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a b s t r a c t

Peel damage originated by wind is the main abiotic cause of citrus fruit discards for export in Uruguay.
Natural windbreaks such as Eucalyptus and Casuarinas have not been effective in reducing it. This research
was carried out during three years in a citrus orchard situated in the coastal plain of Uruguay (35◦ SL). The
purpose of this work was to study wind climate inside the orchard, fruit seasonal sensitivity, basal leaf
effect on the onset and evolution of peel damage, and the efficiency of artificial windbreaks to reduce fruit
discard of ‘Ellendale’ tangor. Average wind velocity in the orchard did not exceed 5 m s−1. First peel scars
ruit quality
rchard protection
indbreak

were evident two weeks after petal fall and damaged fruit percentage importantly increased during the
first stage of fruit growth. Low energy vortexes caused almost permanent friction between basal leaves
and the developing fruitlets growing in their axil. Removal of the basal leaf decreased significantly wind
damaged fruit. Natural wind flow modification through the use of semi-porous artificial windbreak nets
(5 cm by 10 cm mesh) modified low energy vortexes and increased significantly the percentage of export
quality fruit. We conclude that this type of net is more efficient than natural windbreaks or classical nets

n citr
to reduce wind damage i

. Introduction

Uruguayan citrus industry has been developed during the last
our decades with a fresh fruit export objective, mainly to the Euro-
ean Union market. Climatic conditions of the country, situated
etween 30◦ and 35◦ South Latitude, allow high internal quality
ruit production with excellent external coloration. However, the
ercentage of fruit that achieve export quality rarely reaches 60%,
hich reduces economic yield. Packing houses information sum-
arized by Gravina (1998) indicated that peel damage caused by

biotic factors was the main reason for fruit discards for export.
nother study states that wind damage causes at least 10% of fruit
iscard in ‘Valencia’ oranges and ‘Ortanique’ and ‘Ellendale’ tan-
ors. This percentage reaches up to 40% in the most susceptible
arieties such as ‘Washington’ navel oranges and ‘Lisbon’ lemons
Martínez, 1995).

Damage in citrus fruit seems to be originated by friction caused
y leaves, branches and sprouts during early stages of growth

Albrigo, 1976; Freeman, 1976a; Roger, 1988), which takes place
rom September – October to December – January in the Southern
emisphere. Damage becomes evident during the second stage of

ruit growth, when cell enlargement predominates. In this stage,
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irregular shaped scars may appear and cover up to 15% or 20% of the
fruit’s surface (Roger, 1988). Albrigo (1976) pointed that wind dam-
age in citrus fruits is mainly related to the spring wind intensity.
Freeman (1976a,b) working under greenhouse and field conditions,
proposed that friction between adult leaves and developing citrus
ovaries was the cause of fruit damage, which was classified in four
types according to ultra structural studies. A correlation between
wind velocity and scarring severity was also proved.

Green (1968) established that wind damage in fruits is gener-
ated when wind velocity exceeds 24 km h−1 (6.7 m s−1). After this
observation, artificial and natural windbreaks became the usual
system to reduce wind velocity in fruit tree orchards. In this model,
turbulence generated and wind gust levels associated are not taken
into consideration. In the case of windbreak nets, turbulence is gen-
erated when air passes through and around the net. When it comes
through natural windbreaks, aerolastic effects can also be found,
this is the result of flow fluctuations and tree vibrations coupling,
which contribute to increase the energy of the fluctuating compo-
nent in scale to the tree’s height. An example of this interaction
is the effect on vortexes when flow develops around a vibrating
chimney (Simiu and Scanlan, 1986).
Turbulent flows present random fluctuating velocity spectrums.
These fluctuations can be divided into different frequency spec-
tral components, which can be associated to different geometrical
vortexes, i.e. from regions where high spatial correlations are estab-
lished (Hinze, 1975; Tenekes and Lumley, 1972). When a vortex
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ows around a tree, it establishes a pressure field with similar
imensions to its length scale (Holmes, 2007), inducing an equal
imension tree deformation, which could be a tree, a branch or a

eaf. On the other hand, scarce information is available about wind-
reaks and their efficiency on preventing citrus peel wind damage.

Since natural windbreaks used in Uruguayan Citrus orchards
ave demonstrated low efficiency on preventing the damage, the
bjectives of this research were: (a) to characterize wind climate
nside the orchard and its influence in fruit damage, (b) to deter-

ine citrus seasonal sensitivity and quantify the importance of
dult leaves incidence on fruit damage under field conditions, and
c) to evaluate the efficiency of artificial windbreaks in reducing
ruit damage and fruit discard caused by wind peel damage.

. Materials and methods

.1. Experiment set up

This research was carried out during three years in an orchard
ituated in the coastal plain of Uruguay, in the San José region
35◦ SL). ‘Ellendale’ tangor [Citrus sinensis (L.) Osb. × C. reticulata
l.] trees, grafted onto ‘Trifoliate’ orange [P. trifoliata (L.) Raf.] at
m × 3.5 m, in a SE–NW row orientation were used.

Based on information about prevailing wind directions, gath-
red for over thirty years by the nearest meteorological station,
wo nets were set up in the experimental plot. One of them was
et on one end of the plot, in an angular position. Each side of the
et with 50 m long was set in perpendicular to E and S winds. The
ther net of 90 m long was set at the center of the plot in a SE–NW

rientation (Fig. 1). Both nets were 6.5 m high. During the fist year,
.58 mm mesh and 0.3 wire nets were used (A-net, Fig. 2). During
he next two years, a different mesh size net (semi-porous) was
sed. The new mesh was selected in order to increase the energy
t small scale of turbulence, considering the vortexes’ size induc-

Fig. 2. Nets used in the experiment: first year, A-net: 1.58 mm mesh and 0.3
Fig. 1. Field experiment design with six different possible wind protection zones.
Thick orange lines represent windbreak nets.

ing the most intense leaf movement. A typical leaf size of 10 cm
was assumed. Afterwards the small scale of turbulence (�ss) was
assessed in 16 cm following results of Cataldo and Farell (2001)
and Tenekes and Lumley (1972). Taking into account that the tur-
bulence scale increases downstream the fence, a mesh of 5 cm by
10 cm was selected (B-net, Fig. 2).
Based on the position of the nets in the plot, six zones with dif-
ferent possible wind protection were determined (Fig. 1). In each
area 12 trees with medium and high flowering intensity to ensure
a reasonable number of fruits were selected every spring.

wire (top); second and third years B-net: 5 cm × 10 cm mesh (bottom).
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.2. Wind measurements

An ultrasonic anemometer (YOUNG, 81000 model) that solves
he three velocity vector components, was installed 3 m high (aver-
ge tree height) and the frequency sampling was 10 Hz. It was
ituated in two zones of the plot, zone 2 (most wind protected zone)
nd zone 6 (most wind exposed zone). The anemometer signal was
cquired using a specially developed programme from a portable
omputer.

.3. Peel damage onset and evolution

Wind damage incidence (percentage of damaged fruits) and
everity (percentage of fruit surface damaged) was determined in
21 day regular interval from petal fall until harvest. Forty ran-

omly selected fruits situated in the external part of the canopy
1 m) of the tagged trees were used. Severity of damage was deter-

ined under the following rating scale: 0 = without wind damage;
= under 5% of the peel affected; 2 = 5–10% of the peel affected;
= over 10% of the peel affected.

.4. Adult basal leaf presence
In one of the most wind exposed zones (5 zone), 10 trees were
andomly selected at flowering. In order to evaluate basal leaf effect
n peel damage, 20 leafless single flowered shoots per tree (1st
ear) and 40 ones per tree (2nd and 3rd year) were tagged and
ivided into two groups: fruitlets with adult basal leaf (BL) and

Fig. 3. Evolution of 10 min longitudinal component ve

Fig. 4. Wind velocity histogram and wind
ulturae 129 (2011) 46–51

fruitlets with adult basal leaf removed (BLR). Since the end of petal
fall, until the end of physiological drop, wind damage incidence and
severity was fortnightly quantified.

2.5. Artificial windbreak efficiency

At maturity, fruits from all trees of each zone were harvested
and yield and number of fruit per tree was registered. A sam-
ple of 40 randomly selected fruits per tree was used to evaluate
peel damage incidence and severity according to the previously
mentioned rating scale. Additionally, an export-marketable crite-
ria scale, where no damage (severity 0) was 1st class quality; less
than 5% of the peel affected (severity 1) was 2nd class quality and
more than 5% of the peel affected (severity 2 + 3) was discarded fruit,
was used.

2.6. Statistical analysis

A complete randomized design of twelve-tree-plots per zone
was used to study 2.3 and 2.5. Damage incidence and severity (per-
centage of damaged fruits) was analyzed by likelihood ratio tests,

with the Generalized Linear Models (Mc Cullagh and Nelder, 1989),
assuming binomial distribution and logit link function. Means were
separated by simple contrast (P < 0.05). A logistic model to describe
damage evolution with and without adult basal leaf was adjusted.
Curve rates were compared by likelihood ratio tests as well.

locity mean value from 2008/7/29 to 2008/9/17.

rose in an exposed zone (zone 6).
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. Results and discussion

.1. Wind climate inside the orchard

Very low wind velocity was measured almost at all time in dif-
erent sites of the orchard. The 10 min evolution of the longitudinal
elocity component mean value, measured during 49 days, never
xceeded 3.5 m s−1 in one of the least wind protected zones (zone
) (Fig. 3).

Wind velocity histogram and wind rose registered between
eptember and October 2008 in zone 6, and the registered between
ctober 2008 and June 2009 in the most wind protected zone (zone
) are shown in Figs. 4 and 5 respectively. Predominant wind direc-
ion as well as the low occurrence of high and medium wind velocity
vents can be appreciated. In zone 6, mean velocity was ever lower
han 3.5 m s−1 (12.6 km h−1), while in zone 2 the maximum wind
peed registered was 5 m s−1 (18 km h−1). It is outstanding that the

xtreme values registered are lower than the thresholds reported
o cause citrus fruit wind damage (Albrigo, 1976; Freeman, 1976a;
reen, 1968). Considering that annual mean wind velocity regis-

ered in the closest weather station is 5 m s−1, the high percentages

Fig. 5. Wind velocity histogram and wind

Fig. 6. Typical wind damaged peel of ‘Ellendale’
ulturae 129 (2011) 46–51 49

of wind damaged fruit discards in this province (Gravina, 1998;
Martínez, 1995) cannot be explained by wind velocity.

3.2. Peel damage onset and evolution

Typical wind damaged peel of ‘Ellendale’ fruit is shown in Fig. 6.
In the three years, first peel scars on ‘Ellendale’ tangor fruits were
evident two weeks after petal fall with an ovary size average
of 3.5 mm diameter, in agreement with Albrigo (1976), Freeman
(1976a) and Gravina et al. (2005).

Damaged fruit percentage importantly increased during the first
stage of fruit growth and the beginning of the second stage (until
105 days after full bloom, Fig. 7). This result confirms the high fruit-
let sensitivity during 90 days after flowering, previously reported
(Albrigo, 1976; Freeman, 1976a; Roger, 1988). However, in our
experiments, a moderate increase of damage incidence was found

during stage II of fruit development (Fig. 7). In general, this incre-
ment resulted from an increase of the severity type 1 damage (fruits
with less than 5% of the peel affected), thus considering fruit export
discards it had no relevance. Taking into consideration damage that
causes fruit discards (severity types 2 and 3), the results verified at

rose in a protected zone (zone 2).

young fruit (left) and mature fruit (right).
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ig. 7. Incidence of wind damaged ‘Ellendale’ tangor fruit in the most wind pro-
ected zone (zone 2) and in the most wind exposed one (zone 5) in the third year.
AFB: days after full bloom.

he end of physiological drop (data not shown) were similar but
light lower than the ones obtained at harvest (differing only 3%
nd 5% in the exposed and protected zone respectively).

Different percentage of damaged fruit between the most pro-
ected zone (zone 2) and the zone farthest from the windbreak nets
zone 5), could already be found since 30 days after full bloom (sec-
nd year). In the third year these differences increase along the
rowing season reaching in some dates 29% between them (Fig. 7).

.3. Adult basal leaf presence

Removal of adult basal leaf from leafless single fruitlets signif-
cantly reduced damaged fruit percentages compared to the ones

ith basal leaf (Table 1). Damage evolution during the first four
onths after bloom adjusted a logistic curve in both situations

Fig. 8). However these differences are not associated to wind veloc-
ty, but to the energy of small scale turbulence that causes smooth
ut continuous leaf movements in brief periods of time. Low energy,
mall scale vortexes cause an almost permanent rub between basal

eaves and developing fruitlets, this contact increases peel dam-
ge probability. On the other hand, when vortex energy increases,
eaves show larger range movements, and this reduces basal leaves
nd fruits contact.

able 1
ind damage incidence at the end of physiological drop in ‘Ellendale’ tangor fruitlets
ith basal leaf (BL) or with basal leaf removed (BLR) during three consecutive sea-

ons. Data is expressed in percentage of total fruits remaining at the end of the
hysiological drop and correspond to 32, 85, 78 fruits per year.

Year BL BLR

2006–2007 36 aA 18 b
2007–2008 57 a 41 b
2008–2009 67 a 39 b

A Different letters in the same year indicate significant differences (Tukey test,
< 0.05).

able 2
ercentages of ‘Ellendale’ tangor 1st quality fruit (without wind damage), 2nd quality (un
eel affected) in the three years of experiment. Data corresponds to a sample of 40 fruits

Zone 2007 2008

1st quality 2nd quality Discard 1st quality 2

1 47 aA 36 ab 17 b 31 a 39
2 52 a 32 ab 16 b 32 a 5
3 44 a 38 a 18 b 22 b 4
4 51 a 30 b 19 b 23 b 41
5 26 b 38 ab 36 a 20 b 2
6 31 b 37 ab 32 a 20 b 38

A Different letters in columns and years indicate significant differences (Tukey test, P <
Fig. 8. Incidence adjusted curves (logistic model) of wind damaged ‘Ellendale’ tan-
gor fruit with basal leaf (BL) and with basal leaf removed (BLR). DAFB: days after full
bloom.

Basal leaf was not the unique factor causing wind damage, since
when it was removed, the percentage of fruit affected reduced
between 30 and 50%, but it was not eliminated. ‘Ellendale’ shoots
present short internodes, so developing fruitlets are in close prox-
imity to other fruitlets, leaves, small thorns and other shoots. This
feature provokes fruitlet frequent contact or rubs with other organs
apart from basal leaf, which could also cause peel wind damage at
slow wind velocity.

3.4. Artificial windbreak efficiency

At harvest, the percentage of first and second quality fruit for
export as well as discarded fruit, considering exclusively wind dam-
ages, was associated to artificial windbreak protection. In general,
during the three year research, the most wind exposed zones (zones
5 and 6) had the highest percentages of fruit discards, being signif-
icantly different from the most protected zones (zones 1, 2 and 3)
that had the lowest percentages. Zone 4, situated at West from the
90 m longitudinal net, had an intermediate behaviour (Table 2).

However, during the first year when A-net was used, discard
quality fruit percentage was reduced 20% in the most protected
zone (zone 2) compared to the least protected zone (zone 5), while
in the second and third years when the B-net was used, discard
fruit percentages were reduced 34% and 32% respectively (Table 2).
These results illustrate a better performance of the larger sized
mesh net (B-net) selected for the last two years, after consider-
ing the previous study of the vortexes energy produced when wind
passes through the 1.58 mm mesh net (A-net).

Average hectare production yield reached 30 t, so the first year,
using the A-net, an increase of 20% of export-marketable fruit

between the most and least protected zones reaches an increase
of 6 t of export-marketable fruits per hectare. For the second and
third years, with the B-net the increment arises to 9.9 t ha−1.

der 5% of the peel affected), and wind damaged discard fruit (more than 5% of the
per tree from 12 trees in each protection zone.

2009

nd quality Discard 1st quality 2nd quality Discard

b 30 cd 35 b 36 a 29 c
1 a 17 e 60 a 20 b 20 c
9 a 29 d 31 bc 36 a 33 c

b 36 bc 27 cd 34 a 39 b
9 c 51 a 20 d 28 a 52 a

b 42 b 24 cd 34 a 42 ab

0.05).
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. Conclusions

Our results represent a new point of view of wind action in
citrus orchard, not previously reported. Fruit peel damage inci-
ence and severity in ‘Ellendale’ tangor could not be associated to
igh wind velocity events, yet maximum velocity recorded in the
rchard was 5 m s−1 and high percentages of damaged fruit was
ound. Low energy small scale vortexes cause basal leaves con-
tant rub against fruitlets growing in their axil, especially single
owered ones. This continuous rub causes an important fruit peel
amage, which was confirmed with the reduction of the damaged
ruit percentage when basal leaf was removed. Natural wind flow

odification through the use of semi-porous artificial windbreak
ets (B-net), set along and perpendicular to citrus rows, modified

ow energy vortexes and diminished the percentages of export fruit
iscard. We state that this type of net is more efficient than natural
indbreaks or classical nets to reduce wind damage in citrus fruit.
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