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Abstract

Key message Crop load or carbohydrate availability, affects the phyllochron, leaf length, and leaf area of proleptic
and epicormic shoots on mature, field-grown Prunus persica trees.

Abstract It is well known that shoot growth rates can be strongly influenced by availability of carbohydrates to support
growth. Additionally, carbohydrate availability for vegetative growth is influenced by crop load, since fruits are strong sinks
for photosynthates. Thus, while crop load is known to have significant effects on shoot growth rates it is not clear whether
this effect is limited to extension growth rates of internodes or whether it also affects shoot development such as the rate at
which nodes are added to shoots, i.e., the phyllochron. In this study, we investigated the effect of the presence and absence
of the crop on the phyllochron of proleptic and epicormic shoots on mature, field-grown peach trees. Leaf growth measure-
ments were recorded three times per week from the beginning to the end of the growing season and used to calculate the
phyllochron on trees from two treatments; one with 100% of the crop left on it (unthinned or fully cropped) and a treatment
of trees where the crop was completely removed (non-cropped). The phyllochron fluctuated but generally increased over the
season due to a rank effect. The phyllochron was longer on trees with heavy crop loads. Although there were large differences
in phyllochrons between treatments in both shoot types, only differences observed in epicormic shoots were statistically
significant. Additionally, leaf length and leaf area were also significantly reduced by crop load in both shoot types. These
findings indicate that the phyllochron of field-grown peach trees is apparently sensitive to carbohydrate availability in the
tree and should be considered when trying to accurately predict the timing of the addition of new phytomers along a shoot.
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Introduction the hypothesis that carbohydrate partitioning is driven by

competition among individual plant organs, based on each

Functional-structural plant models (FSPMs) can be used
to integrate anatomical structure with carbon dynamics
(Cieslak et al. 2011). FSPMs are computational models that
simulate 3D plant architecture, as governed by physiologi-
cal processes and their interactions with the environment.
The L-PEACH model, a FSPM, is a virtual plant simula-
tion model of the carbon supply and demand for repro-
ductive and vegetative growth in peach trees (Allen et al.
2005; Lopez et al. 2008; Da Silva et al. 2011). It is based on
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organ’s growth potential (Grossman and DeJong 1994). Car-
bon balance models have been used to identify and under-
stand environmental factors (Loomis et al. 1979; Penning
de Vries and Van Laar 1982) and cultural practices limiting
growth (Cieslak et al. 2011) of crop plants.

Development, growth and carbon allocation processes
can be analyzed using FSPMs at the organ level (Cieslak
et al. 2011). The L-PEACH and most functional-structural
virtual plant growth simulation models (Vivin et al. 2002;
Allen et al. 2005; Cieslak et al. 2011) are constructed from
phytomers, also called metamers. The phytomer is com-
prised of the node and the tissues and organs derived from
it including the leaf, axillary bud and internode (Gray 1879;
White 1979). The time elapsing between the additions of
phytomers can be represented and easily measured by the
time of appearance of leaves at each node. The number of
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leaves emerged per unit of time along a shoot is termed leaf
appearance rate (LAR). The inverse of LAR is termed the
phyllochron, the time elapsing between the successive leaves
on a stem (Wilhelm and McMaster 1995).

The phyllochron is based on growth and development,
which are interactive processes resulting from interactions
between genotype and environment (Lambers et al. 2008),
and influenced by cultural practices. Many studies show that
under constant environmental conditions, the phyllochron is
constant, or linear (Fleisher et al. 2006; Raper and Thomas
1975; Cao and Tibbits 1995; Villalobos and Ritchie 1992).
However, when environmental factors change, phenotypic
plasticity is observed in the phyllochron and other morpho-
logical features such as leaf length or area. Temperature is
considered to be the main environmental factor influenc-
ing the phyllochron in annual plants (Dennett et al. 1978;
Rawson and Hindmarsh 1982) followed by photoperiod
(Rawson and Hindmarsh 1992; Rawson 1993), day-length
(Cousens et al. 1992; Kirby 1995), and water status (Silk
1980; Mathews et al. 1987).

Even though knowing what controls the rate of the addi-
tion of new phytomers is fundamental to understanding
shoot growth, very few phyllochron studies have been con-
ducted in woody perennials and even fewer in deciduous
fruit trees. Modeling the phyllochron of trees as opposed to
herbaceous annuals or monocots poses unique challenges
because trees are inherently more complex. In addition to
their larger size, a tree is a collection of hundreds of shoots,
each with an apical meristem that generates new phytomers.
A tree also initiates vegetative buds in the late summer fol-
lowed by a period of winter dormancy. Gordon et al. (2006)
found that in peach buds approximately the first ten leaf
primordial nodes are preformed between leaf drop in the fall
and bud break in the spring. Subsequent nodes are formed
after bud break (neoformed), meaning their abundance is
dictated by current season’s conditions.

In addition, a peach tree is made up of three unique types
of shoots, each behaving differently within the canopy. Pro-
leptic shoots are the main fruiting shoots that grow from
overwintered buds (Wilson 2000; Costes et al. 2006). Epi-
cormic shoots, commonly called water sprouts or suckers,
grow vigorously from preventitious buds, often in response
to pruning or limb damage (Fink 1983; Wilson and Kelty
1994). Their growth is completely neoformed, and deter-
mined by current season’s conditions. These shoots bear few
fruit and often shade out the fruit-bearing proleptic shoots
on a mature bearing peach tree. The third type of shoots,
sylleptics, are secondary shoots that branch from axillary
meristems from current season’s proleptic or epicormic
shoots (Costes et al. 2006).

A previous field study in peach showed that phyl-
lochron for epicormic shoots was significantly less (leaves
appeared at a faster rate) than that for proleptic shoots
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(Davidson et al. 2015). This was apparently related to the
more vigorous nature of the epicormic shoots. Addition-
ally, the phyllochron for both shoot types was nonlinear
when plotted against both time and thermal time (grow-
ing degree-days or growing degree-hours) and generally
increased over the course of the season. Kervella et al.
(1995) and Pages et al. (1996) also reported a nonlinear
gradual decrease in leaf and phytomer emergence rates,
respectively (plotted in growing degree-days), as the
number of leaves increased over the course of the season.
They also reported significant differences between main
and first order shoots of young potted peach trees. Similar
patterns have been reported for leaf emergence in grape-
vine (Schultz 1992).

Carbohydrate availability for vegetative growth is
strongly influenced by crop load (Maggs 1963; Grossman
and DeJong 1995). Fruits act as strong sinks for photo-
synthate, particularly during the last stage of fruit growth
(DelJong and Grossman 1995) and heavy unthinned crop-
ping has been shown to reduce vegetative growth (DeJong
et al. 1987; Berman and DeJong 2003). Previous studies
on the effects of crop load manipulation on carbohydrate
availability for epicormic shoot initiation with 13-year-old
peach trees (Gordon et al. 2006; Gordon and DeJong 2007)
showed significantly less total-canopy shoot dry weight
was produced by fully cropped trees than by fruit thinned
or defruited trees.

Earlier, Grossman and DeJong (1995) studied the pres-
ence of crop on the seasonal patterns of above-ground veg-
etative growth in terms of current year stem length, current
year stem and leaf dry weight, and trunk radial increment
and found that the presence of fruit reduced final stem
length and dry weight by 43 and 56%, respectively, on
a late maturing peach cultivar. However, the presence of
fruit did not have detectable effects on final stem length;
stem dry weight or leaf dry weight on an early maturing
cultivar.

While it is evident that crop load affects the total biomass
of vegetative growth (Berman and DeJong 2003; Grossman
and DeJong 1995) and shoot extension growth rate (Berman
and DeJong 1996; Grossman and DeJong 1995) in peach, it
is not clear if crop load affects the phyllochron.

The literature of the effects crop and thus carbon availa-
bility, on the phyllochron of deciduous tree species is scarce.
Therefore, this experiment was conducted to determine if
the presence of crop affects the phyllochron of two different
shoot types in mature peach trees; epicormic and proleptic,
grown in field conditions during the 2011 growing season.
The overall objective of this study was to further-clarify fac-
tors that influence shoot growth in peach trees and determine
if defruiting (carbohydrate availability) needs to be incorpo-
rated into phytomer-based functional—structural models of
tree growth and development such as the L-PEACH model.
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Materials and methods

This research was conducted during the 2011 season at
the UC Davis Wolfskill experimental orchards in Winters,
CA (38°32'N, 121°58'W). Five-year-old peach trees of the
Laurie May variety (unreleased) grafted on the low vigor-
Controller 9 rootstock growing in a sandy clay loam soil
were used in this study. Trees were spaced 1.83 meters (m)
apart in the row, with 5.18 m between rows and trained
to the Kearney Agricultural Center perpendicular-V sys-
tem (KACV) (DelJong et al. 1994). Nitrogen was applied
twice per year, 112 kg/ha in February and 56 kg/ha in
September. Irrigation using micro-sprinklers commenced
on May 2 and continued approximately every week until
September 19th. Irrigation was scheduled by employing
the soil water balance method where the input was calcu-
lated through evapotranspiration and the output was the
estimated water requirement through irrigation. Drainage
and runoff were assumed to be negligible. Crop evapo-
transpiration was determined by multiplying reference ET
[obtained by the on-site CIMIS weather station (California
Irrigation Management Information System, http://www.
cimis.water.ca.gov/)] by a crop coefficient given in FAO
56 (Allen et al. 1998). Plant water status was monitored
by taking mid-day stem water potential (Wq) readings on
each experimental tree weekly from May 4th until August
18th using a pressure chamber as described by McCutchan
and Shackel (1992).

Two north—south oriented rows of trees (in the middle
of a total of eleven rows) were organized into a randomized
block design with two treatments: (1) fully cropped trees
that set a heavy crop of fruit that were not thinned, and
(2), non-cropped trees that had the entire crop removed
by hand on April 22 (approximately 1 month after fruit
set) and two shoot type, epicormic and proleptic shoots.
There were a total of 24 trees in the experiment, 4 shoots
per tree (2 shoot types) for a total of 48 proleptic shoots
and 48 epicormic shoots. A random sample of 10 fruits per
tree were collected from each tree and weighed to obtain
the weight of the fruits at the time of removal to create a
growth potential curve of fruit from this particular variety.

After bloom on March 9, when the vegetative buds began
to burst, two epicormic and two proleptic shoots located
at approximately breast height were randomly tagged from
both the east and west-facing scaffolds of each tree and fol-
lowed over the growing season. Shoots were considered pro-
leptic if they grew from an overwintered bud on last year’s
wood. Shoots were classified as epicormic if they were vig-
orous neoformed shoots growing from branches older than
1-year-old. If shoots became damaged or ended growth
uncharacteristically early, then a shoot in a similar location
was selected and followed for the duration of the experiment.

Fruit from fruited trees were harvested, counted and
weighed on July 1 to estimate the relative decrease in car-
bohydrate availability for vegetative growth in the fruited
compared to the non-fruited treatment. From a separate sam-
ple of ten heavily hand-thinned trees (one fruit per small
shoot (<25 cm) two per large shoot (>25 cm) in the same
orchard, a sample of 50 fruit (five per tree) were removed
every 7-10 days for the entirety of the fruit growth period
from April 9th to July 1st. These fruit were weighed, dried at
50 °C for 5 days, and weighed again. The mean fresh weights
were used to generate a potential fruit growth curve for the
Laurie May variety in the 2011 season. These data along
with the weights and counts of the harvested unthinned
trees allowed us to estimate the relative carbon deficit in the
fruited, unthinned treatment trees by subtracting the actual
mean total fruit weight from the unthinned trees from a cal-
culated total mean potential fruit weight based on the size
of the fruit on the heavily thinned trees. This represented the
carbon deficit relative to the potential total carbon demand
for fruit growth in the heavy cropped trees.

Phyllochron measurements

To assess leaf growth rate and the phyllochron, incremen-
tal measurements of every leaf appearing on the tagged
shoots were made using a metric ruler three times per week
from April 13th to August 17th. Hourly temperatures were
recorded by two HOBO data loggers (Onset Computer Cor-
poration, Bourne, MA, USA) located in the orchard and
checked against the local CIMIS weather station located
on-site.

Data analysis

Leaf lengths measured in the field, were imported into a
database, post-processed and analyzed using Python 2.7
(http://www.python.org/) and matplotlib library (http://
matplotlib.org/). When taking field measurements of very
small leaves it was impossible to capture the exact initiation
point of the leaf without imposing damage. Additionally, the
appearance of the leaf sometimes occurred between days of
data collection. Therefore, leaf appearance was normalized
to the time when a new leaf was estimated to be 2 cm long.
This normalized leaf appearance time was estimated plot-
ting the individual leaf lengths to create a leaf growth rate
and fit to a classical growth curve using a Gompertz model
(Gompertz 1825) as previously described by Davidson et al.,
(2015). With the normalized leaf appearance times we esti-
mated the time interval between two successive leaves in
thermal time using a modified growing degree-hours (GDH)
scale that was developed and described in further detail by
Davidson et al. (2015) but loosely based on Richardson et al.
(1975).
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The GDH model was developed as linear on both
sides of a plateau-shaped optimum. The base tem-
perature (tempB) was 4 °C, the critical or maximum
temperature (tempC) was 40 °C and the optimal tem-
perature spanned 18-32 °C (tempOl and temp02).
Therefore, when the current temperature (tempH) was
below tempB or above tempC, nothing was added to the
GDH accumulation. When tempB < tempH < tempOl1,
tempH — tempB was added to GDH accumulation. When
tempO2 < tempH < tempC, (tempC — tempH) X (tempO1 —
tempB)/(tempC — tempO2) was added to the GDH accumu-
lation. When tempO1 < tempH < tempO2, tempO1 — tempB
was added to GDH.

A grand mean phyllochron for each treatment was cal-
culated by taking the mean phyllochron for each tree (two
shoots per tree) and calculating the mean of all the trees
within a in a given 10-day time interval. Analysis of vari-
ance with one standard error from the mean was calculated
using JMP version 10 (SAS Institute Inc., Cary, NC, USA,
1989-2010).

Results

Table 1 lists the mean number of fruit per tree on
unthinned trees. It also compares the individual fresh fruit
weight on cropped and non-cropped trees at harvest.

Fruit on the separate sample of fully thinned trees fol-
lowed a double sigmoid fruit growth curve that is typical
of peach fruit (Fig. 1) (DeJong and Goudriaan 1989a, b;
Pavel and DeJong 1993).

The difference between the mean individual potential
fresh fruit weight on the heavily thinned trees and the
actual mean individual fruit fresh weight on the unthinned
trees as well as the estimated potential mean fresh weight
of the total crop and the actual total mean weight of the
crop on unthinned trees is an indicator of the amount of
carbon deficit that the unthinned trees experienced relative
to supplying the fruit carbon sink during the fruit growth
period. Furthermore, the mean individual leaf length and
area of the unthinned trees was significantly lower than

Table 1 Mean (+ SE) number

. N Fruit harvest 2011
of fruit per tree on trees of the

unthinned treatment

Individual fresh fruit weight on non-cropped trees at time of removal (g)
Individual fresh fruit weight on unthinned trees at harvest (g)

Individual fresh fruit weight on heavily thinned trees at harvest (g)

Mean number of fruit per tree on unthinned trees

633.9+124.9
2.19+0.413
58.9+8.79

140.5+18.04

Mean individual fresh fruit weight of non-cropped trees at the time of fruit removal; of unthinned trees at
harvest and of heavily thinned trees at harvest

Fig. 1 The seasonal pattern of 160
mean fruit fresh weight accumu-
lation of Lorrie May peach on 140 4 ® Heavily thinned
heavily pruned trees compared A Unthinned
to the mean final fresh weight
of fruit on unthinned trees. The 120 A
error bars represent the standard
error of ten replicates — i
C 100
=
> 80+
)
2
< 60+
n
o
—
L 40
20 +
0 -
T T T T T
80 100 120 140 160 180 200
Julian day
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Table2 Mean (+ SE) seasonal phyllochron in GDH and hours, leaf
length and leaf area for proleptic shoots in unthinned cropped and
non-cropped trees (N=197)

Proleptic shoots Full-crop Non-cropped P value
Phyllochron (GDH)  1095.0+39.65  988.5+39.89 0.0716
Phyllochron (h) 99.6+3.73 88.6+3.74 0.0505
Leaf length (cm) 13.2+0.42 15.6+0.44 <0.0006%*
Leaf area (cm?) 37.9+2.47 523+24 <0.0004*

*Statistically significance (p = .05)

Table 3 Mean (+SE) seasonal phyllochron in GDH and hours, leaf
length and leaf area for epicormic shoots in unthinned cropped and
non-cropped trees (N =222)

Epicormic shoots Full-crop Non-cropped P value

Phyllochron in GDH  823.3+43.32  676.2+43.78 0.0285*
Phyllochron (h) 74.2+2.480 59.9+3.99 <0.0207*
Leaf length (cm) 15.6+0.33 18.3+0.34 <0.0001*
Leaf area (cm?) 52.24+2.22 70.5+£2.24 <0.0001*

*Statistically significance (p = .05)

for the non-cropped trees in both proleptic (Table 2) and
epicormic shoots (Table 3), providing additional evidence
that growth of the unthinned trees was carbon limited.
The mean phyllochron for proleptic shoots was less
for cropped trees for the first data interval at the start of

data collection around day 95. By the second mean data
interval near day 105, the phyllochron was the same in
both cropping regimes, approximately 600 GDH (Fig. 2).
From days 110-140 there were significant differences in
phyllochron values between treatments (p = .05). At day
155 this difference disappeared and cropping no longer
appeared to have an effect on the phyllochron. Interest-
ingly, 30 days later the phyllochron of previously cropped
trees tended to be less than the non-cropped trees.

At the start of the experiment the phyllochron for epi-
cormic shoots in both cropping regimes had a mean phyl-
lochron of about 275 GDH (Fig. 3). Significant differences
between cropping treatments began to appear around day
120 and continued until day 185, which coincided with
fruit harvest that occurred on day 180. Following day 180,
there were no significant treatment differences in the phyl-
lochron of epicormic shoots.

The phyllochron for both shoot types and both treat-
ments fluctuated over the course of the season but gener-
ally increased as the season progressed apparently due to
a rank or shoot aging effect. Generally, proleptic shoots
on cropped trees had a longer phyllochron (slower LAR)
than epicormic shoots.

When averaged over the course of the entire season,
the overall mean phyllochron for proleptic shoots in the
unthinned, fully cropped treatment did not differ signifi-
cantly from the non-cropped treatment (Table 2). The
mean phyllochron of epicormic shoots was significantly
higher in the cropped treatment compared to the defruited
treatment (Table 3).

Fig.2 The mean phyllochron 3000 T T ‘ T 40
plotted in 10-day intervals of Pro Cro
proleptic shoots of heavily i i P
cropped (black squares) and § § Pro NoCrop |35
non-cropped (white circles) 2500
peach trees. Error bars represent 130
the standard errors of the
means. Mean daily tempera- — 2000} -
ture is plotted in gray in the E 425 ©
background G) :
< c
?;c') 1500} 120 3
5 . + 3 <
2 i § >
> —
< 115 ©
2 1000} i o} 5 @ i a
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Fig.3 The mean phyllochron 3000 T T ‘ T 40
plotted in 10-day intervals of Epi Cro
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Discussion

The potential sink demands of reproductive and vegetative
organs are dependent upon their genetically determined
maximum growth potentials and maintenance requirements,
and the environmental factors affecting growth (DeJong and
Grossman 1992; Grossman and DeJong 1995). Maximum
growth potential is defined by the genetically determined
maximum biomass increase of an organ when grown under
optimal environmental conditions in the presence of a non-
limiting supply of photosynthate (Grossman and DeJong
1995). Therefore, to achieve its maximum growth poten-
tial, an organ must grow at its potential relative growth rate,
the rate of increase in dry weight per unit dry weight per
unit time throughout development (Grossman and DeJong
1995). To determine the maximum growth potential of the
fruit in this study a growth potential curve was determined
(Fig. 1) from fruit harvested every 10 days from ten heav-
ily thinned trees that we assume had a non-limiting supply
of photosynthate. Likewise, in one treatment 100% of fruit
were removed allowing for the evaluation of the potential
vegetative growth and the potential of the phyllochron under
the given environmental conditions in the orchard. The
observed fruit growth of the unthinned trees was compared
to the growth potential of the fully thinned trees to estimate a
relative carbon deficit in unthinned trees (Table 1). This pro-
vided an indication of the carbon that was available for fruit
growth relative to the total potential demand for fruit growth
in the heavily cropped trees. Since fruit are considered to be
the most efficient carbon sink in peach trees during much of
the fruit growth period, it is safe to assume that dry matter
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available for shoot growth in the unthinned trees was much
less than in non-cropped trees. The fruit data indicates that
the cropped trees were significantly carbon limited relative
to supplying fruit demands and had substantially less car-
bon available to supply vegetative sink demands. Carbon
limitations on vegetative growth were also evidenced by
shorter and smaller leaves in the cropped trees compared to
the uncropped trees (Tables 2 and 3). Grossman and DeJong
(1995) reported that vegetative growth (current year stem
length, current year stem and leaf dry weight, and trunk
radial increment, stem relative extension rates (RER) and
stem/leaf relative growth rates (RGR) on fruited compared
to defruited trees were resource-limited shortly after vegeta-
tive bud break on fruited trees of both early and late matur-
ing peach cultivars. They also reported that the resource
limitation on vegetative growth was not constant over the
growing season. On the late maturing cultivar, the resource
limitation on stem growth occurred during 6-8 weeks after
bloom when stem RGR and RER were less on fruited trees
compared to defruited trees. Stem and leaf dry weights on
fruited trees were also less than those on defruited trees dur-
ing this period.

With the exception of studies in peach (Kervella et al.
1995; Pages et al. 1996), grapevine (Schultz 1992) and kiwi-
fruit (Cieslak et al. 2011) there are few studies that focus
on the phyllochron of deciduous fruit tree species. Further-
more, all of these studies ignored the potential role of carbon
availability on the phyllochron. This study tested whether
defruiting, and hence, having more available carbohydrates
for vegetative growth, would affect the phyllochron, which
varies over time. Indeed, we observed the phyllochron was
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significantly influenced by the fruiting condition of the
tree, thus the phyllochron is not genetically fixed. We also
observed significant effects on leaf growth.

These results can have significant consequences for mod-
eling plant growth and development. Many plant growth
models are based on the assumption that the phyllochron of
shoots can be modeled effectively as a function of tempera-
ture and light exposure, perhaps with other minor environ-
mental factors, while growth is highly dependent on carbon
availability as well as environmental factors. This research
indicates that previous methods of modeling the phyllochron
are not valid for trees like peach, since in this study, both
growth and the phyllochron were responsive to carbon avail-
ability. This information should be incorporated into plant
growth and carbon balance models for accurate predictions
of vegetative growth. Additionally, the phyllochron (as well
as exhibiting differences between treatments) was not con-
stant over the season and did not appear to be systematically
related to temperature or light exposure since it tended to be
longer as temperatures and day-length increased and then
decreased. This was consistent with other phyllochron stud-
ies in peach (Kervella et al. 1995; Pages et al. 1996) and in
kiwifruit (Cieslak et al. 2011).

Because our GDH scale accounted for the influence of
temperature, the fluctuations in the phyllochron throughout
the season other than those attributable to the presence of
fruit are likely due to rank effects (developmental aging of
the apical meristem) or other environmental/physiological
parameters that varied over the season. Kervella et al. (1995)
and Pages et al. (1996) also reported a gradual decrease in
leaf and metamer emergence rates, as the number of leaves
increased over the course of the season. As previously men-
tioned, following the harvest of the heavily fruited trees, the
gap of the phyllochron between cropping treatments closed
suggesting plasticity of the phyllochron subject to carbon
availability.

Many previous phyllochron studies with both annual and
perennial plants have been conducted under controlled envi-
ronmental conditions and on young, potted plants and have
tended to ignore the potential plasticity of the phyllochron,
especially with regard to conditions leading to substantial
deficits of carbon to support plant growth. This field study
and previous research (Davidson et al. 2015) indicates that
more attention needs to be given to the origin of shoots (pro-
leptic vs. epicormic) as well as the potential effects of peri-
ods of carbon deficit on organ development, specifically the
phyllochron when modeling shoot growth of plants.
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