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Abstract. Low vigor and early and abundant production are desirable traits for modern
tree crops. In olive, most cultivars are too vigorous and cannot be successfully
constrained in the small volume allowed by the straddle harvester used in the so-called
superhigh-density (SHD) orchards. Only few cultivars appear to have sufficiently low
vigor to be suitable for this system. These cultivars combine low vigor with earlier and
higher yield. This study investigated the hypothesis that differences in vigor between
Arbequina, a low vigor and the most commonly used cultivar in SHD orchards, and
Frantoio, a highly vigorous cultivar not suitable for such orchards, are related to their
differences in early bearing and consequent differences in dry matter partitioning into
fruit. Young trees of both cultivars were deflowered either in 2014, 2015, both years, or
neither one, resulting in a range of cumulative yields over the 2 years. Tree trunk cross-
sectional area (TCSA) was measured at the beginning of each year. This was closely
related to total tree mass, as assessed at the beginning and at the end of the experiment.
Cumulative yield, in terms of fruit dry matter, was also assessed. TCSA increased less in
fruiting trees in both years. As expected, when not deflowered, ‘Frantoio’ was less
productive and more vigorous than ‘Arbequina’. However, there was no difference in
TCSA increment when both cultivars were completely deflowered. TCSA increments
were closely inversely related to yield across all treatments and cultivars (R2 = 0.90). The
regressions improved further when data from 2015 only were used (R2 = 0.99). The
results represent the first quantitative report showing that differences in vigor among
cultivars can be completely explained in terms of different dry matter partitioning into
fruit, supporting the hypothesis that early bearing is a major cause, rather than merely
a consequence, of lower vigor in young ‘Arbequina’ trees. These results provide new
understanding on vigor differences across cultivars, which will be useful for breeding and
selection of new genotypes.

The higher productivity of modern fruit
tree cultivars, compared with wild trees, is
mostly related to their higher partitioning of
dry matter into fruit [i.e., higher harvest index
(HI)] (Patrick, 1988), rather than to differ-
ences in photosynthetic abilities (Loomis,
1983). In cultivated species, HI often reaches
75% (Cannell, 1985), whereas it is much
lower in wild species. The increase in HI is
obtained both by a shorter initial unproductive
period (i.e., early bearing) and by maintaining

higher partitioning into fruit in the mature
tree (more abundant yield, relative to tree size)
to the detriment of vegetative growth
(Archbold et al., 1987; Forshey and McKee,
1970). In fact, reproductive and vegetative
growth are in competition for the available
resources and one inhibits the other
(Grossman and DeJong, 1995a, 1995b;
Kramer and Kozlowski, 1979; Spurr and
Barnes, 1980).

Because of this competition, it has long
been assumed that reducing vegetative
growth is essential to bring about early and
abundant fruiting (Browning, 1985). Con-
taining plant vigor, e.g., by controlled water
stress (Mitchell et al., 1989); containing root
volume with drip irrigation (Mitchell and
Chalmers, 1983) or by root pruning (Geisler
and Ferree, 1984); dwarfing rootstocks
(Avery, 1970; Preston, 1958); and shoot re-
moval, chemical control of vegetative
growth, or both (Mulas et al., 2011; Rugini

and Pannelli, 1992; Williams et al., 1986), all
result in enhanced yield.

However, the opposite is also true: once
reproduction starts, the crop will compete
with, and reduce, vegetative growth and,
therefore, vigor, as shown also by modeling
(Grossman and DeJong, 1994; Smith and
Samach, 2013). This is the case for mature
trees of many species (Berman and DeJong,
2003; Costes et al., 2000; Lauri and
T�erouanne, 1999; Salazar-García et al.,
1998; Stevenson and Shackel, 1998), includ-
ing olive (Castillo-Llanque and Rapoport,
2011; Connor and Fereres, 2005; Dag et al.,
2010;Lavee, 2007;Monselise andGoldschmidt,
1982; Obeso, 2002; Rallo and Su�arez, 1989).
In young trees, the removal of all blos-
soms or fruits results in dramatic increases in
growth relative to the fruiting trees (Chandler
and Heinicke, 1926; Embree et al., 2007;
Forshey and Elfving, 1989;Mochizuki, 1962;
Verheij, 1972). Similarly, earlier and more
abundant fruiting (i.e., higher partitioning
into fruit) is at least one of the mechanisms
involved in the effect of dwarfing rootstocks
(Avery, 1970; Preston, 1958) and in some
cases, the only mechanism (Lliso et al.,
2004), although in other cases, it is probably
not the only one. In fact, defruiting apple
trees on dwarfing rootstocks allows tree vigor
to increase dramatically, but still less than in
trees with more vigorous rootstocks (Avery,
1969; Barlow, 1964). It could be argued,
therefore, that early and abundant fruiting is
not just a consequence of lower vigor, but
once induced, it becomes a cause of the
reduction in vigor.

Whether different partitioning into fruit
(i.e., difference earliness and abundance of
fruiting) could be the cause of differences in
vigor among different cultivars has not been
studied.

In olive, as for other fruit trees, vigor
reduction and early and abundant production
are also desirable traits (Rallo et al., 2007;
Tous et al., 1999), but few cultivars possess-
ing these traits have been identified, despite
much research on reduced vigor or even
dwarf cultivars (Barranco, 1997; Le�on
Moreno, 2007; Sonnoli, 2001). Nor has it been
possible to successfully induce these traits in
traditional olive cultivars by grafting, despite
much research on olive rootstocks (Baldoni and
Fontanazza, 1990; Barranco, 1997; Pannelli
et al., 1992, 2002; Troncoso et al., 1990).
Recently, the so-called SHD orchards have
been developed, using the few cultivars found
to have sufficiently low vigor and early yield.
SHD olive orchards, if indeed technically and
economically viable, are important for the olive
industry because they allow continuous (i.e.,
straddle harvester) mechanical harvesting
(Rallo et al., 2007; Tous et al., 1999), thus
greatly reducing costs and hand labor re-
quirements. However, the straddle harvester
requires small-canopy trees (Camposeo et al.,
2008; Tous et al., 2006) and traditional
cultivars tend to ‘‘escape’’ from the small
volume allowed, thus requiring intense prun-
ing, which stimulates vegetative growth and
reduces fruiting (Jerie et al., 1988). SHD
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orchards also require early and abundant
fruiting if they are to be economically viable
(De Benedetto et al., 2003). It is important,
therefore, to understand the mechanisms
implicated in early and high production and
reduced canopy size.

So far, the cultivars that proved most
suitable for SHD olive orchards are Arbe-
quina, Arbosana, and Koroneiki (Tous et al.,
2006), three cultivars characterized by low
vigor compared with most traditional culti-
vars (Rosati et al., 2013; Tous et al., 2006).
However, they are also characterized by early
and abundant bearing, as well as low alter-
nate bearing (Caruso et al., 2012; Díez et al.,
2016; Farinelli and Tombesi, 2015; Godini
et al., 2011; Moutier, 2006; Moutier et al.,
2008). Trees of these cultivars produce large
crops, relative to their size, already in the
second and third year after transplanting.

Given the competition between crop and
vegetative growth, we hypothesize that early
bearing is implicated in the difference in
vigor between such cultivars and more tradi-
tional ones that do not fruit until much older.
In a previous study (Rosati et al., 2017), we
found that tree growth, in terms of both tree
diameter and canopy volume increments, was
inversely related to tree yield across 12
cultivars in young olive trees. Similarly, Di
Vaio et al., (2013) found that across 20
cultivars, the least vigorous tended to have
greater early yields. However, correlation
does not prove causality and only by defruit-
ing the trees it would be possible to test
whether fruiting is indeed a cause, rather than
a mere consequence, of reduced vigor in
early-bearing low-vigor cultivars.

In this article, we test the hypothesis that
earlier and more abundant bearing is the
cause, or one of the causes, of reduced vigor.
To test this hypothesis, we compared the
initial growth of deflowered, partially
deflowered (i.e., in alternate years), and
control fruiting trees in Arbequina, the culti-
var most used in SHD orchards, and in
Frantoio, a traditional cultivar much more
vigorous than Arbequina (Rosati et al., 2013;
Vivaldi et al., 2015).

Materials and Methods

The study was carried out at the Depart-
ment of Agricultural and Environmental
Sciences of the University of Perugia. One-
year-old plants, originated from rooted cut-
tings, were grown in 9.5-L pots. The trees
were grown outdoors for two seasons (2014
and 2015). The trees were regularly fertigated
using a drip irrigation system, avoiding any
water and nutrient stress. A total of 48
‘Arbequina’ and 48 ‘Frantoio’ trees were
used. Initially, we planned to deflower half
of the plants during the first season and then
half of each treatment in the second season.
‘Frantoio’, however, had no flowers the first
season and only ‘Arbequina’ could be
deflowered. Therefore, only 24 ‘Frantoio’
plants were retained in the experiment. In
2015, instead, both cultivars bore inflores-
cences and could be deflowered. To avoid

confusion, we, therefore, called the different
treatments fruiting (Fr) and not fruiting (NF),
whether naturally or because deflowered.
Therefore, plants that fruited only in 2014,
only in 2015, in both years, or in neither year
were labeled, respectively, as Fr + NF, NF +
Fr, Fr + Fr, and NF + NF. Deflowering
treatments were carried out by removing
inflorescences in May (white stage) of both
years, when flowers were not yet open.

In November of both 2014 and 2015,
fruits were harvested and oven-dried at
80 �C until reaching constant weight.

Trunk cross-sectional area was calculated
from the trunk diameter measured on the
main stem, 5 cm above its insertion on the
original cutting wood. The diameter was
measured at the beginning of each year
(2014, 2015, and 2016), before vegetative
growth started.

In Feb. 2016 (end of the experiment),
three plants per treatment were removed from
the pots, their roots washed in running water,
and the whole plants were then oven-dried at
80 �C until reaching constant weight. Simi-
larly, in Feb. 2014 (beginning of the exper-
iment), six plants per cultivar were also
sampled and treated as previously described.

Data are presented as means ± SE. Treat-
ment and cultivar effects were analyzed by
analysis of variance (ANOVA) using a com-
pletely randomized design, and averages
were compared using the Student–Newman–
Keuls test (P < 0.05). Regressions between
parameters were evaluated using the statistical
significance of the fits and the coefficients of
determination (R2).

Results

Yield in the two fruiting treatments for
‘Arbequina’ were low in 2014, whereas
‘Frantoio’ had no flowers and, therefore, no
fruiting treatments were possible (Fig. 1). In
the second year, yield was higher and cumu-
lative yield reached about 150 g of fruit dry
matter per tree in the highest fruiting treat-
ment in ‘Arbequina’, and about 45 g in
‘Frantoio’.

Trunk cross-sectional area increased in all
treatments over the years, but the increase
was clearly reduced in fruiting trees, com-
pared with nonfruiting trees, in both years
(Fig. 2). In the first year, ‘Frantoio’ did not
flower and only the two non-deflowered
‘Arbequina’ treatments had fruit: both these
fruiting treatments increased TCSA less than
all other treatments with no fruit. Similarly,
in the second year, TCSA increased less in all
fruiting treatments, compared with the cor-
respondent deflowered treatments.

The total increment in TCSA, from 2014
to 2016 (i.e., from the beginning to the end of
the experiment) was significantly and in-
versely correlated with the cumulative yield,
across all treatment and cultivars (Fig. 3). A
single regression explained 90% of the var-
iability across all treatments and cultivars.

When using data from 2015 only, both in
terms of TCSA increments and yield, the

same regression improved, explaining 99%
of the variability (Fig. 4).

Whole-tree biomass was strongly and
linearly related to TCSA, across all data from
2014 and 2016 (Fig. 5).

Discussion

Arbequina produced up to 150 g of fruit
dry matter, mostly in the second year after
transplanting, which is similar to what has
previously been found in this cultivar (Tous
et al., 2003). Therefore, the precocious fruit

Fig. 1. Cumulative yield per tree (dry matter) over
the 2 years (i.e., year 1 = 2014; year 2 = 2015),
for the different treatments. Fr = fruiting
treatment; NF = non-fruiting treatment. Each
point is the average of 12 trees. Bars denote
standard errors. Different letters denote signif-
icant differences within each year (averages
were compared using the Student–Newman–
Keuls test, P < 0.05). Treatments with no fruits
are excluded from the ANOVA. Where sym-
bols are not visible, they are hidden behind
other symbols, but the lines help locate them
(except for ‘Arbequina’ NF + NF, for which
both the symbol and the line are hidden behind
those of ‘Frantoio’ NF + NF).

Fig. 2. Increment in trunk cross-sectional area
(TCSA) over the 2 years (i.e., year 1 = 2014;
year 2 = 2015), for the different treatments. Fr =
fruiting treatment; NF = nonfruiting treatment.
Each point is the average of 12 trees. Bars
denote standard errors. Different letters denote
significant differences within each year (aver-
ages were compared using the Student–
Newman–Keuls test, for P < 0.05). Treatments
with no fruits are excluded from the ANOVA.
Where symbols are not visible, they are hidden
behind other symbols, but the lines help locate
them.
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bearing of Arbequina, higher than most other
cultivars (Tous et al., 2003, 2008), can be con-
sidered high, especially for olive, representing
a significant reproductive effort for the young
plant.

As described in the introduction, it is well
known that reproductive and vegetative
growths compete for the available resources.
In most studies in tree crops, however, this
competition has not been investigated at
a whole-plant level, because of the difficul-
ties in measuring whole-tree growth. Most
often, growth is measured only on some
shoots (Acebedo et al., 2000; Rallo and
Su�arez, 1989), comparing their growth on
fruiting and nonfruiting trees (Cimato and
Fiorino, 1986; Proietti and Tombesi, 1996).
Few articles report more comprehensive data
on populations of modules within the canopy
(Hasegawa and Takeda, 2001) or on entire
branches (Castillo-Llanque and Rapoport,
2011). However, a completely quantitative
description of the competition between veg-
etative and reproductive growth can be ob-
tained only with a whole-tree approach. Such
approaches are rare, mostly adopted in older
studies on the effects of defruiting or of
rootstocks (Chandler and Heinicke, 1926;
Forshey and Elfving, 1989; Mochizuki,
1962; Verheij, 1972). No studies, however,
investigated whether cultivar differences in
vigor can be related to differences in early
bearing. Furthermore, even in these old
studies, trees were either completely
defruited or fruits were left in high numbers,
thus allowing to study the effects of ‘‘off’’
and ‘‘on’’ trees. In the present study, a whole
range of fruit loads over the 2 years were
obtained by deflowering trees in alternate
years, both years, or not at all, across two
cultivars with different productivity. This
allowed for a regression between tree growth,
expressed as increments in TCSA, and yield
biomass (Fig. 3). Moreover, TCSA was
closely (R2 = 0.98) related to tree biomass
(Fig. 5). Therefore, TCSA was a good proxy
for total tree biomass, and the close regres-
sion shown in Fig. 3 implies that the in-
crements in whole-tree vegetative biomass
were also closely correlated with yield bio-
mass.

The regression in Fig. 3 explained 90% of
the variability; however, the regression was
further improved when using data from 2015
only (99% of the variability). This was
probably because producing fruit during the
first year reduced vegetative growth over the
2 years not only via direct competition (i.e.,
by allocating dry matter to fruit) but also by
indirect mechanisms. That is, fruiting in the
first year reduced vegetative growth, and,
therefore, leaf area and light interception,
thus reducing potential growth in the second
year, independent of fruiting. In fact, it may
be observed that in Fig. 3, the two treatments
fruiting in the first year were both well below
the line, unlike all other points, implying that
their growth was less than what could be
expected from their cumulative yield. Omit-
ting these treatments improves the regression
in Fig. 3 (R2 = 0.98, data not shown). Using
data from 2015 only reduces the effect of
these indirect reduction of canopy growth,
and in fact, the regression was improved
(R2 = 0.99, Fig. 4).

The most relevant result is that a single
regression fits very closely all points across
cultivars and treatments (Figs. 3 and 4). To
the best of our knowledge, this is the first
report providing quantitative evidence that
the variability in vigor between cultivars was
almost entirely (i.e., R2 = 0.90 in Fig. 3, and
0.99 in Fig. 4) explained by differences in dry
matter partitioning due to earliness and abun-
dance of fruiting.

These findings suggest that in the case of
‘Arbequina’ and ‘Frantoio’, differences in
fruiting habits are the cause, rather than the
effect of lower vigor, otherwise vigor should
have been lower even in deflowered trees. In
fact, if greater flowering and fruiting was the
result of higher resource availability, because
of lower resource use by vegetative growth
(i.e., lower vigor), then these additional re-
sources would be available only after a re-
duction in vegetative growth had taken place.
Instead, deflowered ‘Arbequina’ trees had the
same TCSA (and therefore biomass) incre-
ments as deflowered ‘Frantoio’ trees
(Figs. 2–4). This suggests that compared with
Frantoio and other traditional cultivars that
do not fruit as easily as very young trees,
Arbequina has an inherent ability to flower
and set fruit early, independent of (addi-
tional) resource availability. Investigating
the mechanisms that allow certain cultivars,
such as Arbequina, to flower and set more
fruit earlier and more abundantly and con-
stantly is of great interest both to increase
yield and to reduce alternate bearing, but
also, in turn, to reduce tree vigor (as a conse-
quence of more fruiting) and allow high-
density planting.

These results are in line with previous
finding that vegetative growth (i.e., vigor) is
reduced by the presence of fruit, which
compete for resources (Berman and DeJong,
2003; Castillo-Llanque and Rapoport, 2011;
Chandler and Heinicke, 1926; Connor and
Fereres, 2005; Costes et al., 2000; Dag et al.,
2010; Embree et al., 2007; Forshey and
Elfving, 1989; Lauri and T�erouanne, 1999;
Lavee, 2007; Mochizuki, 1962; Monselise
and Goldschmidt, 1982; Obeso, 2002; Rallo
and Su�arez, 1989; Salazar-García et al., 1998;
Stevenson and Shackel, 1998; Verheij,
1972). This is not to say, however, that more
abundant fruiting cannot be a consequence,
rather than the cause, of reduced vigor. Many
studies show that reducing vigor by dwarfing
rootstock (Avery, 1970; Preston, 1958); con-
trolled water stress or regulated deficit irri-
gation (Mitchell et al., 1989); root pruning
(Geisler and Ferree, 1984) or containing root
volume with drip irrigation (Mitchell and
Chalmers, 1983), and shoot removal, chem-
ical control of vegetative growth, or both
(Mulas et al., 2011; Rugini and Pannelli,
1992; Williams et al., 1986), all result in
enhanced yield. With all probability, reduc-
ing vigor with any of these techniques would
have similar effects also on ‘Arbequina’,
making increased fruiting the result of re-
duced vigor. It appears, therefore, that vigor
can be both the cause and the consequence,
depending on the situation.

Fig. 3. Relationship between the total increments in
trunk cross-sectional area (TCSA) and total
yield over the 2 years, for the different treat-
ments. Fr = fruiting treatment; NF = nonfruiting
treatment. Each point is the average of 12 trees.
Bars denote standard errors. The regression is
statistically significant (P < 0.01).

Fig. 4. Relationship between the increments in
trunk cross-sectional area (TCSA) and yield
for 2015 only, for the different treatments. Fr =
fruiting treatment; NF = nonfruiting treatment.
Each point is the average of 12 trees. The
regression is statistically significant (P < 0.01).

Fig. 5. Relationship between whole-tree vegetative
mass and trunk cross-sectional area (TCSA)
measured at the beginning (2014) and the end
(2016) of the experiment. * denotes the plants
sampled at the beginning of the experiment
(i.e., beginning of 2014). All other plants were
sampled at the end of the trial (beginning of
2016). Each point is the average of three trees
(six trees for 2014 data). The regression is
statistically significant (P < 0.01). Fr = fruiting
treatment; NF = nonfruiting treatment.
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Although this article demonstrates that
differences in early bearing and partitioning
of biomass into fruit has a major role in the
different vigor between the two cultivars
tested, this is probably not the only mecha-
nism. In fact, in this study, vigor was
expressed in terms of increments in TCSA,
which closely correlated with total biomass.
Arbequina and other cultivars suitable for
SHD orchards have higher branching than
most other cultivars, implying a more com-
pact canopy for an equal amount of biomass
growth (Rosati et al., 2013, 2018) as pre-
viously found in other species (Forshey et al.,
1992; Lauri, 2007; Lespinasse and Delort,
1986). Therefore, an equal amount of bio-
mass increment results in a lower increment
in canopy volume inmore branched cultivars.
This would eventually reduce canopy light
interception and, therefore, reduce growth
even in the absence of fruit, thus explaining
an inherent lower vigor independent of fruit-
ing. Other causes concurring to explain cul-
tivar differences in vigor are also possible.
Nonetheless, the initial differences in vigor
(i.e., expressed as biomass increment) be-
tween ‘Arbequina’ and ‘Frantoio’ appeared
to be almost entirely dictated by the differ-
ence in dry matter partitioning into fruit.

In a previous study (Rosati et al., 2017),
we found that tree growth was inversely
related to yield efficiency across 12 olive
cultivars over a period of several years, thus
including adult trees. In that article, causality
was not proven, as no defruiting treatments
were carried out. The present results suggest
that the relationship is causal because
defruited ‘Arbequina’ was as vigorous as
‘Frantoio’. Even though only two cultivars
were considered, the choice included a very
vigorous cultivar (Frantoio) and a very low-
vigor cultivar (Arbequina), thus encompass-
ing the range of vigor across most cultivars.
Because vigor across these two cultivars was
quantitatively related to early yield, just as it
was the case among the 12 cultivars in the
previous study, the present results suggest
that the finding that early fruiting explains
differences in vigor across cultivars is prob-
ably a general phenomenon and not just
a peculiarity of the two cultivars chosen.
Further studies are needed to confirm this.

Conclusions

Vegetative and reproductive growth com-
pete for the same resources and one can be
affected and, in turn, affect the other. It can be
difficult to ascertain whether earlier and more
abundant fruiting is the cause of differences
in vigor among cultivars or the consequence.
In the present study, young trees of ‘Arbe-
quina’ had the same vigor as those of ‘Fran-
toio’, when both were deflowered, suggesting
that earlier and more abundant fruiting is
a major cause of the reduced vigor usually
observed in ‘Arbequina’. The present find-
ings provide the first quantitative report
showing that differences in vigor among
cultivars can be explained in terms of differ-
ences in dry matter partitioning into fruit.

These results provide new understanding of
differences in vigor across cultivars and new
avenues for the breeding and selection of new
cultivars suitable for SHD olive orchards.

Literature Cited

Acebedo,M.M., M.L. Ca~nete, and J. Cuevas. 2000.
Processes affecting fruit distribution and its
quality in the canopy of olive trees. Adv. Hort.
Sci. 14:169–175.

Archbold, D.D., G.R. Brown, and P.L. Cornelius.
1987. Rootstock and in-row spacing effects on
growth and yield of spur-type ‘Delicious’ and
‘Golden Delicious’ apple. J. Amer. Soc. Hort.
Sci. 112:219–222.

Avery, D.J. 1969. Comparisons of fruiting and
deblossomed maiden apple trees, and of non-
fruiting trees on a dwarfing and an invigorating
rootstock. New Phytol. 68:323–336.

Avery, D.J. 1970. Effects of fruiting on the growth
of apple trees on four rootstock varieties. New
Phytol. 69:19–30.

Baldoni, L. and G. Fontanazza. 1990. Preliminary
results on olive clonal rootstocks behaviour in
the field. Acta Hort. 286:37–40.

Barlow, H.W.B. 1964. An interim report on a long-
term experiment to assess the effect of cropping
on apple tree growth. Annu. Rpt. E. Malling
Res. Sta. 1963:84–93.

Barranco, D. 1997. Variedades y patrones, p. 59–79.
In: D. Barranco, R. Fern�andez-Escobar, and L.
Rallo (eds.). El cultivo del olivo.Mundi Prensa,
Madrid, Spain.

Berman, M.E. and T.M. DeJong. 2003. Seasonal
patterns of vegetative growth and competition
with reproductive sink in peach. J. Hort. Sci.
Biotechnol. 78:303–309.

Browning, G. 1985. Reproductive behaviour of
fruit tree crops and its implications for the
manipulation of fruit set, p. 409–425. In:
M.G.R. Cannell and J.E. Jackson (eds.). Attri-
butes of trees as crop plants. Inst. Terrestrial
Ecology, Midlothian, Great Britain.

Camposeo, S., G. Ferrara, M. Palasciano, and A.
Godini. 2008. Varietal behaviour according to
the super high density olive culture training
system. Acta Hort. 791:271–274.

Cannell, M.G.R. 1985. Dry matter partitioning in
tree crops, p. 160–193. In: M.G.R. Cannell and
J.E. Jackson (eds.). Attributes of trees as crop
plants. Inst. Terrestrial Ecology, Midlothian,
Great Britain.

Caruso, T., G. Campisi, F.P. Marra, S. Camposeo,
G.A. Vivaldi, P. Proietti, and L. Nasini. 2012.
Growth and yields of the cultivar Arbequina in
high density planting systems in three differ-
ent olive growing areas in Italy. Acta Hort.
1057:341–348.

Castillo-Llanque, F. and H.F. Rapoport. 2011.
Relationship between reproductive behavior
and new shoot development in 5-year-old
branches of olive trees (Olea europaea L.).
Trees (Berl.) 25:823–832.

Chandler, W.H. and A.J. Heinicke. 1926. The
effect of fruiting on the growth of Oldenburg
apple trees. Proc. Amer. Soc. Hort. Sci. 23:36–
46.

Cimato, A. and P. Fiorino. 1986. Influence of fruit
bearing on flower induction and differentiation
in olive. Olea 17:55–60.

Connor, D.J. and E. Fereres. 2005. The physiology
of adaptation and yield expression in olive.
Hort. Rev. 31:155–229.

Costes, E., D. Fournier, and J.C. Salles. 2000.
Changes in primary and secondary growth as
influenced by crop load in ‘Fantasme’ apricot
trees. J. Hort. Sci. Biotechnol. 75:510–519.

Dag, A., A. Bustan, A. Avni, I. Tzipori, S. Lavee,
and J. Riov. 2010. Timing of fruit removal
affects concurrent vegetative growth and sub-
sequent return bloom and yield in olive (Olea
europaea L.). Scientia Hort. 123:469–472.

De Benedetto, A., A. Jacoboni, L. Venzi, and G.
Pannelli. 2003. Valutazione economica di un
moderno impianto olivicolo nell’Italia centrale.
Olivae 95:10–17.

Díez, C.M., J. Moral, D. Cabello, P. Morello, L.
Rallo, and D. Barranco. 2016. Cultivar and tree
density as key factors in the long-term perfor-
mance of super high-density olive orchards.
Front. Plant Sci. 7:1226.

Di Vaio, C., S. Nocerino, A. Paduano, and R.
Sacchi. 2013. Characterization and evaluation
of olive germplasm in southern Italy. J. Sci.
Food Agr. 93:2458–2462.

Embree, C.G., M.T. Myra, D.S. Nichols, and A.H.
Wright. 2007. Effect of blossom density and
crop load on growth, fruit quality, and return
bloom in ‘Honeycrisp’ apple. HortScience
42:1622–1625.

Farinelli, D. and S. Tombesi. 2015. Performance
and oil quality of ‘Arbequina’ and four Italian
olive cultivars under super high density hedge-
row planting system cultivated in central Italy.
Scientia Hort. 192:97–107.

Forshey, C.G. and D.C. Elfving. 1989. The re-
lationship between vegetative growth and fruit-
ing in apple trees. Hort. Rev. 11:229–287.

Forshey, C.G., D.C. Elfving, and R.L. Stebbins.
1992. Training and pruning apple and pear
trees. Amer. Soc. Hort. Sci., Alexandria, VA.

Forshey, C.G. and M.W. McKee. 1970. Production
efficiency of a large and a small ‘McIntosh’
apple tree. HortScience 5:164–165.

Geisler, D. and D.C. Ferree. 1984. The influence
of root pruning on water relations, net photo-
synthesis, and growth of young ‘Golden De-
licious’ apple trees. J. Amer. Soc. Hort. Sci.
109:827–831.

Godini, A., G.A. Vivaldi, and S. Camposeo. 2011.
Olive cultivars field-tested in super-high-
density system in southern Italy. Calif. Agr.
65:39–40.

Grossman, Y.L. and T.M. DeJong. 1994. PEACH:
A simulation model of reproductive and vege-
tative growth in peach trees. Tree Physiol.
14:329–345.

Grossman, Y.L. and T.M. DeJong. 1995a. Maxi-
mum fruit growth potential and seasonal pat-
terns of resource dynamics during peach
growth. Ann. Bot. 75:553–560.

Grossman, Y.L. and T.M. DeJong. 1995b. Maxi-
mum vegetative growth potential and seasonal
patterns of resource dynamics during peach
growth. Ann. Bot. 76:473–482.

Hasegawa, S. and H. Takeda. 2001. Functional
specialization of current shoots as a reproduc-
tive strategy in Japanese alder (Alnus hirsuta
var. sibirica). Can. J. Bot. 79:38–48.

Jerie, P.H., B. Van den Ende, and I.R. Dann. 1988.
Managing tree vigour and fruitfulness in de-
ciduous orchards. Acta Hort. 240:127–134.

Kramer, P.J. and T.T. Kozlowski. 1979. The
physiology of woody plants. Academic Press,
New York, NY.

Lauri, P.�E. 2007. Differentiation and growth traits
associated with acrotony in the apple tree
(Malus ·domestica Rosaceae). Amer. J. Bot.
94:1273–1281.

Lauri, P.�E. and �E. T�erouanne. 1999. Effects of
inflorescence removal on the fruit set of the
remaining inflorescences and development of
the laterals on one year old apple (Malus
domestica Borkh.) branches. J. Hort. Sci. Bio-
technol. 74:110–117.

494 HORTSCIENCE VOL. 53(4) APRIL 2018



Lavee, S. 2007. Biennial bearing in olive (Olea
europaea). Ann. Ser. His. Nat. 17:101–112.

Le�on Moreno, L. 2007. ‘Chiquitita’: Una variedad
para olivares en seto. Phytoma Espana 190:32–
33.

Lespinasse, J.M. and J.F. Delort. 1986. Apple tree
management in vertical axis: Appraisal after
ten years of experiments. Acta Hort. 160:120–
155.

Lliso, I., J.B. Forner, and M. Tal�on. 2004. The
dwarfing mechanism of citrus rootstocks F&A
418 and #23 is related to competition between
vegetative and reproductive growth. Tree Phys-
iol. 24:225–232.

Loomis, R.S. 1983. Productivity of agricultural
systems, p. 151–172. In: O.L. Lange, P.S.
Nobel, C.B. Osmond, and H. Ziegler (eds.).
Encyclopedia of plant physiology, new series,
Vol. 12D. Springer-Verlag, Berlin, Heidelberg,
New York, NY.

Mitchell, P.D. and D.J. Chalmers. 1983. A com-
paraison of microjet and point emitter (trickle)
irrigation in the establishment of a high-density
peach orchard. HortScience 18:472–474.

Mitchell, P.D., B. van de Ende, P.H. Jerie, and D.J.
Chalmers. 1989. Responses of ‘Bartlett’ pear to
withholding irrigation, regulated deficit irriga-
tion, and tree spacing. J. Amer. Soc. Hort. Sci.
114:15–19.

Mochizuki, T. 1962. Studies on the elucidation of
factors affecting the decline in tree vigor as
induced by fruit load. Bul. Fac. Agr. Hirosaki
Univ. 8:40–124.

Monselise, S. and E.E. Goldschmidt. 1982. Alternate
bearing in fruit trees. Hort. Rev. 4:128–173.

Moutier, N. 2006. Olive tree architecture: Different
levels of approach. Olea 25:33–35.

Moutier, N., G. Garcia, and P.�E. Lauri. 2008.
Natural vegetative development and fruit pro-
duction of olive trees. Acta Hort. 791:351–356.

Mulas, M., C. Caddeo, G. Bandino, and P. Sedda.
2011. Shoot pruning and treatment with hex-
aconazole or urea to increase fruit-set in olive.
Acta Hort. 924:233–240.

Obeso, J.R. 2002. The cost of reproduction in
plants. New Phytol. 155:321–348.

Pannelli, G., F. Famiani, and E. Rugini. 1992.
Effects of the change on ploidy levels on
anatomical cytological reproductive, growth

performance changes and polyamine content,
in mutants of gamma irradiated olive plants.
Acta Hort. 317:209–218.

Pannelli, G., S. Rosati, and E. Rugini. 2002. The
effect of clonal rootstocks on frost tolerance
and on some aspects of plant behaviour in
Moraiolo and S. Felice olive cultivars. Acta
Hort. 586:247–250.

Patrick, J.W. 1988. Assimilate partitioning in re-
lation to crop productivity. HortScience 23:33–
40.

Preston, A.P. 1958. Apple rootstock studies:
Thirty-five years’ results with Lane’s Prince
Albert on clonal rootstocks. J. Hort. Sci. 33:29–
38.

Proietti, P. and A. Tombesi. 1996. Translocation of
assimilates and source-sink influences on pro-
ductive characteristics of the olive tree. Adv.
Hort. Sci. 10:11–14.

Rallo, L., D. Barranco, R. De la Rosa, and L. Le�on.
2007. El programa de mejora genetica de
Cordoba. Phytoma Espana 190:22–31.

Rallo, L. and M.P. Su�arez. 1989. Seasonal distri-
bution of dry matter within the olive fruit-
bearing limb. Adv. Hort. Sci. 3:55–59.

Rosati, A., A. Paoletti, R. Al Hariri, and F. Famiani.
2018. Fruit production and branching density
affect shoot and whole-tree wood to leaf bio-
mass ratio in olive. Tree Physiol. doi:10.1093/
treephys/tpy009.

Rosati, A., A. Paoletti, S. Caporali, and E. Perri.
2013. The role of tree architecture in super high
density olive orchards. Sci. Hort. 161:24–29.

Rosati, A., A. Paoletti, G. Pannelli, and F. Famiani.
2017. Growth is inversely correlated with yield
efficiency across cultivars in young olive (Olea
europaea L.) trees. HortScience 52:1525–
1529.

Rugini, E. and G. Pannelli. 1992. Increasing fruit
set in olive (Olea europaeaL.) by chemical and
mechanical treatments. Acta Hort. 329:209–
210.

Salazar-García, S., E.M. Lord, and C.J. Lovatt.
1998. Inflorescence and flower development of
the ‘Hass’ avocado (Persea Americana Mill.)
during ‘‘on’’ and ‘‘off’’ crop years. J. Amer.
Soc. Hort. Sci. 123:537–544.

Smith, H.M. and A. Samach. 2013. Constraints to
obtaining consistent annual yields in perennial

tree crops. I: Heavy fruit load dominates over
vegetative growth. Plant Sci. 207:158–167.

Sonnoli, A. 2001. Une nouvelle vari�et�e d’olivier �a
dimensions r�eduites. Olivae 88:46–49.

Spurr, S.H. and B.V. Barnes. 1980. Forest ecology.
3rd ed. Wiley, New York, NY.

Stevenson,M.T. and K.A. Shackel. 1998. Alternate
bearing in pistachio as a masting phenomenon:
Construction cost of reproduction versus veg-
etative growth and storage. J. Amer. Soc. Hort.
Sci. 123:1069–1075.

Tous, J., A. Romero, and J.F. Hermoso. 2006. High
density planting systems, mechanisation and
crop management in olive, p. 423–430. In: T.
Caruso, A. Motisi, and L. Sebastiani (eds.).
Recent advances in olive industry. Second Intl.
Semin. ‘‘Olivebiotech 2006,’’ 5–10 November,
Mazara del Vallo (TP), Italy.

Tous, J., A. Romero, and J. Plana. 2003. Planta-
ciones superintensivas en olivar. Comporta-
miento de 6 variedades. Agricultura: Rev.
Agropec. 851:346–350.

Tous, J., A. Romero, J. Plana, and F. Baiges. 1999.
Planting density trail with ‘Arbequina’ olive
cultivar in Catalonia (Spain). Acta Hort.
474:177–179.

Tous, J., A. Romero, J. Plana, and J.F. Hermoso.
2008. Olive oil cultivars suitable for very-high
density planting conditions. Acta Hort. 791:403–
408.

Troncoso, A., J. Li~n�an, J. Prieto, and M. Cantos.
1990. Influence of different olive rootstocks on
growth and production of ‘‘Gordal Sevillana’’.
Acta Hort. 286:133–136.

Verheij, E.W.M. 1972. Competition in apple as
influenced by Alar sprays, fruiting, pruning and
tree spacing. Meded Landbouwhog Wagenin-
gen 72-4:l–54.

Vivaldi, G.A., G. Strippoli, S. Pascuzzi, A.M.
Stellacci, and S. Camposeo. 2015. Olive geno-
types cultivated in an adult high-density or-
chard respond differently to canopy restraining
by mechanical and manual pruning. Sci. Hort.
192:391–399.

Williams, M.W., E.A. Curry, and G.M. Greene.
1986. Chemical control of vegetative growth
of pome and stone fruit trees with GA bio-
synthesis inhibitors. Acta Hort. 179:453–
458.

HORTSCIENCE VOL. 53(4) APRIL 2018 495


