Influence of Drip and Furrow Irrigation on Phytophthora Root Rot

of Citrus Under Field and Greenhouse Conditions

S. J. FELD, J. A. MENGE, Department of Plant Pathology, and L. H. STOLZY, Department of Soil and

Environmental Sciences, University of California, Riverside 92521

ABSTRACT
Feld, S. J., Menge, J. A, and Stolzy, L. H. 1990. Influence of drip and furrow irrigation
on Phytophthora root rot of citrus under field and greenhouse conditions. Plant Dis. 74: 21-27.

The influence of drip and furrow irrigation on the distribution of populations of Phytophthora
parasitica and citrus roots in soil was examined under field conditions and in the greenhouse
and lathhouse. During a 2-yr field study in a 70-yr-old citrus orchard, the soil population
of P. parasitica was significantly lower under drip irrigation than under furrow irrigation;
however, this difference was evident only during the summer months when the fungus was
most active. The abundance of citrus roots under furrow irrigation increased with distance
from the furrow center. Citrus roots under drip irrigation were uniformly distributed in the
area wetted by the emitter. Distribution of P. parasitica propagules correlated directly with
the distribution of citrus feeder roots. In both greenhouse and lathhouse, Phytophthora root
rot of citrus seedlings was most severe where seedlings were watered by drip irrigation or
kept constantly moist by furrow irrigation. Seedlings that received water by furrow irrigation
that allowed the soil to dry sufficiently between irrigations were able to produce more feeder
roots than seedlings grown under drip irrigation. Data obtained from greenhouse and lathhouse
studies indicate that the commonly recommended method of furrow irrigation that allows the
soil to dry to —50 to —70 cb ym between irrigations favors the host plant and reduces damage
by P. parasitica more than the other irrigation methods investigated.

Phytophthora citrophthora R. E. Sm.
& E. H. Sm. and P. parasitica Dastur
are the main causal agents of root rot
of citrus (4). The disease is favored by
abundant soil moisture and is most
severe in fine-textured soils where
drainage is impeded (4). In sandy loam
soils, the greatest destruction of feeder
roots occurs in irrigation furrows, where
saturated conditions favor zoospore
production and movement. Roots out-
side the furrow often remain healthy (9).

Currently in California, root rot of
citrus is controlled by fumigating and
replanting with resistant varieties, reduc-
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ing nutrient and water stress on healthy
trees, applying systemic fungicides, and
avoiding excessive application of water
(2{7). Because water plays such an im-
portant role in root rot disease of citrus,
precise control of Phytophthora spp.
may be possible through careful regu-
lation of irrigation water.

Water is applied to citrus groves using
several irrigation methods: surface
(flood, basin, or furrow), sprinkler, and
drip or trickle irrigation. With surface
and sprinkler methods, a large volume
of the soil becomes saturated [soil matric
potential () = 0 cb] during irrigation.
The University of California Extension
Service recommends that soil be allowed
to dry to —50 to —70 cb between irrigations
(13). Drip irrigation applies water
gradually to the soil. As a result, only

the soil directly under the emitter
becomes saturated during irrigation. Soil
matric potential in the root zone
fluctuates between —10 and —25 cb
throughout the irrigation cycle (12, 13).

Our study examined the effects of drip
and furrow irrigation on distribution of
citrus roots, P. parasitica populations,
and Phytophthora root rot of citrus
under field, greenhouse, and lathhouse
conditions.

MATERIALS AND METHODS

Population of P. parasitica in a field
soil. A furrow-irrigated, 70-yr-old grove
of navel orange on sweet orange (Citrus
sinensis (L.) Osbeck) rootstock at the
Kiel Ranch in Highland, California, was
selected as the experimental site. The soil
was a Greenfield sandy loam.

The grove has a long history of root
rot, and P. parasitica is spread fairly
uniformly throughout the site. Popula-
tions of P. parasitica ranged from 7 to
30 propagules per gram of rhizosphere
soil in two initial samplings. When prop-
agule numbers from any combination of
eight trees were compared to those for
any other eight trees, no significant
differences were found (P = 0.05).

The site consisted of four rows of 16
mature trees each. Two rows of trees
remained under furrow irrigation while
two nearby rows were placed under drip
irrigation. Furrow treatments and drip
treatments were always separated by at
least one buffer row. In each experi-
mental row, we selected eight trees with
similar aboveground symptoms of root
rot disease for use as data trees.
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Trees receiving water by the furrow
method were irrigated on the Sth and
19th days of each month. Each row
received 24 hr of water at a rate of
20 L/min (120 L per tree per day). This
was the normal irrigation regime for the
grove. For drip irrigation, six Rainbird
emitters (EM-A2 series) were placed
under each test tree, three per side. The
entire drip system was regulated by a
Cloud 9 automatic lawn sprinkler control
(a battery-operated timer). Trees under
drip irrigation received water for a 3-hr
period each day at a rate of 2.6 L/hr
(46 L per tree per day). This was con-
sidered the optimum requirement for the
grove based on evapotranspiration re-
quirements.

Test trees were irrigated by the drip
or furrow method throughout the grow-
ing season (approximately from April to
November). Trees were watered natu-
rally by precipitation during the winter
months. Irrigation began in the spring
when soil water matric potentials in the
root zone of trees irrigated by drip
irrigation reached —20 to —25 cb. Water
was applied to trees under furrow irri-
gation on a 2-wk schedule; tensiometer
readings indicated that the first irrigation
occurred when the soil had dried to
—10 to —15 cb. This is normal practice
in the San Bernardino citrus growing
region, in which canal water is provided
on a 2-wk schedule.

Tensiometers were placed at 30-cm
and 45-cm depths to monitor soil water
matric potentials in the root zone of each
experimental tree. Tensiometers at 30 cm
monitored matric potential fluctuation in
the feeder root zone, while those at 45
cm monitored reserve soil water. Tensi-
ometers were placed on the southwest
(sunny) side of both drip-irrigated and
furrow-irrigated trees; this is where the
greatest fluctuation in soil moisture
occurs (14). During the growing season,
soil matric potential in the root zone of
trees under drip irrigation ranged from
—5 to —30 cb at a distance of 30 cm
from the emitter. When measured at 30
cm from the center of the furrow, soil
matric potential in the root zone of
furrow-irrigated trees fluctuated between
0 and —15 cb.

Soil populations of P. parasitica under
the two irrigation methods were moni-
tored for 2 yr, beginning 6 mo after
installation of the drip irrigation lines.
Two soil samples were taken from the
feeder root zone (7.5 to 30 cm deep) of
each experimental tree once per month
using a bucket auger (7-cm diameter),
and then combined. To ensure that mois-
ture conditions were similar in both
furrow-irrigated and drip-irrigated soil,
samples were taken 2 days after furrow
irrigation and 12 hr after completing the
drip-irrigation cycle; in both cases, soil
matric potentials were similar at the 30-
cm depth.

Soil samples were passed through a
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screen with a 2-mm mesh to remove large
roots and rocks. A 1:10 soil dilution
(20 g dry soil in 200 ml water) was made
during the summer months and a 1:5
dilution (20 g dry soil in 100 ml water)
was made during the winter months. Two
replicate dilutions were made per sample.
A 1-ml aliquot per replicate dilution was
added to each of four petri plates and
covered with PVPH selective medium
(21). P. parasitica produces a readily
identifiable colony morphology on this
medium; nevertheless, random colonies
were plated out at regular intervals and
identified to ensure that P. parasitica
colonies could be identified accurately
throughout the year. After 5 days, the
number of colonies per plate was counted
and the population of P. parasitica esti-
mated. Data were analyzed using a multi-
factor analysis of variance.

Distribution of citrus roots and P.
parasitica. Soil cores were taken from
various points around the drip sources
and furrow centers for 2 yr after begin-
ning the irrigation trials. Soil cores were
taken 2 days after furrow irrigation and
12 hr after completing the drip-irrigation
cycle to ensure that soil moisture
conditions were similar (—3 to —15 cb
for furrow irrigation and —5 to —30 cb
for drip irrigation, both measured at 15
cm soil depth) at the time of sampling.
A soil auger (7-cm diameter) was used
to collect samples.

With trees under drip irrigation, core
samples were taken from directly under
the emitter and at distances of 10 and
20 cm from the emitter; the latter cores
were taken at the corners of a rectangle
centered on the emitter. Soil cores taken
under the emitter and at 10 cm distance
were divided into four sections according
to depth: 0-5, 5-15, 15-30, and 30-40
cm. Cores taken at 20 cm from the
emitter were divided into sections for 0-5
and 5-15 cm depths. With trees under
furrow irrigation, soil cores were taken
directly under the furrow center and at
20 and 40 cm from the center. These cores
were taken in a single vertical plane, with
the 40-cm core taken closest to the tree
trunk. Cores from furrow-irrigated soil
were divided into four sections according
to depth: 0-5, 5-15, 15-30, and 30-40
cm.

Samples were taken from 15 trees
under drip and furrow irrigation during
July and August, 1979—the two warmest
summer months. Samples were taken
randomly within the tree rows. The pres-
ence or absence of roots was recorded
for each soil core and the population of
P. parasitica in each core was estimated
using a soil dilution plate method and
PVPH selective medium (22). P. para-
sitica frequency was monitored again the
following year, with results similar to
those reported here. Soil water matric
potential and root frequencies were
monitored for 1 yr only, since the amount
of water and soil characteristics were the

same for both years.

Greenhouse disease severity studies.
We used chlamydospores to infest soil
because they provide a measurable, uni-
form source of inoculum with a high
survival rate (19). Chlamydospores were
produced and harvested according to the
methods of Tsao and Oster (23). Spore
viability was determined to be 95%, and
germination was 80% (20).

A field soil, Greenfield sandy loam,
was autoclaved for two 2-hr periods with
a 24-hr interval. P. parasitica could not
be isolated from soil or root pieces after
autoclaving. Using a cement mixer,
chlamydospores were incorporated into
72 kg of autoclaved soil to achieve a final
inoculum density of 450-500 spores per
gram of soil. A suspension of 6 X 10*
spores per milliliter was added gradually
to the soil (to prevent clumping). The
total volume of liquid added was 3 L
(600 ml spore suspension + 2400 ml
sterile water). Three liters of sterile water
were added to noninfested control soil.
Each soil was mixed for 30 min, which
was adequate to mix the inoculum
uniformly. Samples taken immediately
after mixing and plated on PVPH
selective medium (22) yielded popu-
lations of P. parasitica that were not sig-
nificantly different; the average was 102
propagules per gram of soil. No fertilizer
was applied at the time of mixing.

Twelve kilograms of infested or non-
infested soil were placed into each 12-L
plastic pot. A single mycorrhizal six-
week-old sweet orange seedling (C.
sinensis ‘Pineapple’) was planted in each
pot. The mycorrhizal fungus species was
Glomus deserticola Trappe, Bloss &
Menge. Pea gravel was used as a mulch
to prevent cracking of the soil surface.
A tensiometer was placed in each pot
to monitor fluctuations in soil moisture.

Simulated drip and furrow irrigation
systems were the same for both green-
house experiments. The drip system con-
sisted of a polyethylene main line (1.6-
cm diameter) to which emitters were
attached. Spaghetti tubing (10-mm
diameter) ran from each emitter to its
respective pot. Water was applied at a
slow rate (12-15 ml/min) so as not to
exceed a slow, steady drip. The simulated
furrow irrigation system involved apply-
ing water to each pot by hand (4 L/min.)
until the soil became saturated. Seedlings
from both experiments were irrigated
with a 14% Hoagland’s solution lacking
phosphorus.

In the first greenhouse experiment, six
infested and six noninfested sweet orange
seedlings were watered by either the sim-
ulated drip or simulated furrow method.
Under drip irrigation, seedlings were
watered every 5-7 days to maintain a soil
matric potential in each pot of —5 to
—30 cb. Under the furrow method,
seedlings were watered weekly to estab-
lish a soil matric potential of 0 to —15
cb in each pot. Water was applied until



the tensiometers reached zero suction;
the soil was then allowed to dry to —15
cb before the next irrigation. The soil
matric potentials under these irrigation
methods mimicked those measured
under field conditions at the Highland
site. This experiment was repeated once.

The irrigation methods used in the
second greenhouse experiment were
similar to those in the first, except that
the two furrow irrigation methods used
simulated those recommended by the
University of California Extension
Service (13). In the first furrow method,
seedlings were watered every 7-10 days;
the soil matric potentials in pots fluc-
tuated between 0 and 50 cb. In the second
furrow method, seedlings were watered
every 10-14 days; soil matric potentials
fluctuated between 0 and 70 cb. Seedlings
under drip irrigation in this experiment
were watered in the same way as those
in the first greenhouse experiment.

Data were collected at the end of a
3-mo period, when significant differences
could be visually observed. Plant dry
weights were obtained and the percent-
age of healthy root tips was determined
by visual observation. The independent
observations of three raters were aver-
aged for each plant. The population of
P. parasitica in the rhizosphere soil was
estimated from three replicate samples
per pot using a soil dilution plate tech-
nique with PVPH selective medium (22).
Data were evaluated using Duncan’s
multiple range test, two-way Anova, and
t tests, all with similar results.

Lathhouse disease severity studies.
Two lathhouse beds (1.2 X 4.6 X 0.5 m)
were filled with soil from the Highland
field site. The soil was covered by a tarp
and then fumigated with methyl bromide
at a rate of 0.65 kg per cubic meter. P.
parasitica could not be isolated from soil
samples or root pieces that had been
fumigated. Treatment plots (each 1.8 m
long) were established at the ends of each
bed; the center section (0.9 m) was left
as a buffer zone. One lathhouse bed
received drip irrigation and the other
received furrow irrigation.

One end of each bed received chlamy-
dospore inoculum of P. parasitica, which
was prepared as in the greenhouse study.
Chlamydospores were incorporated into
the soil by layering inoculum and soil
in the bed selected for infestation. Inoc-
ulum was mixed within each 15-cm layer
using a garden hoe. Final inoculum
density was estimated at 30 chlamydo-
spores per gram (dry weight) of soil by
plating on PVPH selective medium (22).

Twenty-four six-week-old mycorrhizal
sweet orange seedlings were planted in
each treatment plot. The mycorrhizal fungus
species was G. deserticola. During the
first week, seedlings were watered man-
ually as needed. Later, seedlings were
watered by either drip or furrow irriga-
tion. The drip system consisted of a poly-
ethylene line (1.6-cm diameter) con-

nected to the water source. Twelve
emitters were attached to the line for each
treatment plot. Seedlings under drip
irrigation were watered periodically to
maintain a soil matric potential of
—5 to —30 cb. Under furrow irrigation,
water was applied manually to furrows
when the the soil matric potential
reached —50 to —70 cb; water was applied
until the soil was saturated. During the
winter months (November-March), the
seedlings were watered by precipitation
only.

After 1 yr, root and total dry weight
of the seedlings were measured and the
amount of root rot was estimated by
visual observation. The independent
observations of three raters were aver-
aged for each plant. Data was evaluated
by Duncan’s multiple range test, two-way
Anova, and ¢ tests, all with similar re-
sults. The experiment was repeated the
following year, except that different beds
were irrigated. The trends were identical
during both years; however, only the
second-year data is presented here.

RESULTS

Population of P. parasitica in a field
soil. The soil population of P. parasitica
associated with mature orange trees (Fig.
1) under both drip and furrow irrigation
fluctuated periodically throughout the
year. Propagule counts were low—
essentially zero—during winter months,
but they began to increase between April
and May. The P. parasitica population
reached its maximum level in July or
August (32 propagules per gram in the
first year; 17 propagules per gram in the
second), a pattern seen in both years.
There was no significant difference in

population observed between irrigation
methods during the cool winter months.
During the warmer summer months
(July-October) when the fungus was
most active, however, a significant dif-
ference (P = 0.05) in P. parasitica
population between the two methods was
observed. In the first year, the average
population of P. parasitica under drip
irrigation during these months was 43%
of that under furrow irrigation; in the
second year, the average population was
54% of that under furrow irrigation
(Fig. 1).

Distribution of citrus roots and P.
parasitica. Core samples from drip and
furrow irrigation sites were grouped into
zones based on moisture content (Fig.
2A,C) and matric potential (Fig. 2B,D).
Soil water potential values were extrapo-
lated from a moisture release curve con-
structed for the soil at the field site.

Core samples from furrow-irrigation
sites were grouped into four moisture
zones (Fig. 2A,B). Zone 1 contained
cores taken at a depth of 0-5 cm and
adistance of 9 and 20 cm from the furrow
center. Their average moisture content
was 23% (0 to —5 cb). Zone 2 contained
cores taken at a depth of 0-5 cm and
a distance of 40 cm from the furrow
center, and cores taken at a depth of 5-15
cm and distances of 0 and 20 cm from
the furrow center. The average moisture
content of these cores was 17% (—3 to
—15 cb). Zone 3 contained cores taken
at a depth of 5-15 cm and a distance
of 40 cm from the furrow center, and
cores taken at a depth of 15-30 cm and
distances of 0 and 20 cm from the furrow
center. Their average moisture content
was 15% (—15 to —40 cb). Zone 4
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Fig. 1. Soil population of Phythophthora parasitica in a 70-yr-old citrus grove as influenced
by drip and furrow irrigation over a 2-yr period. A significant difference (P = 0.05) was observed
between treatments only during the period July-October for both years.
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contained cores taken at a depth of 30-40
cm and a distance of 0, 20, and 40 cm
from the furrow center, and cores taken
at a depth of 15-30 cm and a distance
of 40 cm from the furrow center. Their
average moisture content was 13% (-10
to -70 cb). Starting at the surface,
boundaries between the zones were
established at 20, 16, 15 and 10% average
moisture content.

Cores from drip irrigation sites were
also grouped into four moisture zones
(Fig. 2C,D). Zone 1 contained cores
taken at a depth of 0-5 cm and distances
of 0 and 10 cm from the emitter; the
average moisture content was 22%
(—1 to —5 cb). Zone 2 contained cores
taken at a depth of 0-5 cm and a distance
of 20-30 cm from the emitter (the border
of the wetted area), and cores taken at
a depth of 5-15 cm and distances of 0
and 10 cm from the emitter. Their
average moisture content was 16% (—5
to —30 cb). Zone 3 contained cores taken
at a depth of 5-15 cm and a distance
of 20-30 cm from the emitter, and cores
taken at a depth of 15-30 cm and
distances of 0 and 10 cm from the emitter.
The average moisture content of these
cores was 12% (—10 to —75 cb). Zone
4 contained cores taken at a depth of
30-40 cm and distances of 0 and 10 cm
from the emitter. Their average moisture
content was 11% (—20 to —200 cb).
Boundaries between the zones were
established at 18, 14, 12, and 10% average
moisture content.

Figure 2 (E,F,G,H) shows the distri-
bution of citrus roots and P. parasitica
within the moisture zones described
above. Frequencies shown in the figure
were calculated by dividing the total
number of core samples into the number
of times that roots or P. parasitica were
observed in those samples, and then
multipling the result by 100. Under
furrow irrigation (Fig. 2E), the greatest
root frequency occurred in moisture zone
2 (—3 to —15 c¢b; 27, 40, and 33%) and
in cores taken 40 cm from the furrow
center at any depth (27, 100, 57, and
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26 *|:° 3 i“c under the furrow center contained roots;
12 (o)

\“ s s cores taken 40 cm under the center
%MC % MC . e . .
contained no roots. Under drip irrigation
76 83 60| 3 1 N3 0| (Fig. 2G), root frequency was high,
b e indicating a concentration of roots in the
1M z \znc z small wetted zone. Roots were also more
e 1Y B .
H u uniformly spread throughout the mois-
ture zones than they were under furrow
3 e, 24 40|, irrigation. Few roots were found near the
soil surface (0-5 cm depth) under drip
irrigation.
O o : o )
0K Jeo L Swwuc—deo Under furrow irrigation, P. parasitica

DISTRIBUTION OF ROOTS UNDER
ORIP IRRIGATION
(NMC=%MOISTURE CONTENT)

DISTRIBUTION OF PHYTOPHTHORA UNDER
ORIP IRRIGATION
(% MC= % MOISTURE CONTENT)

was isolated most frequently in moisture
zone 2 (27, 60, and 13%) and in soil cores
taken 40 cm from the furrow center (13,

Fig. 2. Comparison of moisture zones, root distribution, and Phytophthora parasitica distribution
under drip and furrow irrigation. Soil moisture zones are based on percentage of soil moisture
or matric potential under furrow (A,B) and drip (C,D) irrigation. Root frequency (E,G) =
number of samples where roots were observed/total number of samples for any position X
100. P. parasitica frequency (F,H) = number of samples where P. parasitica was observed/
total number samples for any position X 100.
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33, 43, and 33%) (Fig. 2F). P. parasitica
was not found in soil cores taken from
the furrow center at the 0-5 or 30-40
cm depths (Fig. 2F). The frequency of
P. parasitica isolation under drip irriga-



tion was similar in distribution to root
frequency (Fig. 2H). The highest fre-
quency of the fungus was found in the
soil directly under the emitter at a depth
of 5-30 cm (—3 to —40 cb) and in
moisture zone 3 (—15 to —40 cb). The
frequency decreased as depth and dis-
tance from the emitter increased.

Because the positions sampled under
the different irrigation methods were not
identical, it is difficult to determine how
aparticular method affected P. parasitica
frequency. A comparison of wetted
areas, however, shows that P. parasitica
was isolated from 23% of the furrow-
irrigated sites and 22% of the drip-
irrigated sites.

Greenhouse disease severity studies.
Under greenhouse conditions, sweet
orange seedlings grew equally well in
infested soil under simulated drip (¢m
= —5 to —30 cb) or simulated furrow
(ym = 0 to —1S cb) irrigation (Table
1). Total plant and root dry weights of
P. parasitica-infected plants were re-
duced significantly compared to dry
weights of noninfected plants. Seedlings
grown in infested soil under either
method had fewer healthy roots than did
the control plants. Final populations of
P. parasitica in infested soil under the
two irrigation methods were comparable.
Results were similar when this experi-
ment was repeated.

In the second greenhouse experiment,
sweet orange seedlings grown in P.
parasitica-infested soil under simulated
drip (¢ym = —5 to —30 cb) or simulated
furrow irrigation (ym = 0 to —50 cb,
¢m = 0 to —70 cb) had total dry weights
significantly less than those of control
plants grown in noninfested soil. Weights
were reduced by 64% under drip irriga-
tion; by 58% under the first furrow
system (0 to —50 cb); and by 54% under
the second furrow system (0 to —70 cb)
(Table 2). Similar reductions occurred in
root dry weight, with no significant dif-
ferences between irrigation methods.

Under all irrigation methods, the per-
centage of healthy roots was lower in
infested soil than in noninfested soil.
The fewest healthy roots (33%) occurred
in seedlings grown in infested soil under
simulated drip irrigation. More healthy
roots (46%) were found on seedlings
grown in infested soil under the first
furrow system (0 to —50 cb), and sig-
nificantly more roots (66%) were present
under the second furrow system (0 to —70
cb). Irrigation method did not signi-
ficantly affect the populations of P.
parasitica in soil surrounding infected
seedlings; main effects accounted for
most of the variation observed. There
was, however, a significant interaction
(P = 0.05) between P. parasitica and
irrigation method with respect to the
percentage of healthy roots.

Lathhouse disease severity studies. In
the lathhouse, total dry weights of sweet
orange seedlings grown under drip

irrigation were reduced 67% by P. para-
sitica, while dry weights of seedlings
grown under furrow irrigation (ym =
0 to —70 cb) were reduced by only 37%
(Table 3). Only 349% of the roots of drip-
irrigated seedlings were healthy, com-
pared to 50% for the furrow-irrigated
seedlings. Plants grown in noninfested
soil grew equally well under both irri-
gation methods; no significant difference
was observed in plant dry weight or
percentage of healthy roots. Again, there
was a significant interaction (P = 0.05)
between P. parasitica and irrigation
method.

DISCUSSION

Excess soil moisture has been related
consistently to incidence of Phytoph-
thora root rot of citrus (6, 8, 9, 17, 21).
It is generally accepted that saturated soil
conditions stimulate the production and
release of zoospores and provide the
medium in which zoospores move (3, 5,
10). Saturated conditions may also in-
crease root damage by reducing the host’s
ability to produce new roots to replace
those lost to disease (17).

Our study demonstrates that the soil
population of P. parasitica in the field
can be significantly greater under furrow
irrigation than under drip irrigation. This
difference in population may be due to
the greater numbers of zoospores re-
leased under furrow irrigation. Most

Phytophthora spp. require saturated or
nearly saturated conditions to release
zoospores. During irrigation, soil around
the root zone of furrow-irrigated trees
reaches saturation (12, 13). This is not
the case with trees watered by the drip
method; only the soil immediately below
the emitter becomes saturated (12). As
a result, the roots of drip-irrigated trees
may receive considerably less zoospore
inoculum.

P. parasitica is known as a warm-
temperature Phytophthora; in vitro, the
fungus grows best at 30-32 C (14). At
the field site, soil temperatures below
10 C were recorded from November to
January. Temperatures began to increase
in February, reaching maximum levels
(25+ C) during July, August and Sep-
tember. In October, temperatures slowly
declined. The high soil population of P.
parasitica during the summer and the
low, essentially nondetectable popula-
tion during the winter correlate directly
to these changes in soil temperature. This
fluctuation occurred under both irriga-
tion methods. Our findings are consistent
with those of Marks et al. (11), who were
able to correlate soil temperature with
a population density index (PDI) and
disease hazard for the P. cinnamomi-
Eucalyptus system. Although the pop-
ulation of P. citrophthora was not moni-
tored, the only colonies of this species
isolated from the soil were found during

Table 1. Growth of sweet orange seedlings in Phytophthora parasitica-infested and noninfested
soil under two soil irrigation methods in the greenhouse™

Dry weight/plant (g)

Healthy P. parasitica

Irrigation method Total plant Roots roots (%)’ population®
Simulated drip (-5 to -30 cb)

Noninfested soil 6.8a 19a 98.5 a 0.0b

Infested soil 1.8b 0.7b 3130 9.0a
Simulated furrow (0 to -15 cb)

Noninfested soil 6.4 a 23a 98.6 a 00b

Infested soil 240 09b 21.8b 7.0a

*Each value is a mean of six observations; values followed by the same letter are not significantly

different (P = 0.05).

YPercentages were arc sine transformed before analysis to stabilize the variance.

*Propagules per gram of dry soil.

Table 2. Growth of sweet orange seedlings in Phytophthora parasitica-infested and noninfested
soil under three soil irrigation methods in the greenhouse”

Dry weight/plant (g)

Healthy P. parasitica

Irrigation method Total plant Roots roots (%)’ population®
Simulated drip (-5 to -30 cb)

Noninfested soil 16.3a 55a 95.0a 0.0b

Infested soil 6.0b 20b 333c 140 a
Simulated furrow (0 to to -50 cb)

Noninfested soil 15.6 a 53a 933a 00b

Infested soil 6.5b 2.1b 45.5 be 82a
Simulated furrow (0 to -70 cb)

Noninfested soil 188 a 6.0a 95.8 a 00b

Infested soil 8.7b 35b 65.8 b 8.0a

*Each value is a mean of six observations; values followed by the same letter are not significantly

different (P = 0.05).

YPercentages were arc sine transformed before analysis to stabilize the variance.

*Propagules per gram of dry soil.
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the cooler months of the year. P. citroph-
thora grows best at temperatures of
24-28 C (14).

Under furrow irrigation, host roots
were found with greatest frequency in the
drier zones and farthest from the furrow
center. Roots in these areas appeared to
be the safest from attack by P. parasitica,
since the ratio of root frequency to P.
parasitica frequency was the highest
(Fig. 2E,F,G,H). Although these areas
became saturated during irrigation, they
dried much more rapidly than areas
closest to the furrow center. Results
presented here and those from similar
greenhouse studies conducted by Stolzy
et al. (17) indicate that new feeder roots
develop to compensate for those lost to
infection during irrigation, provided that
the soil is allowed to dry sufficiently
before additional irrigations. Constantly-
wet, P. parasitica-infested soil, such as
that close to the furrow center or in
“overwatered” pots of the greenhouse
experiment, is not conducive to root tip
regeneration. Eventually, feeder root
numbers decrease in these locations due
to repeated infections during irrigation.
Under drip irrigation, feeder roots are
more uniformly spread throughout the
moisture zones, a type of root develop-
ment consistent with the more constant
soil moisture levels maintained during
the irrigation cycle. Under either irriga-
tion method, the distribution of P. para-
sitica corresponds to the distribution of
feeder roots; high concentrations of Phy-
tophthora spp. are more likely to be
found in areas with high concentrations
of feeder roots.

Results from one lathhouse and three
greenhouse experiments indicate that
citrus root rot caused by P. parasitica
is favored by overirrigated soil under
furrow irrigation (ym = 0 to —15 cb)
and consistently moist soil under drip
irrigation (ym = —5 to —30 cb). Roots
growing in soil watered by either of these
irrigation methods produced very few
new feeder root tips to replace diseased
ones. Under these conditions, the entire
root system can eventually be destroyed
by the fungus. When citrus seedlings were
grown under a furrow-irrigation method
that allowed the soil to dry sufficiently
between irrigations (¢ym 0 to —70 cb),

new feeder roots were continually pro-
duced and the plants were significantly
healthier than those grown under other
methods. Significant (P = 0.05)
interactions between irrigation and P.
parasitica and citrus occurred only when
the soil was allowed to dry to —70 cb.
Timmer and Leyden (18) also found a
higher incidence of disease under drip
irrigation than under flood irrigation in
a Texas field study. As in our study,
irrigation methods did not appear to
influence root development in non-
infested soil. The influence of irrigation
on root development is seen only when
the host and pathogen interact.

Using a method of watering citrus
seedlings in containers that closely
resembles our “overwatering” furrow
method (Yym = 0 to —15 cb), Tsao and
Garber (21) found that periodic
waterlogging of the soil was very con-
ducive to root infection if that soil was
infested by Phytophthora spp. Their
conclusions agree with our results. Stolzy
et al. (16) developed several watering
methods that enhance root decay by P.
parasitica. They found that soil satura-
tion was the key factor in increasing root
decay and that length of saturation time
was more critical than frequency of
saturation. Their method of saturating
the soil three times per month resembles
our “overwatering” furrow method and
it led to a high percentage of root decay.
Their method of saturating the soil twice
per month resembles the University of
California-recommended furrow method
(ym = 0 to —70 cb) that we used; it led
to a low percentage of root decay. These
data agree with the results of our study.

Stolzy et al. (16, 17) went on to show
that soil aeration is a contributing factor
in root decay. A low oxygen supply in
soil prevents growth and regeneration of
roots, even in the absence of pathogens.
Irrigation methods used in our study did
not appear to limit soil oxygen. All
allowed the citrus seedlings to produce
an ample supply of roots in the absence
of Phytophthora. Without the presence
of Phytophthora, a decrease in soil
oxygen can perhaps be tolerated by
citrus. When Phytophthora is present,
however, citrus roots become more sus-
ceptible to oxygen reduction. Fusarium

Table 3. Growth of sweet orange seedlings in Phytophthora parasitica-infested and noninfested
soil under two soil irrigation regimes in lathhouse beds’

Dry weight/plant (g)

Healthy

Irrigation method Total plant Roots roots (%)*
Drip (-5 to -30 cb)

Noninfested soil 75a 375a 85.7a

Infested soil 36¢ 124 ¢ 340c
Furrow (0 to -70 cb)

Noninfested soil 7.7a 33.1a 86.5a

Infested soil 5.6b 20.8 b 49.7b

YEach value is a mean of 24 observations; values followed by the same letter are not significantly

different (P = 0.05).

“Percentages were arc sine transformed before analysis to stabilize the variance.
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solani, a ubiquitous saprophyte on citrus
roots, may also be involved in the inter-
action between irrigation, oxygen, and
Phytophthora; F. solani is known to
inhibit root development in citrus. F.
solani may initiate infection only when
roots are first injured either by low
oxygen or by P. parasitica (1).

In conclusion, good irrigation prac-
tices are essential to reduction of the
effects of citrus root rot. Although drip
irrigation and overwatering by furrow
irrigation does not harm seedlings in soil
free from P. parasitica, these methods
of irrigation could be damaging where
P. parasitica is a problem. Drip irrigation
may help prevent the spread of P. para-
sitica, since it apparently leads to a
reduction in the formation and move-
ment of zoospores. From our greenhouse
and lathhouse studies, watering citrus
using the commonly recommended
method of furrow irrigation (ym from
0 to —70 cb) greatly aids the host in
overcoming root damage caused by P.
parasitica, despite the fact that this
method may increase the spread of the
pathogen.
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