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Abstract

Background
Leaf respiratory quotient (RQ), defined as the ratio of CO₂ production to O₂ consumption, provides valuable information
on respiratory metabolism, including respiratory substrate utilization and other metabolic processes affecting CO₂/O₂
stoichiometry. However, RQ estimates may be affected by methodological biases when CO₂ and O₂ fluxes are
measured independently using different systems and leaf chambers. Here, we developed a compact, portable, and low-
cost closed gas-phase system combining a miniaturized Sensirion CO₂ sensor with a PyroScience optical O₂ sensor,
enabling simultaneous determination of respiratory CO₂ production and O₂ consumption within the same chamber.

Results
The system was evaluated in wheat (Triticum monococcum), quinoa (Chenopodium quinoa), and sorghum (Sorghum
bicolor) under controlled conditions, and in Vitis vinifera cultivars under field conditions, in parallel with infrared gas
analyzer (IRGA) measurements. CO₂ fluxes obtained with the Sensirion sensor were strongly correlated with IRGA-
derived CO₂ fluxes and O₂ consumption. However, IRGA measurements generally yielded higher CO₂ fluxes, resulting in
independently determined RQ values (RQind) frequently above unity, whereas simultaneous Sensirion–PyroScience
measurements yielded RQ values (RQsim) predominantly below or close to unity. Accounting for the effective
respiratory leaf area substantially improved agreement between the two CO₂ measurement systems and brought RQind
estimates into closer alignment with RQsim.

Conclusions
Methodological differences in CO₂ flux estimation can propagate into substantial differences in calculated RQ.
Simultaneous CO₂ and O₂ measurements within the same enclosed chamber provide a robust and accessible approach
for determining leaf respiration and RQ, reducing methodological mismatches between the two respiratory fluxes and
facilitating the investigation of physiological variation in respiratory stoichiometry.

Introduction
Mitochondrial respiration, or dark respiration (Rd), represents a key determinant of plant carbon balance and
physiological performance [1–4]. It can be quantified either from the amount of O₂ consumed or from the amount of
CO₂ released, but these two fluxes are rarely measured simultaneously. The ratio between CO₂ production and O₂
consumption, known as the respiratory quotient (RQ), provides information about the substrates and metabolic
pathways supporting respiration [5–8]. While a theoretical RQ of approximately 1.0 reflects the complete, linear
oxidation of carbohydrates through standard glycolysis and the tricarboxylic acid (TCA) cycle [3], empirical RQ values
are often not centered on unity and frequently fall slightly below 1 [9–13]. This can reflect the predominant oxidation of
substrates such as amino acids, lipids, or partially oxidized compounds, as well as processes such as incomplete
decarboxylation or biosynthetic fluxes that decouple CO₂ release from O₂ consumption [9, 11, 14]. In contrast, RQ
values above 1 may result from the oxidation of relatively oxidized substrates such as organic acids, or from metabolic
processes that enhance decarboxylation relative to O₂ consumption [15–16] including the diversion of reducing
equivalents to processes other than mitochondrial O2 reduction, such as nitrate assimilation [17–18]. Consequently,
deviations from RQ = 1 should not only be interpreted as potential indicators of shifts in substrate utilization, but also
as metabolic reprogramming or changes in cellular redox balance.
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Currently, O₂ consumption under darkness can be assessed using highly sensitive methodologies mostly based on
liquid-phase measurements, including Clark-type electrodes and optodes [19–22]. However, these approaches remain
technically challenging when applied to intact tissues or under field conditions [21, 23–25]. In contrast, the most
frequently used methodology for assessing Rd is gas-exchange analysis based on CO₂ release. Open-flow infrared gas
analyzers (IRGAs) are widely adopted because they provide continuous and non-destructive measurements in intact
leaves while allowing precise control of environmental conditions [24, 26–27]. However, these systems are primarily
designed for photosynthesis measurements and may present important limitations when used to quantify Rd,
particularly due to CO₂ diffusion from beneath the chamber gasket, especially in homobaric leaves, where the proximity
of internal air spaces to the leaf surface may facilitate CO₂ diffusion beneath the gasket [28–30]. On the other hand, O₂-
based approaches such as Clark-type electrodes or optodes may provide an advantageous alternative when the
objective is to resolve small changes in respiratory activity or small areas that cannot be measured in the gas analyzers
[20–22].

The two fluxes are therefore frequently measured sequentially or using different experimental systems [7, 31], resulting
in estimates of apparent RQ that can be affected by temporal, environmental and methodological differences,
potentially resulting in substantial deviations from absolute RQ [20]. Previous studies illustrate the broad variability in
leaf RQ, and the potential influence of the methodology used to determine respiratory fluxes [32–33]. For instance,
when CO₂ and O₂ fluxes were measured independently, Watanabe et al. [34] reported RQ values of approximately 1.2–
1.4. Similarly, Fan et al. [20] measured CO₂-based respiration using an IRGA and O₂ consumption independently using a
gas-phase fluorophore sensor, obtaining apparent RQ values predominantly above unity and reaching up to 2.6.
Simultaneous measurements of both gases have also revealed substantial biological variation in RQ. Averill and ap
Rees [35] obtained RQ values of approximately 0.8–1.1 from simultaneous measurements CO₂ production and O₂
consumption by Warburg manometry in excised leaves, whereas Trethewey and ap Rees [36] reported RQ values of
approximately 0.5–1.4 using the same approach. In contrast, Kruse et al. [37], using differential scanning calorimetry to
quantify both respiratory CO₂ release and O₂ consumption, reported RQ values ranging from approximately 1.0 to 2.5.
More sophisticated approaches have been developed to simultaneously quantify small changes in O₂ and CO₂
exchange, including highly sensitive differential gas-analysis systems [38–39], subsequently applied to intact plants
[39], and membrane-inlet mass spectrometry [40–41]. In addition, cavity-enhanced Raman multi-gas spectrometry
(CERS) enables continuous and non-consumptive monitoring of O₂ and CO₂ within the same chamber and has been
applied to determine respiratory rates and RQ dynamics in plants [42–43]. These approaches demonstrate the
advantages of determining both respiratory fluxes simultaneously from the same biological material, but generally
require specialized and relatively costly instrumentation, limiting their routine application and portability. Collectively,
these studies highlight the need for versatile, accessible and portable systems capable of simultaneously measuring
O₂ and CO₂ exchange, which would facilitate the generation of robust RQ datasets [8].

CO₂ measurements in plant gas-exchange studies predominantly rely on relatively expensive IRGAs, whereas low-cost
gas-phase O₂ sensors based on oxygen-sensitive fluorophores are becoming increasingly available. This disparity
highlights the potential of combining affordable CO₂ and O₂ sensors to develop compact, accessible and portable gas-
phase systems for simultaneous RQ measurements, particularly when the primary focus is on respiration rather than
photosynthesis [8, 44]. In the present study, we developed a compact gas-phase system that enables that combines
commercially available O₂ (Pyroscience) and CO₂ (Sensirion) sensors to simultaneously measure O₂ consumption and
CO₂ production within the same closed chamber (Fig. 1). Using this system, we conducted three experiments
encompassing C3 and C4 species and contrasting environmental conditions (diel cycles, drought and temperature). A
particular focus of this study was to evaluate the performance of the low-cost CO₂ sensor by comparing its
measurements with those obtained using conventional IRGA systems. Under controlled growth-chamber conditions,
experiments were conducted in crop and pseudocereal species, including wheat (Triticum monococcum), sorghum
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(Sorghum bicolor), and quinoa (Chenopodium quinoa). Under field conditions, experiments were conducted in different
genotypes of Vitis vinifera. Based on previous studies highlighting the methodological advantages of determining CO₂
production and O₂ consumption simultaneously from the same biological material [39, 41–43], we hypothesized that
this compact sensor-based system would provide robust simultaneous RQ estimates capable of resolving biologically
meaningful variation among species and environmental conditions. We further hypothesized that differences between
these simultaneous RQ estimates and RQ calculated from independently measured CO₂ and O₂ fluxes could be partly
explained by an overestimation of CO₂ production rates obtained using IRGA when CO₂ diffusion from beneath the
chamber gasket is ignored.

Material and Methods

Plant material, growth conditions and experimental design
For experiment 1, at the university of Granada (UGR), plants of quinoa (Chenopodium quinoa), sorghum (Sorghum
bicolor), and wheat (Triticum monococcum) were grown in pots with a volume of 0.5–1.0 L, containing a 3:1 (v/v)
mixture of peat and perlite. Plants were maintained in a controlled-environment growth chamber under a 16 h light/8 h
dark photoperiod at 25/20°C (day/night), with a photosynthetic photon flux density (PPFD) of 700 µmol photons m⁻² s⁻¹
during the light period. The experimental design consisted of ten pots per species, containing three plants per pot for
Quinoa and Sorghum (n = 30 per species), and seven plants per pot for wheat, the latter to ensure sufficient biomass for
measurements. Plants were grown for four weeks and received one irrigation with 50% Hoagland nutrient solution
during the growth period, followed by irrigation every 2–3 days with distilled water to field capacity. Once plants
reached the vegetative phase at 30 days, fully developed leaves from 4–6 individual plants per species were selected
for simultaneous Rd measurements of O₂ consumption (Pyroscience) and CO₂ production (Sensirion/IRGA). The
midday measurements were taken between 9:00–13:00 h. Nighttime measurements were started at 20:00–00:00 h. All
measurements were performed within a temperature range of 23–25°C.

In experiment 2, to assess the effect of water stress and genotype on leaf respiration, Vitis vinifera cultivars Manto
negro and Callet were studied during July and August 2026 in a commercial vineyard located in Santa Eugenia
(Mallorca, Spain). The vines were grown in a clay-loamy soil with a maximum depth of approximately 1.5 m and were
grafted onto 110-Richter rootstock. Plants were spaced 1 m apart within rows, with 2.5 m between rows, and were
trained to bilateral cordons and spur pruned, with 12 shoots per vine. Cultural practices, including irrigation, pruning,
defoliation, and pest and disease management, were applied uniformly to both cultivars. Plants from 2–3 rows per
cultivar were selected for leaf sampling throughout the experiment. Irrigation was scheduled based on crop
evapotranspiration, calculated using a crop coefficient and evapotranspiration data recorded by a nearby
meteorological station. Two water treatments were established for each cultivar: well-watered (WW) and water-
stressed (WS) for two weeks, following the approach described by Tortosa et al. [45]. Midday leaf water potential was
measured using a pressure chamber (Model1000; PMS Instrument Company, Albany, NY, USA) as previously described
[46], and in WS plants this parameter reached approximately − 1.4 MPa. Leaves from 4–6 plants of each species were
selected for respiratory measurements using the simultaneous PyroScience O₂/Sensirion CO₂ system and,
independently, the IRGA-based approach described below. Measurements were taken between 9:00–14:00 h.
Sensirion/ Pyroscience measurements were performed in a shaded location at temperatures ranging from 27 to 29°C.

In August 2026, the third experiment was conducted with Vitis vinifera cv. Garnacha at the experimental field of the
University of the Balearic Islands (UIB), Mallorca, Spain. The vineyard was established in 2009, with vines grafted onto
110-Richter rootstock, planted at 1 m spacing within rows and 2.5 m between rows, and trained to bilateral cordons and
spur pruned. Plants were subjected to water stress following the same water-withholding and monitoring procedure
described for Experiment 2. At the time of measurements, water-stressed plants had reached midday leaf water
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potential values of approximately − 1.4 MPa, comparable to those observed in the water-stressed vines of Experiment
2. To assess the short-term effect of measurement temperature on leaf respiration, simultaneous measurements of O₂
consumption (PyroScience) and CO₂ production (Sensirion/IRGA) were first performed under field conditions on leaves
from water-stressed plants, at ambient temperatures ranging from 30 to 32°C (approximately 31°C). Leaves from the
same water-stressed plants were subsequently sampled and immediately transferred to a temperature-controlled
laboratory maintained at 21°C, where the same simultaneous measurements of O₂ consumption and CO₂ production
were performed. Although leaves were detached for laboratory measurements, preliminary tests showed comparable
respiration rates between intact and detached leaves, suggesting that leaf excision had a negligible effect on
respiratory activity under the conditions tested. During measurements, detached leaves were kept hydrated by
immersing their petioles in a container of water. Measurements were taken between 9:00–13:00 h.

Simultaneous O₂ and CO₂ exchange measurements using a gas-phase
enclosed cuvette system
Our gas phase system was designed to enable simultaneous, high-resolution measurements of O2 consumption and
CO2 production in leaves within the same closed chamber (Fig. 1). The system is based on an airtight stainless-steel
respiration cuvette, similar to those previously used in isotope ratio mass spectrometry measurements [47]. The
cuvette has an external diameter of 8 cm and a height of 4 cm, with an internal spherical cavity measuring 4 cm in
diameter and 2 mm in depth. The total internal volume of the system (2.95 mL), including the spherical cavity and the
interconnected spaces leading to the gas sensors, was determined gravimetrically by completely filling these spaces
with distilled water (assumed density of 1.0 g mL⁻¹) and measuring the mass of water required to fill them. The cuvette
is equipped with an optical oxygen sensor (OXROB10; PyroScience) and a miniaturized CO₂ sensor (SCD41; Sensirion),
both interfaced with a microcontroller-based data acquisition system (Arduino and PyroScience platforms). The CO₂
sensor was operated using official Sensirion libraries in the Arduino environment, with Automatic Self-Calibration (ASC)
enabled to maintain measurement accuracy and baseline stability through periodic adjustment of the reference
baseline based on exposure to ambient CO₂ concentrations (~ 400–420 ppm). The optical oxygen sensor was
calibrated using ambient air as a reference, corresponding to an atmospheric oxygen concentration of approximately
20.95%. In addition, the sensor modules include integrated temperature (Pt100; PyroScience) and atmospheric
pressure sensors (PyroScience). For measurements performed in plants grown under chamber and field conditions, a
leaf sample consisting of a disk of 11.3 cm² and 9.6 cm2, respectively, was introduced into the cuvette (Fig. 1). Oxygen
and carbon dioxide concentrations were continuously recorded over approximately 10 minutes; the first 3 min were
discarded as an equilibration period. This measurement window also allowed sufficient CO₂ accumulation and O₂
depletion while preserving the linearity of gas exchange rates, which was visually assessed by confirming that a linear
regression reference line closely overlapped with the measured gas concentration data. Oxygen concentration was
recorded at 1 s intervals, whereas CO₂ concentration was measured every 4 s. Leaves were dark-adapted for 15–20
min before measurements. The cuvettes were sealed using silicone sealant and fitted with O-rings to ensure
airtightness and prevent gas leakage. Prior to measurements, the cuvettes were equilibrated to ambient temperature to
minimize thermal drift, and blank measurements (empty cuvettes) were performed periodically to verify the integrity of
the seals and detect potential gas leakage. This system was designed with portability in mind, as all sensors are
powered through a portable computing unit.

The optode quantifies changes in gas-phase O₂ concentration from the O₂-dependent decay of the fluorescence signal.
The oxygen consumption rates (RO₂, µmol m−2s− 1) were calculated using ideal gas law, following previous studies [32–
44]:
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R= (P* V* SO /R * T * A) * 10 (1)
In this equation, P represents the total ambient partial pressure, which is 101.325 kilopascal (kPa). V denotes the total
internal gas-space volume of the respiratory cuvette (mL), measured without leaf tissue. The volume occupied by the
leaf tissue was not quantified or subtracted. SO2 denotes the slope of O2 decay over time (e.g, O2 = ppm O2 s− 1), as

determined by the optode sensor as percentage of O₂ in the gas phase (% O₂). The slope was divided by 100 to convert
O₂ percentage into mole fraction before calculating the molar flux. R stands for the gas constant, which is 8314 cm3

kPa K− 1 mol− 1. T represents the temperature in Kelvin (K), and A is the total projected area of leaf discs (m2). The
factor 10− 6 converts concentration from ppm to mole fraction. Similarly, as CO₂ evolved by the tissue and accumulates
within the sealed cuvette, a positive slope (SCO2, ppm CO2 s− 1) was used to calculate the CO₂ evolution rate (RCO2,

µmol m−2s− 1) was calculated as:

R= (P* V* SCO /R * T* A) * 10 (2)
Both temperature and atmospheric pressure recorded by the integrated sensors during each measurement were used
for conversion of gas concentration changes to molar fluxes. Leaf area was either determined using ImageJ software
or directly defined by sampling leaf tissue using a punch to excise circular leaf discs of known area. Depending on the
experimental setup, leaf discs with predefined areas of 11.3 or 9.62 cm² were used for respiration measurements.

Finally, the simultaneously respiratory quotient (RQsim) was calculated as the simple ratio of these two rates:

RQsim= RCO2/ RO2 (3)

CO₂ exchange measurements using an Open-Flow Infrared Gas Analyzer
System
Dark respiration (RCO2IRGA) was determined in the youngest fully developed leaves of at least four plants of C. quinoa, S.
bicolor, T. monococcum, and V. vinifera using a LI-6400 gas-exchange system (LI-COR Inc., Lincoln, NE, USA) equipped
with a 2 cm² leaf chamber. These measurements were performed in parallel with the O₂ consumption and CO₂
production determinations obtained using the PyroScience and Sensirion systems, respectively. All measured leaves
were larger than the LI-6400 chamber area. Across experiments, LI-6400 operating conditions were adjusted to the
specific environmental and experimental conditions under which respiration was assessed. Reference CO₂
concentration was maintained between 400 and 420 µmol CO₂ mol⁻¹ air, while air flow rates ranged from 150 to 300
µmol air s⁻¹. Block temperature was set to match, as closely as possible, the corresponding measurement conditions
of each experiment. Specifically, measurements were performed at 25°C in Experiment 1 and at 27°C in Experiment 2,
whereas in Experiment 3 measurements were conducted at 31°C under field conditions and at 21°C following transfer
to the temperature-controlled laboratory. Before respiration measurements, leaves were dark-adapted for 15–20 min,
and gas-exchange rates were recorded once a steady state had been reached. Leak tests were performed daily before
measurements by blowing around the chamber clamp to detect potential leaks. Additionally, blank measurements were
conducted with the cuvette closed and without leaf material to verify that respiration rates remained close to zero,
confirming the absence of detectable gas leakage or instrumental drift.

Finally, the independently respiratory quotient (RQind) was calculated from CO₂ production measured with the IRGA
system (RCO2IRGA) and O₂ consumption measured with the PyroScience system (RO2). Because IRGA and PyroScience
measurements were not performed on the same individual leaves, individual CO₂ and O₂ measurements could not be
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directly paired. Instead, measurements with the different systems were performed on leaves sampled from nearby
positions within the same plants. Therefore, for each treatment, RO2 values obtained with PyroScience were averaged,
and this treatment-level mean O₂ consumption rate was subsequently used to calculate the APRQ for each individual
RCO2LICOR measurement:

RQind= RCO2LICOR/ RO2 (4)

Statistical analyses
All statistical analyses and data visualization were performed using R software (v. 4.3.2; R Core [48]). Statistical
analyses were conducted independently for each experiment. Differences among experimental treatments in
respiratory variables, including CO₂ production, O₂ consumption, and respiratory quotient (RQ), were assessed using
one-way analysis of variance (ANOVA). When significant treatment effects were detected, pairwise comparisons were
performed using estimated marginal means with adjustment for multiple comparisons, and homogeneous groups were
represented using compact letter displays (CLDs). Statistical significance was accepted at p < 0.05. Differences
between alternative methodological approaches for estimating respiratory CO₂ fluxes and RQ (i.e., IRGA vs. Sensirion
and IRGA/PyroScience vs. Sensirion/PyroScience, respectively) were evaluated using Student’s t-tests. Data
distributions were visualized using boxplots, together with treatment means and their associated standard errors (SE).
Relationships among respiratory measurements obtained with the different systems were assessed using ordinary
least-squares linear regression. Regressions were fitted using treatment mean values, and the uncertainty associated
with each mean was represented by horizontal and vertical error bars corresponding to the SE of the variables plotted
on each axis. Regression equations, coefficients of determination (R²), and associated p-values were reported to
describe the strength and significance of these relationships. Data processing and visualization were performed using
the ggplot2, dplyr, tidyr, and patchwork packages, whereas estimated marginal means, multiple comparisons, and
compact letter displays were obtained using the emmeans and multcomp packages.

Results
Respiration measurements under controlled growth-chamber conditions

O₂ consumption measured with the PyroScience sensor ranged from 0.68 to 1.70 μmol O₂ m⁻² s⁻¹ (Table 1). Quinoa
exhibited the highest O₂ consumption, with 1.41 ± 0.07 and 1.70 ± 0.19 μmol O₂ m⁻² s⁻¹ at midday and nighttime,
respectively. In contrast, Sorghumshowed the lowest values, 0.68 ± 0.04 and 0.70 ± 0.05 μmol O₂ m⁻² s⁻¹, while wheat
showed intermediate consumption of 0.81 ± 0.09 and 0.84 ± 0.04 μmol O₂ m⁻² s⁻¹. In previous studies, measurements
performed in different wheat species and environments showed a considerably broader range of 0.25–4.0 μmol O₂ m⁻²
s⁻¹ by using hyperspectral reflectance or fluorophore sensitive to O2 quenching [49-51]. For Sorghum, using an O₂-
sensitive fluorophore, Fan et al. [20] reported O₂-based dark respiration rates of approximately 1.0–2.0 μmol O₂ m⁻² s⁻¹.
In comparison, the values in our experiment (approximately 0.70 μmol O₂ m⁻² s⁻¹) are somewhat lower, but still within
the broader range of O₂-based respiration reported for C₄ grasses (0.5–1.0 μmol O₂ m⁻² s⁻¹) in the same study (Table
1A). 

Respiratory CO₂ release differed among species and, to a lesser extent, between measurement times (MD and NT)
under controlled growth-chamber conditions (Table 1). Across the three species, IRGA measurements ranged from 0.99
to 1.57 μmol CO₂ m⁻² s⁻¹, whereas Sensirion yielded consistently lower values, ranging from 0.52 to 1.07 μmol CO₂ m⁻²
s⁻¹. Nevertheless, both systems captured a similar overall pattern among species, with quinoa showing the highest CO₂
release and wheat and sorghum generally displaying lower rates. In quinoa, IRGA measurements were 1.57 ± 0.18 and
1.46 ± 0.10 μmol CO₂ m⁻² s⁻¹ at MD and NT, respectively, compared with 0.96 ± 0.08 and 1.07 ± 0.15 μmol CO₂ m⁻² s⁻¹
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obtained with Sensirion, corresponding to differences of approximately 27–39% between methods. A larger
methodological divergence was observed in wheat, particularly at MD, where IRGA recorded 1.37 ± 0.11 μmol CO₂ m⁻²
s⁻¹ compared with 0.52 ± 0.05 μmol CO₂ m⁻² s⁻¹ with Sensirion; at NT, the corresponding values were 1.06 ± 0.06 and
0.61 ± 0.04 μmol CO₂ m⁻² s⁻¹. Similarly, sorghum showed IRGA rates of 0.99 ± 0.05 and 1.07 ± 0.10 μmol CO₂ m⁻² s⁻¹ at
MD and NT, respectively, whereas Sensirion yielded approximately half these values (0.55 ± 0.03 and 0.58 ± 0.05 μmol
CO₂ m⁻² s⁻¹) (Table 1A). Thus, although both approaches captured broadly consistent interspecific patterns in
respiratory activity, the magnitude of the difference between IRGA- and Sensirion-derived CO₂ fluxes varied among
species. 

The differences between CO₂ fluxes resulted in a clear separation between both RQ methodologies (Table 1; Fig. 1A,B).
RQind, calculated from IRGA CO₂ release and PyroScience O₂ consumption, ranged from 0.86 to 1.69 and was
consistently higher than the corresponding  RQsim in the treatments showing a significant difference. The highest RQind

was observed in wheat at MD (1.69 ± 0.14), followed by sorghum at NT (1.52 ± 0.14) and sorghum at MD (1.45 ± 0.08).
In contrast, RQsim calculated from simultaneous Sensirion–PyroScience measurements ranged from 0.62 to 0.82.

Quinoa showed the lowest absolute RQ at nighttime (0.62 ± 0.02), whereas sorghum showed the highest values, 0.81 ±
0.01 and 0.82 ± 0.02 at MD and NT, respectively. No statistically significant differences in CO2 evolution rates were
detected between the two diurnal time points for any of the studied species, regardless of whether measurements were
performed using the IRGA or the Sensirion sensor. Similarly, no significant differences were observed in both midday
and nighttime values for either RQind or RQsim. The sole exception was a decrease in RQind during nighttime in quinoa.
This RQind decline is probably caused by gasket artifacts in the IRGA chamber, rather than a shift in the substrate
oxidized.

Respiration measurements in Vitis vinifera under field conditions

Because direct measurements of leaf O₂ consumption (area basis) in V. vinifera are limited, values from closely related
grapevine cultivars were evaluated for context. Field measurements revealed that PyroScience O₂ consumption ranged
from 0.71 to 2.48 μmol O₂ m⁻² s⁻¹ across cultivars and treatments (Table 2). Callet recorded the highest O₂ demand,
with 2.48 ± 0.12 and 2.37 ± 0.10 μmol O₂ m⁻² s⁻¹ under well-watered (WW) and water-stress (WS) conditions,
respectively. In contrast, Manto Negro exhibited lower O₂ uptake under WW conditions (1.30 ± 0.11 μmol O₂ m⁻² s⁻¹),
which increased significantly to 1.62 ± 0.17 μmol O₂ m⁻² s⁻¹ under WS. Grenache demonstrated sharp temperature
sensitivity, elevating its O₂ consumption from 0.71 ± 0.05 μmol O₂ m⁻² s⁻¹ at 21 °C to 1.64 ± 0.12 μmol O₂ m⁻² s⁻¹ at 31
°C (Table 1B). 

Field-based respiratory CO₂ release in V. vinifera exhibited substantially greater variability than observed in growth-
chamber experiments (Table 2). Across cultivars, IRGA CO₂ fluxes spanned from 1.07 to 3.54 μmol CO₂ m⁻² s⁻¹,
whereas Sensirion measurements registered a lower overall range of 0.48 to 2.02 μmol CO₂ m⁻² s⁻¹. Callet yielded the
highest CO₂ release with IRGA (3.54 ± 0.12 under WW; 3.17 ± 0.26 μmol CO₂ m⁻² s⁻¹ under WS) and relatively high,
stable values with Sensirion (2.02 ± 0.19 under WW; 2.00 ± 0.22 μmol CO₂ m⁻² s⁻¹ under WS). In Manto Negro, water
stress induced an significant rise in IRGA rates (from 1.48 ± 0.07 under WW to 2.71 ± 0.27 μmol CO₂ m⁻² s⁻¹ under WS),
while Sensirion recorded 1.20 ± 0.09 and 1.32 ± 0.15 μmol CO₂ m⁻² s⁻¹ under WW and WS, respectively. Grenache
showed significant thermal drive in both sensors, increasing from 1.07 ± 0.06 (21 °C) to 2.08 ± 0.11 μmol CO₂ m⁻² s⁻¹ at
31 °C (IRGA) and from 0.48 ± 0.02 (21 °C) to 1.49 ± 0.15 μmol CO₂ m⁻² s⁻¹ at 31 °C (Sensirion) (Table 1B). 

Similar to experiment 1, these contrasting CO₂ estimates generated a distinct divergence between apparent (IRGA CO₂
/ PyroScience O₂) and absolute (Sensirion CO₂ / PyroScience O₂) respiratory quotients (Table 2; Fig. 1A,B). Apparent RQ
spanned from 1.14 to 1.67 across treatments, whereas absolute RQ showed values bellow unity (0.68 to 0.95). In
Callet, apparent RQ reached 1.43 ± 0.05 (WW) and 1.34 ± 0.11 (WS), compared to absolute RQ values of 0.81 ± 0.05
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and 0.84 ± 0.07, respectively. Manto Negro exhibited a significant increase in apparent RQ from 1.14 ± 0.05 (WW) to
1.67 ± 0.17 (WS), while its absolute RQ remained around 0.8–1.0 (0.95 ± 0.11 under WW; 0.81 ± 0.01 under WS).
Grenache exhibited the most pronounced temperature-dependent shift: at 21 °C, apparent RQ was 1.51 ± 0.08 versus
an absolute RQ of 0.68 ± 0.03, whereas at 31 °C, the values converged closer to 1.37 ± 0.07 (apparent) and 0.93 ± 0.11
(absolute). A lack of statistically significant differences between the two CO2 and RQ metrics were confirmed for most
treatments, with exceptions noted in Manto Negro under WW conditions and Grenache at 31 °C. The disparity between
RQ estimates was not uniform across treatments, scaling directly with the magnitude of disagreement between the
underlying CO₂ sensors. The most extreme divergence occurred in treatments where IRGA CO₂ release far exceeded
the simultaneous Sensirion output, most notably in Manto Negro under WS conditions and Grenache at 21 °C.
Conversely, when IRGA and Sensirion CO₂ estimates aligned more closely, the resulting apparent and absolute RQ
values converged accordingly.

Relationships among respiratory CO₂ and O₂ fluxes across measurement systems

To evaluate the degree of agreement between the different measurement systems, linear regressions were performed
using the mean values for each treatment across all experiments. The comparison between respiratory CO₂ fluxes
measured with IRGA and the Sensirion sensor demonstrated a positive and highly significant relationship (R2=0.88; Fig.
3C). Both systems captured consistent relative variations in respiratory activity across treatments. However, the slope
of 0.59—substantially below the theoretical 1:1 unity line— highlights a proportional overestimation of CO2 release by
the IRGA maybe driven by the multicomponent leaks artifacts [24, 28] (Fig. 3C, Supplementary Fig. 1). A similar pattern
emerged when comparing CO₂ production against O₂ consumption measured with PyroScience (Fig. 3A). When pairing
independent IRGA CO₂ fluxes with PyroScience O₂ uptake, the relationship was highly significant (R2=0.85). The slope
exceeding unity (1.28) reveals higher rates of CO₂ release measured with the IRGA than rates of O₂ consumption across
the respiratory spectrum, introducing a systematic excess of CO₂ relative to O₂ (Fig. 3A). On the other hand,
simultaneous measurements conducted within the same chamber using Sensirion and PyroScience yielded a stronger
linear coupling (R2=0.94; Fig. 3B). The higher coefficient of determination and a slope closer to unity (0.85)
demonstrate that CO₂ and O₂ exchanges measured simultaneously in an integrated volume produces less error than
when combining independent gas exchange systems (Fig. 3A,B). This pattern is reinforced when comparing the CO2

values of both instruments, in which prior a gasket leak correction the slope of both IRGA and Sensirion CO2 was 0.56,

and after the 50% of area correction, this slope change to unity (1.01), indicating that changes observed in the CO2

values are not due a biological difference, confirming that correcting for diffusion leakage is essential for obtaining
realistic CO2 values, and miniaturized sensor is capable of capture dynamic changes in CO2 respiration with high
accuracy. 

Discussion

Comparison of respiratory CO₂ fluxes and the influence of effective
leaf area
A central result of this study is that the CO₂ fluxes obtained with the IRGA and the miniaturized Sensirion sensor were
strongly correlated across the different species and experimental conditions, but that the two approaches did not
initially provide equivalent estimates of respiratory CO₂ release (Fig. 2–4). IRGA measurements were systematically
higher than those obtained with the Sensirion sensor, resulting in a significant difference between methods when the
complete dataset was compared (Figs. 3 and 5). Despite this difference in absolute magnitude, the two methods
captured a common pattern of variation among treatments, as indicated by the significant linear relationship between
them (Fig. 3C). However, the slope of the relationship between Sensirion- and IRGA-derived CO₂ fluxes was
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substantially below unity (0.59), indicating that the discrepancy between methods increased with respiratory rate. Thus,
although both systems captured similar relative variation in respiratory activity across treatments, their estimates
increasingly diverged at higher CO₂ fluxes. One potential explanation for this proportional divergence is an
overestimation of respiratory CO₂ release by the open-flow clamp-on IRGA system due to CO₂ produced by leaf tissue
beneath the chamber gasket and diffusing into the chamber [28–30] (Figs. 2, 4 and 5). Importantly, despite their
systematically higher values relative to the Sensirion measurements, IRGA-derived CO₂ fluxes remained within
previously reported physiological ranges for the species examined. In Chenopodium quinoa, MD and NT rates (1.57 ± 
0.18 and 1.46 ± 0.10 µmol CO₂ m⁻² s⁻¹) closely match literature values for Rd (~ 1.19–1.85 µmol CO₂ m⁻² s⁻¹; [52]
(Table 1A). Similarly, field values in Vitis vinifera (1.07 to 3.54 µmol CO₂ m⁻² s⁻¹) align with published ranges under
contrasting water and temperature regimes (~ 0.5 to 3.0 µmol CO₂ m⁻² s⁻¹; [53–54]. Likewise, rates measured in
Sorghum bicolor and Triticum monococcum were consistent with previously reported values [20, 51] (Table 1B). Thus,
the discrepancy between methods cannot be identified simply by comparing IRGA-derived rates with the range of
respiratory values previously reported in the literature.

To evaluate if some IRGA chamber artifacts causes the disparity between methods, we apply a respiratory-area
correction to the IRGA data (Figs. 2 and 4). The correction is based in the assumption that the leaf tissue covered by
the gasket continues to respire and that approximately 50% of the CO₂ produced by this tissue diffuses towards the
chamber, while the remaining 50% diffuses towards the outside [28]. Accordingly, one-half of the gasket-covered area
was incorporated into the effective respiratory area used to normalize the IRGA flux (Additional Fig. 1). This represents
a first-order approximation based on a fixed contribution of gasket-covered tissue rather than a direct measurement of
lateral CO₂ diffusion, which is expected to vary among leaves and species. Nevertheless, applying this correction
reduced IRGA-derived CO₂ fluxes by approximately 42% (Additional Fig. 1) and markedly improved agreement with the
Sensirion measurements. The relationship between corrected IRGA and Sensirion fluxes remained highly significant (R²
= 0.86, p < 0.001, Fig. 5B), with the regression slope shifted from 0.59 (Fig. 3C) to 1.01 after correction. Close
agreement was observed across several species and treatments, although residual differences remained under some
conditions, reaching approximately up to 0.34 µmol CO₂ m⁻² s⁻¹. Thus, the 50% assumption should not be interpreted
as a universal correction factor, as lateral CO2 diffusion beneath the gasket is a physical mass-transport artifact
governed by anatomical and diffusional properties, including mesophyll resistance, leaf porosity and vascular anatomy,
which can vary considerably among species [28]. Rather, the correction illustrates that respiration by gasket-covered
tissue can account for a substantial part of the systematic discrepancy between the two measurement approaches.
The convergence of the regression slope towards unity, together with improved agreement between IRGA- and
Sensirion-derived RQ estimates after correction (Fig. 3C and 5) provides strong evidence that gasket-associated lateral
CO₂ diffusion contributes to the original discrepancy. In contrast, enclosing an entire leaf disc within the hermetic
Sensirion/PyroScience chamber avoids this particular source of error.

Physiological variation in respiratory quotient and implications for
respiratory metabolism
Because RQ is calculated as the ratio between CO₂ production and O₂ consumption, relatively small differences in the
estimated CO₂ flux can be amplified in the resulting RQ, particularly when respiration rates are low. Thus, differences of
only a few tenths of µmol CO₂ m⁻² s⁻¹ arising from the calculation of the effective IRGA respiratory area can produce a
much larger relative change when expressed as a CO₂/O₂ ratio (Table 1–2; Figs. 2 and 4). This was evident when the
conventional IRGA area was used: the resulting independent RQ estimates (RQind) were predominantly above unity, with
several treatments exceeding 1.6, similar to the range of 1.1 to 2.6 as previously reported [20]. Although RQ values
above unity are physiologically possible, such high values would imply a substantial contribution of highly oxidized
respiratory substrates, particularly organic acids [8], and contrast with the RQ values around or slightly below unity
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commonly reported for leaves [9–13]. Moreover, plant respiration can be supported by a diverse range of substrates,
including carbohydrates, organic acids, amino acids and fatty acids, whose relative contribution varies with metabolic
and environmental conditions [55]. In particular, amino acids can contribute to mitochondrial respiration both under
normal conditions and when carbohydrate availability becomes limiting, further illustrating that respiratory metabolism
cannot be inferred from carbohydrate oxidation alone [55]. In contrast, RQ values obtained from simultaneous
Sensirion–PyroScience measurements (RQsim) were consistently lower and generally centered below or close to unity,
in agreement with previous simultaneous measurements of CO₂ production and O₂ consumption in leaves [12, 39–41,
43, 56]. The magnitude of the discrepancy between RQind and RQsim varied considerably among species and
treatments, being particularly pronounced in wheat, sorghum, water-stressed Manto Negro and Grenache at 21°C, while
it was smaller in quinoa and in treatments where the two CO₂ estimates became more similar after the respiratory-area
correction. The marked change observed in Grenache, from an RQsim of 0.93 at 31°C to 0.68 when measured

immediately at 21°C, is more likely to reflect the immediate temperature dependence of respiratory CO₂ production and
O₂ consumption than a major reorganization of respiratory substrate availability, because leaves acclimated to 31°C
were transferred directly to 21°C for measurement without allowing thermal acclimation (Table 2). When compared
with theoretical or experimentally reported RQ values for different respiratory substrates, several RQind values fell
outside the values compiled in the literature (“nr” in Table 2; [8], whereas all RQsim values could be linked to previously
reported substrates (Table 2; [8]. Overall, RQsim values fell within reported ranges. Overall, the RQsim values were
compatible with contributions from amino acids, carbohydrates, and/or lipids, whereas the higher RQind values would
imply a greater contribution from organic-acid metabolism (Table 2A,B). These associations should not, however, be
interpreted as direct identification of the substrates being respired, because multiple substrates and metabolic
pathways contribute simultaneously to respiratory CO₂ release and O₂ consumption, and their use varies with
physiological and environmental conditions [55]. In well-watered Manto Negro, for instance, an RQsim close to unity

(0.95) is consistent with a substantial contribution of carbohydrate oxidation. By contrast, the lower RQsim values
observed in most other treatments indicate greater O₂ consumption relative to CO₂ release and are therefore consistent
with contributions from other respiratory substrates and/or metabolic processes in addition to carbohydrate oxidation.
Importantly, simultaneous measurement of CO₂ and O₂ exchange minimizes temporal, biological-sample and
instrumental mismatches between the two fluxes, but does not necessarily make the resulting RQsim equivalent to the
biochemical RQ of mitochondrial substrate oxidation. Whole-leaf CO₂ release and O₂ uptake can also be influenced by
metabolic processes other than mitochondrial substrate oxidation, including CO₂ fixation by carboxylating reactions,
diversion of reducing equivalents to processes such as nitrate assimilation, and non-mitochondrial O₂ consumption [7,
17–18]. Thus, RQsim should be interpreted as a robust measure of whole-tissue CO₂/O₂ exchange stoichiometry rather
than as an unequivocal indicator of the substrates oxidized by mitochondrial respiration.

The difference between these two approaches (RQind vs RQsim) was highly significant, illustrating how methodological
differences in CO₂ estimation can translate into apparently large differences in RQ (Figs. 2 and 4). After applying the
area correction, the RQ values calculated from IRGA CO₂ production and PyroScience O₂ consumption (RQind) were
markedly closer to those obtained from the simultaneous Sensirion–PyroScience measurements (RQsim, Fig. 3A,B, and

5). More importantly, most of the corrected values were below unity, with only wheat measured during the daytime
exceeding 1. This corrected range is also consistent with RQ values reported in studies using approaches that allow
simultaneously or directly coupled measurements of respiratory CO₂ production and O₂ consumption, including cavity-
enhanced Raman multigas spectrometry (CERS) [12, 39, 41, 43, 56]. The relationships between CO₂ and O₂
measurements provide further support for this interpretation (Fig. 4A,B). Although both IRGA and Sensirion CO₂ fluxes
were strongly related to O₂ consumption measured with PyroScience, the Sensirion–PyroScience relationship showed a
stronger fit than the corresponding IRGA–PyroScience relationship (Fig. 3A,B). Moreover, the Sensirion–PyroScience
regression had a slope closer to the theoretical 1:1 relationship than that observed for IRGA versus PyroScience after
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respiratory-area correction (Fig. 3C, and 5A). These differences indicate that the CO₂ production measured
simultaneously with the Sensirion sensor was more tightly coupled to O₂ consumption than the independently obtained
IRGA flux, even after applying a respiratory-area correction to account for differences in the leaf area used for flux
calculations.

Conclusions
Combining simultaneous CO₂ and O₂ gas-exchange measurements within an enclosed cuvette provides a robust and
complementary approach for characterizing Rd, and changes in respiratory stoichiometry across species and
environmental conditions. Simultaneous measurements of CO2 production and O2 consumption within the same
cuvette yielded RQsim values that were lower than the RQind values calculated from independent IRGA and optode
measurements. This divergence could largely be explained by an overestimation of CO2 production rates in clamp-on
IRGA systems when lateral gas diffusion and respiration from tissue beneath the chamber gasket are not considered.
Mathematically incorporating this gasket-derived contribution substantially improved agreement between CO₂ fluxes
measured with both systems and brought RQind estimates into closer alignment with RQsim measurements. These
results may have implications beyond the estimation of Rd itself. Because Rd is commonly used as an input parameter
in the estimation of other gas-exchange traits, including carbon balance, mesophyll conductance and maximum
carboxylation rate, systematic errors in Rd associated with the effective respiratory area could propagate into their
estimation. Beyond these methodological implications, the accessibility of simultaneous RQ measurements opens
opportunities to investigate the metabolic basis of variation in respiratory stoichiometry. Combining RQsim with

metabolomic profiling could help relate changes in CO₂/O₂ stoichiometry to changes in respiratory substrates and
primary metabolic pathways, while also enabling new questions about how respiratory metabolism is reorganized
across species, developmental stages and environmental conditions. Complementary approaches such as oxygen-
isotope fractionation (Δ¹⁸O), which enables partitioning of mitochondrial O₂ consumption between the cytochrome and
alternative oxidase pathways, could further help disentangle variation in whole-tissue RQ from changes in
mitochondrial respiratory metabolism and from other processes contributing to net CO₂ and O₂ exchange.
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Tables
Table 1. Respiratory gas fluxes and respiratory quotient (RQ) across species and experimental conditions. CO₂
production was measured using IRGA and Sensirion, and O₂ consumption using PyroScience. Independent RQ (RQind)
was calculated from IRGA CO₂ fluxes and treatment-mean PyroScience O₂ consumption, whereas simultaneous RQ
(RQsim) was obtained from Sensirion–PyroScience measurements. (A) C₃ and C₄ species measured at midday (MD)
and nighttime (NT) (Experiment 1); (B) grapevine cultivars under contrasting water regimes and temperatures
(Experiments 2 and 3). Values represent means ± SE. Different lowercase letters indicate significant differences among
treatments, while asterisks indicate differences between measurement methods (p < 0.05). WW, well-watered; WS,
water-stressed.
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Species Conditions IRGA
CO₂
(μmol
m⁻²
s⁻¹)

Sensirion
CO₂
(μmol
m⁻² s⁻¹)

PyroScience
O₂
(μmol m⁻²
s⁻¹)

RQind
IRGA/PyroScience

RQsim
Sensirion/PyroScience

T.
monococcum

MD 1,37 ±
0,11abc

0,52 ±
0,05b*

0,81 ± 0,09b 1,69 ± 0,14a 0,65 ± 0,01cd*

T.
monococcum

NT 1,06 ±
0,06bc

0,61 ±
0,04b*

0,84 ± 0,04b 1,25 ± 0,07abc 0,72 ± 0,03bc*

C. quinoa MD 1,57 ±
0,18a

0,96 ±
0,08a*

1,41 ± 0,07a 1,11 ± 0,13b 0,67 ± 0,04cd*

C. quinoa NT 1,46 ±
0,10ab

1,07 ±
0,15a*

1,70 ± 0,19a 0,86 ± 0,06c 0,62 ± 0,02d*

S. bicolor MD 0,99 ±
0,05c

0,55 ±
0,03b*

0,68 ± 0,04b 1,45 ± 0,08ab 0,81 ± 0,01ab*

S. bicolor NT 1,07 ±
0,10bc

0,58 ±
0,05b*

0,70 ± 0,05b 1,52 ± 0,14ab 0,82 ± 0,02a*

V. vinifera cv.
Callet

WW 3,54 ±
0,12a

2,02 ±
0,19a*

2,48 ± 0,12a 1,43 ± 0,05ab 0,81 ± 0,05*

V. vinifera cv.
Callet

WS 3,17 ±
0,26a

2,00 ±
0,22ab*

2,37 ± 0,10a 1,34 ± 0,11ab 0,84 ± 0,07*

V. vinifera cv.
Manto Negro

WW 1,48 ±
0,07b

1,20 ±
0,09c

1,30 ± 0,11b 1,14 ± 0,05b 0,95 ± 0,11

V. vinifera cv.
Manto Negro

WS 2,71 ±
0,27a

1,32 ±
0,15bc*

1,62 ± 0,17b 1,67 ± 0,17a 0,81 ± 0,01*

V. vinifera cv.
Grenache

WS (31
°C)

2,08 ±
0,11a

1,49 ±
0,15a

1,64 ± 0,12a 1,27 ± 0,07 0,93 ± 0,11a

V. vinifera cv.
Grenache

WS (21
°C)

1,07 ±
0,06b

0,48 ±
0,02b*

0,71 ± 0,05b 1,51 ± 0,08 0,68 ± 0,03b*

 

Table 2. Putative respiratory substrates associated with apparent and absolute respiratory quotient values across
species and experimental conditions. Potential respiratory substrates were assigned by comparing the observed RQind

(IRGA/PyroScience) and RQsim (Sensirion/PyroScience) with RQ values previously associated with the oxidation of
different respiratory substrates in the literature. The table includes C₃ and C₄ species measured at midday (MD) and
nighttime (NT) under controlled growth-chamber conditions (Experiment 1), and grapevine cultivars subjected to
contrasting water regimes or measurement temperatures (Experiments 2 and 3). Substrate assignments should be
interpreted as putative associations rather than direct evidence of substrate utilization. “nr” indicates that no
respiratory substrate reported in the cited literature could be associated with the observed RQ value. MD, midday; NT,
nighttime; WW, well-watered; WS, water-stressed.
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Figures

Figure 1

Schematic representation of the compact closed gas-phase system for simultaneous CO₂ and O₂ measurements. The
system combines a miniaturized Sensirion CO₂ sensor, a PyroScience optical O₂ sensor, and a temperature sensor

Species / cultivar Condition indRQ substrate simRQ substrate Reference

T. monococcum MD nr Fatty acids/Proline [59]

T. monococcum NT Malate/fumarate Fatty acids/Proline  [18, 59]

C. quinoa MD Succinate Fatty acids/Proline [55, 59]

C. quinoa NT AAs/others Serine/Alanine [55, 61]

S. bicolor MD nr Aspartate [7]

S. bicolor NT nr Aspartate [7]

V. vinifera cv. Callet WW nr Aspartate [7]

V. vinifera cv. Callet WS Malate/fumarate Aspartate  [7, 57, 60]

V. vinifera cv. Manto Negro WW Succinate Carbohydrates/others [55, 58]

V. vinifera cv. Manto Negro WS nr Aspartate [7]

V. vinifera cv. Grenache WS (31 °C) Malate/fumarate AAs/others  [55, 57, 60]

V. vinifera cv. Grenache WS (21 °C) nr Fatty acids/Proline [59]
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within a sealed chamber, allowing simultaneous monitoring of CO₂ production, O₂ consumption, and chamber
temperature. Changes in gas concentrations over time are recorded and displayed on a computer, with the positive
slope of CO₂ concentration representing respiratory CO₂ production and the negative slope of O₂ concentration
representing respiratory O₂ consumption. These simultaneous measurements are subsequently used to calculate the
respiratory quotient as the ratio of CO₂ production to O₂ consumption.

Figure 2

Comparison of respiratory CO₂ fluxes and respiratory quotient (RQ) obtained using alternative measurement
approaches across all species and experimental treatments. (A) Respiratory CO₂ release measured with the
conventional infrared gas analyzer (IRGA) and the miniaturized Sensirion CO₂ sensor. (B) Respiratory quotient,
calculated from independently measured IRGA CO₂ production and PyroScience O₂ consumption, and RQsim,
calculated from simultaneous Sensirion CO₂ production and PyroScience O₂ consumption. Colored points represent
treatment mean values across the three experiments. Boxplots show the median, interquartile range, and data
distribution across treatments. Differences between measurement approaches were evaluated using Student’s t-tests,
with the corresponding p-values shown in each panel. MD, midday; MN, nighttime; WW, well-watered; WS, water-
stressed.
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Figure 3

Relationships among respiratory CO₂ and O₂ fluxes measured using different gas-exchange systems. Linear
relationships between (A) CO₂ production measured with the IRGA and O₂ consumption measured with PyroScience,
(B) CO₂ production measured with Sensirion and O₂ consumption measured with PyroScience, and (C) CO₂ production
measured with Sensirion and CO₂ production measured with the IRGA. Regressions were fitted using treatment mean
values across all species and experimental conditions. Points represent treatment means, and horizontal and vertical
error bars indicate the corresponding standard errors (SE). Solid lines represent ordinary least-squares linear
regressions and shaded areas indicate the associated 95% confidence intervals. Regression equations, coefficients of
determination (R²), and p-values are shown within each panel. MD, midday; NT, nighttime; WW, well-watered; WS, water-
stressed.
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Figure 4

Effect of correcting the effective respiratory leaf area on the agreement between IRGA- and Sensirion-derived
respiratory measurements. IRGA CO₂ fluxes were mathematically corrected by incorporating one-half of the leaf area
covered by the chamber gasket into the effective respiratory area, accounting for the assumed contribution of CO₂
produced beneath the gasket and diffusing towards the chamber. (A) Comparison of area-corrected IRGA CO₂ fluxes
(IRGA*) and CO₂ fluxes measured with the Sensirion sensor. (B) Comparison of respiratory quotient calculated using
area-corrected IRGA CO₂ fluxes and PyroScience O₂ consumption (IRGA*/PyroScience) with RQsim obtained from
simultaneous Sensirion–PyroScience measurements. Colored points represent treatment mean values across the
three experiments. Boxplots show the median, interquartile range, and data distribution across treatments. Differences
between approaches were evaluated using Student’s t-tests, with p-values shown in each panel. IRGA* denotes CO₂
fluxes recalculated using the corrected effective respiratory area. MD, midday; NT, nighttime; WW, well-watered; WS,
water-stressed.

Figure 5

Relationships among respiratory gas fluxes after mathematical correction of the effective respiratory area used for
IRGA measurements. (A) Relationship between area-corrected IRGA CO₂ production (IRGA*) and O₂ consumption
measured with PyroScience. (B) Relationship between CO₂ production measured with Sensirion and area-corrected CO₂
production measured with the IRGA. Regressions were fitted using treatment mean values across all species and
experimental conditions. Points represent treatment means, and horizontal and vertical error bars indicate standard
errors (SE). Solid lines represent ordinary least-squares linear regressions and shaded areas indicate the associated
95% confidence intervals. Regression equations, coefficients of determination (R²), and p-values are shown within each
panel. IRGA* denotes CO₂ fluxes recalculated using the corrected effective respiratory area. MD, midday; NT, nighttime;
WW, well-watered; WS, water-stressed.
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