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Carbonyl sulfide (COS) has been proposed as a promising tracer for the estimation of the gross primary pro-
ductivity (GPP) from ecosystem to global scale in recent years. Despite substantial work at spatial scales from leaf
to regions, the uncertainty of COS-based GPP estimates are poorly known compared to widely used GPP esti-
mates derived from the net ecosystem CO2 exchange. One key uncertainty in this context is the leaf relative
uptake (LRU) of the COS with respect to the GPP, which must be known a priori. To investigate the influence of
environmental factors, like drought, on the variability of the LRU, we conducted an experiment using ecosystem
flux measurements of COS, CO2 and H»0 from two eddy covariance towers above a soybean field, growing a
commercial cultivar and a chlorophyll deficient mutant variety, in two separate plots. Our findings suggest that
the LRU does not only differ between plant varieties due to differences in the ratio of the internal to ambient COy
mole fraction and the internal resistance to COS, but also changes in response to drought. We also found the
internal resistance to COS uptake to be a significant factor in controlling the total COS flux for both varieties, but
more so for the commercial cultivar. Our study indicates that species-specific differences in the LRU need to be
investigated further, and that environmental stress might complicate the usage of COS as a tracer for predicting

GPP at ecosystem and global scale.

1. Introduction

At ecosystem level, photosynthesis is referred to as gross primary
production (GPP), and it is the main process by which CO, enters the
biosphere from the atmosphere (IPCC, 2007). However, GPP cannot be
measured directly at ecosystem scale. Respiratory processes mask the
GPP signal, and only the net ecosystem exchange of COy (NEE) can be
measured directly using micrometeorological approaches such as the
eddy covariance (EC) method (Aubinet et al., 2000; Baldocchi, 2014).
GPP can only be inferred by either applying so called flux partitioning
algorithms, which split NEE into GPP and respiration (Lasslop et al.,
2010; Reichstein et al., 2005), or more recently developed methods like
measuring the sun-induced chlorophyll fluorescence (Parazoo et al.,
2014; Rascher et al., 2015; Schlau-Cohen and Berry, 2015), using carbon
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isotope (Wehr and Saleska, 2015) or carbonyl sulfide (COS) fluxes (Asaf
et al., 2013; Campbell et al., 2008; Whelan et al., 2018).

The latter method makes use of the similar pathway of COS and CO,
into plant leaves as they move through the leaf boundary layer, the
stomata and finally the mesophyll to their reaction sites. While CO3 finds
its endpoint at the enzyme Ribulose-1,5-bisphosphate carboxylase-oxy-
genase (RuBisCO) within the chloroplast stroma (Park and Pon, 1961;
Pell, 1979), COS uptake is catalyzed by the enzyme carbonic anhydrase
(CA) (ProtoschillKrebs et al., 1996), which is mostly abundant within
the cytoplasm as well as the chloroplast stroma (Polishchuk, 2021). In
contrast to COg, which is rereleased in respiratory processes (van
Ingen-Housz, 1779), COS uptake is catalyzed by the CA in a one-way
reaction (Protoschill-Krebs and Kesselmeier, 1992), which led to the
proposition of COS fluxes as a promising proxy for plant gross uptake of
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CO5 (Wohlfahrt et al., 2012).

By measuring the COS ecosystem fluxes, and assuming non-plant
COS exchange to be negligible or easily modelled, GPP is estimated
via Eqn (1):

Fcos o Xeo: a
LRU ¥ cos

GPP =

Where F is the canopy exchange for COS, ycos and ycoz are the
COS and CO, ambient mole fractions, respectively (Sandoval-Soto et al.,
2005) and LRU stands for the leaf relative uptake rate of COS with
respect to COy, i.e. the ratio of the deposition velocities of COS to CO».

Mostly lab-based studies have suggested a median value of 1.68 for
the LRU of Cs species, but the 95% confidence interval across all studies
lies between 0.7 and 6.2 (Whelan et al., 2018). LRU values based on field
studies range from below 0.9 to above 3 (Commane et al., 2015;
Kooijmans et al., 2019; Maseyk et al., 2014; Rastogi et al., 2018;
Spielmann et al., 2019; Sun et al., 2017). This comparison of LRU values
is complicated by the fact that LRU is a function of the incoming
photosynthetic active radiation (PAR). While COS is catalyzed by CA in a
light-independent process, the uptake of CO, by Csz plants is
light-dependent and decreases under low light conditions. Thus, the LRU
is higher under lower incoming PAR e.g. in the morning and evening
(Kooijmans et al., 2019). It is also important to differentiate between
studies at leaf and at canopy scale. LRU at canopy level depends on the
species composition as well as the canopy structure, which in turn
governs the within-canopy microclimate. Only the top layer of the
canopy receives the full incoming PAR. Despite physiological acclima-
tions to the decreasing average light availability within the canopy, LRU
should still be larger in deeper layers of the canopy due to the decreased
availability in light. Furthermore, relative humidity (RH) and vapor
pressure deficit (VPD) will typically increase and decrease, respectively,
within the canopy, which in turn would increase the LRU (Kohonen
et al., 2020; Sun et al., 2022). In addition, the relative importance of the
boundary layer conductance for the leaf COS uptake changes with
canopy depth (Wohlfahrt et al., 2012). Therefore, canopy-scale LRUs are
expected to be larger than their leaf-scale counterparts.

Further insights into the variability of LRU can be obtained by
decomposing Eqn (2) into its underlying driving forces (Wohlfahrt et al.,
2012), i.e.

R, + aRS + bRS 1
LRy = e TRy DR,
Ry + R+ RS+ RS 1— ¢ /x¢

(2

Where R, (ms ~ 1 is the aerodynamic resistance, R]S3 (ms~ 1), R§ (ms
“Hand RS (ms ~ 1 are the boundary layer, stomatal and internal
resistance to COS, with the latter being a combination of the mesophyll
and the biochemical resistance for COS. a and b are the conversion
factors for the boundary (0.88) and stomatal (0.83) resistance from COS
to COy and Xic/xac is the ratio of internal to ambient CO5 mole fractions.

While R, and Ry, are mainly driven by environmental conditions and
are typically small during convective daytime conditions (Wehr et al.,
2017), RS, Rf and x{/x$ are controlled by plant physiology and might
represent major potential sources for variability in LRU (see Eqn (2)).
Commonly, y /S values are between 0.5 and 0.8 (Larcher, 2001; Seibt
et al.,, 2010) for C3 plants, but may deviate under stress conditions
(Ahumada-Orellana et al., 2019). Ris was initially thought to be
comparatively small, but recent evidence suggests that it may be of
similar magnitude as RS (Kooijmans et al., 2019; Sun et al., 2017; Wehr
et al., 2017). At present it is unclear if the observed variability in the
LRU reflects differences among species or environmental conditions, or
both. Additional complications arise from non-leaf, especially soil,
contributions to the ecosystem-scale COS exchange, as well evidence for
the leaves of certain plant species emitting COS or exhibiting a
compensation point (Belvisoet al., 2022; Bloem et al., 2012; Kesselmeier
and Merk, 1993; Kitz et al., 2020; Maseyk et al., 2014; Sun et al., 2016).
Taken together, despite increasing efforts during the past 15 years

Agricultural and Forest Meteorology 338 (2023) 109504

(Whelan et al., 2018), it is still unclear whether COS is indeed able to
reduce the uncertainty of GPP estimates, in particular compared to the
widely applied CO; flux partitioning (Lasslop et al., 2010; Reichstein
et al., 2005).

The overarching aim of this study was to improve our understanding
of the observed variability in LRU. To this end we made use of an
experiment (Genesio et al., 2020) in which two soybean varieties, a wild
green commercial cultivar (WT) and a naturally occurring
chlorophyll-deficient mutant variety (MG), were grown under identical
environmental conditions in two adjacent fields. Previous work by
Sakowska et al. (2018) has shown that the steady-state photosynthesis of
the chlorophyll-deficient variety, despite 80% less chlorophyll, is not
different from that of the wild type, while the former transpires signif-
icantly less water, apparently due to a higher stomatal resistance.
Mesophyll conductance to CO, was found to be not significantly
different between the two varieties. Integrated over the season, how-
ever, biomass and yield of the chlorophyll-deficient variety, are lower,
presumably due to less efficient photosynthesis under fluctuating light
conditions (i.e. non photochemical quenching relaxation) (Genesio
et al., 2020; Sakowska et al., 2018).

Differences between the two soybean phenotypes were investigated
using the eddy covariance method (EC) by alternately measuring the
CO9, Hy0 and COS ecosystem fluxes of both fields, which minimizes
their systematic uncertainty (Ammann et al., 2007). During a rainless
period, we were able to investigate the influence of drought and
re-wetting following irrigation on the LRUs of the two soybean varieties.

We hypothesized that (H1) differences in LRU between the two
cultivars are related to physiological factors such as RS, RS and yF/yS
rather than R, and R§, which were expected to be similar due to near-
identical environmental conditions between the two adjacent fields
and their similar leaf area index (Genesio et al., 2020). We further hy-
pothesized that (H2) the LRU of the two varieties would be similar due to
compensating effects (see Eqn (2)) between the higher RE of MG and,
since steady-state photosynthesis is similar (Sakowska et al., 2018),
supposed lower y£/xS ratio of MG, and that (H3) drought would lead to
an increase in RS and a decline in the X?/ Xg ratio which in turn, similar to
the reasoning implied in H2, would have a cancelling effect on LRU.

2. Material and methods
2.1. Plant material and field site

The measurement campaign took place at a field site in Ariis, Italy
(45.87°N, 13.09°E) and lasted from July, 5th to August, 1st, 2017. The
commercial green “wildtype” soybean (Glycine max L.) (WT) cultivar
DekaBig (Dekalb) and the chlorophyll deficient variety MinnGold (MG)
were sown on 27th of May in 2017 in two adjacent plots (see Fig. 1&
Fig. S1). The reduction of chlorophyll in MG, by approximately 80%, is
caused by a naturally occurring nonsynonymous nucleotide substitution
of a Mg-chelatase subunit, which is involved in a major step in chloro-
phyll biosynthesis (Campbell et al., 2014). Even though MG was able to
match the rate of photosynthesis of its green wildtype variety in the
laboratory (Sakowska et al., 2018), a recent field study (Genesio et al.,
2020) reported that the yield of MG was on average 20% lower. The
laboratory and the field study found lower photosynthesis of MG under
variable light conditions. This has been linked to lower relaxation rates
of photoprotection following rapid transitions between illuminated and
shaded conditions of MG (Genesio et al., 2020; Sakowska et al., 2018).

Due to a lack of rain during the study period, the field was irrigated
twice (July, 17th and 24th).

2.2. General setup
We set up a Quantum Cascade Laser (QCL) Mini Monitor (Aerodyne

Research, Billerica, MA, USA) in a container between the two fields
(Fig. 1) and measured the ambient mole fractions of CO; as well as COS
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Fig. 1. Satellite image (Google, 2017) of the field site showing the WT plot on the left and the MG plot on the right side. The white dots indicate the position of the
eddy towers and the white contour lines depict the 10% to 90% footprint contribution with the container in between them housing the QCL.

by alternately sucking air through two 68 m long 3/8-inch PFA tubes
from the EC towers that were placed in the middle of each field (see
Fig. 1). Hy0 mole fractions were measured using two open path infrared
gas analyzers (LICOR 7500A, LI-COR Biosciences, Lincoln, NE, USA)
mounted on the eddy mast. The measurement height was 1.75 m. The
inlet of each tube was mounted in close proximity to the three-axis sonic
anemometers on the eddy mast (CSAT3, Campbell Scientific, Logan, UT,
USA), which were used to measure the three velocity components of the
wind at each of the fields. Using the eddy covariance method (Aubinet
et al., 2000; Baldocchi, 2014) we calculated the ecosystem fluxes for
COS, H50 and COs, as described in Gerdel et al. (2017).

2.3. COS soil fluxes

To assess the magnitude of the COS soil exchange, that could mask
the canopy COS fluxes, we installed 4 stainless steel rings, with a
diameter of 0.032 m?, 5 cm into the soil one day before the measure-
ments. The rings were placed below the plant canopy and the litter
within the soil rings was left untouched. By manually placing a trans-
parent fused silica glass chamber into the water filled channel of a ring,
to make an airtight seal, and measuring the COS mole fraction of the
ambient air above and within the chambers for 20 to 25 min, we
calculated the COS soil flux using the following equation:

q()(cha _ Xamb)
F= R 3)

Where F denotes the calculated COS soil flux (pmol m ~ 2g- 1), qis
the flow rate through the chamber in (mol s ~ 1), A is the area of the soil
surface within the chamber and yamp and ycha are the ambient and
chamber mole fractions of COS in ppt, respectively. The measurements
were conducted for one day at the start and the end of the campaign. For
more details on the setup and calculations see Kitz et al. (2017).

Soil COS fluxes were then modeled on a half-hourly basis using a
random forest regression model (Liaw and Wiener, 2002; Virtanen et al.,
2020) and subsequently subtracted from the EC—COS fluxes to retrieve
the canopy exchange for COS. An analysis of the variable importance
identified the photosynthetic active radiation and the soil temperature
as the two most important factors controlling the COS soil flux. More

information about the model can be found in the supplement (Tables S1
& S2).

2.4. Ancillary data

While we measured soil volumetric water content (0-20 cm) (TDR
CS616, Campbell Scientific, Logan, UT, USA) and incoming and out-
going shortwave and longwave radiation (NRO1, Four-Component Net
Radiation Sensor, Campbell Scientific, Logan, UT, USA) separately at
each plot, air- temperature and humidity (HMP45AC, Vaisala, Helsinki,
FIN) were measured at a weather station in close proximity to both plots.

The LAI was modelled using the SoySim model (Setiyono et al., 2010,
2007).

2.5. Calculations

2.5.1. Flux partitioning

Separation of NEE into the GPP and the ecosystem respiration
(RECO) was done by applying the daytime flux partitioning algorithm of
Lasslop et al. (2010). Briefly, the nighttime NEE data, when photosyn-
thesis ceases, was used to determine the temperature response of
respiration. The base respiration, as well as the GPP are based on day-
time data, where they were modelled using a temperature and a light
dependency curve, respectively:

afRpar Eo (R«/‘ T07T(1111 To)
NEE = 2Pk 4
Rome +/i+ rye 4

Where a (pmol CO, pmol~! photons) denotes the canopy light uti-
lization efficiency, p (pmol CO; m ~ 25~ 1) the maximum CO, uptake
rate of the canopy at light saturation, Rpag (pmol m ~ 2's ~ 1) the
incoming PAR, r}, is the ecosystem base respiration at the reference
temperature Tyef ( °C), which was set to 15 °C, Eq ( °C) is the temperature
sensitivity, Tp was kept constant at -46.02 °C and T, is the air
temperature.

To account for the vapor pressure deficit (VPD) limiting GPP, the
following adjustments are made to f:
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VPD > VPD,,

_ | Boexp( — kv(VPD — VPDy)),
h= { ' VPD < VPD, )

B =Py,

Where VPD( was set to 0,1 kPa (Korner, 1995; Lasslop et al., 2010)
and the parameter ky is estimated.

All parameters of the flux partitioning model, with the exception of
Eo, which was calculated by minimizing the root squared mean error,
were determined using DREAM, a multichain Markov chain Monte Carlo
algorithm (Schoups and Vrugt, 2010; Vrugt and Ter Braak, 2011) as
described in Spielmann et al. (2019). While all DREAM outputs were
determined for each week, we had to pool all nighttime data to retrieve
one value of Eq for MG and one value for WT across the whole duration
of the campaign due to the lack of enough turbulent nighttime data.
Only 32% of the eddy covariance nighttime data passed the filters.

2.5.2. Resistances

The internal resistance for COS (R{) was calculated as the difference
between the total COS resistance of the canopy (Rts) and the sum of all
other resistances:

R} =R} — (R} + R, +RY) (6

where R, (m's ~ 1) is the aerodynamic resistance, RIS, (ms ™~ 1) the COS
boundary layer resistance and RS (m s ~ 1) is the stomatal resistance for
COS. Since Ri is calculated as the remainder of all other resistances, it
will include all measurement and model uncertainties.
Ra (s m ~ 1) was calculated using the following equation:
u  Phi, Phi,

R, =— —
u* + ku ku* @

where u is the average horizontal wind speed (m s ~ 1), u* the friction
velocity (m's ~ 1), Phip, the stability correction factor for momentum, k
the dimensionless von Karman’s constant and Phiy, the stability correc-
tion factor for heat, which is assumed to be equal to that of water vapor
(Hatfield et al., 2005).

We determined boundary layer resistance to water vapor (RY)
following Hicks et al. (1987) and Lamaud et al. (2002):

w 2 SC(%)A

R, = a)pr (8

where Sc and Pr are the dimensionless Schmidt and Prandtl number,
respectively.

The stomatal resistance for H,O (RéN) was calculated based on the
inverted Penman Monteith (iPM) equation (Monteith and Unsworth,
2013):

-1
E,
RV — VPDL ©
' 1+ - (Ry +Ry) (%1)

Where E,, is the water vapor flux (kg m ~ 2g- 1), VPDy, the vapor
pressure deficit between the saturated leaf stomatal cavity and the
ambient air (kg m ~ 3), B the Bowen ratio, s the slope of the saturation
vapor pressure curve (kPa K ~ 1) and y the psychrometric constant (kPa
K ~ 1). Additionally, we also calculated the stomatal resistance using the
flux gradient method described in Wehr and Saleska (2021). Since both
methods agreed very well (see Fig S3), we used the traditionally applied
iPM method. The absolute differences between the two methods can be
found in Table S3.

The total COS resistance was calculated using the EC data:

xCOS
RS =
FCOS

(10)

We used the conversion factors from Stimler et al. (2010) to convert
the boundary and stomatal resistance for HyO to COS:
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R, =R}'1.56 (€8))]

RS =RY1.94 12

A 95th percentile filter was used on all resistances to remove outliers.
All resistances were converted to the eco-physiological units m? s
-1

mol .

2.5.3. Leaf relative uptake

LRU was calculated via Eqn lusing the GPP resulting from flux
partitioning, inferred canopy COS flux and mole fraction data.

Using measured and calculated data, we retrieved the ratio of in-
ternal (Xic) to ambient (XE) CO4 mole fractions from Eqn (2).

2.5.4. Filtering and statistical analysis

To eliminate the influence of PAR on LRU (Kooijmans et al., 2019),
all data in the results section were filtered to be above 800 pmol photons
m ~ 25~ 1. A Kruskal-Wallis and a Bonferroni Post Hoc test were used to
compare the medians of the fluxes, the LRU and the resistances between

the variants and the phases.

3. Results
3.1. Environmental conditions during study period

The daily air-temperatures ranged from 11.6 to 33.5 °C during our
campaign, with higher nighttime temperatures during the first week
(Fig. 2a). The one-sided leaf area index (LAI) of both varieties was
increasing steadily from about 1 to nearly 4 with WT taking a slight lead
over MG for the whole duration (see Fig. 2b). The average soil volu-
metric water content (SWC) of the top soil layer decreased from 11% at
the beginning of the campaign to about 8% after the first week. An
ongoing drought decreased the SWC further down to 5% in the second
week. The two irrigations in the 3rd and 4th week kept the SWC between
20% and 8%. The daily maximum VPD was above 1.5 kPa for all but 1
day (see Fig. 2c).

Based on the temporal variability of the SWC, we grouped the data
into 4 phases: (1) predrought, (2) drought, (3) recovery after the first
irrigation and (4) post drought after the second irrigation (see vertical
lines in Fig. 2b-c), to investigate the influence of drought on the LRU and
the conductances during our 1-month long campaign.

3.2. Fluxes and LRU

Soil contribution to the daytime COS-ecosystem fluxes was minor
with a mean of —0.3 pmol m ~ 25 ~ ! and 95% of the soil fluxes between
—0.55 and 4.08 pmol m ~ 251 (see Fig S2).

During the predrought phase, the median values of the NEE as well as
the GPP were statistically not different between WT and MG (see Fig. 3).
RECO was statistically significantly lower for WT with a median of 12.0
umol m ~ 2g-1 compared to MG with 14.6 ymol m ~ 2571 (see
Figure S4). The median daytime Fcos of MG was higher than WT by 6.3
pmolm ~ 25~ 1(13%). The resulting median LRUs of WT and MG were
1.48 and 1.76 (see Fig. 4).

The drought phase affected NEE of WT more strongly than the one of
MG with a decline of 42% and 23%, respectively, but we detected no
statistically significant difference between the NEE of the two cultivars.
The decline in GPP was similar with 30% and 26% for WT and MG,
respectively (see Fig. 3). While the RECO of WT was barely affected with
a reduction of less than 1%, we observed a decrease of 43% in MG. We
measured a decline in median Fcog for WT (52%) and MG (30%), which
led to a statistically significant difference in Fcos between the variants.
The drought also induced a reduction in the LRU of WT and MG down to
0.64 and 1.15, which was statistically significant.

In the recovery phase the decline in NEE stopped for WT and NEE
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Fig. 3. NEE (umol m ~ 2571 (a-d), GPP (umol m ~ 25~ 1) (e-h) and COS canopy fluxes (pmol m ~ 2571 (i-1), where the pink and green circles depict the median
diurnal variation for WT and MG respectively. The shaded areas correspond to median absolute deviation of the fluxes. The hour of the day (HOD) is plotted on the X-

axis of all subplots.

recovered slightly for MG (see Fig. 3), with GPPs of both variants
recovering compared to phase 2 by 20% and 32% for WT and MG,
respectively. We observed an increase in RECO for both WT and MG by
4% and 52% up to 17.1 ymolm ~ 2s ~ ' and 12.7 ymol m ~ 2s ~ 1,
respectively. Fgos further declined by 5% for WT and we observed a
recovery by 17% for MG, with the COS fluxes being significantly
different during this phase. The LRUs of WT and MG declined further
down to 0.43 and 0.78 and were also significantly different from each
other (see Fig. 4).

After the second irrigation the NEE as well as the GPP had not
recovered for WT. Both fluxes were still 28% and 15% smaller and
statistically different from pre-drought values. MG on the contrary had
fully recovered in daytime NEE as well as GPP and our analysis indicates
no statistically significant difference between the predrought and the
post drought phase. While RECO of WT reached pre-drought values
(+3%), we observed 15% lower values for MG. F¢os was still 30% lower
and statistically significantly different for WT compared to the first
phase, while it fully recovered for MG, where no statistically significant



F.M. Spielmann et al.

-0.025 PP

-0.05

0.1
k]
g
12}
o
£
& 0157 .
O
Y
0.2
, ;
S / + WT
,
025 LRU=0.8,/" ! LRU =0.4," |+ MG
' 02 0.15 0.1 005 0025

2 -1
Yeos (m“smol)

Fig. 4. Median deposition velocities (m? s' mol™) for MG and WT under high
light conditions (PAR > 800 umol photons m ~ s ~ !) in pink and green circles
respectively. The error bars for the circles depict the 25th and 75th percentile,
the numbers indicate the 4 phases, the asterisk beside the numbers indicate a
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across multiple species of 1.68 stated by Whelan et al. (2018) in red.

difference was detected. LRU also partially recovered in WT as well as
MG to 1.03 and 1.59, respectively and statistically different from each
other. A detailed table of the statistical differences between variants and
the phases of the fluxes and the LRU is reported in Table S4.
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3.3. Resistances and internal to external CO mole fraction

The contribution of R, and Ry, to Ryot was higher in MG vs WT, with
34% vs. 28%, 17% vs. 8%, 23% vs 8% and 38% vs. 16% from phase 1 to
4, with a higher impact during the pre- and the post-drought phase,
where the total resistance was lower compared to the other phases. We
observed significant differences in R, as well as Ry, between WT and MG
during the recovery and the post-drought phase (see Table S1). Omitting
the influence of R, and Ry, would reduce the LRU of WT by 25%, 0%,
25% and 31% and of MG by 45%, 9%, 31% and 37% from phases 1 to 4,
respectively.

While median COS resistances under high light conditions during the
pre-drought phase were similar for MG and WT, the drought phase
caused an increase in the stomatal resistance, especially for WT, which
increased from 3.2 to 14.6 m? s mol ! (see Fig. 5). The internal re-
sistances for COS also increased in the pre-drought to drought phase
transition, from 3.0 to 4.4 m? s mol™! and 3.1 to 3.3 m? s mol~! for WT
and MG respectively.

The ratio of the internal to ambient CO, mole fractions xf/ xac was
0.51 for both varieties and dropped to 0.27 and 0.45 for WT and MG in
the drought period, respectively. The correlation of Rg and 3 /S can be
seen in Figure S5.

After the first irrigation, the stomatal resistances of WT decreased to
5.2 m? s mol !, while it remained higher for MG at 7.0 m? s mol ! and
we observed a strong increase in the internal resistance for COS of WT to
14.8 m? s mol ! overtaking the stomatal resistance as largest resistance.
Internal resistance of MG decreased down to 2.7 m? s mol ! (see Fig. 5).
The ¥/yS increased to 0.30 and 0.49 for WT and MG, respectively.

After the second irrigation, we observed a decrease in the stomatal to
3.7 and 3.3 m? s mol ! and internal resistances to 6.0 and 2.0 m? s mol
for WT and MG respectively. While the internal resistance was still the
limiting factor for WT, MG was limited by the stomatal resistance (see
Fig. 5). Compared to WT, we observed no statistically significant
changes in the internal resistance to COS in MG. y{/¢$ recovered in MG
during the post drought phase to 0.52 and increased to 0.63 in WT.

Besides the dissimilar stomatal resistances of WT and MG during the
drought, we only observed statistically significant differences for the
internal resistance during the recovery and post-drought phase (see
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Fig. 5. Median COS resistances under high light conditions (PAR >800 pmol photons m ~

25~ 1) as stacked bar graph for WT and MG and the 4 phases where green

bars indicate the internal resistance, purple bars the stomatal resistance, brown bars the boundary layer resistance and blue bars the aerodynamic resistance (m?s
mol~1). The black error bars depict the median absolute deviation of the corresponding resistances. The green and purple brackets indicate statistically significant
differences between the groups of the internal and the stomatal resistance with the solid and the dashed lines depicting the significance for WT and MG respectively.
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Table S1).
4. Discussion

Consistent with H1, R, and Ry, were found to make a small contri-
bution to the difference in the total resistance to COS between the
chlorophyll-deficient variety (MG) and the wild type (WT) compared to
the physiological resistance components. This result is consistent with
the results of Wehr et al. (2017), who also found the impact of Ry, to be
small compared to the stomatal and internal resistances for COS.
Although the non-physiological components were stable for the duration
of our measurements and did not impact the difference in LRU between
the two cultivars, they still had a large effect on the magnitude of the
LRU, especially during the pre- and the post-drought phase, when R; and
R; were small. The uncertainties of R, and Ry, of the two variants overlap
and indicate that the influence of the slight difference in LAI on the
canopy aerodynamic properties is small (see Fig. 1). We also expect R,
and Ry, to be important for the LRU when comparing the canopy-scale
COS uptake of different ecosystems, e.g. forests and grasslands, with
different aerodynamic roughness and sites that have predominantly
windy or calm conditions.

Also consistent with H1 was that the differences in LRU were largely
driven by the differences of Rj, Rs and y{/S. Apart from the drought
phase, R; was surprisingly large and, in all other phases of similar
magnitude as Rs. Furthermore, R; in WT showed high variability and
even exceeded Rg during the recovery and the post-drought phase and
became the major resistance to COS. The magnitude of R; was, with the
exception of the high R; of WT during the recovery phase, at the lower
end of reported values for sage and hibiscus measured under high light
intensity by Stimler et al. (2010).

To date, the high GPP of MG, despite having a lower chlorophyll
content, has been attributed to a more even light distribution within the
mesophyll and a higher light intensity deeper within the canopy
(Sakowska et al., 2018). Higher COS uptake of MG due to a lower R;
indicates a faster internal transport for COS and possibly CO,, which
would also explain the higher y</y$ ratio of MG. The lower internal
resistance of MG might be related to a higher concentration or activity of
CA within the plant leaves, a closer positioning of the chloroplast to the
intercellular space or other anatomical traits affecting liquid and gas
phase resistance pathways (Momayyezi et al., 2020; Theroux-Rancourt
etal., 2021). The increase in R; of WT during the recovery phase could be
a delayed effect of the drought. A study by Perez-Martin et al. (2014)
reported that drought caused an increase in R; for CO4, with biochemical
characteristics and mesophyll conductance being the main limiting
factors of photosynthesis and still being of importance during the re-
covery period. An increased importance of the mesophyll conductance
for CO, during the recovery phase after a drought has also been found by
Galmeés et al. (2007). A lower activity of CA could explain the increase in
R; for CO; as well as for COS and has been reported by Wang et al. (2016)
for rapeseed plants, even though plants also seem to counteract the
lower CA activity with an increase in its abundance outside of the
chloroplast during the recovery phase, as has been observed for moss,
rice, and Arabidopsis (Li et al., 2020).

In recent literature for COS, the effect of the leaf internal resistance is
still debated (Kohonen et al., 2022; Kooijmans et al., 2019; Wohlfahrt
et al., 2012). Our results confirm published findings indicating the
importance of the internal resistance to COS, in our case consisting of the
internal structure (Wohlfahrt et al., 2012), the enzyme activity and
location of the CA (Polishchuk, 2021), in controlling the LRU (Sun et al.,
2017; Wohlfahrt et al., 2012). Wohlfahrt et al. (2023) demonstrated that
the parameterization of R; represented the largest source of uncertainty
for LRU estimates derived by means of an optimality approach. The
internal resistance of COS might also be largely responsible for the
spread in LRU that has been highlighted by Whelan et al. (2018).

Our second hypothesis (H2) has to be, at least partially, rejected. LRU
did not differ significantly between both varieties during the pre-
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drought period, this was due to similar Ry and X?/XE values, rather
than a higher Rg and lower Xic/ Xg ratio of MG as expected from the results
of Sakowska et al. (2018). However, during all other periods, the LRU of
MG was statistically significantly higher compared to WT, which also
correlated with a higher y{/yS ratio in MG contradicting the leaf level
results of Sakowska et al. (2018). Given the RECO of WT was fairly stable
between the pre-drought and the recovery phase, the large drop and
subsequent increase for MG are suspicious (Fig. 3). Although a decrease
in RECO during drought and a subsequent increase after irrigation is
expected, the magnitude of the changes, almost 50%, are exceptional
(Ingrisch et al., 2020; Ribas-Carbo et al., 2005). Additional flux parti-
tioning model runs with more strictly filtered input data however did
not allow pinpointing a systematic problem. We thus interpret the
inferred changes in RECO of MG to be indicative of a large uncertainty
owing to the low fraction of nighttime data that passed quality control.

Despite expecting the opposite, we also observed a statistically
significantly higher Rs in WT compared to MG during the drought phase.
The observed LRUs during this study, especially those during and after
the drought, were all on the lower end of the values reported in litera-
ture (Whelan et al., 2018).

H3 also has to be rejected, as the drought caused a significant decline
in the LRUs of both varieties. The drought-induced reduction in y&/x$
(Tominaga and Kawamitsu, 2015)(see Fig. S5), which in isolation causes
the LRU to decrease, apparently outcompeted the concurrent increase in
Rs, which in isolation increases the LRU. This should only happen for
CO, (Evans and von Caemmerer, 1996), since the internal COS mole
fraction is assumed to be close to zero (Seibt et al., 2010; Stimler et al.,
2010; Wohlfahrt et al., 2012), even during times of negligible R;, and
thus should not change during drought. This assumption has been
questioned recently by Belvisoet al. (2022), who found net COS emis-
sions of rapeseed and winter wheat, indicating a non-zero leaf internal
COS mole fraction for sulfur-rich plant species and under certain con-
ditions like the ripening stage.

Our results indicate that estimates of GPP using COS-based ap-
proaches would currently be overestimated during droughts, if the LRU
was not properly adjusted. In respect to the rising probability of
occurring droughts (IPCC, 2018), further studies should be conducted to
investigate, if other plant species and ecosystems display a more robust
LRU during drought and other stress factors, or if COS is an inadequate
tracer for GPP under these conditions.

5. Conclusion

The utility of COS as a sensitive proxy for ecosystem-scale GPP relies
on a precise understanding of the influence factors on the LRU. We
measured the COS and CO; ecosystem-scale fluxes of two physiologi-
cally different soybean varieties in two adjacent fields under near-
identical environmental conditions and observed the influence of
drought on their stomatal and internal resistances, the ratio of the in-
ternal to ambient CO2 mole fraction and their subsequent impact on the
LRU.

This was to our knowledge the first study to quantify the effect of
drought on the LRU and its resistance components on canopy scale. Our
observations indicate that drought-induced changes of the y£/x$ ratio
and the resistances Ry and R; do not necessarily cancel each other out in
their effect on LRU, which thus varied with changes in soil water
availability. Furthermore, the observed LRU differences between the
two soybean varieties, under the same environmental conditions, indi-
cate, that the LRU might be more species-specific than previously
thought (Wohlfahrt et al., 2023). Taken together, our results question
whether LRU, as initial, mostly leaf-scale data has suggested (Whelan
et al., 2018), is conserved enough to allow defensible GPP estimates
through the application of Eq. (1). Or whether, as one of the reviewers of
this paper put it, in comparison to GPP estimates derived from CO; flux
partitioning (Lasslop et al., 2010; Reichstein et al., 2005), COS-based
GPP estimates just trade in uncertainty in LRU for uncertainty in
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RECO (Wohlfahrt and Gu, 2015). Given that CO5 flux measurements are
performed at > 900 sites globally using instruments that are way less
costly and much easier to maintain (Baldocchi, 2020; Pastorello et al.,
2020), this is a valid question which the small COS community needs to
critically address.
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