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SUMMARY. As one of the oldest continuously produced tree crops in the world, it is
ironic that table olive (Olea europaea) production has benefitted from few
technological innovations, including harvesting. Two harvesting technologies,
trunk shaking and canopy contact, have been identified. In a 2013 trial, a prototype
canopy contact harvester successfully harvested 92% of a 5.3-ton/acre mechanically
pruned crop, vs. 81% for a 12.8-ton/acre hand-pruned control crop in a 19-year-
old, 13 · 26-ft grove, spaced at 139 trees/acre and adapted for mechanical
harvesting with 6 years of mechanical topping and hedging. About 85% of the hand-
pruned olives were cannable vs. 86% of the mechanically pruned olives. Over the 6
years of mechanical pruning, the mechanically pruned trees averaged an annual 4.2
tons/acre vs. 5.3 tons/acre with hand-pruned trees. Again in 2013, this same
canopy contact harvester achieved 81% final harvester efficiency with a 5.8-ton/acre
crop in a 12-year-old, 12 · 18-ft, 202-tree/acre, mechanically pruned hedgerow
grove vs. 80% efficiency for a 5.17-ton/acre crop with hand-pruned hedgerow trees.
Similarly, no significant differences in the percentage of cannable olives, fruit size
distribution, or value per ton was produced by the pruning treatments. In this trial
in which both hand and mechanical pruning were used to produce a hedgerow, the
hand-pruned trees averaged 3.7 tons/acre vs. 4.3 tons/acre for mechanically
pruned trees. In a commercial trial in 2012, the trunk-shaking harvester achieved
77% average harvester efficiency in a 40-acre, 180-tree/acre grove, with a 4-ton/
acre crop prepared with both hand and mechanical pruning. These ongoing trials
indicate that adapting groves with mechanical pruning does not decrease average
annual yields and can produce table olive groves that can be mechanically harvested
at a cost and speed that is competitive with hand harvesting.

C
alifornia’s table olive industry
is built upon the cultivar Man-
zanillo that is harvested green,

before full maturity. It becomes the
California black ripe table olive
through oxidation from green to
black in processing. Increasingly, Cal-
ifornia table olive production, with its
current combination of rising hand
harvest costs and stagnant per ton

prices, is not economically sustainable
(Ferguson et al., 2010). The industry
is currently slightly under 22,000
acres and declining (Warnert, 2011).
Hand harvest costs are volatile, often
exceeding 50% to 75% of gross return,
crop value has not increased in tan-
dem with harvest labor costs, and
competition for the aging and less-
skilled hand labor pool has increased
(California Farm Bureau Federation,
2012). As with most of California’s
horticultural crops, if the table olive
industry continues to rely on hand
harvesting, it is only a matter of time

before table olives are no longer pro-
duced in California (Sarig, 2012; Sarig
et al., 2000). The only realistic solution
is to develop economically feasible me-
chanical harvesting. Mechanical har-
vesting has three components. The
first is a harvesting technology able to
remove and catch the fruit without
economic damage to the crop or tree.
The second is a grove trained and
pruned to facilitate harvesting. The
third is a ‘‘fruit loosener,’’ a chemical
that can facilitate harvesting by acceler-
ating the normal ripening process of
fruit abscission.

‘Manzanillo’, the major Califor-
nia black ripe processed table olive
cultivar, poses specific impediments
to mechanical harvesting. Most tradi-
tional California table olive trees are
large, generally over 18 ft tall with 12-
to 18-ft-wide canopies (Fig. 1). The
fruit is borne on the flexible pendu-
lous shoots of the previous season’s
growth of in a 2- to 3-ft shell over the
entire canopy. ‘Manzanillo’ olives
destined for black ripe processing are
harvested physiologically immature,
before the abscission zone has initi-
ated the decrease in removal force
that accompanies fruit maturity. The
immature olives seldom have a de-
tachment force less than 2 N and
usually as high as 10 N (Ferguson
et al., 2010). Additionally, the olives
are small, weigh less than 0.5 oz, and
bruise easily. However, ‘Manzanillo’
olives used for processing as Califor-
nia black ripe table olives have one
advantage for mechanical harvesting.
In postharvest processing, they are
oxidized from green to black, which
masks superficial bruises. As Zipori
et al. (2014) recently demonstrated,
mechanically harvested ‘Manzanillo’
olives could not be successfully pro-
cessed as marketable green olives.

Developing mechanical harvesting
for any tree crop follows the same
experimentalsequence.Firstasuccessful
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fruit removal method is identified and
developed, or more usually adapted
from other crops. Second, the harvest-
ing technology is tested to ensure it
produces fruit that can be successfully
marketed and does not inflict lasting
damage to the tree. Thesefirst two steps
can be done within university research
programs. The third step consists of
simultaneously modifying the proto-
type harvester and the existing groves,
then evaluating the combination for
efficiency and operating parameters of
ground speed, tons, and acres per hour.
University research programs seldom
produce more than a prototype, often
without a mobile platform and catch
frame. Incorporation of these harvester
components, and subsequent testing, is
generally done in cooperation with
commercial fabricators. In this review,
the summarized data presented for the
trunk-shaking harvester was generated
in a commercial trial, with a commer-
cially available harvester and the re-
search is now completed. The data
summarized for the canopy contact
harvester was generated with a proto-
type in randomized, replicated trials and
is continuing.

Initially, we simultaneously inves-
tigated all three components of me-
chanical harvesting, harvest method,

grove adaptation, and identifying a
loosening agent. Good progress has
been made with the first two compo-
nents, the harvester and the groves,
but investigations of abscission com-
pounds have ceased. Two harvesting
technologies and their weak and strong
points have been identified and modi-
fied. A traditional grove adapted for
mechanical harvesting with mechan-
ical pruning and a newly established
mechanically harvestable hedgerow
grove have been evaluated. The initial
experiments on abscission compounds,
consistent with the later more focused
work of Zipori et al. (2014), demon-
strated the best potential candidates,
ethylene-generating compounds, pro-
duced inconsistent results (Burns et al.,
2008). Therefore, all subsequent re-
search has focused on improving the
mechanical harvester through engi-
neering and on adapting current
groves with mechanical pruning and
developing new groves.

Developing mechanical olive
harvesting

After the first stage of determin-
ing and eliminating the most limiting
factors of fruit or tree damage,
(Castro-Garcia et al., 2009) evaluat-
ing mechanical harvester efficiency is
straightforward. Matched sets of tree
rows are selected for mechanical har-
vesting and hand harvest controls.
Tree rows are a better experimental
unit than individual trees as it is
difficult to separate yields in individ-
ual trees and rows allow groundspeed
evaluation. Before harvest, fruit re-
moval force is measured. During me-
chanical harvesting, fruit caught in
the catch frame is weighed. Fruit on
the ground that was mechanically
harvested but not caught in the catch
frame is collected and weighed. Fruit
remaining in the tree is then hand-
harvested. The weight of the fruit in
the catch frame, divided by the weight
of all three fractions, or total tree crop
load, determines final harvester effi-
ciency expressed as a percentage as
follows: weight caught in the har-
vester catch frame O (weight caught
in catch frame + weight on ground +
weight gleaned from the tree).

The weight of fruit on the
ground divided by the sum of it and
that caught in the catch frame can
give a good indication of the catch-
frame competence, often an issue in

mechanical harvester development.
Hand harvesting of a matched control
row is the control for harvester effi-
ciency. A 100% efficiency is assumed
for hand-harvest crews. However,
measurements suggested hand har-
vest crew efficiency ranges from 93%
to 97% (Ferguson et al., 2010).

Olive value is a function of yield,
individual fruit size, stage of ripeness,
and fruit condition. For mechanically
harvested olives, the quality control is
hand-harvested olives. In these experi-
ments, the freshhand-harvestedcontrol
and machine-harvested row samples
were graded at a commercial receiving
station. The mechanically and hand-
harvested control row replications were
maintained separately through grading
and processing to facilitate organoleptic
evaluation by two panels. The com-
bined analyzed evaluations by a trained
sensory panel for quality and defects,
and a consumer panel for preferences,
produce what a food scientist calls
‘‘drivers of liking’’ (Ferguson et al.,
2010).These are thequalities that make
consumers like the olives, and presum-
ably what an industry should strive for.
Currently, these twoexperimentalpost-
processing tests are not done commer-
cially as individual grower lots are
combined for processing. However,
for accurate grower payment, it will
eventually be important to correlate
the grade given at a receiving station
with the evaluation of the final pro-
cessed product. If mechanically har-
vested olives receive a lower grade, and
payment, due to superficial bruises that
do not decrease the quality of a pro-
cessed olive, then grower payment will
not accurately reflect the market value
of the processed olives.

Table olive harvesters
evaluated in California

Two mechanical harvesting tech-
nologies have been identified for
California black ripe processed table
olives. Commercially available trunk-
shakingharvesters (Fig. 2)were adapted
from pistachios (Pistacia vera) and
prunes (Prunus domestica). The
prototype canopy contact harvester
(Fig. 3) was adapted from a wine grape
(Vitis vinefera) and experimental jatro-
pha (Jatropha curcas) harvesters. Both
harvesting technologies have strengths
and weaknesses. Trunk shakers remove
fruit by transmitting shake from the
head clamped on the trunk vertically,

Fig. 1. A traditional ‘Manzanillo’ table
olive tree and olive picker with an 18-ft
(5.5 m) kick-leg ladder, 20-lb (9.1 kg)
bucket, and woven cotton picking
gloves.
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horizontally out the main scaffolds, and
vertically down the hanging shoots.
The shaking force decreases with dis-
tance from the shaker head and as
branch angle from the vertical increases.
Trunk shakers are more efficient for
shorter trees with stiff, upright scaf-
folds, lighter canopies, and lighter crops
with larger fruit (Hartmann et al.,
1975). Canopy contact harvesters
remove fruit when the horizontal mo-
tion of the tines strikes the vertical
shoots. They are most efficient when
a grove is trained to a hedgerow and
maintained with hedging and topping
to form a fruiting wall no taller than the
canopy contact head. With both harvest
technologies, the fruit borne on the
canopy top is the most difficult to
remove. For trunk shakers, the force
of the shake has dissipated before
reaching the top of the canopy. For
canopy contact heads, the tines cannot
reach the top fruit unless the head is

manipulated, which slows the har-
vester. Eventually, as with mechanically
pruned and harvested oil olives, the
upper canopy crop may need to be
pruned off annually to facilitate me-
chanical harvesting efficiency.

Both harvesting technologies
initially had limiting factors. The ma-
jor problem with the trunk shaker in
Fig. 2 was trunk damage that broke
bark and exposed the cambial layer.
Early experiments determined de-
creasing clamping strength below
800 psi, adding additional padding
and ensuring operators fully clamped
the trunk before shaking decreased
this damage (Ferguson et al., 2012).
However, the interaction of trunk
damage and tree water status needs
to be better characterized as fully
irrigated trees appear to sustain more
trunk damage than deficit-irrigated
trees (Ferguson et al., 2010). This is
a limitation as table olives are irrigated
as late as possible before harvest to
ensure better size. The major prob-
lem with the canopy contact harvester
shown in Fig. 3 was that early versions
of the machine badly bruised the
olives. Early experiments identified
two sources of fruit bruising. First,
any surface the olive contacted during
harvest, the harvester head rods or
machine surfaces, caused bruising.
Padding the harvester head rods and
all machine surfaces with loose Shore
60A padding sharply decreased the
bruising (Castro-Garcia et al., 2009).
Shore hardness specifies the methods
for determining the hardness of mate-
rials by means of durometers of two
types: type A for softer materials and
type D for harder materials (Wikipedia,
2014). Shore 60A padding has roughly
the same rubber parameters as car tire
tread. Second, there is a strongly
positive relationship between the
force applied by the harvester rods,
the acceleration produced in the
detaching fruit, and fruit bruising.
Once the displacement and force re-
quired to remove the olives was
determined, the harvester head fre-
quency could be set to decrease
bruising (Castro-Garcia et al., 2009).

Experimental trials from 2006
through 2012 achieved the first two
experimental steps of identifying and
developing harvesting technologies
and decreasing fruit and tree damage.
Both trunk shaker and canopy con-
tact harvester technologies were dem-
onstrated to effectively remove fruit

without decreasing processed fruit
marketability, or the tree health and
longevity. Harvesting the olives be-
fore they were overripe and delivering
them for processing within 24 h
maintained fresh and processed fruit
quality. If these conditions were met,
the olives from both harvesting tech-
nologies received processor grades
and values equal to those of hand-
harvested olives. Further, neither sen-
sory nor consumer experimental
panels could distinguish the mechan-
ically harvested from hand-harvested
fruit after processing. With these re-
sults, the two most limiting factors to
developing mechanical olive harvest-
ing had been achieved, producing
marketable processed fruit with-
out long-term tree damage (Castro-
Garcia et al., 2012; Ferguson et al.,
2010).

The third experimental step for
both harvesting technologies was
achieving the 80% final harvester effi-
ciency required for economically fea-
sible mechanical harvesting (Klonsky
et al., 2011). To achieve 80% harvest
efficiency required adaptation of the
second component of mechanical
harvesting, the groves. The following
discussions summarize the results of
a now completed commercial trunk-
shaking harvester trial and two ongo-
ing canopy contact harvester trials. In
all three trials, the groves were exten-
sively adapted with both hand and
mechanical pruning.

Commercial evaluation of
trunk-shaking harvester for
‘Manzanillo’ black ripe table
olives

By 2012, research with the
trunk-shaking harvesting technology
had advanced enough to do a com-
mercial trial with a modified commer-
cially available harvester. This was not
a controlled experimental trial with
hand-harvested fruit quality and value
controls. The objective of this trial
was to determine time and cost to
harvest an acre and a ton of olives.
The goal was to determine if trunk
shaking was economically and logis-
tically competitive with hand harvest-
ing. The 40-acre, 15-year-old, 14 ·
17-ft, 180-tree/acre, ‘Manzanillo’
grove was planted in an east–west
orientation. Before 2011, the grove
had been trained to the single-
trunked vase-shape standard for table

Fig. 2. An olive trunk shaker with
a two-sided catch frame and a bin
dumping system adapted from
pistachio harvesters. Trunk shakers are
most efficient with young olive trees
that have smooth trunks, upright
growth habit, short stiff scaffolds, and
lighter crops.

Fig. 3. A prototype olive canopy
contact harvester adapted from grape
and jatropha harvesters. Canopy
contact harvesters are more efficient
with hedgerow groves that can present
a flat wall of fruit to the harvester head.
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olive trees in California. In 2011 and
2012, the grove was prepared for
trunk-shaker mechanical harvesting
by interior canopy hand pruning to
remove limbs that would interfere
with the harvester clamp and catch-
frame wings. Large limbs below 45�
from the vertical axis of the tree, those
projecting directly into the row mid-
dle and those previously demon-
strated to shake harvest poorly, were
also removed. Tree size was reduced
in 2011 by �25% with mechanical
topping and hedging. The final tree
canopy was 12 · 8 · 8 ft, and 3 ft up
from the ground with a volume of
576 ft3. Mechanical pruning in 2011,
but not 2012, allowed the mechan-
ically pruned shoots to produce buds
for crop in 2012. Preharvest fruit
removal force measurements taken
the same day ranged from 1 to 3 lbf.
The grove was mechanically harvested
with the double-sided trunk shaker
with a bin carrying and dumping
system shown in Fig. 2. Harvest time
per row, including turn around and
bin dumping, was recorded. Yield per
row was weighed. The time per tree,
acre, and ton was calculated using
these values. Final harvester efficiency
was obtained by hand harvesting 10
trees/row in 10 rows after mechanical
harvesting. This weight was then com-
bined with the calculated mechanically
harvested weight for 10 trees from
the same row and the calculated
average efficiency was the percent-
age produced by dividing the hand-
harvested gleaning weight by the
sum of it and the average weight
of 10 mechanically harvested trees
per row.

The trunk-shaking harvester av-
eraged 53 s/tree, 0.35 acres/h, and
2.3 tons/h. As the trial progressed,
harvesting times per tree steadily de-
creased to �40 s/tree, 90 trees/h, or
0.5 acre/h, and �3 tons/h. The cal-
culated harvester efficiency ranged
from 65% to 85% and averaged
77.5% final harvester efficiency, and
increased as the trial progressed. An
economic analysis converting the
recorded data from this 40-acre field
trial to a standard 7.5-acre grove with
a 4-ton/acre crop is given in Table 1.
At the average 2.3 tons/h achieved in
this trial, the final cost was $173/
harvested ton. However, this cost does
not include hauling and associated
contract harvester costs for labor to
follow the harvester repairing trunks
with broken bark, cutting out unhar-
vested or broken branches to improve
harvester efficiency and crew field sup-
port such as sanitary facilities, and
hauling costs. Therefore, an estimate
of $200 per harvested and delivered
ton is conservative. For analysis, we
used the average accepted historical
hand-harvest efficiency (Klonsky et al.,
2011). The best hand picker can
harvest 1 ton, (fifty 40-lb buckets),
in a 10-h day. A 30-man crew can
harvest 30 tons (7.5 acres at 4 tons/
acre) in 10-h day (Klonsky et al.,
2011). Using a midrange historical
$400/ton harvesting cost, harvesting
30 tons would cost $12,000. In the
2012 commercial field trial, the con-
servative estimate of $200/ton the
trunk shaker harvested the same 30
tons at 77.5% efficiency in 10 h. The
harvested 23.25 tons cost $4650 to
mechanically harvest. In this trial, the

grower received an average of
$1005/ton, or $23,366 gross for
23.25 tons of mechanically harvested
olives minus $4650 for mechanical
harvesting and received $18,716 net.
Hand harvesting 30 tons at 100%
efficiency would result in a gross
return of $30,150 gross minus
$12,000 for picking to net $18,150.
For 30 tons in the field mechanically
harvesting at 77.5% efficiency results
in a positive difference of $566 total:
$18,716 gross net for machine har-
vested olives minus $18,150 gross net
for hand-harvested olives. If calcu-
lated on a per acre basis, the mechan-
ical harvesting produced $76/acre
more; $2496 net for mechanically
harvested olives vs. $2420 for hand-
harvested olives at this spacing and
yield per acre. Calculated on a per ton
basis, the mechanically harvested ol-
ive net return was $200/ton more;
$805/ton net return for mechanically
harvested olives vs. $605/ton net
return for hand-harvested olives.

This is a conservative analysis. If
the fact that pickers in reality harvest
only 93% to 95% of the crop in the
tree, not the 100% assumed in this
calculation, this comparison is conser-
vative and cost of mechanically har-
vesting olives at 77.5% efficiency is
economically competitive. Addition-
ally, during harvest, branches with
poor removal, or branches that break,
are pruned, as the former will continue
to harvest poorly and the latter are
incompatible with successful trunk
shaking. This will improve mechanical
harvesting efficiency in successive sea-
sons. Finally, the trunk-shaking har-
vesters are available when hand labor is

Table 1. Comparison for 2012 costs and net return for hand harvest (30 pickers) versus trunk shaker mechanical harvest of
‘Manzanillo’ table olives. The right hand column details the projected hand harvesting costs and net returns from the
University of California Cost Studies (Klonsky et al., 2011) for typical 7.5-acre (3.04 ha) grove with a 4-ton/acre (9.0
Mg�haL1) yield using the values per ton obtained in our commercial trial. The left hand column of the table uses the same
grove dimensions and values per ton but with the calculated trunk shaker efficiency obtained in our 40-acre commercial trial 9
Oct. 2012. This table demonstrates that mechanically harvesting the same 30 tons (27.2 Mg) total at an average 77.5%
efficiency would result in $200/ton greater net return per ton versus hand harvesting.

Trunk shaker harvest costsz Hand harvest cost

Grove parameters 30 tons at 4 tons/acre on 7.5 acres 30 tons at 4 tons/acre on 7.5 acres
Final harvested efficiency (calculated by wt) 77.5% 100%
Time to harvest 10 h 10 h
Price for harvesting $200/ton $400/ton
Price paid/harvested $1,005/ton $1,005/ton
Net gross payment – harvest costs =

net return per 7.5 acres harvested
$23,366 gross – $4,650

harvest = $18,716 net
$30,150 gross – $12,000

harvest = $18,150 net
Net return per acre $2,496/acre $2,420/acre
Net return per ton $805/ton $605/ton
z$1/ton = $1.1023/Mg, $1/acre = $2.4711.
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not. Table olives, grapes, and manda-
rins (Citrus reticulata) are harvested
at the same time as olives and have the
competitive advantage of not requir-
ing ladders. Trunk shakers are available
because pistachio harvest has finished
by early October when table olive
harvest begins.

Evaluation of canopy contact
harvester for ‘Manzanillo’ table
olives

Experimental trials incorporating
both engineering improvements of the

prototype canopy contact harvester
and adaptation of existing or develop-
ment of new groves to improve final
harvester efficiency are ongoing. As
with the trunk-shaking harvester, the
goal is 80% final harvester efficiency.
Earlier trials have demonstrated the
canopy contact harvesters could pro-
duce black ripe processed fruit, which
neither trained sensory, nor consumer
panels, could distinguish from hand-
harvested fruit (Ferguson et al., 2010).
Therefore, the ongoing trials are fo-
cusing exclusively on improving har-
vesting efficiency through harvester
engineering and canopy management.
These two trials, the first in an adapted
adaptation existing 139-tree/acre grove,
and the second in a new moderate-
density 202-tree/acre hedgerow grove,
are summarized below. Our hypoth-
esis was that training the canopy into
flat a fruiting wall no taller than the
canopy contact head will facilitate
access to the fruit and continuous
harvesting at 0.25 to 0.50 mph or 0.5
to 1 acre/h.

Adapting existing groves for
canopy contact harvesters

To adapt existing groves for me-
chanical harvesting with canopy con-
tact harvesters, the tree size had to be
significantly reduced. The traditional
139-tree/acre ‘Manzanillo’ grove in
Fig. 1 was transformed into the mod-
ified grove shown in Fig. 4. The 6-
year sequence of mechanical topping

and hedging pruning treatments that
modified these groves is given in
Table 2. In 2008, the tree canopies
measured 18 · 16 · 13 ft, and when
pruned 3 ft from the ground had an
average canopy volume of 2912 ft3.
When mechanically pruned in a 3-
year cycle in which the east side of the
row was first hedged 6 ft from the
trunk, the following year the row was
topped at 12 ft, and the third year the
west side was hedged 6 ft from the
trunk, the canopy volume was de-
creased by 58%, to the 1248 ft3 shown
in Fig. 4. Annual limited hand prun-
ing, no more than 6 min/tree, was
done inside the canopy. While the
objective was to reduce tree size for
more efficient mechanical pruning,
annual economic yields were also
needed. Pruning one-third of the
canopy in 3 successive years allowed
vegetative shoots to grow the year of
pruning, have growth with fruit buds
the subsequent year, and fruit pro-
duction the third year. This cycle
allowed at least one-third of the can-
opy to be producing every year. The
cycle was then repeated on the fourth
year. Thus far, this has been effective
strategy for side hedging. However,
due to strong regrowth, topping was
done in successive years.

The effects of 6 years of pruning
on annual and average bearing can be
seen in Table 2. Even though industry-
wide weather-related crop failures in
2008, 2009, and 2012 have compro-
mised the data, the effects of the

Fig. 4. The center tree row has been
mechanically pruned to produce
a ‘Manzanillo’ table olive tree that will
harvest more efficiently with a canopy
contact harvester. Mechanical pruning
reduced these tree canopies 58% in
volume from 2912 to 1248 ft3 (82.5 to
35.3 m3), but only decreased yield 21%.
The canopy contact harvester removed
92% of the fruit from the mechanically
pruned center row vs. 80% from the
hand-pruned row to the left.

Table 2. Effect of mechanical topping and hedging on yield and canopy contact harvester efficiency of ‘Manzanillo’ table
olives in 2008–13. This table demonstrates the effect of mechanical topping and hedging over a 6-year period on annual and
average annual yields. While the total crop failures in 2008, 2009, and 2012 disrupted yielding, this data demonstrates
mechanical pruning decreased the wide variation in yield and increased mechanical harvesting efficiency.

Harvest 2008z 2009z 2010 2011 2012z 2013
Avg annual

yield (tons/acre)y

Pruning treatment
(distance from trunk
or soil surface)y

Hedged
West: 6 ft

Hedged
East: 6 ft

Hedged
West: 6 ft

Hedged
East: 6ft

Topped:
12 ft

Topped:
12 ft

Topped:
12 ft

Topped:
12 ft

Mechanically pruned
yield (tons/acre)y

1.3 0.1 9.5*b x 7.9**a 1.0 5.3***b 4.2

Harvester efficiency
(removal by wt)

92%

Hand-pruned control
(tons/acre)

1.5 0.2 12.4*a 2.8**b 2.3 12.8***a 5.3

Harvester efficiency
(removal by wt)

81%

zIndustry-wide weather-related crop failures in these years.
y1 ton/acre = 2.2417 Mg�ha–1, 1 ft = 0.3048 m.
xYields followed by different letters within columns are significantly different by analysis of variance at the 5% level. Significance within columns by least-squares means:
***, **, *, NS (0.001, 0.01, 0.05, not significant, respectively).
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pruning treatments on subsequent
years’ yields were significant. In
2010 and 2011, the mechanically
pruned trees produced 9.5 and 7.9
tons/acre vs. the 12.4 and 2.8 tons/
acre the produced by the hand-
pruned control trees. The 2014 har-
vest will demonstrate if mechanical
pruning can repeat this pattern. Thus
far, from 2008 through 2013, the
mechanically pruned trees have pro-
duced an average of 1.1 tons/acre less
than the hand-pruned trees, an an-
nual average of 4.2 vs. 5.3 tons/acre
for the mechanically and hand-pruned
trees, respectively. The pruning treat-
ments also produced differences in the
percentages of individual size ranges of
fruit. Generally, the heavier the crop
load, the lower the percentage of me-
dium, large, and extralarge fruit (data
not shown). There was a statistically

insignificant 0.11 difference in the cal-
culated alternate bearing index be-
tween the mechanically and hand
trees, averaging 0.62 and 0.51, respec-
tively (Monselise and Goldschmidt
1982). This is probably a function of
the weather related crop failures in
2008, 2009, and 2012 confounding
the effects of the mechanical pruning
on bearing.

On 26 Sept. 2013, the most re-
cent improved version of the prototype
canopycontact harvester was evaluated
in both mechanically and hand-pruned
rows using the harvesting procedures
described earlier. The canopy contact
prototype harvester successfully re-
moved 92% of a 5.3-ton/acre crop
on mechanically pruned trees vs. 81%
of the 12.8-ton/acre crop on hand-
pruned trees. There were no significant
differences in quality or value of the
hand-harvested vs. the mechanically
harvested fruit. This trial will be con-
tinued through 2014. The results thus
far indicate mechanical pruning can be
used to adapt traditional olive canopies
to a size and shape that can be success-
fully harvested mechanically without
decreasing average annual yields.

Similar results were obtained in
a 12-year-old hedgerow grove (Fig. 5),
developed specifically for mechanical
harvesting with a canopy contact head
harvester. The 10-year-old, 12 · 18-ft,
202-tree/acre grove was mechanically
or hand-pruned to a 12 · 6 · 6-ft
canopy and 3 ft from the ground. The
reduced tree canopy volume was 324
ft3 for both pruning methods. The
objectives were to demonstrate a mod-
erate-density hedgerow grove could be
maintained with either hand or me-
chanical pruning, and produce eco-
nomic yields. A second objective was
to determine if either pruning method

made mechanical harvesting more
efficient.

Over the three seasons, 2011
through 2013, including the weather-
related crop failure in 2011, the hand
and mechanical pruning treatments
statistically insignificant yields and
crop values. In 2012 and 2013, the
hand-pruned trees produced 6.7 and
5.1 tons/acre, averaging 3.7 tons/
acre, vs. 5.1 and 5.2 tons/acre, aver-
aging 3.7 tons/acre for the mechan-
ically pruned trees. In both years,
there were no statistically significant
differences in percentages of cannable
fruit, fruit size distributions, or value.
Both treatments produced crops of
sufficient economic levels for com-
mercial production. This trial will be
continued for through 2017. However,
results thus far indicate moderate-
density hedgerow groves can be de-
veloped and maintained with either
hand or mechanical pruning and pro-
duce economically competitive yields.

The canopy contact harvester was
evaluated for efficiency 5 Oct. 2012
and 10 Oct. 2013 using the proce-
dures described earlier. As can be seen
in Table 3, the harvester efficiency
improved from 70% in 2012 to 77%
in 2013 for hand-pruned trees. Simi-
larly, for mechanically pruned trees,
final harvester efficiency improved
from 77% to 81%. In both seasons,
there were no differences in quality or
value of the mechanically vs. manually
harvested fruit.

Effect of canopy volume on
yield

The collective results in this re-
view also suggest a strong parallel
with the mechanically pruned and
harvested hedgerow olive oil groves

Table 3. Effect of mechanical topping and hedging on the yield of ‘Manzanillo’ table olives in 2008–13. This data in this table
demonstrates both hand and mechanical pruning produced hedgerow groves with no differences in yields or harvesting
efficiency with a canopy contact harvester.

Harvest 2011z 2012 2013
Avg annual

yield (tons/acre)z

Pruning treatment
(ft from trunk or soil surface)y

Hedged
West 6 ft

Hedged East: 6ft
Topped: 12 ft

Topped: 12 ft

Mechanically pruned yield (tons/acre) 0.8 5.1 5.2 3.7
Harvester efficiency (removal by wt) 77% 81%
Hand-pruned yield (tons/acre) 0.4 6.7 5.1 4.3
Harvester efficiency (removal by wt) 70% 80%
Significance NS

x
NS NS

zIndustry-wide weather-related crop failures in 2011.
y1 ton/acre = 2.2417 Mg�ha–1, 1 ft = 0.3048 m.
xNot significantly different between means by analysis of variance within a column at the 5% level.

Fig. 5. This 12-year-old, 12 · 18-ft
(3.7 · 5.5 m), 202-tree/acre (499.2
trees/ha), moderate-density hedgerow
‘Manzanillo’ table olive grove has been
maintained with both hand and
mechanical annual pruning. Both
pruning methods have produced
canopies with volumes of �324 ft3

(9.2 m3) with no significant differences
in yield or harvest efficiency with
a canopy contact harvester.
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developed in the past decade. The
results given here indicate tree canopy
volumes can be considerably reduced
and still produce marketable yields.
The traditional groves adapted for
mechanical harvesting with mechani-
cal pruning discussed above sustained
a decrease in canopy volume from
2912 to 1248 ft3. However, while
the canopy volume was reduced by
58%, the yield of the mechanically
pruned trees was only reduced by
21%. The smaller mechanically
pruned trees produced an annual av-
erage of 1.1 tons/acre per year less,
4.2 vs. 5.3 tons/acre produced by the
hand-pruned control trees. Similarly,
in the trial discussed in which the
individual tree canopy volumes of
both mechanically and hand-pruned
trees were of 324 ft3 yet produced
average annual yields of 3.7 and 4.3
tons/acre, respectively. This demon-
strates that ‘Manzanillo’ olive trees do
not need to have large canopies to
generate economically viable crops.

Current status of mechanical
harvesting of California black
ripe table olives

Cumulatively, the results summa-
rized in this review demonstrate that
that California black ripe ‘Manzanillo’
table olive groves can be adapted for
mechanical harvesting with both
hand and mechanical pruning with-
out losing yield. These results also
demonstrate both trunk-shaking and
canopy contact harvesters can achieve
harvesting efficiencies that are finan-
cially competitive with hand harvest.
The final step, widespread adaptation

of mechanical harvesting, will be
driven by the availability of mechan-
ical harvesters and the negative factors
of labor cost, availability, and ability.
California’s black ripe table olive in-
dustry will not survive without me-
chanical harvesting.
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