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• Background and aims Phenology and morphology are two major aspects of crop growth models. A  new 
process-based model built for hardneck garlic (Allium sativum) is presented, focusing on phenology and morph-
ology processes and how they translate to whole-plant growth. The tight coupling between the two processes and 
their dynamic changes throughout the growing season were captured while incorporating storage effects and re-
productive aspects unique to bulbous crops.
• Methods Non-linear temperature dependences of leaf development were integrated into the model and dy-
namically coupled with changes in leaf growth throughout the growing season. Bulb storage effects on leaf de-
velopment and photoperiod effects on the vegetative-to-reproductive transition were also incorporated. The model 
was parameterized with data from a set of experiments and the literature, while its performance was tested with 
additional observations that had not been used for parameterization under a range of environmental conditions, 
management practices and cultivar choices.
• Key Results The model successfully captured the dynamic nature of leaf development and growth in garlic 
plants throughout the growing season. It simulated with reasonable accuracy the timing of leaf initiation, mat-
uration and senescence, as well as changes in green leaf area over time. Most parameters were relatively stable 
across cultivars, and parameter sensitivity tests revealed the importance of bulb storage effects.
• Conclusions The model embodies a novel approach to capture the phenology and morphology of garlic under a 
range of environments, genotypes and management practices. The process-oriented nature of the model and inclusion 
of storage effects set the foundation for bulbous crop growth simulations, allowing the understanding and discovery 
of key processes that coordinate and integrate the dynamics of growth and development from organ to whole plant, 
with implications for crop improvement programmes while opening opportunities for modelling other bulbous crops.
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INTRODUCTION

Process-based simulation models are models that formally de-
scribe known or hypothetical cause–effect relationships be-
tween physiological processes and some driving factors in the 
environment (Chuine and Régnière, 2017). Crop models devel-
oped under such approaches serve as useful tools to understand 
how environment and management can influence crop growth 
and yield. This information can aid agricultural management 
decisions for improved resource use efficiency, better crop 
quality and higher yield. The mechanistic relationship between 
climate factors and crop growth described within these models 
also provides insights into projected changes in yield under fu-
ture climate conditions, identifying the potential vulnerability 
within future crop production and setting the foundation for 
mitigation and adaptation practices.

Research groups have developed crop simulation models 
for various agronomic and horticultural crops, with applica-
tions ranging from regional yield predictions and water, nu-
trient and pest management to future crop yield and global food 

security projections under a changing climate (Marcelis et al., 
1998; Donatelli et al., 2003; Jones et al., 2003; Boote et al., 
2013; Holzworth et al., 2014, 2015). Garlic is one of the oldest 
cultivated crops in human agricultural history (Kamenetsky, 
2007). It is produced and consumed worldwide, with a steadily 
increasing global production that approached 26.5 million 
tons by the year 2016 (Food and Agriculture Organization of 
the United Nations, 2016). The importance of the garlic crop 
in agricultural history has led to an established body of bo-
tanical and horticultural literature, with detailed information 
on the phenological, morphological, physiological and eco-
logical aspects of the crop (Takagi, 1989; Kamenetsky, 2007). 
This rich body of literature has served as a valuable resource 
for several modelling attempts for garlic plants that include 
describing carbon gain and partitioning through empirical re-
lations of radiation use efficiency (Rizzalli et al., 2002), char-
acterizing water requirements and water use efficiency through 
calculating crop evapotranspiration (Villalobos et  al., 2004), 
and capturing the ecophysiological aspects of photosynthesis 
and transpiration through a coupled gas-exchange modelling 
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approach (Kim et  al., 2013). Modellers have also developed 
whole-plant process-based simulation models for the closely 
related bulbous crop, onion (de Visser, 1994a, b).

While these efforts are valuable in building the basis for 
modelling garlic plants, little work has focused on capturing 
the phenological and morphological processes of the crop, two 
key aspects in crop modelling. Phenology sets the timing of de-
velopment and transition between developmental stages while 
morphological development (e.g. leaf unfolding and expan-
sion) closely follows phenology, tracking the structural changes 
within the modelled plant in terms of total leaf area and whole-
plant architecture. These two modelling aspects determine the 
timing and transition between different developmental stages 
and the gain and loss of green leaf area available for physio-
logical processes, as well as the changes in whole-plant struc-
ture throughout development. Both processes provide critical 
information in determining carbon gain and partitioning that 
improves final yield simulations. Phenology and morphology 
have been considered in models developed for other bulbous 
crops, such as onions (de Visser, 1994a), but while the two 
crops belong to the same genus, several key differences in 
propagation method, sensitivity to environmental cues and the 
timing of flowing and bulbing make them difficult to directly 
compare (Lopez-Bellido et al., 2016).

Process-based models commonly describe phenology based 
on the concept of thermal time; this approach tracks heat ac-
cumulation over time through thermal units such as growing 
degree-days (McMaster and Wilhelm 1997). Growth and de-
velopment progress by accumulating heat units, transitioning 
through developmental stages specific for each crop. This 
method captures plant growth and development in a simplistic 
manner, with an assumption of a linear temperature response 
for growth and development when these processes are often 
non-linear. Alternative approaches, such as a β-distribution 
model, represent the temperature responses as a non-linear re-
lationship and have shown success in various crop simulation 
models, especially in capturing the negative effects of excess 
heat or chilling on plant development (Yin et al., 1995; Kim 
et al., 2012).

Changes in canopy architecture closely track phenological 
development. Total green leaf area dictates key physiological 
processes such as photosynthesis, carbon gain and dry mass ac-
cumulation, as well as transpiration and water relations of the 
whole plant. Scaling up from individual leaves to the whole 
plant, canopy morphology further modifies carbon and water 
physiology by changing the proportions of sunlit and shaded 
leaves inside the canopy (de Pury and Farquhar, 1997). Methods 
of modelling green leaf area range in complexity. Some ex-
amples include applying simple discontinuous functions or re-
gression models in earlier model developments (Baker et al., 
1975; Dale et al., 1980), combining the concept of specific leaf 
area with carbon gain and partitioning (Penning de Vries et al., 
1989; Marcelis et  al., 1998), or using functional–structural 
modelling methods that describe plant structure details such 
as the branching system, leaf angle and leaf curvature (Allen 
et al., 2005; Godin and Sinoquet 2005; Vos et al., 2010). An 
alternative modelling approach is to simulate green leaf area 
independently of carbon physiology, focusing instead on the 
temperature dependence and water relations of leaf expansion 

(Yang et al., 2009; Kim et al., 2012). This approach provides 
flexibility in addressing the dynamic responses of leaf growth 
in relation to the surrounding environment. It also allows the 
input of morphological observations on leaf length and width 
distribution throughout the plant to further constrain leaf elong-
ation and expansion.

As a bulbous crop, garlic plants have several unique pheno-
logical and morphological aspects that are not often considered 
in common crop models. Post-harvest, garlic cloves experience 
both dormancy and post-dormancy growth during the storage 
period prior to planting (Takagi, 1989). Post-harvest physi-
ology not only affects plants during the storage period but also 
the phenological and morphological processes after planting 
and sprouting. Takagi (1989) showed that both temperature 
and duration of bulb storage affect sprouting time of garlic 
plants, as well as leaf appearance rate after sprouting. While 
storage conditions are critical for bulbous crops, models rarely 
link storage conditions with subsequent phenological develop-
ments. Initiation of the inflorescence (also known as the scape) 
is another unique process in garlic plants, indicating the tran-
sition between vegetative and reproductive stages. This tran-
sition marks the end of leaf development, and overlaps with 
the bulbing phase (Lopez-Bellido et al., 2016), inducing com-
petition for carbohydrates between the scape and bulb (Rosen 
and Tong, 2001). Capturing the time point of scape initiation 
is therefore critical in characterizing the transitions between 
phenological stages and the changes in carbon allocation 
patterns.

In this study, we report a new process-based crop model 
for hardneck garlic with an emphasis on modules simulating 
phenological and morphological processes. Using a flexible 
β-distribution function, the model captures the temperature re-
sponse of individual leaf development. The model also accounts 
for bulbing phenology and floral development in conjunc-
tion with photoperiod effects throughout entire phenological 
stages based on the latest BBCH (Biologische Bundesanstalt, 
Bundessortenamt and Chemische Industrie) scale specific for 
the garlic plant (Lopez-Bellido et  al., 2016). In addition, we 
incorporated the effect of storage on the postharvest physiology 
of garlic cloves, and further effects on leaf development and 
growth – effects that are unique to bulbous crops. In synchrony 
with phenology, we dynamically tracked the temperature de-
pendence of leaf elongation for individual leaves, the leaf 
length distribution of the whole plant and the allometric rela-
tionship between leaf length and leaf area to simulate changes 
in green and senescent leaf area throughout the crop life cycle. 
Finally, we parameterized the model with multi-year and multi-
location field observations of leaf growth and development and 
validated the model with data independent of those used for 
parameterization. Our specific objectives were (1) to construct 
a new process-based model for hardneck garlic with an em-
phasis on phenology and morphology processes and the coup-
ling between them; (2) to parameterize and test the model with 
field-based leaf phenology and morphology measurements; (3) 
to identify strengths and weaknesses in the current model struc-
ture for application and future improvement; and (4) to better 
understand key processes and traits within the development and 
growth of a garlic plant, and their implications for final crop 
yield simulations.
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MATERIALS AND METHODS

Model overview

We developed a whole-plant process-based crop simula-
tion model for hardneck garlic. The model consists of three 
main components: phenology, morphology and physiology  
(Fig. 1). Our work presented here focuses on parameteriza-
tion and testing of the phenology and morphology modules. 
The phenology module tracks plant development throughout 
the growing season, starting from the storage period during the  
bulbous stage, then leaf development during the vegetative 
stages, flowering and bulbing during the reproductive stage, 
and finally senescence and death. In addition, we incorpor-
ated aspects of storage effects and post-harvest physiology 
into the phenology module to capture some of the unique 

characteristics of bulbous crops that are rarely considered in 
other crop models. During the vegetative growth of the crop, we 
characterize the changes in leaf length distribution throughout 
the whole plant in synchrony with phenology and track how 
individual leaves elongate and expand to mature throughout 
development. The synchronized interaction between the phen-
ology and morphology modules allowed us to capture the leaf 
growth dynamics of a whole plant in a flexible manner, setting 
the foundation for simulations of photosynthesis and carbon 
gain in the physiology module. The model is written in the 
computer language C++ and is executable in the Windows or 
Mac OS environment. The source code and other files associ-
ated with the simulations and figures within this manuscript are 
available via an open-access repository: Zenodo (https://doi.
org/10.5281/zenodo.2598781) as release version 0.1.10. Model 
simulations require a weather file that includes hourly input of 
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Fig. 1. Relational diagram of model structure and information flow. We focused on describing leaf development (phenology) and leaf growth (morphology) 
within our study. Other components include an overall phenological timeline throughout the life cycle of the plant, and a carbon gain and partitioning module that 
calculates gas exchange and carbon gain and allocates it to individual plant parts in synchrony with the phenological stage. Detailed descriptions of equations, 

parameters and parameter values are listed in Appendix A and summarized in Appendix B.
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air temperature, relative humidity, wind speed and solar radi-
ation. Users can also provide additional details of management 
practices and cultivar information to customize the initial state 
of the simulation. A more detailed description of the model can 
be found in Appendix A.

Model parameterization

We used data from the literature and field-plot experiments 
on detailed leaf development phenology and morphological 
characteristics of individual leaves throughout the growing 
season to parameterize the model.

Plant materials and experimental setup. In the year 2014 we pur-
chased 90 seed cloves of two Asiatic garlic seed clove cultivars, 
Allium sativum ‘Shantung Purple’ (SP) and ‘Korean Mountain’ 
(KM), from Hood River Garlic (Hood River, OR, USA). We kept 
the seed cloves under a 5 °C cold storage condition after they arrived 
in early September prior to an early (1 October 2014) and late (20 
November 2014) planting in the field. The cloves were planted with 
a density of 55 plants m−2 in three raised beds at the Center for Urban 
Horticulture, University of Washington in Seattle, WA, USA. We 
used commercially available topsoil (three-way soil mix composed 
of sandy soil, composted sawdust and manure) to fill the beds, fertil-
ized the plots prior to planting with a commercial controlled-release 
fertilizer (14N-14P-14K) and top-dressed the soil in early February 
and mid-March (17N-3P-6K). We supplied a total of 240 kg ha−1 
N throughout the experiment, with 60 % supplied as base fertilizer 
and the rest as top-dressing. The plot was hand-weeded and well 
watered throughout the growing season. We obtained hourly wea-
ther data (air temperature, relative humidity, wind speed and solar 
radiation) for the growing season, required for model simulation, 
from an on-site weather station that is part of the Washington State 
University AgWeatherNet (https://weather.wsu.edu).

Phenology and morphology data collection. We recorded 
weekly leaf development for each cultivar and planting date 
combination for each individual plant and leaf, which included 
the timing of leaf emergence, maturation and senescence. We 
defined leaf emergence as the time when the leaf tip becomes 
visible, leaf maturation as when the leaf reaches maximal length, 
and leaf senescence as when >50 % of the leaf has withered and 
yellowed. We also tracked the date of scape appearance, which is 
defined as the time point when the tip of the scape becomes vis-
ible after the emergence of the last leaf. Depending on the plan-
ting date and growing season length, we conducted three to five 
destructive harvests throughout the growth period. We selected 
harvest dates that spanned different stages within the plant life 
cycle, but the actual dates differed between groups due to timing 
differences in phenological development. During each harvest, 
we randomly selected 15 plants from each cultivar–planting date 
combination and recorded leaf length, width and area for each in-
dividual leaf. We recorded whether individual leaves had reached 
maturity to determine whether the recorded leaf was still in the 
process of elongation or had reached its maximal length.

Parameterization process. We used the simplified β-distribution 
model (Yan and Hunt, 1999) shown in Appendix A [eqn (A1)] to 
describe the temperature dependence of leaf initiation, appear-
ance and elongation. This smooth and non-linear characteristic 
of the β-function generates a bell-shaped temperature response; 

the rate of these processes accelerates with temperature before 
reaching a plateau at an optimal temperature (Topt), at which 
the maximal rate is reached. Once temperature surpasses the 
optimum, the rate starts to decline and eventually ceases when 
a ceiling temperature (Tceil) is reached. We used published data 
on the temperature response of biomass accumulation in garlic 
plants from Oh et al. (2015) to parameterize Topt and Tceil in the 
β-distribution model for these processes through the non-linear 
least-squares approach (Fig. 2A).

Next, we used the phenology and morphology data collected 
in Seattle in year 2014 for cultivars SP and KM to parameterize 
four key parameters: maximal leaf initiation rate (LIRmax), max-
imal leaf tip appearance rate (LTARmax), leaf elongation rate 
(LERmax) and the stay-green duration (SG). Detailed descrip-
tions of the model equations and associated parameters can be 
found in Appendixes A and B. We carried out the parameter-
ization process in consecutive steps, targeting one specific par-
ameter during each step and minimizing the associated error 
calculated through root mean square errors (RMSE) and model 
efficiency (EF): (1) we first used the final leaf counts from all 
cultivar–planting date combinations to parameterize a single 
LIRmax [Appendix B, eqn (A2.1)] value for all cultivars; (2) we 
then used the number of leaves that appeared throughout devel-
opment from all cultivar–planting date combinations to generate 
multiple values of maximal leaf tip appearance rate influenced by 
storage duration (SD) (LTARmax,SD), and used a linear regression 
to fit a single LTARmax [Appendix B, eqn (A3.2)] value; (3) next, 
we used mature leaf counts throughout development from both 
cultivars to parameterize a single LERmax value [Appendix B,  
eqn (A6.3)]; (4) finally, we used the number of senescent leaves 
throughout the growing season to parameterize cultivar-specific 
SG values (Appendix B, eqn A4). This parameterization pro-
cess is also summarized in Table 1 and the associated errors and 
figures are given in Table 2.

The parameters were held constant across cultivars with 
an exception for the parameter SG. Since we only had de-
tailed phenology tracking observations for cultivars SP and 
KM, we pooled the dataset of these two cultivars for other 
cultivars (i.e. ‘Japanese Mountain’ and ‘Namdo’; see below 
for details) used in model testing. Also note that we used data 
points digitized from Fig. 16 in Takagi (1989) to provide sam-
ples for shorter storage durations needed for parameterizing 
LTARmax,SD (Fig. 2B) with an assumed storage temperature of 
5 °C. In addition to the linear regression used to parameterize 
LTARmax, we used a differential evolution algorithm (Storn 
and Price, 1997) implemented in the SciPy package (Jones 
et al., 2001) to obtain a set of parameters optimized for our 
phenology dataset.

Model performance testing

We used datasets independent from those used in the param-
eterization process to test the model performance for different 
cultivars, management practices and environmental conditions. 
Specifically, we tested the model’s ability to simulate leaf initi-
ation during storage as well as leaf appearance, leaf area accu-
mulation and changes in leaf length distribution throughout the 
growing season. Table 3 summarizes the datasets used for these 
various validations and the figures associated with them.
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Leaf initiation during storage. In year 2017 we purchased 
seed cloves of SP and KM from Hood River Garlic (Hood 
River, OR, USA) to identify leaf initiation during the 
storage period. Growers harvested the seed cloves in early 
to mid-July and shipped them to our facility in early August. 
Once they had arrived, we dissected one-third of the seed 
cloves through the cross-section and observed the number 
of leaves that had already initiated within the cloves under a 
dissecting microscope. We kept the remaining cloves under 
a 5  °C cold storage condition and repeated the same pro-
cedure after 100 d of storage, and once more after 150 d of 
storage.

Leaf appearance and leaf area accumulation. We used meas-
urements of leaf appearance and leaf area from three separate 
datasets to test the model’s ability to capture phenological and 
morphological changes throughout the development of the crop. 
Within these datasets, we were able to robustly test the model 
across several cultivars and a range of planting dates, and over 
climate variations between growing years and locations.

We collected the first dataset for cultivars SP and KM fol-
lowing the same experimental setup and data collection pro-
cedure described for the parameterization dataset. The only 
difference in this testing dataset existed in the planting dates 
and year (30 October and 17 December, year 2013). We 
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gathered the second dataset from prior published work in our 
group, which included leaf development and leaf area informa-
tion throughout the growing season for garlic cultivar ‘Japanese 
Mountain’ (JM) collected in year 2010. Detailed information 
on plant materials, experimental setup and data collection from 
this dataset are described in Kim et al. (2013). The Research 
Institute of Climate Change and Agriculture (RICCA; 33°28′ 
N, 126°30′ E) in Jeju Province, South Korea, provided us with 
the third dataset, which included phenology and morphology 
information of garlic cultivar ‘Namdo’ (ND) collected in the 
year 2010–11. Researchers from RICCA harvested the garlic 
bulbs in late June 2010 and stored them in shaded and ventilated 
conditions under room temperature in preparation for planting 
on 5 October 2010. They planted the seed cloves 10 cm apart 
with a row spacing of 18 cm in a deeply ploughed, tilled and 
fertilized (5.4 kg N, 5 kg P and 2.8 kg K per acre) planting bed, 
and covered it with a black plastic mulch-film bed prior to plan-
ting. They applied top-dress fertilization on 6 December and 30 
March, which added up to a total amount of 1.2 and 0.6 kg N 
per acre, respectively, and followed standard agricultural prac-
tices throughout the growing season. They sampled ten plants 
at 14-d intervals in between 1 February 2011 and 6 June 2011. 
Measurements at each sampling included the fresh weight 
of leaves, roots, sheath and bulbs, along with the number of 
leaves, total leaf area, sheath and bulb diameter, clove number, 
length and width of the longest leaf, and scape length.

Leaf length distribution throughout development. We used 
detailed leaf morphology data collected in the year 2010–11 
at RICCA for ND to test how the model captured changes in 
leaf length distribution throughout development. The planting 
procedures for this dataset followed the ND dataset described 
earlier, but with greater focus on leaf length measurements, in 
which researchers collected weekly measurements of individual 
lengths of five to seven leaves starting from the top of the plant.

Model performance testing. We tested the model’s perform-
ance for (1) leaf initiation during storage, (2) leaf appearance 
and leaf area accumulation throughout development, and 
(3) changes in leaf length distribution throughout develop-
ment with a range of datasets collected from different cul-
tivars grown at other locations. We used root mean square 
error (RMSE) and model efficiency (EF) to quantify model 
performance:

RMSE =

 ∑N
1 (yi − Yi)

2

N
 (1)

EF = 1 −
∑N

1 (yi − Yi)
2

∑N
1 (yi − y)2 (2)

The ith model prediction Yi corresponds to the ith observation 
yi from a total record of N, and is the average of all observation 
records. As a part of model testing, we also used an additional 
dataset collected from cultivars JM and ND to test the param-
eter sensitivity of LIRmax, LTARmax,SD and LERmax. We applied 
small perturbations to each parameter value and observed their 
effects on phenology and morphology outputs.

RESULTS

Model parameterization

Phenology and morphology field observations. Field observa-
tion data showed that leaves from cultivar SP sprouted sooner 
than KM leaves regardless of planting time, and sprouting time 
differences between cultivars spanned up to more than a month 
for the earlier planting date (Fig. 3). Early emergence in cultivar 
SP allowed for a longer growing season, providing sufficient 
time to develop more leaves compared with cultivar KM. We 
also observed this pattern within cultivars, in which an earlier 
planting date led to earlier leaf emergence, a longer growing 

Table 2. Calculated RMSE and EF for model phenology and morphology outputs after parameterization and for model testing, along 
with their associated figures. We used filed observation data collected in two consecutive years from cultivars SP and KM for model  

parameterization (year 2014) and testing (year 2013)

Parameterization (2014) Testing (2013)

RMSE EF Figure RMSE EF Figure

Final leaf count 0.53 0.89 3 0.73 0.43 5 inset
Leaf count throughout development 0.81 0.96 3 0.64 0.96 5 inset
Mature leaf count 0.91 0.95 3 N/A N/A N/A
Senescent leaf count 0.82 0.91 3 N/A N/A N/A
Leaf area (cm2) 99.97 0.46 4 87.40 0.63 5

Table 1. Summary of the parameterization process. We param-
eterized maximal leaf initiation rate (LIRmax), maximal rate of 
leaf tip appearance at optimal temperature modified by storage 
duration (LTARmax,SD), maximal leaf elongation rate (LERmax) 
and the stay-green (SG) parameter in consecutive steps with dif-
ferent target variables, pooling and optimization methods. We col-
lected the parameterization dataset from Seattle, USA, where we 
planted two garlic cultivars, ‘Shantang Purple’ (SP) and ‘Korean 
Mountain’ (KM) early or late in the year 2014 (see Table 3). The 
parameterization process was either cultivar-independent (CI) or 
cultivar-specific (CS), and was carried out through differential 

evolution (DE) or linear regression (LR)

Parameter Variable Pooling Method Equation

LIRmax No. of of final leaves CI DE A2.1
LTARmax,SD No. of leaves appeared CI DE, LR A3.2
LERmax No. of mature leaves CI DE A6.3
SG No. of senescent leaves CS DE A4
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season and a greater number of leaves developed when com-
pared with a delayed planting. After sprouting, the emergence 
of the subsequent leaves tracked environmental temperature, 
showing rapid leaf emergence under warmer conditions and 
delayed emergence during the winter period (Fig. 3). Leaf mat-
uration and senescence followed a similar pattern of leaf ap-
pearance throughout the season (Fig. 3).

Total leaf area per plant increased early in the growing season 
as individual leaves developed and elongated (Fig. 4). Leaves that 
emerged earlier in the growing season did not persist throughout 
the entire season; as these individual leaves senesced, new leaves 
emerged (Fig. 3). This led to a steady increase in total leaf area 
that peaked between late April and early May (Fig. 4), followed 
by an abrupt loss in total leaf area as the overall senescence 

Table 3. List of datasets used for model parameterization and testing

Dataset Location Cultivar Year Purpose Figures

1 Seattle, USA SP, KM 2014 Parameterization 2, 3, 4
2 Seattle, USA SP, KM 2013 Testing phenology and morphology output 5
3 Seattle, USA SP, KM 2017 Testing leaf initiation during storage 6A
4 Jeju Island, South Korea ND 2011 Testing leaf length distribution throughout development 6B
5 Seattle, USA JM 2011 Testing parameter sensitivity 7A, B
6 Jeju Island, South Korea ND 2010 Testing parameter sensitivity 7C, D
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rate surpassed the emergence, elongation and expansion of new 
leaves (Fig. 3). Total leaf area decreased and eventually reached 
zero when all leaves died off towards the end of the season. 
Cultivar SP had greater total leaf area compared with KM (Fig. 
4), which corresponded to the higher number of leaves it devel-
oped (Fig. 3). Within cultivars, an earlier planting date also led 
to greater total leaf area, which is likely influenced by the greater 
leaf number early planted crops developed (Fig. 4).

Key parameter values and parameterization output. We describe 
here the parameterization results of a few key parameters, while a 
full list of parameters and their values can be found in Appendix B.  
An optimal temperature (Topt) of 22.28 °C and a ceiling tempera-
ture of (Tceil) of 34.23 °C within the β-function best fitted the tem-
perature response of biomass accumulation described in Oh et al. 
(2015). We adopted these values when simulating leaf initiation, 

appearance, elongation and senescence (Appendix B); under Topt 
an estimated maximum of 0.1003 and 0.4421 leaves initiated 
(LIRmax) and appeared (LTARmax) per day, respectively, and the 
maximal rates of leaf elongation (LERmax) and leaf senescence 
(LSRmax) were both 4.7 cm d−1 for all cultivars. The parameteriza-
tion results of the empirical SG parameter were cultivar-specific, 
with values of 1.47 and 1.84 for leaf growth duration (LGD) for 
SP and KM, respectively, and a shared value of 1.50 for JM and 
ND, indicating differences in the relation between growth dur-
ation and SG duration between cultivars.

The parameterized model captured trends in leaf initiation, mat-
uration and senescence throughout the growing season, tracking 
the differences between cultivars and planting dates observed 
within the field (Fig. 3). The RMSE values for leaf emergence 
were 0.45, 0.78, 0.52 and 0.15 (leaves) for early and late planting 
dates for cultivar SP and early and late planting dates for KM, 
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respectively; RMSE values for leaf maturation were 1.28, 0.53, 
0.86 and 0.36, and values for leaf senescence were 0.98, 0.80, 0.82 
and 0.47 (leaves). The model also simulated the overall pattern and 
timing of leaf area gain and loss throughout the growing season. 
However, other than simulations for the early planting date of SP 
(Fig. 4A), the model slightly overestimated the total leaf area (Fig. 
4B–D). The RMSE values for total leaf area were 54.70, 140.64, 
100.14 and 94.49 cm2 for the early and late planting dates for SP 
and the early and late planting dates for KM, respectively.

Model performance testing

Phenology and morphology. After parameterizing the model, 
we tested model performance in simulating phenology and 

morphology with an independent set of field observations col-
lected in different years under similar planting conditions (Table 
3, dataset 3). This set of field observations showed the general 
trends observed in the parameterization dataset (Figs 3 and 4), 
in which cultivar SP showed earlier phenological development 
compared with cultivar KM, leading to greater leaf number de-
velopment and higher total leaf area (Fig. 5). Earlier planting 
dates within cultivars also exhibited this pattern. Model testing 
showed that the model captured the pattern of leaf emergence 
throughout the growing season as well as the final number of 
leaves developed under weather, storage and planting con-
ditions different from those used for parameterization. The 
RMSE values were 0.63, 0.47, 0.64 and 1.05 d for the early and 
late planting dates of SP and the early and late planting dates 
of KM, respectively (Fig. 5, inset). The model also captured the 

Early planting Late planting

A B

C D

0

100

200

0

2

4

6

8

10

12

300

400

500

600

700

800

0

100

200

300

400

500

600

700

800

Le
af

 a
re

a 
(c

m
2 )

0

100

200

300

400

500

600

700

800

Le
af

 a
re

a 
(c

m
2 )

OS N
2013 2014

D J F M A M J J OS N
2013 2014

D J F M A M J J

O N D J F M A M J J

O N D J F M A M J J

O N D J F M A M J J

S
P

0

100

200

300

400

500

600

700

800

K
M

Leaf num
ber

0

2

4

6

8

10

12

O N D J F M A M J J

Leaf num
ber

0

2

4

6

8

10

12

O N D J F M A M J J

Leaf num
ber

0

2

4

6

8

10

12

O N D J F M A M J J

Leaf num
ber

Leaf emergence
Total leaf area
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development of total leaf area throughout the growing season. 
The model output corresponded with field measurements in 
terms of timing and value of total leaf area gain, peak and loss, 
with RMSE values of 56.77, 81.37, 130.17 and 45.78 cm2 for 
the early and late planting dates of SP and the early and late 
planting dates of KM, respectively (Fig. 5, main plots).

In addition to testing phenology (individual leaf development) 
and morphology (total leaf area) outputs, we also tested two pro-
cesses within the model critical for phenology and morphology 
simulations: leaf initiation during storage [Appendix B, eqn 
(A2.1), Table 3 dataset 2], and the relationship between leaf rank 
and leaf length throughout development [Appendix B, eqn (A5), 
Table 3 dataset 4]. In comparison with leaf initiation observations 
collected for SP and KM, the model simulated the overall range of 
leaf initiation during the storage period for both cultivars under a 
5 °C storage temperature (Fig. 6A). The model also captured the 
general bell-shaped pattern between leaf rank and leaf length and 
tracked the changes in the early and mid-developmental stages 
for the cultivar ND, while it tended to slightly underestimate leaf 
length for higher-ranked leaves later in the season (Fig. 6B).

New cultivars, planting conditions and parameter sensi-
tivity. We used data independently collected from our study to 
test model performance under a wider range of environmental 
and management conditions for different cultivars, as well as to 
test the sensitivity of several key parameters (Table 3, datasets 
5 and 6). For cultivar JM, the default model output captured the 
overall pattern of leaf area development (RMSE = 144.27 cm2), 
with a slightly delayed leaf emergence phenology, and under-
estimated the final number of leaves developed (Fig. 7A, B). 
Parameter perturbation for LTARmax,SD, LIRmax and SG showed 
that LIRmax was the most sensitive parameter, affecting the total 
number of leaves simulated as well as total leaf area (Fig. 7A, B, 
orange dashed line). For cultivar ND, the default model output 

underestimated the leaf emergence pattern (RMSE  =  2.33 d) 
but overestimated total leaf area earlier in the season as well as 
towards the end (Fig. 7C, D). Among the perturbed parameters, 
SD had a strong influence on leaf emergence. Increasing SD 
from 100 to 120 d increased the number of leaves developed, 
which improved model performance in representing leaf emer-
gence phenology, but led to an overestimation of total leaf area.

DISCUSSION

Despite the global importance of garlic, there is limited mod-
elling work focused on this crop. Grown as a biennial bulbous 
crop, garlic plants have unique phenology and morphology 
characteristics compared with many other common crops. In 
our modelling approach, we incorporated the latest BBCH 
phenological scale developed specifically for garlic (Lopez-
Bellido et al., 2016) and tracked leaf development and growth 
on a per-leaf basis. In addition, we described in our model 
storage effects, post-harvest physiology, environmental cues 
for inflorescence initiation and its concurrence with bulbing, 
and how these processes affected phenology and morphology. 
Such mechanistic modelling approaches have gained import-
ance in the general direction of model development (Boote 
et al., 2013), providing the flexibility to describe and adjust to 
growth patterns under a range of environmental and manage-
ment conditions.

In our model, leaf initiation, appearance, maturation and 
senescence accelerate or delay in synchrony with temperature 
in the surrounding environment. We adopted the simplified 
β-distribution function (Yan and Hunt, 1999) to capture this 
non-linearity in the developmental temperature response. Using 
a β-function over commonly used thermal time approaches 
such as growing degree-days allows the model to capture nega-
tive effects under temperatures that exceed the optimum, and 
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provides a more realistic representation of the skewed bell-
shape temperature response curve commonly observed in many 
biological processes with relative simplicity in terms of car-
dinal temperature parameters (Yin et al., 1995). The β-function 
has been adopted in various process-based crop models to de-
scribe the temperature dependence of development (Kim et al., 
2012; Kumudini et al., 2014), and captured the observations in 
our study well (Fig. 3 and Fig. 5 insets).

By modelling leaf development on a per-leaf basis, we dy-
namically tracked growth (gain in leaf length) and senescence 
(loss of leaf length) of individual leaves in synchrony with their 

phenology, and translated this leaf length information into leaf 
area through an allometric relationship (Fig. 2C). Arkebauer 
et al. (1995) and Fournier and Andrieu (1998) originally pro-
posed this general framework of modelling leaf area in which 
leaf expansion and senescence were driven by accumulated 
thermal time on a per-leaf basis; it was further adopted by sev-
eral crop simulation models, such as in maize (Yang et  al., 
2004; Kim et al., 2012), sorghum (Lafarge and Tardieu, 2002), 
potato (Fleisher et al., 2006) and sunflower (Dosio et al., 2003). 
This leaf area simulation method differs from other common 
approaches, such as describing leaf area as a function of 
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developmental stage, deriving leaf area from carbon available 
and partitioned towards leaf growth together through the con-
cept of specific leaf area, or a combination of the two (Marcelis 
et al., 1998); it captures the dynamic temperature responses of 
leaf growth, and allows higher flexibility in leaf area simula-
tions on a per-leaf basis.

The garlic plants developed a range of 10–15 total leaves 
within our study, with systematic differences existing between 
cultivar choices and planting time (Fig. 3). The maximal length 
of each individual leaf gradually increased with leaf rank before 
dropping off slightly for the last few leaves developed, resem-
bling a skewed bell-shaped curve, which we described through 
a β-function (Fig. 2C). The flexibility within our leaf area simu-
lation method along with the simplistic leaf arrangement within 
a garlic plant allowed us to incorporate this leaf length distribu-
tion information as part of the leaf area simulation. This mod-
elling approach led to robust and dynamic leaf area simulations 
of individual leaves that were in tune with phenology (Fig. 6B) 
and tracked the gain and loss of total leaf area throughout the 
growing season (Fig. 4 and Fig. 5 insets).

In addition to detailed descriptions of leaf development and 
growth within the vegetative stage, we also focused on model-
ling the transition between vegetative and reproductive growth. 
Inflorescence formation marks the end of leaf initiation and co-
incides with bulbing (Lopez-Bellido et  al., 2016). Capturing 
the timing of inflorescence formation is therefore critical in 
determining the final number of leaves a plant will develop, 
as well as capturing the change in carbon allocation pat-
terns between the vegetative and reproductive stages (Fig. 1). 
Temperature and photoperiod are the two main factors that in-
fluence inflorescence formation and development within garlic 
plants (Takagi, 1989; Kamenetsky et  al., 2004). In general, 
lower temperatures facilitate inflorescence formation, while 
shorter photoperiods inhibit it (Takagi, 1989). The two factors, 
however, show complex interactions in which the upper tem-
perature limit for inflorescence formation increases as photo-
period decreases and vice versa (Takagi, 1989). While the use 
of a critical photoperiod to trigger inflorescence formation in 
our model simplifies the underlying physiology, photoperiod 
showed a clear correlation with the timing of scape appearance 
in our field observations. Our field observations justified this 
choice of a universal critical photoperiod value since all cul-
tivar–planting date combinations showed a similar timing of 
scape appearance (Fig. 2D). However, whether this holds true 
for a wider cultivar selection would need to be tested. This mod-
elling approach caused vegetative growth to cease at a similar 
time within the growing season regardless of the planting date. 
Earlier-planted crops therefore experienced a longer growing 
season that led to greater leaf development and growth, and was 
consistent with our field observations (Figs 3–5).

Unique to bulbous crops, a period of storage is required prior 
to planting. Storage duration and storage temperature are two 
key factors that influence the post-harvest physiology of the 
crop (Takagi, 1989). Storage conditions can affect dormancy 
and subsequent growth in substantial ways, often leading 
to changes in crop phenology and morphology that last well 
beyond the storage period. Garlic cloves are under complete 
dormancy only for a short period of time after harvest; once dor-
mancy is broken, cloves regain physiological activity and can 
initiate leaves even when still under storage conditions (Takagi, 

1989). Seed clove dissections in our experiment showed that 
cloves initiated more leaves prior to planting if stored longer 
(Fig. 6A). This phenomenon partially compensates for the 
shorter growing season the plant experiences if stored longer 
and thus planted later. Our model captures this by accounting 
for leaf initiation early during the storage period. This allows 
leaf initiation to respond to storage temperature during the 
storage period before switching to respond to the temperature 
in the growth environmental after planting.

In addition, we observed that longer storage periods accel-
erated leaf tip appearance rate during earlier vegetative stages 
(Fig. 2B). This phenomenon has been described in previous lit-
erature (Takagi, 1989), and we used it together with our field 
observations to develop an empirical equation to show how 
storage duration modifies leaf tip appearance rate [Appendix B,  
eqn (A3.2)]. Accounting for this trait in simulating leaf tip ap-
pearance greatly improved the ability of the model to capture 
phenological differences in leaf appearance observed between 
earlier and later planting dates (Fig. 3 and Fig. 5 insets). Storage 
temperature is also known to affect bulb dormancy and leaf tip 
appearance rate; Takagi (1989) showed that lower (5–10 °C) or 
warmer (35–40 °C) temperatures decreased the number of days 
required for cloves to sprout out after planting. While we do not 
specifically account for storage temperature effects, flexibility 
in eqn (A3.2) (Appendix B) makes it possible to incorporate 
such capability moving forward.

With the broad set of phenology and morphology datasets used 
in this study, we parameterized and rigorously tested the model, 
spanning a range of cultivars, planting conditions and growing 
environments. Some datasets included more details than others; 
incomplete information on storage conditions, planting dates and 
cultivar-related parameters likely led to the discrepancy between 
the observations and model predictions, demonstrating the need for 
cultivar-specific calibration of certain parameters when applying 
the model to novel genotypes grown in different environmental 
or management conditions (Fig. 7, solid lines). Our sensitivity 
analysis of selected parameters identified SD as a key parameter, 
which affected simulations of leaf development through modifying 
leaf tip appearance rate (LTARt) [Appendix B, eqns (A3.1) and 
(A3.2), Fig. 7C] and leaf area by adjusting the timing of leaf area 
gain and loss (Fig. 7D). This further shows how storage conditions 
and post-harvest physiology can affect both crop phenology and 
morphology (Fig. 7D), justifying the importance of representing 
storage processes in crop models for bulbous crops.

Models are never perfect, but discrepancies between model 
simulations and observations can allude to mechanisms that are 
not captured within the model. It can also serve as a useful plat-
form for hypothesis-testing of mechanisms and physiological 
relationships that are not yet well understood. Future model im-
provements would benefit from connecting the phenological, 
morphological and physiological components of the model to 
represent carbon gain and partitioning throughout development 
in order to simulate final yield. Expanding the model to account 
for below-ground root processes and responses to environ-
mental stressors such as water and nutrient limitations is also 
a direction that would greatly benefit from more research. We 
envisage that incorporating the BBCH phenological scale for 
garlic will aid in communicating phenological stages between 
the model and observations, as well as among modellers, other 
scientists and growers.
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Conclusions

We developed a new process-based crop simulation model for 
hardneck garlic. After parameterization, the model captured the 
dynamics of individual leaf development and simulated green 
leaf area in synchrony with phenology throughout the crop life 
cycle for a range of cultivars, management practices and envir-
onmental conditions. Inclusion of post-harvest physiology and 
bulbing phenology allowed the model to account for storage and 
photoperiod effects unique to bulbous crops. The dynamic rep-
resentation of phenology and morphology sets the foundation 
for modelling growth and yield in garlic plants, with the poten-
tial to be applied to other bulbous crops in the allium family and 
beyond. The mechanistic and integrative nature of our model 
assists better understanding of key processes that take part in 
the growth and development of garlic plants, also making it an 
effective platform to evaluate how these processes at the organ 
level are coordinated and integrated over time and space into 
whole-plant growth dynamics. This information is not only 
valuable for maximizing yield with greater efficiency under 
current-day production, but may also serve as an effective miti-
gation and adaptation tool to help identify key crop characteris-
tics and management practices that sustain yields under stressful 
environmental conditions in the face of a changing climate.
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APPENDIX A: MODEL DESCRIPTION

In our study, we developed a whole-plant process-based crop 
simulation model for hardneck garlic. The model consists of 
three main components: phenology, morphology and physi-
ology (Fig. 1). We describe here details of each module, with a 
greater focus on phenology and morphology. Equations, vari-
ables, parameters, and values used within our model are sum-
marized in Appendix B.

Phenology

Phenology determines the timing of plant development. In our 
model, we describe the phenology at three different scales: the 
scale of a single leaf, the scale of sequential development of 
multiple leaves, and the scale of the overall life cycle of an in-
dividual plant (Fig. 1). Various plant properties, such as leaf 
area accumulation and carbon partitioning, change throughout 
a plant’s life cycle in synchrony with phenology (Fig. 1). The 
phenology module therefore serves as a backbone structure 
within a crop model for other modules to build upon or refer to.

Life cycle of a garlic plant. We adopted the latest BBCH phen-
ology scale developed specifically for garlic plants (Lopez-Bellido 
et al., 2016) to describe key phenological stages in the life cycle of 
the crop (Fig. 1). This phenology scale differs from the BBCH scale 
for onion and other Allium spp., and describes specific aspects of 
propagation, flowering and bulbing unique to garlic plants. In tem-
perate regions, garlic plants are commonly planted as seed cloves 
in mid- to late autumn, but planting can be delayed until spring in 
regions with severe winters (Kamenetsky, 2007). The plants re-
main in a vegetative stage throughout the cool winter and early 
spring periods, continuously sprouting leaves before vernalization, 

and photoperiod requirements are satisfied for a transition into 
the reproductive stage (Kamenetsky, 2007). Bulbing and scaping 
are two distinct phenological events that mark this transition (Fig. 
1). Once environmental conditions shift to warm and dry, above-
ground plant parts begin to senesce and eventually die off while 
bulbs below ground continue to accumulate biomass. Garlic cloves 
are commonly harvested when most of the leaves have senesced, 
and are then kept under storage conditions in preparation for the 
upcoming autumn planting (Kamenetsky, 2007).

Our phenology module largely focuses on the development 
and growth of individual leaves within the vegetative stage, 
which we describe through five consecutive processes: leaf ini-
tiation, appearance, maturation, senescence and finally death 
(Fig. 1). Accurately capturing these processes for each indi-
vidual leaf sets the foundation for simulating whole-plant leaf 
development throughout a plant’s life cycle.

Leaf initiation and appearance. We define leaf initiation in 
the model as the time point of leaf primordium formation. This 
process can begin as early as when the seed cloves are still in 
storage and the process can continue throughout the growing 
season. We used a generic form of a simplified β-distribution 
model (Yan and Hunt, 1999), shown in eqn (1), to describe the 
temperature dependence of leaf initiation and appearance: 

β (x, rmax, xceil, xopt) = rmax

Å
xceil − x

xceil − xopt

ãÅ
x

xopt

ã xopt
xceil−xopt

 (A1)

Following the basic structure of the β-distribution model [eqn 
(A1)], we describe leaf initiation rate at time t (LIRt, leaves 
d−1) as a function of air temperature at time t (Tt, °C), maximal 
LIR (LIRmax, leaves d−1), which is achieved under an optimal 
temperature (Topt, °C), and maximal temperature (Tceil, °C), at 
which leaf initiation ceases:

LIRt = β (Tt, LIRmax, Tceil, Topt) (A2.1)

By inputting the storage temperature as Tt, this function also 
allows us to capture leaf initiation during the storage period.

Finally, we track the total number of leaves initiated by time 
t (Ninit

t ) by integrating leaf initiation rate (LIRt) since germin-
ation (tgerm):

N init
t =

t̂

tgerm

LIRt dt (A2.2)

Following leaf initiation, individual leaves elongate and 
expand (described in the following Morphology section), al-
lowing the leaves to extend out of the wrapped sheath and be-
come visible for direct observation. We define this process as 
leaf tip appearance, and captured the rate of leaf tip appearance 
at time t (LTARt, leaves d−1) through a temperature-dependent 
β-function as well:

LTARt = β(Tt, LTARmax,SD, Tceil, Topt) (A3.1)

LTARt tracks air temperature at time t (Tt, °C) through a β-
function [eqn (A1)], while the maximal leaf tip appearance rate 
(LTARmax,SD, leaves d−1) achieved under an optimum tempera-
ture (Topt, °C) is set as a function of storage duration (SD, days 
between harvest and planting):
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LTARmax,SD = LTARmax�(1+e−k(SD−SDm)) (A3.2)

SDm (d) indicates the storage day that corresponds to the in-
flection point within the sigmoidal function used to describe 
LTARmax,SD, in which the increase in LTARmax (leaves d−1) per 
increase in storage length is the greatest (Fig. 2B). The em-
pirical coefficient k (unitless) determines the shape of the sig-
moidal curve, and LTARmax represents the asymptote of the 
sigmoidal curve, creating a cap on LTARmax,SD.

Finally, we integrate leaf appearance rate (LTARt) since ger-
mination (tgerm) to track total number of appeared leaves by time 
(t):

Nappr
t =

t̂

tgerm

LTARtdt (A3.3)

Leaf maturation and senescence. Once individual leaves 
elongate and reach their potential length, the leaf matures and 
remains photosynthetically active for an extended period of 
time before the onset of senescence at tsene

i . We describe this 
period as the stay-green duration (SGDi,t, thermal units):

SGDi = SG · LGDi (A4)

We determine SGDi,t for leaf rank i at time t by multiplying 
a stay-green parameter (SG, unitless) with the thermal time re-
quired between leaf appearance and leaf maturation, defined 
as the leaf growth duration (LGDi,t, thermal units). We based 
this equation on an assumption that smaller leaves would have 
shorter growth duration and therefore proportionally shorter 
leaf span, which is usually the case in grass crops such as maize 
(Fournier and Andrieu, 1998; Lizaso et  al., 2003). Once the 
thermal requirement for stay-green duration is fulfilled, leaves 
begin to senesce and eventually die off. We describe this pro-
cess in detail in the following Morphology section.

Photoperiod and reproduction. Inflorescence initiation and de-
velopment mark the transition from vegetative to reproductive 
stage within garlic plants. This is a critical time point in our 
model for two main reasons. First, once inflorescence initi-
ates, it prevents additional leaf initiation and therefore sets a 
cap on the number of leaves a plant can develop; this is how 
our model determines the final leaf number. Second, flowering 
and bulbing occur simultaneously within garlic plants (Lopez-
Bellido et al. 2016), and therefore mark a transition in carbon 
allocation within the crop as well. We chose a critical photo-
period of 12 h to mark this transition point (Takagi, 1989) to in-
corporate one of the main environmental cues for inflorescence 
initiation into our model (Kamenetsky et al., 2004).

Morphology

The morphology module is tightly linked with the phenological 
timeline. In our model, we focus on the distribution of final leaf 
length of individual leaves throughout the whole plant and the 
allometric relationship between leaf elongation and expansion. 
These aspects contribute to simulating the green leaf area pre-
sent for light interception and carbon gain through photosyn-
thesis within the plant.

Leaf rank and final leaf length. The first few leaves developed 
in a garlic plant are generally shorter. Leaf length increases for 
the subsequently developed leaves, reaching a maximum be-
fore decreasing again. Due to this bell-shaped pattern that we 
observed between leaf rank and final leaf length, we adopted 
a β-function to represent the leaf length distribution within 
the plant:

Li = β (N, Lmax, Nceil, Nmax) (A5)

We used a leaf ranking system to track individual leaves 
developed within the plant. The first leaf to sprout out is 
ranked as 1, and the ranking increases for the subsequent 
leaves. Li (cm) describes the final length for the ith ranked 
leaf. Lmax (cm) represents the potential leaf length, which 
we defined as the length of the longest leaf within the whole 
plant, occurring under the leaf ranked Nmax. Nceil describes 
the maximum leaf rank within the growth curve. We deter-
mined Nmax and Nceil by using empirical parameters to scale 
it with a generic leaf number, Ngeneric. For our study, we set 
Ngeneric as ten leaves at the beginning of the simulation. If the 
model simulates more than ten leaves at some point during 
development, Ngeneric will simultaneously be updated to that 
higher total initiated leaf number, N init

t . To simplify the par-
ameter differences between cultivars and planting dates, we 
normalized the leaf-length and leaf-number-related param-
eters by the maximal leaf number and maximal leaf length. 
This normalization process allowed us to use a single set of 
parameters to capture the variation in total leaf number and 
maximal leaf length observed between cultivars and planting 
dates (Fig. 2C).

Leaf elongation. Phenology and morphology are tightly linked 
in our model structure. Once an individual leaf initiates [eqns 
(A2.1) and (A2.2)], it begins to elongate. Our model incorp-
orates the concept of elongation age (ξ, thermal units) into a 
β-function to capture elongation for each individual leaf in sync 
with its phenology:

Di = 1.5
Li

LERmax
 (A6.1)

ξi,t =

t̂

ti init

β (Tt, 1, Tceil, Topt) dt (A6.2)

LERi,t = β

Å
ξi,t, LERmax, Di,

Di

2

ã
 (A6.3)

LLi,t =

t̂

ti init

LERi,tdt (A6.4)

We first calculated the shortest time possible for an in-
dividual leaf of rank i to elongate and reach its final length 
[eqn (A6.1)]. We defined this time duration as the potential 
growth duration (Di, thermal units) and calculated it through a 
linear relationship between Li and the maximal elongation rate 
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(LERmax, cm d−1) derived from Yin et al. (2003). Next, we de-
termined the actual time required for elongation starting from 
the time of leaf initiation (ti

init), defined as elongation age for 
leaf rank i at time t (ζi,t, thermal units), which we calculated 
based on the accumulated thermal units through a temperature-
dependent β-function [eqn (A6.2)]. Then, we incorporated the 
information on potential growth duration (Di) and elongation 
age (ζi,t) into a β-function to calculate the actual rate of elong-
ation [LERi,t, cm d−1, eqn (A6.3)]. Finally, we integrated leaf 
elongation rate (LERi,t) from leaf initiation at tinit

i  to calculate 
leaf length for leaf rank i at time t [LLi,t, cm, eqn (A6.4)].

Leaf expansion. As leaves elongate, they expand as well,  
accumulating green leaf area available for photosynthesis and 
carbon gain. We developed an allometric relationship between 
gain in leaf length and increase in leaf area through field obser-
vation data on leaves (Fig. 2C):

LAi ,t = a + b (LLi ,t) + c(LLi ,t)
2

  (A7)

We modelled green leaf area for leaf rank i at time t (LAi,t, 
cm2) as a function of leaf length (LLi,t, cm), with empirical co-
efficients a, b and c, which can be parameterized to capture 
morphological differences between cultivars.

Leaf senescence. Once the thermal requirement for stay-green 
duration is fulfilled [eqn (A4)], leaves begin to senesce and 
eventually die off. We describe this process through a Q10 func-
tion that allows leaf senescence rate at time t (LSRt, cm d−1) to 
accelerate with temperature:

LSRt = LSRmax · Q10
(Tt−Topt)

10 (A8.1)

We calculate LSRt by scaling the maximal senescence rate 
(LSRmax, cm d−1) that occurs at an optimal temperature (Topt, 
°C) with a Q10 factor. Then, we capture the reduction in leaf 
length during senescence for leaf rank i at time t (LLsene

i,t , cm) 
by integrating LSRt:

LLsene
i ,t =

t̂

tsene
i

LSRtdt
 (A8.2)

We further derive the senescent leaf area of leaf rank i at time 
t (LAsene

i,t , cm2) by multiplying green leaf area for leaf rank i at 
time t with the ratio of LLsene

i,t  and LLi,t:

LAsene
i,t =

LLsene
i ,t

LLi ,t
LAi ,t (A8.3)

Physiology

The physiology module builds upon the phenological and mor-
phological information and describes gas exchange, carbon 
gain and carbon partitioning within the plant. To achieve the 
critical final step in modelling biomass and yield, we first 
linked the morphology and physiology module through the 
total simulated leaf area. Next, we used a coupled model of C3 
photosynthesis, stomatal conductance and an energy balance 
equation to solve for the leaf-level photosynthetic rate at an 
hourly time step. Previous publications from our group docu-
mented details of this gas exchange module and illustrated 
the parameterization and validation processes specific for 
hardneck garlic (Kim and Lieth, 2003; Yang et al., 2009). We 
then scaled up leaf-level photosynthesis to the whole-plant 
level using a sun-shade approach (de Pury and Farquhar, 
1997; Kim et  al., 2012) and calculated total carbon gained 
after incorporating growth and maintenance respiration. 
Finally, we partitioned the carbon gained towards different 
plant parts including the roots, bulb, pseudostem, leaf blades 
and the scape (Fig. 1). We determined partitioning towards 
each plant part through observation-driven partitioning coef-
ficients that change along with the phenological stage such 
that more carbon is partitioned towards vegetative structures 
during vegetative growth, and more towards the scape and 
bulb during reproductive growth.
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