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SUMMARY. Field studies were conducted in 2003 and 2004 to determine effects
of withholding irrigation on pepper (Capsicum annuum) plant height, leaf
chlorophyll content, yield, and irrigation water use efficiency. Irrigation treatments
were initiated at pepper transplanting (S0), after transplant establishment (S1), at
first flower (S2), at first fruit (S3), or at fruit ripening (S4). The control treatment
received only enough water to apply fertigation (FT). Withholding irrigation did
not affect pepper plant height except FT treatment, but increased leaf chlorophyll
content. Withholding irrigation until S4 saved 50% and 41% of irrigation water in
2003 and 2004, respectively, without affecting fruit yield compared with the
treatment where irrigation started at transplanting. However, yield in the FT
treatment was significantly reduced. Irrigation water use efficiency (pepper yield per
unit area per millimeter of water applied) was maximum at S4 (59.1 kg�ha–1 per
millimeter) and S3 (24.1 kg�ha–1 per millimeter) in 2003 and 2004, respectively.
Similar trends in response of pepper to the irrigation treatments were observed in
2003 and 2004 even though there were large differences in rainfall, and pepper
yield between years. This suggests that withholding irrigation until first fruit may
help to maintain pepper yield while reducing irrigation costs. However, it is
important to have adequate soil moisture at transplanting to insure adequate
transplant establishment.

I
rrigated agriculture contributes
nearly 40% to world food produc-
tion on 17% of cultivated land,

and accounts for 70% to 85% of fresh
water usage worldwide (Food and
Agriculture Organization of the
United Nations, 1996; Mao et al.,
2003; van Schilfgaarde, 1994). Ade-
quate water supply is required for
high yields of quality produce, but at
the same time, there are concerns that
excessive irrigation can result in
wasted water and nutrient leaching.
Reducing water use in agriculture and
increasing irrigation water use effici-
ency (IWUE) can reduce water short-
ages and increase water availability for

other purposes while decreasing input
costs.

Insufficient water supply during
the growing period may reduce crop
production and quality (Debaeke and
Aboudrare, 2004; Smittle et al.,
1994), while excess irrigation not
only wastes water and increases
nutrient leaching (Moreno et al.,
1996; Pang et al., 1997), but can also
reduce crop yield (Ngouajio et al.,
2007; Phene and Sanders, 1976;
Sezen et al., 2006). Because most
vegetable crops are heavily fertilized,
as indicated by high residual N levels
after harvest, overirrigation can
increase the risk of groundwater con-
tamination (Greenwood et al., 1996).

Studies have been conducted
to save irrigation water and reduce
nutrient leaching while preserving
crop yields. Changing from surface
to drip irrigation (Aujla et al., 2005;
Singandhupe et al., 2003), irrigation
scheduling according to crop water
status, searching for critical irrigation
stage (Simsek et al., 2005), and partial
root drying techniques (Kirda et al.,
2004; Zegbe-Dominguez et al.,
2003) have proven to reduce water
requirements in many crops. These
methods are especially important
when irrigation water is limited or
expensive. Withholding water in the
early stages of vegetative growth can
increase root length and allow plants
to use water and nutrients from
deeper in the soil, thus increasing
water and nutrient use efficiency
(Ludlow and Muchow, 1990; Pace
et al., 1999). About 1800 acres of bell
peppers are produced annually in
Michigan. In 2004, total production
was 522,000 cwt with a value of about
$13.6 million (U.S. Department of
Agriculture, 2005). Bell pepper is
very susceptible to water stress, as well
as overirrigation (Sezen et al., 2006).
Irrigation is critical for pepper pro-
duction. Unfortunately, the amount
and distribution of precipitation
events in Michigan and the midwest-
ern United States, are uneven during
the growing season and vary greatly
from year to year. Therefore, most
growers use supplemental irrigation
to reduce the risks associated with
natural rainfall patterns. Drip irriga-
tion is commonly used for fresh-
market pepper production (Sanders,
2002). However, most growers have
traditionally irrigated their crop from
transplanting to last harvest, as rec-
ommended for areas with less fre-
quent rainfall (e.g., desert areas of
California). This practice has led to
overirrigation at the beginning of the

Units
To convert U.S. to SI,
multiply by U.S unit SI unit

To convert SI to U.S.,
multiply by

0.4047 acre(s) ha 2.4711
45.3592 cwt kg 0.0220
0.3048 ft m 3.2808
2.54 inch(es) cm 0.3937

25.4 inch(es) mm 0.0394
10.0 inch(es)/inch mm�cm–1 0.1
1.1209 lb/acre kg�ha–1 0.8922

28.3495 oz g 0.0353
6.8948 psi kPa 0.1450
2.2417 ton/acre t�ha–1 0.4461
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growing season in most situations
(R.G. Goldy, unpublished data).
Water use in agriculture is being
increasingly regulated in Michigan,
thereby putting more pressure on
growers to reduce water use. During
the early stages of plant development,
it might be possible to reduce the
amount of irrigation water without
significantly affecting yield. This might
be more feasible under plasticulture
systems where plastic mulches pre-
vent large amounts of water loss
through evaporation. Therefore, this
study was undertaken to measure the
effectiveness of drip irrigation initiation
on IWUE and yield of bell pepper.

Materials and methods
Field studies were conducted at

the Southwest Michigan Research
and Extension Center at Benton
Harbor, Michigan (42�6#12$N,
86�21#32$W; 224 m above sea level)
in 2003 and 2004. The soil is a Spinks
loamy fine sand, pH 6.5, less than 2%
organic matter, with an available water-
holding capacity of about 1 mm�cm–1.
Rainfall during the two growing sea-
sons is presented in Fig. 1.

The experiment was a random-
ized complete block design with six
treatments and four replications. The
treatments consisted of initiating ir-
rigation at transplanting (S0), after
transplant establishment (S1), at first
flower (S2), at first fruit (S3), and at
fruit ripening (S4). The control treat-
ment received �1 h per week of
irrigation, which was only enough
water (about 15 mm) for fertigation
(FT). All treatments were fertigated at
the same time once per week. Details
of the pepper growth stage and days
after transplanting for each treatment
are presented in Table 1. Once irriga-
tion was started, plots with irrigation
received an average weekly input of
62 mm of water applied daily for 1 to
2 h (practice used by pepper growers
in the area). Randomization of all
treatments was achieved by cutting
the drip tapes and reconnecting treat-
ments in consecutive blocks with
solid tapes (without emitters). A buf-
fer zone of 5 ft was maintained
between blocks. Flow meters were
connected to each irrigation line
(treatment) to record the amount
of water delivered at each irrigation
event. Natural rainfall was recorded
at the site using a weather station
(model 012; Campbell Scientific,

Logan, UT). Individual plots con-
sisted of one 21-ft-long bed with
two rows of pepper. Spacing was 12
inches between the two rows on the
same bed and 18 inches between
plants in each row. ‘Camelot’ Bell
pepper was grown using recommen-
ded practices for fresh-market plasti-
culture production in southwestern
Michigan (Goldy et al., 2001). Seven-
week-old pepper plants were trans-
planted on 4 June 2003 and 20 May
2004 on raised beds covered with
black plastic.

Before transplanting, the entire
plot received a top dressing of 33,
185, and 11 kg�ha–1 of nitrogen (N),
potassium (K), and boron (B), respec-
tively. The fertilizers were applied
as 33N–0P–0K, 0N–0P–49.8K, and
Solubor DF (U.S. Borax, Valencia,
CA) containing 17.5% B. The field
was then fumigated with methyl

bromide (67% methyl bromide and
33% chloropicrin at 300 lb/acre) and
covered with black plastic mulch.
After transplanting, all treatments
were irrigated to ensure good root-
soil contact, after which the applica-
tion of the treatments started accord-
ingly. Details of the fertilizers,
herbicides, and fungicides used are
presented in Ngouajio et al. (2007).
All treatments were fertigated weekly
from mid-June to the first week of
September with 4N–0P–8K–2Ca to
achieve 4 lb/acre N per week.

Access tubes were installed in
each treatment for weekly monitor-
ing of soil moisture content at 12,
24, and 36 inches using a capacitance
probe (200AP; Troxler Electronic
Laboratories, Research Triangle Park,
NC) connected to a portable data
logger(PRISM; Precision Irrigation
Scheduling Methods, Malaga, WA).

Fig. 1. Weekly rainfall during pepper growing season in Benton Harbor, Michigan,
in 2003 and 2004 (1 mm = 0.0394 inch).

Table 1. Pepper growth stage and time after transplanting at the time of
irrigation initiation in the various treatments in Benton Harbor, Michigan,
in 2003 and 2004.

Treatmentz
Growth stage

2003 and 2004

Time after
transplanting (d)y

2003 2004

S0 Transplanting 0 0
S1 End of transplant establishment 5 15
S2 First flower 21 28
S3 First fruit 35 40
S4 Fruit ripening 51 55
FT NAx NA NA
zIrrigation treatments were initiated at pepper transplanting (S0), after transplant establishment (S1), at first flower
(S2), at first fruit (S3), or at fruit ripening (S4). The FT treatment received only enough water for FT.
yBecause of the difference in weather conditions between 2003 and 2004, the growth stages during irrigation
initiation did not correspond to the time after pepper transplanting.
xNot applicable because irrigation was only applied for FT.
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Leaf water potential was measured
using the third fully expanded leaf.
Five leaves were collected in each
plot before sunrise (Rudich et al.,
1981), enclosed in zip-lock bags,
and put in an insulated box. Leaf
water potential was measured after
leaf collection in all treatments using
a pressure chamber (model 600; PMS
Instrument Co., Albany, OR). Pep-
per leaf water potential was measured
eight times in 2003 and nine times
in 2004.

Pepper height was measured on
7 Aug. 2003 and 2 Aug. 2004. Leaf
chlorophyll content was measured
during flower formation by using a
chlorophyll meter (model SPAD-
502; Minolta, Ramsey, NJ). The
leaves in similar position on the plant
were used and 20 measurements were
taken in each plot.

Peppers were harvested six times
from 7 Aug. to 18 Sept. 2003 and
four times from 7 Aug. to 23 Sept.
2004. Pepper fruit were initially graded
into jumbo (‡240 g), extra-large
(200–239 g), large (170–199 g),
medium (<170 g), no. 2 (usable but
irregular shape), and cull. The fruit
number in each grade was counted
and weighed. In this article, jumbo,
extra-large, and large pepper fruit
were combined as large marketable
fruit, whereas medium and no. 2 were
combined as small marketable fruit.

IWUE (kg�ha–1�mm–1) was cal-
culated using the following equation
(Hillel and Guron, 1975):

IWUE =
Y I � Y FT

W I �W FT
[1]

where YI is pepper yield with irriga-
tion and YFT is pepper yield in FT
treatment. WI is the water amount
applied in irrigation treatments and
WFT is the water amount applied in
FT treatment.

All data were subjected to analy-
sis of variance, and significant differ-
ences among means were reported
using Fisher’s protected least signifi-
cant difference at the 5% level of
probability. All statistical analyses
were conducted using the PROC
GLM of SAS (version 7.1; SAS Insti-
tute, Cary, NC).

Results and discussion
RAINFALL AND IRRIGATION

WATER APPLIED. There was 196 and
382 mm of rainfall in the 2003

and 2004 growing seasons, respec-
tively (Fig. 1). In addition to greater
rainfall in 2004, there was also a
more uniform rain distribution in
2004 compared with 2003. The aver-
age temperature during the pepper
growing season (June-August) was
higher in 2003 (20.8 �C) than in

2004 (19.6 �C). The variability
between years was ideal to test
how weather conditions, especially
rainfall, may affect pepper response
to irrigation. The total solar flux
density was similar in the two growing
seasons (2596.6 MJ�m–2 in 2003 and
2607.4 MJ�m–2 in 2004), indicating

Fig. 2. Soil moisture content (percentage of available water holding capacity) at 12,
24, and 36 inches (30.5, 61.0, and 91.4 cm) soil depths of the pepper field under
different irrigation regimes in Benton Harbor, Michigan, in 2003 and 2004.
Irrigation treatments were initiated at pepper transplanting (S0), after transplant
establishment (S1), at first flower (S2), at first fruit (S3), or at fruit ripening (S4).
The FT treatment received only enough water for FT. Asterisks indicate significant
differences between treatments at the specific dates.

Table 2. Volume of water applied, pepper height, and IWUE in Benton Harbor,
Michigan, in 2003 and 2004 as affected by the time of drip irrigation initiation.

Treatmentz

Water applied
(mm)y

Plant ht
(cm)

IWUE
(kg�ha–1 per mm)

2003 2004 2003 2004 2003 2004

S0 1,122.1 965.2 47.0 50.8 ax 23.4 c 14.2 b
S1 902.2 876.3 47.6 47.8 ab 27.9 bc 16.9 ab
S2 772.9 762.0 45.1 49.5 a 36.1 bc 20.1 ab
S3 704.8 723.9 44.5 51.8 a 40.8 b 24.1 a
S4 557.4 571.5 45.7 50.5 a 59.1 a 21.6 ab
FT 100.2 101.6 43.8 45.0 b – –
zIrrigation treatments were initiated at pepper transplanting (S0), after transplant establishment (S1), at first flower
(S2), at first fruit (S3), or at fruit ripening (S4). The FT treatment received only enough water for FT.
y1 mm = 0.0394 inch; 1 cm = 0.3937 inch; 1 kg�ha–1 = 0.8922 lb/acre.
xMeans are separated by Fisher’s protected least significant difference test. Means within a column followed by the
same letter are not significant different.
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that any difference in pepper yield
between years would likely be from
differences in rainfall or heat unit accu-
mulation rather than solar radiation.

The total amount of irrigation
water applied during the growing
seasons varied greatly with the treat-
ments (Table 2). In 2003, a total of
1122, 902, 773, 705, 557, and 100
mm of irrigation water was applied to
S0, S1, S2, S3, S4, and FT, respec-
tively. In 2004, the amount was 965,
876, 762, 724, 572, and 102 mm for
S0, S1, S2, S3, S4, and FT,
respectively.

SOIL MOISTURE AND PEPPER LEAF

WATER POTENTIAL DURING THE

GROWING SEASON. Soil moisture mon-
itoring was able to detect the effect of
the treatments on soil moisture (Fig.
2). Withholding irrigation reduced
soil moisture significantly at all three
depths. The difference among treat-
ments decreased with increasing soil
depth; however, the FT treatment
maintained the lowest soil moisture
content throughout the growing sea-
sons. These results suggest that under
our growing conditions with raised
beds on sandy soil covered with plas-
tic mulch, there was limited lateral
movement of water in the soil. Low
lateral water movement (from irriga-
tion or rainfall) in the root zone is
critical for this type of study.

Although leaf water potential
might be a good tool for monitoring
plant water status, its ability to detect
differences in the irrigation treat-
ments was limited. In 2003, during
a long period of drought, pepper leaf
water potential dropped significantly
in all treatments after 82 d after trans-
planting (Fig. 3). During that period,
the FT plants showed significantly
more stress. The difference in leaf
water potential was observed at 84,
91, and 112 d after transplanting in
2004. However, the difference was
minor and inconsistent compared
with 2003.

P L A N T H E I G H T A N D L E A F

CHLOROPHYLL CONTENT. Withhold-
ing irrigation did not affect pepper
plant height in 2003 (Table 2). In
2004, however, plants in the FT treat-
ment were significantly shorter than
plants in all other treatments except
the S1 treatment. In 2003, we
noticed that pepper leaves in the FT
treatment were greener than those in
other treatments. The green color of
pepper leaves tended to be lighter as

Fig. 3. Pepper leaf water potential during the growing season as affected by the
irrigation regimes in Benton Harbor, Michigan, in 2003 and 2004. Irrigation
treatments were initiated at pepper transplanting (S0), after transplant
establishment (S1), at first flower (S2), at first fruit (S3), or at fruit ripening (S4).
The FT treatment received only enough water for FT. Asterisks indicate significant
differences between treatments at the specific dates (1 kPa = 0.1450 psi).

Fig. 4. Pepper leaf chlorophyll content measured at flower formation as affected by
the irrigation regimes in Benton Harbor, Michigan, in 2004. Irrigation treatments
were initiated at pepper transplanting (S0), after transplant establishment (S1), at
first flower (S2), at first fruit (S3), or at fruit ripening (S4). The FT treatment
received only enough water for FT. Means with the same letter are not significantly
different using Fisher’s protected least significant difference at 5% probability.
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the amount of water applied
increased. Therefore, in 2004, leaf
chlorophyll content was measured to
quantify these observations. Higher
SPAD values indicate higher leaf chlo-
rophyll content. Pepper leaf chloro-
phyll content significantly increased
as irrigation was delayed (S3 and
S4) as well as with the FT treatment
(Fig. 4). The SPAD values ranged
from 53 for S2 to 68 for FT. The FT
treatment had the highest leaf chloro-
phyll content, and S3 and S4 had
higher leaf chlorophyll content than
S0, S1, and S2.

Differences in leaf chlorophyll
content were not likely caused by
different plant sizes because all irri-
gated treatments had similar plant
height. It was probably from N leach-
ing by early initiation of irrigation.
Unfortunately, we did not measure
nutrient leaching below the root zone
in this study. Simonne et al. (1998)
observed a reduction in pepper leaf
nutrient content with increasing irri-
gation water input.

PEPPER FRUIT NUMBER AND

YIELD. Irrigation treatments affected
pepper fruit number, yield, and fruit
size (Fig. 5). In 2003, total fruit
number was similar in all irrigated
treatments (S0, S1, S2, S3, and S4).
However, treatment S3 had more
large fruit and fewer small fruit than
all other irrigated treatments except
S4. In 2004, FT had lower fruit
number than the other treatments.
The S3 treatment had higher number
of large fruit than S0, S1, S2, and FT.
Compared with 2003, there were
generally more fruit per plant in
2004, but more than 50% were of
small size.

Lack of irrigation (FT) reduced
total marketable yield compared with
irrigated treatments (S0–S4) in 2003
and 2004 (Fig. 5). The yield reduc-
tion from drought stress was more
pronounced in 2003 (42% yield
reduction) than 2004 (27% yield
reduction) in the FT treatment. All
irrigated treatments had comparable
total marketable yield in both years.
There was no difference among irri-
gated treatments in the weight of
large or small fruit in 2003. In
2004, S3 had the greatest large fruit
weight and smallest small fruit yield,
producing a better yield distribution
than all other treatments where irri-
gation was initiated earlier. In pre-
vious studies, Bowen and Frey (2002)

also showed that excessive irrigation
might not always translate into in-
creased pepper yield.

IWUE. IWUE was maximized
when irrigation was delayed until fruit
ripening (S4) in 2003 and first fruit
set (S3) in 2004 (Table 2).

IWUE eliminates the effects of
natural rainfall to estimate the con-
tribution of irrigation to total yield.

However, this criterion alone should
not be used to make decisions on the
amount of water to apply to the crop.
The selling price of pepper fruit, the
cost of irrigation, as well as the impact
of irrigation on fruit quality, should
be considered to maximize profits.

Although irrigation is critical for
pepper growth in most situations
(Debaeke and Aboudrare, 2004;

Fig. 5. Effect of irrigation regimes after transplanting on pepper fruit number and
yield in Benton Harbor, Michigan. Irrigation treatments were initiated at pepper
transplanting (S0), after transplant establishment (S1), at first flower (S2), at first
fruit (S3), or at fruit ripening (S4). The FT treatment received only enough water
for FT. Marketable fruit were graded into large [‡240–199 g (8.47–7.02 oz)] and
small [<170 g (6.00 oz)] plus all usable fruit with irregular shape). For each yield
category (large and small fruit), bars within 1 year with the same letter are not
significantly different using Fisher’s protected least significant difference at 5%
probability. Total yield is the combination of large and small fruit, and mean
separation letters are indicated above the bars (1000 peppers/ha = 404.7 peppers/
acre, 1 t�ha21 = 0.4461 ton/acre).
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Smittle et al., 1994), excessive soil
moisture has been shown to slow
down growth and reduce crop yield
(Phene and Sanders, 1976; Sezen
et al., 2006). Rainfall was more fre-
quent and uniform in 2004 compared
with 2003 (Fig. 1). That probably
explains the low values of IWUE in
2004 compared with 2003. Over 2
years of study, our results were con-
sistent even though the two growing
seasons were quite different in terms
of rainfall and heat unit accumulation.
Our results suggest that, depending
on initial soil moisture, growers could
save up to 31% of irrigation water
input (compared with S0) without
reducing pepper yield by withholding
irrigation for a few weeks after trans-
planting in Michigan. Similar results
were previously reported for irrigation
of tomato (Solanum lycopersicum)
under the same growing conditions
(Ngouajio et al., 2007). This consis-
tency between years and crops sug-
gests that, in the Great Lakes region
of North America, the amount of
irrigation water used for fresh-market
vegetable production using plastic
mulch could be significantly reduced
without affecting crop yield.

The exact duration for limiting
irrigation would depend on weather
conditions. Withholding irrigation
inputs early in the season could help
reduce nutrient leaching and could
enhance a deeper and more extensive
root system. However, it is critical to
have moist soil at planting and to
avoid water deficit after first flower
set. Such a practice requires monitor-
ing soil moisture status, especially
during excessively dry seasons.
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