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Abstract Regulated deficit irrigation (RDI) is a common
practice applied in irrigated vineyards to control canopy
growth and improve fruit quality, but little is known of how
imposed water deficits may alter root growth and coloni-
zation by beneficial arbuscular mycorrhizal fungi (AMF).
Thus, root growth and mycorrhizal colonization were
determined throughout the growing season for 3 years in
own-rooted, field-grown, ‘Cabernet Sauvignon’ grapevines
exposed to three RDI treatments. Vines under standard RDI
were irrigated at 60 to 70% of full-vine evapotranspiration
(FVET) from 2 weeks after fruit set until harvest, a standard
commercial practice. Early deficit vines were exposed to a
more extreme deficit (30% FVET) during the period from
2 weeks after fruit set until the commencement of ripening
(veraison), and thereafter reverted to standard RDI. Late
deficit vines were under standard RDI until veraison, then
exposed to a more extreme deficit (30% FVET) between

veraison and harvest. The production of fine roots was
reduced in both the early and late deficit treatments, but the
reduction was more consistent in the early deficit vines
because the additional deficit was imposed when roots were
more rapidly growing. The frequency of arbuscules in fine
roots was greater in both of the additional deficit treatments
than in the standard RDI, a response that appeared chronic,
as the higher frequency of arbuscules was observed
throughout the season despite the additional deficits being
applied at discrete times. It appears that grapevines
compensated for a lower density of fine roots by stimulat-
ing arbuscular colonization. Irrigation did not affect yield or
quality of grapes, but reduced whole-vine photosynthesis
during the additional deficit periods. It appears that high-
quality grapes can be produced in this region with less
water than that applied under the current RDI practice
because the root system of the vine may be more efficient due
to greater arbuscular colonization by AMF.
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Introduction

Regulated deficit irrigation (RDI) is used to manage
irrigation in vineyards where seasonal rainfall and stored
soil water are insufficient to meet evaporative demand
during the growing season. The idea of RDI is to constrain
vegetative growth in grapevines (Vitis spp.) by supplying
less water than needed for maximum growth, but enough
water to maintain a high rate of photosynthesis, which is
less sensitive to water stress than is growth (Dry et al. 2001;
Keller 2005; Williams and Matthews 1990). This practice
ensures that ripening of fruit is not delayed by excessive
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competition for photosynthates by vigorous shoots or
compromised by excessive shading of clusters during the
ripening period (Jackson and Lombard 1993; McCarthy
1997). Fruit quality often is improved in grapevines
exposed to moderate water stress, which sometimes is
attributed to a concentration effect from smaller berries
(Bravdo et al. 1985; Hardie and Considine 1976; Matthews
and Anderson 1988; Roby et al. 2004). Currently, most
wine grape vineyards in arid eastern Washington state are
subjected to RDI with irrigation supplied at 60 to 70% of
full vine evapotranspiration (FVET) during the period
between fruit set and harvest. Deficits are not applied
before fruit set because water stress at this time can cause
berry abortion or the loss of entire clusters (Hardie and
Considine 1976). Further improvements in fruit quality or
greater savings in water use, or both, may be possible by
applying less water than under the current RDI practice.
However, previous studies that have shown improvement in
fruit quality in response to water deficits have compared
irrigated vines to vines receiving no irrigation. Such
comparisons are not meaningful in arid climates where the
absence of irrigation for an extended time (∼2 weeks)
during the summer will induce partial defoliation.

The effects of water deficit on aboveground vine growth,
leaf water potential, and leaf gas exchange have been well
studied (de Souza et al. 2005; Esteban et al. 1999; Hardie
and Considine 1976; Patakas et al. 2005), but little is
known about RDI influences on root growth or colonization
by arbuscular mycorrhizal fungi (AMF). A few studies have
shown that root growth or the root/shoot ratio of grapevines
can increase in response to reduced water inputs (Freeman
and Smart 1976; Höfäcker 1977; Van Zyl 1988), which has
led to a general misconception by many viticulturists that
root growth is stimulated in dry soil. However, it is clear
from a number of field and greenhouse studies that
grapevine roots cannot grow in soil below a water potential
of about −1.5 MPa, whether the soil was dry because of
irrigation placement (i.e., drip versus overhead sprinkler) or
because of competition from cover crops (Dry et al. 2000;
Morlat and Jacquet 2003; Van Zyl 1988). The tolerance of
grapevines to drought often has been attributed to their
capacity to produce new roots selectively where soil water
is available in the root zone (Dry et al. 2000; Morlat and
Jacquet 1993; Richards 1983; Smart and Coombe 1983).

The fine roots of grapevines often are heavily colonized by
AMF, and vine establishment and growth are highly dependent
on the presence of AMF in some soils (Menge et al. 1983;
Schreiner 2005a). AMF improve nutrient uptake by grape-
vines, particularly P (Biricolti et al. 1997; Karagiannidis et al.
1995; Petgen et al. 1998), and AMF have been shown to
improve drought tolerance in ‘Cabernet Sauvignon’ grafted
onto various rootstocks (Nikolaou et al. 2003a), attributed to
increased P uptake. Further study using P-fertilizer, however,

showed increased drought tolerance by mycorrhizal vines in
the absence of increased P uptake (Nikolaou et al. 2003b).
AMF can improve drought tolerance of their host plants
independently of their impact on P nutrition by enhancing
osmotic adjustment in roots, altering hormone synthesis or
transport, enhancing protection from oxidative damage, and
increasing plant access to soil water (Augé 2001; Ruiz-Lozano
2003). Augé (2001) concluded that in ∼75% of published
studies on AMF and drought stress, mycorrhizal plants
depleted soil water to a greater degree than non-mycorrhizal
plants before achieving the same level of water stress in
shoots. The extent of AMF colonization in roots under
drought is often, but not always, enhanced over that of well-
watered plants. One limitation of the literature on AMF and
plant water stress is that studies overwhelmingly were
conducted in potted plants under glasshouse conditions.
Recent findings of increased root colonization by AMF in
response to lower soil water contents in two field studies with
grapevines (Schreiner 2003; Schreiner and Linderman 2005)
suggest that AMF may play a significant role in vine response
to water stress.

The present study was undertaken to determine how the
timing and extent of RDI applied to ‘Cabernet Sauvignon’
grapevines would influence the seasonal dynamics of fine root
development and their colonization by AMF. Belowground
responses to RDI practices were examined over 3 years to
better understand how grapevines acclimate to added water
deficit (greater water stress) during discrete periods. Above-
ground vine responses in this study, including canopy
development, cold-hardiness, yield, and fruit quality were
examined by M. Keller (unpublished), and whole-vine gas
exchange was examined by Perez Peña and Tarara (2004).

Materials and methods

The study was conducted in a commercial, drip-irrigated
vineyard located ∼10 km west of Paterson, WA, USA (45.88°
N, 119.75°W). The vineyard is located on a 14% south-facing
slope ∼125 m above sea level and receives ∼200 mm rainfall
per year. The soil in the vineyard is a Burbank series loamy
fine sand (sandy-skeletal, mixed, mesic Xeric Torriorthents)
with an average depth of 1.2 m. The vineyard was planted in
1992 with own-rooted, ‘Cabernet Sauvignon’ vines on a
spacing of 1.8 m between vines and 2.7 m between rows
(2,000 vines per hectare). Rows are oriented north–south.
Vines were trained to two trunks and a bilateral cordon at a
height of ∼1 m, and shoots were loosely trained vertically
between two foliage wires spaced 25 cm apart, at a height of
20 cm above the cordons. Vines were spur-pruned during
dormancy to leave 36 to 42 buds per vine. Shoots were not
thinned during the AMF study (2001–2003). Fertilizer
applications and pest and disease management practices were
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applied uniformly across all treatments. Vines received a total
of 44 kg N and 6 kg S ha−1 in 2001; 26 kg N and 4 kg S ha−1

in 2002; and 39 kg N and 5 kg S ha−1 in 2003 delivered
through the drip irrigation system. Drip irrigation was
applied using pressure-compensated emitters (1.8 l/h) spaced
1.2 m apart (three emitters for every two vines along a single
drip line per row).

Three RDI treatments were imposed from 1999 to 2003
in a randomized complete block design replicated four
times. Each block comprised 30 rows of vines with 56 to 70
vines per row. Each RDI treatment was applied to ten
consecutive rows of vines per block. All plots were
irrigated to field capacity just after budbreak, and thereafter,
irrigation was withheld until shoots were 0.9 to 1.2 m long
and the rate of shoot growth was minimal. Just after fruit
set, the three RDI treatments were imposed. All were based
on estimated FVET derived from a reference crop ET (ET0;
Doorenbos and Pruitt 1977) and a crop coefficient for fully-
irrigated ‘Cabernet Sauvignon’ in eastern Washington
(Evans et al. 1993) multiplied by 0.7 to account for the
smaller canopy of RDI vines. The standard RDI (current
industry practice) supplied 70% of FVET (1999 to 2002) or
60% of FVET (2003) from 2 weeks after fruit set until
harvest with the goal of maintaining soil water content in
the top 1 m of soil at 10% v/v. The ‘early’ and ‘late’ deficit
treatments targeted the two stages of berry development
when berry growth is most rapid (Mullins et al. 1992). The
early deficit was irrigated at 35% FVET (1999 to 2002) and
30% FVET (2003) from shortly after fruit set until veraison
(berry growth stage 1), and returned to the standard RDI (60
or 70% FVET) from veraison to harvest. The late deficit was
under standard RDI until veraison (60 or 70% FVET), then
was more severely stressed (30 or 35% FVET) between
veraison and harvest (berry growth stage 3). After harvest
(1999 to 2002), all plots received irrigation equivalent to
70% FVET for an additional 4 to 5 weeks followed by
irrigation to field capacity in late October. In 2003, all plots
were irrigated to field capacity immediately after harvest.

Meteorological data were obtained from Public Agricul-
ture Weather System (PAWS) stations near Alderdale, WA
(approximately 10 km west of the site) and near Paterson,
WA (approximately 15 km east of the site). Only 5-year
mean values were available from Alderdale, so Paterson
data were used for long-term normals. Heat accumulation,
expressed as growing degree days (GDD) on a daily basis
was calculated as

GDD ¼ Tmax þ Tmin

2

� �
� Tbase

where Tmax and Tmin are the daily maximum and minimum
air temperatures (2 m height), and Tbase is the base
temperature for grapevine growth (10°C). No upper

temperature threshold was applied. Accumulated GDD
were computed from April 1 to October 31, the convention
applied to vineyards in Washington state.

Volumetric soil water content (0 to 90 cm depth) was
determined weekly throughout the growing season using
the neutron scattering method (HydroProbe 503 DR, Pacific
Nuclear, Martinez, CA, USA). Parallel polyvinyl chloride
access tubes were installed equidistant between drip
emitters in the vine row. Data were collected at 15-, 45-,
and 75-cm depths from three access tubes per plot. The
average soil water content in each access tube (three depths
combined, representing 0 to 90 cm) was used for analysis
(n=12 per RDI treatment). The desired soil water content at
the end of each irrigation cycle was 10% (v/v) for standard
RDI and 8.3% (v/v) for the additional deficits.

Fine root length density and colonization of roots by
AMF were determined five times during each growing
season as close as possible to the phenological stages of
budbreak, bloom, veraison, harvest, and leaf fall (first
frost). Root sampling at budbreak and bloom occurred
before starting the RDI treatments. Sampling at veraison
coincided with the end of the early deficit period, and
sampling at harvest coincided with the end of the late
deficit period. Samples collected at budbreak and bloom
varied with respect to vine phenology by as many as
20 days (bloom 2001 and budbreak 2003); however,
samples collected at veraison and harvest were obtained
within five days of the observed phenological stage. Root
samples were obtained by removing soil cores (3.1-cm
diameter) comprising 0- to 50-cm depth within the drip
irrigation zones (wetted area below emitters). Five intact
soil cores were combined into a single sample for each plot
(n=4), giving a total of 12 composite samples at each date.
Samples were stored on ice and transported to Corvallis,
OR. In each year, at all five phenological stages, each plot
was sampled from a single set of 20 vines occupying two
rows (ten contiguous vines in each row) at a randomly
designated location. The relative sampling location (top,
middle, or bottom of slope) within each block was assigned
in 2001 and moved up or down slope each subsequent year
to avoid excessive coring near the same vines. Soil cores
initially were collected to a depth of 100 cm (budbreak and
bloom, 2001), but less than 20% of the fine roots were
retrieved from soil between 50 and 100 cm. In addition, the
quantity of roots found between 50 and 100 cm did not
differ significantly (p<0.05) among irrigation treatments.
Thereafter, roots were collected only from 0 to 50 cm.

The majority of roots were obtained by quickly sieving
soil (at ambient soil water content) through a 1-mm sieve
using small aliquots at one time. After the entire sample had
been passed through the sieve, soil subsamples were
collected to determine soil water content (∼75 g) gravimet-
rically (Gardner 1986) in all years, and to estimate
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extraradical hyphal length (∼50 g) of AMF in 2003. Fine
roots retained on the 1-mm sieve were excised from larger
woody roots when necessary and stored in cold tap water.
Fine root fragments remaining in the soil after passing
through the sieve were collected on a 500-μm sieve after
vigorously washing and decanting the sample three times
with cold tap water (Böhm 1979). Both root fractions were
combined and transferred to a large Petri dish where fine
roots were separated from other organic debris and dead
roots under a stereoscope. Only primary roots that had an
intact cortex varying in color from white to dark brown
were retained for further analysis. These roots were blotted
dry, weighed, and subsamples were stored in formaldehyde/
acetic acid/ethanol (2:10:50%, v/v). Roots were cleared
with KOH and stained using trypan blue to assess
colonization by AMF (Schreiner 2003). Fine root length
in each sample was determined by the grid line intercept
method (Newman 1966), and fine root length density
(millimeter per gram of soil) was calculated by dividing
root length by the total soil dry mass per sample.
Colonization by any AMF structures (hyphae, vesicles or
arbuscules, henceforth referred to as total colonization) and
colonization by arbuscules alone were determined at 50 to
100× magnification on randomly selected root fragments
(∼50) that were mounted between microscope slides (see
Schreiner 2003). A minimum of 150 intersections was
counted per sample. The length of extraradical
AMF hyphae was determined in 2003 only using the
filtration-gridline technique (Sylvia 1992) as modified by
Bethlenfalvay et al. (1999). Hyphal lengths were assessed
in duplicate subsamples (10 g) from each plot at each
sampling date (n=8 per RDI treatment). Only non-septate
hyphae greater than 3 μm in diameter with a morphology
consistent with AMF (irregular branching pattern and
irregular wall thickness) were counted.

Leaf blade nutrient concentrations were measured at
veraison and harvest in 2003 only. Leaves opposite clusters
(15–20) were collected from randomly selected shoots from
the same vines where roots were collected. Leaf tissues
were oven-dried at 70°C for 7 days and ground in a Wiley
mill to pass through a 40-mesh screen. Leaf N was
determined via combustion analysis (Tru Spec CN, Leco,
St. Joseph, MI, USA). Leaf P, K, Ca, Mg, Fe, Mn, Cu, B,
and Zn were determined by ICP-OES (Perkin Elmer
Optima 4300 DV, Wellesley, MA, USA) after microwave
digestion in HNO3.

Data were analyzed by analysis of variance for each year
independently because root sampling locations within each
plot were moved annually. Sampling date, RDI treatment,
and block were used as factors, including the interaction
between sampling date and RDI treatment. Means were
compared using Tukey’s HSD test at 95% confidence. Fine
root length density data were log-transformed before

analysis to correct for violations in the assumption of
homogeneity of variance, and the data presented represent
back-transformed means. All analyses were carried out
using Statistica (version 6.2, Statsoft, Tulsa, OK).

Results

Air temperatures recorded between April and October
(PAWS, Alderdale) were similar across years, except that
2003 was warmer than 2001 and 2002 (Table 1). The sum
of degree days (base 10°C; April 1 to Oct 31) was 1,736 in
2001, 1,669 in 2002, and 1,857 in 2003, whereas the
long-term mean (1991–2003) is 1,624. Major grapevine
phenological stages occurred at fairly consistent dates,
particularly the times of veraison and harvest, which only
varied by up to six calendar days among years. However,
the dates of budbreak and bloom varied by as many as 10
(budbreak) to 12 (bloom) days among years. Rainfall
during the growing season consistently was very low
(<45 mm). Plant demand for water, indicated by ET0, was
highest in 2001. The maximum daily ET0 during the study
was 14 mm. Total irrigation applied to the standard RDI
plots was approximately 298 mm in 2001, 257 mm in 2002,
and 248 mm in 2003. Although 2003 was among the
warmest on record, the amount of irrigation applied in that
season primarily was due to the adoption of a smaller crop
coefficient by the vineyard owner (60% FVET), and partly
due to higher winter rainfall eliminating the need for
supplemental irrigation at budbreak in 2003. Across the
study, the early deficit vines received 79% (2001), 68%
(2002), and 69% (2003) of the total irrigation applied to the
standard RDI vines. The quantity of irrigation applied to
late deficit vines was 78% (2001), 83% (2002), and 82%
(2003) of that applied to the standard RDI vines.

Soil water content in all plots declined steadily during
spring and early summer to about 9% v/v at the time of
bloom across all RDI treatments (Fig. 1), reaching 6.9% in
2001, 7.8% in 2002, and 9.4% in 2003 before the onset of
differential irrigation. After the RDI regimens commenced,
differences in soil water content were apparent and
predictable, with the lowest values in the early deficit
treatment between fruit set and veraison and in the late
deficit treatment between veraison and harvest. When early
or late deficit plots were receiving the same amount of
irrigation as the standard RDI, differences in soil water
content generally were not significant. There was consid-
erable temporal variability because of the practical limi-
tations of weekly applications in a commercial operation,
but both the early and late deficits clearly reduced the
amount of soil water available to vines during the period
that the deficit was applied as was intended.
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That RDI treatments created differences in the soil water
available to the vines was evident in measurements of whole-
vine photosynthesis and transpiration from a companion study
in the same vineyard (Perez Peña 2004; Perez Peña and
Tarara 2004). Just after fruit set but before imposition of
differential irrigation, there were no significant differences
among RDI treatments in daily cumulative transpiration or
net carbon fixation in whole vines. Before veraison, when
the early deficit vines had been exposed to more severe
water stress for about 4 weeks, daily cumulative transpiration
was as much as 50% lower than in vines under standard
RDI. Likewise, within 2 weeks of the imposition of the late
deficit, those vines transpired up to 60% less than vines
under standard RDI. Vines under the early deficit did not
recover after returning to standard RDI between veraison and
harvest; rates of transpiration were intermediate between
those of vines under the late deficit and those under standard
RDI. Seasonal maximum transpiration rates occurred around
the time of veraison (mid-August) when canopies were at
their maximum size and evaporative demand also was at its
highest. By harvest, rates of transpiration and photosynthesis
were low across all RDI treatments because of lower
temperatures, shorter day length, and some canopy senes-

cence. After harvest, differences among RDI treatments were
not significant (Perez Peña 2004).

Sampling date and irrigation significantly (p<0.05)
influenced the density of ‘Cabernet Sauvignon’ fine roots in
all years (Fig. 2; Table 2). Within seasons, the pattern of root
length density among RDI treatments appeared temporally
stable. Fine root length density increased during each season,
reaching a peak at harvest regardless of RDI regimen
(Fig. 2). In all years, the greatest increase in root length
density occurred between bloom and veraison, while the
early deficit RDI was being applied. Across RDI treatments,
the length density of fine roots decreased after harvest in
2001 and 2002, but remained the same from pre- to post-
harvest in 2003 in response to irrigation at FVET immedi-
ately after harvest. On an average basis, across the five
sampling dates, fine root length density in standard RDI
vines was significantly higher than that of late deficit vines
in 2001 and significantly higher than that of early deficit
vines in 2002 and 2003 (Table 2).

Total colonization of fine roots by AMF was not
significantly affected by sampling date or RDI treatment in
2001 and 2002, although late deficit vines had significantly
less total colonization in 2003 than did vines under either the

Table 1 Grapevine phenological stages, meteorological variables, and irrigation applied to deficit-irrigated ‘Cabernet Sauvignon’ vines over
3 years

Year /growth stage Dates GDDsa (°C>10) Precipitationb (mm) ETc
0 (mm) Irrigation (mm)

Standard RDI Early deficit Late deficit

2001
Dormancyd Nov 10–Apr 20 60
Budbreak–bloom Apr 20–May 31 271 10 287 37 34 37
Bloom–veraison May 31–Aug 6 743 15 567 112 72 108
Veraison–harvest Aug 6–Sep 14 477 3 262 103 97 52
Harvest–frost Sep 14–Nov 8 228 16 177 46 33 34
Seasonal total 1719 44 1293 298 236 231
2002
Dormancyd Nov 8–Apr 25 114
Budbreak–bloom Apr 25–Jun 11 262 17 301 11 9 11
Bloom–veraison Jun 11–Aug 9 771 13 499 140 78 134
Veraison–harvest Aug 9–Sep 19 462 4 252 60 48 27
Harvest–frost Sep 19–Oct 25 128 4 104 46 41 42
Seasonal total 1,623 38 1,156 257 176 214
2003
Dormancyd Oct 25–Apr 15 170
Budbreak–bloom Apr 15–Jun 3 232 12 269 0 0 0
Bloom–veraison Jun 3–Aug 5 832 1 512 158 87 143
Veraison–harvest Aug 5–Sep 13 486 19 233 42 40 13
Harvest–frost Sep 13–Oct 21 284 5 148 48 45 48
Seasonal total 1834 37 1162 248 172 204

aGDDs Growing degree days >10°C
bMeteorological data from Washington State University’s Public Agricultural Weather System (PAWS) station near Alderdale, WA ∼10 km west
of the experimental site

c ET0=evapotranspiration for a grass reference crop calculated from the Penman Monteith equation (Doorenbos and Pruitt 1977)
d Dormant season rainfall was summed between the dates of the first frost of the preceding year and budbreak of the current year
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early deficit or standard RDI (Table 2). However, the absolute
difference in total AMF colonization (2003) between late
deficit vines and those in other treatments was small (∼2%)
and probably not biologically meaningful. Arbuscular
colonization consistently was affected by RDI treatment
and sampling date (Fig. 3). Computed as a seasonal average,
there was significantly higher percent arbuscular colonization
in the roots under early deficit (2001, 2002, 2003) and the
roots under late deficit (2001, 2002) than in the roots under
standard RDI (Table 2). Across all RDI treatments, percent

arbuscular colonization of fine roots remained relatively
static after bloom in 2001, increased gradually from bloom
through post-harvest in 2002, and followed a more parabolic
pattern during the season in 2003, reaching maximum values
just after veraison (Fig. 3).

The length density of fine roots with arbuscules (millimeter
of arbuscular root per gram of soil) was significantly greater
(p=0.003) in both early and late deficit vines than standard
RDI vines in 2002, but was not affected by RDI treatment in
2001 or 2003 (data not shown). The length density of

8

10

12

14

16

18 Control RDI 
Early Deficit 
Late Deficit 

2001

V
o

lu
m

et
ri

c 
S

o
il 

W
at

er
 C

o
n

te
n

t 
(%

)

8

10

12

14

16

18 2002

Day of Year

140 160 180 200 220 240 260 280 300

8

10

12

14

16

18 2003

bloom

bloom

bloom

veraison

veraison

veraison

harvest

harvest

harvest

Fig. 1 Effect of RDI treatments
on volumetric soil water content
(0 to 90 cm) in a ‘Cabernet
Sauvignon’ vineyard over
3 years. Symbols represent
means (n=12), with error bars
representing ±SEM. Arrows in-
dicate the dates of bloom,
veraison, and harvest in each
year. The approximate periods
of the early and late deficits are
indicated by the hatched blocks
at the bottom of the plot

556 Mycorrhiza (2007) 17:551–562



extraradical hyphae of AMF (measured in 2003 only) was
not significantly affected by RDI treatment, although hyphal
length density declined (p<0.001) over the course of the
growing season from a high of 51.4 (±1.2 SEM) m/g soil at
budbreak to a low of 35.0 (±2.1 SEM) m/g soil at leaf fall.

Nutrient concentrations measured in leaves in 2003 were not
affected by irrigation treatment, but were affected by sampling
date. For example, leaf Pwas 1.08 (±0.002 SEM) g/kg drymass
at veraison and 0.96 (±0.003 SEM) g/kg dry mass at harvest,
and leaf N was 22.38 (±0.13 SEM) g/kg dry mass at veraison
and 19.28 (±0.19 SEM) g/kg dry mass at harvest. Likewise,

nutrient concentrations in petioles collected from bloom to
harvest (six sampling dates) in 2001 were not affected by RDI
treatment (data not shown). With the exception of P, all macro-
and micro-nutrient concentrations in leaf blades (2003) or
petioles (2001) fell within a range considered to be healthy for
wine grapes (Cook 1966; Gärtel 1996; Robinson 1992).
Phosphorus concentrations of ‘Cabernet Sauvignon’ leaf
blades or petioles were close to the limit considered deficient
for wine grapes, although above the concentration where a
positive vine response to added P fertilizer has been observed
(Cook et al. 1983; Skinner et al. 1988).
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Discussion

Results indicate that reducing the quantity of irrigation water
applied to ‘Cabernet Sauvignon’ grapevines to 30 to 35%
FVET for discrete periods during the growing season reduced
the growth of fine roots but enhanced arbuscular colonization
of roots over that of irrigation at 60 to 70% FVET. These
findings support previous field observations where mycorrhi-
zal colonization was negatively correlated with soil water
content in grafted (Schreiner 2003) and in own-rooted ‘Pinot
noir’ grapevines (Schreiner and Linderman 2005): Both total
colonization and arbuscular colonization increased as soil
water content decreased. By contrast, only arbuscular
colonization was affected by reduced irrigation in the present
study, which could be a cultivar-specific response. In other
plants, AMF colonization of roots has been found to increase
or decrease with roughly equal frequency in response to
drought (Augé 2001), but arbuscule frequency was rarely
examined. Elsewhere, root colonization by AMF was
unaffected by drought in ‘Cabernet Sauvignon’ grapevines
grown in pots, but arbuscule frequency was not assessed
(Nikolaou et al. 2003a, b). Had we only examined total AMF
colonization in the present study, we would have concluded
that water deficits more extreme than those imposed under
standard RDI had no effect. Our data are the first to show a
specific increase in arbuscule frequency in grapevine roots
resulting from controlled water deficit.

What is not known from this study is the benefit to the
plant, if any, of greater arbuscular colonization in the roots
of the more severely stressed vines. AMF were shown to
facilitate increased stomatal conductance and carbon as-
similation of drought-stressed ‘Cabernet Sauvignon’ grape-
vines grown in pots, and this benefit occurred whether or
not AMF had facilitated increased P concentrations in
leaves (Nikolaou et al. 2003a, b). The mycorrhizal vines in
these studies may have had greater access to soil water than
non-mycorrhizal vines, which allowed for higher rates of
transpiration to occur under drought. The extent to which
higher arbuscular colonization may have facilitated plant
access to limited soil water in the more severe deficit
treatments in our field study is not known. Early and late

deficit vines transpired less water and fixed less carbon than
standard RDI vines when the more extreme deficit was
applied. The higher frequency of arbuscules that we
observed in early and late deficit vines apparently did not
enhance vine access to water to a level that was equal to
that of standard RDI vines. However, had arbuscular
colonization not been affected by the severity of RDI,
vines exposed to the more severe water deficits may have
suffered even greater damage from drought (such as
oxidative damage to photosystems, loss of enzyme activity,
and leaf senescence) than just the stomatal limitation of gas
exchange that was observed (Perez Peña 2004).

We hoped to test the hypothesis (2003) that greater
arbuscular colonization of roots would lead to more extra-
radical hyphae in soil in the early and late deficit vines, thus,
providing greater hydraulic contact between roots and soil.
Greater extraradical hyphal lengths, which appeared to
facilitate subsequent soil water uptake, were observed in
mycorrhizal pepper plants exposed to repeated drought cycles
(Davies et al. 1992). However, although percent arbuscular
colonization in roots in our study was greater in the early
deficit vines in 2003, both the length of fine roots with
arbuscules per unit mass of soil and the length of extraradical
hyphae per unit mass of soil were the same among RDI
treatments in 2003. It is unfortunate that we did not measure
hyphae in 2002 when the length of fine roots with arbuscules
per unit mass of soil was significantly higher in the early and
late deficit treatments than in the standard RDI. The length
density of extraradical hyphae in samples from this ‘Caber-
net Sauvignon’ vineyard was about threefold higher than
found previously in a rain-fed ‘Pinot noir’ vineyard sampled
in the same manner (Schreiner 2005b), suggesting that AMF
are more abundant in the irrigated ‘Cabernet Sauvignon’
vineyard. However, this is probably not the case because the
vine roots (and hence, extraradical hyphae) were heavily
concentrated under drip emitters in the ‘Cabernet
Sauvignon’ vineyard, while roots in the rain-fed ‘Pinot noir’
vineyard were distributed over a larger area.

We found no effect of RDI treatment on nutrient
concentrations in leaf blades (2003), nor did RDI treatment
affect nutrient concentrations in petioles collected throughout

Table 2 Effect of RDI treatments on fine root length density and colonization by AMF per season

Treatment Fine root length density (mm/g soil) Total AMF colonization (% root length) Arbuscular colonization (% root length)

2001 2002 2003 2001 2002 2003 2001 2002 2003

Control 9.6a 12.0a 12.6a 90.2 91.1 96.1a 20.8b 24.4b 29.1b
Early deficit 8.5ab 10.1b 9.7b 91.0 93.2 96.2a 27.8a 39.5a 40.0a
Late deficit 7.9b 11.0ab 11.7ab 91.6 93.7 94.2b 31.0a 36.2a 34.6ab
p value 0.020 0.042 0.005 0.511 0.106 0.005 <0.001 <0.001 <0.001

Values are means of an irrigation treatment across five sampling dates (n=20). Means within a column followed by the same letter are not
significantly different (Tukey’s HSD, 95% confidence).
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2001. However, evidence from field studies with other plant
species (Sylvia et al. 1993; Kaya et al. 2003) suggests that
vines in the early and late deficit treatments in our ‘Cabernet
Sauvignon’ vineyard may have relied more heavily upon
AMF to maintain nutrient uptake, particularly P. No differ-
ences were found in leaf nutrient concentrations among RDI
treatments, but fine root length was reduced, while arbus-
cular colonization was increased in early and late deficit
vines; thus, these vines probably relied more on AMF to
supply nutrients than did the vines under standard RDI.

The dependence of fine root growth on soil water content
was evident across RDI treatments. Standard RDI (highest
amount of irrigation) consistently had the highest length
density of fine roots over the growing season, while the early
and late deficit treatments often had lower root length density.
These data contrast with some studies (Freeman and Smart
1976; Höfäcker 1977) where a higher number of fine roots
were produced by grapevines receiving less irrigation.
However, the wet treatments in those studies were irrigated
excessively (e.g., 300% FVET; Freeman and Smart 1976).
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Fig. 3 Seasonal changes in
arbuscular colonization of fine
roots (0–50 cm) of ‘Cabernet
Sauvignon’ grapevines in three
deficit irrigation treatments over
3 years. Symbols represent
means (n=4), with error bars
representing ±SEM. Main
effects of sample date and irri-
gation treatment were significant
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Arrows indicate the time of
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Van Zyl (1988) showed that the maximum number of root
tips was produced by vines that were irrigated at 50% plant
available water (PAW), with fewer roots produced when
either more (irrigated at 90% PAW) or less (irrigated at 25%
PAW) water was applied to ‘Colombar’ on 99 Richter
rootstock. Our results agree with those of Van Zyl (1988).

We confined our root sampling to the soil zones that
were wetted by irrigation, i.e., just beneath drip emitters in
the vine rows. Hand-trenching (2001) revealed that no vine
roots were growing in the alleyway (between rows of
vines), and only large woody roots were growing horizon-
tally between drip emitters in the vine row. Exceptionally
few fine roots were attached to these woody roots between
drip emitters. Because most fine roots in this vineyard were
under the drip emitters, it is not surprising that the fine root
density was much higher than that reported previously in
grapevines (Mohr 1996; Schreiner 2005b).

A clear seasonal growth pattern of fine roots was
apparent in this vineyard independent of irrigation treat-
ment. Fine root length density increased nearly linearly
from budbreak to veraison or harvest, in agreement with
previous reports (Freeman and Smart 1976; Mohr 1996;
Van Zyl 1988), but in contrast with results from a rain-fed
vineyard where maximum root growth occurred after
harvest (Schreiner 2005b). The seasonal pattern of arbus-
cule frequency in fine roots in the present study was similar
to that of the rain-fed vineyard (Schreiner 2005b); arbus-
cular colonization increased after budbreak and generally
remained high until the end of the growing season. The
effect of irrigation on arbuscular colonization in the current
study was more chronic than expected, with consistently
higher arbuscular colonization in both early and late deficit
vines. One would have expected a specific increase to be
constrained to the period of the more extreme water deficit.
However, increased arbuscular colonization was obvious by
bloom, before the onset of differential RDI, suggesting that
vines responded to the degree of water deficit from the
previous growing season. Our analysis began after vines
had been exposed to differential RDI for 2 years. It is
unknown what stimulated greater arbuscular colonization
before each season’s deficits (2001 to 2003), but the
response was correlated with the length of fine roots in
the early and late deficit vines. For example, late deficit
vines had the highest overall arbuscular colonization in
2001 when that treatment also had the lowest density of
fine roots. Likewise, early deficit vines had the highest
arbuscular colonization in 2002 and 2003 when that
treatment had the lowest overall root length. Based on
these observations, we believe that increased arbuscular
colonization under more severe water deficit was largely a
response to reductions in fine root growth.

The opposing response of root length density and
arbuscular colonization was also evident during the post-

harvest period, independent of irrigation treatment. Fine root
length density decreased between harvest and leaf fall in 2001
and 2002 when irrigation was maintained at 60% of FVET,
but remained the same after harvest in 2003 when vines were
irrigated to field capacity right after harvest. Arbuscular
colonization responded in the opposite fashion, increasing
after harvest in 2001 and 2002 and decreasing after harvest in
2003. Thus, when soil water is more readily available, growth
of fine roots increases, and arbuscular colonization decreases.
This effect was not simply due to a dilution effect of root
growth outpacing the spread of AMF within roots because
total AMF colonization did not change. This is true also for
the effect of irrigation deficit on root colonization. The
increase in AMF colonization was specific to arbuscules,
suggesting that the plant either produced some sort of specific
signal(s) perceived by the fungi in roots that stimulated a
greater number of arbuscules to form or that the life span of
existing arbuscules increased in response to drought.

The RDI treatments in this study did not have a
consistent effect on aboveground vine growth, yield, or
fruit quality over 5 years (1999–2003) that different RDI
treatments were imposed in this vineyard (M. Keller,
unpublished data). For example, average shoot dry mass
was lower in the early deficit vines in 2 years, and dormant
season pruning weights were lower in 1 year, but these
variables were not affected in any other year. Yield was not
reduced, nor was fruit quality altered in the early or late
deficit treatments in any year, although yields in this
vineyard were considered low by commercial production
standards. Therefore, production of high-quality wine
grapes appears to be possible with less irrigation than is
applied under the current RDI practice partly because
increased arbuscular colonization by AMF may have
compensated for reduced root length that was brought
about by more severe water deficits. The additional water
deficits applied in this study apparently allowed for
greater expression of AMF activity in the roots of
grapevines.
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