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Abstract

Soil aggregation and soil structure are fundamental properties of natural and managed ecosystems. However, most
of our knowledge on the role of plant species in soil aggregation is derived from work in agroecosystems or with
agriculturally important plants. Here we examined the effects of five plant species on soil aggregate water stability.
The five species (three grasses, one forb, and a legume) were from the same natural grassland, and were grown
in monoculture plots in the field. Our first goal was to test if productivity-related or species-specific factors would
prevail in determining soil aggregation. We also tested what the relative importance of the soil protein glomalin
(produced by arbuscular mycorrhizal fungi, AMF) in soil aggregation is, compared to other factors, including AMF
hyphal and root length and percent plant cover. We found significant differences in soil aggregate water stability
(1-2 mm size class) for the five plant species examined, and corresponding differences in plant cover, root weight
and length, AMF soil hyphal length, and glomalin concentrations. A structural equation modeling approach (path
analysis) was used to distinguish direct from indirect effects of factors on soil aggregation based on covariance
structures. Root length, soil glomalin, and percent cover contributed equally strong paths to water-stable aggrega-
tion. The direct effect of glomalin was much stronger than the direct effect of AMF hyphae themselves, suggesting
that this protein is involved in a very important hypha-mediated mechanism of soil aggregate stabilization, at least
for the 1--2-mm sizZe class of aggregates.

Introduction ural ecosystems as general principles, it is important
to realize that effects on soil structure can perhaps not
always be separated from management practices, like
tillage and fertilization, associated ‘with agricultural
culiivation (Angers and Caron, 1998). Few studies
have addressed biological factors involved in soil ag-
gregation in natural ecosystems (e.g., Jastrow et al.,
1998 Miller and Jastrow, 1990). The focus of this
study was to elucidate contributions of mycorrhizal
fungi and other biological factors on soil aggregation
using native plants from a grassland ecosystem.

Soil structure is central to soil and ecosystem function-
fng as it controls fluxes of water, gases and nutrients.
Soils also serve as large repositories for carbon, with
carbon storage capacity greatly depending on soil
structure. The vast majority of knowledge about soil
structure in general, and on the influence of organisms
(e.g. plants) on soil aggregation is derived from ex-
periments and observations made in agroecosystems
or using agriculturally important plants (Angers and i o
Caron 1998; Haynes and Beare 1997). While many Given constant abiotic factors, fungal hyphae are

of these observations will also be transferable to nat- among the most important, if not the most important
agents in soil aggregate stabilization among the soil bi-
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_ 1997: Oades, 1984). Among the fungi, arbuscular my-
corrhizal fungi (AMF) appear to be the most important
mediators of soil aggregation for three reasons. The
extraradical hyphae of AMF represent a substantial,
often dominant component of soil microbial biomass
(e.g. Allen, 1991; Miller et al., 1995; Rillig et al.,
1999). By directly tapping into carbon resources of the
plant, they are independent of the limiting carbon sup-

ply in bulk soil on which saprobic fungi depend (Smith

and Read, 1997). Additionally, since grazers prefer
saprobic hyphae over AMF hyphae (Klironomos and
Kendrick, 1996), AMF hyphae appear to have a longer
residence time in soil, allowing for a less transient con-
tribution to soil aggregate stabilization than saprobic
hyphae. As a consequence, AMF hyphae were one
of the most important components in a path analysis
model describing biotic influences on soil aggrega-
tion compared to numerous other biological factors
(Jastrow et al., 1998).
Recently, a new factor of presumably great im-
_portance in soil aggregation was discovered: glomalin
(Wright and Upadhyaya, 1996). Glomalin is a gly-
coprotein, produced by AMF, and its concentration
in aggregates (Wright and Upadhyaya, 1998) and soil
(Rillig et al., 2001) correlates with the percentage of
water-stable aggregates (WSA). We were interested in
examining the relative importance of glomalin in com-
parison with other biological factors in explaining the
proportion of WSA in soil. Specifically, we were in-
terested in separating the direct effects of hyphae from
those caused by glomalin, and how plant species can
alter these effects.

Plant species can influence soil aggregation (Reid
and Goss, 1981; Scott, 1998, Tisdall and Oades, 1979)
through a number of mechanisms, including: Root
structure and distribution, quality of carbon inputs,
quantity of carbon inputs, effects on soil microclimate,
and influences on microbial communities and their
activities (e.g. bacterial extracullular polysaccharide
production, mycorrhizae). In prairies, water stable
aggregates >0.2 and >2 mm diameter have been as-
sociated with the presence of grass species more than
with any other vegetation group (Jastrow, 1987). We
examined soil aggregation associated with different
grassland species to test if species-specific factors or
more general, productivity-related factors could be
held responsible for observed differences in water sta-
bility of aggregates. There is a scarcity of information
on the effects of co-occurring plant species from a nat-
ural ecosystem on soil aggregation (Angers and Caron,

1998), although examples from agroecosystems are
available (e.g. Degens et al., 1994).

Materials and methods

Field experiment

This research took place at the University of Califor-
nia Hopland Research and Extension Center, located
in Mendocino County, California (39°00" N latitude,
123°04’ W longitude). The ecosystem is a California
annual grassland in the coastal range of northern Cali-
fornia. The area experiences a Mediterranean climate,
with ‘wet, cool winters, and hot, dry summers. The
soil was a fine-loamy over clayey, mixed, mesic Ultic
Haploxeralf (Sutherlin series).

In the summer of 1997, a 30 m x 60 m area
was mowed, and litter was removed and subsequently

- autoclaved to kill the seeds in the litter. In order to

minimize the existing seedbank, the area was irrig-
ated (5 cm of water), and the resident seedbank was
allowed to establish, as it would in a typical fall
germinating rain. After irrigation, the germinated ve-
getation was killed using glyphosate (Roundup). This
process was repeated once more to almost elimin-
ate the pre-existing seedbank. We established 1-m?
plots of different plant monocultures, with 9 replic-
ates of each species treatment (seven of which were
used for this study). These were layed out in a ran-
domized block design. Seeds of each species were
planted at a density planned to achieve constant end of
season biomass among the species (based on prelim-
inary greenhouse data; V. Eviner, unpublished). Seeds
were raked into the top cm of soil, and then the auto-
claved litter was placed back into the plots. The seeds
were allowed to germinate naturally with the fall ger-
minating rains. Species composition was maintained
through weeding. Percentage plant cover and density
were representative of surrounding area of grassland
(V. Eviner, unpublished).

The plant species used for this experiment were:
3 grass species [Avena barbata (slender wild oats n
= 6), Aegilops triuncialis (barbed goatgrass; n = 6),
Taeniatherum caput-medusae (medusa head; n = 7)};
1 forb species, Amsinckia douglasiana (fiddleneck: n
= 6); and ! legume, Trifolium microcephalum (maiden
clover n = 7). In April of 1999. after 2 growing
seasons, - samples were extracted from experimental
species plots with a 2 cm diameter corer to a depth
of 15cm. Three cores per plot were taken, spaced ap-
proximately equidistantly in the center area of the plot



(to minimize edge effects), and pooled. Soil samples
were air-dried and stored in paper bags until analysis.

Water-stable aggregates in the 1-2-mm size class
(WSA]—Z-mm)

All soils had been stored as air-dried samples >4
months. We concentrated on macro-aggregates of 1—
2 mm diameter, since the amounts of these aggregates
are sensitive to short term (< 2 yr) management and
treatment of soils (Kemper and Rosenau, 1986); also
most effects of glomalin have been observed for this
size class. Replicate 4 g samples of soil aggregates
were moistened by capillary action for 10 min. Water-
stability of aggregates was then measured with a
wet-sieving method using the apparatus and procedure
described in Kemper and Rosenau (1986). Percentage
of water-stable aggregates (WSA|_2-mm) is calculated
using the mass of aggregated soil remaining after wet
sieving and the total mass of aggregates at the be-
ginning. The initial and final weights of aggregates
were corrected for the weight of coarse particles (>
0.25 mm).

Percent cover and aboveground biomass

In early Junie of 1999, a visual percent plant cover es-
timation was made for each of the plots. This cover
estimation is substantially lower than the actual grow-
ing season% cover values for Amsinckia and Trifolium,
since these measurements incorporate high gopher
activity on these plots that occurred between early
April and the time of sampling. At the time of be-
lowground sampling, measurements of aboveground
biomass were made by harvesting plant material in a
10.16-cm-diameter ring , and drying, and weighing it.

Soil AM fungal hyphae, non-mycorrhizal fungal
hyphae, and roots

Hyphae were extracted from a 4 g soil subsample by
an aqueous extraction and membrane filter technique
modified after Jakobsen et al. (1992), as described in
Rillig et al. (1999). Soil samples were mixed and sus-
pended in 100 mL of deionized water, to which 12 mL
of a sodiumhexametaphosphate solution (35 g L—1)
was added. The soil suspensions were shaken for 30
s (end-over-end), left on the bench for 30 min, and
then decanted quantitatively through a 38 um sieve
to retain hyphae. roots and organic matter. The ma-
terial on the sieve was sprayed gently with deionized
water to remove clay particles, and then transferred
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inte a 250 mL Erlenmeyer flask' with 200 mL of
deionized water. The flask was shaken: vigorously
by hand for 5 s, left on the bench for 1 min, and
then a 2 mL aliqguot was taken and pipetted onto
25 mm Millipore filters. The material on the filter was
stained with 0.05% Trypan Blue in lactoglycerol and
transferred to microscope slides. Hyphal length was
measured with a grid-line intersect method at 200 x
magnification, distinguishing hyphae into mycorrhizal
and non-mycorrhizal hyphae according to Rillig et al.
(1999).

Roots were extracted from 10-g soil samples by
floatation and wet-sieving. Soils were suspended in
1 L of water in a beaker and stirred vigorously; the
floating roots were decanted onto a 0.50 mm sieve,
rinsed, and picked with forceps. This process was re-
peated until no further roots were retained on the sieve.
Root weight was measured after drying over night at
105 °C. Root lengths were measured using the Win-
Rhizo V 3.10B root image analysis system (Régent
Instruments Inc, Québec, Canada).

Glomalin

Glomalin extractions from whole-soil subsamples
were carried out as described by Wright and Up-
dahyaya (1998). Easily-extractable glomalin (EEG)
was extracted with 20 mm citrate, pH 7.0 at 121 °C
for 30 min. Total glomalin (TG) was extracted with
50 mm citrate, pH 8.0 at 121 °C in rounds of 60 min
each. For the sequential extractions, the supernatant
was removed by centrifugation at 5000 x g for 20
min, Extraction of a sample continued until the su-
pernatant showed none of the red-brown color typical
of glomalin. Extracts from each replicate were pooled
and then analyzed. After extraction cycles were com-
pleted, samples were centrifuged at 10000 x g to
remove soil particles, and protein in the supernatant
was determined by ELISA using the monoclonal an-
tibody MAb 32B11 (Wright and Upadhyaya, 1998).
Immunoreactive fractions of glomalin are designated
by the prefix IR, hence we obtained the two glomalin
fractions IREEG and IRTG. We also measured glom-
alin using a Bradford assay (Wright and Upadhyaya
1998), yielding the two fractions called TG and EEG
(without the IR prefix). Concentrations of glomalin
were extrapolated to mg/g for all four measured frac-
tions (EEG, TG, IREEG, IRTG) by correcting for the
dry weight of coarse fragments (> 0.25 mm) included
in the extraction of soil. '
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Statistical methods

Means were compared using analysis of variance, with
the factor plant species used as a fixed effect. We also
tested for a block effect. Residuals were examined for
normality (Shapiro-Wilks W test), and homogeneity
of variances was tested (Levene’s test).

Path analysis (structural equation modeling) has
been used previously to test causal relationships
among interacting biological factors on aggregate sta-
bility (Jastrow et al., 1998). We used the AMOS 4.01
software package (SmallWaters Corporation, Chicago,
IL., USA) to design the model, and calculate’ path
coefficients, squared multiple correlations, and model
fit. To test for collinearity among independent vari-
ables we used the ridge regression procedure of the
NCSS 2000 software package (NCSS Statistical Soft-
ware, Kaysville, UT, USA).

Results

Effects of plant species

The block effect was never significant and was, there-
fore, dropped from the analysis. The proportion of
WSA|-2-mm differed significantly (F = 4.54, P =
0.006) in the soils underneath the five plant species
(Figure 1), ranging from 72 to 85% stable aggreg-
ates in this size class. Percent plant cover (F = 10.3;
P < 0.0001) and aboveground plant biomass (F =
13.7; P < 0.0001) both were significantly different
between plant species (Figure 2a and b). The latter
result indicates that the goal to achieve similar plant
biomass was not achieved in the field. Root weight
(F =9.00; P < 0.0001) and length (F = 9.39, P <
0.0001) were both significantly different as well for
the five species, the pattern closely following that for
water-stable aggregates (Figure 3). AMF soil hyphal
length (F = 14.89; P < 0.0001) and non-mycorrhizal
fungal hyphal length (F = 6.91; P = 0.0006) differed in
the soils under the five plant species as well, but NM
hyphal length exhibited quite a different pattern than
AMF (Figure 4). AMF hyphal length was also always
higher than NM fungal hyphal length. We only found a
significant difference among the five plant species for
the immunoreactive easily-extractable glomalin frac-
tion (IREEG; F = 7.94; P = 0.0002)), not for the total
immunoreactive glomalin pool (IRTG; F = 1.55; P =
0.21) (Figure 5). This pattern also held true for the
protein fractions measured using the Bradford assay
(EEG and TG) (Figure 6).

-’- P = 0.006

WSA, 3. (%)

75

Avena  Amsinckia  Aegilops Taenistherum Trifolium

Figure 1. Effect of plant species on the proportion of water stable
aggregates (WSAj_3.,) in the 1-2 mm size class. Plant spe-
cies are (number of replicates): Avena barbata (n = 6), Amsinckia
douglasiana (n = 6), Aegilops triuncialis (n = 6), Taeniatherum
caput-medusae (n = 7), Trifolium microcephalum (n = 7). Exvor bars
are standard errors of the mean (P-value from ANOVA).

P <0.0001

Cover (%)

Aboveground plant biomas (g m'z)

Avena Amsinckia  Aegilops Taeniatherum Trifohum

Figure 2. Effect of plant species on percent plant cover (a) and
aboveground plant biomass (b). Error bars are standard errors of the
mean (P-values from ANOVA). For plant species names and number
of replicates see Figure 1.
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Figure 3. Effect of plant species on root weight (mg g~! soil) and

length (cm g~ soil). Error bars are standard errors of the mean
(P-values from ANOVA). For plant species names and number of
replicates see Figure 1.
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Figure 4. Effect of plant species on arbuscular mycorrhizal fungal
(AMF; black bars) and non-mycorrhizal fungal (white bars) hyphal
lengths (m g—' soil). Error bars are standard errors of the mean
(P-values from ANOVA). For plant species names and number of
replicates see Figure 1.
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Figure 5. Effects of plant species on soil concentrations (mg g~}
soil) of glomalin. IREEG (black bars) is the easily extractable glom-
alin fraction: IRTG (white bars) is the total glomalin fraction (IR
indicates that glomalin was measured by immuno-reactivity). Error
bars are standard errors of the mean (P-values from ANOVA). For
plant species names and number of replicates see Figure 1.
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Figure 6. Effects of plant species on soil concentrations (mg g~}
soil) of glomalin. EEG (black bars) is the easily extractable glom-
alin fraction; TG (white bars) is the total glomalin fraction (these
fractions were measured using the Bradford assay). Error bars are
standard errors of the mean (P-values from ANOVA). For plant
species names and number of replicates see Figure 1.

Construction of path model

Root weight and root length were highly correlated,
as there was no change in specific root length among
the plant species (data not shown; F = 1.97; P=0.13).
Previous studies have found a better model fit with root
length (Jastrow et al., 1998), and this was also the case
here; we therefore used root length in the model. Root
length was causally linked with hyphal length and dir-
ectly with percent WSA|_o.,,: Percent plant cover
was linked with root length and WSA_5.,,,,. The lat-
ter was included since protection of the soil surface
by plant material could lessen the impact of rainwater,
which could cause aggregate disintegration (e.g. An-
gers and Caron, 1998). We constructed a direct and
an indirect path (via glomalin) from hyphal length to
WSA|_2-mm. We did not include length of non-AMF
fungal hyphae in the model (Figure 4). Initially, we
also included labile carbon pools in the model (car-
bon respired after 48 or 120 hours of incubation; data
not shown), but this did not improve model fit or the
multiple correlation coefficient for WSA|_pm; We
therefore dropped these variables from the model.

Path analysis

Almost 50% of the variability in water-stable aggreg-
ates in the 1-2 mm size class was explained by the

" variables hypothesized to have an effect on aggreg-

ation, as included in the path diagram (Figure 7).
Product-moment correlations between the variables
included in the path model are shown in Table 1.
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Figure 7. Path model depicting the hypothesized causal relation-
ship of dependent and independent variables. Numbers on arrows
are standardized path coefficients. Numbers in bold are estimates
of the proportion of total variance explained (squared multiple cor-
relations) for each dependent variable (i.e. all except root length).
Each arrow signifies a hypothesized direct causal relationship in the
direction of the arrow. Indirect causal effects occur if one variable
is Jinked to another via other, intermediate variables. The model fit
was significant (x2 = 6.61; df = 3; P > 0.05).

Decomposition of correlations into direct, indirect
and total effects and their statistical significance (from
bootstrap analyses given by the Amos software) are
shown in Table 2 for all variables in the model. Root
length, percent plant cover, and IREE-Glomalin had
about equally strong direct paths to WSA|_2.,m, With
0.33, 0.34 and 0.35, respectively (all P < 0.1; see
Table 2 for details). The direct path from extraradical
hyphal length was weak (and not statistically signi-
ficant). There was a strong path from hyphal length
to IREE-Glomalin. Root length contributed a strong
path to hyphal length (0.67). The total effect of root
length on WSA|_2.,, is composed of the direct ef-
fect, and the sum of all the indirect effects (each
obtained by multiplying the path coefficients along the
direction of a causation path). The total effect of root
length was 0.37. The total effect of percent plant cover
on WSA}_2-mm was 0.55. While the direct effect of
hyphal length on WSA|_2.n;n was —0.14, the total
effect, including the indirect effect via glomalin, was
+0.10. The indirect path of hyphae via glomalin (0.23)
was hence greater than the direct effect of hyphae on
WSA-2-pm-

Using maximum likelihood estimation, we ob-
tained a x? of 6.61 for this model (df = 3; P =
0.09). The goodness-of-fit (x 2) test tests the null hypo-
thesis that the covariance matrix implied by the model
(expected) reproduces the observed covariance mat-
rix. Failure to reject that null hypothesis (P > 0.05)
therefore indicates that the model was a good fit. We
also calculated a c.f.i. (comparative fit index, ranging
from 0 to 1) of 0.93, and a Tucker-Lewis Index (an

index that appears least affected by sample size, ran-
ging mostly from 0 to 1) of 0.79, further supporting
that an acceptable fit of the model to the data was
achieved. The model-implied and observed correlation
coefficients were, as a consequence of model fit, well
correlated (r’ = 0.75). The independent model (ob-
served variables are assumed to be uncorrelated with
each other) fit was non-significant xz = 66.4; df =10;
P <0.0001). We examined normality of the data by
Mahalanobis distances (d2) of individual data points
from the multivariate centroid of the data set, in ad-
dition to examining kurtosis and skewness. Based on
these tests, we excluded three observations from the fi-
nal analysis (this lead to a reduction of n for three plant
species from 7 to 6). Multicollinearity in the data set
was not a problem, as examined by calculating vari-
ance inflation factors (all < 10) and condition numbers
(based on the eigenvalues of the correlation matrix; all
< 100).

Discussion

Our results show that plant species from the same
grassland can affect soil aggregate water stability, per-
haps primarily via their different biomass and percent
cover. As has been found previously, grass species
in our study were associated with higher aggregation
than other plant types (Jastrow, 1987, Tisdall and
Oades, 1979), while differences among grass species
were not statistically significant (Scott, 1998). These
differences among plant species provided us. with an
opportunity to examine which factors were respons-
ible for bringing about these aggregation changes.
Particularly, we focused on plant species differences in
productivity, versus potential species-specific mechan-
isms.

Species-specific versus productivity-related
mechanisms

All of the examined plant species were host plants
for AMF (Rillig, unpublished). While AM fungi are
mostly believed to be non-host specific, there is a
preferential association of mycobionts with certain
plant hosts (Bever et al., 1996). AMF can differ
in a variety of physiological and ecological traits,
for example in hyphal production (Giovanetti and
Gianinazzi-Pearson, 1994), production of glomalin
per hyphal length (Wright et al., 1996), and promotion
of aggregate stability (Schreiner and Bethlenfalvay,
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Table 1. Pearson’s product-moment correlations between variables included in the path model

(Figure 7)
Cover (%) Rootlength AMF hyphal IREEG WSA (%)
’ length
Cover (%) 1.00
Root length 0.56 1.00
AMF hyphal length  0.42 0.44 1.00
IREEG 0.48 0.52 0.66 ’ 1.00
WSA (%) 0.60 0.61 0.36 0.57 1.00

1995). Therefore it is conceivable that the different
host plants, being colonized by different subsets of the
AMF community, could give rise to species-specific
changes in aggregate stability. However, species-
specific mechanisms determining aggregation did not
appear to be important in our study. Although these
species differed in C inputs (data not shown), our path
analysis indicates that these did not contribute to the
aggregation patterns. The five plant species did also
not differ significantly in our estimate of gross root
architecture, i.e. specific root length; however, they
have been shown to be associated with very different
root growth rates and root distributions (Peters, 1994).

The alternative hypothesis is that the identity of
the species does not matter, but rather their relative
productivity. This hypothesis seems to be supported
by our data. For example, root length was a good pre-
dictor of hyphal length, which, in turn, was a good pre-
dictor of glomalin concentration. In a species-specific
model, we would have expected to see deviations from
a pattern where responses scale linearly with root bio-
mass or length. For instance, a plant species associated
with an AMF community with higher average hyphal
production or glomalin production should have given
rise to significantly lower path coefficients for the root
length/ hyphal length — glomalin paths. There was
also a relatively strong path from percent cover to
WSA | _2-mm, and cover had the strongest total effect
on WSA|_2-mm. This is to be expected if the model
were essentially productivity-driven.

The path model

Our path model differs somewhat in structure from
other models with a similar goal. Whereas our data
came from a comparison of different plant species,
data for the Jastrow et al. (1998) model was derived
from the study of a chronosequence of prairie res-
toration. For example, we have chosen to include

percent plant cover of plots as a predictor variable
(to test for productivity-related effects). Jastrow et al.
(1998) obtained comparable multiple correlations for
aggregate stability to our study in some aggregates
size classes they studied (e.g. 2 = 0.39 or 0.69 for
the 0.212-1.00 mm and 1.00-2.00 mm size classes,
respectively). However, they achieved a higher 2 in

- their consideration of macroaggregates as a whole (2

= 0.88). Their model aiso included soil carbon pools:
soil organic carbon, microbial biomass carbon, and
hot water soluble. CHO carbon. The paths from these
carbon pools were generally weak (the highest be-
ing 0.14 from microbial biomass carbon). Including a
labile carbon pool in our path model (carbon respired
after 48 or 120 hrs of incubation) did not increase
model fit in our path model or the multiple correlation
coefficient for aggregate stability.

The role of glomalin

We used the path modeling approach to attempt to
separate, based on covariance structures, the effects of
glomalin from that of the hyphae of AMF themselves
(Figure 7). Glomalin, once extracted (i.e. solubilized)
from soil, is clearly no longer in its native state. Hence,
it is problematic to extract glomalin and simply add it
back into soil to study its effect on aggregation separ-
ately from that of hyphae. Furthermore, it has been
proposed that one of the modes of action of glom-
alin could be to lead to the formation of a ‘sticky’
string-bag of hyphae (Jastrow and Miller, 1997) that
would stabilize aggregates. It would hence be exper-
imentally difficult to separate the effects of hyphae
from those of glomalin associated with their surfaces.
Our path model suggests that the indirect effects of
hyphae via the production of glomalin were stronger
than the direct effect of hyphae, which, according to
our model, were rather weak (and as direct effects, not
significant).
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Tuble 2. Decomposition of correlations into (standardized) direct, in-
direct and total effects. and their statistical significance (P-value;
Monte Carlo analysis). Total effects are the sum of indirect and dir-
ect effects (due to rounding to three significant digits. indirect and
direct effects do not exactly add up in this table). IREEG only has a
direct effect. Direct effects are equal to the path coefficients shown in
Figure 7

Effects on WSA
Direct Indirect Total
Cover 0.336 (0.049)  0.213(0.044)  0.548 (0.003)

Rootlength  0.335(0.062) 0.042(0.590) 0.372(0.044)
Hyphal length ~0.139 (0.512)  0.234 (0.089)  0.096 (0.592)
IREEG 0.352(0.089) - 0.352 (0.089)

This does certainly not contradict earlier studies
that have attributed a strong effect to hyphae (e.g.
Jastrow et al., 1998; Miller and Jastrow 1990; Tis-
dall and Oades 1982), since the total effect of hyphae
would include the glomalin effect. This result does,
however, highlight the need for further research into
the functioning of this abundant soil protein. We have
only examined these relationships for one aggregate
size (WSAj_2-mm). It should be the subject of fur-
ther study to test if the importance (and possibly the
function) of glomalin differs at other positions in the
aggregate hierarchy (Tisdall and Oades, 1982).

Acknowledgements

M.C.R. and S.FW. gratefully acknowledge financial
assistance by the U.S. Department of Energy, Of-
fice of Science (DE-FG03-99ER20353). V.T.E. would
like to acknowledge the wonderful support of Chuck
Vaughn and the Hopland Research and Extentension
Center, Terry Chapin and Mary Firestone; and fund-
ing assistance from the National Science Foundation
Dissertation Improvement Grant, NASA Earth System
Science Fellowship, and UC Sustainable Agriculture
Research and Education Program graduate award.

References

Allen M F 1991 The ecology of mycorrhizae. Cambridge University
Press. Cambridge.

Angers D A and Caron J 1998 Plant-induced changes in soil
structure: processes and feedbacks. Biogeochemistry 42, 44-72.

Bever J D, Morton J B, Antonovics J and Schultz P A 1996
Host-dependent sporulation and species diversity of arbuscular
mycorrhizal fungi in a mown grassland. J. Ecol. 84. 71-82.

Degens B P. Sparling G P and Abbott L K 1994 The contriby-
tion from hyphae, roots. and organic carbon constituents 1o the
aggregation of a sandy loam under long-term clover-based and
grass pastures. Eur. J. Soil Sci. 45. 459-468.

Degens B P 1997 Macro-aggregation of soils by biological bond-
ing and binding mechanisms and the factors affecting these: A
review. Aust. J. Soil Res. 35, 431-459.

Giovannetti M and Gianinazzi-Pearson V 1994 Biodiversity in
arbuscular-mycorrhizal fungi. Mycological Res. 98. 705-7 15,
Haynes R J and Beare M H 1997 Influence of six crop species on
aggregate stability and some labile organic mauer fractions. Soil

Biol Biochem. 11/12, 1647-1653.

Jakobsen I, Abbott L K and Robson A D 1992 External hyphae of
vesicular-arbuscular mycosrhizal fungi associated with Trifolitm
subterranewm L. 1. Spread of hyphae and phosphorus inflow into
roots. New Phytologist 120, 371-380.

Jastrow } D 1987 Changes in soil aggregation associated with
tallgrass prairie restoration. Am. J. Bot. 74, 1656-1664.

Jastrow J D and Miller R M 1997 Soil aggregate stabilization and
carbon sequestration: feedbacks through organomineral associ-
ations. In Soil Processes and the Carbon Cycle Lal R. Kimble J
M., Follett R F and Stewart B A.), pp 207-223. CRC Press. Boca
Raton

Jastrow J D, Miller R M and Lussenhop J 1998 Contributions of
interacting biological mechanisms to soil aggregate stabilization
in restored prairie. Soil Biol Biochem. 30, 905-916.

Kemper W D and Rosenau R C 1986 Aggregate stability and size
distribution. In: Methods of Soil Analysis (Part I) Ed. Klute A. pp
425-442. American Society of Agronomy. Madison, W1. 1986.

Klironomos }'N and Kendrick B 1996 Palatability of microfungi
to soil arthropods in relation to the functioning of arbuscular
mycorrhizae. Biol. Fert. Soils 21, 43-52.

Miller R M and Jastrow ) D 1990 Hierarchy of root and mycorrhizal
fungal interactions with soil aggregation. Soil Biol. Biochem. 22,
579-584.

Miller R M. Reinhardt D R and Jastrow J 1995 External hyphal
production of vesicular-arbuscular mycorrhizal fungi in pasture
and tallgrass prairie communities. Oecologia 103, 17-23.

Mitchell R J 1992 Testing evolutionary and ecological hypotheses
using path analysis and structural equation modeling. Funct.
Ecol. 6. 123-129.

Oades } M 1984 Soil oreanic matter and structural stability:
mechanisms and implications for management. Plant Soil 76,
319-337.

Peters A 1994 Biolog and Control of Barb Goatgrass (Aegilops
triuncialis L.) MS Thesis. Oregon State University.

Reid J B and Goss M J 1981 Effect of living roots of different plant
species on the aggregate stability of two arable soils. J. Soil Sci.
32, 521-541.

Rillig M C. Allen M F and Field CB 1999 Soil biota responses to
long-term atmospheric CO» enrichment in two California annual
grasslands. Oecologia 119. 572-577.

Rillig M C. Wright S F. Kimball B A and Leavit S W 2001 Elevated
carbon dioxide and irrigation effects on water stable aggregates
in a Sorghum field: a possible role for arbuscular mycorrhizal
fungi. Global Change Biology 7: 333-337.

Schreiner R P and Bethlenfalvay G J 1995 Mycorrhizal interactions
in sustainable agriculture. Critical Reviews in Biotechnology 15
271-285. 5

Scott N A 1998 Soil aggregation and organic matter mineraliza-
tion in forest and prasslands: plant species effects. Soil Sci. Soc.
Amer. J. 62. 1081-1089. N

Smith S E and Read D J 1997 Mycorrhizal symbiosis. Academic
Press, San Diego.



Tisdall J M and Oades J M 1979 Stabilization of soil aggregates by
the root systems of ryegrass. Australian J. Soil Sci. 17, 429-441.

Tisdall J M and Oades J M 1982 Organic matter and water-stable
aggregates in soils. J. Soil Sci. 33, 141-163.

Wright S F and Upadhyaya 1996 Extraction "of an abundant and
unusual protein from soil and comparison with hyphal protein
of arbuscular mycorrhizal fungi. Soil Sci. 161, 575-586

333

Wright S F, Franke-Snyder M, Morton J B and Upadhyaya A
1996 Time-course study and partial characterization of a pro-
tein on hyphae of arbuscular mycorrhizal fungi during active
colonization of roots. Plant Soil 181, 193-203.

Wright S F and Upadhyaya A 1998 A survey of soils for aggregate
stability and glomalin, a glycoprotein produced by hyphae of
arbuscular mycorrhizal fungi. Plant Soil 198, 97-107.

Section editor: J.H. Graham



