). This apparent ineffectiveness may be due in

part to the possibility that Gig. margarita might be suited to more

acid conditions that were tested.

Ames and Schneider (1979) conducted a survey to determine which

species of VAM fungi predominate in some California agricultural soils.

They found the following species occurred in various pH regimes:

Glomus mosseae (5.9-7.8), G. fasciculatus (4.8-7.8), Glomus sp.

(5.6-7.8), Gigaspora calospora (4.1-5.6), Entrophospora infrequens

(7.5), Acaulospora elegans (4.8-7.8), A. trappei (4.8-5.3), Glomus

monosporus (4.8-5.3), and Gigaspora sp. (4.9).

More recent studies (Karagiannidas 1980) reported that at higher

pH values (7 and 8) Glomus macrocarpus and Glomus mosseae showed

maximum efficiency in regard to plant growth and phosphorus uptake as

compared with Acaulospora laevis, which showed optimum results at

lower pH values of 5 and 6. However, this efficiency varied in

different soils (Khanaqua 1980).

Certainly, soil pH exerts influence on VAM activity, but as

evidenced by the previous examples, conclusions are variable, and

caution should be used in interpretations. In many instances either

one fungal species was observed at two or three pH values, or two

species were compared at a single pH. In addition, some of the pH

values compared were within a narrow range of acidity or alkalinity.

It would be erroneous to conclude that liming and soil pH had no effect

on a mycorrhizal symbiosis if only one fungal species was tested
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employing only pH conditions to which it was either adapted, or else

totally intolerant. Likewise it may be erroneous to compare species

at varying pH's using different soils, since edaphic factors other

than soil pH may be exerting influence.

Influences of Mycorrhizae on Plant Nutrient Concentrations

Increased nutrient concentrations in plants due to mycorrhizal

uptake are repeatedly encountered in the literature. While the most

consistent increase concerns phosphorus concentrations, zinc and

copper levels are usually increased, also. Besides these, however,

the reports of concentrations for other elements are variable.

Schultz et al. (1979) reported consistent results showing that nutrient

concentrations in non-mycorrhizal sweetgum seedlings were generally

higher than in colonized seedlings.

Higher concentrations of nitrogen, potassium, calcium, and

magnesium in mycorrhizal plants have been reported by Mosse (1957),

Gerdemann (1964), and Ross and Harper (1970). Ross and Harper found

little difference in potassium concentrations between VA-mycorrhizal

and non-mycorrhizal soybeans. Gerdemann found higher levels of

potassium and magnesium in non-endophytic maize.

Pairunan et al. (1979) reported lower plant calcium levels in

mycorrhizal treatments. In an experiment designed to illustrate

improved uptake by mycorrhizal fungi, Powell (1975) found that

potassium concentrations in mycorrhizal plants were higher that those

in control plants only if the soil was K-deficient. A trend for

higher concentrations of K, Ca, Mg, and Na in leaves of non-mycorrhizal
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seedlings fertilized with phosphorus at rates between 0 and 56 ppm

compared to similarly fertilized mycorrhizal seedlings was reported by

Menge et al. (1978b).

Lambert et al. (1978) proposed two mechanisms to explain

phosphorus-induced reductions in concentrations of copper and zinc:

a) the suppressions of mycorrhizal uptake of these elements, and b)

a dilution effect in which larger, P-sufficient plants do not concen-

trate elements as much as do smaller, deficient plants. Increased

concentrations of Zn by mycorrhizal fungi were reported in apples

(Mosse 1957), in peaches (LaRue et al. 1971, Gilmore 1971), and in

subterranean clover (Pairunan et al. 1979). Mosse (1957) also

reported increased iron and copper levels in mycorrhizal apples, but

a decrease in manganese concentrations. Rhodes and Gerdemann (1978)

reported the increased uptake of sulfur in onions by the presence of

VA-endophytes.

Despite the reported benefits, little is known or understood

concerning the actual mycorrhizal uptake mechanisms of elements

other than phosphorus. It may be that chemical interactions between

the elements are influential in determining uptake, independent of the

endophyte. Dilution effects may be of substantial importance where

elemental concentrations in non-mycorrhizal control plants are greater

than those in larger mycorrhizal plants. Increased root growth could

be a factor, as affected by greater P availability, and, therefore,

increasing the uptake of other nutrients.

As previously mentioned, the most consistently reported concentra-

tion data involves increased P levels in mycorrhizal plants. The
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actual mechanism for increased uptake remains a subject of controversy.

Hayman and Mosse (1972) suggested the two possible mechanisms by which

increased uptake might occur: 1) hyphae from mycorrhizal roots could

absorb phosphate from insoluble forms not available to non-mycorrhizal

roots, or 2) the hyphae extending into the soil increase the surface

area for absorption of soluble phosphates beyond the usual depletion

zone of the root. Evidence supporting the first mechanism has been

reported by Murdoch et al. (1967), Hayman and Mosse (1971), and

Powell and Daniel (1978). However, the majority of studies investigat-

ing this controversy indicate that mycorrhizal fungi do not solubilize,

or have access to, insoluble phosphate pools differing from those of the

host plant. Sanders and Tinker (1971), employing labelled 32P

experiments, reported no differences in the specific activities of

phosphate in mycorrhizal and non-mycorrhizal plants despite the

increased growth responses of the endophytic plants. Using a direct

test based on increasing phosphate availability with incubation at a

high temperature, Barrow et al. (1977) concluded there was no uptake

of "fixed" phosphate by mycorrhizal fungi. Hayman and Mosse (1972)

also concluded that VAM fungi utilize the same phosphate pools as non-

mycorrhizal plants. Pairunan et al. (1979) reported that non-mycor-

rhizal and mycorrhizal subterranean clover grew equally well provided

sufficient rock phosphate was applied and therefore, the endophyte was

not solubilizing complex phosphate forms. He cautioned, also, that

care must be taken in these types of experiments, to supply the same

actual P rates between readily soluble or insoluble forms of phosphate.

Some of the research in the past has overlooked this precaution,



16

applying the same rates of amendment, but not the same P rates.

Tinker (1975) proposed that bulk flow as well as cyclones is

involved in phosphorus translocation. Cox et al. (1978) observed what

were apparently polyphosphate granules in the vacuoles of hyphae and

arbuscules. Callow et al. (1978) also confirmed the presence of

extensive amounts of polyphosphates in mycorrhizal onion roots, comp-

rising up to 40% of the total P present in the fungus. They concluded

that this observation supports the hypothesis that phosphate uptake by

external hyphae is followed by the endergonic synthesis of polyphos-

phates in granules. These are then transported by protoplasmic

streaming into the arbuscules and "digested" for nutrient transfer to

the host.

Smith (1974) concluded the status of this controversy to be as

follows: 1) mycorrhizal plants absorb and accumulate more phosphate

than non-mycorrhizal plants when grown in soils low in this nutrient;

2) the increased efficiency may be due to: a) more effcicient pumping

by mycorrhizal roots, b) better absorption of soluble soil phosphate

by external hyphae, and c) solubilization of insoluble phosphate forms

by the fungi. Interactions between any of the factors probably

contribute to the phenomenon. Safir (1981) added that at present the

evidence generally favors the hypothesis that when soil nutrients are

in limited supply, the mycorrhizal hyphal network serves to translocate

additional nutrients to the root systems.

Agricultural applications

Today, man faces complex problems in agricultural management.
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With the increasing demand worldwide on food production, man is

pressured into achieving and maintaining optimum crop yields, almost

regardless of the expense. And, although the natural occurrence of

VAM associations has been in existence prior to man's own existence

and agricultural beginnings, the present status of technology and the

demands on productivity generally will not allow any substantial cut-

back on currently employed cultural practices.

Yet, with increasing technological costs, man will be forced to

make more conservative decisions concerning his cultural practices,

whether it be decreased fertilizer applications, reduced tillage, or

more timely pest control. Man will not be able to inadvertently

continue employing unnecessary methods; he will be forced to consider

more ecologically-oriented methods in conjunction with modern tech-

nology in order to maintain a continually productive agricultural

system.

Thus, the incorporation of VAM systems into agricultural

programs must emphasize compatability with the current cultural and

pest management practices. If we are to attempt merging technology

and efficient beneficial associations, we need to intensively research

the VAM species which are best suited to particular hosts under

prevalent environmental and soil conditions.

Soil liming is a cultural practice which, after repeated

applications, undoubtedly disturbs the soil system. Here the tolerance

or adaptability of a VAM fungu to a particular soil pH regime would

prove influential in obtaining maximum benefit from a mycorrhizal

association where growth responses and crop productivity are concerned.
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At the onset of this study, no previous reports had been found

comparing more than one fungal species and employing a single soil

which had been limed to include a wide pH range. It was the author's

opinion, therefore, that a study designed to observe the influences

that an incremental change in soil pH may exert on a fungal symbiont,

besides the effect of pH itself, would further provide some specific

information in this area.
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MATERIALS AND METHODS

The study of soil liming and pH effects on a mycorrhizal

association consisted of two separate experiments. The experiments

were similar in nature except for differences in the characteristics

of the soil horizons. In each case the study was set up in a random-

ized block design with individual seedlings completely randomized

within a block, or treatment. Details of the design for each

experiment will be discussed in more detail under experimental set-up.

Soil Characteristics

The soil used for the study was obtained from a profile of the

Jory series, a Willamette Valley foothill soil. The profile site

was located on Patterson Road in MacDonald Forest, property of Oregon

State University, 8 miles northwest of Corvallis, Oregon, in Benton

County.

The series is depicted as a Jory silty clay loam by the Benton

County Soil Survey (1975), but the profile used for this study had

a clay loam texture. Despite its high clay content the entire profile

has relatively good drainage, because of its slope, good structure,

and high organic matter content in the upper horizons. It is

classified as a clayey, mixed, mesic Xeric Haplohumult.

The physical and chemical properties of the Al and C horizons

of the soil are shown in Table 1. Values obtained were determined by

the Soil Testing Laboratory at Oregon State University, except for

pH and particle size distribution. The latter were determined by the

author. All chemical analyses were conducted using the procedures
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standardized in the Methods of Soils Analysis Used in the Soil

Testing Laboratory at Oregon State University (Berg and Gardner 1978).

Particle size distribution was determined by the standard hydrometer

method (Day 1965).

The surface (A) and subsurface (C) horizons of the profile were

acquired by use of a backhoe (courtesy of Dr. Gerald Kling) and were

kept separate for experimental purposes. The C horizon served as the

growth medium for the first experiment and the A horizon was used for

the second experiment. The primary difference between the two layers

concerns the organic matter content, which is high, 8.8% in the surface

horizon, and negligible in the subsurface. It was desirable to treat

the horizons separately, in case of any influences which may have

been contributed by the organic matter.

The soil has two chracteristics which led to its selection as

a growth medium. The first is its low phosphorus content; 16 ppm

(Bray method) in the A horizon, and 2 ppm in the C horizon. The

low phosphorus content was desirable as most mycorrhizal research

indicates greater growth enhancement by the fungal symbiont in lower

fertility conditions.

Secondly, the soil is strongly acid. Its pH is approximately

5.0-5.2 for either horizon when measured in 2:1 water:soil suspension

(3.9-4.1 in 2:1 KC1:soil suspension). An acid soil was desirable

for liming purposes.
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Table 1. Soil chemical and physical properties of Jory soil
horizons.

A Horizon

P 16

K 359
Ca 9.8
Mg 3.1

Na 0.09

N 0.21
NO3 -N 0.01

NH
4
-N 23.01

Zn 1.62
Mn 99.60
Cu 2.26

0.M. 8.87

CEC 34.37

pH (H20:soil) 5.1

(KC1:soil) 4.2

Particle size distribution:

C Horizon

ppm 2

ppm 70
meq/100g 4.5
meq/100g 10.0
meq/100g 0.18

% 0.01
ppm 0.63
ppm 1.03

ppm 0.22
ppm 12.70
ppm 0.16

% 0.10

meq/100g 26.40

sand 24.2 %

silt 40.1 %
clay 35.7 %

5.0

3.8

33.5
35.2
31.3
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Study Establishment

Experiment 1

The C horizon soil was sieved through a 0.625 cm (1/4 in.) mesh

screen to remove debris and larger peds.

To attain desired pH values, reagent grade (powdered) CaCO3 was

added in calculated increments as suggested for the Jory series by a

previous liming study (Petersen and Jackson 1972). They suggested an

average rate of 10.1 meq CaCO3/100g soil to raise the soil pH 1.0 unit.

River sand was added concurrently with the lime in a 1:3 sand:soil

ratio to provide better aeration and drainage qualities, since the

high clay subsurface horizon is relatively structureless. Each lime

and soil batch was slightly moistened and mixed in a cement mixer for

30 minutes, then stored in 5-gallon buckets at greenhouse temperatures

for six weeks to allow the treatments to equilibrate. Procedures for

mixing and incubation the limed soil were obtained from the liming

study and Dr. T. L. Jackson (personal communication). Representative

lime equilibration curves for the horizons are presented in Figure 1.

After the incubation period the limed treatments chosen for the

study yielded approximate 0.5 pH increments of 5.0 (unlimed), 5.8,

6.2, 6.9, 7.4, 8.0, and 8.2. Slight decreases (approximately 0.2-0.3

unit) in pH were observed over time during the experiment. The values

listed above were post-incubation pH's, but the average pH values

obtained during the study, and which will be the values referred to

herein, were as follows: 5.0 (unlimed), 5.5, 6.0, 6.6, 7.4, 7.7,

and 8.1

Steam sterilization of the soil followed the lime equilibration.
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Each lime treatment was autoclaved at 15 psi for 1 hour to eliminate

any indigenous mycorrhizal fungi or potential pathogens. A two-day

cooling, aeration period was then allowed prior to introducing the

fungal organisms selected for the study. No changes in pH due to

steam sterilization were measured after the cooling period.

The fungal symbionts selected were two related species, Glomus

fasciculatum and Glomus mosseae. Inoculum of these organisms was

produced in 1-gallon "pot cultures" where they colonized strawberry

roots grown in river sand. Original isolates of G. fasciculatum were

obtained from Abbott Laboratories in 1977. The G. mosseae isolate

had been cultured at the Ornamental Plants Research Lab for several

years and presumably was obtained from Dr. J. W. Gerdemann of the

University of Illinois (Jennifer Parke personal communication).

Inoculum was introduced into the treatments by mixing chopped root

fragments and sand from the pot cultures with the sterile soil in a

cement mixer.

Half of the soil batches from each lime level was used to fill the

bottom half of 155 cc Ray Leach "Super-Cell Cone-tainer" tubes; the

remainder was saved for mixing with mycorrhizal inoculum, to be

added to the tubes at planting time.

Prior to mixing the inoculum, estimates of spore populations in

the pot cultures were made. To estimate the number of spores per

gram of soil, a 10 gram sample containing roots and spores was washed

with water and allowed to filter through a series of decreasing pore-

size sieves. (Glomus fasciculatum spores are commonly retained on a

90tt.m sieve, while G. mosseae spores are frequently found on both
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90 and 100ALm sieves.) The spores retained were then transferred to

a gridded petri dish and counted with the aid of a stereo-microscope.

This process was repeated 3 or 4 times, using samples from various

parts of the pot culture to obtain an average spore count for the

entire culture. It was determined that the G. fasciculatum pot

culture had 970 spores/10g, and the G. mosseae pot culture contained

890 spores/10g.

After reviewing the inoculum levels considered adequate by some

other mycorrhizal researchers (Menge et al. 1978a) to establish

substantial colonization, adjustments were made to add equal quanti-

ties of spores to all parts of the soil in this experiment. It was

finally determined that mixing approximately 20 grams of inoculum

with each liter of soil would ensure and adequate inoculum level for

either fungal species to establish colonization. Non-mycorrhizal

controls were also allowed in each lime treatment, where no fungus

was introduced into the treatments. Twenty grams of non-VAM pot

cultures (soil + roots) were mixed with each liter of treated soil,

just as the VAM cultures were mixed.

The host plant used was sweetgum (Liquidambar styraciflua L.).

This common landscape tree reportedly is highly dependent on

mycorrhizal associations for any substantial growth under low to

moderate soil fertility (Bryan and Ruehle 1976, Kormanik and Bryan

1977, Kormanik et al. 1977). The seeds for this study were supplied

by Joe Dula Nursery of Canby, Oregon, and were originally collected

from mixed sources in the southeastern United States.

Following a suggested procedure by the nursery, seeds were
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stratified by placing them between moist paper towels, sealed in

Zip-loc bags, and kept in a refrigerator at 5°C for 4 weeks. The

seeds were surface-sterilized by sitting overnight in a beaker of

water through which a gentle, steady flow of water constantly circu-

lated. Germination was then achieved by sowing the seeds in flats of

sand which were then kept in a mist bench to maintain adequate moisture

conditions. Germination generally occurred in 10-14 days. A previous

germination test for the seedlot yielded a rate of 75%. However, for

unknown reasons, a smaller percentage of seeds germinated in the

mist bench flats so that there were not enough seedlings at transplant

time for all 7 lime treatments. Accordingly, the seedlings on hand

were used for four primary treatments, and the "in-between" lime

treatments were tested at a later date, when seedlings from a second

germination were available. Consequently, the four lime treatments

corresponding to pH 5.0, 6.0, 7.4, and 8.1 were planted first, with

the remaining three intermediate pH treatments (pH 5.5, 6.6, 7.7)

planted exactly 2 months later.

When four-week-old, bare-root seedlings were transplanted one

each into the afore-mentioned "Super-cell" tubes using the VAM-

inoculum-mix soil. Transplant failures amounted to only 2%. The

first group of seedlings for the primary soil pH levels was adequately

established for experimental purposes by December 20, 1979; the

second group for the intermediate pH levels was established by

February 20, 1980.

After seedling establishment, a thin mulch layer of Grade No. 2

chicken grit (crushed quartz) was added to the surface of each tube
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to minimize clay slaking, aid water intake and aeration, and help

prevent excessive moisture loss from the soil at the top of the tubes.

In addition, the grit helped suppress algae and moss growth on the soil

surfaces, and prevented contamination of the fungal spores between

treatments. A pictorial representation of the soil system within a

"Super-cell" tube is shown in Appendix Figure Al.

Following seedling transplant, the rhizosphere microflora of the

mycorrhizal and non-mycorrhizal treatments was standardized. Because

the non-mycorrhizal pot culture inoculum was sterilized to ensure

VAM-free controls, any other indigenous microbial populations were

also destroyed. This would have meant an imbalance in the microbial

status of the mycorrhizal and control treatments, and possibly

introduce a source of variation to the study. To forestall such a

problem, root washings from the mycorrhizal pot cultures were passed

through a 45/Lm mesh screen (openings smaller than the spore diameter

of Glomus spp.) and filtered through Whatman No. 1 paper. Soil with

sterilized inoculum (controls) received the sieved and filtered

washings at a rate of 10 mis per tube.

Experiment II

The organic matter-rich A horizon soil was prepared and limed in

the same manner as the C horizon soil. Similar lime increments were

added, but the pH values obtained after 6 weeks equilibration were

slightly different. Equilibration curves for this horizon are shown

in Figure 1. The surface soil has a high buffering capacity, mainly

from the high organic matter content, and the same high pH values

were not achieved as in the case of the subsurface soil. The average
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pH values achieved for these lime treatments at the onset of the

experiment were actually slightly higher (0.2-0.4 unit) than the

average values (averages across the growing season) given above.

Because of the strong, granular structure of the A horizon,

aeration and drainage properties were good. Little sand was needed,

therefore, but was added (1:4 sand:soil) to ensure adequate aeration

upon soil wetting in the confined space of the tubes.

Sterilization and VAM inoculum additions for this A horizon soil

were analagous to those described for Experiment I. Because spore

populations may fluctuate seasonally, the pot cultures were re-estima-

ted. The Glomus fasciculatum pot culture had approximately 470 spores/

lOg sand, and the G. mosseae culture contained 970 spores/10g.

Adjustments were made to supply the same quantities of spores per

tube as in Experiment I. This required adding 30 gms of Glomus

fasciculatum inoculum to each liter of soil used, and 20 gms/liter of

G. mosseae.

For this second experiment sweetgum seeds were sown directly into

the soil in the "Super-cell" tubes after stratification and surface

sterilization. Seed stratification methods were the same as used for

the first experiment, but the sterilization technique was altered.

The technique was adopted from a procedure developed by Dr. Paul

Kormanik (USDA Forest Service Institute for Mycorrhizal Research and

Development, Athens, Georgia) and described by Yawney (1980). The

stratified seeds were soaked in a 25% chlorox solution for 10 minutes,

rinsed twice with water, and soaked for 10 minutes in 0.01 N HC1 to

remove chlorox residues. Then, traces of HC1 were removed by rinsing
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the seeds 3 or 4 times with with water.

Seeds were planted afterwards at a rate of three per container.

After germination, which occurred in 10-14 days, seedlings were

thinned to one per tube and transplants made where necessary. The

germination rate was approximately 78% and the seeds were from the

same lot as those used in the previous experiment.

Seedling establishment was adequate after thinning and transplant-

ing on November 1, 1980, and a thin layer of chicken grit was added

to the surface of each tube, as described before. Again, the micro-

flora were standardized between control and mycorrhizal treatments

with sieved-filtered washings of the pot cultures.

Seedling Maintenance and Greenhouse Conditions

In each experiment the seedlings were watered when the upper soil

regions of the tubes began to dry out. This usually involved watering

three times per week for the first 2 to 3 months of growth if the

environmental conditions were fairly cool. As some of the seedlings

grew larger in the later months of study, or when greenhouse tempera-

tures became very warm, more frequent watering was needed, sometimes

daily.

The soil properties of each horizon significantly affected both

the frequency of watering and the amount needed. The clayey, heavy C

horizon soil required less frequent watering than the lighter A horizon

material. Generally, 8 mls of water was adequate to bring the soil in

each tube to "field capacity" when the subsurface material served as

the growth medium (Experiment I), while 10 mls per tube was needed
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when the surface soil was used (Experiment II).

Water was dispensed, using a motorized syringe, in aliquots

needed to bring the soil in each tube to "field capacity." For this

study "field capacity" was defined as the point of negligible drainage

from the bottom of a tube, i.e., no more than 1 or 2 drops of water

drained from each tube. Thus, a fairly constant pH for each lime

treatment was maintained throughout the course of the study.

Long Ashton's Nutrient Solution (Appendix Table 5), a commonly

used complete liquid fertilizer for ornamentals, was administered

weekly (A horizon) or biweekly (C horizon) in the same aliquots as

regular watering. In the initial stages of seedling development

1/2-strength solution was applied. Nutrient deficiency, particularly

P, was so severe, however, that after 4 or 5 weeks of growth, full

strenth LANS was applied. Occasionally, as occurred in Experiment II,

seedlings would exhibit P-deficiency symptoms despite full strength

application, so the P supply only was increased to 1-1/2 times full

strength.

Greenhouse temperature controls were set for daily averages of

72 °F during the day and 60°F at night. Hygrothermograph monitors

indicated some occasional extreme highs of 110
o
F, while night-time

temperatures were consistently averaging 59°F. Readings registered

by this instrument were indicative of both ambient air temperatures

and incident radiation, which was frequently high during sunny spring

days prior to the application of greenhouse shading.

High pressure sodium vapor lamps were the primary source of light

for the seedlings during the majority of the experiments. These lamps
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supplied an average of 204 under cloudy sky conditions with no

overhead greehouse shading. (Although low compared to sunlight, this

is considered adequate intensity for greenhouse experiments (Dr. John

Potter personal communication).)

No insect problems occurred during the experiments, but the

miticide Plictran was occasionally applied during each experiment to

control spider mites that periodically infested other plants in the

greenhouse. Applications were made by volatilizing 1 tablespoon

miticide with 80 mis of water in an electric skillet set at 150°F for

5 hours per application, and was repeated for 3 consecutive days.

During the course of each six month study seedlings heights,

stem diameters, and leaf numbers were recorded every four weeks.

Additionally, extra seedlings were sampled every four weeks for

mycorrhizal colonization. Corresponding soil samples from the

seedling containers were collected for monitoring pH and soil nutrient

levels.

Photographs of representative seedlings from each treatment were

taken periodically during the third through sixth months of growth.

Harvest

Procedures for harvesting seedlings were the same for both

experiments. Harvest dates for Experiment I were June 22, 1980, for

treatments corresponding to pH 5.0, 6.0, 7.4, and 8.1, and August 19,

1980, for the intermediate lime levels (pH 5.5, 6.6, and 7.7). The

seedlings grown in A horizon soil (Experiment II) were harvested

May 10, 1981.
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Seedlings were removed by inverting each tube and lightly jarring

both tree and soil out of the tube, afterwhich the soil was shaken

gently off the seedling roots. This was easily facilitated by allow-

ing the soil to dry out considerably just prior to harvesting,

approximately three days. Separation of the soil from the roots was

successful so that roots did not have to be washed except where they

were to be examined microscopically.

Half of the seedlings from each treatment in each replication

were used for growth measurements while the remainder (15 tubes) were

saved for microscopic observation of VAM root colonization. For those

seedlings used for growth measurements, the roots, stems and leaves of

each plant were separated, placed in labelled paper bags, and dried in

a forced air drying oven at 60°F for 48 hours. Prior to drying, the

leaf area for each seedling was measured on a LiCor (Lambda Instrument

Corporation) Portable Area Meter. After drying, the weights of the

stems, roots, and leaves were taken. Leaf tissue (leaf + petiole) was

analyzed for nutrient content by the Plant Analysis Laboratory of the

Soil Science Department. Nutrient analyses methods included N and P

concentrations by a Scientific CFA 200 Auto Analyzer following

Kjeldahl digestion. Potassium, Mg, Ca, Mn, Zn, Cu, Fe, and Al

concentrations were analyzed by a Perkin-Elmer 4000 Atomic Absorption

Spectrophotometer after perchloric acid digestion of the leaf tissue.

The roots of those seedlings saved for assessing VAM colonization

were washed in water and cut into 1 cm sections. All seedling roots

in each treatment (15 tubes) were combined, but replications were

kept separate. The procedure used for clearing and staining the roots



33

was a modification of the Phillips and Hayman technique (1970) and a

less toxic method (Kormanik, Bryan, and Schultz 1980), wherein

glycerol replaces phenol. This procedure is described in Appendix I.

The samples were evaluated for the percentage of roots colonized

using a Wild M7A stere-microscope, generally set at 12x or 25x power.

At random, 100 segments from each treatment were selected and spread

in a petri dish to facilitate viewing. The proportion of length of

each roots segment which contained fungal structures (vesicles or

arbuscules) was estimated to the nearest 10%. The total percentage

of root segments colonized was then calculated on the basis of the 100

root segments examined (Biermann and Linderman 1980).

Statistical Analysis

ANOVA was used to determine statistical differences between

treatment means. The data were examined using the Least Significant

Difference Test (p < 0.05) to determine which treatments were

significantly different (Steele and Torrie 1980). In addition to

standard analyses of variance, the growth parameters and % VAM

colonization were subjected to simple linear regression analysis,

with soil pH as the independent variable.
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RESULTS AND DISCUSSION

The results and trends of the Al and C horizon experiments are

presented together since the trends observed for both were very

similar. The growth data for the seedlings in the intermediate

pH trials of experiment I are presented in Appendix Tables 1 and 2.

Intermediate pH level trials were not performed with the Al horizon

soil, hence data for the C horizon half-unit pH values of 5.5, 6.6,

and 7.7 were tabulated separately to minimize reporting confusion.

No discussion of the Appendix data is offered, since trends and

conclusions were unchanged.

The analyses of variance for growth parameters examined in

the study indicated that soil pH, VAM condition, and interactions

between them affecting seedling growth were highly significant

(p < 0.01). The soil pH alone did not show consistent significant

effects. The growth variations were expressed by differences in

stem heights, stem diameters, leaf numbers, leaf areas, and the

dry weights of stems, roots, and leaves.

Equations and regression coefficients derived from linear

regression analyses are presented in Tables 11 and 12. Essentially

all of the growth parameters subjected to regression analysis

indicated that treatments with Glomus mosseae were positively

correlated with soil liming, while those with Glomus fasciculatum

were negatively correlated. Correlations for G. fasciculatum

were generally lower than those for G. mosseae because of G. f.'s

seemingly wider tolerance range of soil acidity/alkalinity,
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compared to G. mosseae.

Growth Responses

Despite the application of Long Ashton's Nutrient solution

sweetgum seedling growth generally remained minimal at any soil pH

without the presence of VA-mycorrhizae. The control seedlings

grown in subsurface C horizon soil were severely stunted, with

bronzed and/or necrotic leaves some to the point of abscission

(Plate 1). Surface soil-grown control seedlings were less severely

stunted, and generally retained their leaves throughout the course

of the experiment. This may have been due to higher organic

matter, better nutrient balance, and more supplemental P via

nutrient solution for these seedlings.

The mean values of the growth responses obtained in the

experiments are presented in Tables 2 to 5. Relative heights for

each mycorrhizal condition, achieved after 6 months, are illustrated

in Plates 2 and 3. These photographs depict the general growth

trends of sweetgum seedlings grown in either soil horizon. Mention

will be made that the photographed seedlings were chosen from

treatments at random early in the experiment. Each month the same

seedlings were photographed to observe differences with time.

Note that the illustrated seedlings' growth does not necessarily

coincide with the statistical data and discussions provided in

the text. This is due to the inherent genetic variability found

with sweetgum; some of the particular seedlings chosen for

photography showed more variation than others. Where two seedlings

of the same treatment are shown (see Plate 2) it indicates that
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there were equal representatives of both shorter and taller

seedlings. The generated growth data represent the averages of

these differences.

Colonization of roots by G. fasciculatum (G. f.) induced the

largest growth increases at the lower and unlimed pH treatment,

in soil from either horizon. In surface soil the highest growth

was achieved at pH 5.1 (Figure 2) and in the subsurface soil at

pH 6.0 (Figure 3). At any lime level in either soil those seedlings

colonized by G. fasciculatum were significantly larger than any non-

mycorrhizal plants.

Comparatively, Glomus mosseae (G. m.) induced largest growth

responses at the higher lime levels, approximately pH 6.7 and

above (Figures 2 and 3). G. mosseae appeared rather intolerant of

strongly acid conditions and at the unlimed levels did not induce

significant height enhancement over non-mycorrhizal seedlings in

the subsurface soil. Generally, G. mosseae induced significantly

larger height responses than G. fasciculatum at higher lime levels.

The most height growth for either mycorrhizal or non-mycorrhizal

seedlings occurred at pH 6.7 in the surface soil, and at pH 7.4

in the subsurface soil. In both cases the seedling roots were

inhabited by G. mosseae. Although G. fasciculatum induced earlier

and larger height responses in the more acid conditions, the

seedlings colonized by G. mosseae ultimately grew the tallest at

the higher pH's. Correlations between stem height responses and the

VAM species were highly significant (p < 0.01) for both species in

the A horizon, but only for G. mosseae in the C horizon



37

(Tables 11 and 12). Representative regression curves for stem

heights are illustrated in Figures 6 and 7.

Stem diameters sometimes are considered to be more accurate

indicators of plant growth and vigor than height. The variation

in growth responses between plants is often substantially less

for stem diameters than for stem heights. Figures 4 and 5 demonstrate

similar trends in stem diameter growth to those for stem heights.

Actual measurement values are presented in Tables 2 and 4.

Correlations between stem diameters and VAM species, depending upon

the pH condition, were highly significant (p 0.01) (Tables 11

and 12).

Data on leaf numbers and leaf areas yielded values that showed

the same trends as stem heights and diameters, although their

statistics were less significant. Also, there were some incon-

sistencies in the results between the two soil horizons such that

the author feels these two parameters were not particularly good

growth indicators for this study because of their direct and

sensitive response to physiological and morphological variations

among the seedlings. The leaves served as good visual indicators

of any nutrient deficiencies or toxicities, especially of P

deficiency, as indicated by leaf bronzing. Adjustments in the

application of LANS could be made from these symptoms. In fact,

some nutrient adjustments were made during the six month experiments

so that leaf numbers and size substantially fluctuated. There were

extreme irregularities in the leaf shapes throughout the study

which may or may not have been inherent genetic qualities. Often,
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Table 2. Seedling heights, stem diameters, leaf numbers, and leaf
areas of VA-mycorrhizal and non-mycorrhizal sweetgum
seedlings grown in Jory A horizon soil.

Treatment
1/

Stem
Height
(cm)

Stem
Diameter

(mm)

Leaf
Number

Leaf
Area

pH Condition

-VA 4.2 b' 1.57 a 3 a 6.33 a

5.1 G.f. 12.0 f 3.89 de 9 d 89.93 d

G.m. 6.7 c 2.19 b 6 c 34.30 b

-VA 4.3 b 1.70 a 4 b 8.39 a

5.9 G.f. 11.1 ef 4.01 de 10 d 100.65 e

G.m. 10.6 e 3.76 d 9 d 100.41 e

-VA 3.8 a 1.82 a 4b 9.81 a

6.7 G.f. 9.1 d 3.03 c 9d 81.89 d

G.m. 10.7 e 4.14 e 10 d 110.83 ef

-VA 3.3 a 1.56 a 2 a 6.61 a

7.6 G.f. 7.4 c 3.01 c 7c 57.59 c

G.m. 10.3 e 3.86 de 10 d 92.42 de

2/
Soil pH level (pH); mycorrhizal condition (Condition); -VA =

non-mycorrhizal control seedlings; G.f. = seedlings colonized by
Glomus fasciculatum; G.m. = seedlings colonized by Glomus mosseae.

./Each value is the mean of 3 replicates, 15 seedlings per
replicate; values within a column followed by the same letter are not
significantly different at the 5% probability level by L.S.D. tests.
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Table 3. Root, stem, and leaf dry weights of VA-mycorrhizal and non-
mycorrhizal sweetgum seedlings grown in Jory A horizon soil.

Treatment1/ Dry Weights (mg)
pH Condition Root Stem Leaf

-VA 92.5 a?_./ 34.2 a 43.1 a

5.1 G.f. 1027.0 c 383.2 d 555.3 de

G.m. 287.7 a 105.1 ab 211.9 b

-VA 131.1 a 41.5 a 60.5 a

5.9 G.f. 1208.3 cd 485.6 e 536.8 de

G.m. 1075.0 c 417.8 de 638.8 f

-VA 179.2 a 41.2 a 72.8 a

6.7 G.f. 727.6 b 233.1 c 487.4 cd

G.m. 1349.8 d 478.0 de 720.4 g

-VA 130.4 a 35.8 a 47.0 a

7.6 G.f. 589.4 b 179.5 be 441.6 c

G.m. 1006.8 c 344.9 d 589.5 of

"Soil pH level (pH); mycorrhizal condition (Condition); -VA =

non-mycorrhizal control seedlings; G.f. = seedlings colonized by
Glomus fasciculatum; G.m. = seedlings colonized by Glomus mosseae.

2/
Each value is the mean of 3 replicates, 15 seedlings per

replicate; values within a column followed by the same letter are not
significantly different at the 5% probability levels by L.S.D. tests.
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Table 4. Seedling heights, stem diameters, leaf numbers, and leaf
areas of VA-mycorrhizal and non-mycorrhizal sweetgum
seedlings grown in Jory C horizon soil

Treatment-
Stem

Height
(cm)

Stem
Diameter

(mm)
Leaf

Number

Leaf
Area
(cm2)pH Condition

-VA 3.3 a-
a/

1.16 a 3 a 2.91 a

5.0 G.f. 7.0 bc 2.32 cd 10 c 39.51 b

G.m. 3.6 a 1.19 a 3 a 4.93 a

-VA 3.0 a 1.18 a 22 a 2.24 a

6.0 G.f. 7.4 bc 2.40 c-g 10 c 50.36 cd

G.m. 7.1 bc 1.71 b 7b 43.30 bc

-VA 3.0 a 1.13 a 2a 2.49 a

7.4 G.f. 7.4 bc 2.38 c-f 10 c 55.82 d

G.m. 7.7 c 2.49 d-g 10 c 49.48 cd

-VA 3.0 a 1.11 a 2a 2.29 a

8.1 G.f. 6.6 b 2.24 c 10 c 46.47 bc

G.m. 7.3 bc 2.49 c-e 11 c 49.29 cd

1/
Soil pH level (pH); mycorrhizal condition (Condition); -VA =

non-mycorrhizal control seedlings; G.f. = seedlings colonized by
Glomus fasciculatum; G.m. = seedlings colonized by Glomus mosseae.

2/
Each value is the mean of 4 replicates, 15 seedlings per

replicate; values within a column followed by the same letter are not
significantly different at the 5% probability level by L.S.D. tests.
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Table 5. Root, stem,and leaf dry weights of VA-mycorrhizal and non-
mycorrhizal sweetgum seedlings grown in Jory C horizon soil.

Treatment"' Dry Weights (mg)
pH Condition Root Stem Leaf

-VA 81.0 a
2/

26.5 a 21.8 a

5.0 G.f. 492.6 c 108.0 bc 244.7 b

G.m. 76.7 a 38.7 a 33.6 a

-VA 73.4 a 37.2 a 17.2 a

6.0 G.f. 445.7 c 136.5 de 314.6 de

G.m. 259.3 b 99.6 b 264.3 bc

-VA 77.5 a 27.6 a 18.7 a

7.4 G.f. 477.1 c 144.7 e 354.2 e

G.m. 457.6 c 125.5 c-e 320.5 de

-VA 73.8 a 27.3 a 17.0 a

8.1 G.f. 458.8 c 126.4 c-e 287.0 b-d

G.m. 439.2 c 123.3 cd 301.2 cd

]JSoil pH level (pH); mycorrhizal condition (Condition); -VA =
non-mycorrhizal control seedlings; G.f. = seedlings colonized by
Glomus fasciculatum; G.m. = seedlings colonized by Glomus mosseae.

-?'Each value is the mean of 4 replicates, 15 seedlings per
replicate; values within a column followed by the same letter are not
significantly different at the 5% probability level by L.S.D. tests.
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it seemed that the number of leaves on a VAM seedling was inversely

related to its height, although non-mycorrhizal controls generally

had both few and small leaves. Where roots were inhabited by G.

fasciculatum, the largest seedlings (at pH 5-6) had fewer, larger

leaves. But on the smaller seedlings where the higher soil pH was

less favorable to the G. f. fungus, there appeared to be more

leaves, but smaller in size. Thus leaf number and area measurements

should not be weighted heavily.

Seedling dry weights are listed in Tables 3 and 5 for surface

and subsurface horizons, respectively. The largest dry weights

of seedlings grown in either soil horizon were achieved at higher

lime treatments (pH 6.7 and 7.4). Sweetgum seedlings grown in

surface soil and having the highest dry weights were colonized by

G. mosseae (Figure 8), but those subsurface soil-grown seedlings

with the highest dry weights were colonized by G. fasciculatum.

This latter observation for the C horizon appears contrary to the

usual lower-pH-favors-G. fasciculatum phenomenon encountered

thus far. No particular explanation for this observation can

be given. VAM seedling weights were significantly greater than

control seedling weights in all but the unlimed treatments.

Similarly, differences in total dry weights of seedlings colonized

by the endophytes were significant in unlimed treatments, but were

not significant at higher pH's. However, certain component dry

weights of VAM seedlings were significantly different (Tables 3

and 5) at all pH's. Regression analyses of total dry weights

obtained as a function of pH and mycorrhizal conditions showed
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significant correlations (p 4 0.05) for both mycorrhizal treatments

in the A horizon (R
2

= 0.49, 0.41), but only for G. mosseae

treatments in the C horizon (R
2

= 0.22)(Tables 11 and 12).

At the suggestion of Dr. Kermit Cromack (Forest Science), shoot:

root ratios and apparent efficiency of total plant production per

unit of leaf area were examined. Calculations are not included in

this thesis, but can be determined from data in Tables 2-5. Without

VAM, a considerably larger proportion of photosynthate ended up in

the root biomass than in the tops (shoot: root rations 1). Production

of total dry weight per unit leaf area was quite uniform for VAM

seedlings at about 17 to 22 mg/cm
2

. The higher solids content of the

severely stunted control seedlings is shown in the apparent greater

"total dry weight production" per unit leaf area for those highly

stressed plants. In contrast, "leaf dry weight production" per

unit leaf area was closely similar across all mycorrhizal treatments.

Figures 10 and 11 compare the height responses over time for the

mycorrhizal conditions at a given soil pH. In both horizon soils

the largest seedling heights were induced by G. fasciculatum at lower

lime levels (pH 4 6) or by G. mosseae at higher lime levels (pH > 6.6).

Under more acid conditions in the surface soil, G. fasciculatum tended

to support taller growth in the early months, while G. mosseae did

so under more neutral to alkaline conditions. There was a marked

change over time in the predominance of the symbiont inducing the

largest growth response (Figure 11). Initially, in the higher lime

treatments, G. fasciculatum seemed quite tolerant of the alkalinity.

However, after the second or third month of growth G. mosseae had
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begun to induce the largest growth and continued to do so for the

remaining time.

Root Colonization by VA-Mycorrhizae

The highest percentage of Glomus fasciculatum colonization was

found in the acid pH ranges for either soil, 43.1% at pH 5.9 in the

A horizon, and 55.1% at pH 6.0 in the C horizon (Figures 12 and 13).

The percentage was lower at the unlimed levels even though growth

responses induced may have been as great, or greater than those at

the highest level of colonization. This could be, in part, due to

an increased efficiency on the part of the symbiont. Perhaps G.

fasciculatum performs best under very acid conditions, and with

increased acidity can stimulate growth with a lower level of

colonization. In addition, the reported preference of sweetgum for

acid soils may contribute to this observation (Yawney 1980).

Glomus mosseae showed its highest percentage colonization in

the alkaline range, 14.8% in the A horizon, and 12.2% in the C

horizon (Figures 12 and 13). Interestingly, in either soil, at any

pH, Glomus mosseae exhibited a lower extent of colonization than G.

fasciculatum regardless of any greater growth responses that G. m.

may have supported. This suggests that G. mosseae is more efficient

in nutrient absorption than G. fasciculatum, perhaps due to production

of more growth factors. The results demonstrate, also, that growth

enhancement is not necessarily proportional to the amount of root

colonization, but may be better correlated with external hyphae

distribution; it is possible that G. mosseae developed more external

mycelium than G. fasciculatum.
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Microscopic examination of VAM colonization revealed that

vesicles and fungal hyphae were the predominant structures present.

Arbuscules were never found in any G. fasciculatum treatments in

either soil horizon, but were noted in a few cases during early

stages of G. mosseae colonization. By harvest there was no evidence

of arbuscules, but coiled hyphae could be observed in random root

segments. These structures were observed in the subsurface soil in

the lower lime treatments (pH 5.0 and 6.0) and in the unlimed

(pH 5.1) treatments in the surface horizon. It is unknown what

induces these hyphae to form; it may be specialized fungal response

to stimuli from a particular host. Coiled hyphae are commonly found

in maple roots, also (Dr. Robert Linderman, personal communication).

The presence or absence of arbuscules may be an indication of

the progress of colonization, or stage of development. The stage of

fungal development may be influenced in part by soil temperatures.

Khanaqa (1980) reported that mycelium was best developed at a soil

temperature of 30°C, the best development of arbuscules was found at

25°-30°C, and most vesicles were counted at temperatures between

25°C and 35°C.

The observation of only vesicle colonies of either fungal species

where the percentage colonization was highest may indicate that

arbuscules are not the primary nutrient suppliers to the plant.

Vesicles may be as adequate, and for certain host-fungal relationships,

arbuscules may be unncessary.

Periodic monitoring of the progress of root colonization during

the experiments indicated that G. fasciculatum tended to colonize
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roots more rapidly than G. mosseae in either soil horizon. Observed

in a qualitative and less extensive manner, G. mosseae tended to

colonize roots appr .mately 2-3 weeks later than G. fasciculatum

in the subsoil, but was not as delayed in surface soil, appearing

in roots about 7 days after G. fasciculatum. Initial root

colonization for G. fasciculatum occurred 20-24 days after inoculation,

in both experiments.

Soil Reactions

Variations in soil pH were achieved through liming with CaCO3.

Approximately 6 weeks was considered adequate time for equilibration.

Periodic monitoring of treatment pH's indicated some slight decreases

as each experiment progressed. The pH values reported herein were

averages of the pH's taken over time (6 months). The original pH's

achieved after lime equilibration (Figure 1) were generally 0.2 pH

unit higher than those stated throughout this paper. Fluctuations

were more noticeable in the surface horizon soil. This is under-

standable since its high organic matter content lends more active

sites for cation exchange.

Illustrative values for extractable nutrients in the pre-plant

lime-equilibrated soil: sand mix are included in Table 6; those for

the nutrient-supplemented post-harvest soil are included in

Tables 7 and 8. Values for initial soil nutrient levels are

representative of combined mycorrhizal and non-mycorrhizal treatments

at each pH since these presumably would have been the same.

Calcium levels increased sharply while magnesium and sodium

became less with increased lime application.



59

Comparisons with raw Jory soil nutrient data (Table 1)

indicate there was considerable N mineralization in the organic

matter-rich Al horizon soil during pre-plant equilibration, but total

N values showed little change which could not be accounted for by

dilution from sand. Also, with the increasing pH there would tend

to be more ionic competition between Ca and NH4+ and NO3 and any

anionic components of the fertilizer sources (e.g. H2PO4-) for soil

exchange sites or root absorption.

The initial pre-plant phosphorus and potassium levels were

little changed by lime level equilibrations. Post-harvest soil P

levels ranged from 16-24 ppm in the A horizon, and from 1-3 ppm in

the C horizon. Potassium values in the surface layer ranged from

203-354 ppm and from 66-132 ppm in the subsurface.

Extractable manganese levels decreased with lime additions while

shifts in extractable zinc and copper were inconsistent.

Soluble salt levels (electrical conductivity) generally increased

as the soil pH increased, as did the cation exchange capacity (data

not shown).

Although analyses for Al and Fe were not included, the Jory

series is known to contain inherently high levels of these oxides,

which may be toxic to many plants under acid soil conditions. It

is worthwhile to note very good seedlings growth was stimulated by

G. fasciculatum under the more acid conditions and that VAM plant

levels of Al and Fe (Tables 9 and 10) were within adequate ranges

described for sweetgum (e.g. 148 ppm Al and 377 ppm Fe) (Smith 1978).

Non-mycorrhizal controls seedlings showed excess levels of Al and Fe,



Table 6. Pre-plant levels of extractable nutrients in Jory soil after lime treatments.

Horizon pH P K Ca Mg Na

Total

N NH
4
-N NO3 -N Zn Mn Cu

EC

Salts

-- ppm meg/1009 % ppm - mmhos/cm -

A 5.1 20 242 9.2 2.6 0.17 0.13 32.9 42.8 0.74 436 1.94 0.90

A 5.9 18 222 16.4 2.0 0.14 0.11 22.1 57.4

A 6.7 --1/ 222 17.0 1.5 0.16 0.12 58.0 110.0 0.90 296 2.38

A 7.6 246 28.3 1.2 0.13 0.12 16.0 112.0 2.00

C 5.0 8 70 4.5 8.6 0.27 0.01 3.2 0.8

C 6.0 7 66 12.9 7.7 0.20 0.01 1.6 0.8 2.00 22 1.22

C 7.4 8 66 23.9 4.5 0.20 0.01 3.6 0.8 6.14 10 0.98

C 8.1 8 62 32.2 3.3 0.18 0.01 3.5 0.4 3.20 10 0.76

1/
Indicates analysis not performed.



Table 7. Post-harvest levels of extractable nutrients in Jory A horizon soil.

Treatment"'
P K Ca Mg Na

Total

N NH
4
-N NO3 -N Zn Mn Cu

EC

SaltspH Condition

-- ppm --- meq/100g ppm - mmhos/cm

-VA 22 308 7.5 2.5 0.37 0.10 7.9 27.4 0.96 300 2.68 0.70
5.1 G.f. 22 269 7.8 2.9 0.66 0.10 6.6 45.3 1.14 296 2.80 1.20

G.m. 24 312 7.3 2.6 0.39 0.12 6.1 13.3 1.10 294 2.82

-VA 20 300 10.6 2.2 0.36 0._10 9.1 7.4 1.12 170 3.02 0.45
5.9 G.f. 23 198 11.8 2.3 0.59 _2/

0.90
G.m. 22 207 10.5 2.3 0.63 0.80

-VA 16 320 15.5 1.6 0.41 0.10 7.0 5.3 1.16 85 3.04
6.7 G.f. 20 226 16.1 1.7 0.57 -- 1.92 109 3.14 --

G.m. 17 203 15.1 1.6 0.60 -- -- -- 1.00

-VA 20 351 25.0 1.2 0.38 0.11 6.1 11.1 1.64 119 3.14
7.6 G.f. 16 257 25.0 1.3 0.53 -- 10.1 1.58 129 3.20 --

G.m. 21 213 19.8 1.4 0.60 4.9 13.0 1.44 134 2.96 1.20

I/Spil pH (pH); mycorrhizal condition (Condition); -VA = non-mycorrhizal control treatments; G.f. = treatments inoculated
with Glomus fasciculatum; G.m. = treatments inoculated with Glomus mosseae.

/
Indicates analysis not performed.



Table 8. Post-harvest levels of extractable nutrients in Jory C horizon soil.

Treatmentl/
Ca Mg Na

Total

NH
4
-N NO3 -N Zn Mn Cu Salts

pH Condition

-- ppm meq/100g ppm - mhos /cm

-VA 3 132 9.6 9.0 0.31 0.01 25.2 17.9 1.32 34 1.78 0.35
5.0 G.f. 1 62 5.8 9.5 0.38 0.01 9.7 10.3 0.62 13 0.70 --

G.m. 1 78 12.5 8.3 0.29 0.01 13.2 13.7 1.52 36 2.04

-VA _2/ 98 12.6 8.9 0.28 11.9 15.4 2.00 23 1.78 0.30
6.0 G.f. 1 74 13.8 9.6 -- 0.01 9.2 3.3 2.56 15 1.20 --

G.m. 2 94 14.3 9.8 0.37 12.8 8.6 2.10 16 1.98

-VA 86 24.8 4.5 0.28 0.01 16.5 12.6 2.36 6 0.88 0.60
7.4 G.f. 1 90 26.1 4.8 0.29 7.2 1.5 1.80 7 0.98 --

G.m. 1 74 20.6 5.9 -- 17.0 3.0 2.06 10 1.16 0.70

-VA 2 86 33.6 4.0 0.27 0.01 11.4 9.7 2.00 6 0.84 0.60
8.1 G.f. 1 82 34.3 3.8 0.30 9.4 2.7 4.02 6 1.16 --

G.m. 1 66 34.6 4.0 -- 9.3 1.9 2.24 6 0.90 0.50

! /Soil pH (pH); mycorrhizal condition (Condition); -VA = non-mycorrhizal control treatments; G.f. = treatments inoculated
with Glomus fasciculatum; G.m. = treatments inoculated with Glomus mosseae.

2/
Indicates analysis not performed.
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but these may be attributed to dilution effects. There may be an

inherent ability on the part of sweetgum to partially restrict uptake

of Al and Fe under acid conditions, and an indication that VAM fungi

may help regulate the further uptake of these toxic elements.

Periodic supplements of LANS during the experiments counter-

balanced nutrient consumption by the seedlings except for P, which

was maintained at low levels throughout.

Plant Nutrient Contents

Tables 9 and 10 compare the mean levels of leaf tissue nutrient

concentrations by treatments. The data for non-mycorrhizal

treatments was obtained by combining replicate samples for analyses,

because of extremely small seedling size. This precluded any

statistical analyses of the results.

Depending on the element, nutrient concentrations in leaf/

petiole tissue were not much affected by soil pH but were marginally

to considerably affected by VAM colonization. Total uptake, however,

was greater for all mycorrhizal treatments.

Phosphorus concentrations in all seedlings on C horizon soil

were uniformly low, but were increased 10 to 50% over controls by

VAM in the surface soil.

Nitrogen concentrations were generally higher in VAM than in

control seedlings grown in both soils.

Concentrations of K, Mg, Zn, and Cu were variable. Generally,

the levels were lower in VAM seedlings in either soil horizon, but

results were inconsistent. More noticeably, VAM seedlings had

substantially lower levels of Al, Fe, and Mn, which appeared to be
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concentrated in the stunted non-mycorrhizal controls. As previously

mentioned, this may indicate an ability of VAM fungi to help regulate

the uptake of these elements, or it may indicate a large host

tolerance to their accumulation.

Uptake of N, K, and Ca slightly increased with increasing lime

additions, while Mg, Mn, Zn, Cu, Fe, and Al concentrations decreased

with the increase in pH. Phosphorus concentrations remained consistent

and appeared independent of lime applications.

Comparisons with nutrient concentrations reported by other

mycorrhiza-sweetgum researchers indicate that these concentrations

were not out-of-line, save for manganese (Schultz et al. 1979,

Yawney 1980). The nutrients were supplied in quantities generally

considered sufficient for seedling growth. In addition, the soil

nutrient analyses at the end of each experiment showed no substantial

differences between the concentrations in VAM-inoculated or

uninoculated soil. The critical level of P for sweetgum has been

unavailable to the author, but it is speculated that the level is

very high. Both Schultz et al. (1979) and Yawney (1980) presented

sweetgum foliar concentration data in which the P levels ranged from

0.05% to 0.12%, and these levels were considered adequate for growth.

Schultz also points out that forest trees can grow better under lower

soil nutrient conditions than many agronomic crops because trees have

had little selection pressure for fertilizer practices.

The Mn levels obtained in several treatments in this study were

considerably higher than those reported for other sweetgum foliar

concentration. Tissue analyses ultimately revealed that Mn levels



Table 9. Foliar concentrations of VA-mycorrhizal and non-mycorrhizal sweetgum seedlings grown in
Jory A horizon soil.

Treatment
1/

Foliar Concentrations Leaf
Dry WeightpH Condition N P K Ca Mg Zn Mn Cu Fe Al

ppm -- mg --

-VA 1.66 0.08 1.30 0.68 0.20 42 6200 13 810 1100 43.1
5.1 G.f. 1.50 0.08 1.53 0.86 0.23 53 6733 19 78 198 555.3

G.m. 1.60 0.10 1.29 0.72 0.20 38 5500 13 19 200 211.0

-VA 1.43 0.08 1.25 0.75 0.18 34 4500 10 153 310 60.5
5.9 G.f. 2.00 0.10 1.45 1.02 0.22 36 2600 19 88 400 536.8

G.m. 1.67 0.11 1.39 1.00 0.22 28 3113 18 99 145 638.8

-VA 1.43 0.07 1.43 0.78 0.15 20 1800 9 105 350 72.8
6.7 G.f. 1.79 0.11 1.30 1.01 0.17 27 1237 13 82 218 487.4

G.m. 1.68 0.12 1.46 1.28 0.20 23 753 16 92 115 720.4

-VA 1.54 0.08 1.65 0.89 0.14 20 1980 11 93 190 47.0
7.6 G.f. 1.83 0.12 1.41 1.17 0.15 17 997 15 75 243 441.6

G.m. 1.92 0.12 1.40 1.34 0.18 20 1347 17 117 140 589.5

1/ Soil pH level (pH); mycorrhizal condition (Condition); -VA = non-mycorrhizal control
sweetgum seedlings; G.f. = seedlings colonized by Glomus fasciculatum; G.m. = seedlings colonized
by Glomus mosseae.



Table 10. Foliar concentrations of VA-mycorrhizal and non-mycorrhizal sweetgum seedlings grown in
Jory C horizon soil.

Treatment-1/ Foliar Concentrations Leaf
Dry WeightpH Condition N P K Ca Mg Zn Mn Cu Fe Al

ppm -- mg --

-VA 0.79 0.07 1.18 0.66 0.34 50 2370 15 1150 220 21.8
5.0 G.f. 1.14 0.06 0.83 0.50 0.27 59 2649 14 122 335 244.7

G.m. 1.05 0.06 0.93 0.67 0.32 39 2340 14 1070 1270 33.6

-VA 0.79 0.07 1.04 0.78 0.32 52 2968 16 1816 2160 17.2
6.0 G.f. 1.21 0.07 0.77 0.66 0.25 69 1833 10 121 150 314.6

G.m. 1.28 0.08 0.77 0.61 0.25 146 1632 11 95 150 264.3

-VA 0.62 0.10 1.22 1.08 0.34 34 448 27 2712 6500 18.7
7.4 G.f. 1.30 0.08 0.61 0.78 0.23 26 112 11 76 70 354.2

G.m. 1.23 0.08 0.82 0.66 0.24 33 208 11 85 75 320.5

-VA 0.91 0.09 1.26 1.20 0.28 22 340 15 776 780 17.0
8.1 G.f. 1.25 0.08 0.59 0.82 0.18 59 115 12 83 90 287.0

G.m. 1.28 0.09 0.75 0.86 0.23 31 178 9 80 75 301.2

/1

Soil pH level (pH); mycorrhizal condition (Condition); -VA = non-mycorrhizal control
sweetgum seedlings; G.f. = seedlings colonized by Glomus fasciculatum; G.m. = seedlings colonized
by Glomus mosseae.
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ranged from 1500-1600 ppm in some of our treatments, contrasted to

70-400 ppm at comparable pH's (Yawney 1980). A recent foliar

analysis performed on 45 woody ornamentals, including Liquidambar,

reported that sweetgums contained the highest Mn levels (555 ppm).

It may be that this landscape tree is naturally a manganese

accumulator, and will tolerate unusually high levels before toxic

conditions result.

Manganese uptake by plants is' thought to be a two-phase process,

in which there is a rapid initial uptake, followed by a slower,

metabolically controlled sustained phase (Moore 1972). Mn-tolerant

plants are able to cope with high levels of available Mn by taking

it up at a slower rate (Mengel and Kirkby 1979). This two-phase

process may also explain the large differences in concentrations

between mycorrhizal and control seedlings. The uptake for all

seedlings was probably the same, but due to larger tissue production

in mycorrhizal sweetgum, less Mn was accumulated throughout the whole

plant, whereas in the controls it was concentrated.

Manganese toxicity symptoms are characterized by brown spots in

older leaves, leaf drop, and uneven chlorophyll distribution (Mengel

and Kirkby 1979). After 3 or 4 months these symptoms were randomly

observed on a number of seedlings grown in the C horizon, but were not

actually attributed to a Mn problem until a later incident which

occurred during the second experiment, using the A horizon soil.

Following a sudden, exceptionally warm weekend (May 1, 1981),

the author observed severe wilting among the largest mycorrhizal

seedlings. A thin white film on the leaves could be seen in some
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cases, along with burnt leaf edges and brown leaf spots. The

seedlings had been watered thoroughly on Saturday of that weekend,

and had been checked, but not watered on Sunday, because the soil

felt adequately moist, and the plants appeared fresh. Therefore,

wilting must have been caused by factors other than watering.

Persistent inquiry revealed that the proportions for the Laboratory's

LANS micronutrient stock concentrate, containing all elements except

Fe 138 (see Appendix Table 5), had been erroneously high (10x) for a

time, and when discovered, had been decreased, but without the

researcher's knowledge.

The inadvertent application of excess micronutrients over time

helps explain the very high concentration, especially at lower pH's

and in dwarfed control plants. Rapid transport of salts to the leaf

surface was induced by high evapotranspiration demand during those

excessively warm days.

Comparisons with other sweetgum foliar analyses reports (Smith

1978, Schultz et al. 1979, Yawney 1980) indicated that the other

micronutrients, including Fe, Cu, and Zn (antagonists with Mn) were

not taken up in excessive amounts.

At present, the role of VAM fungi in the nutrition of woody

ornamentals remains relatively undeveloped. Most of the VAM research

has employed agricultural crop hosts, and it is hazardous to

extrapolate nutrient concentrations of cultivated crop plants to

hardwoods and other ornamentals. More work in this area is needed.

The rates of activity between the two types of hosts are naturally

different,. so it could follow, as Schultz (1979) points out, that
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the rates of VAM activity and the interactions between the fungus and

the woody seedling may well be different than between the fungus and

agricultural crop host. VAM fungi did cause greater tissue

production, resulting in larger seedlings. Greater total amounts of

nutrients were absorbed by mycorrhizal seedlings because the VA-

mycorrhizal root system could explore more soil, than the smaller,

non-mycorrhizal root systems.
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Table 11. Linear regression equations of growth parameters for
sweetgum seedlings grown in Jory A horizon soil with soil
pH as the independent variable.

1) Stem heights

a) non-mycorrhizal y = 4.70 - 0.33x
b) G. fasciculatum 13.88 - 1.60x
c) G. mosseae 2.32 + 2.45x

2) Stem diameters

a) non-mycorrhizal
b) G. fasciculatum

c) G. mosseae

3) Leaf numbers

a) non-mycorrhizal
b) G. fasciculatum
c) G. mosseae

4) Leaf areas

a) non-mycorrhizal
b) G. fasciculatum
c) G. mosseae

5) Total dry weights

a) non-mycorrhizal
b) G. fasciculatum
c) G. mosseae

y = 1.64 + 0.02x

4.39 - 0.36x
2.15 + 0.54x

y = 4.00 - 0.23x
10.00 - 0.60x
5.17 + 1.40x

y = 7.22 + 0.23x
111.46 - 11.58x
38.29 + 18.48x

y = 176.87 + 19.34x
2475.60 - 307.76x
699.77 + 442.66x

6) % VAM colonization

a) G. fasciculatum y = 42.62 - 4.49x

b) G. mosseae 5.55 + 2.09x

R
2

= 0.69
0.83::*
0.56

R2 Y 0.02

0.67::
0.57

R
2 = 0.07

0.36:**
0.76

R
2 = 0.01**

0.54
0.42*

R
2

= 0.09*
0.49*
0.41

R2 = 0.39:**
0.73

***Indicates significance at p = 0.001.

**Indicates significance at p = 0.01.

*Indicates significance at p = 0.05.
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Table 12. Linear regression equations of growth parameters for
sweetgum seedlings grown in Jory C horizon soil with soil
pH as the independent variable.

1) Stem heights

a) non-mycorrhizal y = 3.25 - 0.07x R
2

= 0.18
b) G. fasciculatum 7.39 - 0.11x 0.04**
c) G. mosseae 3.49 + 1.17x 0.50

2) Stem diameters

a) non-mycorrhizal y = 1.20 - 0.02x R
2

= 0.20,*
b) G. fascioulatum 2.40 - 0.03x

0.88 + 0.42x
0.58-
0.78***c) G. mosseae

3) Leaf numbers

a) non-mycorrhizal y = 2.75 - 0.20x R
2

= 0.27
b) G. fasciculatum 10.50 - 0.08x 0.02***
c) G. mosseae 1.13 + 2.78x 0.79

4) Leaf areas

a) non-mycorrhizal y = 2.89 - 0.16x R
2

= 0.09
b) G. fasciculatum 41.49 + 2.64x

1.94 + 13.93x
0.18**
0.62c) G. mosseae

5) Total dry weights

a) non-mycorrhizal y = 129.34 - 2.93x R
2

= 0.16
b) G. fasciculatum 857.50 + 16.02x 0.05***
c) G. mosseae 242.78 + 26.70x 0.74

6) % VAM colonization

a) G. fasciculatum y = 35.55 - 1.70x R
2

=

b) G. mosseae 4.02 + 1.33x 0.41-

***Indicates significance at p = 0.001.

**Indicates significance at p = 0.01.

*Indicates significance at p = 0.05.
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Non-VAM controls in Jory Al horizon soil.

pH: 5.1 5.9 6.7 7.4

Non-VAM controls in Jory C horizon soil.

pH: 5.0 6.0 7.4 8.1

Plate 1. Growth responses of non-mycorrhizal (control) sweetgum
seedlings grown at 4 lime levels; age 6 months.
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Al horizon Jory soil with Glomus fasciculatum.

Al horizon Jory soil with Glomus mosseae.

pH: 5.0 6.0 7.4 8.1

Plate 2. Growth responses of VA-mycorrhizal sweetgum seedlings
grown at 4 lime levels; age 6 months.
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C horizon Jory soil with Glomus fasciculatum.

C horizon Jory soil with Glomus mosseae.

pH: 5.0 6.0 7.4 8.1

Plate 3. Growth responses of VA-mycorrhizal sweetgum seedlings
grown at 4 lime levels; age 6 months.
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SUMMARY AND CONCLUSIONS

Effects of soil liming on the fungal partner in a mycorrhizal

association were examined in two sequential greenhouse experiments,

using the surface (A1 horizon) or subsurface (C horizon) soils of a

Willamette Valley foothill soil (Jory clay loam). In each soil

horizon, sweetgum seedlings were grown at 4 pH values and 3 mycorrhizal

conditions. Calcium carbonate was added in increments to achieve

pH values of 5.1, 5.9, 6.7, and 7.6 in the surface soil, and 5.0, 6.0,

7.4, and 8.1 in the subsurface horizon. One third of the seedlings

were inoculated with the endophyte Glomus fasciculatum, another

third with Glomus mosseae, and the remaining third were maintained as

non-mycorrhizal controls.

The stem heights, stem diameters, and leaf numbers of the

seedlings were measured monthly throughout each 6 month experiment.

The soil pH, soil nutrient levels, and VAM colonization of the roots

were also periodically monitored.

At the end of the growing season, leaf areas, dry weights, and

per cent root colonization by VAM fungi were obtained, in addition to

the aforementioned growth parameters. Leaf tissue was analyzed for

nutrient concentrations.

The experimental variables of soil pH, mycorrhizal species, and

their interactions exhibited significant effects on seedling growth

parameters. Growth of non-mycorrhizal seedlings remained minimal

throughout the growing season, and appeared to be independent of any

lime applications.
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The efficiency of the fungal symbionts in stimulating growth

appeared to be influenced by their adaptability to different soil pH

environments. In these experiments, Glomus fasciculatum was more

efficient in acid to neutral pH conditions; initially it showed a

wider range of tolerance than G. mosseae. Comparatively, Glomus

mosseae proved more efficient in neutral to alkaline pH conditions;

it had less tolerance to acid conditions, and was slower to colonize

sweetgum roots.

Colonization of sweetgum roots by endomycorrhizal fungi was

greatest for G. fasciculatum in more acid conditions (pH<:6), but was

greatest for G. mosseae at the higher lime levels (pH> 7). G. mosseae

exhibited a lower per cent colonization than G. fasciculatum at any

pH regardless of any larger growth responses which it induced.

Most nutrient concentrations in leaf tissues were little affected

by lime applications; some were more affected by VAM colonization,

although results were inconsistent. Plant levels of Al, Fe, and Mn

were noticeably influenced by both lime applications and VAM

colonization. Total nutrient uptake was substantially greater in all

VAM seedlings due to their greater biomass.

This study has demonstrated, again, the beneficial aspects of

supporting a mycorrhizal association in accordance with agricultural

practices. With the use of efficient endophytes, it is possible that

more crops could be grown with less economic input. The results of

the study strongly suggest the need to use fungal symbionts tolerant

of, or adapted to, a particular soil pH regime, if maximum benefit

from a mycorrhizal association is to be achieved.
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APPENDIX I

Procedure for clearing and staining roots using a modification of
techniques proposed by Phillips and Hayman (1970) and Kormanik et al.
(1980):

1. Cut roots into 1 cm length pieces; clear in 10% KOH overnight in
a 55 °C water bath.

2. Rinse twice with tap water. If roots are still darkly pigmented,
repeat step 1 overnight at root temperature (20°C); rinse again
with tap water.

3. Immerse in 3% H
2
0
2
at 20°C for approximately 1 hour, or until

bleached.

4. Rinse thoroughly with water to remove any H202 residue.

5. Acidify in dilute HC1 (56 ml concentrated HC1/liter H20) for
15-20 minutes at 20°C; drain HC1.

6. Stain in 0.05% Trypan Blue-Lactoglycerin solution for 15-20
minutes in a 55°C water bath.

7. Destain in clear lactoglycerin.
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Table Al. Seedling heights, stem diameters, leaf numbers, and leaf
areas of VA-mycorrhizal and non-mycorrhizal sweetgum
seedlings grown in Jory C horizon soil.

Treatment-1/
Stem

Height
(cm)

Stem
Diameter

(mm)

Leaf
Number

Leaf
Area
(cm2)pH Condition

-VA 3.4 a' 1.12 a 3a 3.02 a

5.5 G.f. 10.8 bc 2.54 b 11 b 68.70 c

G.m. 3.9 a 1.21 a 4.a 10.70 b

-VA 2.7 a 1.14 a 3 a 3.17 a

6.5 G.f. 11.7 c 2.68 bc 11 b 78.11 d

G.m. 10.8 bc 2.74 c 11 b 82.43 d

-VA 2.9 a 1.07 a 3a 2.45 a

7.7 G.f. 10.4 bc 2.66 bc 11 b 70.62 d

G.m. 9.9 b 2.58 b 10.4 b 69.39 d

1/Soil pH level (pH); mycorrhizal condition (Condition); -VA =
non-mycorrhizal control seedlings; G.f. = seedlings colonized by
Glomus fasciculatum; G.m. = seedlings colonized by Glomus mosseae.

g-/Each value is the mean of 4 replicates; 15 seedlings per
replicate; values within a column followed by the same letter are not
significantly different at the 5% probability level by L.S.D. tests.
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Table A2. Root, stem, and leaf dry weights of VA-mycorrhizal and non-
mycorrhizal sweetgum seedlings grown in Jory C horizon soil.

Treatmentl/ Dry Weights (mg)
pH Condition Root Stem Leaf

-VA 83.8 a2/ 30.4 a 23.9 a

5.5 G.f. 653.6 c 205.9 b 442.0 c

G.m. 124.1 a 42.9 a 74.2 b

-VA 87.7 a 28.5 a 23.7 a

6.6 G.f. 753.6 d 247.1 c 527.1 of

G.m. 673.8 c 242.5 c 556.3 f

-VA 87.8 a 29.4 a 20.3 a

7.7 G.f. 692.2 cd 234.0 c 496.7 de

G.m. 584.6 b 204.8 b 466.2 cd

i/Soil pH level (pH); mycorrhizal condition (Condition); -VA =
non-mycorrhizal control seedlings; G.f. = seedlings colonized by
Glomus fasciculatum; G.m. = seedlings colonized by Glomus mosseae.

-YEach value is the mean of 4 replicates, 15 seedlings per
replicate, values within a column followed by the same letter are not
significantly different at the 5% probability levels by L.S.D. tests.



Table A3. Foliar concentrations of VA-mycorrhizal and non-mycorrhizal sweetgum seedlings grown
in Jory C horizon soil.

Treatmentl/ Foliar Concentrations Leaf
pH Condition N P K Ca Mg Zn Mn Cu Fe Al Dry Weight

ppm -- mg __

-VA 0.50 0.02 1.22 0.52 0.28 41 4060 5.8 -- 23.9
5.5 G.f. 1.35 0.08 0.06 0.52 0.28 44 2003 9.1 -- 442.0

G.m. 1.02 0.05 0.89 0.51 0.27 44 2816 8.0 -- 74.2

-VA 0.50 0.02 1.28 0.65 0.26 25 428 12.6 23.7
6.6 G.f. 1.11 0.08 0.49 0.68 0.26 27 115 9.4 527.1

G.m. 1.08 0.06 0.57 0.55 0.25 22 68 9.1 556.3

-VA 0.21 0.01 1.45 1.02 0.38 22 223 12.6 -- 20.3
7.7 G.f. 1.09 0.07 0.51 0.74 0.22 19 77 8.5 -- 496.7

G.m. 1.08 0.06 0.50 0.68 0.23 28 559 8.5 -- 466.2

1/Soil pH level (pH); mycorrhizal condition (Condition); -VA = non-mycorrhizal control
sweetgum seedlings; G.f. = seedlings colonized by Glomus fasciculatum; G.m. = seedlings colonized
by Glomus mosseae.
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Table A4. Per cent values of VA-mycorrhizal root colonization of
seedlings grown in Jory C horizon soil.

Soil Mycorrhizal
pH Species % Root Colonization

5.5

6.6

7.7

G. fasciculatum
G. mosseae

G. fasciculatum
G. mosseae

G. fasciculatum
G. mosseae

20.9
2.3

26.9
6.0

26.1

3.1
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Table A5. Elemental composition of Long Ashton Nutrient Solutioni/

Element/Compound form Elemental concentration (ppm)

N, K KNO
3

56, 156

N, Ca CaNO
3

112, 120

Mg MgSO4 36

P NaH
2
PO

4
41

Mn MnSO4 0.6

Cu CuSO4 0.064

Zn ZnSO4 0.07

H3B03 0.54

Mo (NH4)6Mo7024 0.05

Fe Fe 138 Iron chelate 1.36

(85% Fe203)

Cl NaC1 3.6

1/Adapted from Hewitt (1966).
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