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Reyes et�al. — MuSCA multi-scale carbon allocation�model 7

is estimated with the radiative model RATP (Sinoquet et� al., 
2001) integrated within the OpenAlea platform and running 
on MTG structures (see also Supplementary Data File S1). In 
RATP the tree structure is �rst discretized into voxels of user-
de�ned size. The voxel-speci�c mean leaf area density (turbid 
medium assumption) is calculated based on the 3-D represen-
tation of the plant in space. This is then used to compute the 
direct and diffused photosynthetically active radiation and near 
infrared radiation light intercepted in each voxel, and its related 
photosynthesis, every 30�min, across the whole day. The C as-
similation estimated per leaf unit surface is �rst associated with 
each leaf and integrated over the whole day, and then converted 
into dry matter uptake per leaf per day. In this study, a previous 
calibration of RATP for apple trees, �Fuji� cultivar (Massonnet 
et�al., 2006), was�used.

Sink strengths were calculated as the sum of the C demands 
for dry matter accumulation into the plant structure and the 
C lost by respiration (Table 2). The �rst term was assumed to 
follow maximum potential relative growth rates. Maximum 
potential growth curves were obtained by �tting thermal-time-
dependent Gompertz functions to organ-type-speci�c max-
imum dry weights (Grossman and DeJong, 1995) of proleptic 
and epicormic shoots, and fruits of �Fuji� apple trees growing 
in conditions where competition for carbohydrates was minim-
ized (Reyes et�al., 2016). Their normalized derivatives (Hunt, 
1982; Grossman and DeJong, 1995) represent the seasonal pat-
terns of organ-type-speci�c activities (or maximum potential 
relative growth rates). Regarding the old wood, the slope of a 
linear relationship �tted through the logarithm of the relative 
growth rate of the old wood biomass versus growing degree 
days (GDDs) obtained by Reyes et�al. (2016) was used. Values 
of sink activities of the current days were then used, together 
with organ dry weight and GDD, to estimate the C demand for 
dry matter accumulation (DM_Demandj) of the same day (eqn 
4)�(Marcelis, 1996) at the metamer scale.

DM_Demandj � sink dry weight
� sink activity�GDD�organtype

� GDDday
� (4)
Respiration was split into maintenance and growth components 
as proposed by Lescourret et�al. (2011) and Pallas et�al. (2016). 
The maintenance component was modelled as proportional 
to dry mass, a Q10 law and a maintenance respiration param-
eter. Growth respiration was considered to be proportional to 
the growth respiration coef�cient and to the sum of the C de-
manded for maintenance respiration and for the dry matter in-
crease. Parameter values provided by Pallas et�al. (2016) were 
used.
De�nition of topological scales.  Five biologically relevant 
scales of representation of trees were used. Two of them are 
commonly used in MTGs (metamer and GU) and three are 
newly de�ned (trunk, branches and shoots; �rst-order branch 
and inter-branches; fruiting unit) (Fig. 3). New scales were de-
�ned by setting criteria for the identi�cation of edges, along the 
plant topology, among which all elements could be considered 
as belonging to the same group. The �nest scale considered was 
the metamer (or phytomer), which is composed of a node and 
its leaf(ves) and axillary bud(s) plus the subtending internode. 

This scale was considered as a reference for the representation 
of C allocation in this study. The second scale corresponded to 
the GU (BarthØlØmy, 1991). The third scale corresponded to the 
discretization of the tree in the main trunk, �rst-order branches 
originating from it and the leafy shoots [trunk, branches and 
shoots (TBS)]. The fourth scale corresponded to �rst-order 
branches originating from the main trunk, but without consid-
ering the individual shoots separately (BR1). The �fth scale 
corresponded to the FU. In all scales, the root was considered 
as a compartment in itself.

Simulation of fruit growth.  We ran simulations for the three 
apple tree structures represented at the �ve topological scales 
de�ned above. In order to identify a biologically sensible value 
of the friction parameter (h), this was varied across a range of 
almost two orders of magnitude (0.5�16).

We tested the model�s ability to simulate competition for 
the available C among tree organs at M scale. This was done 
by analysing the growth of individual fruits in relation to both 
the fruit load and the C assimilated in the surroundings of the 
analysed fruit. In particular, a neighbourhood of the analysed 
fruit is de�ned as the set of metamers for which the geomet-
rical distance between their barycentre and the barycentre of 
the metamer containing the fruit is lower than a given threshold.

Considering a growing fruit, the ratio between the amount 
of C assimilated and the number of fruits present in its neigh-
bourhood represents a comfort index with respect to the avail-
ability of C for fruit growth and the occurrence of competition 
with other fruits. Thus, the correlation between this ratio and 
the simulated growth of individual fruits belonging to the same 
neighbourhood illustrates whether fruit growth is affected by 
the competition for C assimilates occurring within the area 
around the analysed fruit. Based on these considerations, the 
values of C assimilated and the number of other fruits in the 
surroundings of individual fruits present on each tree was cal-
culated for neighbourhoods of incremental radii (radii of 5, 15, 
25, 35, 45, 55, 65, 75, 95, 115 and 135�cm) and for different 
friction parameters. Then, a correlation between the ratio (C 
assimilated/number of fruits) and the simulated growth of indi-
vidual fruits belonging to the same neighbourhood was calcu-
lated for each radius and friction parameter value. Signi�cance 
of the correlations was then adjusted for multiple comparisons 
by using Bonferroni correction (i.e. dividing the signi�cance 
level of the test, P�=�0.05, by the number of correlations for 
which signi�cance was tested: 11 distances).

Biological relevance was also tested by comparing the simu-
lated growth with the �Fuji� tree structure and harvested fruit 
size distribution with �eld trees of the same age (4�years) and 
cultivar. Based on the assumption that fruit weight obtained 
in early growth stages is correlated to fruit weight at harvest 
(Stanley et� al., 2000), we compared the distributions of the 
normalized values of the C allocated in our simulations with 
fruit weight measured at harvest (E.� Costes, unpubl. data). 
Similarity among distributions was also assessed in terms of 
root mean square error (RMSE) between distribution counts. 
Based on these results, a narrower range of friction parameter 
values was identi�ed as more biologically relevant and used in 
further analysis.

The coherence of simulations across scales was tested by 
correlating fruit growth obtained at each coarse scale with that 
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Reyes et�al. — MuSCA multi-scale carbon allocation model8

at M scale, used as a reference. Results obtained for equal fric-
tion parameters and the same tree structure were considered 
together. For each coarse-scale component, the average of 
fruit growth obtained at M scale within the boundaries of the 
coarse-scale component was computed. Thus, a one-to-one 
comparison was possible between mean growth at M and other 
(coarser) scales. Deviations between M and the other scales 
were assessed visually on correlation plots and by means of the 
coef�cient of variation (CV) of the�RMSE.

The effect of using different topological scales on the number 
of plant components and on simulation time was also analysed. 
All simulations were run on a computer equipped with an Intel 
i7-6700HQ 2.59 Ghz CPU (8 Gb RAM; Windows 10 Home, 
64 bit).

RESULTS

Testing physiological assumptions

Relative growth rate (RGR) of shoots in the �Fuji� tree structure 
at M scale increased with the value of the friction parameter (h), 

while for fruits and old wood it increased as h values increased 
from 0.25 to 4 and 2, respectively, and then decreased as h in-
creased to 16 (Table 3). In other words, the higher the value 
of the friction parameter the higher was the growth occurring 
close to the C source. The RGRs of old wood and shoots were 
between normal growth observed in the �eld and maximum 
potential growth data used for the calibration of sink demands 
(between 5.3�× 10�3 and 3.1�× 10�2 mg g�1 for the old wood 
and between 0.4 and 1.2�mg g�1 for shoots; Reyes et�al., 2016). 
Conversely, fruit growth was between 35 and 51 % lower with 
respect to the fruit growth observed in normal �eld conditions 
(1.9 and 2.8�mg g�1 for fruits).

Simulation results at M scale show the impact of the fric-
tion parameter (h) in determining the area around an indi-
vidual fruit within which this competes for C assimilates 
with other fruits (Fig. 4A, B). As shown by the signi�cant 
correlations among fruit growth and comfort index (ratio be-
tween C assimilated and number of fruits), the neighbour-
hood within which fruit growth is affected by competition 
for C is relatively large (>0.9 m) for small values of the fric-
tion parameter (0.5�4). This means that the within-tree vari-
ability in fruit growth is mostly related to C sources located 
far from it. In other words, a large part of the tree structure 
affects the growth of each individual fruit. Conversely, for 
high friction parameter values (8, 16), fruit growth is af-
fected mainly by the C provided by close leaves and possibly 
the competition with neighbouring fruits (neighbourhood 
<0.9 m) (Fig. 4B).

The normalized fruit dry weight simulated for the 4-year-
old �Fuji� tree was compared with that of fruits measured at 
harvest in two similar trees in order to evaluate what range of 
the friction parameter best �tted the observed fruit size distri-
bution (Fig. 4C). The lowest RMSE values were obtained with 
h values between 4 and 16. High values, however, produced 
skewed distributions with variability larger than that obtained 
in the �eld (h�=�16). Conversely, for low h values (0.5, 1)�dis-
tributions had consistently lower variability than in the �eld. 
Similar variability and low RMSE values were obtained with h 
values of 4 and�8.

Carbon allocation at multiple�scales

Changing the scale of representation of the tree from M to 
coarser scales sharply decreased the number of represented 

Metamers

1322 components

1st Order
branches

43 components

Fruiting
units

8 components

Growth
units

137 components

Branches
& shoots

101 components

F��. 3.  Simulation of C allocation and fruit growth on a tree structure repre-
sented at different spatial scales during one day. (First and third rows) Tree 
parts represented with the same colour belong to the same scale, i.e. trees with 
a higher number of colours have a higher number of components. The number 
of components at each scale is indicated in the corresponding lower left corner. 
(Second and fourth rows) The volume of the represented spheres is proportional 
to the normalized increment in fruit dry weight within the tree. Simulations 

were run with a friction parameter equal to 8.

T���� 3.  Relative growth rate at M scale for different friction par-
ameter values (h) in the �Fuji� apple cultivar.

Relative growth rate (mg g�1 dd�1)

h Old wood Shoots Fruits

0.25 0.016 0.50 1.19
0.5 0.016 0.50 1.20
1 0.018 0.50 1.20
2 0.019 0.51 1.22
4 0.018 0.54 1.23
8 0.015 0.63 1.17
16 0.009 0.63 0.93
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Reyes et�al. — MuSCA multi-scale carbon allocation�model 9

topological components of the tree structures. Trees at GU, 
TBS, BR1 and FU scales contained about 12.7, 8.6, 1.6 and 1.2 
%, respectively, of the elements they had at M scale (Table 4).

Changing topological scale had also a signi�cant impact on 
fruit growth. In order to ease interpretation, and based on the 
above �tted values, only results for the best friction parameter 
values (2�� h � 8)�are presented. Fruit growth at GU and TBS 
scales was more correlated to results at M scale than at coarser 
scales (BR1, FU) (Fig. 5). Generally, in simulations at coarse 
scales, fruit growth prediction was lower with respect to the 
M scale. For instance, when running the simulations at FU 

scale, differences in mean fruit dry weight compared with those 
obtained at M scale (used in the PEACH model; Allen et�al., 
2005) increased to 60 % in terms of CV of the RMSE (Fig. 6B).

As expected, multiple fruits belonging to the same coarse-
scale component had the same growth (size of spheres in Fig. 
3). This was due to the facts that that all fruits at the begin-
ning of the simulation had identical weight and that the C al-
located to a coarse-scale component is proportionally divided 
according to the C demand of individual metamers. As a con-
sequence, the higher the resolution in representing the plant 
structure�(M > GU > TBS > �rst-order branching � FU), the 
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F��. 4.  Physiological responses in simulations at M scale with respect to different tree structures and friction parameters (h). (A) 3-D representation of the tree 
structures with fruit growth (obtained with h�=�8). (B) Correlation between individual fruit growth and the ratio between C assimilated and number of fruits evalu-
ated in neighbourhoods of increasing radius. (C) Distributions of normalized simulated fruit growth (red, coloured bars) superposed on normalized fruit dry weight 
measured at harvest (open bars), in the 4-year-old simulated and observed �Fuji� trees for different h values. The RMSE between distribution counts for different 

h values is provided. The upper parts of the histograms for h�<�2 are cut off in order to allow better visualization of results on the vertical axis.
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Reyes et�al. — MuSCA multi-scale carbon allocation model10

higher the number of fruits attaining a growth different from all 
other fruits (Fig. 5). Globally, the lower the friction parameter 
the lower the range of fruit growth variability, in all the tree 
structures and at all topological scales (Figs 4C and 5D). The 
corollary of these observations is that high values of the friction 
parameter result in a relatively wide range of fruit growth at 
all scales, but with lower within-tree variability when moving 
from M to a coarse scale.

Simpli�cation of the tree structures and computation ef�ciency

Computation time was found to be a third-order poly-
nomial function of the number of components in the plant 
(Supplementary Information Fig. 1). The reduction in the 
number of represented plant components obtained by changing 
scale from M to FU (down to 0.8 %) in the presented simula-
tions resulted in a gain in computation time of up to four orders 
of magnitude (down to 0.2 %) (Table 4).

The reduction in computation time associated with the use of 
coarser scales (Table 4) corresponded to an increased discrep-
ancy (in terms of the CV of the RMSE) in the results obtained 
between M and other scales (Fig. 6B). Error varied from values 
close to zero for low friction parameters at GU scale to values 
up to 60 % for higher friction parameter values and BR1 or GU 
scales, and was generally higher for higher �ction parameter 
values. There were, however, minor exceptions to this general 
behaviour, with low friction parameter values occasionally pro-
viding slightly higher discrepancies than higher values (e.g. for 
h�=�4 at BR1 scale in the Ap-05 and Ap-10 tree structure, with 
respect to h�=�8).

DISCUSSION

Multi-scale coherence, impact on predictions and 
computation�time

To our knowledge, MuSCA is the �rst C-allocation model that 
allows simulation of C allocation at multiple topological scales 
within a plant representation. Simulation results revealed that 

the model was able to produce results that are highly correl-
ated with the M scale, especially when running at GU scale 
(Fig. 5). As a rule of thumb, the deviation between predictions 
obtained at M and other scales increased when up-scaling and 
for increasing friction parameter values (Figs 5 and 6).

Differences in C allocated to fruits at M and other scales are 
due to two factors. Firstly, after allocation, the C received by 
the different plant parts belonging to a component is no longer 
in�uenced by their individual positions. Thus, the model rep-
resents the effects of distances among the components at the 
coarse scale selected for the simulation, but not among its con-
stituting elements at the �ner scale. Second, while the top and 
basal coordinates of a coarse-scale component are inherited 
from the �ner-scale components present at its extremities, the 
coordinates of its barycentre are not. Indeed, these are computed 
as the mean of the coordinates of its components, weighted by 
their individual lengths. When distances and C �ows are calcu-
lated, this generates deviations in respect to the M�scale.

The deviations between M and other scales were also af-
fected by the speci�c plant structure (Fig. 5). This is likely 
related to the non-linearity of the simulated process and its re-
lation to the different discretization of the plant. In trees, the 
different contributions with respect to the available C of annual 
organs (leaves and fruits) and the presence of the moderate C 
sink of woody organs may create contrasting patches in terms 
of C supplies and C sinks (Fig. 4). When the tree is discretized 
at different scales, the distances between patches of sources and 
sinks and their constituting elements are modi�ed. By chan-
ging discretization, the set of distances to which the non-linear 
function (eqn 1)� is applied to compute C �ows also changes, 
implying sharp differences in C allocation. Changes are thus re-
lated to the geometry of the tree structure as well as to the spe-
ci�c friction parameter, as they determine the spatial domain 
and the impact of the C-allocation rule. In this regard, further 
research would be required to explore the impact of commonly 
applied equations for C allocation (e.g. eqn 1; equations in 
Balandier et�al., 2000; Lescourret et�al., 2011) on contrasting 
tree architectures in terms of distributions of sinks and supplies 
in relation to their discretization.

Changing topological scale also had a strong impact on 
computation time. This is an important limiting factor for the 

T���� 4.�  Number of components included in tree structures at different�scales

Tree structure Scale Number of components % Computation time (min) %

�Fuji� M 3355 100 175.6 100.0
 GU 521 15.5 1.0 0.6
 TBS 320 9.5 0.6 0.4
 BR1 29 0.9 0.4 0.2
 FU 67 2 0.4 0.2
Ap-05 M 4579 100 313.8 100.0
 GU 535 11.7 1.5 0.5
 TBS 402 8.8 1.1 0.4
 BR1 115 2.5 0.7 0.2
 FU 36 0.8 0.7 0.2
Ap-10 M 4083 100 246.4 100.0
 GU 449 11 1.1 0.4
 TBS 302 7.4 0.8 0.3
 BR1 59 1.4 0.6 0.2
 FU 36 0.9 0.6 0.2
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Reyes et�al. — MuSCA multi-scale carbon allocation�model 11

simulation of C allocation in complex tree structures, and con-
sequently simulations of tree growth at high spatial detail tend 
to be limited to relatively young plants (Balandier et�al., 2000; 
Pallas et�al., 2016). Computation time in MuSCA closely ap-
proximates a third-order polynomial function of the number of 
represented plant components (Supplementary Information Fig. 
1), suggesting the need to reduce plant complexity to simulate 
plant growth with this type of source�sink model. In this study, 

the GU scale was able to reproduce values and fruit growth 
distributions almost identical to M, while saving computation 
time (Figs 5 and 6). It is possible that the optimal scale of rep-
resentation may be in�uenced by tree size. Because of the ex-
ponential increase in tree topological complexity with tree age, 
relatively small variations in C dynamics in early growth stages 
may have important consequences for the development of the 
tree structure at later stages. We propose the hypothesis that 
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F��. 5.  Mean daily fruit dry weight increment and its distribution (in �Fuji� apple) depending on topological scale (from left to right), tree structure (from top to 
bottom) and friction parameter h (coloured symbols). Correlation between C allocated to fruits per day at the selected coarse scale (y axis) versus C allocated to 
fruits per day at M scale and averaged for all metamers belonging to the same component at coarser scale (x axis) is shown for (A) �Fuji�, (B) Ap-05 and (C) Ap-10. 

(D) Fruit growth distribution in the �Fuji� tree structure (dashed, h�=�2; dotted, h�=�4; solid, h�=�8).
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