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A B S T R A C T   

With agricultural drought increasingly prevalent worldwide, it’s essential to enhance crop productivity while 
minimizing water consumption for sustainable production. Yield performance depends on the interplay between 
plant transpiration rate (TR) and water use efficiency (WUE), but balancing the two in breeding programs is 
challenging due to our incomplete understanding of these traits. In this study, we introduce a method for esti-
mating genotype-specific traits that reflect the sensitivity of TR to solar radiation (STR-Rad) and vapor pressure 
deficit (STR-VPD), by combining state-of-the-art functional physiological phenotyping (FPP) and TR model. 
Genotypic difference of STR-Rad and STR-VPD in three watermelon accessions, and their quantitative impacts on 
dynamic WUE patterns were dissected under evolving developmental stage and water availability. We also 
demonstrate the feasibility and effectiveness of calculating dynamic WUE and biomass production using WUE 
model. By combining the TR model and WUE model, a general principle for TR ideotype design is proposed, 
which highlights the benefits of lowering STR-VPD to increase WUE and increasing STR-Rad to offset the decline of 
TR. FPP-enabled phenotypic selection will help screen for elite crops lines with desired TR sensitivities.   

1. Introduction 

Global farming land area subject to drought is increasing due to the 
enhanced evapotranspiration associated with increased temperature, 
net radiation and decreased relative humidity (IPCC, 2021). Improving 
crop productivity, particularly under deficit water condition, is essential 
to safeguard food security under the context of global climate change. 
Stomata is the gateway of both water efflux (transpiration) and CO2 
intake (assimilation). The plant transpiration rate (TR) and the ratio of 
CO2 assimilation to TR, which is known as water use efficiency (WUE), 
collectively determine biomass production and yield (Steduto et al., 
2012; Vadez et al., 2014). Large efforts are being devoted to developing 
drought-resistant crops by adopting a strategy of restricting stomatal 
closure and thereby water loss; however, a tradeoff between increased 
WUE and decreased TR as a consequence of stomatal restraint has long 
impeded breeding for agronomically useful varieties (Dalal et al., 2019). 

In the past, the isotope method was commonly used to select crop va-
rieties with high WUE, but such varieties typically possess smaller leaf 
area index (LAI), shorter growth periods, lower TR, and lower biomass 
production. Despite exhibiting enhanced water-use efficiency, these 
cultivars usually fail to achieve satisfactory yields (Blum, 2005, 2009). 
In order to develop plant varieties that balance water-saving and 
high-yield, it is imperative to have a comprehensive understanding of 
the interrelationships among WUE, TR, and yield. 

WUE has conventionally been regarded as a conservative parameter 
that is species or cultivar-specific. However, gas exchange measure-
ments at the leaf or canopy level have revealed that WUE is a highly 
dynamic variable, exhibiting changes even within the same plant at 
different times of the day and on different days (Nelson et al., 2018; 
Peddinti et al., 2019; Yang et al., 2021). WUE typically peaks in the 
morning, followed by a gradual decrease to a low steady-state, and a 
slight recovery after sunset (Fracasso et al., 2017; Jhou et al., 2017). This 
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daily pattern is mainly attributed to WUE’s strong dependence on VPD 
at smaller time scales (Song et al., 2017). Theoretically, it is feasible to 
improve the daily WUE and biomass production of crops by altering the 
daily trend of TR, specifically by increasing TR during high-WUE hours 
and decreasing it during low-WUE hours, without changing the total 
daily TR (Ghanem et al., 2020; Vadez et al., 2014). 

Identifying the factors that affect TR can have a substantial impact on 
regulating diurnal TR pattern and improving WUE. TR is a complex 
traits that is not only governed by internal factors such as LAI and 
structure (e.g. cuticle thickness, stomata number), but also by external 
factors such as temperature, relative humidity, light intensity, wind 
speed and soil water availability (Kubota, 2020). VPD and solar radia-
tion (Rad) are the primary driving factors among the environmental 
factors that affect TR (Oogathoo et al., 2020). According to Pieruschka 
et al. (2010), TR is mainly controlled by the diffusion gradient of water 
vapor inside and outside the stoma driven by VPD, and internal evap-
oration driven by latent heat from Rad. Since the diurnal patterns of VPD 
and Rad are inconsistent (Gosa et al., 2019), the sensitivities of TR to 
VPD and Rad would have a strong impact on the dynamic TR profile. 

The soil-plant-atmosphere continuum (SPAC) is a complex system in 
which environmental factors, TR and WUE interact with each other. 
Both VPD and Rad drive and influence the diurnal patterns of TR, with 
VPD affecting the daily variation in WUE, and the diurnal changes in TR 
affecting the daily-scale WUE. Nevertheless, ascertaining the in-
terrelationships between these variables and their influence on final 
biomass production poses a significant challenge. Models, ranging from 
simple empirical formulas to complex ecophysiological models 
involving multiple variables and interactions, offer a powerful tool for 
quantifying these interactions (Génard et al., 2016). Several types of TR 
models have been established, such as the Penman-Monteith equation, 
Jarvis model, and Ball-Berry model (Katsoulas et al., 2019). Synthetic 
models that combine TR and photosynthesis models are also employed 
to estimate WUE (Yu et al., 2001; Yu et al., 2004). 

In recent years, the emerging technique of functional physiological 
phenotyping (FPP) has presented groundbreaking opportunities for the 
phenotyping of plant water relations (Chenu et al., 2018; Halperin et al., 
2017; Li et al., 2020; Xu et al., 2015). The Plantarray platform exem-
plifies a non-destructive and high-throughput tool that allows for 
high-resolution (every 3 min) and continuous recording of meteoro-
logical variables, including photosynthetically active radiation (PAR), 
VPD, and soil volumetric water content (VWC), as well as physiological 
traits such as diurnal TR, daily TR, and biomass gain, based on the 
lysimeter principle (Dalal et al., 2020; Halperin et al., 2017). In this 
study, we aimed to combine the physiological phenotypic data obtained 
from the Plantarray platform and TR model to quantify the traits of TR 
sensitivity to variations in environmental Rad and VPD in different 
ecotypes of watermelon. Moreover, an effective approach depending on 
WUE model (Sinclair et al., 2020) is proposed to estimate dynamic WUE, 
a traditionally challenging trait to measure, based on TR and VPD. 
Additionally, we investigate the impact of TR sensitivity to Rad and VPD 
on daily WUE and biomass, and the implications for TR ideotype design 
are discussed. This study demonstrates the great promise of leveraging 
advanced phenotyping techniques and existing modeling methods to 
tackle the long-standing complex trait challenge. 

2. Materials and methods 

2.1. Plant materials and cultivation 

The study was conducted during the spring and summer seasons of 
2021 in Huai’an (33.62◦N, 119.02◦E), Jiangsu province, China. Our 
study utilized watermelon as the research object, owing to its developed 
vascular system and abundant daily water flow. Three genotypes of 
watermelon, i.e., a wild watermelon accession “PI-296341-FR” (Citrullus 
lanatus var. citroides), a cultivated watermelon variety “Jincheng No. 5″ 
(Citrullus lanatus var. lanatus, hereafter “JC5″) popular in Northwest 

China, and a drought-tolerant inbred line of Citrullus lanatus var. lanatus 
“HA” were used in this study. The watermelon seeds were disinfected by 
being exposed to 65 ◦C water for 30 min. After treatment, the seeds were 
wrapped in moist towels and incubated at a constant temperature of 
30 ◦C until white shoots appeared. For each accession, 10 plump seeds 
were sowed in 32 cell trays filled with Blond Gold substrate (Pindstrup 
Mosebrug A/S, Denmark) and covered with a layer of vermiculite. The 
seedlings were irrigated with a nutrient solution of “Zhonghua Yang-
tian” series (Sinofert, China) at a concentration of 1/500 when the soil 
was slightly moist. One seedling at the three-leaf stage was transplanted 
per pot (16 cm × 13 cm×18 cm, 1.5 L) with a kiln-fired porous ceramic 
from a unique mineral deposit in Mississippi, known as Profile Porous 
Ceramic substrate (Profile Products LLC, USA; diameter: 0.2 mm, pH: 
5.5 ± 1, porosity: 74, and CEC: 33.6 mEq/100 g). Using the gravimetric 
method, we measured the field capacity of the PPC substrate employed 
in potted plants, and the average value obtained was 54.9% after 
assessing the moisture content through pre- and post-drying weight 
measurements. 

2.2. Experimental design 

The phenotyping was conducted using Plantarray (Plant-DiTech, 
Israel, Fig. 1). Plantarray is a high-throughput physiological phenotyp-
ing gravimetric platform that includes a gravimetric system, soil and 
atmospheric probes, a controller, and irrigation valves (Dalal et al., 
2020; Halperin et al., 2017). This system provides a simultaneous 
measurement and detailed physiological response profile for plants in 
each pot. To ensure a stable testing environment, the Plantarray plat-
form was placed in a glass greenhouse that measures 10 m × 5 m × 4 m 
(length × width × height). The greenhouse’s top is made of 4 mm 
tempered glass, while the surrounding and partition walls use 4 mm 
float glass with a light transmittance of over 87%. Additionally, the 
greenhouse features auxiliary systems such as heating, circulation, 
ventilation, and shading. The ground source heat pump was triggered 
when the temperature drops below 20 ℃, and the cooling system was 
activated when the temperature exceeds 35 ℃. Fig. 1c-e illustrate the 
natural daily variation patterns of the environment. 

During the 5-leaf stage, four replicates for each genotype were 
transferred to the load cell of Plantarray following a completely ran-
domized design. To prevent soil water evaporation, the pot surface was 
wrapped with plastic film. The irrigation nozzle and the soil sensor 5TM 
were inserted into the soil, with cares to avoid hurting the main roots of 
the plants. Water and nutrient supplements (Yamazaki nutrient solu-
tion) were controlled by the automatic irrigation system of Plantarray. 
Experiment in each growth season included three treatment periods, i.e., 
well-irrigation (WI), progressive water deficit (WD) and water recovery 
(WR). Under the WI and WR phase, nutrient solution was provided by 
irrigation for 240 s (oversaturated) at 23:00, 1:00, 2:00, and 3:00 of a 
day, respectively, and no nutrient solution was supplied during the WD 
stage. In this study, all three watermelon varieties displayed noticeable 
leaf wilting on April 5th (spring season) and June 27th (summer season). 
The specific VWC values for PI296341-FR, JC, and HA were 0.095, 
0.088, and 0.090 in the spring season, and 0.095, 0.096, and 0.102 in the 
summer season, respectively. When the VWC reached a level of 0.05, the 
plants displayed severe wilting, accompanied by a significant reduction 
in the whole-plant transpiration rate, nearly reaching zero. However, 
after rehydration, rapid recovery was observed, suggesting that the VWC 
threshold for irreversible wilting was below 0.05. 

2.3. Functional physiological phenotyping datasets 

The Plantarray system is a weighing type lysimeter that consists of 
highly sensitive, temperature compensated load cells (Halperin et al., 
2017). A series of functional physiological traits relative to the water 
loss by plant transpiration and plant growth could be obtained by the 
weight change throughout the day using the SPAC software 
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implemented in the Plantarray system (https://spac.plant-ditech.com). 
Briefly, the pre-dawn system weight (averaged over 4:00–4:30 a.m.) was 
recoded as Wm at the end of the free drainage after saturated irrigation, 
and system weight in the evening (averaged over 9:00–9:30 p.m.) was 
recoded as We before irrigation, both of which were stable due to no 
water loss by plant transpiration and water input from irrigation during 
this period. As each pot on the system was covered with plastic film, soil 
evapotranspiration was prevented. The whole-plant daily transpiration 
(E, g d− 1) was calculated as the difference between the Wm and We for 
each day. To calculate the daily plant growth (PG, g FW d− 1), the Wm 
values of consecutive days were subtracted. This algorithm is based on 
the principle that the weight of the substrate from different days should 
theoretically remain consistent after excess water is drained out through 
saturated irrigation (field capacity). As a result, any differences in sys-
tem weight are attributed to plant growth (Halperin et al., 2017). The 
whole-plant WUE during the well irrigation period was thus determined 
by the ratio between the accumulated PG and E. The momentary 
whole-plant transpiration (TR, g min− 1) at 3-min step was calculated by 
multiplying the first derivative of the measured load-cell time series by 
− 1, assuming that the plant’s weight gain during the short time interval 
used to calculate the TR was negligible (Halperin et al., 2017). 

The air temperature (Tair, ℃) and relative humidity (RH, %), 
photosynthetically active radiation (PAR, μmol m− 2 s− 1) above the 
canopy, and soil volumetric water content (VWC, m3 m− 3) in each pot 
were measured by the VP-4, PYR solar radiation sensor, and 5TM 
(Decagon Devices, Pullman, Wash, USA), respectively (Fig. 1c-e, 
Fig. S1). VPD (kPa) was calculated according to Halperin et al. (2017). 

2.4. Simulation study 

2.4.1. TR model 
We choose the simulation models which account for the response of 

TR to the major meteorological variables and plant growth, following 
the principle that model obtains simple structure using as few parame-
ters as possible. A modified Penman–Monteith model which is appro-
priate for greenhouse environment, is employed to simulate the TR of 
watermelons in this study, which has been test for cucumber and tomato 
plants (Jo et al., 2021; Medrano et al., 2005). The diurnal TR could be 
described as a function of radiation, VPD and leaf area index (LAI): 

λTRi = STR− Rad
(
1 − e− KLAId

)
Radi +STR− VPDLAId ∗ VPDi (1)  

where λ is the vaporization heat of water (J kg− 1), TRi is the instanta-
neous TR, K is the light extinction coefficient (0.86), Radi is the 
instantaneous solar radiation (W m− 2, converted from PAR), LAId is the 
daily leaf area index (m− 2 m− 2). VPDi is the instantaneous vapor pres-
sure deficit. STR-Rad and STR-VPD represent the sensitivity of TR to changes 
in Rad and VPD, respectively. 

The LAI was estimated based on E in each experiment unit by 
considering the individual difference, as follows (Fig. 2a): 

Step 1, dynamic TR recorded in a frequency of every 3 min across a 
day was fitted to the observed radiation and VPD, thus optimum STR-Rad, 
STR-VPD, and LAI in the modified Penman–Monteith equation (Eq. 1) 
were estimated according to nonlinear least square (NLS) method and 
trust-region algorithm. Only daily LAI with robust goodness of fit 

Fig. 1. Parameters of soil–plant–atmosphere continuum monitored by “Plantarray” phenotyping platform. a, overview of the automated physiological phenotyping 
array loaded with watermelon seedlings. b, system weights that were recorded every 3 min during the experimental course. Shadow areas show the observed 
variation. The experiment was divided into the well-irrigation (WI), progressive water deficit (WD), and water recovery (WR) phases. c-e, meteorological parameters, 
i.e., air temperature (Tair, ℃, c), relative humidity (RH, %, d), and photosynthetic active radiation (PAR, μmol m− 2 s− 1, e) during the summer-season experiment 
in 2021. 
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(adjusted R2 >0.85) were picked for subsequent calculations. Step 2, we 
checked the accumulated E measured by Plantarray and the estimated 
LAI from daily fitting of step 1, where good linear relationship was found 
between them. Therefore, a constant LAI increase rate per E was esti-
mated for individual experiment units (Fig. S2), and then daily values of 
LAI of individual experiment units were re-calculated according to daily 
measured E and estimated LAI increase rate per E. 

Daily STR-Rad and STR-VPD were then determined with observed TR, 
Rad, VPD and re-calculated LAI during Step 2 for WI, WS, and WR 
stages, respectively. The parameter fitting was carried out using the trial 
version of MATLAB 2018b (MathWorks, Inc., USA), where the goodness 
of fit was assessed. 

2.4.2. WUE model 
The initial definition of WUE considers the resistances to diffusion 

resulting from stomata, leaf aerodynamic boundary layer, and leaf 
mesophyll resistance, and can be ultimately simplified to: 

WUE =
Kd

VPDd
(2)  

where VPDd is the mean VPD over a day. Kd is a species-specific coef-
ficient that reflects the CO2 concentration in the stomatal chamber, 
which has been validated as among different crops (Sinclair et al., 1984; 
Tanner and Sinclair, 1983). Kd was estimated as 6.5 kPa in this study for 
watermelon plant with the data of FPP and WUE (g DW g− 1 H2O) ob-
tained from destructive sampling during a long growth period. 

To estimate WUE over a long period, VPD needs to be integrated over 
a growth season and weighted by the TR over the course (Ghanem et al., 
2020; Vadez et al., 2014). Applying the same logic to a single day, 
Sinclair and Vadez (2012) proposed an assumption that the weighting of 
this component based on the TR throughout the day leads to the possi-
bility of obtaining altered values if there are genotypic variations in the 
TR profile throughout the day. Therefore, during a computation interval 
(i), the mean VPD (VPDi) is weighted for the mean TR (Tri) to calculate 
the estimated WUE (WUEe) as in the following integrating equation: 

WUEe =

∫
KdTri

VPDi∫
Tri

(3) 

And biomass gain during this period could be estimated as: 

Biomasse =

∫
KdTri

VPDi
(4)  

2.4.3. Model calibration and validation 
Independent experiment was conducted to verify the approach of LAI 

estimation in TR model, where estimated LAI was compared to the LAI 
measured by an LA-S leaf area analyzer system (Wanshen Technology 
Co., Hangzhou, China). WUE model were validated using the datasets of 
gas exchange parameters measured by the canopy photosynthesis and 
transpiration system (CAPTS 100, Shanghai Millet Hill Biotech Co., Ltd., 
China) from wheat plants cultivated in the field in 2021, because the 
Plantarray system does not directly measure photosynthesis data. The 
gas exchange parameters of the 1 m × 1 m canopies were measured 
automatically every 30 min using CAPTS 100 consisting of a cubic 
transparent chamber, which can be open and closed automatically with 
programming and equipped with CO2, humidity, air pressure, and 
temperature sensors in it (Song et al., 2016). Canopy gas exchange rate 
was measured according to the change rate of CO2 and H2O concen-
trations in the chamber during the closure of the chamber under un-
controlled conditions. The parameter Kd for wheat plants in this study 
was estimated using the least square method by fitting the estimated and 
measured daily WUE obtained during the growth period of March; then 
estimated and measured WUE at half-hour intervals and daily intervals 
during the days between April 5 and April 10 of 2021 were shown in 
Fig. S3. 

We used the root mean square error (RMSE) and coefficient of 
determination (R2) as measures for fitness between estimated and 
observed values to quantify the model performance: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(yi − ŷi )

2

√

(5)  

R2 =

∑n

i=1
[(yi − yi) × (ŷi − ŷi) ]

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
∑n

i=1
(yi − yi)

2
×
∑n

i=1
(ŷi − ŷi)

2
]√ (6)  

where yi is the observed value, ŷi is the corresponding simulated value, 

Fig. 2. Flow chart for estimating leaf area index (LAI) and the comparison of estimated and measured LAI. Daily estimated LAI of watermelon plant in individual 
experiment unit of Plantarray was shown as multi colored lines until destructive sampling, according to the methods described in the Section 2.4.1. At 13,17, 21, 25 
and 28 days after transplanting, leaf tissues from 3 experiment units were collected from the watermelon plants and the leaf areas (circles) were measured using a LA- 
S leaf area analyzer system. RMSE represents root mean square error. 
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and n is the total number of observations or simulations, y and ŷi are 
mean values for yi and ŷi , respectively. 

2.4.4. Transpiration ideotype design 
We conducted simulations with the inputs of 5-day meteorological 

data from each of the WI and WD phases and the artificial combinations 
of STR-Rad and STR-VPD extremes (i.e., highest STR-Rad × lowest STR-VPD, 
lowest STR-Rad × lowest STR-VPD, highest STR-Rad × highest STR-VPD, and 
lowest STR-Rad × highest STR-VPD in the model) adopted from the 3 
watermelon accessions averaged over each 5-day course. Our primary 
objective was to examine the effects of the STR-Rad and STR-VPD combi-
nations on TR, WUE, and biomass production. For this purpose, a 
standardized LAI value of 3 that approximates the mean value of three 
watermelon accessions was used, to eliminate the effect of canopy size in 
the simulations. 

2.5. Statistical analysis 

Two-way analysis of variance (ANOVA) was conducted on STR-Rad 
and STR-VPD, considering both distinct days and genotypes as factors for 
WI, WD and WR phases, respectively. Multiple comparisons between 
genotypes were performed using the least significant difference (LSD) 
method. Statistical analysis and graphical presentation were performed 
using the student version of Origin 2022 software (OriginLab 

Corporation, USA). 

3. Results 

3.1. Quantification of TR sensitivity to Rad and VPD 

In this study, TR, Rad, and VPD of various plant species were 
measured at a 3-min frequency using the Plantarray platform. Accurate 
estimation of LAI is crucial for the precise identification of the compo-
nent traits of TR, STR-Rad and STR-VPD, according to Eq. 1. The validity of 
the LAI estimation method described in Section 2.4.1 was confirmed by 
using independent data. Fig. 2b illustrates the change in estimated LAI 
over time until destructive sampling, which is comparable to the LAI 
value measured by the LA-S leaf area analyzer, with a low root mean 
square error (RMSE) of 0.073. Subsequently, daily STR-Rad and STR-VPD 
were estimated by fitting the TR to measured Rad, VPD and estimated 
LAI. The fitted TR dynamics well reproduced the measured diurnal TR, 
as evidenced by the high correlation (R2 =0.94) between them and the 
low total RMSE of only 0.05 g min− 1, taking the commercial cultivar 
“JC5″ for example (Fig. 3a). In the fitting of PI296341-FR and HA, there 
was also a demonstration of high R2 (0.92 and 0.91) and low RMSE 
(0.06 g min− 1 and 0.08 g min− 1). We performed a two-way ANOVA to 
evaluate the impact of both genotypes and different days on daily STR-Rad 
and STR-VPD, during each phase of WI, WD and WR. The analysis revealed 

Fig. 3. Simulation of diurnal transpiration by using the modified Penman-Monteith model (Eq. 1). a, observed and simulated diurnal variation of transpiration rate 
during summer-season experiment in 2021, taking an experiment unit of JC5 for instance. The observations and simulations were both by a 3-min step. b-c, fitted 
daily STR-Rad (b) and STR-VPD (c) for Eq. 1. Multiple comparison results among three genotypes (PI296341-FR, JC5, and HA) were shown as mean values with 
lowercase letters to show statistically significant differences for the well-irrigation (WI), progressive water deficit (WD) and water recovery (WR) phases, 
respectively. 
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significant genotypic variation and substantial change in both STR-Rad 
and STR-VPD across the treatment phases (P < 0.01, Fig. 3b, c, Fig. S4). In 
general, STR-Rad decreased as the water deficit progressed and rapidly 
recovered when water was resumed (Fig. 3b, Fig. S4a); STR-VPD, how-
ever, decreased quickly on the initial days of water deficit, and 
continued to decrease gradually on the following days until reaching a 
rather stable level even when irrigation was resumed (Fig. 3c, Fig. S4b). 
Among the three genotypes, “HA” exhibited high STR-Rad only at the WD 
phase and remarkedly low STR-VPD particularly at the WI stage in com-
parison to the remaining two genotypes (Fig. 3b & c, Fig. S4), indicating 
that plasticity of STR-Rad and STR-VPD in response to the environment is 
important in shaping the genotypic-specific dynamic WUE patterns. 
Detailed daily values of STR-Rad and STR-VPD are listed in Table S1 and 
Table S2. 

3.2. Estimating dynamic WUE using the WUE model 

We extended the WUE model (Eq. 2) developed by Sinclair and 
Ghanem (2020) to incorporate FPP data for dynamic WUE estimation 
(Eq. 3). To ensure the reliability of the selected model, we first tested it 
on an existing dataset obtained from wheat using the low-throughput 
canopy gas exchange method (Song et al., 2016). During a 5-day 
period, canopy photosynthesis rate was found to peak much earlier 
than canopy TR before noon (Fig. S3a), which led to a higher WUE 
during the whole forenoon (square in Fig. S3b). The estimated WUE 

using Eq. 3 at half-hourly intervals (g DW /g H2O) based on dry matter, 
relying on canopy TR and VPD, was able to accurately reproduce 
measured WUE during daytime as shown by the lines in Fig. S3, despite a 
notable overestimation during the period after sunset. When analyzed 
on a daily basis, both the measured and estimated WUE (WUEe,d) 
showed daily fluctuations (as illustrated by the triangles in Fig. S3). 
Nonetheless, their high consistency was evident, as demonstrated by the 
low RMSE of 0.00137 g g− 1 (Fig. S3). These results validate the suit-
ability of the WUE model utilized for estimating dynamic WUE. 

Using the high-throughput FPP data obtained from Plantarray, we 
calculated the WUEe,d based on Eq.3, which showed fluctuations 
throughout the course of the experiment and varied significantly across 
genotypes (Fig. 4a, with a similar trend observed during the spring 
growth season as shown in Fig. S5). During the WI phase, WUE based on 
fresh weight (g FW /g H2O) within this period could be measured based 
on traditional method, i.e., accumulated E dividing by accumulated 
biomass gain. The measured WUE returned similar result of genetic 
difference to WUEe,d based on dry weight (Fig. 4b). Among the three 
genotypes, “HA” possessed the highest WUE across all phases, in 
particular late WD stage, followed by “JC5″ and “PI296341-FR” (Fig. 4a, 
Fig. S5). This is in accord with the empirical knowledge that wild va-
rieties tend to possess a higher level of drought resistance by sacrificing 
more biomass production (Kawasaki et al., 2000). 

Fig. 4. Estimated daily water use efficiency (WUEe,d) 
across all phases (a) and measured WUE during well- 
irrigation phase (b). a, WUEe,d ( g DW g− 1 H2O) were 
calculated by Eqs. (2)–(3) with the input of continuously 
recorded transpiration rate and VPD by Plantarray during 
the summer-season experiment in 2021. Multiple compar-
ison results among three genotypes were shown as mean 
values with lowercase letters to show statistically signifi-
cant differences for the well-irrigation (WI), progressive 
water deficit (WD) and water recovery (WR) phases, 
respectively. b, measured WUE (g FW g− 1 H2O) based on 
accumulated biomass and transpiration during the 
summer-season experiment in 2021. Accumulated biomass 
(g FW) and transpiration (g H2O) were calculated accord-
ing to daily biomass gain and daily transpiration measured 
by Plantarray system during WI phase. Accumulated 
biomass of PI296341-FR, JC5 and HA were fitted to a linear 
function of accumulated transpiration for individual 
experiment units, and multiple comparison results among 
three genotypes were shown.   
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3.3. Transpiration ideotype design based on STR-Rad and STR-VPD 

The aforementioned results showed that watermelons with different 
genetic backgrounds exhibited significant variations in STR-Rad, STR-VPD, 
and WUE. These variations could potentially lead to differences in 
biomass production during the growing season. To quantitatively 
explore the interplays between STR-Rad, STR-VPD, TR, WUE, and their final 
effect on biomass production, we conducted a series of scenario simu-
lations by combining the TR and WUE models. We conducted simula-
tions with the inputs of 5-day meteorological data from each of the WI 
and WD phases (Fig. 5a, c) and the artificial combinations of STR-Rad and 
STR-VPD extremes (i.e., highest STR-Rad× lowest STR-VPD, lowest STR-Rad ×

lowest STR-VPD, highest STR-Rad × highest STR-VPD, and lowest STR-Rad ×

highest STR-VPD) adopted from the 3 watermelon genotypes averaged 
over each 5-day course (Fig. 5b, d), where LAI was fixed to 3 to maintain 
a fair canopy size. Since Rad peaked much earlier than VPD in the 
morning (Fig. 5a, c), high STR-Rad and low STR-VPD was found to result in 
high TR during the low VPD intervals within a day and consequently a 
low integrated value of daily VPD weighted by TR (Eq. 1), leading to 
high WUE (red line in Fig. 5b, d). 

Further, the estimated biomass production of different combinations 

was shown in Fig. 5b, d. During the WI phase, highest STR-Rad × highest 
STR-VPD and lowest STR-Rad × highest STR-VPD both resulted in much 
larger TR, which produced approximately double the biomass gain 
compared to the remaining combinations despite their lower WUE 
(Fig. 5b). While during the WD phase, the highest STR-Rad × highest STR- 

VPD still obtained the highest biomass gain benefitting from the highest 
TR (blue line in Fig. 5d), but the highest STR-Rad × lowest STR-VPD ob-
tained a second highest biomass gain. 

4. Discussion 

4.1. The suitability of the selected TR model and the WUE model 

There are currently numerous models available for quantifying the 
relationship between TR and the environment. One widely used model is 
the Penman-Monteith equation, which takes into account multiple 
environmental factors such as temperature, humidity, wind speed, and 
solar radiation, as well as plant characteristics such as leaf area and 
stomatal conductance (Zerihun et al., 2023). Other models include the 
Jarvis model (Jarvis et al., 1997; Wang et al., 2020), which highlights 
the role of stomatal conductance in regulating TR, and the Ball-Berry 

Fig. 5. Diurnal variation of solar radiation (Rad) and vapor pressure deficit (VPD), and the responsive patterns of simulated transpiration (TR) to different com-
binations of parameter STR-Rad and STR-VPD. a, c five-day Rad and VPD (normalized to 0–1 scale) recorded at 3-min intervals, which were selected from the well- 
irrigation (WI, 6.17–6.21, a) and progressive water deficit (WD, 6.25–6.29, c) phase, respectively. The LAI was set to a constant of 3 for all simulations. Mean 
values of STR-Rad and STR-VPD for different genotypes (PI296341-FR, JC5, and HA) were calculated over each 5-day course, and the maxima and minima generated 
from the four combinations for simulations were shown. Mean estimated WUE and biomass gain over 5-day course were denoted as WUEe,5d and Biomasse,5d, 
respectively. 
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model, which considers the relationship between stomatal conductance 
and atmospheric CO2 concentration, as well as the internal resistance to 
CO2 transport within the plant (Ball et al., 1987; Liu et al., 2019). In this 
study we ultimately chose a modified Penman-Monteith model (Jo et al., 
2021; Medrano et al., 2005), as it simplifies the Penman-Monteith 
equation and has been successfully used in simulating TR in green-
house crops such as cucumber and tomato. The model’s input parame-
ters are limited to Rad and VPD, which are the main environmental 
factors in stable greenhouse environments. Moreover, the effect of 
developing plant canopy on TR are incorporated in the model by 
simulating dynamic LAI, which makes it particularly useful for dynamic 
phenotyping studies. 

However, accurately characterizing LAI still remains a challenge. In 
previous TR models, LAI was typically estimated as a function of thermal 
time (Wang et al., 2017) or days after transplant (Choi et al., 2020; Jo 
et al., 2021; Medrano et al., 2005), and often exhibited an S-shaped 
curve with plant growth and development. However, such approch was 
inadequate for our study, because the LAI of individual plants varied 
significantly, which could affect the parameterization of STR-Rad and 
STR-VPD. In this study, we corrected the dynamic LAI by relating it to E in 
FPP, which fully considers the differences in dry matter accumulation 
and canopy development caused by E of individual plants. This method 
significantly improved the accuracy of the estimation of STR-Rad and 
STR-VPD. 

STR-Rad and STR-VPD were considered constant parameters throughout 
the growing season in some previous studies (Jo et al., 2021; Shin et al., 
2014), despite the fact that they are dynamic parameters across a season 
or even a day under varying moisture conditions (Choi et al., 2020; 
Ranawana et al., 2021). Now that we have established the quantification 
method for these traits based on continuous physiological data, an 
implementation of these dynamic parameters becomes not only feasible 
but favorable. In this study, the treatment of STR-Rad and STR-VPD as dy-
namic parameters that change daily in response to environmental and 
soil conditions outperforms the fixed-parameter approach, enabling 
more precise quantification to help uncover the plasticity of the 
phenotypic traits. Using dynamic TR and VPD, the WUE model proposed 
by Sinclair was employed to estimate daily WUE and dry matter pro-
duction, which was validated by low-throughput canopy gas exchange 
parameters. Compared to the expensive and low-throughput gas ex-
change methods used to measure WUE and photosynthesis, estimating 
dynamic WUE and biomass production through modeling based on 
lysimeter system has the advantages of being high-throughput, high--
resolution, and cost-effective. The method of accurately estimating dy-
namic WUE based on TR and environmental VPD provides an effective 
way to screen WUE trait and its responsiveness to the changing envi-
ronment in large germplasm resources of plants. 

4.2. Influence of diurnal variation of TR on WUE and biomass production 

In this research, we revealed that different genotypes of plants 
exhibit distinct STR-Rad and STR-VPD, which affect the daily variation in TR 
and subsequently alter the WUE and biomass production. To better 
illustrate this impact, we conducted an additional simulation by artifi-
cially shifting the daily TR pattern forward by 1 h, in order to explore the 
potential impact of altered TR (Fig. S6). The daily WUEe and Biomasse 
could increase by 29.9% and 20.0%, in which the enhancing WUE 
during the early morning contributed greatly to the biomass gain 
(Fig. S6). The interpretation of this result is straightforward: without 
sacrificing daily accumulative TR, more TR in the low-VPD morning 
time decreases the integral value of daily VPD weighted by TR, thus 
contributing to the increase of whole-day WUE and biomass gain. Such 
relatively small, daily improvement will accumulatively lead to an 
improved seasonal yield. Therefore, the pattern of diurnal TR, even 
under the same daily cumulative TR conditions, is considered to reverse 
daily WUE. 

It is worth noting that there was a contrasting trend between STR-Rad 

and STR-VPD during the rehydration stage. While STR-Rad showed a rapid 
recovery, STR-VPD remained low (Fig. 3). This phenomenon could be 
attributed to biological reasons that the cellular machineries responsible 
for light response may be repaired more rapidly that those responding to 
VPD following water resumption. Alternatively, it may be an adaptive 
trait that aids in achieving an optimized daily pattern of WUE after 
water recovery. During the morning hours with high WUE, levels of Rad 
rise rapidly, while VPD levels increase during the low WUE hours near 
noon. The combination of recovered STR-Rad and low STR-VPD can result in 
high TR in the morning and a slower increase in TR after noon, leading 
to improved WUE throughout the day. However, since our experiments 
concluded within 5 days of water recovery, further research is needed to 
determine whether STR-VPD can recover after longer periods of 
rehydration. 

4.3. Proposed principle for transpiration ideotype design 

Previous studies have suggested that TR exhibits a genetic founda-
tion when exposed to naturally fluctuating conditions. However, as TR is 
influenced by changes in temperature, PAR, and evaporative demand, it 
is challenging to isolate the genetic basis of its response to individual 
factors (Tamang et al., 2022). The quantification of STR-Rad and STR-VPD 
offers a solution to comprehend how plants adapt to fluctuations in 
environmental Rad and VPD under complex circumstances. VPD plays a 
crucial role in driving transpiration, a process by which water is lost 
from plant tissues through the stomata. The genetic variation in STR-VPD 
can be attributed to factors such as stomatal density and distribution, 
stomatal aperture and conductance, aquaporins and root traits (Carins 
Murphy et al., 2014; Ding et al., 2022; McAdam et al., 2016; Ranawana 
et al., 2021). Compared to STR-VPD, STR-Rad has been relatively under-
studied. However, there is evidence that Rad affects the whole-plant 
stomatal conductance (Geetika et al., 2019), and this influence is 
likely mediated by the energy content of the absorbed radiation that 
impact the control of transpiration by stomata (Mott et al., 2011; Pier-
uschka et al., 2010). By combining TR and WUE model, we put forward 
the following principles for TR ideotype design with the combination of 
STR-Rad and STR-VPD from our experiments: in the well-irrigated agricul-
tural areas, crop genotypes with high STR-Rad and high STR-VPD is favor-
able by producing superior yield; in the arid agricultural areas where 
water-saving is a necessity, genotypes with high STR-Rad and low 
STR-VPD is desired for its marvelously reduced TR yet still considerable 
yield; in the intermittent drought-prone areas where irrigation and 
water shortage alternate, genotypes showing strong plasticity in STR-Rad 
and STR-VPD that are suited to the optimized balance of yield and water 
consumption will be desired. Although in previous studies high-WUE 
crops selected by carbon isotope discrimination generally failed to 
match the demand of luxuriant growth (Blum, 2005, 2009), the 
high-WUE trait is not necessarily linked to growth limitation (Marguerit 
et al., 2014), which lays the foundation for synergistic improvement of 
WUE and yield. The FPP-enabled phenotypic selection can assist in 
identifying elite individuals from vast germplasm lines, specifically 
those with substantially high STR-Rad value under both well-watered and 
water-scarce conditions. 

4.4. Limitation clarification 

It is worth noting that this study was conducted under greenhouse 
conditions with plants grown in medium-sized pots. A considerable 
difference between the environments of our experiment and the field 
condition exists, and the growth of plant roots may be restricted under 
pod cultivation. Hence, cautions should be made to extend our results to 
field conditions and further validations of the phenotypes will be 
necessary before applying them in large scale. 

Furthermore, we have observed an overestimation of hourly WUE 
after sunset and during overcast conditions (Fig. S3). This may be 
attributed to the compromised reliability of Kd values under low VPD 
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conditions. The parameter Kd, which was originally defined by Sinclair 
et al. (1984), is generally known to be only species-depend (Fletcher 
et al., 2007). In our study, we have also incorporated Kd as a fixed 
parameter to estimate WUE. Although this does not affect the estimation 
of daily-scale WUE, there is scope for enhancing the WUE model used in 
this study to better accommodate low VPD conditions in the future. 

5. Conclusion 

In this study, we have developed a method to estimate the sensitivity 
of transpiration to Rad and VPD. Additionally, we have shown that it is 
possible to estimate daily to hourly or even instantaneous WUE by 
combining existing WUE models with dynamically recorded TR and VPD 
data from high-throughput FPP. Our findings indicate that daily WUE is 
influenced by the diurnal TR pattern of a plant, which is closely linked to 
the genotype-specific sensitivity of TR to Rad and VPD. Our proposal to 
increase WUE involves reducing STR-VPD while compensating for its 
negative impact on TR by increasing STR-Rad. 
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