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Abstract – Several methods can be used to provide water to plants in cropping systems where irrigation is necessary. For instance, drip irrigation
has recently received much attention due to its advantages for water conservation. The type of irrigation can also impact the development of
several pathogens responsible for soilborne diseases. Here, we studied the effect of drip irrigation and furrow irrigation on the development
of grey mould, caused by the airborne fungus Botrytis cinerea, on tomato plants. A field experiment was conducted in 2004 in five unheated
greenhouses. Plants were examined individually every 8 days and the proportion of plants attacked by grey mould on leaves, stems or fruits
was recorded from the end of March until the end of June. Our results show that the attacks of Botrytis on the stems occurred earlier in furrow
irrigation, 98.8 days after planting on average, than in drip irrigation: 106.3 days after planting. The kinetics of plant infection on stems, leaves
and fruits were higher under furrow than under drip irrigation. Disease severity was measured by the average number of stem lesions per
plant. Disease severity was higher in plants under furrow than under drip irrigation, reaching 1.32 and 0.99, respectively, at the end of June.
Plant mortality due to grey mould was first recorded at 94 and 110 days after planting, respectively, in the furrow- and in the drip- irrigated
greenhouses. These results suggest that drip irrigation could be a useful tool for the implementation of integrated protection schemes and for
reducing the use of pesticides in unheated tomato greenhouses. They may also provide an additional incentive for growers to switch from
furrow to drip irrigation in sheltered tomato production.

tomato / Lycopersiconesculentum / Botry tiscinerea / Algeria / sheltered crops / irrigation

1. INTRODUCTION

Commercial vegetable production in semi-arid regions such
as Northern Algeria relies on irrigation. Both sprinkler and fur-
row irrigation are commonly used in Algeria, as in other parts
of the world (Ashcroft et al., 2003; Hanson and May, 2006;
Locascio, 2005; Yohannes and Tadesse, 1998). However, drip
irrigation is increasingly being adopted by farmers worldwide,
including in unheated tomato greenhouses. Studies compar-
ing sprinkler or furrow irrigation with drip irrigation in toma-
toes and in other crops have shown that drip systems gener-
ally have better water-use efficiency and often provide higher
yields (Ashcroft et al., 2003; Flowers et al., 2005; Hebbar
et al., 2004; Singandhupe et al., 2003; Tiwari et al., 2003;
Yohannes and Tadesse, 1998).

Irrigation methods may also have significant effects on
plant health (Rotem and Palti, 1969). Sprinkler irrigation has
been shown to foster the development of water-dependent
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plant pathogens (Rotem et al., 1970). Furrow irrigation has
been associated with salt accumulation, resulting in seedling
mortality, in several crops, including tomato and pepper
(Miyamoto et al., 1986). Furrow irrigation is also considered
to foster the development of economically important soilborne
diseases. In studies conducted on field tomatoes under fur-
row irrigation, root rot caused by Phytophthora parasitica de-
veloped faster and disease severity was greater in plots that
received prolonged irrigation treatments, in comparison with
less abundant irrigation (Ristaino et al., 1988). Similar results
were obtained with root and fruit rot, caused by P. capsici on
pepper (Café-Filho et al., 1995). In comparative studies of drip
and furrow irrigation, the incidence of Phytophthora root rot
was greater and the marketable yield of pepper was lower un-
der furrow than under drip irrigation (Xie et al., 1999). Sim-
ilarly, on lettuce crops, the incidence of lettuce drop caused
by Sclerotinia minor and the severity of corky root caused
by Rhizomonas suberifasciens were significantly higher under
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furrow than under drip irrigation (Subbarao et al., 1997; Wu
and Subbarao, 2003).

In contrast with these results, switching from furrow to
drip irrigation may not always have beneficial effects on crop
health. Nischwitz et al. (2004) reported an increase in char-
coal rot, caused by Macrophomina phaseolina, in Arizona
fields where melon growers switched from furrow to drip ir-
rigation systems. They found significantly higher inoculum
levels in soil samples taken from drip-irrigated than from
furrow-irrigated fields and suggested that drip irrigation may
contribute to higher disease incidences. For other soilborne
diseases, the impact of the irrigation method may not be so
important. For example, Xiao et al. (1998) reported no signifi-
cant differences in incidence or severity of Verticillium wilt be-
tween drip- or furrow-irrigated cauliflower plots in California.

In contrast with soilborne diseases, little is known on possi-
ble effects of drip irrigation systems on air-disseminated plant
pathogens and diverging results have been reported. A re-
duction of downy mildew of lettuce caused by Bremia lactu-
cae was observed in crops grown under drip irrigation, com-
pared with furrow irrigation, in California’s central coast area
(Scherm and van Bruggen, 1995). However, in another study
in the Salinas Valley, no significant differences were found be-
tween the two types of irrigation (Subbarao et al., 1997). Sim-
ilarly, Allen et al. (1992) reported that the incidence of bac-
terial blight of cotton caused by Xanthomonas campestris pv.
malvacearum was neither greater nor lower in furrow- than in
drip-irrigated plots in different years.

In sheltered vegetable culture in the Mediterranean area,
grey mould, caused by Botrytis cinerea, is one of the most se-
rious airborne diseases both in terms of incidence and in terms
of the difficulties encountered by growers for its management
(Elad and Shtienberg, 1995). Although published data on the
prevalence of this disease in Algeria are lacking, preliminary
surveys conducted by our group in vegetable production areas
of northeastern Algeria have shown that grey mould is also
a major plant health concern. As water may play an impor-
tant role in the epidemiology of this disease (Holz et al., 2004;
O’Neill et al., 1997), we hypothesised that the type of irriga-
tion system could influence the development of this disease,
and that changing from traditional furrow irrigation to drip ir-
rigation could help farmers reduce its impact.

The objective of this work, therefore, was to compare the
development of grey mould and its impact on plant mortality
in sheltered tomato crops under furrow and drip irrigation in
commercial conditions.

2. MATERIALS AND METHODS

2.1. Experimental site

The experiment was conducted in five unheated tunnel
greenhouses located on a private farm in Bejaia, on the
Mediterranean agricultural coastal band of northern Algeria,
where protected vegetable production is dominant. Each un-
heated greenhouse was 50 × 8 m and consisted of 3m-high
metal arches covered with a plastic film. The greenhouses

Figure 1. Unheated tomato greenhouse showing the vertical side
openings used by growers for passive ventilation.

were oriented north-south, with the sea shore approximately
50 metres to the north. Passive ventilation occurred through
the doors (one at each extremity of the greenhouse) and
through vertical side openings obtained by separating adjacent
plastic sheets along the tunnel (Fig. 1).

2.2. Field management

Tomato seedlings (Lycopersicon esculentum L. cultivar
Agora, Vilmorin, France) were produced locally in a small
tunnel and transplanted into the five greenhouses at age
60 days, on February 1st, 2004. Each greenhouse contained
770 seedlings arranged in 7 lines, 0.8 m apart. In a line, the
distance between two seedlings was 0.4 m, resulting in an av-
erage planting density of ca. 1.9 plants.m−2.

Throughout the season, three types of fertilisers were ap-
plied to all greenhouses according to the stage of development
of the plants. Basic fertiliser, NPK (15-15-15), was applied
prior to plantation during tilling at a rate of 50 kg per green-
house. Then, 10 kg of ammonitrate (33.5%w) were applied
at the time of the first hoeing, three weeks after plantation.
This application was repeated in early April at the beginning
of fructification and in early May at the beginning of harvest.

Weeding was carried out by hand three weeks after planta-
tion. Due to heavy development of weeds in the greenhouses
under furrow irrigation, this operation was repeated through-
out the season in those greenhouses, every two weeks until the
first harvest and then once a month during harvest. In green-
houses under furrow irrigation, hand weeding was systemat-
ically accompanied by hoeing and ridging of the plants, to
loosen the soil and protect the root systems and to maintain the
shape of the furrows. Pesticides were applied on several occa-
sions by the farmers. Benomyl, folpel+metalaxyl, maneb, pen-
conazole and sulphur were used to control fungal pathogens,
and methomyl was used against insect pests.

In all greenhouses, the plants were trellised, and starting
in early April, axillary buds were removed every 2 weeks
to maintain a single stem. The leaves located below the first
flower truss were removed after the first harvest. To reduce
slightly the total amount of foliage, further leaf pruning was
done following the successive harvests on subsequent trusses,
with only one leaf removed from a plant each time.

Throughout the growing season, water was provided either
as furrow or as drip irrigation. Furrow irrigation was applied
at weekly intervals, amounting to a minimum of 20 L of water
per plant in a week. Drip irrigation was applied for 2 hours
twice weekly, amounting to approximately 8 L of water per
plant in a week.
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Figure 2. Schematic representation of a greenhouse showing the
7 rows of plants (each represented by a small rectangle) and five plots
(A to E), each represented by a large rectangle. The double arrows
(↔) indicate the locations of the side openings as shown in Figure 1.

2.3. Experimental design and statistical analyses

Among the five commercial greenhouses available for the
study, two were under furrow irrigation and three under drip ir-
rigation. In each greenhouse 5 plots were delimited, each con-
taining 21 plants over 3 adjacent rows (Fig. 2). The greenhouse
environment is known for the heterogeneous spatial distribu-
tion of its microclimate (Boulard et al., 1999). For a climate-
dependent disease such as grey mould, this is likely to have
implications in terms of disease development. As we did not
have adequate equipment to monitor this heterogeneity during
the experiment, the plots were arranged relative to sunlight dis-
tribution and to possible air currents linked to doors and side
openings, to maximise the exposure to this potential hetero-
geneity. In each plot, all the plants were examined individu-
ally every 8 days and the incidence of grey mould on leaves,
stems and fruits was recorded from the end of March until the
end of June (12 observations). Other diseases, such as pow-
dery mildew, Cladosporium leaf mould and downy mildew oc-
curred occasionally on the foliage. As these diseases were ef-
ficiently controlled by the growers, no epidemic development
was observed and their incidence was not monitored.

Statistical analyses were carried out using appropriate mod-
ules of Statistica (Statsoft, Inc., Tulsa, USA), and included
Student’s t tests, analyses of variance, and when needed,
Newman and Keuls’ test for multiple comparisons of means.
In all analyses, the elementary replicate was the greenhouse.
To compute the Student’s t statistics, the values of observa-
tions for all five plots of a greenhouse were averaged. Anal-
ysis of variance was used to test specific plot effects within
the greenhouses. To facilitate hypothesis testing concerning
the kinetics of disease development, studies in plant epidemi-
ology are commonly carried out on the areas under the disease
progress curves (Madden et al., 2007). When disease assess-
ment is realised at regular intervals, this area can be computed

as AUDPC = [Y1/2+
n−1∑

2
Y j+Yn/2]×I, where Y j is the observed

disease level at the jth observation time, n is the total number
of observations, and I the number of days between each ob-
servation. In our study, we computed these values for 12 ob-
servation dates, at 8-day intervals, during the period from 53
to 141 days after the plantation of seedlings inside the green-
houses.
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Figure 3. Kinetics of disease incidence on leaves, stems and fruits in
tomato greenhouses, as affected by irrigation type. The time scale is
measured in days after the 60-day-old tomato seedlings were trans-
planted into the greenhouses. Vertical bars represent the standard er-
ror of the means (averages of three values for drip irrigation and of
two values for furrow irrigation).

3. RESULTS AND DISCUSSION

3.1. Effect of irrigation type on disease incidence

Symptoms of grey mould were first detected in the furrow-
irrigated greenhouses, at 62 days after planting on leaves and
on stems and at 70 days after planting on fruits (Fig. 3). In
the drip-irrigated greenhouses, the first attacks were observed
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Table I. Effect of the irrigation system on the kinetics of disease
development, represented by the areas under the disease progress
curves.

Attacked Type of irrigation
plant organ Drip Furrow P value2

Stem 1388.61 1979.11 0.02
Fruit 969.5 1360.9 0.004
Leaf 2097.3 2381.9 0.14

1 Each figure represents the mean value of the Areas Under the Disease
Progress Curves computed from the date of plantation to the end of the
trials as indicated in Figure 3.
2 Student’s t test of equality of means (averages of three values for drip
irrigation and two values for furrow irrigation)

Table II. Effect of the irrigation system on the precocity of disease
onset.

Attacked Type of irrigation
plant organ Drip Furrow P value2

Stem 106.31 98.81 0.02
Fruit 112.7 108.4 0.15
Leaf 101.4 101.2 0.98

1 Each figure represents the relative age of the plants (in days af-
ter plantation of the 60-day-old seedlings in the tunnels) at the time
when they were first attacked. The plants that remained healthy were
excluded from this analysis.
2 Student’s t test of equality of means (averages of three values for
drip irrigation and two values for furrow irrigation).

later, and throughout the growing season their incidence re-
mained lower, than in furrow-irrigated greenhouses.

The contrast between furrow and drip irrigation was high-
est when comparing the incidence of stem and fruit lesions.
Statistical analyses conducted on the areas under the disease
progress curves indicated that the differences in the kinetics of
disease development were significant (P < 0.05) for attacks on
stems and fruits, but not on leaves (Tab. I). Similar effects of ir-
rigation type were observed in a detailed analysis of the time of
disease onset for individual plants. The average age of a plant
when it became diseased was significantly lower (P < 0.05) in
furrow- than in drip-irrigated greenhouses when considering
symptoms on stems, but not for symptoms on leaves and fruits
(Tab. II). On average, the stems were attacked later than the
leaves in drip-irrigated greenhouses, while the opposite was
observed under furrow irrigation.

In other studies, a similarly strong impact of the type of irri-
gation on disease development has been reported in two other
vegetable crops for several other diseases. In pepper and let-
tuce, it was shown that downy mildew and certain soilborne
diseases were less prevalent in drip-irrigated than in sprinkler-
or furrow-irrigated crops (Wu et Subbarao, 2003; Xie et al.,
1999; Subbarao et al., 1997; Scherm and van Bruggen, 1995).
Contrarily to the case of soilborne diseases, a direct effect of
soil water on the pathogen is unlikely in the case of the present
study, as the inoculum of B. cinerea consists essentially of
airborne conidia, which are produced abundantly on diseased

plant tissue and are easily transported by air currents. On the
other hand, the first steps of pathogenesis in grey mould (spore
germination and establishment of a small primary colony on
the host plant) are known to be highly dependent on the oc-
currence of high relative humidity (Holz et al., 2004; O’Neill
et al., 1997).

One possible hypothesis to explain the difference in grey
mould development in greenhouses under drip and furrow irri-
gation is that sufficient differences in microclimatic conditions
may have occurred in the vicinity of the target plant organs. In
a study on field lettuce in California, Scherm and van Bruggen
(1995) measured significantly higher relative humidity at crop
level in plots under furrow irrigation than in plots under drip
irrigation. This could not be tested directly in our study, as we
lacked the substantial resources that would have allowed mon-
itoring basic microclimatic parameters of the canopy of the
greenhouses throughout the season. However, several points
support this hypothesis. Firstly, much more water was applied
on the soil surface in the furrow- than in the drip-irrigated
greenhouses. Secondly, we observed an abundant development
of weeds in the furrow-irrigated system, as described for field
tomatoes in California (Sutton et al., 2006). These weeds may
both have provided additional water vapour and a hindrance
to air circulation in the lower part of the canopy. Another ele-
ment in support of our hypothesis is the fact that the contrast
between drip- and furrow-irrigated greenhouses was higher for
the symptoms on stems and fruits and lower for the attacks on
leaves. While lesions on leaves may be found at all heights
in the canopy, stem lesions originating from infection of leaf
pruning wounds are usually located on the lower part of the
plant, near the ground, where a putative difference in relative
humidity between furrow and drip irrigation would be greater.

3.2. Effect of irrigation on disease severity on stems
and on plant mortality

During the growing season, the occurrence of leaf pruning
and the regular removal of axillary buds by the growers pro-
vided many wounds likely to become infected by B. cinerea
and to result in the development of stem lesions. Occasionally,
expansion of lesions on leaves or fruits also resulted in stem
infections, as described by Shtienberg et al. (1998) for simi-
lar types of tomato production systems. Overall, multiple stem
infections on individual plants were not rare, and the average
number of stem lesions per plant was used as a measure of
disease severity. Throughout the experiment, disease severity
remained systematically higher on plants under furrow than
under drip irrigation (Fig. 4).

Statistical analysis of the areas under the disease
progress curves indicated that this difference was significant
(P = 0.016), with average values of 1101 and 687 for green-
houses under furrow and drip irrigation, respectively.

The expansion of stem lesions may typically result in
girdling and death of the plants. In our trials, plant mortality
was first recorded at 94 and 110 days after planting, respec-
tively, in the furrow- and in the drip-irrigated greenhouses.
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Figure 4. Evolution of severity of attacks on stems as affected by
irrigation type. Vertical bars represent the standard error of the mean
(averages of three values for drip irrigation and two values for furrow
irrigation).
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Figure 5. Kinetics of plant mortality due to grey mould as affected by
irrigation type. Vertical bars represent the standard error of the mean
(averages of three values for drip irrigation and two values for furrow
irrigation).

On average, the incidence of plant death remained higher un-
der furrow than under drip irrigation and reached 17.1% and
9.0%, respectively, by the end of the trial (Fig. 5). This dif-
ference in the kinetics of mortality was statistically significant
(P = 0.02), as indicated by analysis of the areas under the
disease progress curves.

3.3. Spatial heterogeneity of disease development and
plant mortality inside the greenhouses

In the course of the disease assessment campaign, a lack
of homogeneity in the spatial distribution of diseased or dead
plants was gradually noticed in all greenhouses. A plot effect
was formally tested by analysis of variance of the areas under
the disease progress curves for all indicators of disease inci-
dence and severity and for the incidence of plant mortality.

A significant effect was found (P values < 0.05) in all cases
but one (Tab. III).

Further analysis, using the test of Newman and Keuls for
multiple comparison of means, allowed us to identify spots in
the greenhouse with significantly different (P < 0.05) levels of
disease or plant mortality. Both in furrow- and in drip-irrigated
greenhouses, disease development was by far the highest in
plots "C", located in the centre of the greenhouse, and it tended
to be lower in plots "E" and in plots "A", located near the en-
trances of the greenhouse, than in plots "B" and plots "D", lo-
cated deeper inside the greenhouses. Some of these differences
among plots "A", "B", "D" and "E" were statistically signifi-
cant for three of the five disease indicators in the drip-irrigated
greenhouses (Tab. III).

To explain this spatial heterogeneity of disease develop-
ment, it is tempting to hypothesise that air movement was re-
duced in the centre of the greenhouses because of the rapid and
abundant growth of the canopy, and as a consequence, rela-
tive humidity was higher and more conducive to disease. Simi-
larly, one can expect that more air movement and consequently
lower relative humidity occurred near the doors of the green-
houses, which were frequently opened during the growing
season. This hypothesis is compatible with existing informa-
tion on the heterogeneity of distribution of air movement and
other physical parameters in different types of greenhouses
(Boulard et al., 1997, 2004; Wang and Boulard, 2000). Fur-
thermore, comparisons of aeration regimes in tomato green-
houses in Portugal showed that enhanced aeration decreased
the development of grey mould (Abreu et al., 1994; Meneses
et al., 1994).

In relation to this spatial heterogeneity in disease develop-
ment, the contrast between drip and furrow irrigation was also
not spatially uniform within the greenhouse. It was the low-
est in central plots "C" and the highest in plots "A" and "E"
located near the doors. These results are compatible with the
hypothesis formulated in Section 3.2 on the suspected impact
of irrigation type on the microclimate in the greenhouse. Un-
der our hypothesis, it would not be illogical that differences in
relative humidity due to the irrigation system could have less
effect in already very humid conditions than in less confined
areas of the greenhouses.

4. CONCLUSION

Despite the importance of water-saving irrigation for
durable agriculture in subtropical and Mediterranean regions,
our knowledge on the impact of drip irrigation on plant dis-
eases has been mostly limited to a few soilborne diseases in
field vegetable crops. The present study revealed clear differ-
ences in the development of an economically important air-
borne disease in tomato greenhouses conducted under furrow
and drip irrigation. To our knowledge, it also provided the
first formal data on the kinetics of Botrytis epidemics and
the prevalence of the disease in sheltered vegetable crops in
Algeria. During the entire span of the trial, all indicators of
grey mould incidence, severity and plant mortality remained
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Table III. Heterogeneity of disease development and plant mortality depending on the location of plots within the greenhouses.

Type of greenhouse Disease incidence on Disease severity Plant
/Plots1 stems leaves fruits on stems mortality
Furrow irrigation A 13703 a4 2410 ab 1630 a 1050 a 200 a
B 1886 a 2792 ab 1027 a 948 a 334 a
C 4164 b 3520 b 1944 a 1852 b 851 b
D 1362 a 1515 a 1638 a 900 a 210 a
E 1114 a 1673 a 1565 a 756 a 213 a
P value2 P = 0.0003 P = 0.0002 P = 0.07 P = 0.01 P = 0.0003
Drip irrigation A 973 ab 1611 ab 822 a 537 b 108 a
B 1365 b 2470 b 870 a 731 b 165 a
C 2762 c 3613 c 1612 b 1296 c 375 b
D 1333 b 1600 ab 832 a 589 b 127 a
E 510 a 1193 a 711 a 285 a 20 a
P value2 P = 0.0001 P = 0.04 P = 0.003 P = 0.00006 P = 0.0003

1 The location of the plots (A, B, C, D and E) inside the greenhouses is indicated in Figure 2.
2 P values for the tests of Fisher in analyses of variance.
3 Each figure represents the mean value of the Areas Under the Disease Progress Curves computed from the date of plantation to the end of the trials as
indicated in Figure 3.
4 Within each column for a given type of irrigation, the numbers followed by different letters are significantly different (P < 0.05) according to
Newman-Keuls’ Test for multiple comparison of means.

lower for greenhouses under drip irrigation than for those un-
der furrow irrigation. In addition, we observed that weed de-
velopment was very limited in the drip-irrigated greenhouses,
while recurrent and abundant weed development occurring in
the furrow-irrigated greenhouses required multiple interven-
tions, and constituted potential reservoirs for pests and plant
pathogens. These results suggest that drip irrigation could
be a useful tool for the implementation of integrated protec-
tion schemes and for reducing the use of pesticides in tomato
greenhouses. Combined with other advantages related to wa-
ter conservation, these considerations could provide an incen-
tive for greenhouse tomato growers in Algeria, and possibly
in other Mediterranean countries, to make more use of drip
irrigation.
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