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ARTICLE INFO ABSTRACT

Edited by Jing M. Chen Monitoring in-vivo stomatal conductance (g;) dynamics is essential for predicting crop water usage and yield
sensitivity in response to climate change. Leaf and canopy spectroscopy offer a non-destructive method for g

Keywords: monitoring; however, the underlying mechanisms connecting leaf spectra with stomatal anatomical and

Crop physiology behavioral traits, and their subsequent impacts on g, remain underexplored. In this study, we conducted a wheat

Stomatal conductance

X . . field trial, collecting comprehensive measurements of stomatal anatomical (i.e., size, density) and behavioral (i.
Stomatal anatomical/behavioral traits

Spectroscopy e., opening ratio, pore area) traits by a customized, high-resolution microscope, leaf spectra via a handheld

Spectra-trait associations spectroradiometer, and g via a handheld AP4 Leaf Porometer across various genotypes, nitrogen treatments,

Precision agriculture growth stages, and diurnal environments. We observed substantial g variability, with stomatal anatomical and
behavioral traits jointly accounting for 79% of this variability. We further examined the relationship between
leaf spectra and stomatal traits/conductance using a partial least square regression (PLSR) model and discovered
that a single PLSR spectral model accurately predicted the variability of each of these traits and g; across our
datasets. Furthermore, we demonstrated a strong correspondence between spectral variations resulting from g
and spectral alternation induced by stomatal anatomical and behavioral traits. By analyzing the diurnal asso-
ciation between spectral and g variability, we revealed important biophysical mechanisms underlying re-
lationships among spectra, stomatal anatomical and behavioral traits, and g;. Collectively, our findings highlight
the potential of leaf spectroscopy in advancing crop physiology monitoring, contributing to enhanced food se-
curity and sustainability.

1. Introduction (Dhankher and Foyer, 2018; Haile, 2005; Wheeler and Von Braun,
2013). Stomatal regulation, as indicated by stomatal conductance (g;),

The escalating global temperatures and increasing frequency of plays a vital role in balancing plant photosynthetic CO5 uptake and
droughts have heightened concerns over diminishing crop productivity water loss. This significantly impacts photosynthesis and crop water use
and food security. This has underscored the need for innovative ap- throughout the growing season, ultimately affecting overall crop yield
proaches to enhance crop yields and ensure food sustainability and productivity (Hetherington and Woodward, 2003; McAusland et al.,
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2016; Wong et al., 1979). Therefore, an improved understanding and
monitoring of g are critical for developing innovative approaches to
boost crop productivity in the face of climate change.

Research from field-, experimental-, and modeling-based studies
have increasingly revealed the highly dynamic nature of g; over diurnal
and seasonal time scales (Franks and Beerling, 2009; McAusland et al.,
2016; Faralli et al., 2019). This dynamism is influenced by a combina-
tion of intrinsic factors associated with stomatal anatomical traits and
plant water use strategy, as well as external environmental factors that
interact with stomatal behavioral traits (ie., stomatal opening and
closure). The interplay between these factors ultimately governs the
modulation of in-vivo g dynamics (Dow et al., 2014; Faralli et al., 2022;
McAusland et al., 2016). For example, stomatal anatomical traits, such
as stomatal size and density, significantly impact g; magnitude and
determine the theoretical maximum g (Franks and Beerling, 2009;
Galmés et al., 2013). These traits are also closely associated with
different plant species, genotypes, and growth stages, illustrating vary-
ing water use efficiencies and photosynthetic capacities (Fig. 1a, Shabala
etal., 2013; Faralli et al., 2019). Additionally, stomatal behavioral traits
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(i.e., the percentage of stomata with opening among all stomata detected
in a given leaf surface area) respond to ambient environment conditions,
with factors such as light, temperature, humidity and other stressors (i.
e., water deficit or nutrient limits) directly or indirectly influencing
these behavioral traits, thereby affecting gas exchange and plant water
use (Dow et al., 2014; Faralli et al., 2022; Franks and Beerling, 2009;
Galmés et al., 2013; McAusland et al., 2016). While mathematical and
computational models have simulated these relationships between g
and environmental variables (Buckley, 2017; Medlyn et al., 2011; Wu
et al., 2020), our understanding of how stomatal anatomical and
behavioral traits interactively determine in-vivo g dynamics in response
to ambient environmental conditions remains limited.

This limitation is fundamentally attributed to the difficulty in in-vivo
measurements of g and stomatal behavioral traits. Conventional
methods, such as leaf-level g; monitoring using a porometer or gas ex-
change system (Dayer et al., 2020), are time-consuming, labor-intensive,
and have limited throughput capability (Lin et al., 2015; Wang et al.,
2022; Wu et al., 2020), rendering them ill-suited for rapid and large-
scale monitoring. Various methods, such as the integration of eddy

a Drivers of stomatal anatomical traits
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Fig. 1. (a) Drivers of stomatal anatomical and behavioral traits; (b) conceptual research questions of the role for leaf spectra in predicting stomatal conductance (g;),

stomatal anatomical and behavioral traits, and their underlying links.
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covariance flux measurements (Jin et al., 2022; Perez-Priego et al.,
2018) or satellite data (Ding et al., 2023) with process-based models,
have been increasingly used to infer g; of the forest canopy. For example,
Perez-Priego et al. (2018) calculated the canopy g from eddy covariance
fluxes using a combination of physiological and micrometeorological
approaches. However, it is still difficult to monitor g at the organ level
(Medlyn et al., 2017). Moreover, stomatal behavioral traits are highly
dynamic, making them challenging to monitor using conventional
destructive sampling methods (i.e., nail polish method (Zelitch, 1961)).
Consequently, there is an urgent need for alternative methods that
enable rapid (and potentially scalable), non-destructive monitoring of
fine-scale (i.e., diurnal) dynamics in both g; and stomatal behaviors.

Recent advances in in-vivo microscopy imaging techniques and
vegetation spectroscopy offer promising solutions for monitoring sto-
matal anatomical traits and in-vivo stomatal behavioral traits. Micro-
imaging techniques provide an unpresented opportunity to observe
these traits in real-time. For example, Sun et al. (2023) combined a
portable micro-imaging system with an automatic imaging acquisition
system and a deep learning technique to monitor stomata in real-time,
revealing highly-dynamic stomatal behaviors even within a single day.
Yang et al. (2023) showed that drought priming led to faster stomatal
closure under drought stress through in-situ monitoring of dynamic
stomatal behaviors in wheat. Likewise, Liang et al. (2022) investigated
dynamic stomatal changes in maize under drought and re-watering
conditions using micro-imaging techniques. These findings highlight
the effectiveness of micro-imaging techniques for monitoring in-vivo
stomatal behaviors and their dynamic nature influenced by environ-
mental factors.

Furthermore, recent advance in vegetation spectroscopy studies may
provide promising alternatives for g and stomatal anatomical/behav-
ioral traits monitoring. Plant and leaf hyperspectral data can be viewed
as a combination of optical characteristics associated with various leaf
morphological and biochemical attributes, connected through electronic
and vibrational absorption processes (Curran, 1989; Kokaly et al., 2009;
Schweiger et al., 2018). For example, previous studies documented the
sensitive spectral domains for leaf xanthophyll pigment (400-531 nm)
and leaf water content (503-632 nm, near 1450 nm, and 1950-1980
nm,) (Curran, 1989; Datt, 1999; El-Hendawy et al., 2019; Sims and
Gamon, 2002). And typical spectra-derived metrics for leaf xanthophyll
pigment and leaf water content have been widely used. Gamon et al.
(1992) proposed the photochemical reflectance index (PRIs;0) to infer
xanthophyll pigment, which could co-vary with in-vivo plant physio-
logical activities (Gamon and Surfus, 1999; Ollinger, 2011), and Zarco-
Tejada et al. (2013) recommended the normalized PRI (PRI,om,) for
wider application. Additionally, indices related to leaf water content,
which often co-vary with in-vivo stomatal dynamics (Brodribb and
McAdam, 2017; Buckley et al., 2011), such as leaf water index (LWI,
Seelig et al., 2009) and moisture stress index (MSI, Hunt Jr and Rock,
1989) MSI = Ri600/Rs20, have been previously developed and validated
using leaf hyperspectral data. Equations of these metrics are summa-
rized in Table S1. Recent studies demonstrate the capability of using full
leaf reflectance spectra to infer a broad suite of leaf traits, including leaf
morphological (i.e., leaf mass per area), biochemical (i.e., water, chlo-
rophyll, nitrogen, and phosphorous) and physiological traits (i.e., V,
max2s and Jmaxes) with a high accuracy (Meacham-Hensold et al., 2020;
Serbin et al., 2015; Yan et al., 2021). Thus, leaf and canopy hyper-
spectral data offer accurate, generalizable, and high-throughput tools
for multi-dimensional leaf trait characterizations (Fu et al., 2020; Liu
et al., 2023).

Importantly, recent studies conducted in various agroecosystems and
natural ecosystems have demonstrated the immense potential of using
leaf spectroscopy as alternative, non-destructive means for sensing leaf
photosynthesis rates, respiration rates and g (Coast et al., 2019; O’Leary
et al., 2023; Shahrimie et al., 2022; Sobejano-Paz et al., 2020; Vitrack-
Tamam et al., 2020; Zhang et al., 2022). Although these studies pri-
marily relied on data-driven approaches, they proved that combining
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spectroscopy with machine learning can serve as a promising alternative
for advancing the monitoring of plant photosynthesis, respiration, and g
at finer time scales. However, the mechanisms underlying the spec-
troscopy of these fine-scale dynamics of plant physiological rate dy-
namics (i.e., g and stomatal anatomical/behavioral traits) remain
underexplored. Considering that g is impacted by both stomatal
anatomical and behavioral characteristics, we hypothesize that if leaf
spectra co-varies with temporal variation in stomatal anatomical and
behavioral, it is plausible that there are causal connections that ulti-
mately link to spectra to the dynamics of g. Moreover, since g and
stomatal behavioral traits are known to vary significantly across diurnal
environments, examining their diurnal relationships through leaf
reflectance spectra could provide a crucial threshold test to determine if
the observed linkages are genuine or merely coincidental. Investigating
the diurnal variations in leaf reflectance spectra for the same leaf over
time, and the diurnal association of g and stomatal behavioral traits
with spectra-derived leaf xanthophyll pigment (i.e., PRI,,m,) and water
content (i.e., LWI) may help reveal the potential mechanism underlying
the relationship between leaf spectra, g, and stomatal traits. Despite its
simplicity, this threshold test remains largely unexplored due to the
challenges in collecting all these paired data in the field.

This research aims to enhance our understanding of the biological
processes regulating in-vivo g dynamics and investigate the models and
mechanisms underlying the spectroscopy of diurnal g. To accomplish
this, we conducted a wheat field trial to collect comprehensive data on
stomatal anatomical and behavioral traits, g;, and leaf spectra. Notably,
we employed state-of-the-art microscopy imaging and deep learning
techniques to enable in-vivo monitoring of both stomatal anatomical and
behavioral traits (Sun et al., 2023). Specifically, we address three
questions (Fig. 1b): (1) How do stomatal anatomical and behavioral
traits regulate in-vivo g; dynamics? (2) Are spectral variations due to g
linked to reflectance changes that strongly correspond with spectral
alternation induced by associated stomatal traits? and (3) What are
potential underlying biochemical connections between stomatal traits
and g, and leaf spectra? Addressing these questions would ultimately
contribute to improved g monitoring and elucidate the biological
mechanisms underlying spectral sensing of g;.

2. Materials and methods
2.1. Study site and crop materials

This study was carried out at the Baima Experimental Station
(119°18'71"E, 31°62'00"N) of Nanjing Agricultural University, China
(Fig. 2a) from November 2022 to May 2023. The region features a
subtropical monsoon climate, with an average annual precipitation of
1037 mm and an annual mean temperature of 15.5 °C. The research
station covers a total planting area of 3750 m?, comprising 1260 plots.
These plots were cultivated with 210 Chinese winter wheat genotypes,
subjected to two nitrogen fertilization treatments (0 and 240 kg/ha),
and replicated three times following a split-plot design. Notably, all of
our wheat plots consistently underwent pest control, weeding, and
irrigation, in addition to following general field management practices.
Each plot has a grid size of 1.25 m x 1.5 m, with 0.5 m spacing between
plots and 0.45 m between rows. The germplasm density was maintained
at 300 seeds/m? The diverse stomatal traits and g values observed
resulted from variations in genotypes, nitrogen treatments, and growth
stages, providing a comprehensive range for subsequent analyses.

2.2. Field measurements

In-vivo measurements of leaf g;, microscopy imaging, and leaf spectra
were conducted in April-May 2023 (Fig. 2b) on >70 Chinese winter
wheat genotypes across six growth stages (tillering, stem elongation,
booting, heading, flowering and ripening). To address the first question
while considering the highly dynamic variations of leaf g and stomatal
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Fig. 2. (a) Study site: Baima Experimental Station of Nanjing Agricultural University, China; (b) field in-vivo sampling workflow; and (c) demonstrations of mi-

croscopy images for stomata. g, denotes stomatal conductance.

behavioral traits, we randomly selected fully expanded wheat leaves and
measured leaf g; and microscopy images without spectra data, mini-
mizing the time gap between measurements. A total of 516 samples were
collected. For the second question, we gathered an additional 361
samples with leaf spectra and microscopy image data. Notably, 56 out of
361 samples also included leaf g; data for exploring the third question.
These 56 paired data (leaf g, spectra, and microscopy images) were
collected from seven sampling revisits of eight identical wheat leaves
during a day-long sampling campaign, allowing us to isolate the effects
of genotype, growth stage, and nitrogen fertilization treatments on leaf
spectra as much as possible. Specifically, we examined five representa-
tive wheat genotypes, with three genotypes subjected to two nitrogen
fertilization treatments, and the remaining two genotypes subjected to
one nitrogen fertilization treatment. The sampling campaign occurred
from 7 am to 6 pm, with a 1.5-h time window for each revisit. Fig. S1
summarizes the data collection and usage. During field sampling, we
carefully collected leaf g;, spectra and microscopy images from the same
spot of the leaf to maintain consistency and accuracy, minimizing po-
tential variabilities or bias that might arise if sampling different spots on
the wheat leaf. We also performed 20% duplicate samples to validate
field data.

2.2.1. Leaf g; measurement
We measured leaf gs using a handheld AP4 Leaf Porometer (Delta-T
Devices, Burwell, Cambridge, UK), performing three replicates per leaf

sample. To obtain a wide range of reliable g; values within the AP4
specifications, we followed the approach of Mantzoukas et al. (2015) by
measuring resistance and calculating its reciprocal as g;. Consequently,
leaf g is expressed in mm s~! and includes records of time, light in-
tensity, and temperature. The AP4 Leaf Porometer has a reading range of
0.2-40 s cm ™! for resistance, a resolution of 0.01-0.1 s cm™?, and an
accuracy of +10% for of 0.5-40 s cm™! and + 0.2’ s cm™! for 0.2-0.5 s
em ™! (https://delta-t.co.uk/product/ap4/#specification).

2.2.2. Microscope imaging

We collected stomatal images using an in-vivo stomatal behavior
observation system (HT-WC-USB600-1; Huitong Crop Phenomics Co.,
Ltd.; China), which enables dynamic monitoring of stomatal anatomical
and behavioral traits using a portable microscope. The portable micro-
scope was placed 1 cm above the leaves by a soft leaf chamber, ensuring
that the ambient environment and plant physiology remained undis-
turbed. We captured adaxial leaf images at 600x magnification and
saved them in JPG format with a resolution of 1200 x 1600 pixels and a
spatial resolution of 0.61 pm/pixel. Subsequently, we employed the
image processing method by Sun et al. (2023) to extract four widely-
used and representative stomatal metrics: anatomical traits (size, den-
sity) and behavioral traits (opening ratio, pore area) (Franks and Beer-
ling, 2009; Mott and Buckley, 1998; Xie et al., 2022). Specifically,
stomatal density (pore mm~2) is calculated as the total stomatal number
divided by the entire image area; stomatal size (ym?) refers to the mean
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stomatal size, determined as the total stomatal area divided by the
stomatal number; open ratio (dimensionless) refers to the proportion of
open stomata relative to the total stomatal count; and pore area (pm?)
denotes the mean effective pore area, calculated as the stomatal pore
area divided by the open stomata count.

The image processing pipeline consists of two modules: detection
and segmentation. The first module employs a high-detection-efficient
lightweight object detector (YOLOv3-tiny, a one-stage object detection
algorithm) (Gong et al., 2020) for effective identification of stomatal
numbers, and opening/closing statuses. The second module involves a
segmentation process that converts stomatal image into binary images,
including masks of each stoma, from which stomatal metrics can be
obtained through conventional morphological analysis. The quantita-
tive assessment on the retrieved stomatal traits and behaviors has been
rigorously evaluated previously with high accuracy, and details of this
method can be found in Sun et al. (2023).

2.2.3. Leaf spectra

We measured leaf reflectance using a field-portable Spectra Vista
Corporation (SVC, Poughkeepsie, NY, USA) HR-1024i spectroradi-
ometer equipped with a Leaf-Clip Reflectance-Probe (LC-RP-Pro) fore-
optic. The spectra spanned a range of 350-2500nm (with a full-width
half maximum (FWHM) < 3.3 nm at 700 nm, < 9.5 nm at 1500 nm,
and < 6.5 nm at 2100 nm) and were linearly interpolated into 1nm
intervals for analysis, following Yan et al. (2021). Spectral regions below
400 nm and above 2400 nm with higher noise levels were excluded from
the analysis (Schweiger et al., 2018). A calibrated internal light source
and a 99% reflective Spectralon white panel were utilized to minimize
ambient light effects and ensure consistent measurements, as recom-
mended by Yan et al. (2021). This allows for data collection across the
diurnal cycle independent of sunlight. Consequently, our approach,
compared to traditional methods relying on tower- or tripod-mounted
spectroradiometers, is insensitive to ambient light conditions and
diurnal variations in sun angle. In the meanwhile, the spectrometer was
set to a 1-s integration time to prevent heat-induced data quality issues
(Serbin et al., 2019), and the spectra were corrected for discontinuities
using vendor-provided software (Yan et al., 2021). Four repetitions were
measured for each sample, and the averaged spectra were used.

2.3. Data analysis

Our objective was to investigate the relationship between leaf
spectra, stomatal anatomical and behavioral traits (size, density, open-
ing ratio, and pore area), and g;. First, we examined the relationship
between stomatal traits (both anatomical and behavioral) and g;. Next,
we investigated the associations between these traits and leaf spectra.
Finally, we explored the potential connections between g; and leaf
spectra.

2.3.1. Exploring the associations between stomatal anatomical/behavioral
traits and g

We performed two analyses to assess the associations between sto-
matal anatomical and behavioral traits and g: (1) ordinary least squares
regression to examine the relationships between g; and individual sto-
matal metrics, and (2) boosted regression trees (BRT) regression to
explore the joint regulation of four stomatal metrics and rank their in-
dependent importance on g. Notably, BRT, a non-parametric ensemble
method, offers several advantages, such as flexibility in handling
different data types, the ability to identify non-linear relationships and
interactions between variables, high interpretability of feature impor-
tance, and robustness to outliers and missing values (Elith et al., 2008;
Sporbert et al., 2022), and thus was used in this study. To assess the
general association between g; and stomatal metrics, we considered g; as
the dependent variable and four stomatal metrics as explanatory vari-
ables. The BRT modeling approach was adapted from Sporbert et al.
(2022) and implemented using the R package ‘GBM’ v.2.1.8.1
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(Greenwell et al., 2019), with a Gaussian error distribution, bag fraction
of 0.5, tree complexity of 1, and a learning rate of 0.01. To ensure the
rigor of the BRT modeling, the dataset (n = 516) was randomly stratified
into an 80% training subset and a 20% independent validation subset,
following Wu et al. (2019). This random stratification would ensure
representation of stomatal metrics and g in both training and validation
subsets. For the training subset, during the model development, we used
tenfold cross-validation to optimize the number of trees while avoiding
overfitting. The performance of the optimized BRT model was subse-
quently assessed using the validation subset, with two evaluation met-
rics: the coefficients of determination (R?) and root mean squared error
(RMSE). Decision trees are by nature immune to multi-collinearity, so
we dropped collinear variables in subsequent analyses as this may pre-
vent confusion. Additionally, the relative importance (%) of each
explanatory variable derived the optimized BRT model and partial de-
pendency plots (PDP) were adopted to explore the responses between
each explanatory variable and g, independent of other predictors. All
statistical analyses were conducted in R 4.2.1.

2.3.2. Exploring the associations between leaf spectra, stomatal
anatomical/behavioral traits, and g

After removing collinear variables, we focused on stomatal size and
opening ratio for analyzing leaf spectra associations. First, we quanti-
tatively analyzed the associations between leaf spectra and stomatal
anatomical/behavioral traits (n = 361) using the widely applied partial
least squared regression (PLSR) approach. PLSR combines dimension-
ality reduction techniques similar to principal component analysis and
outperforms classical regression approaches due to its capability to
handle high predictor collinearity and accommodate a larger number of
predictor variables relative to the number of observations (Fonville
et al., 2010). Additionally, PLSR accounts for the covariance between
the response variable and predictor variables while maintaining the
interpretability of linear regression, making it popular for chemometric
and spectroscopic analyses (Liu et al., 2023; Serbin et al., 2015; Wu
et al., 2019; Yan et al., 2021). In our study, we adopted a repeated
double cross-validation (rdCV) PLSR modeling approach (Filzmoser
et al., 2009; Yan et al., 2021). The rdCV method first randomly split the
full dataset into calibration and independent validation subsets using a
cross-validation procedure (outer CV loop) and further divided the
calibration subset into training and testing components with a second
cross-validation procedure (inner CV loop). The inner CV loop was used
to determine the optimal number of latent variables based on perfor-
mance evaluation, maximizing the averaged R? and minimizing the
averaged RMSE to avoid model over-fitting. Next, we derived the vari-
able importance in projection (VIP) metric in the inner CV loop and
averaged them to obtain the VIP spectrum. PLSR VIP values indicate the
relative importance of each wavelength to the PLSR model, retaining the
most influential spectral regions when their VIP value exceeded 1 (Wold
et al., 2001). The PLSR model was built in the outer CV loop alongside
the optimal latent variable number. Model performance was assessed
using R? for linear regressions between observed and predicted values
and RMSE of prediction within independent validation subsets. In total,
we performed 100 repetitions for the rdCV and tenfold cross-validation
for both the outer and inner CV loops, ultimately contributing an
ensemble (n = 100) of PLSR models for stomatal size and opening ratio,
respectively. Then, we utilized 56 samples obtained from the day-long
diurnal sampling campaign to conduct a comparative analysis of the
field and spectral-based diurnal variability of g;. For spectral-based
analysis, we also built a PLSR model to investigate the candidate sen-
sitive spectral bands of g This approach enabled us to focus on the
sensitive spectra of g; and also evaluate whether the spectral variations
caused by g are associated with the spectra alterations induced by sto-
matal anatomical/behavioral traits.
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2.3.3. Exploring the potential links underlying diurnal variations in spectra,
behavioral trait and g

By comparing the diurnal leaf spectra of the same leaf throughout a
single day, we maximally isolated effects of genotype, growth stage, and
nitrogen fertilization treatments on leaf spectra. Thus, to explore the
potential morphological and biochemical links between stomatal traits
and g, and leaf spectra across the diurnal dynamics, we analyzed the
diurnal variations in leaf reflectance spectra, and the diurnal association
of g; and stomatal behavioral traits with two spectra-derived indices of
leaf xanthophyll pigment (PRI579, PRI,om) and two indices related to
leaf water content (LWI and MSI). We used R? to assess the associations
between each index of xanthophyll pigment and water content, and g
and behavioral trait.

3. Results
3.1. Associations between stomatal anatomical/behavioral traits and g

To address our first question concerning the relationship between
stomatal anatomical/behavioral traits and g, we examined their indi-
vidual and combined associations (Fig. 3). Our results show g; ranged
from 0.02 to 37.03 mm s}, with an average of 11.37 mm s~ . Individual
associations based on ordinary least squares regression analysis reveal
that stomatal behavioral traits of opening ratio and pore area positively
correlate with g (Fig. 3c-d, R? = 0.57 and 0.49), whereas stomatal
anatomical traits of size and density display weak direct relationships
(Fig. 3a-b, R? < 0.001). The BRT model reveals similar patterns, while
identifying non-linear correlations for each of these individual associa-
tions (Fig. 3e-h). Meanwhile, the BRT model also characterized their
joint associations, with all four stomatal metrics collectively having a
predictive power of R%=0.79 and RMSE = 2.94 mm s~ * (Fig. 3i), which
is much higher than individual associations, emphasizing the joint

404 40
o R < 0.001

. ® R?<0.001

g,(mm s)
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influences of the four metrics on g;. Furthermore, the BRT model dem-
onstrates the relatively significant contributions of stomatal behavioral
traits (54.8% for opening ratio and 26.7% for pore area; Fig. 3j) in
predicting g, compared to stomatal anatomical traits of size and density
(total of 18.5%; Fig. 3j). Both opening ratio and pore area show signif-
icant relationships with g; (Fig. 3g-h), while stomatal size and density
exhibit near-constant relationships with g (Fig. 3e-f). These near-
constant relationships, along with the similarity in mean g responses
to stomatal size (11.66 mm s’l; Fig. 3e) and density (11.42 mm sfl;
Fig. 3f) to the mean g value (11.37 mm s’l), indicate limited influence
of stomatal anatomical traits on g variability but constrains on the
magnitude of g variations. Then, to avoid collinearity and simplify
subsequent analysis, we retained stomatal size and opening ratio for
anatomical and behavioral traits, as they had a higher relative impor-
tance compared to stomatal density and pore area, respectively. A
simplified BRT model, only including these two metrics, exhibits similar
predictive power (R% = 0.76, RMSE = 3.16 mm s~ ), relative importance
(79.1% for opening ratio and 20.9% for stomatal size) and non-linear
correlations (Fig. S2), when compared to the scenarios of four metrics

(Fig. 3e-j).

3.2. Associations between leaf spectra, stomatal size/opening ratio, and g

To address our second question regarding the associations between
stomatal size/opening ratio and leaf spectra, we conducted PLSR
modeling analyses. Specifically, the leaf spectra-stomatal size PLSR
model revealed two sensitive spectral ranges, as indicated by a VIP > 1,
and peaked at 553 nm and 707 nm (Fig. 4a). This model demonstrates a
strong predictive power, with an R? of 0.68 and an RMSE of 0.15 x 10°
um? (Fig. 4b). Next, we assessed the associations between opening ratio
and leaf spectra. The leaf spectra-opening ratio PLSR model infers four
core peaks, occurring at 525 nm, 692 nm, 1380 nm, and 1919 nm

40 40
R? = 0.57 . R?=0.49 o .
L]

121 12
)
o

E g s 8 34-44% 8
E
o

44 4 4 4

e f g h
0 0 0 = 0
2 4 6 8 10 20 30 40 50 60 70 0 20 40 60 80 100 0 0.1 0.2 0.3 0.4
Stomatal size (10° pm?) Stomatal density (pore mm?) Opening ratio (%) Pore area (10° pm?)
25
= 9 604 54.8%
@® 20 =~
é 15 @ 40
> 5
- a 26.7%
g 10 £
‘o 201

@ s 2 11.5%
(5 - . 8 7.0% .

" RMSE = 2.94 mm s s . - j

x
0 5 10 15 20 25 0
Predicted g (mm s™) Opening ratio Pore area Stomatal size Stomatal density

Fig. 3. The relationships between stomatal conductance (g;) and stomatal anatomical and behavioral traits: (a-d) ordinary least squares regression between g; and
stomatal size, stomatal density, opening ratio and pore area; (e-f) partial dependency plots (PDP) of stomatal size, stomatal density, opening ratio and pore area; (i) g
BRT model performance; and (j) relative importance (%) of stomatal size, stomatal density, opening ratio and pore area to g (j).
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(Fig. 4c). In addition to these peaks, the PLSR model also identified
several other minor spectral sensitive domains, featuring peaks at
various wavelengths of 650 nm, 721 nm, 865 nm, 993 nm, 1466 nm,
1838 nm, 1884 nm, 2018 nm, and 2220 nm. The leaf spectra-opening
ratio PLSR model demonstrates a robust predictive performance, with
an R? of 0.70 and RMSE of 7.75% (Fig. 4d). Thus, our study effectively
demonstrates strong associations between leaf spectra and stomatal
size/opening ratio and shows that leaf spectra alone can accurately infer
both stomatal size and opening ratio through the application of the PLSR
model. Next, we analyzed the seven-revisit spectral variances of the
same single leaf for each genotype x nitrogen treatment combination
across the full diurnal condition. Comparing the same single leaf enables
a rigorous analysis of spectral effects induced by diurnal dynamics, as we
have isolated effects of genotype, growth stage and nitrogen fertilization
treatments on the spectra. Using the diurnal g data, the leaf spectra-gs
PLSR model also demonstrates a strong predictive power, with an R? of
0.76 and an RMSE of 3.27 mm s~ (Fig. 4f), significantly illustrating that
spectra can mirror diurnal variations of g. Six peaks are identified by a
VIP > 1, including 562 nm, 716 nm, 1382 nm, 1482 nm, 1854 nm, and
2013 nm (Fig. 4e). Notably, these six sensitive spectral ranges (including
peaks) of g, indicated by the VIP of the leaf spectra-g; PLSR model, are
encompassed by the sensitive spectral regions of stomatal size and
opening ratio that have been identified by the leaf spectra-size and leaf
spectra-opening ratio PLSR models. Specifically, within the visible-NIR
bands (400-1000 nm), two sensitive spectral ranges of g; almost coin-
cide with those of stomatal size, and the peaks are also recognized by
those of stomatal opening ratio. The remaining four sensitive spectral
ranges of g; within the NIR-SWIR range are captured by those of opening
ratio. Overall, these results show that wavelength-specific variation in
reflectance is associated with changes induced by stomatal size and
opening ratio, and when combined, the same spectral regions are simi-
larly associated with g, This suggests that spectral monitoring of g ap-
pears to be directly mediated by both stomatal anatomical and
behavioral traits.

3.3. The potential morphological and biochemical links between opening
ratio, g, and leaf spectra

We observed that the sensitive spectral ranges identified for opening
ratio and g in our PLSR models bear resemblance to the sensitive

spectral domains for leaf xanthophyll pigment and leaf water content.
This suggests that the impact of opening ratio and g variations on
spectra is akin to the effects of leaf xanthophyll pigment and water
content on spectra. To quantify their relationships, we analyzed the
correlations between opening ratio, g;, and the indices of xanthophyll
pigment (PRI579, PRI;orm) and leaf water content (LWI, MSI) for each
genotype x nitrogen fertilization treatment combination (Fig. 5).
Overall, leaf g; demonstrates a stronger correlation with these indices
than the correlation between opening ratio and indices. Specifically, the
correlation between g; and PRI579/PRl,om for most combinations is
relatively good, except GT5(N240), with R? values ranging from 0.18 to
0.90 (Fig. 5a). In contrast, the correlation between opening ratio and
PRIs79/PRIyom is somewhat weaker, with R? values ranging from 0.14 to
0.69 (Fig. 5b) when excluding GT2(N240) and GT3(NO). Regarding leaf
water content indices, LWI exhibits a better performance for both g; and
opening ratio. The R? for the correlation between g; and LWI ranges from
0.27 to 0.67 (Fig. 5a), while the R? range for the correlation between
opening ratio and LWI is 0.08-0.73 (Fig. 5b). Subsequently, we calcu-
lated the mean of PRIy, LWI, g and opening ratio from eight combi-
nations to further elucidate the relationships between leaf spectra and g
as well as opening ratio, with the goal of evaluating the feasibility of leaf
spectra for monitoring diurnal dynamics of g; and opening ratio (Fig. 6).
Generally, leaf g is highest in the morning and decreases in the after-
noon, followed by a minor increase occurring in the last sampling round
at around 6 pm local time (Fig. 6a&c). The opening ratio exhibits similar
diurnal patterns with g; (Fig. 6b&d), further emphasizing the role of
stomatal behavioral trait in regulating g on a diurnal scale.

4. Discussion

In this study, we present three key findings. First, our results reveal
significant variability in in-vivo g;, with 79% of this variability attributed
to the combined influence of stomatal anatomical and behavioral traits.
Second, we demonstrate that single leaf hyperspectral reflectance
measurements enable accurate tracking of stomatal anatomical/behav-
ioral traits and g, and the sensitive spectral variations identified by the
spectral model for g; exhibit a strong correspondence with the reflec-
tance changes induced by stomatal anatomical and behavioral traits.
Third, our study uncovers significant variations in leaf reflectance
spectra for the same leaves across a diurnal scale, and such diurnal
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dynamics of leaf spectra can effectively monitor g; and stomatal opening
ratio at a diurnal scale, displaying strong underlying biochemical asso-
ciations between spectra-derived leaf water content and xanthophyll
pigment with g and stomatal opening ratio. Collectively, our study
provides a comprehensive assessment on the relationships between leaf
spectra, stomatal anatomical/behavioral traits, and g;, highlighting the
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fundamental biological mechanisms underlying spectral sensing of g;.

We observe that stomatal behavioral traits, rather than anatomical
traits, predominantly regulate in-vivo g; dynamics. This finding is based
on field datasets collected from diverse wheat genotypes, growth stages,
and diurnal environmental conditions, with leaf g; data covering a wide
value range of ~0-40 mm s, comparable to previous studies (Jiao
et al., 2018; Xu et al., 2018; Yan et al., 2023). This observation aligns
with prior research, which suggested that stomatal anatomical traits
typically determine a plant’s theoretical maximum g rather than its
actual/measured g (Faralli et al., 2019). Consequently, it is expected
that stomatal anatomical traits alone have limited explanatory power for
gs dynamics, while other processes beyond stomatal anatomical traits,
such as stomatal behavioral traits triggered by ambient environmental
conditions (Dow et al., 2014), more importantly regulate in-vivo g; dy-
namics. Our study provides, to the best of our knowledge, the first direct
quantitative assessment of the roles of stomatal anatomical and behav-
ioral traits in regulating g; dynamics. This novel finding is made possible
because we integrate a cutting-edge microscopy imaging system with
deep learning (Sun et al., 2023), enabling accurate, in-vivo monitoring of
stomatal behavioral traits, data that have been rarely available
previously.

Given that both stomatal anatomical and behavioral traits contribute
to in-vivo g dynamics, we further investigate whether leaf spectra
exhibit significant and distinct associations with these traits. By con-
trolling the impacts of stomatal anatomical and behavioral traits sepa-
rately, our results clearly demonstrate their unique spectral associations.
For example, stomatal size displays significant spectral associations
across multiple regions in the visible light domain (i.e., 553 nm, 707
nm). Notably, these sensitive spectral regions strongly coincide with
sensitive spectral regions for leaf chlorophyll pigment (550-560 nm,
680-740 nm) (Datt, 1998; Gitelson and Merzlyak, 1996). One possible
reason for this coincidence could be the co-evolution of plant physio-
logical processes of photosynthetic capacity (related with maximum
light absorption by leaf chlorophyll content) and transpiration capacity
(related with maximum g; mediated by stomatal size) (Reich et al., 2003;
Wright et al., 2004). However, future research remains needed for a
more in-depth exploration of the coordinated relationship between
them.

Similarly, we identify several sensitive spectral regions related to the
opening ratio, which include three peaks (525 nm, 650 nm and 692 nm)
in the visible range, as well as additional peaks (721 nm, 865 nm, 993
nm, 1380 nm, 1466 nm, 1838 nm, 1884 nm, 1919 nm, 2018 nm and
2220 nm) in the near-infrared and shortwave-infrared ranges (Fig. 4). To
our knowledge, these sensitive spectral regions have not been previously
reported, primarily due to the lack of paired datasets encompassing both
leaf spectra and stomatal behavioral traits. Furthermore, we find that
these identified sensitive spectral bands bare similarities to sensitive
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Fig. 6. Diurnal dynamics of stomatal conductance (g;), opening ratio, normalized photochemical reflectance index (PRI,om) and leaf water index (LWD): (a) g and
PRIom; (b) opening ratio and PRIomy; (¢) g and LWI; and (d) opening ratio and LWI. Data are the averaged values from eight combinations of genotype x nitrogen
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spectral domains associated with xanthophyll pigments (400-531 nm)
and leaf water content (near 1450 nm, and 1950-1980 nm) (Curran,
1989; Datt, 1999; El-Hendawy et al., 2019; Sims and Gamon, 2002).
Following this observation, we next quantitatively assess the diurnal
variations in spectra-derived indices of xanthophyll pigments and leaf
water content, discovering positive correlations between these two
indices and the opening ratio (Figs. 5b, 6b&d). This finding suggests that
the ability of leaf spectra to monitor g and stomatal behavioral traits
may arise from their direct associations with leaf spectra, but even more
likely due to diurnal or environmentally induced changes in internal leaf
properties (such as xanthophyll pigments and leaf water content) related
to stomatal activities that exhibit direct sensitivity to leaf spectral
changes. Apart from xanthophyll pigments and leaf water content-
induced spectral changes throughout diurnal condition, our spectra-
based PLSR model also identifies several sensitive spectral regions
around 2000-2200 nm, where certain metabolites and proteins also
demonstrate sensitivity (Bright et al., 2006; Burnett et al., 2021). For
example, drought-induced proteins and metabolites linked to the leaf
water stress such as abscisic acid and proline, exhibit significant spectral
features in near 1980 nm and within the 1400-2500 nm range (Bright
et al., 2006; Burnett et al., 2021). However, further biochemical or
molecular evidence is required to elucidate such stress-induced spectral
association with stomatal opening ratio in future research.

While leaf/canopy reflectance spectra have demonstrated their
capability to characterize leaf biochemical, morphological, and physi-
ological traits at seasonal or inter-annual scales due to recent advance-
ment in vegetation spectroscopy studies (Chen et al., 2022; Sobejano-
Paz et al., 2020; Wu et al., 2019; Yang et al., 2014, 2016), the direct
application of leaf spectra for sensing plant physiology at a diurnal scale
remain contentious. This uncertainty is attributed to plant physiological
rates (i.e., photosynthesis, respiration, and transpiration), which can
exhibit instantaneous responses to ambient environmental changes,
resulting in significant diurnal variations (Guo et al., 2022, 2023).
However, leaf biochemical (i.e., chlorophyll content) and physiological
(i.e., photosynthetic capacity) traits, which are crucial biotic controls of
plant physiological rates, barely change within a day. Additionally,
previous seasonal or even longer-time scale studies on the relationship
between spectra, leaf traits and physiological rates provide limited
insight into their diurnal associations (Wu et al., 2016, 2017; Xia et al.,
2015). Our novel discovery of diurnal variations in leaf spectra and their
close associations with g; and stomatal behavioral traits (opening ratio)
provides direct evidence that leaf spectra can effectively monitor diurnal
plant physiological activities, addressing this knowledge gap. Moreover,
our results are consistent with Serbin et al. (2012) that observed sig-
nificant leaf spectral changes in response to ambient temperature
change, suggesting that leaf spectra could serve as an effective alterna-
tive for directly sensing plant photosynthesis rates (approximated by
photosynthetic capacity, Vemax). Collectively, these findings indicate
that leaf spectra indeed hold the potential to advance the monitoring of
plant physiological activities such as photosynthesis (Serbin et al., 2012)
and stomatal regulation (this study), and potentially many others.

In addition to the potential mechanisms underlying the associations
among spectra, stomatal anatomical/behavioral traits, and g as dis-
cussed above, our results also demonstrate that single spectral models
offer a rapid, accurate, scalable, and non-destructive alternative for
monitoring stomatal size (R? = 0.68; Fig. 4b), stomatal opening ration
(R? = 0.70; Fig. 4d), and g (R? = 0.76; Fig. 4f). This finding is signifi-
cant, as it suggests that leaf spectra can not only infer g; but also key
stomatal traits underlying g; regulation. This provides valuable paired
datasets to interpret the interplay among ambient environments, sto-
matal anatomical/behavioral traits, and g;, essential for understanding
crop sensitivity to climate change. Notably, monitoring stomatal
behavioral traits in-vivo have been notoriously challenging. The high
predictive accuracy of stomatal opening ratio revealed in our study
highlights the potential of leaf spectra for effectively characterizing
stomatal opening behavior, complementing the microscopy imaging
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approach as used in this study (Sun et al., 2023). Several recent studies
(El-Hendawy et al., 2019; Shahrimie et al., 2022; Sobejano-Paz et al.,
2020) also demonstrated the high accuracy of using leaf/plant spectra to
characterize gs, aligning with our findings. However, our study differs
by showcasing the high-throughput capability of using leaf spectra for
characterizing both g; and associated underlying stomatal traits, and
offering candidate mechanisms underlying the associations among leaf
spectra, stomatal traits, and g. These results collectively provide a sig-
nificant biological foundation for the spectral sensing of g.

Our findings have two broader implications for vegetation spec-
troscopy and crop physiology studies. Firstly, our research complements
existing spectral physiology studies by showcasing the potential of leaf
spectroscopy for characterizing stomatal anatomical and behavioral
traits. These traits are typically challenging to study in-vivo due to scale
constraints of imaging spectroscopy or the limitations of destructive
measurements. In contrast, leaf spectroscopy provides a high-
throughput means for analyzing various leaf traits and their relation-
ships (Sobejano-Paz et al., 2020; Wu et al., 2019; Yan et al., 2021; Yang
et al.,, 2016). In conjunction with our findings, spectroscopy enables
high-throughput characterization of even more traits, collectively
providing a comprehensive understanding of the interplay among mul-
tiple trait dimensions. Secondly, our findings hold potential for
providing valuable complementary datasets that enhance our under-
standing of crop sensitivity response (particularly through stomatal
regulation) to nutrient deficiency and other environmental stressors.
These insights are crucial for addressing current-day food security
problems, as these stressors pose significant risks to crop yield, ulti-
mately affecting agricultural productivity and sustainability. Charac-
terizing stomatal regulation traits through spectroscopy can be an
effective way to obtain high-resolution data that may help identify key
factors for stress resistance and resilience. Such data could prove
invaluable in assisting in crop breeding programs or developing accurate
crop models for informed agricultural management and policy
decisions.

Our study has limitations, such as focusing on a single crop and leaf-
level measurements, lacking insights from various crops at canopy/
ecosystem scales. Exploring these aspects could provide new insights for
revealing plant growth, adaptation, and resilience to stressors, ulti-
mately promoting sustainable agricultural productivity and ecosystem
health (Lobell et al., 2003). To address these limitations, future research
should encompass a wider range of crops and ecosystems, enabling more
comprehensive models and techniques for larger scales, benefiting
diverse agricultural and environmental management practices. The po-
tential extension to various crops and scaling-up to larger canopy and
ecosystem levels is highly plausible, as similar approaches have already
been employed in managed agricultural sites (Serbin et al., 2015).
Advanced imaging spectroscopy techniques, such as the imaging system
onboard unmanned aerial vehicles, offer the potential for high-
resolution, non-destructive measurements of plant properties, physio-
logical processes, and responses to environmental stressors at the can-
opy level. This would allow for a more accurate representation of plant
functioning at larger scales, ultimately enhancing our understanding of
plant functioning and stress responses in diverse agricultural and natural
ecosystems.
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