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Gross primary productivity (GPP) drives the land carbon sink, but its response to climate change and extreme
weather events like drought remains uncertain. However, GPP cannot be measured directly but must be inferred
through proxies, which introduces uncertainties that limit predictions. One promising approach is to measure
carbonyl sulfide (COS) fluxes, supported by a thorough understanding of the relative uptake ratio between COS
and COg, the leaf relative uptake (LRU). We derived plant-scale COS and CO- fluxes and calculated the LRU of
Pinus sylvestris (pine) and Juniperus communis (juniper), under controlled drought conditions. The LRU remained
constant (median daytime value of 1.47) in pine across the whole drought gradient due to opposing physiological
processes: adjustment of conductances to COS and changes in the ratio of intercellular-to-ambient CO: con-
centration. In juniper, the LRU also had a constant value (daytime median of 1.41) for soil water content (SWC)
above 17 % and increased with decreasing SWC below this threshold, driven by a decline in the stomatal to
internal conductance to COS. Under drought stress, both COS and CO; uptake declined more in pine than in
juniper. This study highlights LRU variability among species and water availability levels, providing insights into

the underlying ecophysiological processes.

1. Introduction

Gross primary productivity (GPP) is the proximal driver for the net
land carbon sink which currently removes around 1/4 of the annual
anthropogenic carbon dioxide (CO;) emissions (Friedlingstein et al.,
2025). However, climate change, along with the increasing frequency of
extreme events such as drought (Dai, 2013; Trenberth et al., 2014), may
significantly alter GPP (IPCC, 2023). This is particularly important in
mountainous regions, which are warming up twice as fast compared to
the global average (IPCC, 2023; Orr et al., 2024; Pepin et al., 2025,
2022). Therefore, understanding how GPP responds to droughts in
mountain regions is crucial for assessing regional carbon budgets. The
literature indicates a substantial uncertainty in current estimates of the
terrestrial carbon sink, particularly in areas of complex topography (Reif
et al., 2024; Rotach et al., 2014). While observational data and vege-
tation models show significant global greening due to the CO, fertil-
ization effect in the past (Piao et al., 2020), future responses of the land
carbon sink to increasing temperature and CO; concentrations remain
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uncertain. Some studies suggest a significant weakening of the current
sink. For example, Ke et al. (2025) reported a drastic decline during the
2023 El Nino year, and Friedlingstein et al. (2024) observed a decline
over the last few decades.

Despite its importance, GPP cannot be measured directly at the
ecosystem scale and must be indirectly estimated through diverse
methods and models, an unavoidable limitation that adds substantial
uncertainty to ecosystem carbon assessments (Wohlfahrt and Gu, 2015).
This restricts our ability to project the impact of climate change on GPP,
especially in relation to extreme events such as drought (Spielmann
et al., 2019; Wohlfahrt and Gu, 2015).

A promising proxy for GPP are carbonyl sulfide (COS) fluxes (Eq. (1),
Campbell et al. (2008). Plants take up COS in parallel to COy, but in
contrast to the latter, it is generally not emitted and thus correlating
with GPP (Asaf et al., 2013; Berry et al., 2013; Sandoval-Soto et al.,
2005; Stimler et al., 2010; Whelan et al., 2018).
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2C0, 1
GPP = —F, —
€%%,,COS LRU

(Eq. D)

with Fgos the measured COS flux (in units of pmol m3sh), ¥CO2 and
¥COS the atmospheric dry mole fractions of CO, and COS (in units of
ppm and ppt), respectively, and LRU the dimensionless leaf relative
uptake.

For this approach, the LRU, i.e., the ratio of the deposition velocities
of COS over CO, (Sandoval-Soto et al., 2005), is crucial and must be
defined beforehand. While early studies (Asaf et al., 2013; Berkel-
hammer et al., 2014; Stimler et al., 2010) determined an LRU value of
approx. 1.6 for Cg species, many other studies, particularly more recent
ones, report a wider range of LRU values. Wohlfahrt et al. (2012)
concluded that the LRU theoretically can range from 0.6 to 4.3. The
synthesis study of Whelan et al. (2018) reports experimentally derived
LRU values ranging from 0.7 to 6.2 (95 % confidence interval) with a
median of 1.68. Spielmann et al. (2023) deduced that LRU values vary
between soybean types and in response to drought stress conditions.
These studies and a number of others (Kooijmans et al., 2019; Sun et al.,
2022; Yang et al., 2018) suggest that the LRU varies among species and
meteorological conditions like radiation, air humidity and soil moisture
levels, and can introduce large errors if not addressed correctly in GPP
estimations (Eq. (1)) (Wohlfahrt et al., 2023).

To better understand the drivers for differences in LRU, Eq. (1) can
be re-arranged to Eq. (2) where the flux terms are replaced with the
Fick’s diffusion equations under the assumption that the boundary layer
conductance is infinite (Seibt et al., 2010; Wohlfahrt et al., 2023).

1 1 1
LRU = —— — (Eq. 2)
& ¢

121 (1+2](1-2

with 1.217! the conversion factor of stomatal conductance of COS to
COy, g; and g; the stomatal and internal conductances to COS (in units of
mmol m2s?!) and C¢ and C¢ the intercellular and ambient CO, mole
fraction (in units of ymol moll). The validity of this equation is
restricted to typical daytime conditions, when C. > Cf (i.e., during
periods with net CO uptake).

Eq. (2) shows that differences in LRU may be driven by the differences
in two dimensionless ratios, (1) the stomatal/internal conductance to
COS, and/or (2) the intercellular/ambient CO5 concentration, which can
be used to formulate hypotheses on how drought could affect the LRU.

It is well established that, with increasing drought stress, stomatal
conductance is reduced to limit water loss (Gollan et al., 1985; Turner
et al., 1985) and to prevent leaf water potentials from becoming too
negative, potentially resulting in hydraulic failure.

In contrast to stomatal conductance, little is known about the
response of internal conductance to drought. Spielmann et al. (2023)
found drought to reduce g in two soybean varieties, however consid-
erably less than g§. More is known about drought effects on the meso-
phyll conductance, which conceptually represents one component of
internal conductance (the other being related to the enzymatic con-
sumption by carbonic anhydrase (CA) activity (Wehr et al., 2017).
Overall, available data suggest that mesophyll conductance decreases
under drought stress, often as fast as stomatal conductance (Flexas et al.,
2008; Jones, 1973; Keenan et al., 2010). Thus, we hypothesize that
drought will lead to clear reductions in both gjand gi. However, we
currently lack sufficient prior information to hypothesize on whether
these reductions will be proportional. Sun et al. (2024) observed pro-

portional reductions during a heatwave, which left the% ratio un-
changed. Alternatively, gi may decline more strongly than g}, as reported

by Spielmann et al. (2023), which would cause the% ratio to decline. It

is also possible that theg ratio might even increase due to a stronger

reduction in gf.
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In addition to the conductances, the second component of Eq. (2), %,
can also influence the LRU in various ways in response to drought. Tl;e
ratio % can be reduced with increasing drought as stomatal conductance
declin;s in early drought stages, while non-stomatal limitations are not
expected yet (Gollan et al., 1985; Turner et al., 1985). This decline in%

would lead to a reduction of LRU. However, when the drought becomes
more severe, carboxylation could also be down-regulated, thereby

maintaining the CF ratio and the LRU constant. In an even more extreme
drought scenario, one could imagine carboxylation being shut down,
leading to an increase in the % ratio (Brodribb, 1996) and thus to an
increase in LRU. Therefore, we hypothesize that changes in LRU medi-
ated by changes in the gﬂ ratio depend on the severity of the drought

stress, and on the plant’s strategy for tolerating reductions in the leaf
water potential (iso to anisohydric spectrum; Hochberg et al. (2018)).
Taken together we hypothesize that the response of LRU to changes in
soil water content (SWC) will depend on the direction and magnitude of
the changes in g—j and CFC To address these hypotheses, here we investi-
gate the LRU responses to a drought gradient for two mountain tree
species, Pinus sylvestris L. and Juniperus communis L. These species are
important and dominant in the European mountain forests and sensitive
to climate change related weather extremes, like drought events (Brichta
et al., 2024; Tumajer et al., 2021).

Our aim is to deepen our understanding of the underlying processes

controlling the LRU by studying the behavior of §—; and CF in response to

increasing drought.
2. Methods
2.1. Plant material

For this experiment two-year old Pinus sylvestris L. (hereinafter
referred to as pine) (mean height of 14 cm + 4 cm) and Juniperus com-
munis L. (hereinafter referred to as juniper) (mean height of 28 cm + 6
cm) seedlings derived from the Landesforstgarten Bad Haring, Tirol,
were used. The trees came with little soil containing 50 % white peat, 30
% black peat and 20 % wood fiber, which was amalgamated with a
mixture of % common soil (‘Patzer Erden Blue Substrate’ Type: Blue
Container, and Y soil from the nearby forest-atmosphere-interaction-
research (FAIR) site (Platter et al., 2024), where pine and juniper are
the most abundant woody species. The plants were potted in VCE14 pots
(Poppelmann GmbH & Co. KG, Lohne, Germany), which were heated to
60 °C for 22 h to remove residual volatile compounds. All plants were
kept outside in the botanical garden of the Innsbruck University
(47.27°N, 11.38°E, 620 m a.s.l.) for about two months (March - April).
Afterwards, the plants were transferred to a phytotron chamber at the
ExpoSCREEN facility (Roy et al., 2021) at Helmholtz Munich in Neu-
herberg, Germany, where the experiment took place. In the phytotron
chamber the plants could gradually adapt to the later experimental
settings with respect to relative humidity (RH), light and irrigation (one
month for pine (May), two months for juniper (June - July), but with
identical gradual adaptation to the experimental circumstances in the
last weeks). The junipers suffered from magnesium deficiency during the
acclimatization phase and were therefore treated with a solution of
magnesium, manganese and other trace elements, namely ‘Hakaphos
rot’ (Compo Expert GmbH, Miinster, Germany) in the composition of 1 g
solved in 1 L of water, sprayed once during the last acclimatization week
under low light conditions.

2.2. Phytotron chamber settings

The experiment was conducted using the VOC-SCREEN facility which
was installed inside a second ExpoSCREEN chamber (Jud et al., 2018).
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Here, the plants were placed in individual gas-tight glass cuvettes. The
stainless-steel base of each cuvette contained different feed-throughs
where irrigation and gas tubes as well as electrical cables could pass.
All tubing to and from the cuvettes were made of either PTFE or PFA
Teflon®. Temperature and RH sensors were available in each cuvette
(DKRF400, Driesen + Kern GmbH, Bad Bramstedt, Germany), as were
sensors to measure the SWC (5TM soil moisture and temperature sensor,
Decagon Devices Inc., Pullman, WA, USA, typical soil moisture value
accuracy of £0.03 m® m'®). Further information on the facility and setup
can be found in Jud et al. (2018).

The drought experiment was carried out twice, first with the pines
(07.06.2024 till 09.07.2024) and afterwards with the junipers
(10.07.2024 till 05.08.2024). While the pines were measured, the ju-
nipers were kept in an acclimatization chamber, where the climate was
kept similar to the period when both plants were still outside and was
only increased towards the drought conditions in the last weeks as done
for the pines. During the experiment the plants were arranged in four
tables, with six cuvettes on each table. Five of these cuvettes contained
plants, while one contained a soil-only pot (20 plants assumed to be
biological replicates and four soil-only pots). Each table was assigned a
drought treatment, ranging from severely drought stressed to a control
treatment. The target SWC for each cuvette (six per table) was set to 5 %
- 10 % for table one, 10 % - 15 % for table two, 20 % for table three and
35 % for table four (Figure S1). The plants of each table were watered via
drip tubes directly in the soil with a different amount of water,
depending on the target SWC of the tables, every third day after peak
light intensity (around 16:00 UTC, 700 pmol m™ s!). Air temperature
and relative humidity (RH) within the phytotron chamber were chosen
to mimic an average summertime diurnal cycle at the FAIR site, based on
measurements taken from June till August 2023 (Platter et al. 2024). Air
temperature ranged between 17 °C (£ 1.5 °C) and 27 °C (+ 1.5 °C), RH
between 38 (+ 9) % and 75 (& 2) %. The photosynthetic photon flux
density (PPFD) was set between 0 and 700 pumol m?s?! (£ 5 %) (Fig-
ure S2). The maximum PPFD value was limited by the lighting system of
the phytotron chamber and is considered to be representative for typical
within canopy conditions in a natural forest ecosystem. The air flow
through the cuvettes was controlled with mass flow controllers (Mass
Stream p-6361, M + W Instruments GmbH, Leonhardsbuch, Germany) at
arate of 6 Lmin™ for the drought cuvettes and for the control cuvettes in
the juniper experiment, and 7 L min"! for the control cuvettes in the pine
experiment. The elevated flow in the control treatment was to avoid
condensation during the day, when unstressed plants transpire most.
Furthermore, a slight over-pressure was maintained in the cuvettes
throughout the experiment to preventing air leakage into the cuvettes
(Jud et al., 2018).

2.3. Dry mole fraction measurements

COS dry mole fractions were measured at the outlet of each flow-
through cuvette using a dual quantum cascade continuous-wave laser
absorption spectrometer (QC-TILDAS-DUAL, Aerodyne, Billerica (MA),
USA). The laser was operated at a wavenumber of ~2056 em’, a pres-
sure of ~2.67 kPa (regulated using a built-in pressure controller) and a
controlled temperature of the optical bench and housing of 25 °C. This
resulted in a signal-to-noise ratio of 15-16 at an integration time of 1 s.
To minimize laser drift, the instrument was housed in a temperature-
regulated custom-built case (DE Casebuilder.com GmbH, Hamburg,
Germany). Absorption spectra were fitted at a frequency of 1 Hz. The
storage of the calculated gas dry mole fractions, switching of zero/
calibration valves and other system controls, were realized by the
TDLWintel software (Aerodyne, USA). The instrument was zeroed every
30 min for 1 min using COS-free technical air. The absence of COS in the
zero-air cylinder was verified using a certified span gas with a known
COS mole fraction obtained from the National Oceanic and Atmospheric
Administration.

Additionally, CO, and H30 concentrations were measured both at
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the inlet and outlet of the cuvettes with an infra-red gas analyzer (LI-
840A, LI-COR Biosciences, Lincoln (NE), USA).

Through a valve switching system, each cuvette containing a plant
was sequentially sampled for 5 min, while the cuvettes with only soil
were measured for 10 min. Measurements started with the five plant
cuvettes, followed by the soil-only cuvette for each drought level cor-
responding to a treatment table (first table: plant, plant, plant, plant,
plant, soil; next table: plant, plant, etc.). Every table was thus sampled
for a total of 35 min and the maximum temporal separation between
measurements from soil and plant cuvettes was 25 min.

2.4. Leaf area and biomass determination

All needles were harvested immediately after the experiment. Some
of these were used to determine the plant’s leaf-area (LA). These needles
were scanned on a flatbed scanner (4800 x 4800 dpi, LiDE 220, Canon,
Tokio, Japan) and LA was calculated with a proprietary imaging soft-
ware (2018, Image Analyst). All needles were then dried at 60 °C and
their dry weight was determined once it had reached a steady state
(using a 0.01 g precision balance, EG 220-3NM, Kern & Sohn GmbH,
Germany). The dry weight and LA of the subsamples were upscaled to
the full dry weight of all needles of a plant. Changes in LA due to needle
coloring during the experiment were taken into account by estimating
the loss of green needles from pictures of the plants taken at different
angles before and after the experiment. Lastly, although efforts were
made to select plants that were as similar as possible, minor differences
among individuals, especially considering the leaf area, were inevitable
(Figure S3).

2.5. 5'3C determination

At the start and end of the experiment, the newest established nee-
dles were sampled randomly and grained to determine the natural
abundance of the stable isotope 3C. The isotope was determined in 1.3
mg aliquots of 10 homogenized needles per plant using an isotope ratio
mass spectrometer (IRMS) (delta V Advantage, Thermo Fischer,
Dreieich, Germany) coupled to an elemental analyser (EURO EA,
Eurovector, Milan, Italy) (Nickel et al., 2017). A lab standard (acetani-
lide), included in each sequence at intervals and at different weights,
was used for calibration and to determine the isotopic linearity of the
system. The laboratory standard itself was calibrated against several
suitable international isotopic standards (IAEA; Vienna). At the end of
each run, international standards covering 8'3C and C contents of all
samples were used for a final correction of the isotope values.

2.6. Data-analysis

Of the 5 min (or 10 min) of data per cuvette measurement, only the
60 s before the last half minute were used for the gas exchange calcu-
lations in order to prevent potential signal contamination from the
previous cuvette influencing the results. Of the zero-air data we used the
last 30 s. Moreover, after irrigation or opening of the climate chamber, a
time window of 30 min was removed from the utilized data. Due to a
failure in the irrigation system of cuvette no 10, these plant measure-
ments were excluded. In addition, cuvette no 15 during the junipers
experiment was excluded, as the corresponding plant died early during
the experiment.

Fluxes of COS and CO2 were calculated using Eq. (3).

((Cﬂu’fpzam - Cinplﬂnt) - (COUtmﬂ - Ciﬂsoil)) *Pm*q

F =
LA

(Eq. 3)

with ((coutp o — Cinplm) —(Coutyn — Ci%,z)) being the dry mole fraction
difference between plant and soil measured in temporal proximity with
similar SWC as the specific plant. Here we assume that ci,,, = Cin,, When
using the quantum cascade laser data (i.e., cuvette outlet COS, CO, and
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H0 dry mole fraction). The molar density of the respective gas at the
measurement temperature and pressure is represented by p,, (mol m'3),
q is the air flowrate (m3s)) into the cuvette and LA the plant leaf area
(m?).

In the absence of plants, the dry mole fraction of COS and CO;
measured at the outlets of the soil-only cuvettes are solely the result of
soil microbial activity not related to the plant system. Subtracting these
concentrations from those measured at the outlets of the cuvettes con-
taining plants (Eq. (3)) is thought to provide a flux estimate of the net
above- and below-ground plant exchange for CO5 and COS. For COy, this
approach neglects the priming effect of root exudates on soil hetero-
trophic respiration in the cuvettes containing soil and plants, which
leads to an underestimation of the net plant CO5 uptake (Hochberg et al.,
2018). For COS, Kitz et al. (2024) found that the soil emission was
reduced in the presence of plant roots. This suggests that either the roots,
which contain enzymes of the carbonic anhydrase family, directly
consume COS or that root exudates stimulate soil microbial COS uptake.
Therefore, subtracting the soil-only cuvette concentrations may over-
estimate the plant COS uptake. These biases might propagate into the
LRU leading to an overestimation of magnitude depending on the flux
biases magnitude (Figure S4).

Resistances (R) were calculated by assuming a negligible boundary
resistance, as the cuvette inlet flowrate was high enough and the cu-
vettes were well ventilated. The internal resistance for COS was calcu-
lated according to:

Ri=R - R (Eq. 9
with R; the total resistance against COS:
COS
R = XT (Eq. 5)
cos

The stomatal resistance, RS, was calculated using the conversion
factor from water to COS according to Stimler et al. (2010):

R = 194 « R” (Eq. 6)
1 VPD
RZV:gT/Z 5P (Eq. 7)

with E the transpiration in mmol m2 s}, VPD the vapor pressure deficit
in kPa, and P the pressure in kPa calculated as done by Vesala et al.
(2022). These resistances were used to calculate the corresponding
conductances (g), the respective inverses.

Intercellular CO, mole fractions C{ were calculated by applying the
Ternary correction (Baartman et al., 2025; Von Caemmerer and Farqu-
har, 1981).

(g§ —’;’)C§+A
q:? (Eq. 8)
S 2

with g¢ the stomatal conductance to CO2, C; the ambient CO5 concen-
tration, and A the net assimilation rate measured with the IRGA in-
strument and calculated with the theory of Von Caemmerer and
Farquhar (1981). The stomatal conductance to CO5 can be calculated
from that of water g¥ according to:

g= &

16 (Eq. 9)

The LRU was determined during the periods of maximum light (9:00
— 16:00 UTC) using the re-arranged Eq. (1). To this end, GPP and the
COS flux were derived using a temperature-dependent nighttime flux
partitioning approach inspired by Reichstein et al. (2005). The fluxes
between 20:00 — 05:00 UTC (when the light in the phytotron chamber
was turned off) were fitted to a temperature response function using
MATLAB’s fitlm function. These temperature-dependent linear functions
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were used to determine the daytime (in our experiment 9:00 — 16:00
UTC) respiration and COS soil emission. As the experiment focused
primarily on plant fluxes while minimizing soil contributions, the fluxes
from soil-only chambers were subtracted from those of the combined
plant-soil cuvettes as described above. Nevertheless, small net nighttime
COS uptake were still observed after subtraction, consistent with the
findings of Kitz et al. (2024).

To correct for this underestimation of the uptake COS flux, we sub-
tracted the estimated COS soil emissions from the daytime flux. Sub-
tracting respiration and estimated COS soil emission from the daytime
CO3 and COS fluxes, enabled us to derive the daytime GPP and the COS
uptake flux of the plants. Along with COS and CO; mole fractions
measured at the plant cuvette outlet, these were used to calculate the
LRU (Eq. (1)).

For the analysis, only LRU values with negative COS and CO day-
time fluxes were included. Moreover, only data within the 95 %

. . c
percentile range were retained and data where & was above 1 was also
A

neglected. The LRU determined this way was compared to the LRU
calculated using Eq. (2) as done in Wohlfahrt et al. (2022). For the pines,
additionally a linear perturbation theory was used on Eq. (2) to address
the contribution of the COS conductance and CO5 concentration ratios to
the LRU drought response (Equation S1).

Eventually, for the analysis, plants were not analyzed by drought
treatment, grouped by table, since maintaining identical soil water
contents amongst the replicates of each table proved difficult given
differences in LA (up to a factor of 2, Figure S3) and thus transpiration
and water loss. Instead, plants were grouped independently of their
assigned table by their SWC resulting in a full drought gradient (Kreyling
etal., 2018), ranging from 1 % to 40 % SWC (Figure S5). Data with SWC
values outside this range were excluded. This excluded 2.64 % of the
total dataset. For clear visualization and linear regression analysis the
data was grouped into 15 equally n-sized bins of SWC and thus not by
temporal changes over the experimental period. Consequently, plants
shifted between drought bins over time due to variation in transpiration
and irrigation (e.g., a plant had a SWC of 25 % in the first week, but later
dried out to a SWC of 20 %) (Figure S5).

Changepoint detection was performed to identify shifts in linear
dependences using the method described in Barr et al. (2013). Uncer-
tainty and robustness of this method were tested by bootstrapping
(nboots = 1000) resulting in a relative uncertainty of 4.71 % and a co-
efficient of variation of 2.51 %.

Data processing was done in MATLABO R2023a. Linear regressions
and p-values of slopes were calculated using MATLAB’s fitlm function.
To determine statistical significances between means, the Anova test
(Im_joint) was used, while for testing for significant differences between
medians, the Mann-Whitney U test (ranksum) was conducted. Lastly,
the feature importance’s of PPFD, temperature, and SWC for COS flux
were determined with a random forest analysis using the MATLAB
function TreeBagger with Out of bag (OOB) sampling. A total of 100
trees were used, as with this number the OOB mean squared error
stabilized.

Complementary to the g data gathered with the gas exchange

experiment, we calculated the time integrated % using the §'3C data via

the method described in Cernusak et al. (2008), Farquhar et al. (1982)
and Farquhar and Richards (1984). An atmospheric §13C value of —8 %o
was used (Global Monitoring Laboratory).

3. Results
3.1. LRU and fluxes
The LRU, calculated using the fluxes (Eq. (1) rewritten), did not

change significantly with increasing drought for pine (Fig. 1) and had a
median daytime value of 1.47, a median absolute deviation (MAD) of
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Fig. 1. Leaf relative uptake (LRU) against soil water content (SWC) for pine
(blue) and juniper (red) with boxes indicating the 25 % - 75 % percentiles, dots
showing the means per bin of SWC and linear fits through the medians (lines).
Only daytime (9:00 — 16:00 UTC) data was used. In the case of juniper, a
changepoint at 17.71 % SWC (p-value < 0.0001) was found. Below this
changepoint LRU decreased with increasing SWC (dashed line, slope of —0.038
+ 0.0048 and R? of 0.90), above 17.71 % SWC the LRU remained approximately
constant as SWC increased.
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0.34 and an interquartile range (IQR) of 0.69. This stable LRU across the
drought gradient aligns with the linear decrease in both COS and CO
daytime fluxes as drought intensifies (Fig. 2). The slopes of the COS and
CO, fluxes as a function of SWC were not significantly different and thus
resulting in a stable LRU (—0.186 pmol m™2 s™! per unit SWC for COS and
—0.138 umol m2 s per unit SWC for CO5). During nighttime, a decrease
in COS uptake flux was observed (slope: 0.042 pmol m2 s™ per unit
SWCQ) across the drought gradient. Notably, non-zero COS fluxes were
measured even in the lowest SWC bins, consistent with the non-zero
stomatal conductance observed at similar SWC levels. Similarly, respi-
ration showed a decreasing trend with increasing drought (Fig. 2).

For juniper the LRU remained stable at SWC values above 17.71 %
with a changepoint p-value of < 0.0001. The median LRU in this SWC
range was 1.41 (MAD 0.43, IQR 0.88) and was significantly different (p
value < 0.0001) from the LRU found in pine. For SWCs lower than 17.71
%, the slope of the SWC vs. LRU relationship for juniper was —0.038 (p-
value of < 0.001) and the R? value was 0.89. As with pine, the LRU
response of juniper was reflected in the COS and CO; fluxes with sig-
nificant changepoints (p-value <0.0001) separating constant fluxes per
SWC unit from linearly decreasing fluxes per SWC unit. These change-
points occurred at 25.58 % SWC and 21.67 % SWC for COS and CO,
respectively, which are slightly higher than the changepoint found for
the LRU. The fluxes at the lower bound of the changepoints showed
smaller daytime magnitudes and slopes (slopes of —0.0673 pmol m2 51
per unit SWC for COS and —0.0876 umol m™ s! per unit SWC for CO5)
compared to pine. Furthermore, the slopes of the daytime CO, and COS
fluxes of juniper were significantly different as reflected in the LRU
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Fig. 2. Day (9:00 — 16:00 UTC) (left) and night (20:00 — 05:00 UTC) (right) COS and CO; fluxes (in units of pmol m~2 s~ and ymol m~2 s~!, respectively) for pine
(upper panels) and juniper (lower panels). Boxplots show median and 25 % - 75 % percentiles, dots show mean values per bin of SWC. Negative values indicate

uptake. Dashed lines show the linear fits.
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(Fig. 1). The nighttime COS flux was independent of the drought
gradient as the slope was not significantly different from zero (Fig. 2d).
This is reflected in the nighttime g§ values which are close to zero across
the whole drought gradient, unlike seen for the pines. In contrast,
nighttime respiration decreased and tended towards zero with
increasing drought as found in pine (Fig. 2b).

The drought response is further evident in the cumulative daytime
COS and CO3, fluxes (Figure S6) with pine having around 5 times higher
fluxes for both compounds.

The primary driver of the diurnal cycle of COS and CO; fluxes was
PPFD, while temperature and VPD were less important (Random Forest
feature importance of 0.7 over 0.4 and 0.3 respectively for both species
with RMSE of around 1.5 for pine and 0.5 for juniper). The magnitude of
the uptake fluxes was dependent on the SWC. In pine, the lowest SWC
bin maximum fluxes were around —4 pmol m2 s COS and —3.5 pmol m"
251 CO, while in the highest SWC bin the daytime maxima were around
—7 pmol m? s COS and —4.5 pmol m™2 s CO,. In juniper, the uptake
fluxes were significantly different than in pine with magnitudes half as
large. In the lowest SWC bin, the COS flux was around —1 pmol m? s
while CO; fluxes were close to zero. In the highest SWC bin the daytime
maxima were around —2.5 pmol m? s COS and —2 pmol m™? s CO5,
(Figure S7). Also, the shape of the diurnal cycle changed with SWC. At
lower SWC levels, the uptake peak occurred earlier in the day and was
sharper. In contrast, at higher SWC levels, uptake was more evenly
distributed throughout the light period (Figure S7).

3.2. Conductance and concentration ratios

To analyze the processes behind the LRU responses to drought, we
also calculated the LRU using the conductance and concentration ratios
as defined in Eq. (2). This equation is able to represent the LRU derived
from the fluxes within a plausible LRU range of 0 - 10 for both species
with an R? value of around 0.6 (Figure S8).

When analyzing the behavior of f?? in response to drought, differences

between the two species were observed. In pine g declined (with a slope

of 0.01 per SWC unit and a p-value of 0.004) with increasing drought
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(Fig. 3a) mostly due to the decline in g (Fig. 4). Across the entire
drought gradient, including well-watered conditions, % values remained
below 1, indicating prevailing stomatal limitations, as g values were
consistently lower than g. values (Fig. 4). The other component of Eq.
2, c% showed a significant decrease (slope of 0.0048, p-value of 0.003)
with decreasing SWC (Fig. 3b). The mutual drought response across the
drought gradient of g—? and% was reflected also in the linear perturbation
analysis highlighting the counteracting effect of both responses resulting
in the stable LRU (Figure. S8). The decrease in % with increasing drought

is also reflected in the 8'3C data as being less negative at the end of the
experiment compared to the samples taken pre-drought (Figure S10).

The % calculated with the corresponding A3C (Figure S11) reflected the
exact same decreasing pattern with increasing drought (Figure S12).

Also in juniper g—g decreased (Fig. 3a) driven by a decrease in g
(Fig. 4a). However, the decrease was only observed for SWC < 17 %.
This decrease in% (with a slope of 0.02 per SWC unit and a p value <
0.001) led to an irllcrease of the LRU for this lower SWC range. For SWC
> 17 %, the i; ratio was stable and around 1 which highlights a co-
limitation by :gﬁ and g at these higher SWC levels. Unlike what was
found in pine, in juniper g did not change significantly over the drought
gradient (Fig. 3b). This pattern was consistent with the §!°C data
(Figure S10), from which calculated c% values likewise showed no trend
with SWC (Figure S12).

Further investigations into the response of g to drought revealed that
during daytime g§ was around three times highler in pine than in juniper
for plants with water availability higher than 25 % (Fig. 4a). This dif-
ference becomes smaller in plants with lower water availability, as in
pine g was reduced earlier in the drought treatment than in juniper
where a reduction in g; was mainly seen for a SWC below about 17 %. In
the early light hours, in well-watered pine trees a small rise in g was

seen, while in water limited pine plants and in juniper this was not
observed (Figure S13, S14). In addition, the magnitude of g differed
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Fig. 3. a) g and b) g against SWC bin for pine (blue) and juniper (red). Boxplots show medians and 25 % - 75 % percentiles, dots illustrate mean values per bin of

SWC. Only daytime (9:00 — 16:00 UTC) data was used. In a, in the case of juniper, a changepoint was detected at 17.17 % SWC (p-value < 0.0001). Below this point,

the % ratio increased with increasing SWC (dashed line, slope of 0.018 + 0.0061 and R? of 0.64), after this point the% ratio remained approximately constant as SWC

increased (solid line).
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between the species with again higher conductance values for pine. In
both species g decreased with increasing drought (Fig. 4b). During
nighttime, both species’ conductances were not influenced by SWC.
Note that in the extreme low SWC regime (Figure S14, bins 1 and 2),
conductances are close to but still non-zero which is reflected in the
minute fluxes at these low SWC values (Fig. 2).

The daytime values of g were similar in both species for SWC > 25
%. For plants experiencing a lower SWC, the ratio was higher in juniper
than in pine with an exception for plants with SWC < 3.5 % (Figure S15).
Moreover, a temporal increase during daytime hours (9:00 — 16:00 UTC)

in & was seen in juniper in these drier plants due to an increase in Cf
.
(Fig. 4¢)

4. Discussion

A good understanding of species-specific changes in LRU in response
to drought is essential for GPP estimates using the COS proxy, especially
since the mechanisms of stress remain poorly understood despite their
importance for these estimations. To address this shortcoming, we
investigated the LRU of Pinus sylvestris and Juniperus communis over a
wide drought gradient. We measured COS, CO, and H0O fluxes, and
investigated the two main process parameters driving the LRU, i.e., the

SWC dependent ratios of internal and stomatal conductance to COS, g,

. . .o
and the intercellular to ambient CO concentration, ¢.

4.1. Stomatal conductance

In line with the findings of numerous drought experiments (Chaves
etal., 2003; Gollan et al., 1985; Jones, 1998; Turner et al., 1985) and our
own hypothesis, we observed a significant decrease in g as drought
increased in both species (Fig. 4a). This reduction in g§ was accompa-
nied by the observed decrease in uptake fluxes (Fig. 2). The decline in g}

coincided with a decline in % with increasing drought (Fig. 3), sug-

gesting no or minor non-stomatal limitation of the fluxes as apparently
photosynthesis continued as hypothesized for early drought stress
(Gollan et al., 1985; Turner et al., 1985). Differences between the species

were evident in the magnitude of g, with pine having higher absolute
conductances than juniper and a dynamic and immediate response to
the drought, while juniper showed responses only for SWC < 17 %.

4.2. LRU response to drought

The main goal of this experiment was to test our hypothesis of a
variable LRU response to drought stress, which may possibly be different
between species.

The median LRU value for C3 species reported by Whelan et al.
(2018) of 1.68 (95 % confidence interval between 0.9 and 6.2) aligns
closely with the medians we found in pine (1.47 with IQR of 0.69) and
juniper (1.41 with IQR of 0.88 at SWC > 17 %). Despite these LRU values
being close to earlier reported values, they differed significantly be-
tween the two tested species, despite similar experimental conditions.
This underscores the fact that the LRU is highly species-dependent.
Furthermore, the different LRU medians that we found also demon-
strate the importance of understanding the changes of the dimensionless

ratios that drive LRU, g and g These ratios have been shown to be
species-specific (Sun et al., 2022; Wohlfahrt et al., 2022).

We hypothesized that drought would lead to a clear reduction in g}
and assumed that also g would be reduced, but a-priori without

knowledge of the relative decline and thus the impact on the% ratio. For
% we hypothesized a decline during the early-stage drought stress due to

the reduction in g and a constant g when drought stress would become

severe enough to trigger down regulation of carboxylation.
In pine, the constant LRU observed under drought stress was the

result of a strong decrease in %, which was largely counteracted by a

concomitant decrease 1n§ (Fig. 3). The initial decrease in ¢ was driven
i a

by areduction of the intercellular CO, concentration Cf, likely due to the
decrease in g and continuous photosynthetic demand. However, a
change point was detected at approximately 12 % SWC, where C{ began
to increase with further drought (Fig. 4c). However, as simultaneously
C¢ increased due to the decrease in net CO; uptake within the cuvette,
%

this did not change the overall declining trend of & with decreasing
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SWC. This phenomenon, also reported by Brodribb (1996), was likely a
consequence of the progressive shutdown of carboxylation processes.

The overall decrease in g suggests that, despite the clear increase in

diffusional limitations (as evidenced by the decrease in g ), photosyn-
thesis declined less than expected. This is also supported in the less
negative 8'°C values found at the end of the drought treatment
(Figures S10, S12). This suggests that non-stomatal limitations played a

minor, if any, role in pine under drought conditions. The reduction of %
with increasing drought would force the LRU to decrease. However, as

mentioned above, in the pine experiment not only % but also the §—§ ratio

i

decreased with declining SWC (Fig. 3). This decrease in %S with

increasing drought, as was also found to occur in the drought experi-
ment by Spielmann et al. (2023), was primarily driven by g. The sto-
matal conductance decreased linearly with increasing drought to
minimize water loss, while g§ exhibited a delayed response, decreasing

at SWC levels below 7.5 % (Fig. 4a, b). Additionally, as the ratio of %; was
lower than 1 during the whole pine experiment, this indicates that COS

uptake was primarily limited by g§ and not by g{. A decrease in %, would

force the LRU to increase with increasing drought.

Remarkably, the simultaneous and linear adaptation of both% and %

across the drought gradient resulted in an invariant LRU in pine as
visualized in Figure S9 using the linear perturbation theory.

The drought response in pine contrasts sharply with the patterns
observed in juniper.

Although the LRU in juniper for SWC larger than ~ 17 % also showed
a relatively constant pattern, this was due to the stability of both % and
g in this SWC range instead of their mutual adaptation (Fig. 1, Fig. 3). In
&
&
indicating a co-limitation of similar strength of COS uptake by g and g

contrast to pine, at these SWC levels, % was approximately 1 (Fig. 3),

(Fig. 4). On a side note, the % for juniper is skewed in positive direction

(skewness = 0.5) resulting in higher mean values than the median and
percentile ranges (Fig. 3). This also affects the calculated LRU shown in

Figure S8. However, with decreasing SWC, CF still did not change sub-

stantially, as could also be demonstrated with the g calculated from
813C (Figure S12), decreasing only at very low (around 2.5 %) SWC,
while % declined. This decline in % reflected the stomata-limited COS

uptake, which led to an increase in LRU and was reflected in the COS and
CO; fluxes, although with differing changepoints for the individual
fluxes (Fig. 2). The discrepancy among changepoints was because the
LRU changepoint is determined by the point at which the ratio of the two
fluxes, combined with the ratio of COS and CO5 concentrations, un-
dergoes the most significant variation. This changepoint occurred at a
lower SWC than the changepoints observed for the individual fluxes. The

%ratio in juniper exhibited a similar changepoint to that observed in the

LRU. Unlike pine, however, C¢, % and the 8'3C data in juniper showed no
significant response to drought stress which is exactly the reason why
the LRU increased.

The minor difference between the LRU calculated with Eq. (1) and
Eq. (2) (Figure S8) can likely be attributed to an offset of the two CO5
measuring devices (Figure S16). Since in Eq. (2) both inlet and outlet
CO5, concentrations are needed, we used the data from the IRGA, while
for the calculation of the LRU from Eq. (1), we used data only from the
QC-TILDAS-DUAL instrument.

4.3. Fluxes

Nighttime CO, emissions decreased towards zero with drought
severity in both species. This was expected as with increasing drought

Plant Stress 21 (2026) 101355

intensity, less carbon was assimilated during daytime (Fig. 2) and thus
less carbon was available for nighttime respiration (Rehschuh et al.,
2022). For COS, no significant changes in nighttime fluxes were
measured. This is consistent with finite nocturnal stomatal conductance,
which was more or less constant under all conditions (Figure. S9). This
suggests that nighttime stomatal aperture in these two species is tightly
controlled to lose as little water as possible by sacrificing nighttime
cooling and prioritize daytime CO, uptake, regardless of the SWC
(Cowan et al., 1977; Lloyd and Farquhar, 1994; Wang et al., 2021). The
diurnal pattern of the COS and CO- fluxes in both species (Figure S7)
reflects the plants' stomatal behavior under drought stress. At low SWC,
plants opened their stomata as soon as the illumination was switched on
but closed them again soon (within approximately 5 h) to prevent water
potentials from dropping to dangerously low levels. In contrast,
well-watered plants maintained stomata open throughout the day, as
they did not face the same risk of hydraulic failure (Lambers et al.,
2019).

4.4. Experimental limitations

There were a few experimental limitations that may have contrib-
uted to uncertainties in our results:

Since only cuvette outlet concentrations of COS were measured,
changes in outside COS concentrations could have affected our results.
Although rapid and short-term fluctuations in external COS concentra-
tions were unavoidable, slow sub-daily variations were minimized by
calculating fluxes as the difference between the plant cuvette and its
corresponding soil cuvette, matched to the same drought level and
measured within a maximum of 25 min offset. However, this method of
subtracting soil-only fluxes from the plant + soil fluxes, overestimated
the plant’s COS uptake, as COS emissions have been found to be higher
in bare soil than in soil containing root matter (Kitz et al., 2024). It
should be noted, however, that the species and experimental setup used
in Kitz et al. (2024) differed substantially from those in the present
study. Consequently, using bare soil instead of root-containing soil for
both COS and CO: flux measurements could introduce a bias, which may
either partially cancel out in the LRU, as reflecting the relative uptake of
the two gases, or propagate in both directions (Figure S4). Addressing
this uncertainty will require further targeted research across a broad
range of plant species.

Moreover, the temperature inside the individual cuvettes was not
regulated and therefore, it adjusted with respect to the regulated phy-
totron chamber temperature and plant evapotranspiration rates. The
resulting temperature differences between the different cuvettes (< 3
°C) were considered in the data-analysis.

Lastly, seedlings were used for this experiment as the plants needed
to fit into the cuvettes of the VOC-SCREEN facility. Therefore, quanti-
tatively different outcomes may be expected for older trees. Adult trees
are more resilient to drought, as in general they have a more extensive
root system that is able to access a larger volume of water. Moreover,
older trees have larger water and carbohydrate reserves and a smaller
leaf area to sapwood ratio than small trees (McDowell et al., 2002).
Therefore, the drought stress reactions could be delayed to lower SWC
values in larger trees, but the qualitative findings of this study are un-
likely to change in older plants as the different coping mechanisms
against drought are species-specific (McDowell et al., 2013).

Nevertheless, our results emphasize the different processes
responding to drought in pine and juniper enforcing the hypothesis that
LRU is species-specific and can be different depending on external fac-
tors such as drought.

4.5. Outlook
While this study examined LRU variability in two species exposed to

a single stressor, expanding this research to a wider range of species and
environmental conditions could help generalize and parameterize these
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patterns for application in carbon cycle models. Ultimately, a deeper
understanding of LRU variability across species and conditions will
improve our ability to predict how plants respond to environmental
change and refine the role of COS in research on the global carbon cycle.
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