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We  investigated  the  relationship  between  alternate  cropping  and  shoot  and  root  growth  in mature  ‘Hass’
avocado  (Persea  americana  Mill.)  trees  growing  on  ‘Thomas’,  ‘Topa  Topa’,  ‘Duke  7’,  or  ‘D9’  rootstocks  over
five  years  in Southern  California.  Shoot  growth  occurred  during  two  distinct  flushes  each  year:  one  in
spring  and  one  in late summer.  Root  growth  occurred  throughout  the year,  with  higher  rates  during  spring
and summer  but  slower  growth  rates  during  shoot  growth  flushes.  There  was  no  effect  of  rootstock  on
shoot  growth  rate.  There  was  no direct  relationship  between  alternate  bearing  and  shoot  and  root  growth.
It is  possible  that  cropping  affected  shoot  growth,  with  extensive  shoot  development  occurring  in  a  year
with virtually  no  crop.  The  summer  growth  flush  accounted  for a greater  proportion  of  the  total  shoot
growth  in  years  with  light  crop  loads  than  in  years  with  heavy  crop  loads.  There  were  differences  in root

growth  rate  among  rootstocks,  but these  relative  differences  varied  among  years.  Root  growth  did  not
exhibit  dormant  periods  as  shoot  growth  did,  but in general,  root  growth  rate  was  greatest  when  soil
temperatures  were  high  and  when  shoots  were  not  growing.  This  information  gives us  insight  into  the
relative  timing  and  relationships  among  growth  events  of  avocado  in  Southern  California  and  will  help
growers  determine  the optimal  timing  of cultural  practices.  Our  results  suggest  that  the  best  timing  for
fertilizing,  spraying,  and  pruning  is  similar  in  trees  growing  on different  rootstocks.

© 2012  Elsevier  B.V.  All rights  reserved.
. Introduction

Fruit production in avocado (P. americana Mill.) depends on
he accumulation and utilization of carbohydrates within the tree
ssociated with shoot and root growth, flowering, and fruiting
Wolstenholme, 1986; Whiley and Wolstenholme, 1990). Root-
tock can affect alternate bearing in avocado (Mickelbart et al.,
007), and understanding the relationship between vegetative and
eproductive growth in trees on different rootstocks may  help elu-
idate management strategies to minimize this phenomenon and
mprove grower returns.

Vegetative growth in avocado is cyclical, with one to six shoot
ushes per year (Davenport, 1982; Gregoriou and Kumar, 1982;
horp et al., 1995; Venning and Lincoln, 1958). In California, there

re typically two flushes per year: one in spring and one in summer
Robinson et al., 1994). Root growth appears to be more continu-
us in other locations (Ploetz et al., 1993), including New Zealand

∗ Corresponding author at: Department of Horticulture and Landscape Architec-
ure, Purdue University, West Lafayette, IN 47907-2010, United States.
el.: +1 765 494 7902; fax: +1 765 499 0391.

E-mail address: mickelbart@purdue.edu (M.V. Mickelbart).

304-4238/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.scienta.2012.06.021
(Thorp et al., 1995), but has not been quantified in California. Flo-
ral buds develop during late summer and fall, concomitant with
the summer shoot growth flush (Salazar-Garcia et al., 1998) and
flowers appear in spring (Robinson et al., 1994). ‘Hass’ trees flower
in February to May  in Southern California and the fruit mature
(based on commercially standardized measurements of dry matter
percentage) within approximately six to eight months (Lee et al.,
1983). The fruit may  remain on the tree, however, for an additional
10 months.

In a previous trial that included the four rootstocks used in this
study, trees on ‘Duke 7’ had higher yield than the other three root-
stocks (Mickelbart et al., 2007). In this study, yields were more
similar on the four rootstocks (part I of this study). In the first part
of this study, heavy yields were associated with a higher number
of fruit per tree, lower average fruit weight, and early and longer
periods of flowering. Although yield varied among rootstocks, espe-
cially in heavy crop load years, trees growing on different rootstocks
had similar cropping patterns. Here we provide further informa-
tion on the relationship between fruit growth and the vegetative

development of trees from the same experiment. With knowl-
edge of the timing and relative intensity of various growth events,
avocado growers can achieve more precise grove management
using properly directed cultural practices, such as application of

dx.doi.org/10.1016/j.scienta.2012.06.021
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
mailto:mickelbart@purdue.edu
dx.doi.org/10.1016/j.scienta.2012.06.021


2  Hort

f
s
m
w
a
c
d
t
C

2

2

7
n
(
(
c
a
t
i
r
m

2

t
c
w
s
e
s
a
b
i

d
e
w
t
t
o
o
5

c
i
1
T
e
a
c

i
e
t
c
m
w
a
o
i

trees on ‘Thomas’ rootstock, planted a year later than the other
trees, were smaller.

The timing of shoot growth did not differ with cropping (Fig. 1).
Cumulative shoot growth also did not differ between heavy and

Table 1
Rate of shoot growth in ‘Hass’ avocado trees at Irvine, California. Data are the means
of  10 shoots on each of 40 trees (1992) or 20 shoots on each of 20 trees (1993–1996)
pooled over four rootstocks. Rootstock did not significantly (P > 0.05) affect shoot
growth.

Year Shoot growth rate (mm day−1)

Spring Summer

1992 0.64 0.27
06 M.V. Mickelbart et al. / Scientia

ertilizers and chemical sprays. Furthermore, identification of root-
tock differences in growth will allow growers to more precisely
anage trees on different rootstocks. The objectives of this study
ere to (1) determine the relative timing of root and shoot growth

nd shoot abscission, (2) identify differences in foliar nutrient con-
entration that might be related to shoot and/or root growth, (3)
etermine the effect of rootstock on any of these factors, and (4) use
his information to develop a model of ‘Hass’ phenology in Southern
alifornia.

. Materials and methods

.1. Plant material and field environment

‘Hass’ avocado trees were grown on ‘Thomas’, ‘Topa Topa’, ‘Duke
’, or ‘D9’ rootstocks (all Mexican race) at the University of Califor-
ia South Coast Research and Extension Center in Irvine, California
latitude, 33◦44′N; longitude, 117◦49′W)  as described previously
Mickelbart et al., this issue). Trees were planted in randomized
omplete blocks. Rows (north–south orientation) acted as blocks,
nd each rootstock was represented once in each of 10 blocks. With
he exception of trees on ‘Thomas’ rootstock, which were planted
n 1987, all the other trees were planted in 1986. Ten trees per
ootstock were used for all measurements, except shoot extension
easurements, where five trees per rootstock were used.

.2. Measurements

Shoot growth was measured in the northeast quadrant of each
ree. Individual tips were tagged in February before shoot growth
ommenced. Shoot extension was measured every two to four
eeks. In year one (1992), 10 shoots on each of 10 trees per root-

tock were measured, and in subsequent years twenty shoots on
ach of five trees (of the 10 total trees) per rootstock were mea-
ured. A single shoot was considered to be the primary shoot and
ny subsequent axillary shoots arising from a single dormant apical
ud. Shoot growth rate was  calculated as the amount of extension

n the terminal and axillary buds.
Each primary, secondary, and tertiary (when present) shoot was

esignated as proleptic or sylleptic after shoot growth had ceased
ach November to December. Proleptic and sylleptic shoot types
ere identified by the presence or absence of bud scars, respec-

ively, according to Tomlinson and Gill (1973).  Shoot abscission was
racked on shoots tagged in 1995 and 1996 by recording the date
n which the tagged shoots were recovered from the ground. Dates
f shoot recovery were recorded from the time of tagging for up to

 years.
Canopy volume was measured in the fall of each year, after the

essation of growth. The height and canopy width was  recorded for
ndividual trees. Two measurements for canopy width were taken
.75 m from the ground: down row width and across row width.
he average of these two values was used. Canopy volume was
stimated by assuming that the tree was the shape of one half of

 prolate spheroid, using the formula V = 4/6�h(w/2)2, where V is
anopy volume, h is tree height, and w is tree width (Turrell, 1946).

In early 1992, a vertical flat surface was exposed on the berm
n the northeast quadrant approximately 1.5 m from the trunk of
ach tree for installation of a rhizotron. Microsprinklers were posi-
ioned on the rhizotron side at the base of each tree. The rhizotron
onsisted of a 34 cm × 38 cm plexiglass window mounted with a
etal frame. A 5-cm wide foam pad glued to a sheet metal cover

as placed on the window between measurements for insulation

nd to exclude light. Every 2–4 weeks, an acetate sheet was  placed
n the rhizotron and root growth against the window traced. Trac-
ngs were then scanned digitally and the number of roots and total
iculturae 143 (2012) 205–210

root length were determined with the NIH Image 1.43 computer
program (National Institute of Health, Washington D.C.). Daily root
growth rate was  calculated as the total root length divided by the
number of roots divided by the number of days between measure-
ments.

Leaves were harvested each September for nutrient analyses,
based on the recommendations of Goodall et al. (1981).  Approx-
imately 20 leaves from the spring flush were harvested from
vegetative shoots on each tree within the quadrant used for shoot
extension measurements. Leaves were washed in distilled water,
dried in an oven at 60 ◦C, and ground (40-mesh screen). Total N
was determined by Kjeldahl analysis. Phosphorus and B were ana-
lyzed by colorimetric assays, Ca, Mg,  Fe, and Mn analyzed by atomic
absorption spectroscopy, and K analyzed by atomic emission spec-
troscopy. Sulfur was determined by automated combustion.

2.3. Statistical design and analysis

The trees were planted as a randomized complete block design.
Analysis of variance and correlation analysis was  conducted using
the PROC GLM and PROC CORR procedures of SAS (SAS, 1990),
respectively. Rootstock and block were considered fixed and ran-
dom effects, respectively. When multiple measurements were
made on an individual tree (e.g. shoot length), the experimental
error (rootstock × block) was used to test rootstock effects. Mean
separation was  done with Fisher’s protected least significant differ-
ence test. For graphical representation, data from heavy (1992 and
1994) or light crop load (1993, 1995, and 1996) years were pooled
and the means presented. Where appropriate, analyses were con-
ducted with transformed data. Growth rate (shoot and root) data
were transformed as log to the base 10 of growth rate plus 1, and
fruit volume measurements were log transformed prior to analysis.

3. Results

3.1. Shoot growth

The trees had two distinct shoot growth flushes each year: one
in spring on days 60–160 and one in late summer on days 160–280
(Fig. 1). Whereas all trees exhibited two flushes, some individual
shoots flushed only once. Shoots that flushed in spring and sum-
mer  accounted for the bulk of the growth on individual trees. These
shoots had higher growth rates and greater shoot extension in
spring than shoots that flushed only in spring (data not shown).
Rootstock had no significant (P > 0.05) effect on total shoot growth
in a year, the timing of shoot growth (data not shown), or aver-
age shoot growth per flush (Table 1). Canopy volume did not differ
significantly (P > 0.05) among rootstocks, except in 1992, when the
1993 4.92 5.86
1994 1.80 0.50
1995 0.73 0.64
1996 1.22 0.29
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F  Irvine, California. Relative shoot (�) and root (�) growth, flowering (solid line), and fruit
g  = continued growth period) in heavy crop load (A) and light crop load (B) years for ‘Hass’
o maximum growth rate observed. Fruit growth is for ‘Hass’ on ‘Duke 7′ rootstock only.
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Fig. 2. The percentage of shoots retained in ‘Hass’ trees on four clonal rootstocks
at  Irvine, California. Data are means of the four rootstocks, since rootstock had no
significant effect (P > 0.05) on growth. Shoots were tagged in February of 1995 (�) or

(Table 3) generally reflected these seasonal differences. Yield was
not related to daily, seasonal, or yearly root growth.

Although root growth tended to be higher during summer and
fall when soil temperatures were higher (Fig. 1), there were no

Table 2
Effect of shoot type (present or abscised) on the length of primary shoots of ‘Hass’
avocado Trees 1 or 2 years after tagging in Irvine, California. Data are the means of
40  trees pooled over four rootstocks.

Shoot length (cm)

Tagged in 1995 Tagged in 1996

After 1 year After 2 years After 1 year After 2 years

Present 107.7 117.2 121.0 133.5
ig. 1. Graphical model of relative timing of phenological events of ‘Hass’ avocado in
rowth  (dark hatched line = period of maximum growth increase, light hatched line
n  four clonal rootstocks. Shoot and root growth is expressed as the percent of the 

ight crops except in 1993 (P < 0.05), when the yield was almost zero
nd shoot growth was nine times greater than in the other years.
igher than normal rainfall that winter may  also have contributed

o this growth.
When the crop was heavy in 1992 and 1994, the spring flush

ccounted for 60–80% of shoot growth. When the crop was  light
n 1993 and 1995, the growth of the summer flush was  nearly
qual to or higher than the spring flush, and accounted for 75%
nd 37% of total growth, respectively, in those years. The relation-
hip between shoot growth and yield in 1996 was different to that
f other years. There was a light crop on the trees in 1996 (average
ield of 16.5 kg tree−1), so it would be expected that the summer
ush would account for a large proportion of the total growth, but

nstead, spring growth accounted for 80% of the total growth.
Crop load may  also have an indirect effect on the type of shoots

roduced. The excessive growth observed in 1993 consisted of 46%
ylleptic and 54% proleptic shoots compared with 2–0% sylleptic
ranches in the other years. Another feature of growth in 1993 was
hat all the measured shoots had tertiary branches, while the shoots
n other years had almost no tertiary branches (data not shown).

In 1995 and 1996, some shoots abscised soon after tagging
Fig. 2). Abscission occurred mostly during the following September
nd October. By the fall of the third year, shoot retention for trees
agged in 1995 and 1996 was 47.7% and 62.4%, respectively. Only

inimal abscission occurred after the third year. There were no
ignificant differences (P > 0.05) in shoot abscission among root-
tocks. Shoots that did not abscise within the first or second year
ere longer than those that did, in three out of four cases (Table 2),

nd these longer shoots subsequently became part of the tree’s
tructure.

.2. Root growth

Root growth was continuous, but slowed when shoot growth
as strong in spring (Fig. 1). Overall, root growth rate tended to be
ighest after the spring and summer flushes and when soil temper-
tures were higher.
Root growth rate varied with rootstocks in different seasons and
ears (Table 3). In general, differences were only apparent in the fall
f 1993, 1994, and 1995, and the winter of 1994 and 1996, when
he shoots were not growing. Differences in yearly root growth
1996 (�), and shoot abscission monitored for up to 5 years. The first point for each
year (with 100% retention) represents the date of tagging. Shaded areas represent
fall and winter periods (September through February).
Abscised 50.2 68.6 85.4 87.7
Sig. of Fa *** * n.s. ***

a ns, *, *** are non-significant, or significant at P ≤ 0.05, or P ≤ 0.001, respectively.
Statistical analysis performed using log transformed data.
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Table 3
Effect of rootstock on mean annual root growth rate of ‘Hass’ avocado trees at Irvine,
California. Data are the means of 10 trees per rootstock.

Rootstock 1992 1993 1994 1995 1996

Root growth rate (mm  day−1)
Thomas 0.75aba 0.72 0.67a 0.52a 0.38a
Topa Topa 0.84a 0.97 0.75a 0.32bc 0.25b
Duke 7 0.60c 0.69 0.47b 0.18c 0.23b
D9  0.67bc 0.72 0.75a 0.38ab 0.24b
Sig.  of Fb * n.s. * ** *

a Means within a column with different letters are significantly (P = 0.05) different
based on Fisher’s Protected Least Significant Difference test at P = 0.05.
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b ns, *, **, are non-significant, or significant at P ≤ 0.05, or P ≤ 0.01, respectively.
he data were transformed [log10(rate + 1)], before analysis with backtransformed
ata presented.

ignificant correlations between average high or low temperatures
ithin a measurement period (i.e., the time between root growth
ata collection) and root growth.

.3. Nutrient analyses

Leaf N and P were lowest on ‘Thomas’ and ‘Topa Topa’, respec-
ively, only in 1992 (Table 4). Leaf Fe varied among rootstocks only
n 1993. The only leaf nutrient that did not differ among rootstocks
n any year was B. Leaves of trees on ‘Thomas’ had higher S concen-
rations in 1993 and 1994, trees on ‘Topa Topa’ had high Mg  and
ow K in 1992 and 1994, and trees on ‘D9′ had low Mn  concentra-
ions from 1993 to 1995. Leaf concentrations of P, Ca, and S were
ll lower in years preceding low yields.

. Discussion

In the first part of this study, we observed the typical alternate
earing pattern of avocado trees in California (Mickelbart et al., this

ssue). Heavy yields consisted of a higher number of fruit per tree
nd a lower average fruit weight. These heavy yields coincided with

 lighter, shorter return bloom that preceded a lighter crop in the
ollowing year. Rootstock did not affect the timing or magnitude
f these events. Here we report on the vegetative growth of the
ame trees in relation to alternate bearing. Shoot growth consisted
f two flushes: one in spring and one in summer. In years in which

 small crop was on the tree, the summer flush accounted for a
reater proportion of the total shoot growth for the year. Shoot
bscission was monitored in two years and was as high as 60% in
995. Unlike shoot growth, root growth occurred throughout the
ear, but was slightly reduced during the shoot flush periods. Leaf
utrient concentrations varied among rootstocks in different years,
ut concentrations of P, Ca, and S were all lower in years following a
eavy crop. As noted for reproductive aspects of avocado phenology

n California, rootstock did not affect the vegetative phenology of
hese trees.

Davenport (1982),  Ploetz et al. (1993),  and Whiley and
olstenholme (1990) studied avocado phenology using visual

bservations rather than quantitative growth measurements. Our
tudy is also the first quantitative assessment of vegetative and
eproductive avocado phenology in Southern California, a state that
ccounts for approximately 90% of avocado production in the U.S.,
nd nearly 100% of the ‘Hass’ production in the U.S. (Anonymous,
000).

.1. Shoot growth

Two shoot flushes (Fig. 1) occurred during the warmest periods

f the year, spring and summer (Table 1). However, the number of
ushes did not vary with year, rootstock, or crop load. In subtropi-
al Southern Australia, New Zealand, Florida, Mexico, and Southern
alifornia, avocado trees typically have two to three flushes per
iculturae 143 (2012) 205–210

year (Cossio-Vargas et al., 2008; Davenport, 1982; Ploetz et al.,
1993; Rocha-Arroyo et al., 2011; Thorp et al., 1995; Whiley and
Wolstenholme, 1990; Venning and Lincoln, 1958). In tropical cli-
mates such as Trinidad, trees can flush up to six times a year
(Gregoriou and Kumar, 1982).

Shoot growth rates (Table 1) were similar to those recorded in
Florida (Ploetz et al., 1993), and shoot growth was  typically greater
in spring than in summer, as previously reported (Thorp et al.,
1993; Venning and Lincoln, 1958). Within a given tree, some shoots
remained dormant while others flushed, as previously demon-
strated (Salazar-Garcia et al., 2006; Venning and Lincoln, 1958),
and this perhaps contributed to the difficulty in identifying signifi-
cant rootstock effects. Rootstock can affect shoot growth (Thorp and
Sedgley, 1993). In our study there was sometimes an almost two-
fold difference in mean total shoot growth among rootstocks, but a
large variation among replicates. There are several classes of shoots
within an avocado tree (Gregoriou and Kumar, 1982), and these can
exhibit different rates of shoot extension. In 1993, individual shoot
extension was  as low as 10 cm and as high as 1775 cm.  Overall,
rootstock did not influence shoot extension or canopy volume.

The negative relationship between crop load and vegetative
growth in temperate fruit tree species is well established (Boynton
and Anderson, 1956; Webster and Brown, 1980). However, this
relationship has not been extensively studied in tropical or sub-
tropical fruit tree crops. Furthermore, in the few species that have
been examined, the relationship is unclear (Menzel et al., 1993). The
lack of vegetative growth in heavy cropping years has been noted in
avocado (Venning and Lincoln, 1958), and avocado shoots that bear
fruit are on average shorter than those that do not (Wolstenholme
et al., 1990).

In this study, the relationship between yield and shoot growth
was not clear. In 1993, the crop was  almost zero and shoot growth
was nine times the average of all the other years. However, from
1994 to 1996, yield was not related to cumulative shoot growth.
This suggests that crop load per se does not affect vegetative growth
in avocado, but the lack of a crop results in excessive vegetative
growth. It is important that growers control excessive vegetative
growth in years with little or no yield. Crop load did affect the rel-
ative growth occurring in summer and spring. This is an important
finding in that it may  help to elucidate strategies for timing of prun-
ing or spraying. In years with light crops, it may  be more important
to prune the summer flush to control tree size.

A heavy crop followed years with a longer summer flush, espe-
cially in 1993. There were also more tertiary shoots and more
sylleptic growth in that year. Tomlinson and Gill (1973) define pro-
leptic shoots as developing after a period of dormancy, whereas
sylleptic shoots develop without dormancy. In most cases, syllep-
tic growth is related to increased shoot extension (Tomlinson and
Gill, 1973; Kurian and Reddy, 1999). It is therefore not surprising
that the extensive shoot growth in 1993 was mainly sylleptic.

Tomlinson (1978) noted that some tropical tree species have
continual and sylleptic growth as opposed to less vigorous species
that exhibit primarily proleptic growth. This in turn affected the
shape of the tree. Seasonal differences in shoot growth may, there-
fore, influence tree architecture and more vigorous and spreading
trees require more pruning than less vigorous and compact trees.

Shoot abscission plays a major role in determining the architec-
ture of the tree in different environments (Addicott, 1978). Most
abscission occurred in fall or winter before the spring flush (Fig. 2).
Abscission data were collected in the final two years of shoot
growth measurements, so the relationship between growth and
abscission cannot be determined. It has been suggested that short

photoperiods induce shoot abscission (Wareing, 1954; Downs,
1958). While shoot abscission occurred throughout the year, most
shoot abscission occurred during those times of the year when
photoperiod was below 12 h (Fig. 2).
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Table  4
Effect of rootstock leaf nutrient concentrations in ‘Hass’ avocado trees in Irvine, California. Data are the means of ten trees per rootstock.

Rootstock N (mg  g−1 DW)  P (mg  g−1 DW)  K (mg  g−1 DW)

1991 1992 1993 1994 1995 1991 1992 1993 1994 1995 1991 1992 1993 1994 1995

Thomas 2.59 2.60ac 2.40 2.27 2.18 0.12 0.19a 0.16 0.18 0.15 1.31 1.11a 1.32a 1.61a 1.56a
Topa  Topa 2.41 2.30b 2.33 2.09 2.36 0.11 0.16b 0.16 0.17 0.15 1.21 0.98b 1.11b 1.13c 1.34b
Duke  7 2.47 2.40b 2.36 2.14 2.12 0.10 0.18a 0.15 0.18 0.14 1.35 1.08a 1.31a 1.37b 1.43ab
D9 2.38  2.40b 2.44 2.18 2.24 0.12 0.18a 0.16 0.18 0.15 1.36 1.08a 1.33a 1.69a 1.54a
Sig.b n.s. *** n.s. n.s. n.s. n.s. ** n.s. n.s. n.s. n.s. * ** *** *
Averagea 2.46a 2.42a 2.38a 2.17b 2.23b 0.11d 0.18a 0.16b 0.18a 0.15c 1.31b 1.06c 1.27b 1.45a 1.47a

Rootstock Mg  (mg  g−1 DW)  Ca (mg  g−1 DW)  S (mg  g−1 DW)

1991 1992 1993 1994 1995 1991 1992 1993 1994 1995 1991 1992 1993 1994 1995

Thomas 0.46c 0.54d 0.58b 0.63b 0.41c 1.51 1.94b 1.58 1.85b 1.32 – 0.46a 0.43a 0.55a –
Topa  Topa 0.68a 0.79a 0.75a 0.84a 0.51a 1.63 2.28a 1.70 2.23a 1.30 – 0.40b 0.35b 0.41bc –
Duke  7 0.65a 0.73b 0.73a 0.66b 0.48ab 1.65 2.35a 1.77 1.83b 1.44 – 0.46a 0.37b 0.45b –
D9 0.55b  0.65c 0.63b 0.57b 0.44bc 1.53 2.27a 1.60 1.76b 1.33 – 0.41b 0.31c 0.37c –
Sig.  *** *** *** *** * ns *** n.s. ** n.s. ** *** *** ***
Average 0.58b 0.68a 0.67a 0.68a 0.46c 1.58c 2.21a 1.66c 1.92b 1.34d 0.43a 0.36b 0.44a 0.58b

Rootstock B (�g g−1 DW)  Fe (�g g−1 DW)  Mn (�g g−1 DW)

1991 1992 1993 1994 1995 1991 1992 1993 1994 1995 1991 1992 1993 1994 1995

Thomas 23.9 26.0 30.6 44.4 50.2 45 56 57b 58 70 331a 228a 126a 101a 103a
Topa  Topa 23.9 28.2 27.0 39.6 48.7 49 52 62ab 52 70 300a 186b 119a 94a 91a
Duke  7 22.9 29.6 26.8 42.5 47.4 48 52 58b 65 67 266ab 274a 120a 110a 100a
D9  22.9 29.3 28.4 40.6 48.0 42 53 67a 53 60 222b 153b 78b 62b 63b
Sig.  n.s. n.s. n.s. n.s. n.s. n.s. n.s. ** n.s. n.s. * *** ** *** ***
Average 23.4d 28.3c 28.2c 41.7b 48.6a 46d 53c 61ab 57bc 67a 280a 208b 110c 91d 89d

a Rootstock means for a given nutrient and year within a column with no letter(s) in common are significantly different based on Fisher’s protected least significant
d
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ifference test at P = 0.05.
b Significance of F value, ns, *, **, *** are non-significant, or significant at P ≤ 0.05,
c Year means for a given nutrient within a row with no letter(s) in common are sig

.2. Root growth

There was no consistent effect of rootstock on root growth
Table 3). Total root growth is difficult to quantify in mature avo-
ado trees when only a small portion of the root zone is monitored.
ariations in the distribution of roots in the soil from tree to tree

Durand and Claassens, 1987) make it difficult to determine the
ffect of rootstock. However, we observed consistent patterns from
ear to year in terms of total root growth per tree, number of roots
er tree, and individual root growth rate.

Roots grew throughout the year as in Florida (Ploetz et al., 1993)
nd New Zealand (Thorp et al., 1995). Growth was  highest dur-
ng warm months (Fig. 1). Root growth rates per day were lower
han those reported for ‘Lula’ or ‘Simmonds’ growing on seedling
ootstocks in Florida (Ploetz et al., 1993). The trees in that study
ere grown in containers on West Indian rather than Mexican root-

tocks. Mean seasonal temperatures during summer are also lower
n California than in Florida. Root growth did not exhibit distinct
ushes as described by Cull (1986),  and also did not follow the
odel of Whiley and Wolstenholme (1990),  which showed two

istinct flushes and the cessation of growth during winter in sub-
ropical Queensland, Australia. Thorp et al. (1995) showed that in
ne location in New Zealand, root growth coincided with shoot
rowth, however, other authors indicate that shoot and root growth
ushes alternate (Ploetz et al., 1993). Our data also suggests that
oot growth is highest when the shoots are not actively growing
Fig. 1). This would suggest that growers in California should use
oil-applied fertilizers or root rot fungicides any time it is warm
nd when the shoots are not growing.
.3. Leaf nutrient concentrations

Conflicting data exist in the literature regarding the effect of crop
oad or alternate bearing on leaf nutrient concentrations in fruit and
01, or P ≤ 0.001, respectively.
ntly different based on Fisher’s protected least significant difference test at P = 0.05.

nut trees (Picchioni et al., 1997). In heavy-yield years, leaf P, Ca, and
S concentrations were higher than in low-yield years (Table 4). The
increase in leaf P in years with heavy crops contrasts reports on
olive (Fernandez-Escobar et al., 1999), pistachio (Rosecrance et al.,
1998), and citrus (Golomb and Goldschmidt, 1987). The patterns
of Ca accumulation reflect those of all other reports in the liter-
ature (see Picchioni et al., 1997 for a review). Calcium may  need
to be applied in years with light crop loads, as the low Ca concen-
trations observed may  lead to Ca-related fruit disorders (Ferguson
and Watkins, 1992). As far as we  are aware, this is the first report
of fluctuating concentrations of leaf S with crop load.

Leaf N concentrations in avocado may  be lower during periods
of very active shoot growth (Cull, 1986). Leaves and new shoots
account for the majority of the N stored within an avocado tree
(Lovatt, 1996). Therefore, it would be expected that N might be lim-
iting in a year in which the tree is flushing heavily. Leaf N decreased
in 1994 after excessive vegetative growth in 1993. Overall, how-
ever, leaf N concentration did not correlate with vegetative growth.
Leaf N concentrations in trees on each of the rootstocks in our study
were within the recommended values for avocado (Embleton and
Jones, 1966), presumably because N uptake by the roots matches N
demand by the tree. Overall, differences in nutrient concentrations
among rootstocks were not correlated with growth or yield.

4.4. Conclusions

We did not measure carbohydrates in this study, so we  can only
speculate on the possible role of the production, storage, and/or use
of carbohydrates related to phenology. Monerri et al. (2011) found
no relationship between carbohydrate concentrations and yield in

orange trees, whereas Scholefield et al. (1985) measured high car-
bohydrate concentrations preceding a high-yield year and lower
concentrations in the following year. In general, the relationship
between avocado yields and carbohydrates is weak (Whiley et al.,
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996). The relationship between yield and shoot growth was weak
n this study. However, in 1993, when yields were very low, shoot
rowth was approximately nine times that of other years. This may
e due to the availability of carbohydrates that in a high-yield year
ould have been utilized during fruit growth.

Phenology is asynchronous in most species (Alvim and Alvim,
978), making comparisons among species or rootstocks difficult.
verall, trees grown on different rootstocks have similar patterns
f shoot and root growth, indicating the major commercial root-
tocks used by the California avocado industry today exhibited
imilar phenological patterns over a five-year period. Therefore,
ny recommendations made with respect to cultural practices can
e made with confidence that rootstock does not alter the timing
r intensity of phenological events. Yield was not directly related
o the pattern of vegetative growth, suggesting that other factors,
uch as carbohydrate reserves, may  be important for productivity
n avocado. Undoubtedly, weather, water availability, and nutrient
tatus of the tree also affected the timing and rate of the observed
henological events.
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