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Abstract

Knowledge regarding reproductive cycle duration is important in terms of scheduling harvests and estimating coffee cultivars
adaptability. Nine Coffea arabica cultivars were evaluated during two successive reproductive cycles. Dates of occurrence of the
major blossoms, and the green and ripe fruits, on 64 branches for each cultivar, were registered during each reproductive cycle.
These dates were used to calculate the duration of the fruit development (blossom to green) and ripening (green to ripe) phases,
the quantities of degree days, precipitation, and solar radiation accumulated throughout each phase, and also degree days,
precipitation, and radiation on a daily basis, all of which are novelties in coffee research. The differences between cultivars
and reproductive cycles were tested by ANOVA. Cultivars were grouped in clusters according to the above-cited variables.
Principally, the daily quantities of degree days and precipitation determined the differences between reproductive cycles and
coffee cultivars during development phases. Early and very early cultivars accumulated high numbers of degree days.day ', in
periods of relatively good water availability, with high exposure to solar radiation. Late cultivars accumulated less degree
days.day ' and were exposed to lower amounts of daily solar radiation and longer periods of water scarcity. Regarding the fruit
ripening phase, cultivars were principally distinguished by degree days and solar radiation on a daily basis. Two of the coffee
cultivars were classified or confirmed as early and very early and another three as late and very late. One cultivar, Siriema,
displayed an interesting conjugation of early and intermediate characteristics.
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Introduction

The characterization of coffee cultivars regarding the repro-
ductive cycle is important to schedule harvesting. Start dates
and the duration of the reproductive cycles are, among others,

Iran Bueno Ferreira in memoriam developmental processes strongly responsive to environmen-
Electronic supplementary material The online version of this article tal conditions (Camargo and Camargo 2001; Morais et al.
(https://doi.org/10.1007/500484-019-01693-2) contains supplementary 2008), which influence the plants’ adaptability.

material, which is available to authorized users.

Environmental data and data on plant developmental pro-
cesses can be integrated by the use of variables such as the
“thermal time”, which is the sum of the daily mean tempera-
tures from which the base temperature has been subtracted,
counting days from the start to end of the developmental pro-
cess of interest. The base temperature is reached when the
described process stops (Natrova and Natr 1991). Thermal
time as a concept is the result of a research effort to better
describe plant physiology and phenology and is expressed in
degree days (see “Material and methods” for the formula).
Fundag@o Procafé, Varginha, MG, Brazil Despite its utility, thermal time is seldom applied to study
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times concerning entire reproductive cycles (meaning
blossoming to ripe fruits) for Arabica (Pezzopane et al.
2008; Bardin-Camparotto et al. 2012) or Robusta
(C. canephora) coffees (Souza et al. 2017).

However, regarding reproductive cycle organization,
Arcila-Pulgarin et al. (2002) divided coffee fruit development
into six principal stages and fruit ripening into another four
stages. Pezzopane et al. (2003) defined seven different phases
from pinhead fruits to overripe fruits. Morais et al. (2008)
distinguished six growth/development stages according to
fruit size and five ripening stages. Camargo and Camargo
(2001) recognized fruit development and ripening phases as
distinguishable processes, which, in general, take place under
different seasonal conditions in the year. Indeed, there are
already some reports regarding the use of thermal times to
describe distinct phases in the reproductive cycle of Arabica
coffees (Petek et al. 2009; Carvalho et al. 2014).

Herein, coffee fruit development and ripening phases are de-
scribed using thermal times, and accumulated precipitation and
solar radiation, subsequently divided by the number of days
necessary for the different cultivars to accomplish each of these
two phenological phases, during two reproductive cycles. The
division by the number of days spent in each phase was
introduced in the calculations to enhance the value of genetic
and physiological differences between the cultivars. The analyses
were performed, principally, to characterize recently recommend-
ed cultivars, contributing to schedule the harvests. The results
here reported aim to enrich the limited collection of similar data
available for coffee plants, and to allow comparisons between
cultivars and locations, while physiological analyses are expected
for the near future.

Material and methods

Biological material Coffea arabica cultivars Catucai Amarelo
24/137 (item 4, registered as Catucaiam 24137), Acaua Novo
(item 5, Sarchimor X C. arabica cv. Mundo Novo, registered
as Acudnovo), Palma III (item 11, Catimor x C. arabica cv.
Catuai), Sabia (item 12, Catimor x C. arabica cv. Acaid, regis-
tered as Sabia Tardio), Catucai Vermelho 785/15 (item 18, reg-
istered as Catucai 785/15), Guara (item 22, selection from
Catucais Vermelhos 20/15), Arara (item 24, natural hybrid of
Sarchimor Amarelo 1669-20 x C. arabica cvs. Catuai or Icatu
Amarelos), Catuai Vermelho IAC 144 (item 29), and Siriema
(item 34, clone 13/36, group VC4. C. arabica % C. racemosa
backcrossed to C. arabica) were evaluated during 2015/2016
and 2016/2017, when the plants went through their fourth and
fifth reproductive cycles. Catuais were obtained by breeding
C. arabica cv. Mundo Novo x cv. Caturra. Catucais originated
as Icatu (C. arabica x C. canephora 2n =44, backcrossed to
C. arabica) x C. arabica cv. Catuai progenies. Sarchimors and
Catimors were obtained by breeding Timor hybrids (C. arabica
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x C. canephora natural hybrids, 2n =44) to C. arabica cv. Vila
Sarchi or Caturra, respectively. All evaluated cultivars are self-
compatible plants that display 2n =44 chromosomes and are
C. arabica variants. Regarding resistance to the coffee leaf rust
caused by Hemileia vastatrix, item 29 is susceptible, items 4, 18,
and 12 are moderately resistant, and items 5, 22, 24, and 34 are
moderately to strongly resistant (Matiello et al. 2016). In addi-
tion, item 34 is resistant to the leaf miner Leucoptera coffeella.
Regarding the sizes of dry seeds, items 4, 5, 18, 22, 29, and 34
are intermediate, item 24 is big, and item 12 has small-sized
seeds. Further information regarding the genetic background of
the cultivars can be found in Matiello et al. (2016). Collections of
data were conducted in the farm managed by the Procafé
Foundation, in Varginha, MG (21°34’ S and 45°24’ W, altitude
970 m, block 88), in four randomized blocks of six plants per
cultivar, spaced 3.5 % 0.7 m apart. Conventional nutrient and
weed management were applied to the experimental plot.
Chemical treatments to control diseases and irrigation were not
applied.

Data collected and calculations At the time of flower bud emis-
sion (which indicates that the reproductive phase is in process),
four out of the six plants per cultivar per block had four branches
in the upper third part, pointing to four different geographic
quadrants, tagged with alphanumeric codes. Tagging took place
at the beginning of each reproductive cycle. The experiment was
visited weekly or every 2 weeks. Dates for blossoms, and the
occurrence of green and ripe fruits (FL, M1, and M3 stages from
Morais et al. 2008) in the majority of the rosettes in the apical/
distal nodes (nodes formed in the immediately preceding period
of vegetative growth) of the tagged branches were registered. All
data below refer to the flowers and fiuits in these apical/distal
branch nodes. When two or three consecutive blossoms took
place in the same branch during the same reproductive cycle,
only the dates of occurrence of the major ones were used for
the calculations and analyses. Flowers and pinhead fruits from
previous or subsequent minor blossoms in the same nodes were
eliminated from the branches manually (Pezzopane et al. 2012).
These procedures ensured the evaluation of offspring coming
exclusively from the major blossom event on each tagged
branch. The “green fruit” stage was registered only for dates
when the complete absence of liquid endosperm in some sec-
tioned fruits was verified (Pezzopane et al. 2003). Dates for the
occurrence of the “ripe fiuit” stage were registered when the
surface of the majority of fruits changed color from green to
yellow “amarelo” or red “vermelho”. Days from the major blos-
som up to the occurrence of green fruits were included in the
fruit-ripening phase. Days from the occurrence of green fruits up
to the occurrence of ripe fruits were included in the fruit-ripening
phase. The thermal time was calculated as (sum of (maximal
daily temperature + minimal daily temperature)/2—10.5 °C) for
the fruit development phase and for the fruit-ripening phase, in
each of the two cycles. The endmost value in the formula is the
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base temperature (Pezzopane et al. 2008; Petek et al. 2009).
Values for the entire reproductive cycles (from blossom to ripe
fruits) were estimated from the values calculated for the two
above-cited phenological phases. In addition to the thermal time,
for each tagged branch, the accumulation of degree days, milli-
meters of rain, and solar radiation were calculated on a daily basis
as follows: degree days per day (DDPD) = thermal time for fruit
development/number of days for fruit development; precipitation
accumulated per day (PPD) = precipitation accumulated in the
development phase/number of days for fruit development; solar
radiation per day (SRPD) = solar radiation accumulated in the
development phase/number of days for fruit development, and so
on, for each phase in each reproductive cycle. Meteorological
data were taken from the Automated Meteorological Stations
maintained by the National Institute of Meteorology—INMET
(http://www.inmet.gov.br/index.php?r=estacoes/
estacoesAutomaticas) and the Procafé Foundation (http://
fundacaoprocafe.com.br), at the same experimental farm. The
datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Statistics Ranks of data and medians for the numbers of days to
accomplish each phenological phase, DDPD, PPD, and SRPD,
and the thermal time were calculated for the 64 (approximately)
tagged branches of each coffee cultivar, in each reproductive
cycle. ANOVA on ranks and Dunn’s test were applied to search
for significant differences between the two reproductive cycles
and among the nine cultivars. ANOVA on ranks statistic H is
computed by ranking all the observations from the smallest to
the largest without regard for the group. The average values for
the ranks for each group are computed and compared. If H is
large, the variability between the average ranks is larger than
expected from random variability. Inferior and superior tails of
the box plots represent the 75th percentile and the 25th percen-
tiles, respectively. Dunn’s test was chosen for differences
among cultivars and between cycles because the sample sizes
were not the same (Systat 2010). The analyzed variables were
the following: (1) for the fruit development phase, (a) the num-
ber of days, DDPD, PPD, and SRPD calculated for each repro-
ductive cycle independently and (b) for both cycles, using data
from both cycles together; (2) for the fruit-ripening phase, the
number of days, DDPD, PPD, and SRPD calculated using data
from both cycles together; and (3) for entire reproductive cy-
cles, the values for the same variables were estimated by the
values of the two phenological phases, calculated using the data
sets for both reproductive cycles together. Medians for DDPD,
PPD, and SRPD calculated as described in 1a, 1b, 2, and 3
above (five data sets per variable) were used to produce matri-
ces of Euclidean distances and to cluster the cultivars in circular
trees according to the distances, using the neighbor-joining
method. The trees produced for the three variables were subse-
quently subjected to consensus calculation analysis to produce
a final tree for the three variables together. The clusters

preserved in the final tree were those displaying frequencies
above 50% (e.g., 2/3) of all possible clusters in the three original
trees. To test these consensus clusters, data in the registries
referring to 847 plant branches, which had been indexed ac-
cording to the cultivar codes for the ANOVAs, were reindexed
according to the clusters in the consensus tree and subjected to
discrimination analyses. These analyses were tested for statisti-
cal significance using Bartlett’s test. SigmaPlot version 11.2
(Systat Software Inc. 2010), BioEstat (Ayres 2015), and
PHYLIP (Felsenstein 2009) were used to perform all
abovementioned analyses.

Results

Three different blossom periods and the fruits produced by
flowers in each of these blossom periods were observed sep-
arately during each reproductive cycle. For the first cycle
(2015/2016), there was a flower blossom between
September 4th and 23rd reaching 215 tagged branches; anoth-
er blossom was registered for 66 branches on October 10th;
the final blossom occurred between November 1st and 11th
for 172 tagged branches. For the second reproductive cycle
(2016/2017), blossom was registered for 55 branches between
August 14th and September 14th, a significant blossom took
place between October 5th and 13th reaching 387 branches,
and flowers on the 15 last branches, very late, opened between
October 22nd and December 10th. It should be noted that
none of these last branches had produced flowers before this.
During this last reproductive cycle, in fact, some branches
produced a relatively reduced number of flowers and glomer-
ules (coffee inflorescences).

Medians for the evaluated variables, as well as the number
of branches (&) included in the median calculations, are pro-
vided in Table 1. Cultivars, designated by their codes in the
experimental field (Table 1, COD columns), are ranked ac-
cording to the median values in ascending order. The displace-
ment of cultivars to superior or inferior positions in the ranks,
from phase to phase and cycle to cycle, were imputed for
differences in their reactions to environmental conditions
and are discussed below.

Fruit development phase

During the first reproductive cycle, the fruit development
phase was evaluated on 453 tagged branches. The fruits on
these branches reached the green fruit stage in periods from
121 to 199 days after blossoming, starting on 20 September
2015 and finishing on 6 May 2016, counting thermal times
from 1594 to 2623 degree days. The subsequent fruit devel-
opment phase was evaluated on 457 tagged branches, which
produced green fruits in periods ranging from 123 to 217 days,
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Table 1 Number of days, degree days (DDPD), precipitation (PPD), phase (green to ripe fruits), and for the whole reproductive cycles (blos-
solar radiation (SRPD) accumulated per day, and thermal times calculated som to ripe fruits), in N branches of nine Arabica coffee cultivars (COD),
for the coffee fruits development phase (blossom to green ftuits), ripening during 2015/2016 and 2016/2017, in Varginha, MG

BLOSSOM TO GREEN FRUITS | GREEN TO RIPE | BLOSSOM TO RIPE
2015/2016 2016/2017 2015/2016 AND 2016/2017 TOGETHER
COD* N MEDIAN|COD N MEDIAN| COD MEDIAN | COD N MEDIAN | COD MEDIAN
NUMBER OF DAYS TO ACCOMPLISH BOTH PHASES AND REPRODUCTIVE CYCLES
5 54 150.00 [ 18 157.00 5 150.00 18 89  49.00 18 220.00
12 46 16400 | 5 43 159.00 4 168.00 34 115 56.00 5 221.00
29 53 16500 | 4 51 168.00 12 168.00 4 104 59.50 34 227.00
4 57 171.00 | 29 53 168.00 29 168.00 29 111 62.00 4 227.50
11 41 171.00 | 34 61 168.00 18 171.00 22 86 64.50 29 230.00
34 57 171.00 [ 22 57 172.00 34 171.00 12 105  70.00 22 237.50
24 54 17350 | 12 51 174.00 22 173.00 5 89 71.00 12 238.00
18 64 17450 | 24 58 181.00 24 175.00 24 108  71.50 24 246.50
22 27 178.00 | 11 50 194.50 1 178.00 1 93 76.00 1 254.00
DDPD — DEGREE DAYS ACCUMULATED PER DAY (degree °C - days/day)
24 54 1314 | 11 50 12.44 22 12.64 1 93 8.98 1 11.58
11 41 1315 | 22 57 1251 11 12.72 24 108 9.44 24 11.85
5 54 1316 | 12 51 12.58 12 12.72 12 105 9.85 12 11.91
12 46 13.17 | 18 12.58 34 12.76 S 89 10.45 22 12.10
22 27 1321 | 24 58 12.58 24 12.78 29 111 10.67 5 12.20
29 53 1321 | 34 61 12.62 29 12.91 22 86 11.18 29 12.32
34 57 1321 4 51 12.64 5 13.12 34 115 11.22 4 12.43
4 57 1321 5 43 1264 4 13.20 4 104 11.44 34 12.49
18 64 1322 |29 53 1264 18 13.21 18 89 12.24 18 13.18
PPD — PRECIPITATION PER DAY (mm/day)
22 27 652 11 50 427 22 4.79 1 93 1.54 1 3.73
4 57 653 22 57 441 11 4.92 12 105 1.64 24 3.85
18 64 6.53 18 4.46 12 4.92 24 108 1.64 22 3.95
34 57 6.53 24 58 454 24 5.02 5 89 1.80 12 3.98
24 54 6.66 12 51 4.64 34 5.06 29 111 1.83 34 4.10
11 41 7.04 34 61 474 29 5.74 34 115 1.87 29 437
29 53 7.04 4 51 479 5 6.41 4 104 1.93 5 4.87
12 46 721 5 43 479 4 6.44 22 86 2.01 4 5.15
05 54 744 29 53 479 18 6.52 18 89 2.40 18 5.64
SRPD — SOLAR RADIATION ACCUMULATED PER DAY (W/m2/day)
5 54 9513.13| 18 11865.79 5 9804.24 24 108 7177.66 24 9211.23
11 41 953257 | 22 57 11959.53 4 9817.58 11 " 7200.29 12 9540.20
12 46 953257 11 50 11978.67| 18 9817.58 12 105 7719.62 1 9808.38
24 54 953890 | 4 51 1202793 29 10067.46 5 " 7977.88 29 9855.50
29 53 973838 | 5 43 12027.93| 24 11569.32 29 111 8315.68 34 9930.90
4 57 9776.68| 24 S8 12306.86( 22 11611.92 22 86 8981.45 18 10045.24
22 27 9776.68| 34 61 12306.86| 11 11804.43 34 115 9179.75 4 10151.44
34 57 9776.68 | 12 51 12348.41| 34 11893.39 4 104 9352.47 5 10288.50
18 64 9817.58 | 29 53 1234841 12 11931.06 18 " 9581.71 22 11062.40
THERMAL TIME (degree °C- days)
5 54 197380 18 1945.60 5 1973.80 18 89  638.50 5 2695.85
12 46 215575 5 43 2025.55 4 2122.90 34 115 638.50 4 2827.30
29 53 2190.80| 4 51 2119.05 22 2152.40 24 108  652.38 29 2833.38
11 41 224575 29 53 212290 29 2155.53 11 93  661.95 12 2833.60
4 57 2260.85| 34 61 2122.90 12 2155.75 12 105 677.85 34 2835.35
34 57 226085 22 57 2133.20 34 2196.85 29 111 677.85 22 2874.45
24 54 2283.75| 12 51 2187.15 18 2260.85 4 104 704.40 18 2899.35
18 64 2306.10 [ 24 58 2253.93 24 2269.05 5 89  722.05 24 2921.43
22 27 235135| 11 50 2421.98 11 2278.80 22 86  722.05 11 2940.75

*COD is the code for the coffee cultivars 4 Catucai Amarelo 24/137, 5 Acaud Novo, 11 Palma III, 12 Sabia, 18 Catucai Vermelho 785/15, 22 Guara, 24
Arara, 29 Catuai Vermelho IAC 144 and 34 Siriema
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from 24 August 2016 to 11 May 2017, counting thermal times
from 1579 to 2634 degree days (Table 1).

The data above lead to the presumption that the develop-
ment phases of the two reproductive cycles were quite similar.
However, significant differences (p < 0.05) were found for the
thermal times, precipitation, and solar radiation accumulated
during the fruit development phases in different cycles with-
out regard of the cultivars (Fig. 1). The only exception was for
the duration, in days (1st cycle=171 and 2nd cycle =
168 days; p=0.53; Fig. 1d), most likely because variability
between the cultivars masked the differences between the cy-
cles. For some cultivars, the duration of the fruit development
phases in the 1st cycle diverged from that in the 2nd cycle
(H=286.85; p<0.001): Palma III (11), Sabia (item 12), and
Arara (24) besides Acaud Novo (item 5) and Catucai 144
(item 29) displayed longer development phases in 2016/
2017 than in 2015/2016. On the contrary, Catucais 24/137
and 785/15 (items 4 and 18) displayed shorter development
phases in 2016/2017 than in 2015/2016. These results mean
that there was an interaction between the factors “cultivar”
and “reproductive cycle”.

Thermal time (H=46.01; 1st cycle =2260.85 and 2nd cy-
cle=2122.90 degree days; p <0.05; Fig. 1a), and principally,
degree days per day (DDPD) differed between cycles (H=
677.68; median of st cycle=13.21 and 2nd cycle =12.58
degree days.day '; p<0.05; Fig. 2a). Indeed, although the
differences in days between the fruit development phases in

Fig. 1 Thermal time (a),
precipitation (b), and solar
radiation (c¢) accumulated by
plants of nine Arabica coffee
cultivars during the fruit
development phase in 2015/2016
and 2016/2017, in Varginha, MG.
Points in a, b, and ¢ represent
branches, tagged and evaluated
during each cycle. The numbers
of days to accomplish the
transition from blossoming to
green beans are represented in (d)
as ranks of data per cultivar and
reproductive cycle. The first pair
of numbers in the X labels
indicates the code of the cultivar.
The second pair of numbers
indicates the year of blossom. (4)
Catucai Amarelo 24/137, (5)
Acaua Novo, (11) Palma II1, (12)
Sabia, (18) Catucai Vermelho
785/15, (22) Guara, (24) Arara,
(29) Catuai Vermelho IAC 144,
and (34) Siriema
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the two reproductive cycles were not significant, the diver-
gence became significant when the analysis was performed
for thermal times (H=46.01) and, as expected, became still
more meaningful when DDPDs (H = 677.68) were compared.
Early cultivars displayed higher thermal times for 2015/2016
than for 2016/2017, significantly (p <0.05) higher for items 4,
18, and 34 in addition to item 22.

Precipitation accumulated during development phases
(H=684.90; 1st cycle=1160.30 and 2nd cycle =
805.20 mm; p <0.05; Fig. 1b) and precipitation accumulated
per day (PPD) also differed (H = 683.85; 1st cycle =6.53 and
2nd cycle = 4.64 mm.day '; p <0.05; Fig. 2c). Solar radiation
followed the trend and differed between cycles (H =497.26;
Ist cycle = 1.67 x 10° and 2nd cycle=2.10 x 10° W.m % p <
0.05; Fig. 1c) as did the accumulation of solar radiation per
day (SRPD, H=677.88; 1st cycle=9770.91 and 2nd cycle =
12,138.57 W.m 2.day '; p <0.05; Fig. 2e).

Dunn’s tests (Fig. 2b—f) were performed using data from
the fruit development phases of both reproductive cycles to-
gether, in order to value registries from more than one repro-
ductive cycle as capable to produce a more reliable character-
ization of the cultivars and to facilitate comparison to results
concerning the fruit-ripening phase (Figs. 2b—f and 3b—f).
Catucai 24/137 (item 4) and 785/15 (18) did not differ from
each other and both differed from Palma III (item 11) and
Arara (24). Catuai 144 (29), on the other hand, could not be
distinguished from the other cultivars (Figs. 2b, d, and f).
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«Fig. 2 Ranks of data concerning the fruit development phase for nine
Arabica coffee cultivars in two reproductive cycles in Varginha, MG.
Degree days DDPD (a), precipitation PPD (c¢), and solar radiation
SRPD (e) accumulated per day are displayed. Medians are black bars
and means are blue bars inside the boxes. Reproductive cycles
2015/2016 and 2016/2017 and also cultivars differed for these three
variables. b, d, and f are Dunn’s Test results for DDPD, PPD, and
SRPD regarding both cycles together, respectively. Intercepts (points) in
the graph planes represent significant differences between the pair of
cultivars indicated by their codes in the X and Y axes. A high number
of points in the graph plane indicate good discriminatory capacity for the
variable. The first pair of numbers in the X labels indicates the code of the
cultivar. The second pair of numbers indicates the year of blossoming. (4)
Catucai Amarelo 24/137, (5) Acaua Novo, (11) Palma III, (12) Sabia, (18)
Catucai Vermelho 785/15, (22) Guara, (24) Arara, (29) Catuai Vermelho
IAC 144, and (34) Siriema

Fruit-ripening phase

During the fruit-ripening phase in 2015/2016, 486
branches were evaluated, and fruits reached the ripe stage
between 28 and 118 days after the occurrence of green
fruits, on dates ranging from 17 February to 27 July 2016,
with thermal times ranging from 373 to 1155 degree days.
The corresponding phase in 2016/2017 was evaluated on
414 tagged branches, cherries occurred from the 29th to
the 117th day after registering green fruits, in the period
between 14 February and 02 August 2017, with thermal
times ranging from 297 to 1185 degree days. Differences
in the number of branches (branches per cultivar, N in
Table 1) evaluated for each phase and each cycle were
due to the loss of leaves leading to the death of branches’
tips (particularly in 2016/2017), unauthorized withdrawal
of fruits and tags from the branches and some mistaken or
unreadable registries.

For the ripening phases, DDPDs, PPDs, and SRPDs
regarding different reproductive cycles did not differ from
each other significantly and all the analyses were per-
formed for datasets comprising both cycles simultaneous-
ly (Fig. 3a, c, and e). Coffee fruits are climacteric
(Gaspari-Pezzopane et al. 2012), and their ripening phase
can be more responsive to endogenous signals than to
environmental conditions. This contributes to explain
why statistically significant differences between the two
analyzed reproductive cycles, concerning DDPDs, PPDs,
and SRPDs for the ripening phases, were not detected.
This result was opposite to that referring to the fruit de-
velopment phases (Figs. 2a, ¢, and ¢), when divergences
between cycles for the same three variables were observed
and some analyses were performed separately.

The Catucais (items 4 and 18), in particular, accumulated
higher DDPDs (Fig. 3a and b) and ripened with higher values
for PPD (Fig. 3¢ and d) and SRPD (Figs. 3e and f). The
contrary was observed for late cultivars such as Palma III
(item 11) and Arara (item 24).

Clustering

For clustering, the data sets mentioned above regarding differ-
ent phenological phases and different reproductive cycles
were simultaneously assessed in order to assemble a single
tree per variable and finally, a single consensus tree for
DDPDs, PPDs, and SRPDs, referring to both phenological
phases and both reproductive cycles.

The number of days is most likely to be the variable more
often used to describe the duration of phenological phases and
was chosen to introduce clustering, despite not being included
in the subsequent analyses. Thus, when considering both re-
productive cycles simultaneously, the number of days to ac-
complish the fruit development phase, ripening phase and
entire cycles (Fig. 4a and Fig. S1) Catucais 24/137 (item 4)
and 785/15 (18) and Siriema (34) became settled in two dif-
ferent clusters. Catucai 785/15 (18) and Siriema (34) did not
differ in the number of days to accomplish the fruit-ripening
phase, but 785/15 (18) was different (p <0.05) from 24/137
(4). In addition, 24/137 (item 4) fruits required a relatively low
number of days to develop and ripen, while the other two
(items 18 and 34) ripened in a very short period of time. For
these reasons, based only on the number of days, Catucai 785/
15 (18) and Siriema (34) were classified as very early and
Catucai 24/137 (4) as an early cultivar. Nevertheless, when
DDPD, PPD, and SRPD were analyzed, Siriema (34) became
detached from the “very early” cluster and would be better
classified as intermediate (see below).

In the other extreme of the same circular tree based on the
duration (in days) of the different phases (Fig. 4a), Palma III
(item 11) did not differ from Arara (24), and as a cluster of
very late cultivars, they became different from all the other
clusters (Fig. S1). The closest neighbor to this very late cluster
was Sabid (12), which due to its relatively shorter develop-
ment phase differed from Palma III (11) and became placed in
a different branch of the circular tree. Sabia (12) also differed
from the early cultivars (items 4, 18, and 34) that ripen faster
(Figs. 4a and S1) and was classified as a late cultivar.

Among the intermediate cultivars, Acaud Novo (item 5)
was the only cultivar displaying fast-developing and slow-
ripening fruits (Table 1). This cultivar differed from all the
others in the development phase, and regarding the entire cy-
cle, it differed not only from the very early cultivars 18 and 34
but also from the very late ones 11 and 24 (Figs. 4a and S1)
and was classified as intermediate. However, Acaud Novo
was affected by unauthorized harvesting of fruits and branches
in one of the experimental blocks that were probably exposed
to higher solar radiation because the plants were in the outer-
most positions of the experimental field. Additional cycles
should be observed to establish a more accurate classification
for item 5. Catuai 144 (item 29) also spent an intermediary
number of days in the development and ripening phases, dur-
ing both cycles. It differed from Palma III (11) regarding
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«Fig.3 Ranks of data concerning the fruit-ripening phase for nine Arabica
coffee cultivars in two reproductive cycles in Varginha, MG. Degree days
DDPD (a), precipitation PPD (c¢), and solar radiation SRPD (e)
accumulated per day are displayed. Medians are black bars and means
are blue bars inside the boxes. Reproductive cycles 2015/2016 and
2016/2017 did not differ but cultivars are statistically different for these
three variables. b, d, and f are Dunn’s Test results for DDPD, PPD, and
SRPD regarding both cycles together, respectively. Intercepts (points) in
the graph planes represent significant differences between the pair of
cultivars indicated by their codes in the X and Y axes. A high number
of points in the graph plane indicates good discriminatory capacity for the
variable. (4) Catucai Amarelo 24/137, (5) Acaua Novo, (11) Palma III,
(12) Sabia, (18) Catucai Vermelho 785/15, (22) Guara, (24) Arara, (29)
Catuai Vermelho IAC 144, and (34) Siriema

ripening and the entire cycle, and it differed from Arara (item
24) for all the phenological phases and also from Catucai 785/
15 (18) in regard of ripening (Fig. S1), and it was classified as
intermediate. Finally, Guara (item 22) did not differ from
Acaud Novo (5) regarding the ripening phase and did not

a

Fig. 4 Clusters of Arabica coffee
cultivars produced according to
the number of days (a), DDPDs
(b), PPDs (¢), and RSPDs (d)
accumulated during the fruit
development and ripening phases
of two reproductive cycles in
Varginha, MG. Values used for
clustering by the number of days
were those for cycles 2015/2016
and 2016/2017 taken together.
The tree in (e) is a consensus
among the trees in (b, ¢, and d)
and the numbers above the
subtrees represent the frequency
of a subtree preserved in the
consensus. The clusters in (e)
were tested through analyses of
discrimination and the resulting
graphs are depicted in (f) and (g),
for 2015/2016 and 2016/2017,
respectively. The tree in (h) was
produced with values for thermal
times. (4) Catucai Amarelo 24/
137, (5) Acaua Novo, (11) Palma
111, (12) Sabia, (18) Catucai
Vermelho 785/15, (22) Guara,
(24) Arara, (29) Catuai Vermelho
IAC 144, and (34) Siriema

R o

3¢ o~
ok

differ from Catuai 144 (item 29) or Sabia (item 12) in terms
of ripening and the entire cycle and could be classified as
intermediate or late (Figs. 4a and S1). Analyses of DDPDs,
PPDs, and SRPDs supported the classification of Guara (22)
as an intermediate cultivar.

Circular trees produced with DDPDs (Fig. 4b), PPDs (Fig.
4c), and SRPDs (Fig. 4d) were used to establish a consensus
tree (Fig. 4e). Clusters defined by consensus were tested
through analyses of discrimination. For such analyses, data
referring to each reproductive cycle were taken separately,
avoiding the occurrence of two clouds of symbols related to
the development phases for each cultivar, as depicted in Fig. 1.
Symbols representing the branches of Catucai 24/137 (item 4,
cluster 2) and Catucai 785/15 (item 18, cluster 1) became
superimposed and mostly restricted to the right side of the
graph planes (Fig. 4f and g), but some distinction was main-
tained and subclouds of symbols representing these two cul-
tivars can be observed, particularly during 2015/2016 (Fig.
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4f). Catucai 24/137 (item 4, cluster 2) and Catucai 785/15
(item 18, cluster 1) are very early and early cultivars regarding
the duration of the cycles (Fig. 4a), and they diverged in the
consensus tree (Fig. 4e), partially at least, due to the differ-
ences in DDPDs and PPDs calculated for the ripening phase
(Fig. 3b and d). These two cultivars (items 4 and 18) were
more similar to each other than Siriema (item 34) regarding
SRPD in the 2016/2017 cycle (Fig. 2e), and Siriema diverged
from Catucai 785/15 (item 18, cluster 1) regarding all three
variables during the ripening phase (Fig. 3b, d, and f).

By their turn, symbols representing branches of Sabia (item
12, cluster 6) and Palma III and Arara (items 11 and 24, cluster
7), late and very late cultivars, principally occupied the left
side of the planes (Fig. 4f and g) and are harder to distinguish
from each other. Symbols representing clusters intermediate to
these extremes, including Siriema and Guara (items 22 and
34), were distributed all over the graph planes. Discrimination
between the clusters in the consensus tree (Fig. 4e) was statis-
tically significant (¢ =442.43 and 316.73 for 2015/2016 and
2016/2017, respectively; DF = 36; p <0.05).

The circular tree based on thermal times (Fig. 4h) was
clearly different from those produced for other variables
(Fig. 4a—d); the earliest cultivar Catucai 785/15 (item 18)
and very late cultivars such as Palma III (11) and Arara (24)
became closest neighbors.

Discussion

The thermal times calculated in the present work for entire
reproductive cycles (Table 1, rightmost columns) are similar
to those previously reported. Pezzopane et al. (2012) revealed
that the ideal time to harvest Catuai Vermelho 144 and Obata
Amarelo IAC 1669-20 (this last cultivar is a selection among
Sarchimors) fruits correspond to the maximal accumulation of
sucrose, at the transition from cane-green to ripe, which takes
place, respectively, around 221 days and 2840 degree days or
249 days and 3090 degree days after blossom in Campinas,
State of Sdo Paulo. Similar numbers of days and similar ther-
mal times were taken by Catuai 144 (item 29) and Arara (item
24, which has Sarchimor Amarelo 1669-20 in its background
as well) fruits to reach the ripe-bean stage in Varginha
(Table 1). Petek et al. (2009) reported that to accomplish the
entire reproductive cycles (blossoming to ripe fruits),
223.6 days and 2762 degree days for Catucai 785/15, and
243.6 days and 2935 degree days for Obatd Amarelo IAC
1669-20 were necessary in Londrina, State of Parana, corre-
sponding to items 18 and comparable to item 24 in Varginha,
respectively (Table 1). Information on thermal times was not
available for the other cultivars, and reports on thermal times
are even scarcer for coffee plants cultivated in the State of
Minas Gerais (however, see additional data regarding Catuai
144 (item 29) below).

@ Springer

While the thermal times agreed with previously reported
calculations, the relationships between the variables calculat-
ed on a daily basis, used here for the first time, were intriguing
and deserve closer examination. The correlation coefficient
(R) was 0.510 (p <0.05) among registries for daily solar and
mean daily temperatures recorded for the period from January
2015 to October 2017. For the same period, the correlation
between precipitations and the mean daily temperatures was
0.114 and not significant. Therefore, the mean daily tempera-
tures were principally related to the solar radiation incidence.
Thus, how can it be that the DDPDs for the fruit development
phase, as a quantity based on thermal time, were higher during
the 2015/2016 cycle (Fig. 2a), when lower values for accumu-
lated solar radiation were registered (Fig. 1¢)? And why did
this relationship become inverted in 2016/2017, when lower
DDPDs were calculated for a period of higher accumulation of
solar radiation?

The answers to these questions were found in the reactions
of the plants to the climate. For different reasons, during the
development phase, DDPDs calculated for early and late cul-
tivars were higher in 2015/2016 than in 2016/2017, despite
solar radiation records displaying the opposite pattern. The
numbers of days necessary to conclude fruit development
did not differ between reproductive cycles, as mentioned
above, but it differed among cultivars. DDPD values, in turn,
differed between cycles and also among cultivars. Early cul-
tivars displayed higher thermal times for 2015/2016 than for
2016/2017. This difference was a consequence of the temper-
atures being above the historical series registered throughout
the 2015/2016 summer season, including April 2016
(Fundacao Procafé n.d.-a). The division of significantly higher
thermal times in 2015/2016 by a similar number of days reg-
istered for both cycles, caused DDPD values to be higher in
2015/2016 than in 2016/2017 for early cultivars. Opposite to
the early cultivars, late cultivars, such as 11, 12, and 24, re-
quired a significantly higher number of days to accomplish the
fruit development phase in 2016/2017 than in 2015/2016.
Thus, in this case, the division of thermal time values that
did not differ from cycle to cycle by a significantly higher
number of days observed in 2016/2017 forced DDPDs in this
last cycle to fall below those calculated for 2015/2016 for late
cultivars (Fig. 2a).

Despite the environmental signals being the same for all
evaluated plants while cultivated in the same experimental
spot, signal perception, and transduction are complex and in-
volve a huge number of metabolic pathways. The proteins
activated to trigger fruit development and ripening can display
structural polymorphisms, and the relative amounts of tran-
scripts accumulated during a specific phenological phase can
differ among cultivars and from cycle to cycle (Gaspari-
Pezzopane et al. 2012), resulting in distinguishable pheno-
types. Therefore, by reporting DDPDs (and precipitation and
solar radiation on a daily basis), we intend to place together
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the usefulness of data on the numbers of days and on thermal
times, to better characterize, classify, and distinguish the
cultivars.

Natrova and Natr (1991) recognized the lower variabil-
ity found in thermal times as being advantageous to de-
scribe plant phenology when compared to the highly var-
iable registers obtained for numbers of days, in general.
The advantage was perceived most likely because the
number of days in each phase can be directly influenced
by environmental and also physiological conditions.
Besides that, influences of environmental and physiolog-
ical nature interfering with the amounts of days counted
for a phenological process to be accomplished are beyond
comprehension when the corresponding meteorological
data are not reported. On the other hand, as cited above,
thermal time can buffer the differences, e.g., when two
cultivars that diverge in terms of numbers of days neces-
sary to accomplish a same long-term phenological process
happen to accumulate similar thermal times. This phe-
nomenon was observed when unusual registers for the
mean daily temperatures occurred while different pheno-
logical phases of the long-term coffee reproductive cycle
were running in different cultivars. In this context, sepa-
rate analyses and interpretation of observations
concerning independent phenological phases could im-
prove the discriminatory power of thermal times. The
evaluation of two independent phases per reproductive
cycle is not a novelty for coffee plants (Petek et al.
2009; Carvalho et al. 2014), which are frequently includ-
ed in the same wide class when the duration of the entire
reproductive cycle is analyzed (Aguiar et al. 2004).

Catucai 785/15 (item 18), for instance, which was posi-
tioned in the middle of the rank for the fruit development
phase calculated for both cycles together, ripened faster than
Catucai 24/137 (item 4) and Siriema (34), and eventually be-
came classified as the earliest cultivar with respect to the entire
reproductive cycle (Table 1). Carvalho et al. (2014) registered
similar results in Uberlandia, State of Minas Gerais; Catuai
Vermelho IAC 15 displayed the highest value for the thermal
time calculated from blossom to cane-green fruits and the
lowest thermal time for the subsequent phase when the fruits
became ripe. For Catuai 144, corresponding to item 29 in the
present work, registries for thermal times regarding phenolog-
ical phases are different, while the thermal time calculated for
the entire reproductive cycle is quite similar, reaching 2811
degree days in Uberlandia (Carvalho et al. 2014) and 2833
degree days in Varginha (Table 1).

The circular tree produced with thermal time data referring
simultaneously to both cycles and both phenological phases
(Fig. 4h) can only be properly interpreted if the numbers of
days necessary to accumulate the represented thermal times
are made available because thermal times calculated for earli-
est and latest cultivars, such as Catucai 785/15 (item 18) and

Palma IIT and Arara (items 11 and 24), were similar for entire
reproductive cycles evaluated for two consecutive years
(Table 1, last column), and these data were also used for clus-
tering. In turn, the distinction among cultivars became clearer
when based on DDPDs (Fig. 4b), despite the datasets on
DDPDs used to cluster the cultivars referred to the same phe-
nological phases/periods of time as the datasets on thermal
times used to cluster the cultivars by thermal times (Fig. 4h).

In general, early cultivars, particularly Catucais (items 18 and
4), began the reproductive cycle earlier in the year and developed
faster, being reliant upon the water from the rainy periods that
trigger blossoming to accelerate initial fruit expansion. Catucai
24/137 (item 4) and Catucai 785/15 (18) diverged most likely
due to the differences in DDPDs and PPDs in the ripening phase
(Fig. 3a—d). In addition, for Catucai 785/15 (item 18), the unifor-
mity verified for blossoming dates, with a significant number of
plant branches displaying flowers in anthesis simultaneously,
determined the almost invariably narrow amplitude of the ranks
of data, which was unpaired by Catucai 24/137 (item 4) or
Siriema (34).

The Siriema transposition to intermediate clusters in
those trees (Fig. 4b—e) indicated that, during two succes-
sive reproductive cycles, fruits on the tagged branches in
plants of this cultivar reached the green and ripe stages
accumulating lower DDPDs, PPDs, and SRPDs (Fig. 3d)
than Catucais 24/137 and 785/15 (items 4 and 18), be-
coming closer to the intermediate and late cultivars
(Fig. 3d), and yet, the number of days that Siriema took
to accomplish both phenological phases was very similar
to that recorded for these other two cultivars (Fig. 4a).
Andreazi et al. (2017) reported that C. racemosa contrib-
uted to Arabica coffee reproductive cycles being accom-
plished more rapidly and progenies originated from that
interspecific hybridization by backcrosses and selections
developed earlier than their Arabica recurrent genitors.
Nevertheless, Siriema began the reproductive cycles and
displayed major blossoms slightly later when compared
with the Catucais during the years of observation. In ad-
dition, some of the unique characteristics that probably
supported the reactions observed in Siriema, such as dis-
ease resistances that can reduce the loss of leaves, were
introgressed from C. racemosa (Medina-Filho et al. 1977,
Sureshkumar et al. 2010).

Late cultivars, such as Palma III (item 11) and Arara (24),
spent more days developing, as well as ripening fruits. It is
probable that a higher percentage of green fruits, arriving later
in the year as a consequence of the later starting point and the
prolonged development phase, become exposed to the
relatively milder solar radiation of the autumn and take more
days to ripen. Morais et al. (2006) demonstrated the influence
of solar interception through shadowing to increase the exten-
sion of the reproductive cycle while arresting coffee fruit rip-
ening. As a consequence of longer development phases, late
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cultivars need to tolerate longer periods of water scarcity
while maintaining carbon fixation as high as early cultivars
in order to be productive. Although Arara (item 24) has only
recently been cultivated commercially, it produced 32.9 sacks
of 60 kg/ha compared with 28 sacks of 60 kg/ha for a selection
of Catucai 24/137, as the average production of the first six
harvests when cultivated in 3.5 m x 1.2 m spatial distribution,
in Varginha, MG (Fundacdo Procafé n.d.-b).

Conclusions

The results of the evaluations through the use of thermal times in
the State of Minas Gerais, Brazil, contributed information to the
very few similar reports available. The analyses became enriched
by the inclusion of traditionally cultivated (such as the Catucais
and Catuai) and recently released cultivars (as Arara, Siriema,
Guara, Acaua, and Sabia). Catucais 785/15 (item 18) and 24/137
(item 4) were classified as early cultivars, as expected.
Accomplishing the entire reproductive cycles in 220 to
227.5 days, respectively, these genotypes accumulated degree
days per day rapidly, as well as more millimeters of rain per
day, besides being exposed to higher amounts of solar radiation
per day. On the other hand, the very late and late cultivars, such
as Palma III (item 11), Arara (item 24), and Sabia (item 12),
accomplished reproductive cycles in 238 to 254 days, accumu-
lating degree days slowly—even 1.6 degree days per day less
than the earliest Catucai 785/15. Their fruits developed in periods
of relatively lower solar radiation, but they needed to interact
with longer periods of low water availability.

DDPD (degree days per day = thermal time/number of days),
a variable introduced in the present work, may be useful for
future evaluation of coffee cultivars. While thermal times are
valued because they can buffer part of the variability facilitating
comparisons and numbers of days can vary considerably from
year to year and in different locations for the same cultivar,
DDPDs balance the characteristics of the two measurements.

DDPDs better distinguished the cultivars in both phenological
phases. Thus, DDPDs and PPDs and DDPDs and RSPDs can be
considered to be the most interesting variables to distinguish
cultivars in development and ripening phases, respectively.
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