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e Background and Aims Plant growth, the increase of organ dimensions over time, and development, the change
in plant structure, are often studied as two separate processes. However, there is structural and functional evidence
that these two processes are strongly related. The aim of this study was to investigate the co-ordination between
growth and development using mango trees, which have well-defined developmental stages.

e Methods Developmental stages, determined in an expert way, and organ sizes, determined from objective mea-
surements, were collected during the vegetative growth and flowering phases of two cultivars of mango, Mangifera
indica. For a given cultivar and growth unit type (either vegetative or flowering), a multistage model based on abso-
lute growth rate sequences deduced from the measurements was first built, and then growth stages deduced from
the model were compared with developmental stages.

e Key Results Strong matches were obtained between growth stages and developmental stages, leading to a consis-
tent definition of integrative developmental growth stages. The growth stages highlighted growth asynchronisms be-
tween two topologically connected organs, namely the vegetative axis and its leaves.

e Conclusions Integrative developmental growth stages emphasize that developmental stages are closely related to
organ growth rates. The results are discussed in terms of the possible physiological processes underlying these
stages, including plant hydraulics, biomechanics and carbohydrate partitioning.
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tion model, thermal time.

INTRODUCTION

Development is the sum of events that contribute to the pro-
gressive elaboration of the body of an organism (Steeves and
Sussex, 1989). Plant development is defined as a series of iden-
tifiable events resulting in a qualitative (germination, flowering,
etc.) or quantitative (number of leaves, number of flowers, etc.)
change in plant structure (Gatsuk, 1980; Bonhomme, 2000).
Usually, when studying the development of a whole plant, a
distinction is made between vegetative and reproductive devel-
opments (Fehr ez al., 1971; Schneiter and Miller, 1981). A de-
velopmental (or phenological) stage characterizes a period
during which the plant or organ shows a precise combination of
morphological traits. It is generally based on a visible disconti-
nuity in the development process. Developmental stages may
be used for several purposes. In climatology, they are used as
indicators of the impact of climate change on plant develop-
ment (Legave et al., 2009; Olesen, 2011). In agronomy, they
are used to determine optimal timing for plant treatment against
pests (Meier et al., 2009). They are also used to predict flower-
ing and harvest dates (Normand and Léchaudel, 2006).
Developmental stages are identified by expert examination, but
the transition between two successive developmental stages
may not always be obvious (e.g. change in leaf colour), and this
is a source of uncertainty when identifying a succession of de-
velopmental stages.

Growth is defined as an irreversible increase in plant or or-
gan dimensions over time, e.g. length, width, diameter, area,
volume and mass. Plant growth patterns are often characterized
by the cumulative increment of a dimension over time, mod-
elled by a sigmoidal curve composed of three successive
phases: an early accelerating phase where growth is exponen-
tial, a linear phase, and a plateau (Goudriaan and Van Laar,
1994) where growth tends toward zero as the final size is
reached. Conventional methods of growth analysis are often
based on growth parameters at specific time points in an or-
gan’s growth (e.g. relative growth rate during the initial expo-
nential growth, or maximum absolute growth rate at the
inflection point, see Cookson et al., 2005).

Growth and development are often studied separately.
However, these two processes are strongly related. For instance,
the partitioning of carbohydrates between organs during plant
growth as well as growth rates depend on organ type, organ de-
velopmental stage and environmental conditions (Pantin et al.,
2011; Dechaine et al., 2014). We thus propose an integrative
approach for studying the co-ordination between growth and
development of plant organs. Previous studies considered
growth and development together by quantifying developmen-
tal stages, for example by calculating a mean developmental
stage over a population in relation to mean shoot dry mass
(Kalu and Fick, 1981; Borreani et al., 2003). Boyes et al.
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(2001) also used quantitative measurements (e.g. total leaf area
and rosette dry mass) to quantify the phenotypes of consecutive
developmental stages. However, since these studies used pre-
defined developmental stages simply as triggers for the collec-
tion of growth data, they did not consider the co-ordination
between growth and development. The BBCH scale describes
the growth stages of development for many mono- and dicoty-
ledonous plant species (Meier et al., 2009). However, this scale
uses cumulative dimensions over time (e.g. leaf area or axis
length) to characterize growth. At a specific stage, it cumulates
the effects of all the previous stages, and thus does not consti-
tute information specific to the stage being quantified.

Cumulative dimensions over time take the form of a trend
(i.e. a slowly varying component), while the absolute growth
rates (dimension increment per time unit) for successive time
periods obtained by first-order differencing can be seen as a
rapidly varying component that highlights local fluctuations
with respect to cumulative dimensions [see Chatfield (2003) for
introductory notions of time series analysis]. In this way, the in-
formation extracted from growth is compatible with the devel-
opmental stages which change rapidly. Our aim was thus to
determine ‘developmental growth stages’ that integrate both de-
velopmental stages identified by an expert examination and
growth stages deduced from the measurements of cumulative
dimensions over time. To determine growth stages, we hypoth-
esized that it is possible to split the growth of an organ into suc-
cessive stages that may be determined by changes in absolute
growth rate (based on the assumption that absolute growth rate
changes less within stages than between stages) and we used
segmentation models designed to highlight ‘stage changes’ dur-
ing the growth process (Guédon et al., 2007).

In our study, the mango tree was chosen because of its well-
defined developmental stages. We considered the growth and
development of three organ types: the vegetative axis; its at-
tached leaves; and the inflorescence. We considered three leaf
positions along the vegetative axis to investigate possible
growth asynchronisms between them. We designed our study to
address the following questions. (1) Can growth stages of vege-
tative and reproductive organs be identified independently of
developmental stages? (2) Can we identify integrative ‘devel-
opmental growth stages’ that account for both developmental
traits and growth characteristics? (3) Can growth stages be used
to investigate asynchronisms between concomitant and topolog-
ically connected organs (the vegetative axis and its leaves)?

MATERIALS AND METHODS
Field sites and plant material

Our study was conducted in Réunion Island (21°10'S; 55°50'E)
in 2010. Two cultivars of mango, Mangifera indica, Cogshall
and José, characterized by their contrasting origins and growth
habits were chosen for the study. Cogshall is a Floridian culti-
var and José is a local cultivar. Mango vegetative growth is
characterized by the production of growth units (GUs) defined
as the portions of shoot developed during an uninterrupted pe-
riod of growth. These GUs are composed of an axis bearing
several leaves that show simultaneous growth (Hallé and
Martin, 1968). In Réunion Island, mango vegetative growth oc-
curs from August to May and flowering occurs during the cool

dry season from July to October after a vegetative rest in June.
Inflorescences are modified GUs in which leaves are aborted
and axillary buds develop into secondary and higher order axes
that bear flowers (Bell, 1991; Davenport, 2009). By convention,
GU will hereafter refer only to the vegetative GU.

In order to consider some variability in the duration of devel-
opmental stages, we studied the development of mango organs
under contrasting temperature conditions. Vegetative organs
were studied from February to April 2010 and from September
to November 2010. Mango inflorescences were studied from
July to November 2010. The study of each cultivar was con-
ducted at three sites located at different elevations. For
Cogshall, the sites were located at 65, 150 and 300 m above sea
level (m a.s.l.). For José, the sites were located at 65, 300 and
450m a.s.l. The selected sites corresponded to orchards with
similar agronomic practices, i.e. tree training, irrigation, fertili-
zation and phytosanitary treatments. An automatic temperature
recorder sheltered from direct sun recorded air temperature ev-
ery 15min at each site [see fig. 1 of Dambreville et al. (2013)
for the temperature variability across sites and seasons].

Data collection

Vegetative and reproductive organs were selected at budburst
on pest- and disease-free GUs at the periphery of the canopy.
The GU datasets comprised 72 individuals for Cogshall, corre-
sponding to a total of 1059 measurement occasions (between
11 and 20 occasions per individual), and 54 individuals for
José, corresponding to a total of 907 measurement occasions
(between 11 and 23 occasions per individual). By convention,
the initial measurement occasion is not counted because of the
side effect of the differentiation to compute absolute growth
rates (AGRs) from organ dimensions over time. Inflorescence
datasets comprised 43 individuals for Cogshall, corresponding
to a total of 1545 measurement occasions (between 18 and 48
occasions per individual), and 47 individuals for José, corre-
sponding to a total of 1699 measurement occasions (between
17 and 53 occasions per individual). The effects of leaf position
on growth and developmental patterns were evaluated by study-
ing three leaves per GU, the ‘first distal leaf’ (the most apical
leaf at the top of the GU), the ‘sub-distal leaf” (just below the
first distal leaf) and the ‘proximal leaf” (the most proximal leaf
at the base of the GU). These leaves were chosen based on a
preliminary study for their contrasting sizes, the proximal leaf
being larger than the sub-distal and the first distal leaves. Fruits
were absent at the time of flowering and did not interfere with
inflorescence development. For GU development, young fruits
were present on the trees during the September—November
measurement  period, but were absent during the
February—April measurement period. We considered that the
traits measured for GU development mainly depend on the lo-
cal growth context.

The developmental stages used in our study (Figs 1 and 2)
were adapted by F. Normand from Aubert and Lossois (1972).
To study the development of inflorescences, we split flowering
into two stages: stage F, from opening of the first flower of the
inflorescence to opening of the apical flower on the main axis;
and stage PF, from opening of the apical flower on the main
axis to the last flower still open on the inflorescence. The
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Stage A —Vegetative rest, bud not swollen

Stage B1
— Bud swollen, with
closed scales

Stage C

— Bud opening

— Vegetative axis not
apparent

— Leaves beginning to
spread out

Stage E
| — Petioles 90° to
¥ axis
— Laminas half-opened
— Beginning of laminas
hanging down

Z Stage G
— Petioles 90° to
4 axis

! — Leaves become rigid,
greenish and are
moving upwards

95

Stage B2

— Beginning of bud
opening

— Leaves grouped
together

Stage D

— Vegetative axis
apparent

— Leaves spreading
out

— Petioles 45°

: upwards to axis

5 — Laminas folded at

their central veins

Stage F

— Petioles 135°
downwards to axis

% — Laminas totally

opened

\ — Laminas hang

limply

Stage H

— Mature growth unit

— Petioles 45-60°
upwards to axis

— Leaves are rigid,
dark green, with
well-marked veins

Fic. 1. Developmental stages of mango growth unit (axis and leaves) (adapted by F. Normand from Aubert and Lossois, 1972). Images: F. Normand.

developmental stage of the studied organs was recorded at the
same time of day on each consecutive day from budburst to the
end of organ growth (approx. 10-25 d for complete growth of a
GU or an inflorescence). The day on which the organ reached
its mature stage was also noted (stages H and G for GUs and in-
florescences, respectively; Figs 1 and 2). At the same time, the
length of GU axes (from base to apical bud), the length and
maximum width of foliar lamina and the length of the inflores-
cence main axis (from base to apical flower bud) were mea-
sured. Initial measurements were made as soon as the organs
reached sufficient size to avoid damage.

Growth is defined as an increase in dimension over time.
The axis was considered to be a 1-D structure where the

increase in axis biomass is assumed to be roughly proportional
to the increase in axis length (since secondary growth does not
occur in the young axis). The leaf was considered to be a 2-D
structure where the increase in leaf biomass is assumed to be
roughly proportional to the increase in leaf area (changes in
leaf thickness were assumed to be negligible over the measure-
ment period). Leaf area was estimated non-destructively using
the following relationships calibrated in preliminary experi-
ments: leaf area=0-74 x leaf length x leaf maximum width
(n=060, R2:0-992, P <0-001) for Cogshall; and leaf
area=0-72 x leaf length x leaf maximum width (n=260,
R*=0-998, P <0-001) for José. Since the young leaves are
folded at the central vein, only their length was measured, and
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Stage A —Resting bud, not swollen
Stage B1

— Bud swollen, with
closed scales

Stage C

— Bud opening

— Axis not apparent

— Bud scales are
moving away and
begin to fall

— Bracts apparent

Stage D2

— Secondary axes
near the base of the
inflorescence are
moving away from
the principal axis

" — Bracts beging to fall

Stage F and PF

— Flowering

— Open flowers and
flowering buds

— Duration from
opening of the first
to the last flower

¥ | Stage B2

— Beginning of bud
opening

— Bud scales are
moving away

— Beginning of bract
appearance

Stage D1

— Axis apparent

— Bracts apparent

— Secondary axes
parallel to the
principal axis

Stage E

— Secondary axes
moving away from
the principal axis

— Flowers not open

— Bracts fall

Stage G

— End of flowering

| — No open flowers

— Many dry flowers
— Little green fruits

Fic. 2. Developmental stages of mango inflorescence (adapted by F. Normand from Aubert and Lossois, 1972). Images: F. Normand.

leaf area was estimated using the following equation: leaf
area = 0-164 x leaf length® (n =15, R*=0-936, P < 0-001) for
both cultivars.

Identification of growth stages

We used thermal time to take account of the effect of temper-
ature on growth and development (see Supplementary Data
Appendix S1 for the definition of thermal time models and the
computation of base temperatures). We built multistage models
for each cultivar on the basis of AGR sequences which were
multivariate for GUs (axis and three leaves) and univariate for
inflorescences (axis). In a preliminary study, we compared the
use of relative growth rate (RGR) sequences instead of AGR se-
quences to build multistage models. The RGR can be seen as a
non-linear transform with respect to AGR that in particular

down-scales drastically the growth rate variations at the end of
growth of an organ. We found this to be a definitive defect to
highlight abrupt changes of growth rate corresponding to the
growth arrest of an organ.

Segmentation models

Segmentation models were built to identify growth stages on
the basis of AGR sequences. These two-scale models are hid-
den semi-Markov chains (HSMCs), which are formally defined
in the Supplementary Data Appendix S2. In our context, the
succession and duration of growth stages (coarse scale) are rep-
resented by a non-observable semi-Markov chain, while the
AGRs of leaves, GU or inflorescence axes within a growth
stage (fine scale) are represented by observation distributions
attached to each state of the semi-Markov chain. Hence, each
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state of the semi-Markov chain represents a growth stage. A
semi-Markov chain is defined by three sub-sets of parameters,
as follows.

(1) Initial probabilities to model which is the first stage
occurring in the sequence measured for a GU or an
inflorescence,

(2) Transition probabilities to model the succession of stages
during the growth of a GU or an inflorescence,

(3) Occupancy distributions attached to non-absorbing states
(a state is said to be absorbing if, after entering this state,
it is impossible to leave it) to model the stage duration in
number of successive measurements. As possible paramet-
ric state occupancy distributions we used binomial distri-
butions B(d, n, p), Poisson distributions P(d, 1) and
negative binomial distributions NB(d, r, p) with an
additional shift parameter d > 1.

An HSMC adds a fourth sub-set of parameters to the three
sub-sets of parameters of the underlying semi-Markov chain.

(4) Observation distributions to model AGRs of axes or
leaves within a growth stage. The AGRs were computed
from measurements of organ length (for GU and inflores-
cence axes) or area (for leaves). These AGRs took the
form of semi-continuous data that were either continuous
or equal to zero. After investigating the direct modelling
of these AGRs using semi-continuous distributions (see
Supplementary Data Appendix S3), we chose to use
unimodal discrete parametric distributions — chosen
among binomial distributions B(d, n, p), Poisson distribu-
tions P(d, /) and negative binomial distributions NB(d,
r, p) with an additional shift parameter d >0 — that can
degenerate as a probability mass at zero and thus discre-
tize AGRs. The AGR units were chosen such as to render
discretization errors negligible. The AGRs for GU and
inflorescence axes were in 0-1 mm (OCd)’l, while those
for leaves were in mm? (°Cd)~".

Since the index parameter of sequences was measurement oc-
casion rather than thermal time (which is unevenly spaced with
long intervals between successive thermal times), the estimated
state occupancy distributions were not directly interpretable in
the thermal time scale. Nevertheless, the fact that the estimated
state occupancy distributions were always bell-shaped with small
relative dispersions (i.e. p; > o; for each state j where y; and g;
are the mean and standard deviation of the estimated state j occu-
pancy distribution) indicates that stage durations were rather ho-
mogeneous for the different individuals in a given sample.
Therefore, the estimated HSMCs should be considered as a tool
to segment the AGR sequences in successive stages.

‘Left-right” HSMCs composed of successive transient states
followed by a final absorbing state were estimated on the basis
of each dataset. A state is said to be transient if, after leaving
this state, it is impossible to return to it. In a ‘left—right’ model,
the states are thus ordered and each state can be visited at most
once. As the last measurement was arbitrary with regard to GU
or inflorescence development, the length of the last stage was
assumed to be systematically truncated (or ‘right-censored’)
and could not be modelled. Each estimated model was used to
compute the most probable state sequence for each observed

sequence (Guédon, 2003). The restored state sequence can be
viewed as the optimal segmentation of the corresponding ob-
served sequence into sub-sequences, each corresponding to a
given growth stage.

Selecting the number of states of the underlying semi-Markov
chain

In a first exploratory analysis, we examined AGR sequence
segmentation using the developmental stages determined in an
expert way. It was then obvious that some consecutive develop-
mental stages either at the beginning (e.g. B1 and B2 for GUs;
Fig. 1) or at the end of development could not be distinguished
on the basis of growth data. We then set a maximum number of
states of the underlying semi-Markov chain (fewer than the
number of developmental stages) and evaluated the possible
number of states (e.g. five, six and seven states for GUs) just
below this maximum by applying the practical approach dis-
cussed in Guédon et al. (2007).

Assessing the robustness of the segmentation in growth stages

We also computed growth stages on the basis of calendar
time AGR sequences. For the discretization of calendar time
AGRs, we chose units (mm d™! for GU axes, 10 mm>d~! for
leaves and 0-5mmd™" for inflorescence axes) that make the
ranges of calendar time AGRs the closest to the ranges of ther-
mal time AGRs. In this way, the discretization errors were simi-
lar. We applied the methodology previously described for
thermal time AGR sequences to build segmentation models for
Cogshall and José GUs and inflorescences on the basis of calen-
dar time AGR sequences. We then compared the growth stages
obtained using calendar time and thermal time AGRs, the ob-
jective being to characterize the modulation of the ontogeny by
the temperature.

RESULTS

A ‘left-right’ six-state HSMC was built for each dataset
(Cogshall and José GUs and inflorescences). These models
were then used to segment the thermal time AGR sequences
into successive growth stages. We first assessed the assumption
of segmentation into growth stages. In particular, we checked
that the AGR distributions for consecutive stages were well
separated and that the segmentation ambiguity was low (since
the growth stages are not directly observable but are obtained
using HSMCs); see details in Supplementary Data
Appendix S4.

Growth stages

Growth units. For both cultivars, six growth stages were identi-
fied for GUs using HSMCs (Table 1).

Stage 0: no growth occurred for the axis or leaves.

Stage I: the axis grew with an AGR just below its maximum.
Axis AGR was almost the same for Cogshall and José. The
leaves began to grow, with a higher AGR for proximal than dis-
tal leaves. These marked differences between leaf AGRs meant
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TABLE 1. Estimated mean AGR of the growth unit axis, proximal, sub-distal and first distal leaves for the six vegetative growth stages
in two mango cultivars, Cogshall and José

Cogshall José

Axis Proximal leaf Sub-distal First distal Axis Proximal leaf Sub-distal First distal

0-1mm (°Cd)™" mm? (°Cd)~! mm? (°Cd)~! mm? (°Cd)~! 0-1mm (°Cd)™! mm? (°Cd)™ mm? (°Cd)~! mm? (°Cd)~!
Stage 0 0 0 0 0 0 0 0 0
Stage 1 1521 5.03 011 033 14-56 596 0-50 0-59
Stage 2 17-92 26-10 10-81 5.93 16-07 25.37 976 6-64
Stage 3 4.64 64-78 40-47 27-54 11-49 46-80 26-69 20-04
Stage 4 025 277 526 509 171 1-85 3.76 341
Stage 5 0 0 0 0 0 0 0 0

an earlier beginning of growth for proximal than for distal
leaves, especially for Cogshall. Leaf AGRs were slightly higher
for José than for Cogshall.

Stage 2: axis AGR was maximal. It was higher for Cogshall
than for José. Leaf AGR was higher for the proximal leaf, inter-
mediate for the sub-distal leaf, and lower for the first distal leaf.
There was almost no difference between leaf AGRs in Cogshall
and José.

Stage 3: axis AGRs were lower than in the previous stage,
especially for Cogshall compared with José. Leaf AGRs were
maximal at each leaf position. However, AGRs were higher for
the proximal leaf, intermediate for the sub-distal leaf and lower
for the first distal leaf, like in stage 2. Leaf AGRs were higher
for Cogshall than for José.

Stage 4: almost no growth of the axis occurred, with a higher
AGR for José than for Cogshall. Leaf AGR was far lower than
in stage 3. It was higher for sub-distal and first distal leaves
than for proximal leaves, expressing an earlier decrease in
growth for proximal leaves. Leaf AGR was higher for Cogshall
than for José.

Stage 5: no growth occurred for axis or leaves.

The comparison of growth stages of GUs computed on the
basis of calendar time and thermal time AGR sequences gave a
97 % match for Cogshall (35 differences in assignment of
growth stages among 1059 measurement occasions) and 94 %
for José (55 differences among 907 measurement occasions).
Therefore, the variations of temperature (a maximum of 4-1 °C
for GUs during the measurement period) and between the ex-
perimental orchards (maximum of 9-2 °C) only slightly modu-
lated the definition of growth stages.

Inflorescences. There was a degenerate estimated state occu-
pancy distribution (the only possibility was to stay one time in-
stant in this state) and high AGRs for the first stage where the
growth was effective (stage 1). We interpreted these parameters
estimated for stage 1 as a side effect of the minimal axis size re-
quired to measure the inflorescences. The real stage corre-
sponding to the beginning of inflorescence growth extended
before the measurement occasion identified with the occurrence
of stage 1, and the corresponding AGR was indeed far lower. In
the remainder of this analysis, we will consider stages 0 and 1
as a single macro-stage. We checked that this side effect, while
detectable, was of rather low amplitude for the GU axes and
undetectable for the leaves.

For both cultivars, we identified five growth stages for the in-
florescence axis (Table 2).

TABLE 2. Estimated mean AGR [0-1 mm (°Cd)™!] of the inflores-
cence axis for the five reproductive growth stages in two mango
cultivars, Cogshall and José

Cogshall José
Stage 0+ 1 6-37 3.00
Stage 2 7-32 6-58
Stage 3 15-17 14-79
Stage 4 3.93 3-59
Stage 5 0 0

Stage 0+ I: no growth occurred, followed by beginning of
growth.

Stage 2: for both cultivars, AGRs were higher than in the
previous stage.

Stage 3: AGRs were maximal for both cultivars.

Stage 4: for both cultivars, AGRs were lower than in the pre-
vious stage.

Stage 5: no growth occurred.

For stages 24, AGRs were slightly higher for Cogshall than
for José. The comparison of inflorescence growth stages com-
puted on the basis of calendar time and thermal time AGR se-
quences gave a 91 % match for Cogshall (133 differences in
assignment of growth stages among 1545 measurement occa-
sions) and 88 % for José (197 differences among 1699 measure-
ment occasions). The less rich information provided by a single
variable in the case of inflorescences compared with four vari-
ables (axis and three leaves) in the case of GUs and the slightly
higher variations of temperature (a maximum of 5 °C for
inflorescences during the measurement period instead of 4-1 °C
for GUs) probably explains the lower match rate for
inflorescences.

Leaf-axis asynchronism during growth of the GU

We examined the relationships between relative axis length
and relative leaf area to illustrate further the asynchronism be-
tween axis and leaf growths (Figs 3A, B for scatterplots and
Fig. 3C for local polynomial regression fitting). Axis length for
both cultivars increased first, followed by an increase in leaf
area. This analysis showed more marked asynchronism between
axis length and leaf area for Cogshall than for José, probably
due to the fact that the axis stopped growing earlier in Cogshall
than in José (stage 3 axis AGR was 26 % of stage 2 maximum
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Cogshall

100 rm Proximal

e Sub-distal
80 | First distal
60
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Relative leaf area (%)
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—— Proximal

CcC Sub-distal } (José)

-------- First distal

José

20
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Relative axis length (%)
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Relative axis length (%)

40 60 80 100 0 20 60 80

Relative axis length (%)

100

FiG. 3. Relative leaf area in relation to relative axis length during growth of the growth unit in two mango cultivars, Cogshall (A) and José (B). Colours and symbols

represent leaf positions: proximal (blue square), sub-distal (red circle) and first distal (yellow triangle). (C) Loess (non-parametric regression method) smoothing

of the relationship between relative leaf area and relative axis length for Cogshall (orange) and José (green). Line types represent leaf position: proximal (solid), sub-

distal (dashed) and first distal (dotted). Percentages are calculated as the length of the growth unit axis and leaf area divided by the final length of the growth unit
axis and the final leaf area, respectively. The black bold line on each graph represents x =y.

AGR in Cogshall whereas it was 71 % of maximum AGR in
José; see Table 1). For both cultivars, the proximal leaf grew
before the other two leaves, and the first distal leaf grew after
the proximal and sub-distal leaves.

Correspondence between growth stages and developmental
stages

The next step in the study was to explore the relationships
between growth stages and developmental stages. Six growth
stages have been identified for GUs, and five for inflorescences.
We hypothesized that there were correspondences between
growth stages and developmental stages, combining succession
constraints (i.e. preserving stage order) and higher counts for
the matching between a given developmental stage and a given
growth stage (Table 3). The match rate between growth stages
and developmental stages was about 75 % for Cogshall and
José GUs and inflorescences.

Growth units. Developmental stages B1, B2 (bud swelling) and
C (bud opening) corresponded to growth stage 0, where no
growth occurred (Table 3). Developmental stage D (axis appar-
ent and leaves folded at their central vein) corresponded to
growth stage 1, where axis AGR was almost maximal and the
leaves began to grow. Developmental stage E corresponded
to growth stage 2, where axis AGR was maximal.
Developmental stage F (petioles oriented 135 ° and dangling
leaves) corresponded to growth stage 3, where leaf AGR was
maximal. Developmental stage G (hardening, move up and
darkening of the leaves) corresponded to growth stage 4,
where organ growth began to stop. Developmental stage H
(mature shoot) corresponded to growth stage 5, where growth
ceased.

Inflorescences. Developmental stages B1, B2 (bud swelling)
and C (bud opening) corresponded to growth macro-stage 0 + 1
(Table 3). Developmental stages D1 (secondary axes close to
the main axis of the inflorescence) and D2 (beginning of the

opening of the secondary axes) corresponded to growth stage 2,
where the axis began to grow. Developmental stage E (no open
flower, growth of all the primary and secondary axes) corre-
sponded to growth stage 3, where AGR was maximal.
Developmental stage F (from opening of the first flower to
opening of the apical flower on the main axis) corresponded to
growth stage 4, where AGR decreased. Developmental stages
PF (from opening of the apical flower on the main axis to the
last open flower) and G (no more open flowers) were grouped
together into growth stage 5, where inflorescence axis growth
ceased.

Time to the first occurrence of growth stages and developmental
stages

In our case of GU and inflorescence follow-up data, the limit
between two growth stages could not be identified precisely on
the thermal time scale. Rather, these limits were located some-
where within an interval between two thermal time points cor-
responding to consecutive measurement dates. This effect of
interval censoring on stage durations was rather strong in our
case since the average number of measurement occasions per
growth stage was small (e.g. between 1-5 and 4-2 for GU axis).
This effect was smaller on the time to the first occurrence of a
stage, which cumulates successive stage durations, except for
the very first stages.

Figures 4 and 5 showed the correspondence between times to
the first occurrence of developmental stages and growth stages.
We have shown only those stages where growth occurred.
Thermal times to the first occurrence of vegetative stages were
longer in José than in Cogshall (Fig. 4). The growth stages and
developmental stages in both cultivars were initially fairly syn-
chronous, became more desynchronized at growth stage 3, and
resynchronized at the end of growth (Fig. 4). Thermal times to
the first occurrence of reproductive stages were longer in José
than in Cogshall (Fig. 5). For both cultivars, growth stage 4 and
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TaBLE 3. Confusion matrices between growth stages obtained using segmentation models and developmental stages determined from
morphological observations in an expert way for growth units (axis and leaves) and inflorescences of two mango cultivars, Cogshall

and José
(a) Growth units
Developmental stage Cogshall José
Growth stage Growth stage
0 1 2 3 4 5 Total 0 1 2 3 4 5 Total
Bl 12 0 0 0 0 0 12 6 0 0 0 0 0 6
B2 67 0 0 0 0 0 67 63 1 0 0 0 0 64
C 33 13 0 0 0 0 46 47 31 0 0 0 0 78
D 0 139 33 0 0 0 172 0 99 9 0 0 0 108
E 0 6 162 78 0 0 246 0 16 160 44 0 0 220
F 0 0 3 213 33 1 250 0 0 4 162 33 1 200
G 0 0 0 7 121 66 194 0 0 0 11 113 54 178
H 0 0 0 0 2 70 72 0 0 0 0 2 51 53
Total 112 158 198 298 156 137 1059 116 147 173 217 148 106 907
Match: 77 % Match: 77 %
Mismatch: 23 % Mismatch: 23 %
(b) Inflorescences
Developmental stage Cogshall José
Growth stage Growth stage
0+1 2 3 4 5 Total 041 2 3 4 5 Total
Bl 25 0 0 0 0 25 18 0 0 0 0 18
B2 90 0 0 1 0 91 145 0 0 0 0 145
C 83 10 1 1 0 95 160 17 0 1 0 178
D1 19 74 7 0 0 100 21 123 5 0 0 149
D2 0 36 32 1 0 69 0 51 16 2 0 69
E 0 30 344 57 0 431 0 120 305 27 0 452
F 0 1 128 435 90 654 0 44 100 357 103 604
PF 0 0 0 0 43 43 0 0 0 3 42 45
G 0 0 0 0 37 37 0 0 0 0 39 39
Total 217 151 512 495 170 1545 344 355 426 390 184 1699
Match: 76 % Match: 73 %
Mismatch: 24 % Mismatch: 27 %
The hypothesized correspondences are shown in bold.
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FiG. 4. Cumulative relative frequencies of thermal time (in °Cd) to the first occurrence of growth unit stages, either growth stages obtained using segmentation mod-
els (numbers) or developmental stages determined from morphological observations in an expert way (letters), for two mango cultivars, Cogshall and José.
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FiG. 5. Cumulative relative frequencies of thermal time (in °Cd) to the first occurrence of inflorescence stages, either growth stages obtained using segmentation mod-
els (numbers) or developmental stages determined from morphological observations in an expert way (letters), for two mango cultivars, Cogshall and José.

developmental stage F were less synchronous than the previous
stages.

DISCUSSION
Co-ordination between growth stages and developmental stages

We chose to use thermal time AGRs to take account of the ef-
fect of temperature on plant growth and development. The ther-
mal time can be viewed as a non-linear transform of the
calendar time that plays the role of an implicit time-varying
temperature explanatory variable that modulates organ growth
with reference to regression models. In our study, the difference
in temperature between the different experimental orchards
(whose altitudes vary between 65 and 450 m a.s.l.) and the vari-
ations of temperature during the growing period only slightly
modulated the definition of growth stages, which were thus
very robustly determined by ontogeny (as illustrated by the
strong matches between calendar time and thermal time growth
stages). Nevertheless, thermal time constitutes a convenient
way to relate growth patterns, expressed in an appropriate unit,
to physiological processes.

The small variability remaining in the time to the first occur-
rence of a growth stage or developmental stage (Figs 4 and 5)
was probably due to the fact that temperature was not the only
factor affecting the growth and development of mango GUs
and inflorescences. This variability might be explained by other
environmental factors such as light or humidity (Arnold, 1959;
Brisson and Delécolle, 1991; Bonhomme, 2000). It could also
be due to endogenous factors such as the position of the GU,
i.e. apical or lateral, which affects the final size of the organs
(Normand et al., 2009).

We obtained strong matches between growth stages and de-
velopmental stages (about 75 %; Table 3). This showed that the
developmental stages determined on the basis of selected mor-
phological discontinuities (changes in colour, shape, angle or
texture) were closely related to changes in the growth dynam-
ics. Based on these results, we defined ‘developmental growth
stages’ by integrating growth and developmental traits. These

stages showed that maximal leaf AGR occurred when the leaf
was limp and hung down (Fig. 6). This is consistent with the
positive relationship between cellular expansion, decreasing
leaf dry matter content, increasing water content per cell and in-
creasing leaf limpness as shown in mango (Taylor, 1970). Leaf
growth can occur only when lignification of the cell wall is low
and its elasticity is high (Taylor, 1971; Dale, 1988). This is con-
sistent with our results which showed that the arrest of leaf
growth corresponded to an increase in lamina rigidity and an
upswing of the lamina (stage G, Fig. 6).

Our results showed that maximal leaf AGR occurred when
the angle of the petiole was 135 ° downward on the axis
(Fig. 6). Previous studies showed that a steep leaf angle reduces
exposure to excessive radiation in the middle of the day
(Falster and Westoby, 2003). Excessive light interception
increases leaf temperature, which may be a disadvantage as it
increases the respiration rate more than the photosynthetic rate,
and decreases water-use efficiency (Falster and Westoby,
2003). In mango, the 135° angle may protect the leaf from ex-
cessive radiation at an important period of leaf growth, when
AGR is maximal. Changes in petiole angle may also be related
to variations in petiole biomechanics properties since leaves
with downward inclined angles require lower biomass invest-
ments in petioles (Niinemets, 1998). The putative lower invest-
ment in petioles suggests that lamina growth is being promoted,
which is consistent with the maximal AGR observed at this
stage.

For inflorescences, maximal axis AGR occurred before
flower opening (Fig. 7). AGR decreased at the beginning of
flowering, possibly due to competition for resources be-
tween flowers growth and axis growth. Growth arrest
corresponded partially to stage PF, after opening of the apical
flower on the inflorescence main axis. This determinate growth
illustrated the close relationship between developmental
traits (opening of the apical flower) and growth traits (growth
arrest). However, our study could not distinguish whether
opening of the apical flower stopped the growth of the axis,
or whether axis growth arrest caused opening of the apical
flower.
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First distal
Sub-distal

Proximal

Axis

Increasing AGR

FiG. 6. Correspondences between developmental stages determined from morphological observations in an expert way (inside the central circle, Fig. 1) and growth

stages obtained using segmentation models (outside the circle, Table 1) for vegetative organs. Main developmental stages in bold are illustrated by the photographs.

Variations in AGR for axis and leaves are illustrated using a white (0 % of organ maximal AGR) to black (100 % of organ maximal AGR) scale. AGRs are shown
for the growth unit axis, proximal leaf, sub-distal leaf and first distal leaf (upwards).

I

Increasing AGR

FiG. 7. Correspondences between developmental stages determined from morphological observations in an expert way (inside the central circle, Fig. 2) and growth

stages obtained using segmentation models (outside the circle, Table 2) for inflorescences of mango. Main developmental stages in bold are illustrated by the

photographs. Variations in AGR for the inflorescence main axis are illustrated using a white (0 % of organ maximal AGR) to black (100 % of organ maximal
AGR) scale.
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The BBCH scale (Meier et al., 2009) is a system used to
identify and code the developmental stages of mono- and dicot-
yledonous plant species, including mango (Hernandez Delgado
et al., 2011). It divides the entire developmental cycle of plants
into ten main stages, each one being split into ten secondary
stages, which themselves may be divided into ten tertiary
stages. This scale put milestones on the continuous develop-
ment of organs, defined as the percentage of the final organ
size attained. Consequently, these stages mix organ develop-
ment and growth. For instance, stage 312 corresponds to the
time at which shoots are about 20 % of their final length.
However, these stages, since they refer to final length, are iden-
tifiable only a posteriori, not during organ growth. Moreover, a
large variability is often observed within and between plants in
organ final size. It could then be difficult to parameterize this
scale. The BBCH scale thus does not define integrative stages
describing both the growth and development of the growing or-
gan. Our ‘developmental growth stages’ go beyond this basic
morphological description of development as they open up the
possibility to deduce growth dynamics from developmental ob-
servations at any time in GU and inflorescence development.

Growth asynchronisms between the axis and leaves within a GU

Few studies have considered within-GU asynchronisms.
Here, by identifying intrinsic growth stages using HSMCs, we
propose a method that can be used to study asynchronisms be-
tween organs belonging to the same GU. In our study, asyn-
chronisms were first detected between the axis and the leaves:
from a morphological, i.e. macroscopic, point of view, maximal
axis AGR preceded maximal leaf AGR. These results are in
agreement with Parisot (1988) who noted that maximum axis
growth occurred before that of the leaves. Two hypotheses may
be put forward to explain the earlier growth of the axis com-
pared with the leaves. First, a structural hypothesis: since leaf
performance depends on the hydraulic and biomechanical sup-
port provided by the parent axis (Preston and Ackerly, 2004),
the axis must grow first before it can support the growth of the
leaves. Secondly, a metabolic hypothesis: at the beginning of
GU growth, the leaves are still small, and in a distal position.
They probably attracted fewer carbohydrates than the growing
axis. Both phenomena probably act together. Our results
showed that even though adult GUs allocate more biomass to
the leaves than to the axis (Normand e? al., 2008), axis growth
was promoted during the first part of GU build-up. The axiali-
zation process, i.e. the predominance of the axis component
over the foliar component, has been shown to determine the
vegetative status of the shoot in apple (Lauri and Kelner, 2001),
cherry (Lauri, 1992) and some tropical species (Lauri and
Térouanne, 1991) including mango (Normand et al., 2009). We
showed here that axialization dynamics changed during GU es-
tablishment (Fig. 3) and also differed between the two mango
cultivars, with a longer axis growth period for José than for
Cogshall (Table 1). This is consistent with the cultivar growth
habits since José has an open canopy and long GUs with narrow
leaves, and Cogshall has a dense, compact canopy with smaller
GUs and larger leaves (Dambreville et al., 2013).

Segmentation models also highlighted asynchronisms be-
tween the growth of the proximal and distal leaves, with higher
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time lags for the beginning of growth than for growth arrest
(Table 1; Fig. 3). Earlier growth of proximal leaves would lead
to earlier access to resources compared with distal leaves. This
could reduce the availability of the resources needed for the
growth of distal leaves and thus explain both their lower AGR
and their smaller final size compared with proximal leaves
(Dambreville et al., 2013). In contrast to the beginning of
growth, the growth arrest was more synchronous between the
axis and the leaves (Table 1, stage 4). Hallé and Martin (1968)
suggested that the growth arrest of the apical meristem was due
to an extensive use of carbohydrates by the leaf growth.

Comparisons between growth stages of GUs and inflorescences

Despite the common ontogenetic origin of GUs and inflores-
cences, our results showed that the first occurrence of the
growth stage where the AGR was maximal began at a higher
thermal time sum for the inflorescence axis compared with the
GU axis (Figs 4 and 5; mean values of 75 °Cd and 113 °Cd for
the inflorescence axes of Cogshall and José, respectively, com-
pared with 57 °Cd and 71 °Cd for the GU axes of Cogshall and
José, respectively). Similarly, the time to the first occurrence of
growth stage 4, where growth decreased, occurred at a higher
thermal time sum for the inflorescence axis compared with the
GU axis (Figs 4 and 5; mean values of 172 °Cd and 210 °Cd
for the inflorescence axes of Cogshall and José, respectively,
compared with 148 °Cd and 172 °Cd for the GU axes of
Cogshall and José, respectively). These differences may be ex-
plained by the trophic status of the organs since the faster
growth of the GU is likely to be related to the transition from
the heterotrophic to autotrophic status of the leaves (Turgeon,
1989), whereas the slower growth of the inflorescence may be
related to the increasing heterotrophy from budburst to the end
of the flowering and fruit-set.

Conclusions

Multivariate sequences were used to determine GU growth
stages (AGR of the axis and three selected leaves), whereas uni-
variate sequences were used to determine inflorescence growth
stages (main axis AGR only). A perspective for our study
would be to consider the growth of the secondary axes of the in-
florescences. Inflorescence growth stages could then be com-
puted on the basis of a multivariate sequence (AGR of main
axis and selected secondary axes) in order to study asynchro-
nisms between inflorescence components. Since inflorescences
and GUs are homologous structures (Bell, 1991), it would be
interesting to compare within-GU and within-inflorescence
asynchronisms.

Our study has built a bridge between developmental stages,
defined from a set of morphological traits observable during or-
gan development, and growth stages, defined here by segmenta-
tion models applied to AGRs. We have shown that all
morphological traits included in developmental stages, such as
leaf limpness, petiole angle or opening of the apical flower of
the inflorescence, are related to contrasting organ growth dy-
namics. With the development of plant phenotyping platforms
and the increase in the throughput of development and growth
data, there is a real challenge in identifying how developmental
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and growth processes can be studied and related to each other.
At the plant scale, this approach involves well-known processes
such as carbohydrate assimilation and allocation, cell division
and expansion, and hydraulics. From an applied point of view,
the knowledge of the growth characteristics associated with the
developmental stages is also crucial to better understand, and
possibly act upon, the interactions between plant development
and pests and diseases.

SUPPLEMENTARY DATA

Suppelementary data are available online at www.aob.oxford-
journals.org and consist of the following. Appendix S1: thermal
time models and base temperatures. Appendix S2: definition of
hidden semi-Markov chains and associated statistical methods.
Appendix S3: direct modelling of absolute growth rates using
semi-continuous distributions. Appendix S4: validation of the
assumption of segmentation in growth stages. Table S1: GU
models — Sup-norm distances between observation distributions
for consecutive states. Table S2: segmentation uncertainty
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