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ABSTRACT

Although Wyoming big sugebrush (Arremisia irldentata Nutt, ssp,
wyemiingensis Beetle and Young) is widespread in the western USA,
reestablishment of this native shrub on disturbed lands by direct
seeding is problematic. A number of theories have been proposed to
explain this difficulty. Included arc the hypotheses that seedlings arc
unuble to obisin adequate moisture and are handicapped by reduced
levels of myenrrhizae in perturbed soils, We conducted a grecahousa
stady to examine the influence of vesicular arbuseular mycorrhizae
(YAM) and secdling uge nn soil maisture stress tolerance of Wynming
big sngebrush seedlings. Results demonstrated greater survival of my-
corrhizal seedlings than nonmyeorihizal seediings as soil dried down
past soil water potential values of ~2.5 MPa to as dry as — 3.8 MPa,
For all different sged scedlings tested (30, 45, 60, 90, 120, 150 dj, the
degree of seil dryness resulting Iu death of mycorrhizal seedlings was
signiticantly greater (P < 0.01) than that cansing death of nonmycor-
rhizal scedlings. Analysis of variance indicated a significant interactivn
of scedling age and mycorrhizae on inoisture stress tolerance. Experi-
mental data suggest that as sagebrush seedlings age, the hencficial
influence of arbuscular mycorchizae on soil water stress tolerance in-
CYEases,

’I"HE IMPORTANCE OF SHRUBS, including Wyoming big
sagebrush, in arid and semiarid environments is well
documented (McKel!, 1975). On millions of hectares of
western North America, shrubs are essential to ecosys-
tem function and seil siability (McArthur and Welch,
1985). Shrubs are also important as wildlife habitat and
serve as preferred feed for many types of domestic and
wild animals {Roundy et al.,, 1995). It seems obvious
that to restore productivity and stability to disturbed
shrublands, shrub reestablishment is critical.

Although big sagebrush is one of the most common
and widespread shrubs in the western USA, reestablish-
ment of this species on disturbed lands by direct seeding
has proven difficult for a number of rcasons (Cockrell
et al, 1995). This poses impertant concerns in Wyoming,
where restoration of sagebrush is required by law,

A number of hypotheses have been proposed to ex-
plain the difficuity in successfully establishing sagebrush
from seced on disturbed sites. These include the idea
that reduced levels of arbuscular mycorrhizae on roots
of sagebrush scedlings in perturbed soils decrease their
ability to survive stressful environmental conditions
(Call and McKell, 1982; Stahl et al., 1988). This hypothe-
sis is based on the [act that arbuscular mycorrhizae can
improve a host plant’s ability to extract nutrients and
water [rom the soil and observations that sagebrush
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appears to be particularly dependent on mycorrhizal
symbiosis to reach full growth potential (Allen, 1984),

Indirect evidence indicates that soil water availability
is one of the most critical factors involved in big sage-
brush seediing establishment (Jones, 1991). On hoth
local and regional levels, sagebrush distribution has
been shown to be related to soil water availability
(Burke et al, 1989; West, 1979), Becausc water avail-
abilityis a key factor in sagebrush establishment, mortal-
ity of sagebrush seedlings is high; however, oncc estab-
lished, mortality among adult planis is low (Dauben-
mire, 1974: Cawker, 1980}. In addition to mycorrhizae,
adult sagebrush plants employ various physiological and
morphoiogical mechanisrs to deal with moisture stress
{(DePuit and Caldwell, 1973; Romo, 1984: Campbell and
Harris, 1977) that arc not developed in scedlings. For-
mation of arbuscular mycorrhizal symbiosis may enable
sagebrush seedlings to obtain more moisture from soil
than nonmycorrhizal seedlings and may play an impor-
tant role in seedling establishment,

The objectives of this study were Lo: (1) determine if
mycorrhizal sagebrush seedlings are more tolerant of
s0il moisture stress than nonmycorrhizal sagebrush
seedlings and (i) determine if there is an interaction
between seedling age and mycorrhizac on soil moisture
stress tolerance.

METHODS

A greenhouse experiment was conducled to test two null
hypotheses: (i) mycorrhizal sagebrush secdlings are equally
tolerant of soil moisture stress ag are nonmycorrhizal sage-
brush seedlings, and (i) there is no interaction between sccd-
ling age and mycorrhizae on soil moisture stress tolerance in
big sagebrush.

The soil used in this study, classified as a Ustic Torriortheat,
was collected from an undisturbed sagebrush—grassland site
on Lhe North Antelope Coal Mine in the Powder River Basin
of northeastern Wyoming, Selected physiochemical character-
istics of this soil are given in Table 1.

All soil was passed through a 1.0-cm sieve belore use. Ar-
buscular mycorrhizal fungi were eliminated from soil for the
nommycorrhizal treatment by pasteurizing al 115°C for 4 h.
The pasteurized soil was subsequently treated with a finely
sieved (24 pm) water extract of unatitoclaved soil to restore
indigenous soil microorganisms other than arbuscular mycor-
rhizal fungi. The mycorrhizal treatment utiized fresh un-
treated soil. Each soil treatment (-VAM and +VAM) was
used to fill 108 L5-cm pots with about 1.4 1, of soil. Approxi-
mately 10 sagebrush seeds were placed on the surface of each
pot. After germination and emergence, sagchrush seedlings
were thinned to two per pot. All seedlings were planted on
the same date.

To test these hypotheses, different aged mycorrhizal and

Abbreviations: ANQVA, analysis of variance; YAM, vesicular arbys-
cular myeorrhizac.



1310 SOIL 8CL SOC. AM. 1., VOL. 62, SEPTEMBER-OCTORER 1998

Table & Physical nnd chemical chacacteristics of $oil nsed in the experiment. -

Sotuble cations

Electricai Cation-exchange ) - :
pH conductivity vapacity Texture Mg Ca Na K ~ Kjeldahl N Ingrganic P
a5 m! © . emol kg™ IR : mg kg~ ' ‘mg kgt
12 2.3 57 __sandy day loam AT A 10 20 3 . e

ilonmycorrhizal sagebrush seedlings were subjected to increas-
ing levels of soil moisture stress by discontinuing water appiica-
tion to the pots. Moisture stress evaluations were conducted on
30,45, 60, 90, 120, and 150-d-old seedlings. At each sampling
interval, 18 pots {each with two sagebruish seedlings) of both
soil treatmtents were subjected to the moisture stress evalua-
tioa. Pots were allowed to dry until the seedlings died (seed-
lings were subjected to waler stress one time only) and were
then harvested immediately to quantify the amount of mycor-
" rhizae on root systems.

Soil moisture status of all 36 pots subjected to moisture
stress at each sampling interval was monitored daily. Soil water
potential was estimated gravimetrically based on a soil mois-
ture retention curve established for the soil used in this study
(Fig. 1). Pots and soil were weighed and soil moisture was
delermined using the initial- weight of the pot and dry soil, The
soil moisture retention curve was generated by the method of
Klute (1986). Soil water poteatial was then estimated by relat-
ing the soil moisture percentage to the moisture retention
curve using the foilowing regression formaula:

soil water potential =

24.2 — 1.7(scil moisture content, %) (1]

Dead sagebrush seedlings were harvested by first soaking pots
and scil in water until they were completely saturated. Pols
were then removed from the water so the excess moisture
could drain. Dead sapebrush seedlings were then carefully
excavated from the soil using a gentle stream of water. After
harvest, roots were prepared for examination of mycorrhizal
status by washing with distilled water and clearing in warm
{=60°C) 10% K.OH for 30 min. Root samples were then stained
with 0.166% trypan biue in lactoglyceroi {equal paits glycerin,
lactic acid, and distilled water) for 1 h and then destained in
clear lactogiycerol. Levels of arbuscular mycorrhizal infection
were quantified using the method of Allen and Allen (1980},

This study was designed as a completely randomized 2 X 6
factorial experiment with experimental factors being mycor-
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Fig. 1. Snit moisture retention corve,

thizal status (~VAM or +VAM) and seedling age*(30, 45,

60, 90, 120, or 150 d old). Two hundred sixteen experimental
subjects (pots containing sagebrush seedlings) were included
in this test with 18 replicates per treatment. Pajred t-tests were
used to compare the responses of mycorrhizal and nenmycor-
rhizal sagebrush seedlings in each age proup {o soil moisture
stress (i.e., the level of soil dryness resulting in death). Analysis
of variance (ANOVA) was used to test the hypotheses of
main effects (the influence of arbuscular mycorrhizae and
seedling age on sapebrush drought stress tolerance) and the
interaction of these twa factors.

RESULTS AND DISCUSSION

Sagebrush seedlings from the mycorrhizal treatment
developed arbuscular mycorrhiza on 65 to 86% of root
segments examined while seedlings from the nonmycor-
rhizal treatment formed mycorrhizae on oniy 1 to 2%
of the root segments examined (Table 2). The observed
differences in levels of mycorrhizae on sagebrush roots
in the two treatments were statistically significant al
£ <20.001 for ail age groups.

Sagebrush seedlings in the mycorrhizal treatment
were able to tolerate significantly drier soil conditions
than nonmycorrhizal seedlings (Fig. 2, Tablc 3). For all
of the different aged seedlings tested {30, 45, 60, 90,
120, and 150 d), the degree of soil dryness causing death
of mycorrhizal seedlings was significantly greater (P <
0.01, based on paired t-tests) than that causing death of
nonmycorrhizal seedlings, For example, after 45 d of
growth, the average soil water potential resulting in
death of mycorrhizal seedlings was —3.22 MPa, com-
pared with an average of —2.77 MPa causing death of
nonmycorrhizal seedlings, a difference of 0.45 MPa. As
soils dried, the soil water potential that caused first
deaths of nonmycorrhizal seedlings was about —2.5
MPa, compared with a dryncss value of —2.8 MPa caus-
ing the first deaths of mycorrhizal seedlings (Fig. 3.
Further, no nonmycorrhizal seedlings survived in soils
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Fig. 2. Average soil waler putenﬁalé restfting in death of mycorrhizal
and nonmycorrhizal sagebrush seedlings.
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Trestment Jd 45d 60 d 120 d 150 d
Nonmycnrrhizal 1 11 1x2 1x2 1+1 11
Mycarrhizal 85 + 8 8% =+ 17 T U4 L ¥ 70 =+ 1t 65 = 20

t Values indicate percentage of observed 1-nim root segment.

inlabited by arl

mycorchizyl fungi * standard deviation. Differences in mycorrhizae

formation in the two treatments were statistically significant at the P =2 0.001 for each age group.

with water potential values less than ~3.3 MPa , whereas
some mycorrhizal scedlings survived in soil as dry as
~3.7 MPa (Fig. 3).

Analysis of variance indicated that scedling age, re-
gardless of mycorrhizal treatment, also significantly af-
fected water stress tolerance in sagebrush (Table 3).
Additionally, ANOVA showed that the influcnce of
. mycorrhizae on soil moisture stress tolerance in sage-
brush was disparate for different aged scedlings; that
is, there was a significant interaction of plant age and
mycorrhizal status on moisture stress lolerance (P <
0.024, Table 3).

Experimental data suggested that as sagebrush seed-
lings age, the beneficial influence of arbuscular mycor-
rhizae on sofl moisture strcss tolerance by sagebrush
increascs (I'ig. 2). The data showed clearly that 120-
and 150-d-old nonmycorrhizal seedlings are much less
tolerant of soil moisture stress than younger nonmyeor-
rhizal seedlings and that the disparity between mycor-
thizal and nonmycorchizal seedlings is greater for 120-
and 150-d-old seedlings than for younger plants. On
average, for seedlings 90 d old or younger, soil moisture
levels resulting in death of mycorrhizal plants were
about 12% drier than thosc causing death of nonmyeor-
rhizal plants, For 120- and 150-d-old seedlings, soil mois-
turc levels at the time of death of mycorrhizal plants
were about 24% drier than those causing death of nen-
mycorrhizal plants This indicates that sagebrush seed-
lings become more dependent on the benefits of mycor-
rhizae as they age.

Rescarch on the effects of arbuscular mycorrhizae on
the water relations of a number of dilferent plant species
show generally improved water relations and greater
drought resistance of mycorrhizal compared with non-
mycorrhizal plants (Safir et al,, 1971; Allen et al,, 1981;
Hetrick ct al., 1987; Kothari ct al., 1990; Bethlenfalvay,
1992). Researchers have observed a number of benefi-
cial changes in the waler relations of arbuscular mycor-
rhizal plants including altered rates of water uptake,
hydraulic conductivity, icaf and stem water potentials,
stomatal resistances, and transpiration rates. Several
mechanisms have been proposed to explain the ob-
served cifects of mycorrhizac on host plant water rela-
tions. One explanation is that changes in host plant
wafer rclations are simply a secondary response due to
improved nutrition, especially P uptake, provided by
the arbuscular mycorrhizal fungus. Improved P nutrition

Table 3. Summmary of analysis of varlance resulis,

due to mycorrhizal infection may have a direct cffect
on membrane resistance to water flow, probably the
greatest limiting factor to water movement in plants
{(Nobel, 1974; Nelsen, 1987), Other explanations include:
(i} external fungal hyphae may increase the total surface
area of the host root syslem and increase the volume
of soil cxploited for water, in cffect making more water
available to the host plant; (if) hyphae penetraling the
root cortex to the endodermis may provide a low resis-
tance pathway for waler movement throught the root;
and (iii) fungae may alter of root and shoot hormone
ievels that affect host plant water relations (Allen, 1982;
Gogala, 1991; Murakami-Mizukami et al., 1991). For a
number of reasons, George et al. {1992) concluded that
water transport throught the hyphae is probably not the
major cause of the greater rale of water uptake per unit
root length of arbuscular mycorrhizal plants.

Improved ability to obtain water from soil and in-
creased drought tolerance in Wyoming big sagebrush
seedlings may have critical conseguences in reestablish-
ment of this important shrub on disturbed lands such
as surface mine reclamation sites. This is especially im-
portant considering the arid and semiarid habitaf in
which this species occurs and is being planted. A number
of studies have demenstrated that increasing the amount
of soil moisture available to big sagebrush seedlings
increases their survival and establishment (Young et al.,
1990; Jones, 1991; Cockrel! et al., 1995). One reason for
this response is that sagebrush seedlings, compared with
herbaceous species, appear to be poor competitors for
water (Blaisdell, 1949; Sturges, 1977). Cockrell et al.
(1995} showed that big sagebrush establishment was
significantly reduced by the inclusion of herbaceous spe-
cies in the sced mixture on surface mine reclamation
sites.

Our data also showed that sagebrush secdling survival
across a wide range of soil water potentials is greater
for mycorrhizal than for nonmycorrhizal plants (Fig. 3).
This may be critically important during early stages of
seedling establishment when sagebrush root develop-
ment is quite limited. Cockrell et al. (1995) reported
finding significantly fewer sagebrush seedlings on plots
treated with >3-yr-old stockpiled topsoil compared with
plots treated with stripped and directly placed topsoil,
The stockpiled topsoil used in their study had signifi-
cantly lower numbers of arbuscular mycorrhizal fungal
spores than did the fresh topsoil. Examination of root

Source S of squares dr Mean square . Feratio r
Mycorchizal lreaiment 078,580 1 ¥IR.580 132.130 0.000
Seedling age 265.959 5 53.192 7.182 .000
Mycorrhizae % age Y8.092 H 19.618 2,649 0.024
Error 1421988 192 TA4L6
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systems at the end of the first growing season, however,
showed that surviving seedlings in both treatments had
similar levels of mycorrhizal roots. The researchers hy-
pothesized that the majority of seedlings germinating
in stockptled topsoil failed to develop mycorrhizaz and
did not survive; only those seedlings that did establish
amycorrhizal root systerm lived through the first growing

- season. The observation of similar levels of mycorrhizae
on all surviving sagebrush secdlings led to this investiga-
tion to further assess the role of mycorrhizae in drought
stress tolerance of big sagebrush.

Another environmental factor that makes moisturc
stress tolerance critical to sagebrush reestablishment is
the degraded edaphic conditions often encountered on
reclamation sites. Reconstructed soils an these sites usu-
ally have reduced infiltration rates and less water-hold-
ing capacity than undisturbed soils (Pederson et al.,
1978; Smith and Sobek, 1979). This implies that sage-
brush seedlings establishing on revegetation sites may
have to survive greater moisture stress than those on’
undisturbed sites,

Results of this and other studies lead us to conclude
that mycorrhizal big sagebrush scedlings are generally
more vigorous, stress tolerant, and competitive than
nonmycorrhizal seedlings. This may be a critical advan-
tage in reestablishment of this species on disturbed
lands. We recommend that sagebrush revegetation ef-
forts include a strategy to ensure an opportunity for
formation of the mutually benefictal mycorrhizal symbi-
osis, This can be accomplished by planting sagebrush
sced in freshly placed {as opposed to stockpiled) topsail
containing sufficient levels of viable propagules of cffec-
tive mycorrhizal fungi. -
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Manuring and Soil Type Influence on Spatial Variation of Soil
Organic Matter Properties

G. Bragalo* and F. Primavera

ABSTRACT

The spatial variability of microbial biomass C aund three humifica-
lion indexes {the degree of humification, DH; the index of humifica-
tion, HI; and the humification rate, IR) were investigated in order
to evaluate their usefulness asindicators of the response of suif nrganic
maller to altered soil enviconments. The investigation was carried out
by examining the topsoil layer of an experimental fick] charucierized
by the presence of four phases of ane soil serics and, cxcept for
the addition of cattle munnre in part of the field, by fairly uniform
agricnltural practices, A rectangnlar area of 350 hy 801 m was sampled
o 4 square grid scheme coupled with nesting, The experimental
objective was to determine if the investigated properties were infly-
enced by changes in soil type and by the addition of cattle mannre.
All properties measured showed spatial dependence at the sampling
distances adopted. Two groups of properfies were idenfified based
on (heir degree of spatial variability: microhial biomass €, DI, and
HI exhibited short-range varinbility, whereas HR varied scross longer
distances. Mierobial hiomass C and HR showcd a spatial pattern
related to soil mmendinent und soil fypes, respectively, Therefore,
these variables provided complementsry infermation sbout the condi
tinn of soil organic matter in the study area,

AN INTENSE DEBATE curtently exists regarding the def-
} inition and quantification of the overall gualily
of a soil (Doran et al., 1994), Organic matter is involved
in the enhancement of soil quality since it acts on soil
structure, nutrient storage, and biological activity. It can
be considered as constituted by a readily decomposabie
fraction and a stable fraction (Tate, 1987). The former,
sensitive to short-term modifications, influences biologi-
cal activity and behaves as a nutrient reservoir for plants
and soil organisms. The latter, represented by humic
substances, is involved in some physicochemical process
such as those that influence soil structure and ion ex-
change. Tt is possible that estimates of the status of the
decomposable and the stable fractions ol soil arganic
matler could be obtained by measuring the size of micro-
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bial biomass and the rate of humification of the soil, re-
spectively,

The size of the soil microbial pool is often expressed
in terms of microhial biomass C (Powlsen, 1994). Ficld
experiments conducted to detect changes in surface soil
organic matter attributable to differing management of
barlcy (Hordeum vuigare L) straw (Powlson et al., 19873
and sorghum [Sorghum bicolor (L.) Moench] residues
(Saffigna et al., 1989) revealed that, in the short 1o me-
dium term, microbial biomass € is much more sensitive
to soil management than is soil organic matter as a
whole. Fromm et al. (1993) investigated the influence
of land vse (grassland or winter wheat { Triticum gesti-
vum 1] cultivation) and seil type on soil fauna and soil
microbial biomass. They attribuled observed changes in
the spatial distribution of microbial biomass C to land
use rather than to soil type. However, this conclusion
cannot be gencralized because the physicochemical con-
ditions of the surface soil layer under grasses differ from
those of a plowed layer, and such difference might mask
any possible effect of soil type.

Unlike soil microbial biomass, little experimentation
hag been done in the last two decades to quantify the
rate of humification of soil organic matter. The transfor-
mation of organic materials into humified compounds —
t.¢., pigmented polymers formed by secondary synthesis
reaclions (Stevenson, 1994} — is linked to the siabiliza-
tion of soil organic matter. The amount of humic sub-
stances extracted rom the soil with alkali might be rc-
lated to the levei of stabiiization reached by crganic
matter in a given soil. However, humic extracts also
contain known classes of organic compounds that arc
not humified. Humic substances can be separated from
other organic compounds by means of insoluble polyvi-
nylpyrrolidone (PVP), which selectively adsorbs poly-
phenols at fow pH (Lowe, 1975), Watanabe and Kuwal-
suka (1992) demonstrated that carbohydrates and
N-confaining compounds were concentrated in the frac-
tion of humic extract not adsorbed by PVP, An index

Abbreviativns: DU, degree of humification; H, humified fraction;
HI, index of humification; HR, humificatian rate; NH, nonhumified
fraction; PVP, polyvinylpyrrolidone.



