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COLOUR DEVELOPMENT IN THE APPLE ORCHARD
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ABSTRACT

Colour is traditionally one of the important appearance features of all fruit for
consumers in deciding to buy them. Colour is therefore important in the postharvest
supply chain. But where does that colour of fruit come from? Clearly the period of
growing and the circumstances during growth are important for developing this im-
portant feature.

During several seasons (2007-2009), the skin colour of individual apples of dif-
ferent cultivars (‘Braeburn’, ‘Fuji’, ‘Gala’, ‘Golden Delicious') were measured using
a Minolta CR-400 chromameter during the last 40-60 days before (commercia) har-
vest. By including the biological variation between individual apples in the analyses
and applying non linear indexed regression analysis based on process oriented mod-
els, explained parts were obtained for the a* -value, all exceeding 90%.

The estimated rate constants for the colouration process were remarkably similar
for al cultivars (except ‘Fuji’) and growing conditions. That would indicate that the
process of colouration is really reflecting the degradation of chlorophyll and not the
production of red or yellow coloured blush (anthocyanins). The expected effect of
growing conditions (fertilization and crop level, hail net or not, sunny side or shady
side of the tree) did change the mechanism nor the kinetic parameter values but could
al be attributed to the minimal obtainable skin colour (asymptotic values of the logis-
tic model).

This type of information from the production period may constitute an important
link to postharvest supply chain management.
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MATERIAL AND METHODS

Apples of 4 cultivars (‘Brae-
burn’, ‘Fuji’, ‘Gala, ‘Golden Ddli-
cious') were grown during different
seasons in the same orchard near
Maribor (Slovenia). About 60 days
before expected commercial harvest
about 40 apples per treatment were
selected and labelled (Fig. 1). The
skin colour of the same individual
apples was measured repeatedly over
time using a Minolta CR-400 chro-
mameter.

The treatments existed of two
levels of N-fertilisation and three crop
loads (‘Golden Ddicious, 2001,
2002), the presence or absence of
ahall net, and the side of the tree that
the apples were growing on (sunny
side and shady side, ‘Gaa’, ‘Fuji’,
‘Braeburn’).

Details in the * Golden Delicious’
experiments can be taken from Ti-
jskens et a. (2009).

The colour model and analysis

The different treatments in the
orchard during growth (fertiliser,
crop load, hail net) and of different
locations at the tree (sunny side of
shady side) may have a marked ef-
fect on the colouration of apples. The
more important question, however, is
where the variation between the in-
dividua fruit belonging to the same
treatment will be found. In this pa-
per, the subject will be limited to the
a* aspect of colour measured, since
for product changing from green to
yellow or red, that aspect contains
the majority of information. The
model applied is the (nowadays stan-
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dard) logistic model expressed in the
biological shift factor system (Ti-
jskens et al., 2005), as described
many times for al kinds of fruit
types (Schouten et d., 2007; Tijskens
et al., 2007, 2008ab, 2009; Unuk
et al., 2008):

COlmax — COlmin
(cOlmax — COlmin )-K¢ - (t+At)

col= +col i,

l+e”
Eqg. 1

with col the measured colour (here
a* value), colu., the maximum and
col,,;, the minimum colour the apples
can possibly reach, t is the time
(days), At is the biological shift fac-
tor (days) and k. the reaction rate
constant (1/colour unit/day). The
model is primarily based on a mas-
sive simplification of the occurring
physiological process (Schouten
et d., 2002).

The biological shift factor At
contains al the information on bio-
logical variance between the individ-
ual fruit in a batch. It expresses the
maturity stage of an individua fruit
relative to the midpoint of the logis-
tic function. For representing the
results in an appealing fashion, the
colour is standardised using an alge-
braic transformation of Eg. 1 to sepa-
rate the effect of asymptote values
from the effect of the biological shift
factor (At):

1

(COl o —COl i FKg (L +AL)

col —Colin

COlpax =COlmin 1+~

COlgtan =

Eq. 2

The data of season 2001 and
2002 of ‘Golden Delicious apples,
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did not cover the whole range of
colour development but only the first
half of the logigtic curve. These data
were therefore analysed using a sim-
ple exponential behaviour as an ap-
proximation of that region.

col = (col g —col,y, )- e K (8 col
Eq. 3

The parameters in this equation
reflect the same properties as in Eq.
1. Col,« is avalue chosen as a refer-
ence for At, chosen to be -10, about
halfway the devel opment range.

Colour development in the apple orchard

The data were analysed for each
treatment separately, based on Eq. 1
using indexed non linear regression
(nls) and based on EqQ. 3 using mixed
effects non-linear regression (nime)
procedures of the (freeware) statisti-
cal package R (www.R-project.org).
Since the model is based on (smpli-
fied) mechanisms, the variation pre-
sent in the data should not be sought
in the rate constants but more in bio-
logical shift factor (At). The rate
constant kc was therefore estimated in
common for al fruit, while the bio-
logical shift factor was estimated per
individual fruit.

Figure 1. ‘Gala apple with identification label and measuring spot
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RESULTS AND DISCUSSION

To get afeding of the behaviour
of the data, some examples are
shown in Figure 2. Although the
shown simulated lines aready put
some order in the data, the overdl
picture is however, more of a chaotic
nature. Clearly the general drift is
asigmoidal process. The results of
the statistical analyses are shown in
Table 1 and Table 2.

Most striking in Table 1 is the
difference in colmin (the most green
state the apples ever can have had)
among the different treatments, while
the maximal obtainable colour (col-
ma) 1S hardly affected. Nevertheless,
the behaviour of colour for both sides
(sunny and shady) shows exactly the
same pattern as can be taken from the
standardised colour versus biological
time (Fig. 3). Besides the small but
nevertheless important variation in
the colmin value in al seasons around
its value determined by the cultivar
studied, all variation between indi-
vidual apples can be attributed to the
state of maturity as expressed by the
biological shift factor At. Very
clearly the biological shift factor At
indicates the effects of tree side, de-
livering more mature fruit at the
sunny side mounting from 4 up to 12
days for ‘Fuji’ and ‘Gaa, while
‘Braeburn’ seems to be more affected
by light (8 to 13 days). Also the hail
net affects the maturity stage, from 0O
up to 6 days. N -fertilisation level and
crop load (*Golden Delicious — Ta
ble 2) is somewhat more obscure.

In al these analyses, the rate
constant could indeed be applied in
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common for al the individuas in
abatch with remarkably high ex-
plained parts (R%;), mostly well over
90%. Only some series of ‘Golden
Delicious (Tab. 2) were somewhat
lower due to the limited development
towards the end value (shorter period
of measurement). Although the rate
constants seem to be somewhat dif-
ferent for different cultivars, they
don't seem to depend on the treat-
ment. Moreover, the rate constants
are highly similar over the different
seasons. Of course the level of en-
zymes acting on this colouration
process may vary over the different
cultivars, affecting the actua ob-
served rate constant. The similarity
however is so striking that the con-
clusion can be drawn that the colour-
ation process observed in the orchard
is basically the breakdown of chloro-
phyll, not the formation of red or
yellow colouring compounds.

CONCLUSIONS

The process of colouration of ap-
ples in the orchard occurs for all
cultivars aong the same mechanism.
The differences in visual colour for
differently coloured -cultivars are
completely covered by difference in
the asymptotic values and range of
colour change (col, and colyn).
The different treatments do not
change the mechanism, but rather the
stage of maturity of the apples and
the range over which colour can
change. The similarity in rate con-
stant for the 4 different cultivars,
grown in different seasons, indicated
that the most important process in
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Table 1. Result of the nlsindexed regression analysison ‘Gala, ‘ Fuji’ and ‘Braeburn’, based on Eq. 1

CV  Yer Loc net Parameters Standard error R Nas Ny | sddt  pat
COlpin €Ol k¢ At COlpin OOl k. At

Brabun 2008 sh  + | 2061 3712 00015 -4168 | 043 106 00001 127 | 098 397 40 | 735 049
Braebun 2008 sh - | 2061 3476 00015 -3630 | 073 118 00001 188 | 097 401 42 | 614 065
Brasbun 2008 su  + | -1821 3438 00014 -2843 | 106 083 00001 167 | 096 400 40 | 903 099
Braebun 2008 su - | 972 3648 00016 -2886 | 106 100 00002 191 | 095 353 36 | 964 075
Fuji 2008 sn  + | 2172 3432 00000 -4632 | 0.83 00000 208 | 092 478 41 | 833 027
Fuiji 2008 sh - | -2087 3523 00009 -4178 | 0.94 00000 239 | 093 441 39 | 1014 060
Fuji 2008 s+ | -1271 3861 00007 -3507 | 1.29 00000 245 | 093 432 38 | 1292 078
Fuji 2008 su - | -881 3620 00008 -2038 | 1.39 00001 310 | 092 448 40 | 1682 081
Gda 2007 s+ | 1243 3821 00037 2079 | 071 072 00003 098 | 093 468 43 | 504 024
Gala 2007 sv - | -1149 3982 0003 2212 | 073 087 00003 103 | 093 443 41 | 453  0.00
Gda 2007 su  + | -480 3791 00045 -1647 | 097 058 00004 098 | 092 397 37 | 303 020
Gda 2007 su - | -475 3856 00042 -168L | 097 062 00004 109 | 091 424 39 | 476 076
Gda 2008 sn  + | 1082 4122 00033 2001 | 084 115 00003 161 | 094 292 39 | 603 0.0
Gda 2008 sn - | -686 3995 00034 -1818 | 0.88 106 00003 134 | 094 279 40 | 531 001
Gala 2008 su  + | 706 3953 00042 -1198 | 136 063 00006 149 | 090 308 41 | 558 0.15
Gda 2008 su - | 987 3946 00042 -883 | 1766 068 00007 236 | 086 297 41 | 904 000
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Table 2. Result of the mixed effects regression analysis on ‘ Golden Delicious , based on EqQ. 3. NL is N-fertilisation level,

CL iscrop load
oV Year NL cL Parameter Nobs R Standard error of estimates
€0l in At [ stdev At €Ol in At K¢
Golden D 2001 60 low -16.79 -32.87 0.0099 8.66 158 0.84 0.19 1.78 0.0009
Golden D 2001 60 medium -17.75 -34.68 0.0054 13.82 163 0.89 0.26 2.69 0.0004
Golden D 2001 60 high -18.70 -32.68 0.0054 1141 155 0.92 0.24 2.20 0.0004
Golden D 2001 105 | low -19.22 -36.72 0.0041 13.55 145 0.91 0.33 2.78 0.0004
Golden D 2001 105 | medium -17.85 -39.76 0.0063 9.45 160 0.86 0.18 2.02 0.0006
Golden D 2001 105 | high -17.88 -38.18 0.0061 8.67 164 0.88 0.18 1.76 0.0005
Golden D 2002 60 low -24.00 -33.89 0.0031 13.50 291 0.91 fixed 2.28 0.0002
Golden D 2002 60 medium -24.00 -33.14 0.0034 13.26 303 0.95 fixed 2.05 0.0001
Golden D 2002 60 high -24.00 -27.18 0.0050 6.45 295 0.88 fixed 1.09 0.0002
Golden D 2002 105 | low -24.00 -36.33 0.0032 10.79 293 0.94 fixed 1.79 0.0001
Golden D 2002 105 | medium -24.00 -33.69 0.0034 10.97 298 0.91 fixed 1.85 0.0001
Golden D 2002 105 | high -24.00 -34.62 0.0036 9.55 294 0.95 fixed 157 0.0001
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Figure 2. Colour behaviour of ‘Gala apple (season 2008) as function of time count-
ing from first measurement. Top: without hail net, bottom: with hail net. Left sunny
side, right: shady side. Lines represent the estimate individual behaviour

colour formation is related to chlo-
rophyll decay, rather than forma-
tion of red coloured compounds.
How this information can be used
in growing apples, or the subse-
guent postharvest storage, is cur-
rently not yet clear. The most im-
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portant practical conseguence is
that the technology to assess the
stage of maturity and hence optimal
harvest date, is available. Using
this technology, all effects of bio-
logical variance between individu-
als can be taken into account.
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Figure 3. Standardised colour vs biological time (t + At) for ‘Fuji’ apples on both

sides of the tree
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CZYNNIKI WPLYWAJACE NA WYBARWIENIE
JABLEK

L.M.M. Tijskens, Tatjana Unuk, Stanislav Tojnko,
Janez Hribar i Marjan Sim¢i¢

STRESZCZENIE

Klienci wybierajac owoce w sklepie zwracaja gtdwnie uwage na ich kolor. Kolor
musi by¢ zatem brany pod uwage przez dostawcow. Lecz jak powstaje kolor owo-
cow? Bez watpienia okres wzrostu oraz warunki podczas wzrostu maja duzy wptyw
nawyksztatcenie tej waznej cechy.

W latach 2007-2009 badano zmiany koloru skérki indywidualnych jabtek roz-
nych odmian (‘Braeburn’, ‘Fuji’, ‘Gala i ‘Golden Delicious’), przy uzyciu koloryme-
tru Minolta CR-400, w ostatnich 40-60 dniach przed przewidywanym zbiorem.
W andlizie uwzgledniono biologiczne zréznicowanie pomiedzy indywidualnymi
jabtkami i zastosowano nieliniowsa regresji¢ do stworzenia modelu rozwoju, ktéry byt
zgodny w ponad 90% z rzeczywistymi wartosciami a* .

Tempo zmian zabarwienia byto podobne dla wszystkich odmian (z wyjatkiem
‘Fuji’) oraz dla warunkéw wzrostu. Wskazuje to, ze proces wybarwiania owocow
w rzeczywistosci odzwierciedla rozktad chlorofilu, a nie produkcje czerwonych lub
z6ttych barwnikow (antocyjanéw). Warunki wzrostu (nawozenie i plonowanie, zasto-
sowanie lub nie siatek chronigcych przed gradem, poziom nastonecznieniai potozenie
owocu w koronie drzewa) nie zmienity mechanizmu ani kinetyki procesu, ale mogty
Sie przyczyni¢ do uzyskania minimalnego koloru skérki (zblizanie sie do asymptoty
w modelu logistycznym).

Powyzsze informacje z okresu produkcyjnego moga dostarczy¢ waznych danych
przydatnych w tancuchu dostaw jablek po zbiorze.

Stowa Kluczowe: kolor, stadium rozwoju, réznorodnosé¢ biologiczna, dojrzatosce,
siatka przeciwgradowa
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