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Abstract. A 4-year study was conducted to establish the effects of drip irrigation configura-
tion and rate on fruit yield and quality of young highbush blueberry plants (Vaccinium
corymbosum L. ‘Duke’). Plants were grown in a silt loam soil on raised beds and were
non-irrigated or irrigated using either one or two lines of suspended drip tape. Each line
configuration had in-line emitters spaced every 0.3 or 0.45 m for a total of four drip con-
figurations. Water was applied by each drip configuration at two rates, a moderate rate of
5 L/plant per irrigation event, and a heavy rate of 10 L/plant. The frequency of irrigation
was guided by measurements of soil matric potential. Irrigation was applied each year, and
plants were cropped beginning the second year after planting. Rainfall was above normal
in the first 2 years of the study, and differences in soil moisture were most evident in the last
2 years, in which soil matric potential increased with irrigation volume. Neither the
number of irrigation lines nor emitter spacing had an effect on yield or fruit quality. Yield
was unaffected by irrigation rate until the fourth year after planting and was only higher
when 5 L/plant was applied. The yield increase was the result of differences in fruit weight
during the second of two harvests and was associated with delays in fruit maturation.
Irrigation affected plant mineral concentrations but leaves and berries responded
differently; affected minerals tended to decrease in leaves but increase in the fruit. Many
irrigation-induced changes in fruit quality were evident 1 or 2 years before changes in
yield. Higher irrigation volume increased fruit size and water content but reduced fruit
firmness and soluble solids. Irrigation reduced fruit water loss during storage and thereby
promoted longer shelf life. Irrigation also resulted in a change in anthocyanin composition
in the fruit but did not affect antioxidants or total anthocyanin content.

Blueberry is a rapidly expanding compo-
nent of the small fruit sector in the Pacific
Northwest of North America. Between 1992
and 2003, acreage planted to highbush blue-
berry in Oregon, Washington, and British
Columbia increased 124%, 78%, and 122%,
respectively (Strik and Yarborough, 2005)
and the trend continues today. Almost all
blueberry growers irrigate through the sum-
mer in an effort to match water availability to
plant water demand. Of the various types of
irrigation systems available, drip is becom-
ing the most widely used in blueberry. Drip
irrigation guidelines are available for horti-
cultural crops grown in British Columbia (Van
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der Gulik, 1999) but no information on ex-
pected yield or fruit quality with respect to
irrigation is available for blueberry. Some
recent information is available that compares
blueberry irrigation methods and rates on
a silt clay-loam soil in Oregon (Bryla, 2008;
Bryla et al., 2009, 2011), but there is nothing
specific to the cultivars, climatic conditions,
and soil types of British Columbia. Despite
a number of drip irrigation configurations
used in the Pacific Northwest (e.g., one or two
lines, suspended or ground level), no litera-
ture is available comparing them.

The effects of cultural practices, including
irrigation and water management, on blueberry
fruit quality attributes such as berry size,
firmness, and shelf life remain largely unde-
fined. Blueberries contain high levels of antho-
cyanins and other flavonoids, which show
anticarcinogenic properties and are used to
treat such ailments as urinary tract infections,
blood vessel disorders, and ophthalmological
conditions (Kalt and Dufour, 1997). Informa-
tion on the effects of irrigation on antioxidants
and anthocyanins in blueberries is lacking.

The purpose of this study was to deter-
mine the effects of different drip irrigation

configurations and rates on blueberry pro-
duction. Treatments were imposed beginning
the first year after planting, and the effects on
yield and fruit quality were followed as the
plants matured.

Materials and Methods

Study site. A 0.15-ha field of northern
highbush blueberry (Vaccinium corymbo-
sum L. ‘Duke’) was established at the Pacific
Agri-Food Research Center, Agassiz, British
Columbia, Canada (lat. 49°14'33” N, long.
121°45'35” W) in Oct. 2006. Field prepara-
tion in the spring of 2006 involved ploughing,
discing, and the application of 90S elemental
sulfur (Terra Link Horticulture Inc., Abbottsford,
British Columbia, Canada) at a rate of 1120
kg-ha! to lower the soil pH from 5.6 to 5.0.
Soil at the site was a moderately well-drained
Monroe series (eluviated eutric Brunisol)
silt loam. The field remained fallow until
September at which time it was subsoiled
and raised beds, 1 m wide and 0.2 m high,
were created in a north—south orientation. Two-
year-old plants obtained from a local commer-
cial nursery (JRT Nurseries, Abbottsford,
British Columbia, Canada) were transplanted
into the beds at a spacing of 1 m apart within
rows and 3 m apart between rows. Beds were
topped with ~8 cm of new Western hemlock
(Tsuga heterophylla Sarg.) and douglas-fir
(Pseudotsuga menziesii Franco) sawdust
mulch every other year. All areas between
and around beds were seeded to 30% fescue
and 70% perennial rye grass (Alleyway Ag-
ricultural Mix; Richardson Seed, Abbottsford,
British Columbia, Canada).

Experimental design. Nine irrigation treat-
ments were arranged in a randomized complete
block design and included all combinations
of one or two lines of drip tape (DLT Heavy-
wall Dripperline; Netafim, Fresno, CA), two
drip emitter spacings, and two different vol-
umes of irrigation (moderate and heavy) plus
a non-irrigated control. Each treatment plot
consisted of one row of six plants used for
measurements. The treatments were randomly
arranged in the blocks in two sets of five rows.
Two pairs of blocks were replicated three times
for a total of six replicates per treatment; note
that one plot of plants in each block (i.e., Plot
10) was not used in the study. A guard row of
blueberry was planted on each side of the block
pairs and a guard plant was planted on each end
of the plot pairs. Each plot pair was separated
by a 2-m wide walkway. The single drip ir-
rigation line was suspended over the center of
the planting bed, whereas the two lines of
drip were located 19 ¢cm from the center on
each side of the bed. The drip lines were
attached to catch wires suspended at a height
of ~0.6 m and had 1-L-h™! in-line emitters
spaced every 0.3 or 0.45 m. Water was ap-
plied by each drip configuration at rates of
5 and 10 L/plant per irrigation event in the
moderate and heavy irrigation treatments,
respectively. This translates into 17,935 and
35,870 L-ha™! (7,260 and 14,520 L/acre) in
the moderate and heavy irrigation treatments,
respectively.
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Irrigation first began on 15 July 2007 and
was applied annually for the duration of the
study. As a guide, irrigation was initiated when
the average soil matric potential (¥,,) in the
most heavily irrigated treatments was 20-25
kPa. Irrigations were initiated manually and
applied using a Harrow Fertigation Manager
(Climate Control Systems, Leamington, Ontario,
Canada). The treatments were not irrigated
simultaneously but were all irrigated within a
7-h period on the same day. Depending on the
weather, irrigations began in May, June, or
July each year and continued through August
or September. The total volume of water
applied to the moderate and heavy irrigation
treatments was 45 and 90 L/plant in 2007, 20
and 40 L/plant in 2008, 65 and 250 L/plant in
2009, and 220 and 440 L/plant in 2010, re-
spectively. Hence, the heavy irrigation treat-
ment received twice as much water annually
as the moderate treatment, except in 2009
when it received 3.8 times as much as a result
of additional irrigation events. The propor-
tion of water applied up to the final harvest
was 50%, 38%, and 59% in 2008, 2009, and
2010, respectively.

Field management. Plants were fertilized
with 15N-8P-11K (Berry Blend fertilizer;
Terra Link Inc., Abbottsford, British Columbia,
Canada) in two broadcast applications each
spring. Annual rates applied in 2007, 2008,
2009, and 2010 were 40, 57,93, and 153 g/plant,
respectively, as recommended in the British
Columbia berry grower guide (BCMAL,
2009). Soil pH was measured in 2 cm X 30-cm
samples collected from the top 30 cm of the
planting (after sawdust was removed) each
fall in all treatments and was always within
the 4.5 to 5.2 range recommended for blue-
berry (BCMAL, 2009). Flowers were removed
in the spring during the first year after planting,
and plants were cropped and harvested be-
ginning the next year. At flowering each year,
a honeybee hive was positioned at the north
end of the plot area to facilitate pollination.
Bird netting was installed above and around
all six blocks during berry ripening. Plants
were pruned annually each winter according
to industry standards (BCMAL, 2009). In
early spring of each year, the perimeter of
the sawdust-covered plots was sprayed with
Touchdown Total herbicide (Sygenta Crop Pro-
tection Canada Inc., Guelph, Ontario, Canada)
for control of annual and perennial grasses and
broadleaf weeds. In 2009 and 2010, plants were
treated for Bruce spanworm (Operophtera
bruceata) using Dipel 2XDF (Bacillus thurin-
giensis) (Valent Canada Inc., Guelph, Ontario,
Canada) and in 2010 and 2011 plants were
sprayed with Pristine (boscalid, pyraclostrobin)
fungicide (BASF Canada Inc., Mississauga,
Ontario, Canada) and Switch (cyprodinil,
fludioxonil) fungicide (Sygenta, Plattsville,
Ontario, Canada) for the control of green fruit
botrytis.

Measurements. Rainfall, photosyntheti-
cally active radiation, relative humidity, and
air and soil temperature were recorded for
2007-2010 at a meteorological station (HOBO
U30 Weather Station, Onset, Bourne, MA)
positioned 20 m from the plots. Daily potential
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evapotranspiration (ET,) was measured with
an atmometer (ETgage Model E; ETgage Com-
pany, Loveland, CO) fitted with a Style #30
diffusion cover. The atmometer was placed
within the plots at a height equivalent to the
top of the plant canopy. Blueberry evapotrans-
piration (ET) was calculated by multiplying
ET, by a crop coefficient of 0.27 derived from
a lysimeter study on highbush blueberries of
similar age and planting density with manual
watering (Storlie and Eck, 1996).

Soil W,,, was measured intermittently at a
depth of 30 cm with tensiometers in 2007 and
daily with granular matrix sensors (Water-
mark Model 900M Monitors; Irrometer, Riv-
erside, CA) in 2008-2010. Two tensiometers
or sensors were buried in two or three plots
per treatment, respectively; one was located
halfway between two plants in the center of
the plot and in the middle of the bed, and the
other was located 19 cm from the middle of
the bed on either side of the plant row. Thus,
whether plots were irrigated using one or two
lines of drip, one tensiometer or sensor was
always located under a drip line (between two
emitters) and the other was not.

Fruit from each plot were hand-picked in
three harvests in 2008 and 2009 and two
harvests in 2010 and weighed. In 2010, the
amount of immature fruit in the second harvest
was estimated by determining the weight of
immature fruit as a percentage of the total.

Fruit firmness was measured using a firm-
ness meter (FirmTech 2 Fruit Firmness Tester;
BioWorks, Wamego, KS). The Compression
Force Threshold procedure with a fixed range
of compression forces (selected by the oper-
ator) was used to measure the grams of force
required to compress the fruit 1 mm. After load
cell calibration and a reference size measure-
ment, which is required for fruit diameter
measurements, fruit were placed with the
proximal end facing inward on a metal plate
turntable. The instrument measured fruit firm-
ness and diameter simultaneously at room
temperature. Two runs of 50 fruit each were
conducted per treatment in each block on
every harvest date. Mean fruit fresh weight
was also determined by counting and weigh-
ing a random sample of a minimum of 100
fruit from each plot and harvest.

Fruit shelf life was estimated by deter-
mining percent weight loss in cold storage.
One hundred fruit were randomly selected
from each plot and harvest, placed in perfo-
rated plastic bags, and weighed. The bags
were placed as a single layer in shallow trays in
a cooler at 4 °C. Final weights were recorded
after 1 week.

Fruit percent water content was deter-
mined by measuring fresh weight and dry
weight (after oven-drying at 105 °C for 1 week)
of random samples of =12 previously frozen
fruit from each plot and harvest and was
calculated as [(fresh weight — dry weight)/
fresh weight] x 100.

Titratable acidity and soluble solids were
measured on previously frozen fruit. Fifty
grams of frozen fruit from each plot were
placed in a 400-mL beaker and allowed to thaw
for ~90 min. The thawed fruit was blended

for 40 s using a hand blender. Five grams of
the blended fruit were transferred to a 50-mL
centrifuge tube and the sample was homog-
enized for 30 s using a benchtop Polytron
homogenizer (Kinematica, Inc., Lucerne,
Switzerland). The homogenized sample was
quantitatively transferred to a 250-mL beaker
and made up to volume using deionized water.
The mixture was then titrated with 0.1 M
NaOH to an end point of 8.1 using a TirtroLine
Easy titration unit (Schott Instruments, Mainz,
Germany). Titratable acidity was calculated as
percent citric acid according to Eq. [1]:

% Citric Acid = (mLNaOH x M NaOH
x0.064 x100)/sample wt. (g)
[1]

Brix measurements of soluble solids were
conducted using a sample of the thawed and
blended fruit and a handheld Palette Digital
Refractometer (Atago USA, Inc., Bellevue,
WA).

Fresh fruit samples (50 berries of each
treatment per plot) were frozen at —80 °C,
freeze-dried, ground, and stored at —80 °C
before antioxidant analysis. Fruit antioxidant
levels were estimated by measurement of
oxygen radical absorbance capacity (ORAC)
(Prior et al., 2003). Antioxidants were extracted
by homogenizing 1 g of freeze-dried blueber-
ries from each plot in a Polytron homogenizer
(Kinematica, Inc.) with 20 mL of acetone/
water/acetic acid (70:29.5:0.5, v/v/v). The
mixture was then centrifuged at 4140 g, and
4 °C for 20 min. After centrifugation, the su-
pernatant was transferred to a 2-mL micro-
tube and diluted 300x with phosphate buffer
(0.075 M, pH 7.0). An Infinite F200pro
Multimode Microplate reader (Tecan Group
Ltd., Méannedorf, Switzerland) was used for
ORAC determinations. Twenty microliters of
each solution was added to a well in a 96-well
microplate with 200 uL of 14 uM fluorescein
and 75 UL of 2,2"-azobis(2-methylpropiona-
midine) dihydrochloride per well. Quenching
of'the fluorescent signal was computed as area
under the curve. Results were compared with
a Trolox standard curve prepared in phosphate
buffer (0.075 M, pH 7.0). ORAC values are
expressed in wmol Trolox equivalents (TE)
per 100 g fresh or dry fruit weight.

Anthocyanin assays were conducted on the
same freeze-dried samples used for ORAC
determinations. Dried samples were extracted
in trifluoroacetic acid, water, and methanol at
aratio of 1:30:70 (v/v/v) as outlined in Barnes
et al. (2009). Anthocyanin content was de-
termined by high-performance liquid chroma-
tography on a Dionex DX500 system using
a gradient pump and ultraviolet/Vis detection
at 520 nm (Dionex Corporation, Sunnyvale,
CA). Chromatography used the Dionex Ac-
claim 120 C18 5.0-um analytical column
(4.6 X 250 mm) at a flow rate of 1.0 mL-min™!
and an injection volume of 5 uL with column
temperature at 26 °C. The method closely
followed Dionex Application Note 264. Quan-
tification of anthocyanins was based on their
peak areas compared with the absorbance of
a cyanidin 3-glucoside external standard
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(Sigma-Aldrich Canada, Oakville, Ontario,
Canada). Peak identification was based on
comparison of retention times with those of
standards and published data (Kalt et al., 1999).
Total anthocyanin content was calculated from
the sum of the nine largest peaks and expressed
on a dry and fresh fruit weight basis.

Berry essential mineral concentrations were
determined in berries using the same freeze-
dried samples. Total nitrogen was determined
by Leco combustion analysis and all other
mineral concentrations were determined by
inductively coupled plasma spectroscopy af-
ter nitric and hydrochloric acid digestion
(A & L Canada Laboratories Inc., Winnipeg,
Manitoba, Canada).

After harvest was completed in 2009 and
2010, the size of each treatment plant in each
plot was determined from an estimate of av-
erage canopy height and width. Plant width
was measured parallel to the row. Prunings
from each plot were also collected and weighed
fresh early in 2010 and 2011 (after 2009 and
2010 seasons, respectively). Leaf sampling for
mineral status was conducted in the second
week of August in 2010. One fully developed
leaf, located approximately five leaves down
from a growing shoot tip, was harvested from
each treatment plant in each of three ran-
domly selected blocks. Leaves were pooled
per plot and oven-dried at 60 °C. Essential
mineral concentrations were determined by
the same methods as described for the fruit.
Leaf greenness was measured with a chloro-
phyll meter (Model SPAD-502; Minolta

Canada Ltd., Mississauga, Ontario, Canada)
on 30 July 2009 and on May 21 and 5 Aug.
2010. The measurements were conducted on
the first fully developed leaf (approximately
five leaves down from the growing tip) from
two stems of each plant in each plot.

Statistical analysis. All statistical analyses
were carried out with either the GLM model or
REG procedures of SAS (SAS Institute, Cary,
NC). Significant treatment effects were deter-
mined using a GLM procedure consisting of
all nine individual treatments. Irrigation vol-
ume, emitter spacing, and number of irrigation
line main effect comparisons were compared
using orthogonal contrasts. A GLM procedure
with treatments grouped by irrigation volume,
emitter spacing, or number of irrigation lines
was used to test for treatment interactions.
All percentage data were arcsine transformed
before analysis.

Results and Discussion

Irrigation and soil water availability. Rain-
fall was above normal during the first 2 years
after planting (Fig. 1A-B). Thus, although ir-
rigation was applied nine times in Year 1
(2007) and four times in Year 2 (2008), soil
W, was always similar between irrigated and
non-irrigated plots and never lower than —30
kPa at any time over the two growing seasons
(data not shown). High rainfall explains why
soil ¥, remained high although water provided
by moderate and heavy irrigation from mid-
June to mid-September (20 and 40 L/plant,

respectively) was substantially less than blue-
berry ET (270 L/plant). It was not until June in
Year 3 (2009) that soil ‘¥, differed among
irrigation treatments (Fig. 2A). At this point,
soil W,,, was lower in non-irrigated plots than
irrigated plots, and the difference increased
throughout the summer. By early Sept. 2009,
soil ¥, dropped below —90 kPa in non-irrigated
plots but remained higher than —40 kPa in plots
irrigated throughout the summer with heavy
irrigation. The relatively low rate of change
observed through the season in the heavy ir-
rigation treatments is because those treatments
contributed 280 L of water per plant, very close
to the ET value of 311 L/plant from mid-May
to mid-September. Moderate irrigation contrib-
uted only 75 L/plant. Soil ¥, was also lower in
2009 when plots were irrigated with 5 L/plant
than with 10 L/plant (Fig. 2A). The difference
between the two was attributable not only to the
difference in irrigation volume, but also the
difference in irrigation frequency. Plants irri-
gated with 5 L/plant were watered 13 times in
Year 3, whereas those irrigated with 10 L/plant
were watered 25 times (Fig. 1C). However,
trends over time in soil ¥,,, were similar in 2010
(Fig. 2B) when plots irrigated with 5 L/plant
and were watered as often (i.e., 22 times)
as those irrigated with 10 L/plant (Fig. 1D).
Blueberry ET from mid-May to mid-September
was 250 L/plant; during that time, moderate and
heavy irrigation provided 224 and 452 L/plant,
respectively. Hence, moderate irrigation satis-
fied the water requirements of the plants and
heavy irrigation greatly exceeded them.
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Fig. 1. Rainfall and irrigation events in 2007 (A), 2008 (B), 2009 (C), and 2010 (D). Rainfall is represented by vertical columns. Irrigation events for both
moderate and heavy irrigation treatments are represented by closed circles in 2007, 2008, and 2010. In 2009, closed circles represent heavy irrigation events;
moderate irrigation events were applied on 13 of those dates. Arrows indicate the period of fruit harvest.
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Fig. 2. Effects of irrigation level (A-B), the use of one or two drip lines (C-D), and two different drip emitter spacings (30 and 45 cm) (E, F) on soil ¥,, under
‘Duke’ blueberry in 2009 (A, C, E) and 2010 (B, D, F). The single line of drip was suspended over the center of the planting bed, whereas the two lines of drip
were located 19 cm from center on each side of the bed. Measurements were taken at 0.3-m depth and are the average of two readings taken in the middle and
19 cm from the middle of the bed. Moderate = 5 L/plant per irrigation; heavy = 10 L/plant per irrigation. Asterisks indicate a significant difference in
treatments at P = 0.05. Arrows indicate the period of fruit harvest. ¥, = matric potential.

Soil '), also differed somewhat depending
on drip placement. For example, there was a
period in Year 3 (2009) when overall soil ¥',,,
was lower in soil irrigated with two lines than
with one line (Fig. 2C). Because each treat-
ment received the same amount of water, any
differences were the result of the way water
was distributed. Since the two lines were each
placed midway between the center and the
edge of the beds, lower soil ‘¥',, was likely the
result of a distribution of water over a some-
what larger soil surface area compared with
the one line positioned in the center of the
beds. This may be an advantage for older
plants but is of no benefit to young plants with
small root systems. Emitters spaced at 45 cm
also showed lower soil ¥}, than those spaced
at 30 cm (Fig. 2E). It is likely that the closer
emitter spacing results in a more even distri-
bution of water over the soil surface, which is
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a potential benefit in a shallow-rooted crop
such as blueberry (Bryla and Strik, 2007).
There was no effect of the extra drip line on
soil W, in 2010 (Fig. 2D), and the difference
between the two emitter spacings (Fig. 2F)
was less apparent than in the previous year.
However, there was an extended period from
late June to early September when the in-
teraction between the number of irrigation
lines and emitter spacing was significant (P <
0.05), which indicates that the two factors
were not independently influencing soil ‘Vy,.

Plant growth and yield. Trrigation layout,
including the number of irrigation lines and
emitter spacing, had no significant effect on
yield or fruit quality (data not shown). There-
fore, only the effects of irrigation volume on
yield and fruit quality are presented.

Yield was unaffected by irrigation volume
during the first 2 years of harvest (Table 1).

However, by the third year, orthogonal con-
trasts of the combined irrigation treatments
with non-irrigated controls showed an overall
benefit of irrigation on yield. Specifically, mod-
erate irrigation produced higher yields than the
non-irrigated control, but no differences were
apparent between the non-irrigated and heavy
irrigation treatments. Likewise, total berry dry
weight per plant (calculated by multiplying
total yield per plant by percent fruit dry weight)
revealed a similar trend as that of yield—no
differences among treatments the first 2 years
but averages of 433, 476, and 459 g/plant in
the non-irrigated, moderate, and heavy irriga-
tion treatments, respectively, in 2010. Only
the moderate irrigation treatment was signifi-
cantly different from the other two (P < 0.05).
The parallel effects on total berry dry weight
suggest that the increase in yield with moder-
ate irrigation was in part a result of changes in
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carbon assimilation capacity or partitioning of
carbon to the fruit and not just to changes in
fruit fresh weight or fruit water content. Totaled
across years, moderate irrigation improved
yield compared with the non-irrigated con-
trol, but heavy irrigation did not. Effects of
irrigation on blueberry yield are variable and
complex and depend on such factors as soil
texture, plant species, volume of water ap-
plied, plant age, and method of water appli-
cation. Using a water balance approach to
schedule irrigation, Byers and Moore (1987)
found no effect of irrigation in trickle-irrigated
highbush blueberry grown in 140-L barrels of
loam soil. In a study of irrigation scheduling
based on soil moisture tension, Haman et al.
(1997) found no effect of irrigation on
rabbiteye blueberry yield but an increase in
yield in highbush plants, both grown in lysim-
eters filled with sand. Previous studies have
also shown reduced effectiveness of heavy
compared with moderate irrigation rates on
blueberry yield. For example, Bryla et al.
(2009) found no difference in yield between
plants treated with 100% and 150% ET. In
a study comparing drip with microjet irriga-
tion, Holzapfel et al. (2004), working with
plants in a loam-clay textured soil, found that
although yield in the drip treatments generally
increased linearly with irrigation volume, yield
of the microjet treatments showed a reduction
in yield at the highest application volumes. The
suggestion was that heavy irrigation created
detrimental anaerobic soil conditions. This
possibility is supported by the observation

that overapplication of drip-irrigated water
may result in Phytophthora and Pythium root
rot and reductions in plant growth (Bryla and
Linderman, 2007). In our study, there was no
evidence of Phytophthora cinnamomi. Root
lesion nematodes were present but at simi-
larly low levels in all treatments. Another
possibility is that high amounts of irrigation
water may cause excessive leaching of fertil-
izer minerals from the root zone. This is
supported by measurements of leaf mineral
concentrations taken in 2010, the year when
irrigation effects on yield were first observed.
Although not all minerals were affected, in
those that were, there was usually a decrease
in concentration with increasing irrigation.
Specifically, irrigation reduced calcium (Ca)
and manganese (Mn) compared with non-
irrigated controls (Table 2). Further compar-
isons show that moderate irrigation reduced
leaf concentrations of magnesium, Ca, and Mn
and heavy irrigation reduced nitrogen (N),
boron, and manganese, both compared with
the controls. Reduced leaf mineral concentra-
tions could also have been associated with
increased growth and vigor in irrigated plants.
Although N was reduced in the heavy irriga-
tion treatment, it was not enough to affect leaf
greenness; SPAD readings averaged 47.3 units
across all treatments. The only instances of
increased mineral concentration with increas-
ing irrigation occurred with zinc and copper
when comparing moderate and heavy irriga-
tion. Further work is needed to determine if
these changes in leaf mineral status at heavy

Table 1. Effects of irrigation level on yield in ‘Duke’ blueberry during the first 3 years of fruit production

(2008-2010).

Yield by harvest
Yield by yr (kg/plant) (kg/plant)”
2008 2009 2010 Cumulative Harvest 1 Harvests 2 and 3

Irrigation level”

Non-irrigated 0.702  1.231 4.091 6.024 1.133 0.875

Moderate 0.664 1.406 4.574 6.644 1.155 1.064

Heavy 0.601 1390 4.331 6.323 1.148 0.964
Contrasts

Non-irrigated and moderate NS NS * * NS HE

Non-irrigated and heavy NS NS NS NS NS NS

Moderate and heavy NS NS * NS NS *

Non-irrigated and irrigated NS NS * NS NS *

“Moderate — 5 L per plant per irrigation; heavy — 10 L per plant per irrigation.

YData averaged over years.

NS, *, **Non-significant or significant at P = 0.05 or 0.01, respectively.

Table 2. Effects of irrigation level on leaf nutrient concentration in ‘Duke’ blueberry.”

irrigation volumes potentially contribute to
reductions in yield.

Irrigation did not influence yield of the
first harvest; the effects were observed only
in later harvests, when moderate irrigation
(but not heavy irrigation) increased yield
(Table 1). Hence, the difference in total yield
attributed to moderate irrigation seems to be
the result of an increase in the weight of late-
ripening fruit. Furthermore, a greater percent-
age of total fruit weight was still immature at
the last harvest in the moderate irrigation
treatment compared with the control and heavy
irrigation treatments (23.1% compared with
18.8% and 18.0%, respectively, P < 0.001).

Plant height and width were both greater in
the irrigated compared with the non-irrigated
plants when measured after harvest in the third
and fourth year of the trial (Table 3). There were
no significant differences in pruning weights
among treatments in those years with values
of 159, 170, and 166 g per plant in the non-
irrigated, moderate, and heavy irrigation treat-
ments, respectively (P > 0.05). An increase in
plant height and width implies greater canopy
volume and possible leaf nutrient dilution with
irrigation as discussed previously. Addition-
ally, plant height was greater in the highly
irrigated compared with the moderately irri-
gated plants. As a result, although there was no
improvement in yield after 4 years of heavy
irrigation, the greater plant size observed in
the last 2 years could potentially boost yield in
subsequent years.

Fruit quality. Fruit quality is important in
the marketplace with fruit size being an obvi-
ous attribute noticed by consumers. Fruit size
measured as fresh weight was unaffected by
irrigation in 2008 (Table 4). Heavy irrigation
increased fruit size in 2009 relative to non-
irrigated controls. In 2010, both moderate and
heavy irrigation increased fruit size compared
with the non-irrigated controls. When averaged
across all years, mean fruit size increased with
increasing irrigation. Fruit size is an important
aspect of blueberry marketing so any increase
in size would be viewed by the industry as
a positive outcome of irrigation. The lack of
effect of irrigation in the first year of harvest
was similar to the results of Byers and Moore
(1987) who found that blueberry size was
unaffected by drip irrigation scheduling. In
our study, the effects of irrigation on fruit size
appeared to manifest as the plants matured.

Leaf macronutrients (mg-g™")

Leaf micronutrients (ug-g™')

Nitrogen  Sulfur  Phosphorus Potassium Magnesium Calcium Boron Zinc Manganese Iron  Copper

Irrigation level”

Non-irrigated 17.6 1.37 1.10 5.40 2.00 7.30 76.3 13.3 374 95.3 10.7

Moderate 16.8 1.28 1.08 5.11 1.79 6.33 69.8 12.0 292 91.3 10.2

Heavy 16.5 1.26 1.11 5.17 1.84 6.46 64.6 13.8 265 91.3 11.8
Contrasts

Non-irrigated and moderate NS NS NS NS * * NS NS * NS NS

Non-irrigated and heavy * NS NS NS NS NS * NS wE NS NS

Moderate and heavy NS NS NS NS NS NS NS * NS NS *

Non-irrigated and irrigated NS NS NS NS NS * NS NS ** NS NS

“Leaves were sampled in Aug. 2010 during the fourth year after planting.
YModerate = 5 L per plant per irrigation; heavy = 10 L per plant per irrigation.
Ns, *, ¥*Non-significant or significant at P = 0.05 or 0.01, respectively.
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Others have also shown that berries are larger
in irrigated plants. Increasing irrigation from
50% to 100% of the crop’s ET requirements
improved berry size, although no further in-
creases were observed at 150% ET (Bryla
etal., 2009). The opposite effect has also been
found. In a study examining the effects of
water stress on blueberry harvest the next year,
Mingeau et al. (2001) showed that a 20-d stress
period during flower induction reduced flower
buds and produced fewer, but larger fruit the
next season. In our study, no treatment differ-
ences were observed in the number of berries
per plant; means were 349, 500, and 2103
berries per plant in 2008, 2009, and 2010,
respectively. This differs from other studies, in
which irrigation increased the number of
berries per bush (Haman et al., 1997; Holzapfel

Table 3. Effects of irrigation level on plant growth
in ‘Duke’ blueberry.”

Plant width ~ Plant ht
(cm) (cm)
Trrigation level”
Non-irrigated 67.3 108.1
Moderate 71.1 116.8
Heavy 70.8 120.5
Contrasts
Non-irrigated K ok
and moderate
Non-irrigated wx ok
and heavy
Moderate and heavy NS o
Non-irrigated ok ok

and irrigated
“Plants were measured in 2009 and 2010, following
the third and fourth year after planting, and values
were averaged over the two growing seasons.
YModerate =5 L per plant per irrigation; heavy = 10
L per plant per irrigation.
Ns, ** ***Non-significant or significant at P=0.01
or 0.001, respectively.

et al., 2004). Therefore, any effects of irrigation
on fruit size in our study were the result of
direct effects on the fruit rather than changes in
fruit load.

Fruit firmness is another quality attribute
desired by consumers. Fruit were not as firm
in the heavy irrigation treatment as in the
control and moderate irrigation treatments in
2008 (Table 4). In 2009 and 2010, there was
no effect of irrigation. Taking all years into
consideration, fruit firmness was reduced in
the heavy irrigation treatment compared with
non-irrigation but moderate irrigation had no
effect. Bryla (2008) found that increasing
irrigation of blueberry reduced fruit firmness
and increased fruit size; our observations
support that finding. However, regression of
individual fruit firmness against fruit diame-
ter using all our samples shows no relation-
ship between the two (R* = 0.003, P > 0.05,
n = 486 samples of 100 fruit each) nor were
there significant relationships in individual re-
gressions from non-irrigated, moderate, and
heavy irrigation treatments (data not shown).
Therefore, reductions in firmness and increase
in size caused by irrigation are not necessarily
related to each other. This observation is sup-
ported by two studies of strawberry (Fragaria
Xananassa). Kriiger et al. (2002) found that
irrigation resulted in larger but less firm fruit.
However, the relationship was not consistent
from year to year; in 1 of 2 years, the firmness
of irrigated fruit decreased with no change in
fruit size, suggesting that changes in firmness
resulting from irrigation need not always be
associated with changes in fruit size. Similarly,
Hoppula and Salo (2007) found that despite a
decrease in fruit firmness with irrigation,
there was no significant effect on strawberry
fruit size.

Irrigation did not affect fruit soluble solids
values in 2008 and 2010 (Table 4). In 2009,

soluble solids values were highest in the non-
irrigated control, decreasing with increasing
irrigation. There was also a volume X lines
interaction (P < 0.01). When all years were
considered together, there was an overall effect
of irrigation and the heavy irrigation treat-
ment was significantly different from the non-
irrigated control. Bryla et al. (2009) showed
a similar reduction in blueberry soluble solids
with increasing irrigation, but the effect was
more pronounced in sprinkler and microspray
treatments than in drip. Byers and Moore (1987)
found no effect of drip irrigation scheduling
on blueberry soluble solids. For comparative
purposes, non-irrigated grapes (Vitis vinifera
L.) have been found to accumulate berry sugar
more rapidly than irrigated vines (Freeman
etal., 1980). However, the opposite effect was
found in strawberry, in which irrigation in-
creased soluble solids content (Hoppula and
Salo, 2007).

Fruit percent water content was unaf-
fected by irrigation in 2008 and 2010 (Table
4). In 2009, fruit percent water content was
significantly increased in the heavy irrigation
treatment compared with the control. Aver-
aged across years, both irrigation treatments
showed increased percent water content com-
pared with the non-irrigated control. This,
along with the overall reduction in soluble
solids content at heavy irrigation, suggests
that heavy irrigation dilutes fruit dry weight
because of increased water content.

As with fresh weight, soluble solids, and
percent dry weight, no effects of irrigation on
fruit acidity were found in 2008 (Table 4). In
2009, the overall effect of irrigation was to
reduce acidity with heavily irrigated fruit
specifically being less acidic than control fruit.
In 2010, the opposite result was observed with
the heavy irrigation treatment showing the
highest acidity. Averaged across years, heavy

Table 4. Effects of irrigation level on fruit quality in ‘Duke’ blueberry during the first 3 years of fruit production (2008-2010).

Firmness (g'mm") Berry wt (g) Soluble solids (°Brix)
2008 2009 2010 Mean 2008 2009 2010 Mean 2008 2009 2010 Mean
Irrigation level”
Non-irrigated 187.2 176.5 174.6 179.4 1.87 2.62 1.98 2.16 12.8 12.3 11.5 12.1
Moderate 182.8 175.6 174.9 177.8 1.89 2.70 2.09 2.23 12.7 11.9 11.3 11.9
Heavy 175.8 175.8 171.4 174.3 1.92 2.77 2.12 2.27 12.6 11.6 11.5 11.9
Contrasts
Non-irrigated and moderate NS NS NS NS NS NS * * NS * NS NS
Non-irrigated and heavy * NS NS * NS o wE HAK NS wox NS *
Moderate and heavy NS NS NS * NS * NS * NS wx NS NS
Non-irrigated and irrigated NS NS NS NS NS * *x ok NS K NS *
Water content (%)” Titratable acidity (%)* Storage water loss (%)*
2008 2009 2010 Mean 2008 2009 2010 Mean 2008 2009 2010 Mean
Irrigation level”
Non-irrigated 85.1 88.5 89.4 87.7 0.80 0.81 0.39 0.67 1.54 2.58 3.80 1.58
Moderate 85.3 88.9 89.6 87.9 0.80 0.77 0.39 0.65 1.30 245 391 1.49
Heavy 85.2 89.2 89.4 87.9 0.83 0.75 0.44 0.68 1.21 2.30 3.95 1.45
Contrasts
Non-irrigated and moderate NS NS NS * NS NS NS NS * NS NS NS
Non-irrigated and heavy NS woE NS * NS * * NS * * NS NS
Moderate and heavy NS NS NS NS NS NS ok * NS NS NS NS
Non-irrigated and irrigated NS NS NS * NS * NS NS * NS NS NS
“Moderate = 5 L per plant per irrigation; heavy = 10 L per plant per irrigation.
YData arcsine transformed before statistical analysis.
Ns, ¥, ¥**F**¥Non-significant or significant at P = 0.05, 0.01, or 0.001, respectively.
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Table 5. Effects of irrigation level on the anthocyanin composition of fruit harvested in 2010.

Delphinidin Cyanidin

Delphinidin ~ Petunidin Cyanidin

Peonidin

Petunidin Malvidin Malvidin

3-galactoside 3-galactoside 3-arabinoside 3-galactoside 3-arabinoside 3-galactoside 3-arabinoside 3-galactoside 3-arabinoside

(% of total anthocyanins)

Irrigation level”

Non-irrigated 17.0 2.5

Moderate 16.5 2.6

Heavy 17.2 2.7

Contrasts

Non-irrigated NS NS
and moderate

Non-irrigated NS NS
and heavy

Moderate and heavy * NS

Non-irrigated NS NS

and irrigated

9.2 12.4 1.3
8.7 12.3
9.2 12.5

* NS *
NS NS NS
ek NS sk
NS NS NS

2.5

2.5

NS

NS

NS
NS

6.1 33.7 15.3
5.7 35.0 15.6
5.8 33.6 15.1
NS * NS
NS NS NS
NS sk *
NS NS NS

“Moderate = 5 L per plant per irrigation; heavy = 10 L per plant per irrigation.
Ns, *, **Non-significant or significant at P = 0.05 or 0.01, respectively. Data were arcsine transformed before statistical evaluation.

irrigation produced fruit with slightly higher
acidity than those of moderate irrigation. Bryla
etal. (2009) also found a complex interaction
between titratable acidity and method of irri-
gation, which varied by year, and Byers and
Moore (1987) found no effect of irrigation on
titratable acidity at all. Hence, the effects of
irrigation on blueberry acidity are not clear.
Unlike many of the other fruit quality
parameters, fruit shelf life was influenced by
irrigation treatment in the first year of harvest
(2008). Both moderate and heavy irrigation
fruit showed reduced water loss in storage
compared with the non-irrigated control fruit,
leading to an overall effect of improved shelf
life as a result of irrigation (Table 4). How-
ever, in 2009, only the heavy irrigation treat-
ment showed reduced water loss compared
with the control fruit, and in 2010, there was
no effect of irrigation at all. There were no
overall effects of irrigation on shelf life when
averaged across all years. Treatment dif-
ferences in fruit size could be part of the
explanation for reduced water loss in the
irrigated treatments by virtue of the fact that
irrigated fruit tended to be larger and therefore
had a smaller surface to volume ratio, which
would reduce evaporation. However, this was
not the case in 2008, when differences in water
loss were the most evident. To our knowledge,
no other literature on blueberries is available
and our results differ from information on
other fruit in storage. For example, water loss
during storage was initially greater in irrigated
hot peppers (Capsicum annum L.) compared
with those exposed to either deficit irrigation
or root zone drying, although the differences
eventually disappeared with time in storage
(Dorji et al., 2005). Similarly, water loss in
peaches (Prunus persica L. Batsch) during
storage increased with irrigation from deficit
to optimum to excess (Crisosto et al., 1994).
Nutritional health benefits are an increas-
ingly important aspect of fruit quality. Irriga-
tion treatments did not influence antioxidant
levels in the fruit. Averaged among all treat-
ments, ORAC was 484 umol TE/g and 38 pmol
TE/g expressed on a dry weight and fresh
weight basis, respectively. These values are
higher than those reported in a study of
highbush blueberry cultivars (Ehlenfeldt and
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Prior, 2001) in which ORAC values for ‘Duke’
were 16.1 umol TE/g fresh weight and values
for 87 cultivars ranged from 4.6 umol TE/g to
31.1 umol TE/g fresh weight. Anthocya-
nins are also important health components
of blueberry fruit. Irrigation did not influ-
ence total anthocyanin content (grand means
of 11.2 mg-g ' and 1.40 mg-g ! dry and fresh
weight, respectively, P > 0.05), and values
were somewhat lower than those reported
for ‘Duke’ (2.16 mg-g' fresh weight) by
Ehlenfeldt and Prior (2001). However, irri-
gation resulted in a change in anthocyanin
composition (Table 5). Moderate irrigation
reduced delphinidin 3-arabinoside and cya-
nidine 3-arabinoside and increased malvidin
3-galactoside and malvidin 3-arabinoside
compared with both non-irrigation and heavy
irrigation. Additionally, moderate irrigation
reduced delphinidin 3-galactoside compared
with heavy irrigation. It is not known how
these changes reflect nutritional value, but
they demonstrate the potential for irrigation-
induced changes in anthocyanin metabolism.
Minerals are also important health compo-
nents of fruit. Moderate irrigation resulted in
higher fruit sulfur, phosphorus, and potas-
sium (K) (0.585, 0.949, and 7.36 mg-g ' dry
weight, respectively) than found under heavy
irrigation (0.554, 0.909, and 7.05 mg-g ' dry
weight, with P < 0.01, 0.05, and 0.05, re-
spectively). Moderate irrigation also in-
creased K compared with the non-irrigated
control (6.98 mg-g! dry weight, P < 0.05).
These observations differ from the effects
of irrigation on leaf mineral concentrations
in two respects: leaf mineral concentrations
tended to be the lowest with moderate ir-
rigation and the minerals, which changed in
concentration, were entirely different. Apart
from the improvements in fruit nutritional
value resulting from these increments in
mineral concentrations, it is unknown if the
changes play a role in the observed treatment
differences in other fruit parameters such as
firmness, size, or soluble solids content. In
that regard, it is interesting that Ca, which
has been associated with fruit firmness
(Pinheiro and Almeida, 2008; Siddiqui and
Bangerth, 1995), was not influenced by irri-
gation (data not shown).

It is interesting to note that irrigation effects
on fruit quality were in many cases observed
1 or 2 years before effects on yield and at times
when treatment differences in ¥,,, were not
obvious. This suggests that many of the at-
tributes of fruit quality are more sensitive to the
effects of water stress than is yield. Whereas
yield may be influenced by cumulative differ-
ences in plant size or root distribution brought
on by years of irrigation, it seems that param-
eters of fruit quality such as firmness, chemical
composition, and shelf life are more likely to be
affected by irrigation practices and plant water
status in the current season. This is not to say
that yield is unaffected by current-season water
status. In a study of the timing of water deficit
in blueberries, Mingeau et al. (2001) found that
reducing water application at specific times in
fruit development reduced yield in the current
season and, depending on the period during
which water deficit was applied, also in the next
season.
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