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a b s t r a c t

Jojoba (Simmondsia chinensis L. [Schneider]) is a wind-pollinated perennial shrub native to

the Sonoran Desert. In recent years commercial plantations in Arizona and Catamarca,

Argentina have dramatically decreased in size and number, going from 13,000 ha in the

early 1980s to about 2,300 ha today. The main reason for this decrease is yields being lower

than expected, with low pollination percentages considered the main source of the prob-

lem, although use of inferior genetic material has contributed to the problem. Artificial or

supplemental pollination has been used successfully in other crops to increase yields, and it

was thought that this could also be used for jojoba. A trial was carried out over two seasons

in which pollen collected in Arizona, was mechanically applied to commercial fields in Cata-

marca. The first year yields were significantly (P < 0.05) greater in the fields in which pollen

had been applied, than in the controls. The second year yields were not measured. Rather

the number of capsules with fruit, aborts, and empty capsules were counted on a num-

ber of randomly selected branches. This technique gives a good estimate of yield, and the
results showed that pollen application significantly (P < 0.05) increased expected yields. In

conclusion, application of supplemental pollen increases jojoba yields and hence should be

considered a viable option for commercial plantations. Additional work is required, however,

to determine the correct application rate so as to minimize collection costs, and determine

when application should take place to optimize efficacy.

tropous ovules per ovary. One can also find four ovules per
1. Introduction

Jojoba (Simmondsia chinensis L. [Schneider]) is a perennial shrub
native to the Sonoran Desert, which is located in the south-
western USA and northwestern Mexico. The plant is unique
because 50% of the weight of its seeds is an almost odorless,
colorless liquid wax, composed mainly of monoesters of C:20

and C:22 straight-chain alcohols and acids (Wisniack, 1987).

Jojoba is a dioecious, wind-pollinated plant. Flowers of both
male and female plants are small and lack both nectaries
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and petals (Gentry, 1958). Female flowers consist of one to
four large bracts, four to six sepals, and a three-locular supe-
rior ovary surmounted by three (rarely, four) long styles. Male
flowers develop on racemose inflorescences, and each one
consists of four to six sepals and eight to 16 large, erect anthers
(Benzioni and Dunstone, 1986). Typically there are three ana-
ovary, on occasion. Although three ovules are normally pro-
duced, typically only one of the three ovules will be fertilized
and produce a capsular fruit (Buchmann, 1987).

mailto:wcoates@u.arizona.edu
dx.doi.org/10.1016/j.indcrop.2007.12.002
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In Catamarca, Argentina, which is located in the Arid
haco ecosystem, flowering generally lasts 4–5 weeks; how-
ver, depending on ambient temperatures flowering can vary
rom as short as 30 days, to as long as 45 days (Ayerza, personal
ommunication, 2005). The reason for this is that stigmatic
eceptivity is very dependent on ambient temperatures prior
o anthesis, and during bloom (Buchmann, 1987). In the Sono-
an Desert female flowers are receptive for a period of 3–6
ays, while in the Arid Chaco the duration is less than 4 days

Ayerza, 1990).
In recent years commercial plantations in the Hyder Val-

ey in Arizona and in Catamarca, Argentina have dramatically
ecreased in size and number, going from 10,000 ha in the
arly 1980s to about 2000 ha in Arizona, and from 3000 ha in
atamarca in the late 1990s to approximately 300 ha today.
he main reason for this reduction is yields being lower

han expected, and as a result many fields were abandoned.
educed yields have been attributed to two factors: poor
enetic material, and low pollination percentages because of
n insufficient number of male plants.

Supplemental pollination, applied by mechanical means,
ould improve jojoba yields as this has been shown effec-
ive for other wind-pollinated plants such as olives, almonds,
ates, and pistachios. To determine whether supplemen-
al pollination could be beneficial for jojoba, a bi-national
roject was set up in Arizona, USA, and Catamarca, Argentina.

previous paper reported the results of a trial in which
ollen collected in Catamarca was applied in the Hyder Val-

ey of Arizona (Coates et al., 2006). Herein are presented the
esults of trials conducted over two seasons in which pollen
ollected in Arizona, was applied to commercial fields in
atamarca.

. Materials and methods
ollen was mechanically applied to a commercial plantation
n the Central Valley of Catamarca, Argentina (28◦28′S latitude,
5◦46′W longitude, and 500 m of elevation), which is located
n the Arid Chaco ecosystem. The test fields had been planted

Table 1 – Catamarca field characteristics

Field Area
(ha)

Female plants
(plants/ha)

Female:male
(ratio)

Planting d
(m/d/y

Ca
A7 1.85 1,416 5.3:1 3/2/01

C E8 1.48 1,416 5.3:1 3/3/01
C F9 1.49 1,416 5.3:1 3/5/01
Pb

B7 1.65 1,416 5.3:1 3/3/01
P C7 1.63 1,416 5.3:1 3/3/01
P F8 1.88 1,416 5.3:1 3/4/01
P G8 1.41 1,416 5.3:1 3/4/01
P G9 1.39 1,416 5.3:1 3/5/01

CV%c 12.2

a C: control fields.
b P: pollinated fields.
c Coefficient of variation (%).
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between March 2 and 5, 2001. Distances between rows and
within plants in rows were 5 and 1.2 m, respectively (Table 1).
Rows ran in an east-west direction following the natural field
slope.

The test area was comprised of eight fields of female plants
of the clone Ambato 10, which were located adjacent to one
another. Five fields were pollinated, and three fields were left
as controls. Each field had a mean size of 1.6 ha (CV: 12.2%), and
consisted of 16 rows. Three rows of male plants were located in
rows 1, 8, and 16. Row 8 had plants established from cuttings,
while rows 1 and 16 were established from seeds. All of the
male plants originated from shrubs planted in the area.

Test fields were separated from one another by a 50 m
wide strip of natural Arid Chaco vegetation (trees, shrubs, and
herbaceous species), which serves as a windbreak. As rows 1
and 16 were established from seed, and are relatively close
to natural vegetation, the plants were underdeveloped and
had a minimal number of male flowers open and releasing
pollen when application took place. The presence of the nat-
ural vegetation led to the poorer development of the outside
rows primarily because of the competition for the irrigation
water.

2.1. Year I

Flower opening began on August 20, with approximately 5%
of flowers open, and finished on September 17 when approx-
imately 95% of the flowers had opened. One application on
each plot was made, on 27 August on fields B7, C7, and F8,
and on 29 August on fields G8 and F8 (Table 1). Pollen was
applied at a mean rate of 70 g/ha (CV: 13.1%), with the varia-
tion coming about because of variations in plot size and driver
performance (Table 1). The pollen applicator is described by
Coates et al. (2006). Wind speed, temperature and humidity
during application, as well as throughout the flowering period,

were recorded (Table 2).

The pollen used for the trial came from the Hyder Val-
ley, Arizona, USA (33◦N latitude, 113◦W longitude, and 200 m
elevation), which is located in the Sonoran Desert ecosys-

ate
)

Clone Design (m) Pollen applied (g/ha)

2005/06 2006/07

Ambato 10 1.2 × 5 – –
Ambato 10 1.2 × 5 – –
Ambato 10 1.2 × 5 – –
Ambato 10 1.2 × 5 66.7 200.1
Ambato 10 1.2 × 5 67.6 202.8
Ambato 10 1.2 × 5 58.4 175.2
Ambato 10 1.2 × 5 78.2 234.6
Ambato 10 1.2 × 5 79.3 237.9

13.1 13.1
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Table 2 – Climatic conditions when supplemental pollen was applied

Field Pollen application (d/h) Winds (km/h) Temperature (◦C) RHa (%)

Year I
Pb7B 8/27 (5:00 p.m.) 7 W 36.2 9
P 7C 8/27 (5:30 p.m.) 8 W 35.6 8.5
P 8F 8/27 (6:00 p.m.) 22 W 35 8
P 8G 8/29 (6:30 p.m.) 4.5 W 17.4 37.5
P 9G 8/29 (7:00 p.m.) >1 16.9 42

Year II
P 7B 9/11 (3:00 p.m.) >1 31.6 18

9/18 (8:30 a.m.) 26 NE 19.8 22
9/22 (2:45 p.m.) 8 SE 30 17

P 7C 9/11 (3:15 p.m.) >1 31.6 18
9/18 (8:50 a.m.) 26 NE 19.8 22
9/22 (3:00 p.m.) 9 S 30.2 17

P 8F 9/11 (3:30 p.m.) 4 SE 31.9 18
9/18 (9:15 a.m.) 30 NE 21.2 29
9/22 (3:10 p.m.) 9 S 30.2 17

P 8G 9/11 (3:45 p.m.) 4 SE 31.9 18
9/18 (9:30 a.m.) 32 N 22.8 22
9/22 (3:30 p.m.) 8 S 30.9 15

P9G 9/11 (4:05 p.m.) 7 SE 32.2 17
9/18 (9:50 a.m.) 32 N 22.8 22
9/22 (3:50 p.m.) 8 S 30.9 15
a Relative humidity.
b Pollinated field.

tem. Collection took place between 16 March and 25 March
2004 from approximately 20-year-old male plants that had
been propagated from seed. The vacuum system described by
Coates et al. (2006) was used for collection. During the col-
lection period the pollen was transported daily to a freezer
located in the Office of Arid Lands Studies at the University of
Arizona. In July 2005 the pollen was packed on blue ice and
transported via air freight from Tucson, Arizona to Buenos
Aires and then to Catamarca, Argentina where it was placed in
a freezer until applied. As required by the Argentine Govern-
ment, the pollen was inspected by the USDA prior to shipment,
and a Phytosanitary certificate was issued allowing it to be
imported.

Seed yields were determined by harvesting the crop once
it had fallen from the plants onto the soil surface. This is the
normal practice in the region. Following harvest the seed was
cleaned, placed in 50 kg bags, then stored until reaching a
moisture content of 4%. The seeds were then weighed, and
samples obtained to determine 100 seed weight, wax content
and composition.

Analyses of the seeds were performed by International
Flora Technologies Inc., Chandler, Arizona, by Dr. Robert
Kleiman. The oil (wax-ester) content was determined by AOCS
(1984) method Ac 3–44, and a Hewlett-Packard 5890 gas chro-
matograph, with a flame ionization detector at 350 ◦C. The
capillary column used was a 30 m × 0.25 mm ID BPX with
0.25 �m film thickness (Palo Altro, USA), run isothermally at
340 ◦C.

Each variable was compared by analysis of variance. When

the F-value was significant, means were separated using
Student–Newman–Keuls test. Correlation coefficients were
used to assess whether a relationship existed between mea-
sured parameters (Cohort Stat, 2006).
2.2. Year II

In order to verify that the application procedure was indeed
valid, and that the results from 2005 could be replicated, the
same fields were again tested in 2006. The pollen was the
same stock as used the first year, and had been stored in a
freezer between seasons. To determine pollen viability prior
to application an analysis was performed at the University
of Buenos Aires using the technique developed by Greissel,
which is described by Kearns and Inouye (1993). Results were
65.9% viability at 5 min and 22.4% at 30 min. Because of the
reduced viability, pollen application amounts were increased
3-fold, with the same quantity that was applied during the
first year applied during each of the three applications that
took place the second year (Table 1). The same machine and
operating procedures were used as in the first year. Weather
conditions during the three applications are shown in Table 2,
with flower opening beginning on September 8, and finishing
on October 2.

Evaluations to determine effectiveness of the treatment
were made 69 days following the last application. For each
treatment and replication, 10 shrubs from each of the 13 rows
(a total of 130 shrubs per replication; 650 and 390 shrubs for
the pollinated and control plots, respectively) were selected
at random. On each shrub one branch (approximately 0.30 m
long) on the northern side, and one on the southern side,
was selected at random for sampling. The number of cap-
sules with fruit and aborts (those that were pollinated and
began to produce a seed but did not reach maturity), as well

as empty capsules (those that were not pollinated) on each
branch were counted. A total of 1300 and 780 branches per
treatment were selected from the treated and control plots,
respectively.
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Table 3 – Jojoba seed production when supplemental pollen from Arizona was and was not applied in Catamarca

Treatment Field size (ha) Yield (kg/ha) Seed weight (g/100 seeds) Seeds per capsule (%)

Single Two or more

Control 1.61aa 55b 73a 4.3a 95.7a
Pollinated 1.59a 137a 70a 3a 97a
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LSD 0.408 37.657

a In a column, means with the same letter are not statistically differ
b Least significant differences for P < 0.05.

Each variable was compared by analysis of variance. When
he F-value was significant, means were separated using the
east Significant Test (Cohort Stat, 2006).

. Results

.1. Year I

eed yield, 100 seed weight, and number of seeds per cap-
ule are presented in Table 3. Seed yield was significantly
igher (P < 0.05) in the pollinated plots compared to the con-
rol. No significant differences (P < 0.05) among treatments
ere detected for 100 seed weight or number of seeds per

apsule.
The comparison between pollen application days (August

7 and 29) and yield is shown in Table 4. Yield was
ignificantly correlated with date of application (0.97**). Corre-
ations between seed yield and individual climatic parameters
howed temperature and humidity at time of pollen applica-
ion to be significant. Positive correlations between yield and
umidity (0.95*), and a negative correlation between yield and
emperature (−0.98**) were found. The correlation between
ield and wind speed was not significant (−0.53NS), nor was
he correlation between quantity of pollen applied and yield
0.36NS).

No significant (P < 0.05) differences among treatments were
etected for either wax-ester content or composition.

.2. Year II
he mean number of capsules with fruit and aborted, as well
s empty capsules are shown in Table 5. Fruiting capsules were
ignificantly higher (P < 0.05) and empty capsules were signif-
cantly lower (P < 0.05), in the pollinated fields, compared to

Table 4 – Correlation between seed yield and weather
parameters for applications made during the first year of
the study

Correlations

Parameters Coefficient

Yield vs. humidity 0.95*
Yield vs. temperature −0.98**
Yield vs. winds −0.53NS

Yield vs. day of pollination 0.97**
Yield vs. quantity of pollen/ha 0.36NS

*Significant at P < 0.01, **significant at P < 0.05, NSnot significant.
14.28 6.139 6.139

< 0.05) according to Student–Newman–Keuls test.

the control. No significant differences (P < 0.05) among treat-
ments were detected for aborted capsules. Sampled branches
that received supplemental pollination produced significantly
(P < 0.05) more fruited capsules than the control when the
south and north sides were compared separately, with polli-
nated branches showing 1.6- and 3-fold more fruited capsules
for the southern and northern sides, respectively. Empty cap-
sules were significantly (P < 0.05) higher on branches in the
control fields for both the north and south sides of the plants
when considered separately.

The comparison of fruited, aborted, and empty capsules
between shrub sides, within treatments, is presented in
Table 6. For the control, significantly (P < 0.05) fewer fruited
capsules were found as were significantly (P < 0.05) higher
empty capsules on the north side of the shrubs, compared
with the south side; no significant (P < 0.05) difference in
aborted capsules was detected. This is very different from the
pollinated treatment in which no significant (P < 0.05) differ-
ence in capsules was found between the north and the south
sides.

4. Discussion

In general the seed yields were very low by commercial stan-
dards and came about primarily because of a late frost, which
damaged many of the female flowers. Still, application of sup-
plemental pollen to jojoba significantly (P < 0.05) increased
seed production (Table 3) with yields being 2.5 times that of
the control. This is not unlike a number of other species which
have shown dramatic yield increases when supplemental pol-
lination has been applied: Douglas Fir (Pseudotsuga menziesii
[Mirb]. Franko) (Webber, 1987); Stika-Spruce (Pinus sylvestris L.)
(El-Kassaby and Reynolds, 1990); almonds (Amygdalus commu-
nis L., Rosaceae) (Vaknin et al., 2001); pistachio (Pistacia vera
L.) (Vaknin et al., 2002); olives (Olea europaea L.) (Ayerza and
Coates, 2004).

Indications of increased jojoba seed production brought
about by supplemental pollination were reported by Coates
et al. (2006) in a plantation located in Hyder Valley, Arizona;
however, yield increases were less dramatic and were not
consistent between years. Differing results between the Ari-
zona and Catamarca trials might be due to differences in
female–male ratio, and distance between plants. The Arizona
field had a female–male ratio of 5:1, while the Catamarca field

had a ratio of 13:1 (while male to female rows were in the
ratio of 5.3:1, given that the outside rows were producing no
pollen, the production ratio was 13:1). Additionally, the max-
imum distance between plants of a different sex was 12 m,
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Table 5 – Comparison of the percentage of fruiting, aborted, and empty capsules between rows which had supplemental
pollen applied (pollinated), and those which were naturally pollinated (control) during the second year

Treatment Total (%) South side (%) North side (%)

Fruits Aborta Emptya Fruits Abort Empty Fruits Abort Empty

Control 23.7bb 39.1a 37.2a 32.1b 41.3a 26.6a 16.0b 37.0b 47.0a
Pollinated 49.1a 45.1a 5.8b 49.8a 43.3a 6.9b 48.4a 46.8a 4.8b

S.D.c 6.96 7.36 6.39 10.42 10.66 8.99 9.13 10.21 8.81

t did
ent (P
a Aborts (those that were pollinated and began to produce a seed bu
b In a column, means with the same letter are not statistically differ
c Least significant differences for P < 0.05.

while in Catamarca the distance between sexes was more than
15 m for 61% of the plants. Studies in Israel have shown that
fruit set in jojoba is a function of distance between female and
male rows (Benzioni and Ventura, 1998).

The dramatic yield increase reported herein could be
explained by the higher female:male ratio in combination with
the weather conditions not only over the flowering period
in general, but in particular during the times when supple-
mental pollen was applied. As demonstrated in other crops,
flower set in wind-pollinated species is strongly influenced by
weather during flowering (Tormo-Molina et al., 2001). Signifi-
cantly (P < 0.05) higher seed yields (25% increase) were found
for plants pollinated on 29 August, compared with those polli-
nated on 27 August (data not shown). Given these data, yields
were significantly correlated with weather parameters since
they were positively correlated (0.95%) with relative humid-
ity, and negatively correlated (−0.98%) with temperature and
wind speed (−0.53%) (Table 4)

Coates et al. (2006) reported a dramatic decrease in jojoba
pollen viability, nearly 10-fold, following days with hot dry
winds in the Hyder Valley of Arizona. These findings are in
agreement with those of others working with different species
as they have shown the effects of weather on the pollina-
tion process. For example, in corn a pollen dessication effect
has been found, with pollen viability decreasing faster at low
RH and high temperature (Fonseca and Westgate, 2005; Aylor,
2003). Similarly, Cupressus spp. pollen viability has shown a
strong negative correlation with air temperature (Cariňanos

et al., 2004).

Wind speed has been reported by Tormo-Molina et al.
(2001) as the most relevant negative factor influencing levels
of pollen in the atmosphere in plants such as Plantago spp.,

Table 6 – Comparison between row sides of the percentage of f
supplemental pollen applied (pollinated), and those that were n

Treatment Control (%)

Fruits Abort1 Em

North side 16b2 37a 47a
South side 32.1a 41.3a 26.6

S.D.3 10.15 12.18 12.5

1Aborts (those that were pollinated and began to produce a seed but did
column, means with the same letter are not statistically different (P < 0.05)
for P < 0.05.
not reach maturity), empty (those that were not pollinated).
< 0.01) according to the Least Significant Test.

Chenopodium spp., and Amaranthus spp. The authors attributed
this finding to pollen capture and release by the flowers.
Research on a number of species has shown decreased pollen
capture as wind speed increases. For anemophilous plants,
winds are needed to disperse pollen. However, experimental
data have shown winds to be effective only when they are less
than 20 km/h (Tormo-Molina et al., 2001). For the current trial,
80% of the days during flowering had wind speeds greater than
20 km/h, and 41% had wind speed greater than 30 km/h (data
not shown). The significantly (P < 0.05) lower seed production
found with the control could be associated with the high wind
speed, which negatively affected pollen capture.

A contributing factor could be that in desert areas such as
the Arid Chaco winds frequently create dust storms, which
tend to form a dust covering over the entire plant. Jojoba ger-
mination trials in Israel showed increased germination after
washing the inflorescences (Vaknin et al., 2003). Hence, this is
another wind factor that could have negatively affected natu-
ral pollination.

Another factor that affects natural pollen availability
is rain. Buchmann (1987) reported that airborne jojoba
pollen counts dropped dramatically (from 267 grains/m3/h to
7 grains/m3/h) for at least 18 h following rain. Since a rain
event occurred (data not shown) during the flowering period, a
“washout” phenomenon could have reduced pollen availabil-
ity, effectively decreasing pollination days during flowering.

Lack of a significant (P < 0.05) difference in wax-ester con-
tent and composition (Table 5) between treatments shows

pollen source did not affect these characteristics, since both
treatments were the same female clone. Miwa (1980) sug-
gested that much of the variation in jojoba esters is due to
temperature, rather than genotype. Ayerza (2001) analyzed

ruiting, aborted, and empty capsules that had
aturally pollinated (control) the second year

Pollinated (%)

pty1 Fruits Abort Empty

48.3a1 46.9a 4.8a
b 49.8a 43.3a 6.9a

9 6.77 6.73 4.69

not reach maturity), empty (those that were not pollinated); 2In a
according to the Least Significant Test; 3least significant differences
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ax-ester content and composition of 10 clones grown in two
cosystems, the Arid Chaco of Argentina and Atacama Desert
n Peru. He also reported greater differences in wax ester
ontent and composition between ecosystems, than from dif-
erent clones growing in the same location.

The second year results, Table 5, show 2.1 times the num-
er of fruited capsules in the pollinated treatment, than in
he control. These capsule measurements, which were taken
9 days following pollination, provide accurate crop yield
stimates and confirm the dramatic increase in seed yield
ound during the first year’s trial. The lack of a significant
P < 0.01) difference between treatments in capsules aborted,
nd the significantly (P < 0.01) higher percentage of empty cap-
ules found on the branches within the control treatment (6.4
imes) indicate how strong an influence pollen application
ad on flower set. This effect was higher on the south side
f the rows than on the north side, with 3-fold and 1.6-fold
ore fruits found for the treated and control fields, respec-

ively.
The significant (P < 0.05) difference in percentage of fruit-

ng and empty capsules detected between shrub sides in the
ontrol treatment, but not in the pollinated treatment, could
e attributed to wind affecting the natural pollination pro-
ess differently on each side of the shrubs. In general winds
uring the pollination season are from the N to the NE. The
orth winds are mostly dry and warm, and these characteris-
ics intensify during the September to December time period
SMN, 1986). Winds such as these have been shown to nega-
ively effect production on the north side of other tree crops in
he Arid Chaco ecosystem (Giunta and Giunta, 1977), as well
n other ecosystems (Ayerza and Coates, 2004).

The significantly higher (P < 0.05) abortion percentage
ound on the north branches of the pollinated treatment can-
ot be directly explained from the data (Table 5). Capsule
osition on the branches was not measured, so the results
ould be related to a higher number of flowers being set
n the periphery of the shrubs in the pollinated treatment.
eripherally located flowers had less protection from north-
rn winds, compared with flowers located in the interior of
he shrub canopy. The result could be the higher abortion
ercentage.

Lack of a significant (P < 0.05) difference in overall abortion
ercentage between shrub sides suggests a genetic mecha-
ism of regulation of this phenomenon, rather than a climatic
vent per se. Variations in flower set percentage of 46.7–87.1%,
ere reported when flowers of one jojoba clone were hand
ollinated with pollen collected from six different male plants

Vaknin et al., 2003). Others have reported variations in flower
et percentage of 44.3–70.3% between years for one jojoba
lone under natural pollination conditions (Benzioni and
entura, 1998). If aborted capsule percentage is added to fruit-

ng capsule percentage, flower set percentage for the trial was
4.2% and 62.8% for the pollinated and control treatments,
espectively.
. Conclusions

s has been demonstrated for other tree crops, this study has
hown that supplemental pollination of jojoba dramatically
t s 2 7 ( 2 0 0 8 ) 364–370 369

increases seed production, especially under the conditions of
the Arid Chaco of Argentina. Hence, use of supplemental pol-
lination could provide growers with increased jojoba yields in
other hot and windy environments in which jojoba might be
planted.

Supplemental pollination could dramatically and rapidly
increase yield in number of commercial jojoba plantations
around the world which are low yielding, mainly because of
their high female:male plant ratio. Planting additional males
would be another option; however, a period of 3–6 years would
be required for them to produce sufficient pollen to be effec-
tive. Although planting more males would increase yields, it
also reduces the number of females in a given field, thereby
decreasing production per hectare.

Before this agronomic practice should be routinely adopted
for jojoba, as it now is in olives, almonds, pistachio, and other
orchards, further research is necessary. This is necessary not
only to understand the jojoba pollination process more com-
pletely, but also to determine doses and timing of pollen
application so as to optimize the process and minimize the
cost of pollen collection.
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