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Abstract
The water relations of arbuscular mycorrhizal plants have been compared often, but virtually nothing is known
about the comparative water relations of mycorrhizal and nonmycorrhizal soils. Mycorrhizal symbiosis typically
affects soil structure, and soil structure affects water retention properties; therefore, it seems likely that mycorrhizal
symbiosis may affect soil water relations. We examined the water retention properties of a Sequatchie fine sandy
loam subjected to three treatments: sevenmonths of root growth by (1) nonmycorrhizal Vigna unguiculata given
low phosphorus fertilization, (2) nonmycorrhizal Vigna unguiculata given high phosphorus fertilization, (3) Vigna
unguiculata colonized by Glomus intraradices and given low phosphorus fertilization. Mycorrhization of soil had
a slight but significant effect on the soil moisture characteristic curve. Once soil matric potential (\11m)began to
decline, changes in \IIm per unit change in soil water content were smaller in mycorrhizal than in the two nonmycorrhizal soils. Within the range of about -1 to -5 MPa, the mycorrhizal soil had to dry more than the nonmycorrhizal
soils to reach the same \11m.Soil characteristic curves of nonmycorrhizal soils were similar, whether they contained
roots of plants fed high or low phosphorus. The mycorrhizal soil had significantly more water stable aggregates
and substantially higher extraradical hyphal densities than the nonmycorrhizal soils. Importantly, we were able to
factor out the possibly confounding influence of differential root growth among mycorrhizal and nonmycorrhizal
soils. Mycorrhizal symbiosis affected the soil moisture characteristic and soil structure, even though root mass,
root length, root surface area and root volume densities were similar in mycorrhizal and nonmycorrhizal soils.
Abbreviations: AM -arbuscular mycorrhizal; NL -nonmycorrhizal, low phosphorus; NH -nonmycorrhizal, high
phosphorus; 111m
-matric potential; () -water content; III -water potential
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Introduction
Water relations characteristics, particularly stomatal
behavior, often differ in arbuscular mycorrhizal (AM)
and nonmycorrhizal plants of comparable size. Using
cowpea (Vigna unguiculata (L.) Walp) associated with
Glomus intra radices Schenck & Smith as a test system, we have observed differences between AM and
nonmycorrhizal plants in stomatal conductance (gs)
and leaf water potential (\II) across a wide range of soil
\II, whether soil \II was lowered osmotically (Auge et
* FAX No: 865-974-1947.Tel No: 865-974-7324.
E-mail: auge@utk.edu

aI., 1992) or by drying (Duan et al., 1996; Ebel et al.,
1997). We do not yet understand why this occurs.
Stomatal conductance of cowpea is not particularly
sensitive to leaf phosphorus concentrations (Duan et
aI., 1992), andgs of leaves of AM and nonmycorrhizaI
plants can differ even when the leaves have similar
phosphorus. concentrations (e.g. Duan et aI., 1996).
Stomatal conductance can be affected by leaf osmotic
potential, which can be affected by mycorrhizaI symbiosis (e.g. Auge et aI., 1986, 1987). But where it
has been examined in cowpea, AM symbiosis has not
affected leaf osmotic potentiaIs (Faber et al., 1991).
In cowpea, the mycorrhizal influence on gs does not
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appear to reside in the leaves; we observed that mycorrhizal enhancement of stomatal opening disappeared
when leaves were no longer in physical contact with
the mycorrhizae-shoot transpiration stream (Green et
al., 1998). Stomatal sensitivity to concentrations of abscisic acid or cytokinins moving to leaves from roots
has not differed in AM and nonmycorrhizal plants
(D~an et al., 1996). Root hydraulic conductivity has
not been improved by AM symbiosis in most host species in the absenceof AM-induced growth or P effects
(e.g. Andersen et al., 1988; Graham and Syvertsen,
1985; Graham et al., J987), and in fact hydraulic conductivity was lower in AM than in NM roots when we
examined cowpea plants of similar size (Auge, et al.
unpublished).
Not finding a plant-based explanation for mycorrhizal influence on gs and other foliar water relations
led us to explore mycorrhizal influence on the soil:
perhaps AM and nonmycorrhizal plants behave differently during drought because the symbiosis has
affected soil water retention. Whereas the water relations of AM plants have been studied often (Auge,
2001, for review), virtually nothing is known about
the comparative water relations of AM and nonmycorrhizal soils. Soil \II and matric potential (\II m)
in mycorrhizal systems have been measured only in
reference to host plant behavior, as a means of quantifying drought treatments imposed on plants (e.g. Duan
et al., 1996; Stahl et al., 1998) or charact~rizing rates
at which root systems of AM and nonmycorrhizal
plants extract water from soils (e.g. Auge et al., 1994,
1995). But what of the water relations of AM and
nonmycorrhizal soils themselves?
The physical, chemical and biological actions of
AM hyphae and hyphal exudates on soils typically affect soil structure (Jastrow and Miller, 1991; Oades
and Waters, 1991). Soil structure affects soil moisture retention properties (Hamblin, 1985). Therefore,
AM symbiosis may influence soil moisture retention

properties.
The relationship between soil water content (e) and
soil \II or \II m has been termed the soil moisture characteristic, also called the moisture release plot or water
retention curve (Klute, 1986). It represents the ease
with which soils relinquish moisture as they dry, and it
is one of the material properties that most completely
describes soil water relations (Hamblin, 1985). Our
objectives were to (1) compare moisture characteristic curves of AM and nonmycorrhizal soils, and (2)
characterize soil properties that might explain differ-

encesin soil moisturecharacteristics:soil aggregation,
rooting densitiesand soil hypha!density.

Materials and methods
Soil andplant materials,growing conditions
The growing medium was composed of 2 parts soil
(Sequatchie, fine-loamy, siliceous, thermic Humic
Hapudults, pH 7.5)/1 part medium-coarse sand
(mined, sieved quartz sand) (v/v). Soil was low in
available phosphorus, with tests indicating it contained about 1/5 the phosphorus level recommended
for growing cowpeas in Tennessee.Soil was excavated
from a TennesseeAgricultural Experiment Station agronomic field and sieved (4 mm) before mixing with
sand. Loam particle size distribution (before adding
sand) and sand particle size distribution are given in
Table 1. After mixing, the medium was autoclaved
twice in 24 h at 121 DC,1 h each time.
We used cowpea (Vigna unguiculata (L.) Walp)
and Glomus intra radices Schenck & Smith to mycorrhize the soil, having previously substantiated on
several occasions an influence by G. intra radices on
the water balance of cowpea (Auge et al., 1992; Ebel
et al., 1996, 1997; Green et al., 1998), and an influence likely related to soil rather than to direct plant
changes (Duan et al., 1996). To ensure that extraradical hyphal density differed substantially in AM and
nonmycorrhizal treatments and to give roots and mycorrhizae sufficient time to alter soil structure, we
examined soils that had supported cowpea mycorrhiza
and nonmycorrhizal root growth for 7 months during
two successivesowings. Seedsof ~ unguiculata 'Mississippi Silver' were sown 17 July 1998 in 1.5 L pots,
after mixing 50 mL of commercial inoculum of G.
intra radices (VAM 80, Tree of Life, San Juan Capistrano, CA) into the top 4 cm of medium in each
pot. Autoclaved inoculum (2x in 24 h at 121 DC, 30
min each time) was applied to nonmycorrhizal plants,
to maintain the same physical soil properties in AM
and nonmycorrhizal treatments. A 2 cm layer of sterile
medium was placed at the top of each pot, to discourage inter-pot movement of AM propagules. A plastic
screen was placed inside the bottom of each pot to
minimize leaching of soil particles from pots as soil

dried.
We established three mycorrhizal/fertilization
treatments (16 plants per treatment): plants given live
inoculum and low phosphorus (AM), plants given
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Table1. Particle size distribution of the soil components:mined, sievedquartz sandand Sequatchie
loam (beforeadditionof sand)
Pea
gravel

Very coarse
sand

>2

1-2

0.5-1

0.2
3.7

0.6
22.9

2.5
29.1

Coarse
sand

Medium

Fine

sand

sand

Very fine
sand

Silt and
clay

particle size(mrn)

0.25-0.5 0.106-0.250 0.045-0.106

% (cg g-l

Loam
Sand

killed inoculum and low phosphorus (NL), and plants
given killed inoculum and high phosphorus {NH).
Phosphorus was provided every third watering (as
KHZP04), in the first sowing at 0.8 mM P (AM),
1.0 mM P (NL) and 2.0 mM P (NH), and in the
second sowing at 0.8 mM P (AM), 0.8 mM P (NL) and
1.6 mM P (NH). The intent was to produce nonmycorrhizal and mycorrhizal plants of similar shoot and root
size, or to bracket mycorrhizal plants with nonmycorrhizal controls of both slightly larger and smaller
size, to control for the effects of root density on soil
structure and water relations. After emergence, mycorrhizal and nonmycorrhizal seedlings were irrigated
as needed. With every watering, plants received 15-015 fertilizer (Peters Fertilizer Products, W.R. Grace,
Fogelsville, FA, USA) at 10.7 mM N, and 1 mM
magnesium as MgClz. Soluble trace elements were
supplied once a week at 1 mM Mn (STEM, Peters Fertilizer Products). Additional iron was provided weekly
at 0.1 mM (Sprint, Ciba-Geigy, Greensboro, NC,
USA). On 5 October 1998, plant shoots were excised,
and leaf areas and shoot dry weights were recorded.
Pots were reseeded on 12 October 1998. Before the
second sowing, soil \1!msensors (see below) were buried in pots that would later be allowed to dry. Plants
were grown in a glasshouse in Knoxville, TN, USA,
under ambient light supplemented for 11 h d-1 with
400 W high pressure sodium lamps.

< 0.045

soil dry weight)

13.5
28.8

25.5
14.0

19.3

35.
1.6

sample sizes, and so soils are sieved to remove larger particles which hamper the procedures. Roughly
equivalent to tilling soil (Hamblin, 1985), sieving can
also affect soil structure and, therefore, possibly the
retention curve. To best discern mycorrhizal influence
on the moisture characteristic of unperturbed soil, we
measured 111m
and e of entire, undisturbed, mycorrhizal and nonmycorrhizal soils that were still in place
in pots. Soil III m was estimated with in situ heat dissipation sensors (Soiltronics, Burlington, WA, USA;
now available as 229-L, Campbell Sci, Logan UT),
as described previously (Auge et al., 1994). Others
have demonstrated that heat dissipation sensors are
more effective across a wide range of 111m
than other
methods of in situ soil III or 111m
measurement, such as
tensiometers and screen cage psychrometers (Reece,
1996).
After shoots of the second sowing were excised
(22 February 1999) on all replicates of each treatment,
eight pots of each treatment were watered, allowed to
drain for 1 h, and weighed for calculation of soil e
at field capacity. Soil 111m
and soil e were measured
on most days for the next eight weeks. Soil moisture
characteristic plots were begun only after checks had
shown that both the first and second sowings of AM
plants were extensively colonized and nonmycorrhizal
plants were uncolonized.
At planting, each sterilized sensorwas coated with
a slurry of kaolinite (a non-swelling clay improves
Soil moisture characteristic curve.\'
hydraulic conductivity between sensor and soil) and
placed vertically in the middle of each pot that was
Protocols for constructing soil moisture characterlater to be dried. Sensors consisted of a thermocouple
istic curvesoften involve destructivesamplingof soil(e.g. and a heating element (evanohm wire, 0.076 mm dia)
placing samplesin thermocouplepsychrometers,
housed in a fixed, porous, ceramic cylinder. Rate of
chilled mirror dewpointhygrometersor pressureplate
heat dissipation within the ceramic housing was corapparatuses),which may disturb soil structure and,
related with soil 111m
as follows (Phene et al., 1971).
therefore,possiblysoil waterretentionproperties.DeThe temperature of the ceramic is measured at 1 s

structiveproceduresalso ofteninvolve relatively small
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and 21 s, at the start and end of a 20 s heat pulse.
The temperature rise in the ceramic resulting from the
heat pulse is a function of its moisture content or \11m:
the drier the ceramic (the lower its \11m),the slower
heat will dissipate. If the ceramic housing is in equilibrium with the soil surrounding it (if ceramic \II m
= soil \11m),then the temperature rise of the ceramic
is directly dependent on soil \11m.Estimates of \11m
are independent of soil type and, at constant soil e,
do not vary with temperature between 0 and 40 DC.
Soil \II m within each of the 24 drying pots was measured every 6 h during soil drying. Heat pulses were
administered and temperatures were recorded with a
datalogger (21X, Campbell Sci., Logan, UT, USA),
and sensors were connected to the datalogger through
multiplexers (AM32, Campbell Sci.). For calibration
purposes, maximum temperature rises for each ovendried (40 DC) sensor under insulated conditions were
measured before and after the experiment.
Soil e was determined gravimetrically and computed as g water g-lsoil. A pre-weighed piece of
aluminum foil was placed beneath each pot at the start
of constructing curves to prelude loss of soil particles.
Each morning, the sensor wire from each pot was
disconnected from its multiplexer, carefully coiled to
avoid damage and weighed with the pot. To accurately
determine soil e, each pot weight was individually
corrected for the weight of the sensor, foil beneaththe
pot, screen beneath soil inside pot, plastic label and the
pot itself. Roots were considered part of the soil and
were included in soil e measurements. Once soil \II m
began declining, pots were loosely or tightly covered
(depending on weather conditions) with foil to retard
drying rates, enabling sampling of \11mat several e
over the eight week period (about 40 \IIm/e pairs were
collected per replicate). The foil also helped promote
\II m equilibrium within the soil volume during drying.

Root,soil and shootcharacteristics
Dry weights (80 DC for at least 48 h) were measured
for shoots of both the first and second sowings, and
leaf areas measured (LI-3000A, LiCor, NE, USA) for
shoots of the first sowing.
At the same time that soil moisture characteristic
curves were begun, soil from four additional replicates per treatment was removed from pots, quickly
and thoroughly mixed, divided into four parts, immediately sealed in plastic zip-lock bags and placed in a
refrigerator (4 DC).Three of the four soil portions from
each replicate were used to examine root mycorrhizal

colonization, soil hyphal density and root densities, respectively (the fourth portion was saved as a backup).
Hyphal, arbuscular and vesicular colonization of roots
were detennined on four replicates of each treatment,
on one grid intersection on each of 100 '"'-'0.5-cmroot
pieces from each plant, after clearing with 10% KOH
in an autoclave at 121°C for 15 min, staining with
trypan blue for 1 h, and destaining. Soil hyphal density
was measured for each replicate as described before
(Bethlenfalvay and Ames, 1987; Miller et al., 1995),
on 10 g soil samples. At the same time these samples
were removed from the sealed,refrigerated bag, additional subsamples were removed for measurement of
soil (), so that soil hyphal density could be computed
on a dry weight basis. Roots were carefully excavated from 25 g of soil from the third soil portion of
each replicate (excavation time approximately 1 h per
sa:Inple),for measurementof root length, surface area
and volume densities, and average root diameter, using
scanning equipment and imaging software (WinRhizo,
Regent, Quebec, Canada). Following the scans, roots
were oven-dried and root mass densities computed.
At the same time that the above plant and soil
parameters were measured, soil of the remaining four
replicates per treatment was removed from each pot
and air-dried until the soil was friable and could be
easily shaken from roots. The mostly root-free soil
samples were then spread on aluminum trays and allowed to air-dry completely on the laboratory bench
(to () of 6.l:f:0.l mg water g-l oven-dry soil), for determination of water-stable aggregation as described
before (Schreiner and Bethlenfalvay, 1997). A 200 mL
sample of the dry soil was sieved through a 4 mm
sieve by hand-shaking at a uniform stroke length 30
times. A 40 g sample of soil that passed the sieve
was spread evenly over the top of a nest of sieves
(2 mm, 1 mm, 0.5 mm) and wet-sieved for 10 min
in an automatic wet-sieving apparatus.The percentage
of water-stable aggregates in two size ranges (0.51.0 mm, 1.0-2.0 mm) was calculated by dividing the
mass of the oven-dried water-stable fraction by the
original sample weight (40 g). Water stable aggregation was also quantified for each of the soils used to
determine the soil moisture characteristic, following
construction of the curves. Aggregate measurements
were not corrected for sand content. Soil hyphal index
was computed from treatment means as (g water stable
aggregates per g dry soil)/(g root DW per g dry soil;
Davies et al., 1992).
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Table 2. Water stable soil aggregates. Means :i:SE are shown for each treatment; n=12. Also
shown are probabilities of significance for linear contrasts comparing treatments; P values ~O.10
shown in bold

Treatment

Water stable aggregates (% total sample dry weight)

0.5-1 rom

1-2 mm

0.5-2 mm

Mycorrhizal (AM)
Nonmycorrhizal,low P (NL)
Nonmycorrhizal,high P (NH)

6.4:i:0.5
5.0:i:0.4
4.9:i:0.5

3.0:f:O.4

1.1:f:O.l

9.5:i:O.7
6.0:i:O.4
6.0:i:O.6

Linear contrasts
AM vs nonmycorrhizal(NL + NH)
NLvsNH

0.008

0.0001
0.59

0.0001
0.93

Experimentaldesignand statisticalanalysis
The 48 plants, 16 replicates of each of the three mycorrhizal treatments, were completely randomized on
greenhouse benches during growth of both sowings.
The 16 replicates of each treatment were used as
follows: eight replicates for soil moisture characteristic curves, four replicates for soil aggregation and
four replicates for the remaining measurements (soil
hyphal density, root colonization and root densities).
Various models were tested for predicting \11mfrom
e, and a power exponential model had the highest Rsquares (model sum of squares/corrected total sum of
squares). This model:
\11m= aexp(peO)

was fit to individual plantsusing nonlinearregression
(SAS, 1999). Analysis of varianceon the parameter
estimates(a, f3and 8) was thenusedto test for treatment differences.Specific contrastsof interestwere
tested.Also, individual curveswereusedto backpredict () values for biologically important 'lim values,
and thesewere tested for treatmentdifferenceswith
analysis of variance. Moisture characteristiccurves
were also analyzedas broken line regressions(e.g.
Fuller and Gallant,1974).

Results
Root,soil and shootcharacteristics
After 7 months of root growth, water stableaggregation was higher in the AM soil than in eithernonmycorrhizal soil in the0.5-1 rom, 1-2 rom and0.5-2 rom
size classes(Table 2). The two nonmycorrhizalsoils

0.86

1.0:f:O.l

did not differ in waterstableaggregationin anyof the

sizeclasses.
Soil hyphal densitywas aboutfive times higher in
the AM soil thanin the nonmycorrhizalsoils(Table3).
Soil hyphal indexof AM soil was abouttwice that of
the nonmycorrhizalsoils. Neither soil hyphal density
nor soil hyphal index differed betweenNL and NH
soils. Rootsof the AM soil were well-colonizedafter
both the first (data not shown)and secondsowings
(Table3). Roots of plants in NL and NH treatments
remainednonmycorrhizal.
Rooting characteristicswere similar in AM and
nonmycorrhizalsoils. AM vs. nonmycorrhizallinear
contrastswere not statisticallydifferent for root mass
density,root length density,root surfaceareadensity,
root volume density,averageroot diameteror specific
root length(Table4). The NL andNH treatmentswere
also similar for eachrooting characteristic.
Analyzed acrossfirst and secondsowings, shoot
sizeswere smallerin mycorrhizalthan in nonmycorrhizal plants,due to the smallersize of AM plants in
the first sowing(Table5). Shootsof AM and nonmycorrhizalplantsin the secondsowing(olderand larger
plantsthanthe first sowing)had similar mass.
Soil moisturecharacteristiccurves
Data for soil moisturereleaseplots of all replicates
of each treatmentare portrayed in Figure 1. Power
exponentialfunctions, which gavethe best fit to the
data among severalnonlinearregressionstested,are
shown in Figure 2. ,2 were quite high, averaging
O.990:i:O.OOl
for 24 curves.
Mycorrhizationof soil had a slight but significant
effect on the soil moisturecharacteristiccurve (Figure 2, Table6). NL and NH curveswere similar. AM
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Table 3. Fungal characters. Means :i:SE are shown for each treatment, n=4. Also shown are probabilities of significance for linear contrasts comparing treatments; P values ~O.IO shown in bold. Soil hyphal index was computed
from treatment means as (g water stable aggregates per g dry soil)/(g root DW per g dry soil; Davies et al., 1992).
Values of intraradical hyphal colonization were comparable in first (data not shown) and second sowings

Treatment

Extraradicalhyphae
Soil hyphal
Soil hypha!
index
density

Intraradical hyphae (2nd sowing)

Vesicular
colonization

colonization

Arbuscular

Hypha!
colonization

(%)

(%)

(m/g dry soil)

(gig)

(%)

24.1:f:4.4

25.6
14.0
11.6

39:1:8
0:1:0
0:1:0

12:i:7

4.1:f:l.0

0.0001
1.0

0.0001
1.0

Mycorrhizal (AM)
Nonmycorrhizal,low P (NL)
Nonmycorrhizal,high P (NH)

5.1:f:O.4

99:1:1

0:1:0
0:i:0

Linear contrasts

0.0002

AM vs nonrnycolThizal

0.80

NL vs NH

0.0001
1.0

Table4. Root characters.Means :!:SE are shownfor each treatment,n=4. Also shown are probabilitiesof significancefor linear contrasts
comparingtreatments;P values:sO.10 shownin bold
Treatment

Root mass

Root length

Root surfacearea

Root volume

density

density

density

density
-

Averageroot
diameter

Specificroot
length

:mg DWfg dry soil)

(cmlg dry soil)

(cm2fg dry soil)

(mm3fg dry soil)

(/Lm)

(cm/mg DW)

4.7:i:l.2

62.0:1:2.6

4.8:i:O.5

63.4:1:10.0

6.1:i:O.6

66.4:1:16.0

7.2:i:O.5
6.8:i:l.0
7.1:i:l.6

AM vs nonmycorrhizal

0.49

NL vs NH

0.31

0.83
0.85

0.83
0.87

Mycorrhizal (AM)
Nonmycorrhizal,low P (NL)
Nonmycorrhizal,high P (NH)
Linear

67.4:1:6.5
58.0:1:7.6
60.0:1:13.3

371:1:15
345:1:11
342:1:18

19.7:!::8.8

0.16
0.89

0.31
0.84

13.2:!::1.5
11.6:!::3.4

contrasts

curves tended to break at lower () than NL and NH
curves, as well as break more sharply, resulting in a
steeper descent of the curves as () declined further.
These tendencies are described by the plot parameters,
for which treatment comparisons are summarized in
Table 6. a is the y intercept, .B is the rate at which the
curve approaches the asymptote, and 8 is the sharpness of the curve. As described by the average .Band 8
of treatments, soil mycorrhized by G. intra radices appeared to lose more water than either nonmycorrhizal
soil with initial declines in \{Im. As soils dried, slightly
more water was available in the AM soil at high \{1m
(down to about -4 MPa or lower) than in the two
nonmycorrhizal soils. Below -8 MPa, the nonlinear
regressions estimated that AM soils would experience
greater declines in \{Im per unit decline in ().
To further characterize and compare treatment effects, we computed () at several \{1mfor each replicate

0.49

0.88

from its characteristic curve; treatment averages for
-0.2, -1.5 and -2.0 are shown in Table 6. Water
contents for NL and NH soils were similar at these
111m.AM and nonmycorrhizal soils had similar () at
-0.5 (data not shown) and -0.2 MPa. Once 111m
declined to -1.0 MPa (data not shown), AM soils had
significantly lower () than NL and NH soils. AM soils
also had lower () than nonmycorrhizal soils at -1.5
and -2.0 MPa.
Soil moisture characteristic curves can also be
statistically analyzed as broken line regressions (e.g.
Fuller and Gallant, 1974). The linear 'wet line' is
horizontal with a slope of zero: that portion of the
plot in which soil III m has not yet declined from fully
watered values ("-'-0.01 MPa). The 'dry line' is the
portion of the plot developing after soil 111m
begins to
decline linearly (below about -3 MPa for this soil);
dry line slopes representlinear regressions within each
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Figure 2. Power exponential functions fit to soil moisture characteristic data: IiIm= aexp(fJO.5). IiIm= soil matric potential, 0 =
soil water content. Equation parameters are described and their
statistical comparisons among treatments summarized in Table 6.

Discussion

Water content (9 H2O 9-1 soil)
Figure 1. Soil moisture characteristic
structed on whole, undisturbed soils in
sensors to measure \IIm; each data pair
soil sample (all soil in the pot). Shown
replicates of each treatment.

curves. Curves were conpots using heat dissipation
was measured on the same
are all data gathered for all

treatmentof all '¥m/fJdatapairs of '¥m :;::-3 MPa (average = 12 points per regression).The AM soil had
significantlylargerdry line slopesthanthe nonmycorrhizal soils (Table 6). The two nonmycorrhizalsoils
had similar dry line slopes. The averagex intercept
was significantly lower in the AM soil than in the
nonmycorrhizalsoils and was similar in NL and NH

soils.

Fungal hyphae and exudates, especially those of AM
fungi, improve soil structure through both the physical
and chemical binding of soil aggregates (Gupta and
Germida, 1988; Jastrow and Miller, 1991; Oades and
Waters, 1991; Tisdall, 1991). Improved soil structure
generally has positive impacts on soil moisture retention properties (Hamblin, 1985). It follows, therefore,
that mycorrhizal influences on soil structure could
result in mycorrhizal influences on soil moisture retention. We have demonstrated that here. Seven months
of mycorrhization of a Sequatchie loam by Glomus
intra radices increased its water-stable aggregation and
altered its soil moisture characteristic curve, relative to
nonmycorrhizal soils with similar rooting densities.
Importantly, we were able to factor out the possibly confounding influence of differential root growth
among mycorrhizal and nonmycorrhizal plants by producing very comparable controls. Mycorrhizal symbiosis affected soil structure and the soil moisture
characteristic, even though root mass, root length, root
surface area and root volume densities were similar
in AM and nonmycorrhizal soils. The two nonmycorrhizal soilscvaried most among the three treatments in
root densities but had essentially identical water stable
aggregation and nearly identical soil moisture characteristic curves. This further indicates that mycorrhizainduced changes in soil water retention properties
were derived from hyphal and exudate characteristics
and not from differential rooting patterns.
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Table 5. Shoot characters. Means :l:SE are shown for each treatment, n=16. Also shown are
probabilities of significance for linear contrasts comparing treatments; P values ::=,0.10shown
in bold

Mycorrhizal (AM)
Nonmycorrhizal,low P (NL)
Nonmycorrhizal,high P (NH)
Linear contrasts
AM vs nonmycorrhizal
NL vs NH

0.0001
0.0001

64.1::1:1.9

12.2:1:0.7

63.0::1:3.3

13.5:1:0.7

81.3::1:2.2

18.9:1:0.5

0.01
0.0001

0.69
0.0006

0.0001
0.0001

Table 6. Parameters from soil moisture release plots. Means :f:SE are shown for each treatment. IX, {J and.5 refer to parameters in the power
exponential equation (the function that best fit the data): 'ilm= IXexp({J(}.5).IX is the y intercept, {J is the rate at which the curve approaches the
asymptote, .5is the sharpness of the curve. Mean (} at -0.2, -1.5 and -2.0 MPa were computed from the power exponential functions fitted
to the data for each replicate of each treatment. Also shown are parameters computed from linear regressions of the 'dry line' portion of the
plots. n=8 for all means. The bottom portion of the table shows probabilities of significance for linear contrasts comparing treatments; P values
~0.10 shown in bold

Treatment

Linear regression

Nonlinear regression
a

.8

.5

(J at -0.2

MPa

(J at -1.5

MPa

(J at -2.0

MPa

Slope,

x intercept, f}

'dry line'
MPa

g water g-

soil

MPa/(gg-l)

Mycorrhizal (AM)
-20:i:4 -394:i:98 1.8:i:0.l 0.092:i:0.001 0.065:i:0.001 0.061:i:0.001
Nonmycorrhizal,low P (NL) -17:i:3 -1813:i:456 2.0:i:0.2 0.092:i:0.002 0.068:i:0.001 0.064:i:0.001
Nonmycorrhizal,high P (NH) -13:i: 1 -885:i:577 2.2:i:0.2 0.095:i:0.002 0.068:i:0.001 0.063:i:0.001

264:1:17
221:1:8
222:1:8

g waterg-l soil
O.065:i:O.OO2
O.069:i:O.OOl
O.O71:i:O.OO2

Linear contrasts
AM vs nonrnycorrhizal

0.14

NL vs NH

0.35

0.09
0.15

0.08
0.14

0.45
0.21

Soil aggregation and structure influence moisture
retention via their effects on pore size distribution.
Water retained at relatively high \11mis particularly
affected by soil structure, as retention at high \11m
depends upon the capillary effect and pore size distribution (Hillel, 1982). The effect of drought is also
often agriculturally and ecologically most significant
at relatively high \11m.Many plants, including cowpea,
show drought responses by the time soil has dried to
-0.2 MPa, and -1.5 MPa is a value often cited as
'typical' soil \11at the permanent wilting point for
many plants (e.g. Salisbury and Ross, 1985). And
many plants -even xeric species (e.g. Stahl et al.,
1998) -will have died by the time soil \11has reached
-3 MPa, particularly cowpea which has a high lethal

0.02
0.73

0.03

0.04

0.58

0.95

0.04
0.79

leaf \1/ (typically near -2 MPa, Ludlow, 1989). We
calculated and show soil (J at \1/m of -0.2, -1.5 and
-2.0 MPa, to compare soils at meaningful reference
points or biological benchmarks in terms of both plant
behavior during drought and range of \l/m in which
altered aggregation might most affect water retention.
The .B and 8 parameters of the nonlinear regression
also give good characterizations of soil water relations
at higher \1/m, in describing the sharpnessof the curve
and the rate at which \1/m declines from "'-'0MPa once
the breakpoint has been reached.
As \l/m initially began to decline, \l/m of soil mycorrhized by G. intra radices appeared to change less
per unit change in (J than either nonmycorrhizal soil.
I.e., as soils dried, slightly more water was available
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in the AM soil at high 111m
(down to about -4 MPa or
lower) than in the two nonmycorrhizal soils. Mycorrhizal soils dried more before reaching -1.5 MPa, and
therefore, had plants been growing in the AM soil they
may have maintained turgidity to slightly lower () than
those growing in either nonmycorrhizal soil. Insofar
as lethal soil III approximate lethal leaf III, foliage of
cowpea plants growing in the mycorrhizal soil also
may have survived to slightly lower soil (); soil 111m
of -2.0 MPa was reached at () of 0.061 g g-l for the
AM soil vs. 0.064 g g-l(mean of the NL + NH soils).
Is it likely that this slight change in the soil moisture characteristic would have meaningful biological
consequences?There was little variation in the moisture characteristic among replicates of the control
soils, and it could be argued that any change in the
curve could conceivably have an impact on plants
enduring a drought episode in that soil. But it is difficult to imagine an effect associated strictly with water
availability. The average difference in () between the
AM and the two nonmycorrhizal soils at -1.5 MPa
and -2.0 MPa was 0.003 g g-l soil, or 12 g of water
for the whole pot ("'-'4000g of soil in the pot at this ()).
If all 12 g were available to contribute to transpiration,
this would enable only a few extra hours of transpiration -and that at rates only a fraction of those typical
for unstressed leaves. Alternately, if this extra water
were absorbed but retained by the plant -and cowpea,
being an extreme drought avoider, is very effective
at retaining moisture -perhaps reaching the lethal III
during a drought episode would have been postponed
somewhat, depending on plant size.
We examined mycorrhizal influence on soil water
relations in the hopes of obtaining some clue as to how
AM symbiosis changes plant behavior during drought.
For example, Duan et al. (1996) concluded that AM
symbiosis probably increased the capability of root
systems to scavenge water in drier soil. Their AM and
nonmycorrhizal Vigna unguiculata had similar size,
similar phosphorus concentration and similar stomatal
sensitivity to abscisic acid and to other putative xylemtransported, chemical regulators of stomatal opening.
Yet AM plants maintained stomatal conductance and
leaf III to lower soil () than did nonmycorrhizal plants.
Based on our current findings, it seems possible that
at least part of the mycorrhizal influence observed by
Duan et al. (1996) may have been related to the ability
of G. intraradiceslcowpea mycorrhizae to shift the soil
water retention curve toward higher 111m
at similar ().
The importance of our findings lies chiefly in the
fact that a small but significant mycorrhizal effect on

water retention properties was evident after only 7
months of mycorrhizal colonization of soil. Mycorrhizal influences are apt to become more substantial
over longer time periods. Additionally, mycorrhizal
fungal species are known to differ in their production
of extraradical hyphae and hyphal exudates such as
the glycoprotein glomalin. Glomalin occurs in many
soils on the order of several mg per g weight of soil
(Rillig et al., 1999; Wright and Upadhyaya, 1998) and
is apparently produced in significant quantities only
by hyphae of AM fungi (Wright et al., 1996). Soil
concentration of glomalin is tightly correlated with
aggregate stability across many soils (Wright and Upadhyaya, 1998). We examined G. intra radices because
of its previously observed influence on host water relations during drought (Auge et al., 1992; Duan et
al., 1996; Ebel et al., 1997). Species that produce
larger amounts of glomalin or extraradical hyphae
are likely to have greater effects on the soil moisture
characteristic curve than Glomus intraradices.
Whenever AM fungi have been examined in relation to soil structure, they have been shown to
enhance aggregation, in both pot and field experiments
(Schreiner and Bethlenfalvay, 1995). Mycorrhizaeinduced increases in aggregation often occur in .as
few as 10 weeks or less (e.g. Andrade et al., 1998;
Bethlenfalvay et al., 1999; Schreiner and Bethlenfalvay, 1997). Where AM symbiosis does modify soil
structure and water retention properties, mycorrhizal
soils may potentially have as much or more impact on
shoot water relations as do mycorrhizal roots. Wellstructured soils contain more available water than
poorly structured soils (e.g. Greacen and Williams,
1983), and reductions in aggregate stability have been
correlated with reduced soil f) at particular soil \1,1
(e.g.
Fahad et al., 1982). Marked shifts in the soil moisture
characteristic would translate into more soil water at
a particular low soil \1,1.This might explain why AM
plants have wilted at lower soil \1,1
(Hardie and Ley ton,
1981), maintained turgor to lower soil \1,1
(Auge et al.,
1986), developed lower soil \1,1at the permanent wilting point (Bethlenfalvay et al., 1988a,b) or maintained
higher shoot water status and stomatal conductances at
low soil \1,1
or soil f) (Duan et al., 1996; Osonubi, 1994)
than nonmycorrhizal plants.
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