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 A B S T R A C T

Crassulacean acid metabolism (CAM) helps plants in arid regions to reduce water loss by opening their stomata 
and taking up carbon dioxide (CO2) during nighttime. While gas exchange in CAM plants has been mainly 
studied under controlled laboratory conditions, only a few ecosystem scale studies exist. Moreover, carbonyl 
sulfide (COS) has been used as a tracer for stomatal conductance, transpiration and photosynthesis in C3 and 
C4 plants, but no studies on CAM ecosystems have yet been published. Here we present the first ecosystem 
scale measurements of COS fluxes over Agave sisalana (CAM plant), commercially cultivated for its fiber. The 
measurements were made during the wet season in Kenya. The ecosystem was a consistent sink of COS, with 
higher uptake observed during nighttime (−11.5 pmol m−2 s−1) than during daytime (-5.6 pmol m−2 s−1). The 
magnitude of COS fluxes was comparable to non-growing season daytime fluxes reported for C3 and C4 plant 
dominated ecosystems. The soil was a small COS source (0.3 pmol m−2 s−1), with highest emissions under high 
radiation and temperature conditions. Using random forest modeling, we found that vapor pressure deficit, 
air temperature and soil water content were the most important drivers of nighttime ecosystem COS exchange 
(variable importance 0.25, 0.23 and 0.20, respectively), indicating the importance of stomatal limitation for 
COS fluxes. During daytime, air temperature, photosynthetically active radiation and soil temperature were 
the most important drivers (variable importances 0.19, 0.18 and 0.18, respectively). COS fluxes were further 
used to track canopy stomatal conductance and transpiration and compared to another transpiration estimate 
from the conditional eddy covariance method, which is based on raw water vapor and vertical wind data from 
eddy covariance. Conductance values ranged from 0.03 ± 0.06 mol m−2 s−1 during daytime to 0.06 ± 0.02 
mol m−2 s−1 during nighttime. Transpiration was thus higher during nighttime than during daytime, reflecting 
the CAM gas exchange strategy.
1. Introduction

Plants with crassulacean acid metabolism (CAM) are well adapted to 
reduce water loss in arid environments by keeping their stomata closed 
during the day but opening them at night for carbon dioxide (CO2) 
uptake. Because of this pronounced diel pattern, water use efficiency 
(WUE) of CAM plants can be three times higher than that of C4 plants 
and six times higher than that of C3 plants (Borland et al., 2009). In 
addition, the annual water demand of CAM plants is only one-quarter 

∗ Corresponding author at: Department of Environmental Systems Science, ETH Zurich, Zurich, 8092, Switzerland.
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that of C4 plants and one-sixth that of C3 plants, making them highly 
drought tolerant (Borland et al., 2009; Yang et al., 2015). However, 
their biomass production is often lower than that of C3 plants (Lüttge, 
2004), although some Agave and Opuntia species have been found to 
reach similar or even higher productivity compared to C3 plants (Nobel, 
1996).

The diel CAM gas exchange cycle consists of four phases as defined 
by Osmond (1978). During the night (phase I), CAM plants take up 
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CO2, along with other gases, from the atmosphere. CO2 is bound to 
malic acid by the enzyme phosphoenolpyruvate carboxylase (PEPC) 
and stored until light becomes available during the day. Then CO2
is regenerated from malic acid and fixed by the enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) (phase III; Cushman 
(2001)). Phases II and IV of the CAM gas exchange cycle are the 
transient phases in the early morning and late afternoon, respectively, 
when CO2 can also be assimilated directly in the Calvin cycle (Griffiths 
et al., 2007).

Globally, CAM plants are estimated to make up over 6% of vascular 
plant species (Winter and Smith, 1996), but in arid regions, they can 
occupy up to 25% of the vegetative surface (Osmond, 1978). Cur-
rently, plants with CAM photosynthesis are not included in land surface 
models such as SiB4 (Kooijmans et al., 2021) or ORCHIDEE (Maignan 
et al., 2021), which only include plants with C3 or C4 photosynthesis. 
Although their global importance is limited, CAM plants may play a 
significant role in drylands which cover about 41% of Earth’s terrestrial 
surface (Millennium ecosystem assessment, 2005). Thus, while CAM 
plants might control regional carbon budgets, our knowledge of flux 
magnitudes of CAM-dominated ecosystems is scarce.

One reason for their exclusion from land surface models is the lack 
of gas exchange measurements of CAM plants under field conditions. 
In the laboratory, gas exchange patterns of CAM plants have been 
measured, and the expected reverse diel pattern of CO2 exchange com-
pared to C3 and C4 plants has been found (Nobel and Valenzuela, 1987; 
Winter, 2019). Eddy covariance (EC) CO2 flux measurements have been 
performed on tequila (Agave tequilana) (Owen et al., 2016), Opuntia 
stricta cactus (Jardim et al., 2023), pineapple (Ananas comosus) (San-
José et al., 2007) and sisal (Agave sisalana) (Skogberg et al., 2025).
Agave tequilana (Owen et al., 2016), Ananas comosus (San-José et al., 
2007) and Agave sisalana (Skogberg et al., 2025) showed the typical 
CAM diel cycle with nighttime CO2 uptake and daytime release or 
near-zero fluxes, whereas Opuntia stricta cactus (Jardim et al., 2023) 
only showed daytime CO2 uptake. Moreover, Skogberg et al. (2025) 
found that the daytime CO2 emission was greater during a dry season 
than during a wet season, while nighttime CO2 uptake stayed at the 
same level of magnitude through both seasons. Previous studies on 
CAM ecosystems have found that the cumulative amount of radiation 
as well as temperature and vapor pressure deficit (VPD) during the day 
affected the CO2 uptake of the following night (Owen et al., 2016). In 
addition, cold nights have been found to increase the nocturnal CO2
uptake (Owen et al., 2016). However, previous ecosystem scale studies 
have focused solely on net ecosystem CO2 exchange (NEE) and have not 
pursued partitioning NEE into respiration and gross primary production 
(GPP). Traditional NEE partitioning methods (Reichstein et al., 2005; 
Lasslop et al., 2010) cannot be directly implemented to CAM plants 
due to the reversed diel cycle compared to C4 and C3 plants as well 
as functional plasticity with non-CAM behavior. Moreover, nighttime 
CO2 uptake does not necessarily equate to GPP, as not all carbon stored 
during the night may be used for photosynthesis during the next day. 
Hence, other approaches need to be employed for partitioning NEE
fluxes of CAM ecosystems.

Evapotranspiration (ET ) is closely coupled with the CO2 cycle 
through stomata, and this coupling is described by WUE (Keenan et al., 
2013). In land surface models, WUE serves both as a diagnostic and a 
mechanistic constraint. It provides a method to evaluate and parame-
terize stomatal control on carbon uptake and water loss, and serves as 
a scaling parameter across leaf, ecosystem, and global scales. WUE can 
be estimated from GPP and transpiration (T ) as WUE = GPP/T, when it 
describes the photosynthetic carbon fixation and plant water loss (Stoy 
et al., 2019). Some studies, on the other hand, calculate WUE as
WUE𝑁𝐸𝑇  = NEE/ET, which provides a measure of the overall ecosystem 
carbon balance in relation to ecosystem water loss (Owen et al., 2016).
ET  can be calculated from the water vapor (H2O) fluxes measured 
by the EC method. However, partitioning ET  into its components, 
evaporation (E) and transpiration, is challenging at ecosystem scale but 
2 
important for the further improvement of land surface models (Stoy 
et al., 2019). A new development for ET  partitioning was introduced 
by Zahn et al. (2022). This partitioning method, called conditional eddy 
covariance (CEC), uses raw EC data and distinguishes time periods 
when the fluctuation of both CO2 and H2O is positive (net emission), 
indicating soil respiration and E, while a negative fluctuation of CO2
(net uptake) simultaneously with a positive H2O fluctuation indicates 
photosynthesis and T. However, this method has not yet been widely 
applied or tested for terrestrial ecosystems, including CAM ecosystems.

Carbonyl sulfide (COS) has attracted attention lately because it 
can be used as a proxy for stomatal conductance and thus for (gross) 
photosynthesis (Sandoval-Soto et al., 2005; Asaf et al., 2013), and 
transpiration (Wehr et al., 2017; Berkelhammer et al., 2020). COS 
is taken up by plants through stomata like CO2, until it reaches the 
chloroplast surface, where it is consumed in a hydrolysis reaction using 
the enzymes carbonic anhydrase (CA) and PEPC (Protoschill-Krebs and 
Kesselmeier, 1992; Wohlfahrt et al., 2012). To our knowledge, there are 
currently no studies focusing on the COS biochemistry of CAM plants. 
Since CA and PEPC are available in CAM plants similar to C3 plants, 
the hydrolysis process is assumed to be similar. Complications of using 
COS as a proxy for GPP at ecosystem scale include unknown sinks 
and sources in the soil (Maseyk et al., 2014; Spielmann et al., 2020), 
the measurement precision of COS fluxes (Kohonen et al., 2020), and 
the uncertainty in estimating the leaf relative uptake (LRU), i.e., the 
ratio of COS and CO2 uptake at leaf scale (Kooijmans et al., 2019; 
Yang et al., 2018; Sun et al., 2018; Kohonen et al., 2022). However, 
to date, field studies have mainly focused on C3 (Asaf et al., 2013; 
Spielmann et al., 2019; Wehr et al., 2017; Vesala et al., 2022) and 
C4 (Berkelhammer et al., 2020) plant-dominated ecosystems, and no 
COS flux measurements over CAM ecosystems have been published.

In this study, we measured COS fluxes using the EC technique (Aubi-
net et al., 2012) over a sisal (Agave sisalana) plantation in Kenya. 
The measurement period covered four weeks during the wet season 
in November–December 2019 and included 12 days of soil chamber 
flux measurements. Our aims were to (1) track the diel pattern of the 
CAM COS gas exchange, (2) identify its main environmental drivers, (3) 
quantify the canopy stomatal conductance of sisal using COS together 
with H2O flux measurements, (4) partition ET  into its E and T  compo-
nents using the ecosystem scale COS, CO2 and H2O flux measurements, 
and finally (5) calculate the WUE and WUE𝑁𝐸𝑇  of sisal. We hypothesize 
that COS fluxes follow the same diurnal pattern as CO2 fluxes with 
uptake observed at night and can be used to track stomatal conductance 
of CAM plants.

2. Materials and methods

2.1. Site description

The measurements were carried out at an Agave sisalana Perrine 
plantation, Teita estate, in Mwatate in Taita-Taveta county, Kenya 
(3◦32’ S, 38◦24’E, 844 m asl) (Fig. S1). Sisal is cultivated for its 
fiber, traditionally used in making, e.g., ropes, carpets and baskets. In 
the recent years, sisal has gained more attention as a productive and 
durable natural fiber with high commercial value (Kozłowski et al., 
2020). From Teita estate, most of the fiber is transported overseas 
for production. The plantation covers an area of 129.5 km2, making 
it one of the largest in the world (Wachiye et al., 2021). Sisal has 
various growth stages, from recently planted up to 20 years old blocks. 
Sisal is planted in double rows with 0.9 m distance between the 
plants and 2–3 m distance between the rows. Sisal waste is applied 
as fertilizer at the time of planting, but no further fertilization is 
applied afterwards (Wachiye et al., 2021). According to Vuorinne et al. 
(2021a,b), the biomass densities in the estate ranged from 0 to 46.7 
Mg ha−1, depending on the age of the plants (mean biomass 10.6 
Mg ha−1). The flux measurements were made within a 2.6 ha field 
block growing sisal as a pure culture with spontaneous weeds coming 
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in. The field block had a gentle 5◦ slope facing the east. Sisal plants 
were mature, 5 years old and approximately 1.1 m high (Skogberg 
et al., 2025). The estate has a yearly average temperature of 24 ◦C and 
annual rainfall of approximately 600 mm. The soils are latosols, with 
low soil organic carbon content of around 1% (Pellikka et al., 2023). 
The area is characterized by dry as well as wet seasons, with a long 
wet season from March to May, followed by a long dry season from 
June until October, a short wet season from November to December, 
and a short dry season until February. The COS flux measurements 
were carried out during the short wet season from 23 November 2019 
until 21 December 2019 (referred to as wet season in the following), 
while CO2 flux, and meteorological measurements extended to the dry 
season until 26 January 2020. Herbicide was sprayed five days prior 
to the start of the measurements to prevent weeds with C3 or C4
photosynthesis growing in the EC footprint area. CO2 fluxes from the 
same measurement campaign are reported in Skogberg et al. (2025).

The times presented in this study are in local time (UTC+3), and 
nighttime is defined when photosynthetically active radiation PAR
< 10 μmol m−2 s−1. Negative fluxes depict uptake by the ecosystem, 
while positive fluxes depict emissions.

2.2. Meteorological measurements

Air temperature (𝑇𝑎𝑖𝑟) and relative humidity (RH) (Rotronic Instru-
ment Corp., NY, USA) and PAR (LI-190R quantum sensor, LI-COR Inc., 
Nebraska, USA) were measured at 1.5 m above ground, approximately 
0.5 m above the sisal leaves. Soil temperature (𝑇𝑠𝑜𝑖𝑙; Pt100 thermo-
couples) was measured at two locations; one shaded by sisal and one 
without shading, both buried in topsoil at 2 cm depth. Soil water 
content (SWC; Theta Probe ML3, Delta-T Devices, Cambridge, UK) was 
measured in the topsoil (0–5 cm) close to the sisal plant, to represent 
the water supply for the sisal rooting system, with one sensor. All 
measurements were logged every minute and averaged every 30 min. 
Precipitation was measured with a tipping bucket rain gauge (Campbell 
ARG100, Campbell Scientific, Logan, Utah, USA) from 30 November 
2019 onwards and logged every hour. Precipitation measurements 
23–30 November 2019 were taken as an average of two nearby weather 
stations in Maktau (run by University of Helsinki, approximately 30 
km to the West) and Voi (run by Kenya Meteorological Department, 
approximately 30 km to the East), that were found to follow similar 
precipitation pattern during the time of overlapped measurements.

2.3. Eddy covariance measurements and processing

EC measurements were done at 2.6 m height using an ultrasonic 
anemometer (USA-1, Metek GmbH, Elmshorn, Germany) for measuring 
horizontal and vertical wind speeds (Fig. S1 a). COS, CO2 and H2O mix-
ing ratios were measured with a quantum cascade laser spectroscopy 
analyser (QCLS, Aerodyne Research Inc., Billerica, MA, USA). Addition-
ally, CO2 and H2O mixing ratios were measured with an infrared gas 
analyzer (IRGA, LI-7200, LI-COR Inc., Nebraska, USA). Inlet lines were 
7 and 0.7 m long for the QCLS and IRGA, respectively, and the inner 
diameters were 4 mm. The inlet lines were heated to prevent water 
condensation in the tubing. All measurements were recorded at 10 Hz 
frequency. The QCLS was calibrated before the measurement campaign 
using a calibration cylinder with known COS and CO2 concentra-
tions (Kohonen et al., 2020). Half-hourly background measurements 
with high-purity nitrogen (N2) were performed from 25 November 
until 28 November to remove background spectral structures in the 
QCLS (Kooijmans et al., 2016). The mean mixing ratio of COS during 
this time was 394 ppt (Fig. S2), which was later used in conductance 
and ecosystem relative uptake (ERU) calculations. The fluxes were 
processed using EddyUH software (Mammarella et al., 2016), which 
is customized for COS flux calculation, following the recommendations 
given in Kohonen et al. (2020). Time lags between the signals from 
the sonic anemometer and the gas analyzers were determined with the 
3 
covariance maximization method. Since the signal-to-noise ratio of COS 
is low, time lag of CO2 from the QCLS was used also for COS (Kohonen 
et al., 2020). The processing included linear detrending, 2D coordi-
nate rotation, despiking data (limits for subsequent datapoints being 
50 ppm, 5 ppb and 10 mmol mol−1 for CO2, COS and H2O, respec-
tively) and spectral corrections for both low (Rannik, 1998) and high 
frequency (Aubinet et al., 2000) spectral losses. The limit of detection, 
estimated as suggested in Langford et al. (2015), was 5.8 pmol m−2 s−1
for COS, 0.055 μmol m−2 s−1 for CO2, and 0.0079 mmol m−2 s−1 for 
H2O fluxes, on average. Friction velocity (𝑢∗) filtering was applied to 
remove periods with low atmospheric turbulence when 𝑢∗ < 0.12 m 
s−1 (Aubinet et al., 2000; Skogberg et al., 2025). Quality screening was 
applied so that maximum number of allowed spikes in each 30 min 
period was 100 and the second wind rotation angle was less than 10◦. 
After all quality screening and filtering, 50% (53% nighttime and 46% 
daytime) of COS and 79% (69% nighttime and 86% daytime) of CO2
fluxes were left for analysis. The flux footprint covered only the sisal 
plantation (Fig. S1b; footprint calculation after Kljun et al. (2015)).

ERU was calculated as the ratio of COS to CO2 deposition velocities 
as in Asaf et al. (2013) 

𝐸𝑅𝑈 = 𝐹𝐶𝑂𝑆
𝐹𝐶𝑂2

𝜒𝐶𝑂2,𝑎

𝜒𝐶𝑂𝑆,𝑎
(1)

where FCOS and FCO2 are the ecosystem scale COS and CO2 fluxes, 
and 𝜒𝐶𝑂𝑆,𝑎 (kept as a constant value 394 ppt, as described above) and 
𝜒𝐶𝑂2,𝑎 (from LI-7200 measurements) are the atmospheric COS and CO2
mixing ratios, respectively.

2.4. Driver analysis and gap-filling

The most important drivers of the fluxes were found and fluxes 
gap-filled using a model created with random forest (RF; RandomFore-
stRegressor from Python package sklearn). The models were trained 
using a randomly selected subset of the dataset (70%), the variables 
used as model features (i.e., drivers) were CO2 flux (for gap-filling COS 
and H2O fluxes only), H2O flux (for gap-filling COS and CO2 fluxes), air 
and soil temperatures, VPD, PAR and SWC. The model hyperparameters 
used were n_estimators=50, max_features=1.0, and random_state=44. 
The resulting models were validated against the test data set (coeffi-
cient of determination R2=0.62 and root mean square error RMSE=10.6 
pmol m−2 s−1 for COS fluxes; R2=0.94 and RMSE=1.12 μmol m−2

s−1 for CO2 fluxes; R2=0.95 and RMSE=0.396 mmol m−2 s−1 for H2O 
fluxes).

To better interpret the RF model output, we used SHapley Addi-
tive exPlanations (SHAP) analysis, based on principles of game the-
ory (Shapley, 1953). SHAP analysis (Python function TreeExplainer
from package shap) was done to study the contribution of each envi-
ronmental driver (i.e., feature) to the model output (i.e., the modeled 
response variable), as well as to identify the temporal variation of the 
driver importance in more detail. The effect of each driver is given as 
so-called SHAP value in the unit of the response variable: positive SHAP 
values represent a positive effect of the driver on the response variable 
(thus increasing the predicted response variable), while negative SHAP 
values represent a negative effect of the driver on the response variable 
(thus decreasing the predicted response variable), always relative to 
the overall mean of the predicted response variable. The RF model 
prediction at any given time point is the sum of all feature SHAP values 
and the average prediction. Thus, all SHAP values are in the unit of the 
response variable. Only measured data were used for model training 
and driver analysis, while gap-filled flux data were only used in time 
series visualizations.

Since CAM plants fix CO2 into malic acid at nighttime, releasing it 
for actual photosynthetic CO2 fixation during daytime (gross primary 
production, GPP), we defined another variable to describe the amount 
of CO2 fixed by the sisal plants during the night to be later used in 
daytime photosynthesis, i.e., the gross primary uptake (GPU). Ecosys-
tem CO  fluxes were partitioned into GPU and respiration using the 
2
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LI-7200 flux measurements from the (short) dry season, defined here 
as from 21 Dec 2019 to 26 Jan 2020 (Skogberg et al., 2025). The dry 
season daytime CO2 flux was assumed to consist only of respiration 
in the lack of daytime C3 photosynthesis (Skogberg et al., 2025) and 
was used as input to train a RF model for ecosystem respiration (𝑅𝑒𝑐𝑜). 
The model was then applied for the whole dataset to model 𝑅𝑒𝑐𝑜 and 
finally to calculate gross primary uptake as GPU = 𝑅𝑒𝑐𝑜 - NEE. Based 
on this partitioning, we calculated sisal WUE = GPU/T. To better 
compare WUE with earlier studies, we also calculated an ecosystem 
scale WUE𝑁𝐸𝑇  = NEE/ET.

2.5. Chamber measurements and flux calculation

Chamber measurements were carried out at three different soil 
cover types: one with bare soil, one with non-CAM weeds growing on 
soil, and one with grass and old sisal roots on top of the soil (Fig. 
S1 c-e). One chamber head (height 40 cm, diameter 31.3 cm) was 
rotated for use on each soil cover type for both ambient light and 
darkened conditions. Stainless-steel chamber collars were installed one 
day before the first chamber measurement and left in place during 
the whole measurement campaign. The chamber head used in the 
study was cylindrical, made of acrylic plastic, and had a volume of 
31 L (Fig. S1 f). The chamber head had a small fan inside to mix 
the air, and air temperature inside the chamber was measured. The 
chamber was sealed by pouring bottled water into the groove of the 
collar, where the chamber head was placed (Korrensalo et al., 2018). 
Polytetrafluoroethylene (PTFE) tubing of 1/8’’ diameter was connected 
from the chamber to the QCLS for COS, CO2 and H2O mixing ratio 
measurements. Another 50 cm long copper tubing with 2 mm inner 
diameter was added from the chamber to open air to allow pressure 
equilibration inside the chamber (Heinemeyer and McNamara, 2011). 
The sampling flow was set to 0.3 LPM, and each chamber was closed 
for 5 min. After closure at ambient light conditions, the chamber was 
flushed and covered for a darkened closure. For blank measurements 
(to ensure no emission or sink from the chamber itself), the collars 
were covered with PTFE foil and chamber measurements repeated as 
described above. The blank measurements showed no emissions of COS 
from the chamber.

Chamber fluxes (𝐹𝑐ℎ) were calculated from the slope of the linear 
fit made to the concentration data ( 𝑑𝜒𝑑𝑡 ) collected during the first 3 min 
(for COS and CO2) or 1 min (for H2O) of the chamber closure, before 
the concentration change was saturated: 

𝐹𝑐ℎ =
𝑑𝜒
𝑑𝑡

𝑃𝑎𝑉
𝑅𝑇𝐴

. (2)

Air pressure (𝑃𝑎) was assumed to be the normal atmospheric pressure 
101 325 Pa, universal gas constant 𝑅 = 8.31446 J mol K−1, chamber 
volume 𝑉  = 0.031 m3, 𝑇  the average air temperature measured inside 
the chamber during closure (in K) and chamber surface area 𝐴 = 
0.077 m2. The measurements were omitted if the normalized RMSE 
of the fit was more than 0.3 or if R2 < 0.8. Number of chamber flux 
measurements left after quality screening were 22, 23, and 21 out of 24 
measurements taken in total for the bare soil, weed covered and sisal 
root covered soil cover types, respectively.

2.6. Canopy conductance and ET partitioning

Canopy conductance for COS was calculated from FCOS according 
to Wohlfahrt et al. (2012) (𝑔𝑐,𝐶𝑂𝑆,𝐶𝑂𝑆 ): 

𝑔𝑐,𝐶𝑂𝑆,𝐶𝑂𝑆 = −𝐹𝐶𝑂𝑆
𝜒𝐶𝑂𝑆,𝑎 − 𝜒𝐶𝑂𝑆,𝑖

(3)

where 𝜒𝐶𝑂𝑆,𝑎 and 𝜒𝐶𝑂𝑆,𝑖 are the dry mixing ratios of COS in the atmo-
sphere and in the intercellular spaces, respectively. Assuming boundary 
layer and mesophyll conductances to be high (Kooijmans et al., 2019; 
Sun et al., 2024; Wehr et al., 2017), negligible soil fluxes, a very small 
𝜒 , and a factor of 1.94 to account for the difference between COS 
𝐶𝑂𝑆,𝑖

4 
and H2O conductances due to different molecular diffusivities (Seibt 
et al., 2010; Stimler et al., 2010), Eq. (3) reduces to give the canopy 
conductance for H2O (𝑔𝑐) 

𝑔𝑐,𝐶𝑂𝑆 = −1.94𝐹𝐶𝑂𝑆
𝜒𝐶𝑂𝑆,𝑎

(4)

Additionally, for comparison, canopy conductance was also calculated 
from ecosystem latent heat fluxes (LE) according to Wehr and Saleska 
(2021) (𝑔𝑐,𝐸𝑇 ). In this method, both LE and sensible heat fluxes (H) 
were used together with the flux–gradient equations to determine 
canopy conductance. This method is less prone to biases than the 
widely used inversed Penman-Monteith equation (Monteith, 1965; 
Grace et al., 1995) due to the use of measured H. However, like 
the inversed Penman-Monteith equation, this method works properly 
only when evaporation can be assumed negligible. Without proper ET
partitioning, it is impossible to know if the requirement is met. In this 
study, we report all 𝑔𝑐,𝐸𝑇  values, regardless of assumably high daytime 
evaporation.

COS-based transpiration (𝑇𝐶𝑂𝑆 ) was calculated from the canopy 
conductance (Eq. (4)) as in Berkelhammer et al. (2020) 
𝑇𝐶𝑂𝑆 = 𝑔𝑐,𝐶𝑂𝑆𝑉 𝑃𝐷 (5)

and COS-based evaporation (𝐸𝐶𝑂𝑆 ) by subtracting 𝑇𝐶𝑂𝑆 (Eq. (5)) from 
the total evapotranspiration (ET ) 
𝐸𝐶𝑂𝑆 = 𝐸𝑇 − 𝑇𝐶𝑂𝑆 . (6)

Another ET  partitioning method, the conditional eddy covariance 
(CEC) method proposed by Zahn et al. (2022), was also tested to 
validate the COS-based transpiration estimate. In the CEC method, raw 
EC data are divided into quadrants based on the turbulent fluctuations 
of vertical wind (w’), CO2 (c’) and H2O (q’) such that concurrent w’ > 0,
c’ > 0 and q’ > 0 indicate soil respiration and evaporation (𝐸𝐶𝐸𝐶 ), 
while simultaneous w’ > 0, c’ < 0 and q’ > 0 indicate CO2 uptake 
(GPU) and transpiration (𝑇𝐶𝐸𝐶 ). In an earlier study, the CEC method 
performed best out of three different ET  partitioning methods tested 
against independent estimates in a grassland in Kenya (Zahn et al., 
2022) and was thus chosen for this study.

A third canopy conductance estimate, based on the CEC method 
(𝑔𝑐,𝐶𝐸𝐶 ), was then calculated by inverting Eq. (5) and using 𝑇𝐶𝐸𝐶 as 
the transpiration estimate.

3. Results

3.1. Environmental conditions

The measurement campaign from 23 Nov to 21 Dec 2019 took 
place during the short wet season (Fig.  1). The mean air tempera-
ture was 26.4 ◦C during daytime and 21.2 ◦C during nighttime (Fig. 
2) The maximum 𝑇𝑎𝑖𝑟 of 31.8 ◦C was reached on 4 Dec in the af-
ternoon, while the minimum 𝑇𝑎𝑖𝑟 of 17.9 ◦C was measured in the 
same morning before sunrise. Soil temperature measured in a sun-
exposed location (𝑇𝑠𝑜𝑖𝑙,𝑒𝑥𝑝𝑜𝑠𝑒𝑑) was always higher (median of 25.5 ◦C) 
than the soil temperature at a shaded location (𝑇𝑠𝑜𝑖𝑙,𝑠ℎ𝑎𝑑𝑒𝑑 ; median 
22.4 ◦C). The maximum soil temperatures were 43.3 ◦C on 19 Dec 
noon and 38.1 ◦C on 25 Nov afternoon for the exposed and shaded 
locations, respectively. Minimum soil temperatures were 21.7 ◦C on 
23 Nov evening and 16.8 ◦C on 25 Nov morning before sunrise for 
the exposed and shaded locations, respectively. Daytime maximum PAR
varied from 1546 to 2374 μmol m−2 s−1. Total precipitation from 30 
Nov (when precipitation measurements on site started) to 21 Dec was 
59 mm, while maximum daily precipitation was 15 mm on 1 Dec. Total 
precipitation during the whole measurement period, when including 
precipitation measurements from the nearby weather stations for the 
first 7 days was 123 mm (23 Nov to 21 Dec). SWC had its maximum 
value of 0.24 m3 m−3 in the beginning of the measurements and slowly 
decreased during the campaign to its minimum of 0.09 m3 m−3 on the 
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Fig. 1. Meteorological conditions during the measurement campaign 23 Nov–21 Dec 2019: air (blue) and soil temperatures (sun exposed soil in orange, shaded 
soil in red) (a), photosynthetically active radiation (PAR; b), daily rainfall (black bars) and soil water content (SWC, blue line; c), and vapor pressure deficit 
(VPD; d).
last campaign day. A maximum VPD of 2.8 kPa was observed together 
with maximum air temperature on 4 Dec during the day, while the 
minimum of 0.06 kPa was observed on 16 Dec during the night. Median
VPD during the campaign was 0.4 kPa. Local wind conditions closely 
followed the permanent regional east-to-west prevailing trade winds, 
typically coming from 60–90◦ directions. Maximum wind speed was 
4.8 m s−1, with the median of 1.6 m s−1.

3.2. COS fluxes and their drivers

The ecosystem showed net COS as well as CO2 uptake during the 
measurement period 23 Nov–21 Dec (Fig. S3), with median (and 25th
and 75th percentiles) nighttime EC fluxes of −11.5+3.6−3.4 pmol m−2 s−1
and −2.70+2.11−1.94 μmol m−2 s−1 for COS and CO2, respectively, and 
daytime fluxes of −5.6+13.2−14.6 pmol m−2 s−1 and 0.46+1.47−0.82 μmol m−2

s−1 for COS and CO2, respectively (Fig.  2c). The COS fluxes were 
statistically different from zero (p < 0.05, tested with t-test) both during 
daytime and nighttime. The measurements thus showed the typical 
CAM gas exchange patterns with higher uptake at night than during 
the day for both COS and CO2. Moreover, the four CAM gas exchange 
phases (Osmond, 1978) were visible for both COS and CO2 fluxes, with 
high COS (−11.0 ± 10.0 pmol m−2 s−1) and CO2 (−1.59 ± 2.90 μmol 
m−2 s−1) uptake at night (phase I, determined from sunset at 18:00 until 
sunrise at 6:00), increased COS (−17.0 ± 14.8 pmol m−2 s−1) and CO2
(−1.26 ± 3.34 μmol m−2 s−1) uptake right after sunrise (phase II, at 
6:00–9:00, determined from sunrise until PAR > 1000 μmol m−2 s−1), 
very low or close to zero exchange rates of COS (−7.1 ± 18.0 pmol 
m−2 s−1) and CO2 (0.41 ± 2.90 μ mol m−2 s−1) in the mid-photoperiod 
(phase III, from approx. 9:00 to 15:00, determined from end of phase 
II until PAR < 1000 μmol m−2 s−1), followed by low but steadily 
increasing uptake rates of COS (−11.1 ± 12.3 pmol m−2 s−1) and CO2
(−3.22 ± 3.35 μmol m−2 s−1) observed in the late afternoon (phase 
IV, 15:00 to 18:00, determined from end of phase III until sunset). 
The highest net uptake at hourly time resolution was observed at 6:00 
(−16.2−11.3−18.2 pmol m−2 s−1) for COS and at 20:00 (−5.06−1.16−6.12 μmol m−2

s−1) for CO2, while the lowest COS uptake was observed at 10:00 
(−1.42.7  pmol m−2 s−1) and highest net emission of CO  at 13:00 
−10.3 2

5 
(1.562.530.30 μmol m−2 s−1). Gross CO2 uptake GPU, modeled with RF, 
was also higher during nighttime than daytime, but did not go to zero 
during the wet season, even during daytime (Fig. S4). Moreover, the 
nighttime GPU was of similar magnitude both during the dry and wet 
seasons. The mean fluxes over the whole measurement period were 
−8.9 ± 13.9 pmol m−2 s−1 for COS and −1.16 ± 3.19 μmol m−2 s−1
for CO2. The ratio of COS to CO2 deposition velocities, i.e., the median 
ecosystem relative uptake (ERU), was 1.7 in the night and 0.88 during 
daytime under high radiation (PAR > 700 μmol m−2 s−1).

Opaque soil chamber measurements showed a small soil COS sink 
(−0.1 ± 0.5 pmol m−2 s−1 on average), while transparent chambers 
always resulted in COS emissions (0.6 ± 0.7 pmol m−2 s−1 on average). 
Overall, the soil was a small source of COS to the atmosphere (0.3 ± 0.8 
pmol m−2 s−1; Fig. S5). Assuming homogeneous soil fluxes in the EC 
footprint area, the soil contributed 2.6% to nighttime and 5.4% to 
daytime ecosystem fluxes. Moreover, the vegetated surface emitted 
more COS under radiation (1.1 ± 0.9 pmol m−2 s−1) than the bare soil 
(0.4 ± 0.5 pmol m−2 s−1). Soil COS emissions increased with radiation 
(from 0.1 pmol m−2 s−1 at PAR = 0 μmol m−2 s−1 to approx. 1 pmol 
m−2 s−1 at PAR > 1500 μmol m−2 s−1), and also with temperature (from 
0.2 pmol m−2 s−1 at 𝑇𝑎𝑖𝑟 < 30 ◦C to 1.4 pmol m−2 s−1 at 𝑇𝑎𝑖𝑟 > 40 ◦C in 
the transparent chamber, and from −0.04 pmol m−2 s−1 at 𝑇𝑎𝑖𝑟 < 30 ◦C 
to 0.3 pmol m−2 s−1 at 𝑇𝑎𝑖𝑟 > 40 ◦C in the dark chamber; Fig.  3f,h).

Increasing 𝑇𝑎𝑖𝑟, VPD and PAR decreased the COS uptake also at 
ecosystem scale (from −17 pmol m−2 s−1 at VPD < 0.2 kPa, 𝑇𝑎𝑖𝑟 < 22 ◦C 
and PAR < 100 μmol m−2 s−1 to nearly zero flux at VPD > 2 kPa, 𝑇𝑎𝑖𝑟 >
29 ◦C and PAR > 1300 μmol m−2 s−1) but increased soil COS emissions 
(Fig.  3). Occasional ecosystem scale emissions were observed at high 
𝑇𝑎𝑖𝑟 and VPD during daytime (in total 36% of daytime data), while 
during nighttime, only few data points of COS emission were observed 
(8% of nighttime data). However, increasing 𝑇𝑎𝑖𝑟 during rain events 
increased COS uptake (Fig. S6).

The most important drivers of COS fluxes at the ecosystem scale 
were 𝑇𝑠𝑜𝑖𝑙,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 , PAR, 𝑇𝑎𝑖𝑟, SWC and VPD according to the RF model 
(with variable importance of 0.23, 0.18, 0.16, 0.15, 0.15, respectively; 
Table S1). When the model was trained on nighttime data only, the 
most important variables were VPD, 𝑇𝑎𝑖𝑟, SWC and 𝑇𝑠𝑜𝑖𝑙,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 (vari-
able importance of 0.25, 0.23, 0.20, 0.19, respectively), while for 
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Fig. 2. Median diel variations of (a) air temperature (𝑇𝑎𝑖𝑟, blue, left axis) and photosynthetically active radiation (PAR, orange, right axis), (b) vapor pressure 
deficit (VPD; orange, left axis) and relative humidity (RH, blue, right axis), and (c) COS (green), CO2 (purple) and H2O (dark blue) fluxes and their 25th and 75th
percentiles (shaded areas). The gray area represents nighttime and vertical black lines indicate the four CAM gas exchange phases (roman numerals; see text for 
details).
the daytime-trained model, most relevant variables were 𝑇𝑎𝑖𝑟, SWC,
PAR and 𝑇𝑠𝑜𝑖𝑙,𝑠ℎ𝑎𝑑𝑒𝑑 (variable importance of 0.19, 0.16, 0.18, 0.18, 
respectively).

SHAP analysis revealed that low 𝑇𝑎𝑖𝑟 (< 21 ◦C) decreased nighttime 
COS uptake (positive SHAP value), while high 𝑇𝑎𝑖𝑟 (> 24 ◦C) decreased 
both daytime and nighttime COS uptake (Fig.  4). Higher soil moisture 
(SWC > 0.15 m3 m−3) increased both nighttime and daytime COS 
uptake (negative SHAP values), while very high SWC values (SWC
> 0.20 m3 m−3 during day and SWC > 0.23 m3 m−3 during night) 
decreased COS uptake. VPD was mostly limiting COS uptake during 
nighttime and had a stronger net effect on the COS flux than during 
daytime (Fig. S7). A clear threshold value for VPD limitation was 
found at VPD > 0.6 kPa at nighttime (SHAP value turned positive, 
i.e., indicating limited COS uptake), while during the day, the limit was 
higher at VPD > 2.2 kPa. SWC increased COS uptake in the beginning 
of the campaign, but as SWC decreased, it started to limit COS uptake. 
6 
Towards the end of the measurement period, after a rain event on 20 
Dec, the SHAP value of SWC started to have negative values again, 
indicating increased COS uptake.

3.3. Canopy stomatal conductance and water fluxes

Canopy stomatal conductance 𝑔𝑐,𝐶𝑂𝑆 was lower than 𝑔𝑐,𝐸𝑇  during 
daytime (on average 0.03 ± 0.1 and 0.24 ± 0.16 mol m−2 s−1 for 𝑔𝑐,𝐶𝑂𝑆
and 𝑔𝑐,𝐸𝑇 , respectively), but both conductances agreed well during 
nighttime (on average 0.06 ± 0.05 and 0.08 ± 0.13 mol m−2 s−1 for 
𝑔𝑐,𝐶𝑂𝑆 and 𝑔𝑐,𝐸𝑇 , respectively; Fig.  5). Canopy stomatal conductance 
inferred from the CEC method 𝑔𝑐,𝐶𝐸𝐶 showed higher conductance 
values in the CAM phases II and IV, like 𝑔𝑐,𝐶𝑂𝑆 and 𝑔𝑐,𝐸𝑇 . However, 
there were no statistical differences in the midday 𝑔𝑐,𝐶𝐸𝐶 (0.06 ± 0.25) 
to nighttime 𝑔𝑐,𝐶𝐸𝐶 (0.09 ± 0.44; 𝑝 = 0.04). Nighttime 𝑔𝑐,𝐶𝐸𝐶 showed 
similar, although slightly lower values than both 𝑔  and 𝑔
𝑐,𝐶𝑂𝑆 𝑐,𝐸𝑇
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Fig. 3. COS fluxes (FCOS) measured with eddy covariance (EC; a–d) and soil chambers (ch; e–h) against environmental drivers: soil water content (SWC; a, e), 
air temperature (𝑇𝑎𝑖𝑟; b, f), vapor pressure deficit (VPD; c, g) and photosynthetically active radiation (PAR; d, h). Data are separated into daytime (orange) and 
nighttime (blue) EC measurements, as well as between transparent daytime chamber (yellow) and daytime opaque chamber (purple) measurements. Data are 
binned to 7 or 8 equally sized bins, with each bin containing 35 datapoints for EC or 5 for chambers fluxes. Error bars represent the 25th and 75th percentiles, 
fit lines are based on second order polynomial functions.
while daytime 𝑔𝑐,𝐶𝐸𝐶 was similar to 𝑔𝑐,𝐶𝑂𝑆 . Daytime and nighttime 
𝑔𝑐,𝐶𝑂𝑆 differed statistically (𝑝 < 0.001, tested with t-test). Transpiration 
inferred from FCOS measurements and from the CEC method agreed 
well on a diel scale, although the CEC method showed always higher 
transpiration and lower evaporation than the COS method (Fig.  6). 
Nighttime T/ET  was higher (0.66 ± 0.46) than E/ET  (0.34 ± 0.46) 
for the CEC method, while the COS-based method showed higher 
nighttime E/ET  (0.59 ± 0.42) than T/ET  (0.41 ± 0.53). When VPD
> 0.5 kPa, the nighttime T/ET  fractions were highest at 0.45 ± 0.29 and 
0.81 ± 0.30 for CEC and COS methods, respectively. During daytime, 
both methods showed that evaporation dominated over transpiration, 
with E/ET  being 0.79 ± 0.09 and 0.88 ± 0.20 with CEC and COS-based 
methods, respectively, while T/ET  was 0.21 ± 0.17 and 0.12 ± 0.23 
with the CEC and COS-based methods, respectively. Evaporation calcu-
lated from soil chamber water fluxes was close to both ecosystem scale 
estimates, giving further proof for both ET  partitioning methods (Fig. 
S8). Transpiration fraction T/ET  increased with decreasing VPD during 
the day, while low VPD reduced transpiration in the night (Fig.  6c). On 
the other hand, evaporation fraction E/ET  decreased with decreasing
VPD during the day and increased during the night. WUE, calculated as
7 
WUE = GPU/T, was 69 ± 34 μmol CO2 (mmol H2O)−1 during nighttime 
and 3.9 ± 9.8 μmol CO2 (mmol H2O)−1 during daytime (Fig. S9), while 
the median over the whole measurement period was 23 ± 46 μmol 
CO2 (mmol H2O)−1. To better compare with previous ecosystem scale 
studies, we also calculated WUE as WUE𝑁𝐸𝑇  = NEE/ET. WUE𝑁𝐸𝑇  had 
a median nighttime value of 7.3 ± 8.1 μmol CO2 (mmol H2O)−1 and 
daytime value of 0.1 ± 0.29 μmol CO2 (mmol H2O)−1.

4. Discussion

4.1. Temporal patterns of COS fluxes and their drivers

The observed COS fluxes of the sisal plantation in Kenya during 
the short wet season were of the same magnitude as non-growing-
season fluxes observed at a boreal forest (Vesala et al., 2022), a wheat 
field (Maseyk et al., 2014), and of a prairie and a maize field (Berkel-
hammer et al., 2020). However, the fluxes from the sisal plantation 
in this study were less than half of the magnitude of fluxes observed 
during the peak growing seasons in Vesala et al. (2022), Berkelhammer 
et al. (2020) and Maseyk et al. (2014), as well as those reported in a 
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Fig. 4. Shapley additive explanation (SHAP) values of 𝑇𝑎𝑖𝑟, SWC and VPD based on random forest (RF) model for COS flux (FCOS) during nighttime (a–c) and 
daytime (d–f). Colors represent the modeled FCOS. Negative SHAP values indicate increased COS uptake or decreased COS emissions, while positive SHAP values 
indicate decreased net COS uptake or increased COS emissions. Note the different scaling of the x-axes for 𝑇𝑎𝑖𝑟 and VPD.
temperate mountain grassland, a Mediterranean savanna, a temperate 
beech forest and a soybean field (Spielmann et al., 2019). The low 
uptake of sisal compared to C4 and C3 plants measured in other studies 
could be explained by the prevailing semi-arid and low soil moisture 
conditions, despite the wet season (Oct to Dec) when most growth 
is to be expected, since the wet season was transitioning into dry 
season (Skogberg et al., 2025). Moreover, the ERU value found in this 
study (1.7 in the night, 0.88 in the day) was lower than that reported in 
previous studies (2.9 ± 1.7 in Asaf et al. (2013) and 3.3 ± 1.1 in Maseyk 
et al. (2014)), indicating lower relative COS uptake compared to CO2
uptake. This may indicate differences in the biochemical COS uptake in 
CAM plants compared to C4 and C3 plants. ERU is a useful metric to ob-
tain GPP estimates at regional to continental scales using atmospheric 
COS and CO2 concentration measurements (Campbell et al., 2008).

The soil COS fluxes were of similar magnitude as those observed in 
an agricultural field (Maseyk et al., 2014) and in a grassland Berkel-
hammer et al. (2014). Increasing soil COS emissions under high tem-
peratures and radiation in agricultural land have also previously been 
observed by Maseyk et al. (2014) and Kitz et al. (2020). Since the 
soil contribution to the ecosystem scale COS fluxes was negligible, this 
highlights the potential of using ecosystem scale COS fluxes as a tracer 
for canopy stomatal conductance and thus also carbon uptake in the 
arid region.
8 
In this study, the diel cycle of the COS flux closely followed that of 
the CO2 flux. Both revealed the typical CAM gas exchange pattern (Os-
mond, 1978), with highest uptake observed in the night during phase I, 
a strong uptake right after sunrise in the beginning of phase II, reduced 
uptake (or net emission in the case of CO2 flux) in phase III during 
midday, and a transitioning phase in the late afternoon in phase IV 
before sunset. In many species, CAM photosynthesis occurs together 
with C3 photosynthesis, which only occurs during daytime, demon-
strating a large degree of functional plasticity in response to water 
stress (Cushman, 2001; Winter, 2019). However, Agave species have 
generally been found to be constitutive CAM, i.e., almost completely 
CAM plants (Winter, 2019), although they can also respond to high 
water availability in the wet season with added daytime C3 photosyn-
thesis (Skogberg et al., 2025). Since the ecosystem scale COS fluxes 
were more negative than the simultaneous daytime soil COS fluxes, our 
data indicated also daytime stomatal COS uptake during the wet season. 
This was further supported by the GPU estimate that remained at the 
same level during wet and dry seasons during nighttime (Skogberg 
et al., 2025), while the wet season daytime GPU was higher than dry 
season daytime GPU, which was very small. This clearly showed that 
the sisal stomata remained open during daytime in the wet season, 
maintaining both C3 and CAM photosynthesis.

Air temperature was a more important driver than the soil temper-
ature, which suggested a stomatal limitation on COS fluxes because 
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Fig. 5. Diel variation of canopy stomatal conductance calculated from COS (𝑔𝑐,𝐶𝑂𝑆 , green; Eq. (4)) and H2O (𝑔𝑐,𝐸𝑇 , dark blue; see Section 2.6 for details) flux 
measurements as well as from the conditional eddy covariance (CEC) method (𝑔𝑐,𝐶𝐸𝐶 ; blue). The gray area represents nighttime and vertical black lines indicate 
the four CAM gas exchange phases (roman numerals; see text for details).
stomata are more influenced by changes in atmospheric conditions 
than in the soil (Göbel et al., 2019). VPD was an important driver 
both during daytime and nighttime, again indicating stomatal limita-
tion (Kooijmans et al., 2019). The SHAP analysis implied that stomata 
were closed during the day when 𝑇𝑎𝑖𝑟 was high, and that stomata 
were closed during night with low 𝑇𝑎𝑖𝑟 and limited COS uptake. In 
contrast, Owen et al. (2016) found increased CO2 uptake during cold 
nights for a different Agave species, Agave tequilana, pointing towards 
higher stomatal activity. Low soil moisture was limiting both daytime 
and nighttime COS uptake. This limitation is due to low CA activity 
under dry soil conditions (Kevrešan et al., 1997), restraining the hy-
drolysis reaction and thus COS uptake. High soil moisture in our study, 
on the other hand, limited daytime COS uptake, likely due to heavy 
rain events temporarily reducing COS uptake through reduced stomatal 
conductance.

4.2. COS as proxy for canopy conductance and transpiration

Canopy conductances inferred from COS and H2O fluxes followed 
opposite diel cycles, with 𝑔𝑐,𝐶𝑂𝑆 having its maximum values at night 
but 𝑔𝑐,𝐸𝑇  having its maximum during the day, while 𝑔𝑐,𝐶𝐸𝐶 followed the 
diurnal cycle of 𝑔𝑐,𝐶𝑂𝑆 . Transpiration fraction was higher during night 
than during day, as expected for a CAM ecosystem. The daytime differ-
ence in 𝑔𝑐,𝐶𝑂𝑆 and 𝑔𝑐,𝐸𝑇  was likely due to high E/ET  fractions, since 
assumptions underlying 𝑔𝑐,𝐸𝑇  rely on negligible E (Wehr and Saleska, 
2021). Moreover, 𝑔𝑐,𝐶𝐸𝐶 , that was based on transpiration estimate, did 
not show high daytime values. However, since both 𝑔𝑐,𝐸𝑇  and 𝑔𝑐,𝐶𝐸𝐶
agreed well with 𝑔𝑐,𝐶𝑂𝑆 during the night when T/ET  fraction was at 
its highest, the COS-based conductance estimate seems reasonable. The 
magnitude of the nighttime 𝑔𝑐 was similar, although slightly lower than 
observed in Wehr et al. (2017) for a temperate deciduous forest during 
daytime (0.1 mol m−2 s−1) and slightly higher than (modeled) canopy 
conductance values for a pineapple field in the wet season (San-José 
et al., 2007). The COS-based transpiration estimate followed a similar 
diel cycle as the CEC-based estimate but was consistently lower than 
the CEC-based transpiration. Daytime transpiration was low with both 
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methods. However, as our GPU estimate showed gross CO2 uptake 
also during the day (Fig. S4), it is likely that the very low COS-based 
transpiration estimate was underestimated, especially during the day. 
Moreover, atmospheric 𝑇𝑎𝑖𝑟 and VPD, used in the COS-based calculation 
of 𝑔𝑐,𝐶𝑂𝑆 and 𝑇𝐶𝑂𝑆 , were probably different from leaf temperature and
VPD experienced by the sisal leaves. Leaf temperatures are typically 
higher than 𝑇𝑎𝑖𝑟 (Schulze et al., 2019), and thus COS-based 𝑔𝑐,𝐶𝑂𝑆
and 𝑇𝐶𝑂𝑆 likely underestimated (Vesala et al., 2005). Moreover, since 
there are no studies on mesophyll COS conductance in CAM plants, 
we assumed it to be similar as for C3 plants, i.e., higher than stom-
atal conductance (Kooijmans et al., 2019; Sun et al., 2024) and was 
thus ignored in the total conductance calculation. Using a constant 
atmospheric mixing ratio of COS in estimating 𝑔𝑐,𝐶𝑂𝑆 adds to the 
uncertainty of the method. However, we tested using both higher (500 
ppt) and lower (300 ppt) mixing ratios in the 𝑔𝑐,𝐶𝑂𝑆 calculation, but the 
results were within the uncertainty of the original 𝑔𝑐,𝐶𝑂𝑆 , with constant 
COS mixing ratio of 394 ppt (Fig. S10). Both ET  partitioning methods 
showed very low transpiration during nighttime at high humidity, as 
expected. If mesophyll conductance would limit COS exchange, the 
𝑇𝐶𝑂𝑆 estimate would also decrease, while the COS-independent 𝑇𝐶𝐸𝐶
estimate would not. However, we did not observe higher limitations 
in the COS-based 𝑇𝐶𝑂𝑆 estimate compared to the CEC-based 𝑇𝐶𝐸𝐶
even in dry conditions. This indicated that the mesophyll conductance 
did not start to limit COS uptake even in dry conditions, unlike ob-
served in Wohlfahrt et al. (2018) and Sun et al. (2024). This further 
highlighted the higher drought resilience of sisal compared to the 
Mediterranean pine forest and coast live oak studied by Wohlfahrt et al. 
(2018) and Sun et al. (2024), respectively.

4.3. Water use of sisal

Nighttime WUE (defined as WUE = GPU/T ) of 68 μmol CO2 (mmol 
H2O)−1 was higher than WUE values reported for CAM plants in earlier 
(laboratory) studies (4–10 μmol CO2 (mmol H2O)−1 in Borland et al. 
(2009)) and 6–30 μmol CO2 (mmol H2O)−1 in Lüttge (2004)). However, 
average WUE calculated over 24 h (35 μmol CO  (mmol H O)−1) was 
2 2
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Fig. 6. Diel variation of (a) transpiration (T/ET ) and (b) evaporation (E/ET ) fractions, inferred from FCOS measurements (green) and from the conditional eddy 
covariance (CEC) method (blue; see Section 2.7 for details). The gray shaded area represents nighttime. Dependence of T/ET and E/ET fractions on vapor pressure 
deficit (VPD; c, d). Data in subplots c and d are binned to 15 equally sized bins.
very similar to what was reported in a laboratory study in Eller and 
Ferrari (1997) (up to 42 μmol CO2 (mmol H2O)−1). WUE changes 
with the CAM phase, with lowest WUE observed in phase IV (Lüttge, 
2004), as also observed in our study. Daytime WUE of 3.9 μmol CO2
(mmol H2O)−1, on the other hand, was comparable to WUE of C3
plants (Borland et al., 2009), again highlighting the photosynthetic 
plasticity of sisal during the wet season and good water availability. 
The ecosystem WUE𝑁𝐸𝑇  (7.3 μmol CO2 (mmol H2O)−1), on the other 
hand, was very similar to the 6.9 μmol CO2 (mmol H2O)−1 reported 
by Owen et al. (2016) for Agave tequilana during nighttime in the wet 
season. Due to the high WUE observed in CAM plants, they are essential 
in mitigating climate change in arid regions (Yang et al., 2015; Borland 
et al., 2015). Moreover, it has been suggested that the CAM traits could 
be added to C3 crops through bioengineering to increase WUE, drought 
resilience and crop yields (Yang et al., 2024; Winter and Smith, 2022). 
Since sisal as a future fiber plant is expected to increase in relevance 
to a more sustainable, green economy (Islam et al., 2025; Kozłowski 
et al., 2020), studies about CAM plants and ecosystems are critical also 
for their representation in regional and global carbon models. WUE
serves as a bridge between water and carbon cycles and solving WUE
for CAM plants helps in modeling the water–carbon relations in arid 
regions (Stoy et al., 2019). It further helps with scaling between remote 
sensing and in-situ data in bottom-up estimates and, e.g., evaluating 
model performance. Field studies reporting WUE for arid ecosystems 
are thus crucial for further development of land surface models.
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5. Conclusions

COS fluxes measured over A. sisalana showed the CAM-typical 
diel gas exchange pattern with higher uptake observed at night than 
during the day. However, the uptake continued also under radiation, 
indicating the combination of CAM and C3 photosynthesis of the sisal 
plantation during the wet season. Ecosystem COS fluxes were mostly 
controlled by stomatal closure. Soil COS fluxes were negligible com-
pared to ecosystem scale fluxes but increased under high radiation 
and temperature. Our results show that COS fluxes provide reliable 
estimates for canopy stomatal conductance as well as for ET  partition-
ing, also for CAM plant-dominated ecosystems. The negligible soil COS 
fluxes further encourage the use of COS fluxes as a tracer for ecosystem 
and regional scale CO2 uptake in arid regions. For future studies, 
the dataset presented in this study allows better parameterization of 
CAM gas exchange and productivity in models. As sisal cultivation 
is expected to increase, representation of CAM plants becomes more 
important in regional and global models. In order to include CAM 
plant COS, CO2 and water exchange in land surface models, further 
studies on CAM using COS as a tracer for conductance are needed to 
properly parameterize CAM plant environmental responses. Chamber 
enclosures or laboratory measurements would further provide valuable 
insights into the mesophyll conductance of CAM. Such efforts would 
greatly advance the understanding of arid region water and carbon 
cycle responses to climate variability.
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