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Abstract. Many European apple (Malus xdomestica Borkh.) cultivars used for making alco-
holic cider have a highly biennial bearing habit. To determine target crop load recommen-
dations, seven cider cultivars grown in a high-density orchard were hand-thinned to crop
densities of 0, 3, 6, and 9 fruit/cm® trunk cross-sectional area (TCSA) or left unthinned as a
control for 3 consecutive years (2016-18). Treatments were imposed on the same trees for
all 3 years. Greater year-to-year yield variability, as measured by the biennial bearing index
(BBI), correlated negatively with cumulative yields both within and among cultivars.
Greater crop density had a negative correlation with the amount of return bloom in all
years, but reducing crop density had a negligible effect on return bloom in the “off” year.
When trees were left unthinned in the high-crop “on” years there was little to no return
bloom in the following year. Partial budget analysis found that manually reducing crop den-
sity would result in a positive net change in 3-year profitability for Dabinett, but not the
other cultivars. Over 4 years, under conservative assumptions about fruit set, chemical thin-
ning to 9 fruit/em®* TCSA would likely result in increased cumulative profitability in all
seven cultivars. Hand-thinning was projected to be less profitable than chemical thinning
but would still result in increased net profitability over 4 years, for five of the seven culti-
vars. These findings highlight the horticultural and economic benefits of crop load manage-
ment for cider apple orchards. Further, many high-tannin cider cultivars can sustain a
higher crop density than what is recommended for fresh-market apple production and still
have adequate return bloom and cumulative yields.

Biennial bearing in apple (Malus Xdomestica
Borkh.) trees is a well-known phenomenon in
which a tree will produce a large crop one
year and then little to no crop the next. The
presence of fruit—particularly seeded fruit—

Received for publication 6 Sep 2023. Accepted
for publication 16 Oct 2023.

Published online 15 Dec 2023.

Funding for this work was provided by the New
York Apple Research and Development Program
(ARDP), the New York State Department of Agri-
culture and Markets, and the College of Agricul-
ture and Life Sciences at Cornell University. The
Comell Employee Degree Program enabled David
Zakalik to steward and analyze this experiment as
part of his MS thesis. We are very grateful to
Craig Kahlke, Elizabeth Tee, Mario Miranda-Sazo,
and Mark Wiltberger at Cornell Cooperative Ex-
tension Lake Ontario Fruit Program for all their
work counting bloom, assessing fruit maturity, and
collecting data. Thanks also to Richie Gaisser, Kate
Brown, Nina Comiskey, Lindsay Springer, Adam
Karl, Yangbo Song, and Nathan Wojtyna, as well
as the Cornell Orchards summer interns for help
thinning and harvesting fruit from hundreds of
trees. Thanks to the members of the Watkins lab
group for sharing equipment and space. A special
thank you to Chris and Jonathan Oakes and the
crew at LynOaken Farms and Steampunk Cider,
for providing us with an excellent field site and
delicious cider.

G.M.P. is the corresponding author. E-mail: gmp32@
cornell.edu.

This is an open access article distributed under the
CC BY-NC-ND license (https://creativecommons.
org/licenses/by-nc-nd/4.0/).

26

on a tree or branch inhibits floral bud induc-
tion, and thus return bloom the following
spring (Chan and Cain 1967; Weinbaum et al.
2001). The absence of fruit in the second year
often results in excessive bloom in the third
year, perpetuating a cycle of dramatic yield
fluctuations. This phenomenon has been recog-
nized by orchardists, cidermakers, and horticul-
turists for centuries (Knight 1797; Rathvon and
Harris 1877; Worlidge 1678).

Biennial bearing is largely mediated by
seed-derived phytohormones known as
gibberellic acids (GAs), which diffuse from
developing fruitlets into adjacent vascular
tissue, suppressing flower bud induction in
spur and shoot meristems (Hoad 1978;
Ramirez et al. 2004; Stephan et al. 1999).
This suppressive effect appears to be cultivar-
specific and depends on 1) the timing of
peak GA diffusion relative to floral bud in-
duction (Haberman et al. 2016; Jones et al.
1992); 2) a cultivar’s complement of seed-
derived GAs (Green 1987; Hedden et al. 1993)—
or “gibberellome,” to coin a term; and 3) the
concentrations of GAs in seed diffusate. The
average seed number per fruit is not solely
predictive of the flowering or bearing habit
(Green 1987; Hoad 1978). Rather, the vascu-
lar mobility of GAs, a function of their chemi-
cal structure and polarity, affects the degree to
which seeded fruits suppress return bloom.
However, the total number of seeds present
on a tree does correlate negatively with return
bloom (Tu 2000).

Reducing crop load through hand or
chemical thinning of flowers and/or developing
fruitlets in the spring is commonly practiced
in commercial orchards. Thinning encour-
ages return bloom, thereby reducing bien-
nial bearing (Pellerin et al. 2011). Crop
load management strategies have been ex-
tensively investigated in fresh-market ap-
ples, but little quantitative research has
been done in high-tannin cultivars that are
used for hard cider (fermented apple juice)
(Mili¢ et al. 2011; Robinson et al. 2010;
Wood 1979). Many, but not all, European
cider cultivars planted in the United States
are reportedly prone to biennial bearing,
and the few cultivar-specific assessments
sometimes provide contradictory information
(Copas 2001, 2013; Merwin 2015; Miles
et al. 2017; Peck et al. 2021; Plotkowski and
Cline 2021; Wood 1979; Zakalik 2021).

Biennial bearing is measured quantitatively
using the BBI, a unitless measure ranging from
0 = completely annual to 1 = completely bi-
ennial. The BBI was first put forth by Hoblyn
et al. (1937), but criteria for classifying what
ranges of BBI values constitute “annual” or
“biennial” bearing are either absent or incon-
sistent in the literature. For example, the cider
cultivar ‘Chisel Jersey’ has been described by
Merwin (2015) as “biennial,” but it only had a
BBI of 0.31 over 5 years in data reported by
Cuthbertson and Stickley (1949), and a moder-
ate BBI of 0.54 over 5 years in data reported
by Wood (1979).

In addition, the planting of cider cultivars
in North America has outpaced research into
crop load management for these cultivars
(Miles et al. 2020). Previous research on crop
load management for cider cultivars con-
ducted in England (Cuthbertson and Stickley
1949; Green 1987; Wood 1979) used standard-
sized trees on seedling rootstocks or semi-
dwarf rootstocks, which likely respond very
differently from trees grown in high-density
planting systems common in newer North
American plantings (Peck and Knickerbocker
2018).

Cumulative yield over the lifespan of an or-
chard generally correlates negatively with BBI,
particularly in cider cultivars (Wilcox 1944;
Wood 1979; Wragg and Rendell 1977). Thus,
crop load management strategies that mitigate
biennial bearing can potentially increase farm-
gate revenue (Forshey 1986; Stover et al.
2001). The negative correlation between crop
load and fruit size (Guillermin et al. 2015;
Robinson and Watkins 2003; Wood 1979) af-
fects the cost of hand-harvesting, which is cur-
rently the norm for North American cider
apple orchards. Many small apples (resulting
from excessive crop load) take longer to hand
harvest than fewer large apples, potentially in-
creasing harvest costs for growers who pay
pickers by the hour (Cripps 1962; Davis et al.
2004; Stander and Cronjé 2016; Zhang et al.
2019). Some growers also report paying pick-
ers a higher wage per bin to compensate for
slower harvest of small-fruited cider cultivars
(Zakalik and Peck 2023). The economics of
crop load are understudied but important, es-
pecially given growers’ uncertainty about the
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profitability of growing bitter cultivars that are
only useful for processing into fermented cider
(Farris et al. 2013; Peck and Knickerbocker
2018; Wragg and Rendell 1977).

The goals of this experiment were to deter-
mine the effect of crop load on return bloom
(and thus, on biennial bearing), and to assess
the relationship between bearing habit (as
measured by BBI) and cumulative yields. We
studied a diverse array of cider apple culti-
vars with differing reputed bearing patterns.
Our hypotheses were: 1) reducing crop load
would increase return bloom, 2) lower crop
loads over 3 years would coincide with lower
BBI, 3) cumulative yields would correlate
negatively with BBI, 4) average fruit size
would correlate negatively with crop load, and
5) hand-thinning would result in increased net
profitability over 3 years. A companion article
from this experiment describes the effects of
these crop load treatments on fruit and juice
quality (Zakalik et al. 2023).

Materials and Methods

Research site and orchard design. The ex-
periment occurred at a large commercial apple
orchard in Lyndonville, NY (lat. 43°19'26.4"N,
long. 78°22'22.8"W) on a Galen very fine
sandy loam (Soil Survey Staff 2014). Arthro-
pod, disease, and weed control followed a
conventional management program typical for
commercial orchards in the region (Agnello
et al. 2018). No chemical thinners or plant
growth regulators that might affect flower bud
initiation were used in any year of the experi-
ment, which ran from May 2016 to May 2019.

In 2014, three rows each of seven high-
tannin cider apple cultivars (Binet Rouge,
Brown Snout, Chisel Jersey, Dabinett, Harry
Masters Jersey, Michelin, and Geneva Trem-
lett’s Bitter) were planted at 1.2 m between trees
and 3.7 m between rows (~2220 trees/ha).
There were ~120 trees per row. Each tree was
affixed to a metal pole that was attached to a
single trellis wire and trained using the tall
spindle system. All trees were grafted onto
‘Budagovsky 9’ (‘B.9”) rootstock.

‘Geneva Tremlett’s Bitter’ is classified as
a bittersharp (defined as having a high tannin
and high acid juice concentration) according
to the Long Ashton classification system
(Barker and Ettle 1910); the other six cultivars
are classified as bittersweet (defined as having
a high tannin and low acid juice concentration).
Except for ‘Binet Rouge’ and ‘Geneva Trem-
lett’s Bitter’, these cultivars are widely planted
in England for cider production (Copas 2013;
Wood 1979; Wragg and Rendell 1977).
‘Dabinett’, ‘Harry Masters Jersey’, and
‘Michelin’ are reputedly “annual” bearers,
whereas ‘Binet Rouge’, ‘Brown Snout’, and
‘Geneva Tremlett’s Bitter’ have reputations
for being “biennial,” with descriptions of
‘Chisel Jersey’ conflicting (Zakalik 2021).

Experimental design. On 21 Jun 2016,
trees were assessed for fruit set and hand-
thinned. Five groups of five trees having
equivalent fruit set, for a total 25 trees per
cultivar, were identified and selected (Supple-
mental Table 1). Each of the five treatments
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was assigned to one tree within a given fruit
set group. Each year, the same trees were
hand-thinned to the same four target crop
densities or left unthinned. Tar%et crop densi-
ties were 0, 3, 6, or 9 fruit/cm” TCSA. Crop
density for the unthinned control varied each
year based on initial fruit set. Treatments were
reapplied to the same trees on 30 Jun 2017
and 15 Jun 2018. The number of days from
full bloom (DAFB) to thinning (Supplemental
Table 2) in each year were kept as consistent
as possible given weather and time constraints
and differing full bloom dates (Supplemental
Table 3). Target fruitlet counts were calculated
by multiplying TCSA (Supplemental Table 4)
by target crop density (0, 3, 6, or 9 fruit/cm®
TCSA) and rounding up to the nearest integer.
Fruitlets were then removed by hand to
achieve the appropriate number per tree,
leaving only one fruitlet per cluster whenever
possible. Care was also taken to distribute re-
maining fruit uniformly throughout the tree
canopy.

Fruitlets were counted using handheld tally
counters before thinning treatments were im-
posed in June 2016 (Year 1) and 2017 (Year 2,
Supplemental Table 5). In 2016, all trees had
far greater initial crop densities than the target
number needed for each treatment. Fruit set on
control trees was also counted and recorded in
2017. In 2017, the “off” year for the whole
planting, return bloom and fruit set were often
insufficient to achieve target crop load in
‘Binet Rouge’, ‘Brown Snout’, and ‘Geneva
Tremlett’s Bitter’. Where this was the case,
trees were not hand-thinned. Where there was
sufficient fruit set, achieving target crop load
was prioritized over thinning to single fruit per
cluster. Initial fruit set in 2018 was deemed
too great to count in a timely manner on all
200 experimental trees, so clusters were
thinned to single fruitlets, and then further
hand-thinning was used to achieve the target
crop densities. Workers self-reported post-
thin fruitlet counts, which were generally
within one to two fruitlets of the calculated
target.

Harvest. Preharvest maturity was assessed
for each cultivar using fruit from nonexperi-
mental trees based on the starch pattern index
(SPI) assay to determine appropriate harvest
dates, at SPI of 6 or greater where possible
(Blanpied and Silsby 1992). For cultivars that
are prone to preharvest fruit drop, such as
Harry Masters Jersey, fruit were harvested
before 6 SPI. Harvest dates for each cultivar
(Supplemental Table 6) were similar year-to-
year but occasionally had to be shifted due to
weather or time constraints, sometimes by
1 week or more. Preharvest fruit drops were
counted and removed before remaining fruit
were picked. Fruit drops were counted within
the midpoints between an experimental tree
trunk and the neighboring trunk on either
side. All fruits picked on-tree were counted
and weighed (Adam CPW 75 balance, Ox-
ford, CT, USA) in the field. Average fruit
mass was calculated by dividing total on-tree
mass by total on-tree fruit count. Total estimated
yield weight was calculated by multiplying

average fruit mass by drop count and adding
to total on-tree weight.

Trunk size. Two trunk diameter measure-
ments were taken about perpendicular to each
other 40 cm above the graft union, averaged,
and converted to TCSA using the area for-
mula for a circle. After initial measurements
in June 2016, tree trunk diameter was again
measured after growth had ceased for the sea-
son and leaves had fallen off trees, and before
bud swell had begun the following spring of
2016, 2017, and 2018 at 40 cm above the
graft union. Yearly and cumulative trunk growth
were calculated over the length of the experi-
ment as percent change. Because the experiment
began after fruit set in 2016, percent change
values for that year do not reflect total trunk
growth in 2016, but rather trunk growth from
the day of treatment application (21 Jun) until
growth ceased in late autumn. Crop density
was calculated by dividing total fruit count
(on-tree + drops) by TCSA. Yield efficiency
was calculated by dividing estimated total yield
(on-tree + drops, kg) by TCSA.

Return bloom assessment. Bloom clusters
were counted on all experimental trees in May
2017, 2018, and 2019 at the “pink” stage using
a tally counter (Chapman and Catlin 1976).

Off-year experiment, 2017 only. Because
of low bloom and fruit set in Spring 2017, the
same experimental design was replicated in
2017 on a different set of previously un-
thinned trees of ‘Chisel Jersey’, ‘Dabinett’,
‘Harry Masters Jersey’, and ‘Michelin’ that
had sufficient bloom. This experiment was
designed to examine the efficacy of off-year
crop load management. Initial fruit set in
these four cultivars (both experiments) was
significantly lower in 2017 than in 2016 but
was more than sufficient to re-impose the
same target crop loads as in the 3-year experi-
ment (Supplemental Table 7). Spring TCSA
for this experiment was measured on the day
of thinning (Supplemental Table 8). Thinning
treatments for the off-year experiment were
only imposed in 2017. Fruit was harvested
and analyzed as described previously in Fall
2017; on-tree yield weight, on-tree fruit counts,
and drop counts were also recorded in Fall
2018 even though treatments had not been re-
imposed in Spring 2018. Return bloom from
this experiment was assessed in Spring 2018
only.

Excluded experimental units, original ex-
periment. Of a total 525 observations (175
trees x 3 years), 37 were excluded from the
final dataset because of lack of confidence in
the accuracy of drop counts. This occurred
for plots where there were far more drops on
the ground than fruit left on the tree and
when adjacent nonexperimental trees had
high drop rates, especially in 2018 due to uni-
versally high fruit set and crop load in the en-
tire orchard. Trees were excluded based on a
combination of location, percent drop, and by
comparison of final fruit count to initial fruit
set. In 2017 (“off” year), nonexperimental
trees had little or no fruit set; for this reason,
confidence was greater for fruit counts in
both experiments in 2017. Two trees from the
0 fruit/cm? treatment were excluded from the
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dataset because they were erroneously not
thinned in 2018.

Fruit analysis. External and internal fruit
maturity and quality, and juice quality meas-
ures, are described in a separate paper (Zaka-
lik et al. 2023). Analyses were performed on
subsets of 10 fruit per experimental tree, or
fewer if yield was insufficient on a tree.
Seeds per fruit were counted in 2018 only.
Estimated seed density was calculated by
multiplying average seed count per fruit by
total at-harvest crop density (on-tree + drops,
fruit/cm® TCSA).

Calculation of BBI. BBIs were calculated
using Eq. [1], adapted from Hoblyn et al.
(1937). BBI is a measure of variation in yield
among consecutive year pairs: a value of 0 indi-
cates completely annual bearing (no difference
in yields from year to year), and a value of
1 indicates completely biennial bearing (no
yield in at least one “off” year). BBI was calcu-
lated on a yield mass (kg/tree) basis. BBI calcu-
lated on a yield efficiency (kg/cm® TCSA)
basis was highly similar to BBI calculated on
yield mass basis (data not shown). Yield mass
was chosen over fruit count because mass is a
more important metric for cider production.

z” |vield;\ — yield;|
i=1\ yield;+| + yield;

n—1

BBI=

, (1]

where n is the total number of consecutive
years observed.

Modifying the formula for BBI by substitut-
ing bloom density for yield mass, the degree of
year-to-year fluctuation in return bloom density
from 2017-19 is described as the “biennial
flower index.”

Partial budget calculation. Recorded total
yields (kg) per tree (on-tree + drops) were
extrapolated to estimate total yield (kg) per
hectare, given a planting density of 2220
trees/ha (the approximate planting density of
the orchard where the experiment was con-
ducted). All fruit were assumed to be sold at
the farmgate for $0.77/kg (Peck and Knicker-
bocker 2018). An average picking rate of
$0.044/kg for apples above 90 g weight, and
of $0.073/kg for apples below 90 g weight,
was used to estimate average harvest cost per
acre. Fruit weight of 90 g corresponded to
~64 mm diameter (data not shown), the cut-
off cited by growers (Anonymous, private
communication) for paying pickers a higher

rate to harvest “small” fruit or the lower rate for
“normal-sized” fruit.

Annual material cost for two thinning PGR
applications was assumed to be $346/ha, with
a variable machinery cost of $75.40/ha (Farris
et al. 2013), totaling $421.40/ha per year. No
costs were associated with the unthinned con-
trol. Annual hand-thinning cost was estimated
based on communication with a business man-
agement extension specialist (Mark Wiltberger,
personal communication), as well as an
estimate of 123.3 labor hours per hectare
(Robinson et al. 2014b), assuming a $15/h
adverse effect wage rate for New York State
(Employment and Training Administration
2021). Hand-thinning cost for 1 hectare at
2220 trees/ha planting density was estimated
to be $1850/ha per year. This estimate does
not account for reduced thinning cost in the
“off” year due to lower overall fruit set. Profit
was calculated as return above variable costs;
all fixed costs were taken to be constant and
thus excluded from partial budgets.

Statistical analysis. This experiment was
conducted as a complete, randomized block
design. Statistical analysis was conducted in R
(R Core Team 2014). All relationships were
analyzed as mixed model regressions with a
random block term, using the /mer function
from the /me4 package (Bates et al. 2021). At-
harvest crop density was regressed against at-
harvest yield efficiency and against the follow-
ing spring’s return bloom. Cumulative yield
per tree was regressed against BBI. Modeling
methods (linear, quadratic, logarithmic, etc.)
were chosen after visualizing data; model as-
sumptions were checked by assessing R* val-
ues and examining residuals. Each cultivar was
analyzed separately. Mean separation for a
family of estimates (estimated marginal means,
emmeans package), using the Tukey method
(Lenth 2021), was performed using the cld
function (multcomp package) (Hothorn et al.
2021). When analyzing correlations between
return bloom and the previous season’s crop
density, maximum crop densities before total
inhibition of return bloom were identified by
calculating the x-intercept of the line of best fit
for each cultivar. This method was adapted
from similar analysis by Wood (1979). These
lines of best fit were determined from intercept
and slope estimates generated by the /mer
function in R. No statistical analysis was per-
formed for partial budgets.

Results

Yield and biennial bearing, 2016-18. Cu-
mulative yield (on-tree + drops, kg/tree) over
3 years correlated negatively with BBI; this
relationship obtained across, but not always
within, cultivars (Supplemental Figure 1). The
four more reputedly “annual” cultivars in this
study, Chisel Jersey, Dabinett, Harry Masters
Jersey, and Michelin, had higher cumulative
yield on average than Binet Rouge, Brown
Snout, and Geneva Tremlett’s Bitter (Table 1),
which are reputedly biennial (Zakalik 2021).
Although the unthinned control had greater
3-year cumulative yields on average, the con-
trol was not always the most cumulatively
productive. When thinned to 9 fruit/cm?, “Chisel
Jersey’, ‘Dabinett’, and ‘Harry Masters Jersey’
had equivalent or greater cumulative yields
(27.5, 19.5, and 19.6 kg/tree, respectively) com-
pared with unthinned ‘Binet Rouge’, ‘Brown
Snout’, ‘Michelin’, and ‘Geneva Tremlett’s
Bitter’ (16.0, 14.1, 194, and 12.9 kgftree,
respectively). The latter four cultivars also had
much greater BBI when unthinned (1.00, 0.99,
0.95, and 1.00, respectively) than the former
three when unthinned (0.49, 0.87, and 0.58,
respectively). The latter four cultivars also exhib-
ited a wider range of BBI values when thinned,
whereas BBI was relatively low for ‘Chisel
Jersey’, ‘Dabinett’, and ‘Harry Masters Jersey’.

In 2016 and 2018, the “on” years through-
out the planting, unthinned controls had the
greatest yields in terms of fruit number and
mass (Zakalik 2021). ‘Dabinett’ was the one
exception, achieving the greatest yields in 2016
and 2017 when thinned to a target of 6 fruit/cm®
TCSA. In 2017, the “off” year for the whole
planting, the unthinned control was the least pro-
ductive for all cultivars except Chisel Jersey. In
2017, unthinned ‘Binet Rouge’, ‘Brown Snout’,
‘Michelin’, and ‘Geneva Tremlett’s Bitter’
had negligible yields. By contrast, unthinned
‘Chisel Jersey’ had similar yields in 2016 and
2017. Yields were greatest in 2018 across all
cultivars and treatments.

Crop load, yield weight, and fruit size.
Crop density had a negative, nonlinear correla-
tion with average fruit mass: fruit on lowest-crop
trees were twice or three times as large as fruit
on highest-crop trees (Fig. 1). This in turn
caused a “diminishing returns” relationship be-
tween crop density and yield efficiency (kg/cm®
TCSA) for all seven cultivars (Fig. 2). For exam-
ple, yield efficiency in ‘Dabinett’ and ‘Harry

Table 1. Average cumulative yield (on-tree + drops, kg/tree) and biennial bearing index (BBI) of seven cider apple cultivars during a 3-year hand-thinning
experiment at a commercial high-density orchard in Lyndonville, NY, USA.

Harry Geneva

Tareet Binet Rouge Brown Snout Chisel Jersey Dabinett Masters Jersey Michelin Tremlett’s Bitter

arge
crop load  Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative
(ﬁ'uits/c_m2 yield - yield yield yield yield yield yield
TCSA)' (kg/tree)  BBI"  (kg/tree) BBI  (kg/tree) BBI (kg/tree) BBI  (kg/tree) BBI (kg/tree) BBI  (kg/tree)  BBI
0 05d — 1.6d — 3.0c¢ — 34b — 32¢ — 03¢ — l4c —
3 7.7 ¢ 0.45b 79 ¢ 033b 152bc 028 21.8a 036b 113b 0.25 72b 033b 6.6bc 025D
6 104 bc  0.82 ab 86bc 079a 274ab 027 324a 026b 180ab 0.24 97b 033D 94ab 030D
9 11.7ab 097 a 124ab 029b 275ab 017 195a 0.19b 196a 019 159a 036b 107ab 0.74a
Control 16.0 a 1.00 a 14.1a 099a 368a 049 221a 087a 205a 0.58 194a 095a 129a 1.00 a

' Trunk cross-sectional area (TCSA) was measured 40 cm above the graft union.
" BBI was calculated on a yield mass (kg/tree) basis. A value of 0 = completely annual and 1 = completely biennial.
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Fig. 1. The relationship between crop density and average fruit mass of seven cider apple cultivars during a 3-year hand-thinning experiment at a commercial
high-density orchard in Lyndonville, NY, USA. Each datapoint represents data from a single tree in a given year. Trunk cross-sectional area (TCSA) was

measured 40 cm above the graft union.

Masters Jersey’ plateaued at a crop density of
~15 fruit/em® TCSA. The other five cultivars
did not exhibit such inflection points but yield
efficiency did increase to a lesser degree as crop
density increased.

Return bloom, Spring 2017-19. There were
highly significant negative linear relation-
ships between fall crop density and return
bloom density (clusters/cm® TCSA) in all

cultivars (Fig. 3). Each cultivar had a crop
density value above which all return bloom
was inhibited (indicated in gold text on Fig. 3).
The slope and x-intercept of these relationships
was cultivar dependent. The reputedly annual
cultivars Chisel Jersey and Dabinett had the
lowest slopes (i.e., weakest crop load effect
on return bloom) and greatest x-intercepts,
meaning that they were able to support the

largest crop load and still bloom the follow-
ing spring.

Return bloom in Spring 2017 was affected
differently by 2016 at-harvest crop density
for each cultivar (Supplemental Table 9).
When unthinned in 2016 (the “on” year), all
seven cultivars produced significantly less
bloom in Spring 2017 (“off” year) compared
with all of the target crop load treatments.
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Fig. 2. The relationship between crop density and yield efficiency of seven cider apple cultivars during a 3-year hand-thinning experiment at a commercial
high-density orchard in Lyndonville, NY, USA. Each datapoint represents data from a single tree in a given year. Trunk cross-sectional area (TCSA) was

measured 40 cm above the graft union.
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Fig. 3. The relationship between crop density and return bloom the following spring of seven cider apple cultivars during a 3-year hand-thinning experiment at a com-
mercial high-density orchard in Lyndonville, NY. Each datapoint represents data from a single tree in a given year. Trunk cross-sectional area (TCSA) was mea-
sured 40 cm above the graft union. The gold-colored text and arrow indicate the crop density above which no return bloom is likely to occur the following spring.

The unthinned control for ‘Binet Rouge’, ‘Brown
Snout’, and ‘Geneva Tremlett’s Bitter’ did not
flower in 2017, whereas for ‘Chisel Jersey’
and ‘Harry Masters Jersey’, unthinned trees
had horticulturally significant return bloom in
2017 (21.8 and 5.4 clusters/cm® TCSA, respec-
tively), although still much lower than when
thinned to any target crop load. Likewise,
for all seven cultivars, the unthinned control
had little or no return bloom in Spring 2019
(following the “on” year 2018), while the
thinned treatments showed greater bloom den-
sity (Supplemental Table 9). However, follow-
ing the “off” year 2017, the unthinned control
did not have the highest Spring 2018 bloom
density of any treatment group, despite bearing
little or no crop in 2017.

The average spring bloom density of the
0 fruit/om? treatment (i.e., all fruit removed)
differed among years (Supplemental Table 9).
Although a few cultivars had comparable spring
bloom density in 2018 and 2019 when thinned
to 0 fruit/em® TCSA, the general trend for this
treatment was that bloom density in 2017 (fol-
lowing the first “on” year) was much lower
than in 2018 (following the “off” year). In other
words, the developing fiuitlets exerted some

inhibitory effect on return bloom in the period
before the hand-thinning treatment was im-
posed. Biennial flower index was usually
lowest for 0 fruit/cm? treatment but was still
greater than zero (Table 2).

2017-only experiment. Mean total yield
weight (on-tree + drops, kg/tree) and yield ef-
ficiency were greatest for unthinned trees in all
four cultivars in the 2017-only experiment, and
both yield and yield efficiency decreased as
target crop density decreased (Supplemental
Table 10). In the 2017-only experiment, crop
density had a significant negative effect on re-
turn bloom in ‘Chisel Jersey’ (P < 0.001) and
‘Harry Masters Jersey’ (P < 0.001), and no
significant effect for ‘Dabinett’ or ‘Michelin’
(data not shown). The general trend across
both experiments was that fruitlet thinning in
the “off” year did not significantly promote re-
turn bloom the following spring relative to the
unthinned control. No tree in either experiment
had a return bloom density of zero clusters/cm®
TCSA in Spring 2018 (“on” year for the whole
orchard). In the 2017-only experiment, differ-
ences in Spring 2018 bloom for ‘Chisel Jersey’
translated to small but significant treatment
differences in 2018 at-harvest crop density,

but differences in yield efficiency were not
significant (Supplemental Table 11). Sig-
nificant differences in Spring 2018 bloom
density for ‘Harry Masters Jersey’ did not
translate into significant differences in crop
density or yield efficiency at harvest that au-
tumn (P = 0.09).

Tree trunk growth 2016—18. In 2016, the
first “on” year, trunk growth was greatest on
trees with the lowest crop load (Supplemental
Tables 12 and 13). In 2017, the “off” year, all
cultivars except for ‘Binet Rouge’ and ‘Brown
Snout’ followed this trend. Crop density had a
significant (P < 0.001) negative logarithmic
correlation with TCSA growth overall (data
not shown). There was no significant interac-
tion between crop density and cultivar, but
‘Geneva Tremlett’s Bitter’ had a significantly
(P = 0.011) lower average TCSA growth than
the other six cultivars. Crop density had the
strongest negative effect on tree growth in
2016, the first year of the study.

2017 fruit set. Bloom density correlated
negatively with fruit-to-bloom cluster ratio in
2017 (data not shown). That is, more flowers
on a tree resulted in less efficient fruit set, with
more flowers aborting and not forming fruit.

Table 2. Biennial flower index (bloom density basis) of seven cider apple cultivars during a 3-year hand-thinning experiment at a commercial high-density

orchard in Lyndonville, NY, USA.

iii

Biennial flower index (0-1)

Target crop load

(fruits/cm2 TCSA)i Binet Rouge Brown Snout Chisel Jersey Dabinett Harry Masters Jersey Michelin Geneva Tremlett’s Bitter
0 0.45 bt 0.18 ¢ 0.15b 031b 023 b 037b 0.17 b
3 0.68 ab 0.23 be 0.12 b 025b 0.18b 045b 026 b
6 0.75 a 0.46 be 0.13 b 0.50 ab 0.19b 041 b 047 b
9 0.80 a 035b 020 b 0.13 b 022b 0.61b 0.79 a
Control 0.92 a 1.00 a 091 a 0.99 a 095a 1.00 a 1.00 a

fvTrunk cross-sectional area (TCSA) was measured 40 cm above the graft union.
" Mean separation (in columns within each cultivar) by Tukey’s honestly significant difference test at P < 0.05.
" A value of 0 = completely annual and 1 = completely biennial.
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Seed number. Estimated seed density (seed
number/cm® TCSA) in Fall 2018 had a signifi-
cant (P < 0.001) negative logarithmic correla-
tion with Spring 2019 bloom density (data not
shown). However, the average seed number
per fruit did not correlate with return bloom,
within or among cultivars. In fact, the most
“annual” cultivars (Chisel Jersey, Dabinett,
and Harry Masters Jersey) had the greatest
seed number per fruit.

Thinning accuracy. Workers’ self-reported
post-thin fruitlet counts were often lower than
the final fruit counts at harvest—that is, on
some trees, more fruit was counted at harvest
than expected based on post-thin fruitlet
counts. Even on trees assigned the “0” target
crop load treatment, final numbers of drops
and fruit picked on-tree were often greater than
zero. Some trees also had fewer total fruit at
harvest than their target crop number, due to
overthinning. However, the discrepancy (as a
percent) between target crop number and at-
harvest fruit count did not correlate with target
crop load (P = 0.13, R? = 0.003, data not
shown). Thus, the inaccuracy of hand-thinning
was not greater for any one treatment. A small
number of fruit drops from adjacent nonexperi-
mental trees were likely misattributed to experi-
mental trees in high-crop years 2016 and 2018.

Discussion

In this study, ‘Chisel Jersey’, ‘Dabinett’,
and ‘Harry Masters Jersey’ were found to be
less biennial than ‘Binet Rouge’, ‘Brown
Snout’, ‘Michelin’, and ‘Geneva Tremlett’s
Bitter’, largely agreeing with previous descrip-
tions of these cultivars (Copas 2001, 2013;
Merwin 2015). However, ‘Michelin’ did not
match its description as an annual-bearing or
“less biennial” cultivar, and bloom in Spring
2019 (Supplemental Table 9) was sufficient
for hand-thinned ‘Brown Snout’ to bear more
annually than described by others (Copas
2013; Green 1987). In addition, the more an-
nual cultivars (per previous descriptions and
as observed in this study) bore the greatest cu-
mulative yields. Our finding, that the more
biennial cultivars (previous descriptions and
observed here) were more productive when
unthinned over 3 years and a projected fourth
year than when thinned to any target crop
load, suggests that crop thinning may not be
worthwhile for all cider cultivars, at least
from a productivity standpoint. ‘Chisel Jer-
sey’ was so naturally annual and productive
that the costs of thinning were not compen-
sated by improvements in cumulative yield.

Yield and biennial bearing. The relation-
ship between BBI and cumulative yield was
affected by both crop load and cultivar. The
overall negative correlation between BBI and
cumulative yield concurs with our hypothe-
sis, and with the findings of Wood (1979),
Crassweller et al. (2005), and Czynczyk et al.
(2008). Although Czynczyk et al. (2008) did
not publish BBI values, in a 7-year trial on
three different rootstocks they found that
‘Chisel Jersey’ and ‘Dabinett’ had the great-
est cumulative yields, ‘Harry Masters Jersey’
was intermediate, and ‘Michelin® was the

HorTScieENCE VoL. 59(1) January 2024

least productive. Plotkowski and Cline (2021)
reported that hand-thinned ‘Dabinett’ trees
had significantly lower BBI and significantly
higher cumulative yield over 3 years than
hand-thinned ‘Binet Rouge’, ‘Brown Snout’,
and ‘Michelin’, although they did not include
unthinned trees in their study. Apparent nega-
tive relationships between BBI and cumulative
yield (Supplemental Fig. 1) were not significant
for ‘Chisel Jersey’ and ‘Harry Masters Jersey’,
possibly due to lack of statistical power from
dropped data points.

A standardized quantitative framework
for describing the bearing habits of apple cul-
tivars, particularly cider cultivars, is lacking
in the literature. Reported differences on the
“annual” or “biennial” nature of apple culti-
vars are due to the wide range of tree planting
densities, rootstocks, and orchard manage-
ment practices, such as tree and branch train-
ing, that are used in apple orchards. There are
also few reports about how specific cultivars
respond to crop load management. A more
comprehensive and quantitative framework
that accounts for both a cultivar’s natural ten-
dency and its response to crop load manage-
ment is needed to further our understanding
of how to manage biennial bearing in com-
mercial orchards.

For instance, the BBI observed in this ex-
periment for unthinned ‘Dabinett’, which is
called “annual-bearing” by Merwin (2015),
was comparable to BBI values observed on
unthinned trees of ‘Binet Rouge’ and ‘Geneva
Tremlett’s Bitter’—cultivars often described
as being highly “biennial.” Yet when thinned to
any target crop load, ‘Dabinett’ trees bore much
more evenly (BBI was lower) than ‘Binet
Rouge’ trees thinned to the same respective tar-
get crop loads. Thus, we propose a system of
classifying cultivars by both unthinned bearing
habit and bearing habit when thinned (Table 3).
A BBI of less than 0.50 should be considered
“very annual,” a BBI of 0.50-0.65 consid-
ered as “annual,” 0.66-0.80 as ‘“biennial,”
and 0.81-1.00 as “very biennial.” These cate-
gories apply to both a cultivar’s unthinned
bearing habit and its bearing habit in response
to thinning.

Because of the lack of data from other au-
thors at different sites using different root-
stocks and tree types, our descriptions should
be taken as preliminary, and more research
efforts should investigate this premise further.
It is important to remember that the trees
used in this experiment were still in their first
bearing years, and that this experiment was
conducted for 3 years, with a projected fourth
year of yield data based on spring flower den-
sity. To determine the inherent bearing habits

of cider apple cultivars, future studies should
be conducted for 4 or more years.

In 2016, unthinned trees typically had
fewer fruit at harvest than they were expected
to have based on initial fruit set counts. This
strongly suggests that unthinned trees under-
went significant fruitlet drop (i.e., self-thinning)
early in that growing season, a phenomenon
colloquially called “June drop.” This phenome-
non, attributable to nutrient competition among
developing fruitlets (Abruzzese et al. 1995),
underscores the importance of thinning for
overall tree health, even when thinning may
not result in greater cumulative yields.

Return bloom. The negative effect of the
previous season’s crop load on return bloom,
in all seven cultivars, concurs with the con-
sensus in the literature (Chan and Cain 1967;
Embree et al. 2007; Pellerin et al. 2011; Rob-
inson and Watkins 2003; Wood 1979). How-
ever, neither the maximum fall crop density
before complete suppression of return bloom,
nor the slope of a line of best fit alone (Fig. 3)
were robust, accurate predictors of bearing
habits when trees were left unthinned. For
example, ‘Dabinett’ had a much higher thresh-
old for total return bloom suppression than
did ‘Harry Masters Jersey’, and yet unthinned
‘Dabinett’ had much higher average BBI than
did unthinned ‘Harry Masters Jersey’.

The equivalent or higher Spring 2018
bloom density on trees that had set fruit in
2017, compared with unthinned trees that set
little to no fruit in 2017, is counter to our hy-
pothesis, and suggests a multiyear bloom-
suppressing effect of excessive crop load in
young trees. The year-to-year differences in
return bloom density on trees thinned to
0 fruit/cm? (Supplemental Table 9) indicate
that significant suppression of return bloom
occurs within 20 to 45 DAFB when fruitlets
undergo cell division (Smith 1950). For max-
imum return bloom, thinning should be timed
earlier in the growing season than the hand-
thinning done in this study. The time window
in which crop thinning can affect return bloom
has been found to differ among apple cultivars,
so future studies comparing the effects of thin-
ning at different developmental stages may be
useful (Haberman et al. 2016; Iwanami et al.
2018; Jones et al. 1992).

The small or nonexistent effect of 2017
at-harvest crop density on Spring 2018 bloom
in both experiments indicates that crop load
management in the “off” year may not be
necessary for cider apples, where fruit size is
a less important quality attribute. It is possi-
ble that adequate thinning in the first “on”
year would be sufficient to set trees on a 2-year
cycle of regular bearing.

Table 3. Proposed schematic for categorizing cider cultivars by bearing habit.

Cultivar Innate tendency

Thinning response

Binet Rouge
Brown Snout

Very biennial
Very biennial

Chisel Jersey Biennial
Dabinett Biennial
Harry Masters Jersey Annual
Michelin Very biennial
Geneva Tremlett’s Bitter Very biennial

Biennial and reduced yields at 9 fruit/cm?
Biennial and equivalent yields at 9 fruit/cm?
Annual and increased yields at 9 fruit/cm?
Annual and increased yields at 9 fruit/cm?®
Annual and increased yields at 9 fruit/cm?
Annual but reduced yields at 9 fruit/cm?

Biennial and reduced yields at 9 fruit/cm?
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Table 4. Projected yields per tree extrapolated from 2019 bloom cluster counts of seven cider apple cultivars during a 3-year hand-thinning experiment at
a commercial high-density orchard in Lyndonville, NY, USA. No statistical analysis performed.

2019 projected avg yield (kg/tree)™

Target crop load

(fruits/cm2 TCSA)' Binet Rouge Brown Snout Chisel Jersey Dabinett Harry Masters Jersey Michelin Geneva Tremlett’s Bitter
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 3.9 2.6 52 5.9 4.1 3.9 2.1
6 35 4.2 9.0 11.1 8.2 5.1 33
9 7.3 6.3 13.2 9.7 11.4 8.3 3.6
Control 0.4 0.0 0.0 0.0 0.2 0.0 0.0

f_ Trunk cross-sectional area (TCSA) was measured 40 cm above the graft union.
" Projected yields were calculated using formula estimates from regressions of crop density against average fruit mass (2016—18), substituting in target

crop densities for a fourth season.

In the 2017-only experiment, treatment
differences in Spring 2018 bloom density for
‘Chisel Jersey’ and ‘Harry Masters Jersey’
did not translate to significant differences in
Fall 2018 yield (Supplemental Table 11).
This can be explained by the negative rela-
tionship between crop density and fruit size,
as well as the phenomenon of trees with less
bloom having greater fruit set efficiency as
measured by a fruit-to-bloom cluster ratio
(Wood 1979; Zakalik 2021). Differences in
Spring 2018 bloom for this experiment were
also smaller than for the main 3-year experi-
ment. Even in the main 3-year experiment,
bloom density in Spring 2018 (following the
“off” year 2017) did not differ significantly
among treatments, except in ‘Binet Rouge’
and ‘Harry Masters Jersey’.

2017 fruit set. Our finding that bloom den-
sity correlated negatively with fruit set efficiency
concurs with Wood (1979), who observed that
in trees with lower bloom density, fruit set per
100 blossom clusters was often significantly
greater than on trees with greater bloom density.
Wood (1979) attributed increased relative fruit
set to reduced competition among fiuitlets on
branches. Greater bloom density is not a guaran-
tee of high fruit set; therefore, maximizing return
bloom may be less important than achieving
moderate but consistent bloom over multiple
years, particularly where freeze or frost damage
are not a major concern.

Spring 2019 bloom and projected yield.
Yields for a 2019 harvest were projected us-
ing the bloom cluster counts collected in
Spring 2019 and coefficient estimates from
the regressions between crop load and fruit
size data recorded from 2016 to 2018. Pro-
jected crop density was used to calculate ex-
pected fruit size, which was then multiplied
by expected crop number, based on either
spring bloom density (for unthinned trees) or
target fruit numbers if target crop loads were

imposed for a fourth year. Flower clusters
were assumed to set one fruit each, which in
a low-bloom “off” year is a conservative as-
sumption (Wood 1979; Zakalik 2021). Cu-
mulative 4-year projected yield and projected
4-year BBI were then calculated by adding
projected 2019 yield to recorded yields from
2016 to 2018.

Unthinned control for all seven cultivars
had little to no potential crop in Fall 2019 be-
cause of low bloom that spring (Table 4).
The tendency of more “annual” cultivars
Chisel Jersey, Dabinett, and Harry Masters
Jersey to bear greater cumulative yields than
the other four cultivars in this experiment
was projected to be even more pronounced
had crop load treatments been reapplied for a
fourth year (Table 5, Supplemental Fig. 2). In
‘Brown Snout’, ‘Chisel Jersey’, ‘Dabinett’,
and ‘Harry Masters Jersey’, 2019 bloom was
sufficient for the 9 fruit/cm® TCSA treatment
to achieve cumulative 4-year yields equiva-
lent to or greater than the unthinned control,
had treatments been reapplied. The tendency
of ‘Dabinett’ to bear the greatest cumulative
yields when thinned to 6 fruit/cm? target crop
load was projected to persist in 2019. For the
more biennial cultivars Binet Rouge and
Geneva Tremlett’s Bitter, and for Michelin,
cumulative yields were projected to remain
higher if left unthinned than if thinned in
2019.

Partial budget analysis. The profitability
(return above variable costs) of chemical
thinning differed by cultivar, crop load, and
timespan (Table 6). Over 3 years, chemical
thinning was only profitable for ‘Dabinett’
thinned to 6 or 9 fruit/cm® target crop load.
However, by the fourth year, under conserva-
tive assumptions about fruit set based on
2019 bloom data, chemical thinning was pro-
jected to be profitable for all seven cultivars
when thinned to 9 fruit/cmz, due both to

increased revenues and reduced harvest costs.
Thinning to a target crop density of 6 fruit/cm®
was also projected to be profitable over 4 years
for ‘Chisel Jersey’, ‘Dabinett’, ‘Harry Masters
Jersey’, and ‘Geneva Tremlett’s Bitter’. Similar
to the horticultural assessment of biennial bear-
ing, the economic assessment is most informa-
tive when long-term trends can be assessed and
an equal number of “on” and “off” years can
be assessed.

Hand-thinning was projected to be far less
profitable compared with chemical thinning,
highlighting the need for further research to
determine ideal thinning spray formulations,
rates, and timing of application for these cul-
tivars. Over 3 years, hand-thinning would
only result in a net increase in profitability for
‘Dabinett’” when hand-thinned to 6 fruit/cm?
TCSA target crop load; no other cultivar under
any crop load treatment would result in a net
increase in profitability over 3 years. Over
4 years, hand-thinning was projected to in-
crease profitability relative to no thinning for
‘Binet Rouge’, ‘Brown Snout’, ‘Dabinett’,
‘Harry Masters Jerse;/’, and ‘Michelin’ when
thinned to 9 fruit/cm~, and for ‘Dabinett’ and
‘Harry Masters Jersey” when thinned to 6 fruiticm’.
Hand-thinning would not be profitable over 4 years
for “Chisel Jersey’ or ‘Geneva Tremlett’s Bitter’
under any crop load treatment in this experiment.

The lack of a bloom-promoting effect for
hand-thinning in the “off” year indicates that
thinning may be unnecessary in a low-crop
year, so our cumulative cost estimates for
chemical- and hand-thinning may be exces-
sive. The partial budget analysis performed
here relies on specifications and assumptions
that may not apply to all situations. For
instance, the effect of a massive crop failure
because of a frost event, which can cause re-
version to extreme biennial bearing (Peifer
et al. 2018; Wood 1979), cannot be quantified
using these models. Because of the influence

Table 5. Projected 4-year cumulative yields per tree extrapolated from 2019 bloom cluster counts of seven cider apple cultivars during a 3-year hand-thin-
ning experiment at a commercial high-density orchard in Lyndonville, NY, USA. No statistical analysis performed.

Projected 4-yr cumulative yield (kg/tree)"

Target crop load

(fruits/cm? TCSA) Binet Rouge Brown Snout Chisel Jersey Dabinett Harry Masters Jersey Michelin Geneva Tremlett’s Bitter
0 — — — — — — —
3 9.6 9.0 22.1 334 16.5 9.4 7.9
6 10.8 9.1 43.1 54.6 26.7 11.5 11.1
9 11.9 14.1 39.5 28.0 27.7 18.3 11.7
Control 17.5 14.1 36.1 22.1 20.8 19.4 12.9

‘ Trunk cross-sectional area (TCSA) was measured 40 cm above the graft union.
" Four-year cumulative yields were calculated by adding observed yield values (2016—18) to projected 2019 yield.
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Table 6. Potential revenues and costs of a model hectare when chemically thinned to 3, 6, or 9 fruit/em? trunk cross-sectional area (TCSA), compared
with the same model hectare with no thinning, based on yield data of seven cider apple cultivars during a 3-year hand-thinning experiment at a com-
mercial high-density orchard in Lyndonville, NY, USA. Three-year estimates based on observed data; 4-year estimates incorporate yield projections

based on Spring 2019 bloom data.

Revenue )
(compared with unthinned)'

Costs B
(compared with unthinned)"

Net change in profitability ($/ha)

Target Projected
crop load 3-yr Projected 3-yr 4-yr harvest  Spray- Spray- Hand- Hand-

(fruits/cm2 revenue 4-yr revenue  harvest cost cost thinning, thinning, thinning, thinning,

Cultivar TCSA)' ($/ha)" ($/ha) ($/ha) ($/ha) 3yr 4 yr 3yr 4 yr
Binet Rouge 3 —14,835 —11,723 —1,688 -1,510 —14,411 —11,899 —18,697 —17,613
6 —10,012 —6,318 —1,303 —1,092 —-9,973 —6,912 —14,259 —12,626
9 —5,386 +7,918 —898 —138 —5,752 +6,370 —10,038 +656
Brown Snout 3 —9,965 —5,850 -1,377 —1,141 —9,853 —6,394 —14,139 —12,109
6 —8,749 —1,741 —833 —166 -9,180 —3,261 13,466 —8,975
9 —2,457 +8,172 —517 +495 —3,204 +5,991 —7,490 +277
Chisel Jersey 3 —36,094 —27,881 —2,675 —2,206 —34,683 —27,361 —38,969 —33,075
6 —13,857 +1,826 —1,140 —244 —13,981 +384 —18,266 —5,330
9 —18,599 +4,507 —1,280 +40 —18,582 +2,783 —22,868 —2.931
Dabinett 3 —14,740 —6,179 —1,010 —521 —13,094 —5,709 -17,379 —11,424
6 +12,415 +32,260 +949 +2,083 +5,389 +21,469 +1,604 +15,754
9 +352 +19,065 +91 +1,161 —1,003 +16,249 —5,289 +10,504
Harry Masters 3 —16,658 —10,490 —1,368 —1,016 —16,554 —11,160 —20,840 —16,374
Jersey 6 —2,174 +12,057 —278 +535 —3,160 +9,836 —7,446 +4,122
9 —1,117 +17,848 —248 +836 —2,133 +15,327 —6,419 +9,612
Michelin 3 —20,186 —13,201 —2,228 —1,831 —19,223 —13,055 —23,508 —18,780
6 —17,818 —8,907 —2,089 —1,583 —16,993 -9,010 —21,279 —14,724
9 —3,835 +11,709 —668 +219 —4,431 +9,805 —8,717 +4,091
Geneva Tremlett’s 3 —10,650 —7,004 —1,335 —1,127 -10,579 —7,563 —14,865 —13,277
Bitter 6 —5,212 +1,817 —943 —541 —5,533 +673 —9,819 —5,042
9 —3,680 +5,896 —700 —153 —4,244 +4364 —8,530 —1,350

vall fruit were assumed to be sold by the grower at the farm gate for $0.77/kg.
" Thinning spray costs: $1264 and $1685/ha over 3 and 4 years, respectively. Hand-thinning costs were specified as $5550 and $7400/ha.

of rootstock on bearing patterns (Barritt et al.
1997; Green 1987; Lordan et al. 2017; Robin-
son et al. 2014a), and the highly disparate
productivity and profitability of cider apple
production in different training systems (Peck
and Knickerbocker 2018), the results of this
analysis should not be assumed to pertain to a
vastly different training system.

2018 Average seed counts. The more bien-
nial cultivars Binet Rouge and Geneva Trem-
lett’s Bitter had lower average seed count
(7.6 and 8.3 seeds per fruit, respectively) than
did annual cultivar Harry Masters Jersey
(11.1), agreeing with the findings of Hoad
(1978), Wood (1979), and Green (1987). The
rate and timing of GA diffusion from seeds to
vascular tissue is thought to be more predic-
tive of bearing habit than average seed num-
ber per fruit, or even the rate of GA synthesis
per seed (Green 1987). Although the average
number of seeds per fruit is not a robust pre-
dictor of a cultivar’s bearing habit, the total
number of seeds on a tree did correlate with
return bloom the following spring, similarly
to how crop density correlated with return
bloom. Thus, crop density serves as a proxy
for the total seed number per tree. Average
fruit size, which is influenced by GAs, was
not predictive of bearing habit or productiv-
ity: large-fruited ‘Chisel Jersey’ was annual
and highly productive, whereas large-fruited
‘Geneva Tremlett’s Bitter’ was biennial and
unproductive. The negative effect of crop den-
sity on fruit size means that average total yield
mass per tree is not as predictive (although still

HorTScieENCE VoL. 59(1) January 2024

a robust predictor) of return bloom as is crop
density (Wood 1979).

Study limitations. The use of hand-thin-
ning, as opposed to chemical thinning, makes
our findings and crop load recommendations
somewhat idealized. Having quantified seven
cider cultivars’ responsivities—or lack thereof—
to thinning over multiple years and havin%
identified a target crop load (9 fruit/cm
TCSA), future research is needed to determine
effective chemical thinning formulations, tim-
ings, and rates for bloom or fruitlet thinning
these and other widely grown cider cultivars.
Ideally, such research would assess thinning
over at least 4 years (2 “on” and 2 “off” years),
because BBI becomes more robust with each
successive bearing season.

In addition, future studies should be either
initiated or continued on trees after they enter
“full production,” which in our study only oc-
curred in 2018, the final year of treatment.
Trees were planted in 2014, and there was a
notable increase in bloom and yield from
2017 to 2018 regardless of treatment. The
magnitude and universality of this increase
skewed biennial bearing indices upward, even
when calculated on a yield efficiency basis
(i.e., adjusting for tree size). Nonetheless, our
finding that crop thinning is effective in the
first bearing years (2016—18) highlights the im-
portance of crop load management in the or-
chard establishment period to encourage long-
term regular cropping.

Conclusion

In these experiments, we found that thin-
ning in the “on” year moderated biennial

bearing and, in some cultivars, resulted in
greater cumulative yields. A negative relation-
ship between crop density and fruit size, com-
bined with the inhibitory effect of crop load
on return bloom, led to a 3-year trend of more
biennial bearing trees and cultivars achieving
lower cumulative yields than less biennial
bearing trees and cultivars. Spring bloom den-
sity also correlated negatively with a fruit-to-
bloom cluster ratio, meaning that maximizing
return bloom may not be a goal in and of it-
self, but that spring bloom density is one con-
sideration in the complicated puzzle of crop
load management. Despite the young age of
the trees and the short span of the study, the
trends we observed over 3 years—and a pro-
jected fourth year—agree with previous find-
ings from longer-term studies. Partial budget
analysis found that by the fourth year, chemi-
cal thinning to a target of 9 fruit/em® TCSA
would result in increased revenues and de-
creased harvest costs, leading to an overall in-
crease in profitability compared with leaving
trees unthinned. Given that hand-thinning was
less profitable, effective chemical thinning
formulations, timings, and rates, or other more
affordable nonchemical methods, are needed,
as are research-based recommendations to
growers, and targeted breeding for reliably
annual-bearing cider cultivars.
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