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ABSTRACT

Plants using crassulacean acid metabolism (CAM) for photosynthesis are particularly adapted to dry conditions,
as they can focus on night-time carbon uptake and still exhibit considerable productivity. However, gas exchange
measurements of CAM plants at the ecosystem level are scarce. Only a few studies to date report on the carbon
dioxide (CO3) exchange of CAM plants using the eddy covariance (EC) method. We monitored the ecosystem CO4
exchange of an Agave sisalana plantation using the EC method in semi-arid Kenya. Measurements lasted 65 days
and began during a wet period that gradually transitioned to a dry period. High productivity periods of
A. sisalana occurred during the initial wet period with a mean CO uptake of —1.1 pmol m=s™ (dry period: +0.3
umol m~2 s7!). High productivity was related to significant day- and nighttime carbon uptake, indicating direct
COs, fixation via the C3 pathway during daytime. With decreasing soil moisture, mean daytime net CO, exchange
became a notable carbon source (from +1.0 to +4.0 umol m™ s™!), suggesting a shift of A. sisalana towards strict
CAM photosynthesis in response to soil drying. Our results demonstrate A. sisalana’s high photosynthetic plas-

ticity in relation to soil moisture dynamics and its significance for ecosystem-scale CO5 fluxes.

1. Introduction

With ongoing global climate change, there is a growing interest on
the agricultural potential and growth capacity of crassulacean acid
metabolism (CAM) plants in arid regions or otherwise marginal lands.
Climate and land-use change are expected to endanger ecosystem ser-
vices, exacerbate desertification, and land degradation challenges, while
changes to land cover are simultaneously driven by increasing pop-
ulations both in drylands and globally (Smith et al., 2019). In
sub-Saharan Africa, agricultural areas increased by 57 % (Brink and Eva,
2009) between 1975 and 2000 due to an intensification of food pro-
duction. There are hopes of alleviating competing land-use pressures
with plants that have adapted specifically to arid environments and can
generate yields on traditionally non-arable lands (Borland et al., 2009).
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Agaves are succulent plants that are well-adapted to arid conditions
and are therefore widely cultivated for agricultural purposes in (semi-)
arid regions. Agaves are native in Central America but are grown
intensively in vast plantations in South America, Asia, and Africa for
plant fiber production (Davis and Ortiz-Cano, 2023). One of their main
adaptations is the CAM which is among the three possible photosyn-
thesis pathways. CAM plants close their stomata during the day and
collect carbon dioxide (CO3) during nighttime (Neales et al., 1968;
Nobel, 2003; Matiz et al., 2013, 2013), which minimizes water loss
through the stomata during daytime. While in the C3 pathway the car-
bon is fixed directly by the enzyme Ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO), C4 and CAM plants have separated the
RuBisCO from carbon acquisition; either physically in C4 plants or
temporally in CAM. CO; is bound by the enzyme phosphoenolpyruvate
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carboxylase (PEPC) and stored as malic acid in the plant cells’ vacuoles
and utilized when there is sunlight. This allows the plants to reduce
water loss in harsh environments and reach high water-use efficiencies
(Cushman, 2001; Liittge, 2004; Winter, 2019). During severe drought,
gas exchange in CAM plants can even halt altogether because of internal
CO4 storage (Cushman, 2001). Some agaves have been shown to reach
high productivities despite the arid and hot environments they often
grow in (Garcia-Moya et al., 2011). Not only can they survive drought,
but they can also sustain their water use efficiency during dry periods
(Ehrler, 1983).

CAM species vary in their level of CAM expression, and some can
move within the C3-CAM spectrum in response to water stress or during
plant development (Cushman, 2001). While CAM species generally
show large variation in their diurnal gas exchange, agaves are mostly
constitutive CAM species, i.e., with nearly fully CAM-typical gas ex-
change (Winter, 2019). But whether environmental cues alter uptake
patterns and photosynthetic mode in CAM species, including agaves, is
still unknown (Matiz et al., 2013).

The high productivities that CAM plants can reach are often attrib-
uted to direct (daytime) C3 carbon fixation in well-watered conditions
(Winter et al., 2014). Combined day- and nighttime uptake was
observed in Agave tequilana F.A.C.Weber during periods of maximum
CO, uptake (Pimienta-Barrios et al., 2001) and wet periods (Owen et al.,
2012). Agave deserti Engelm. has been reported to shift to mainly day-
time uptake under continuous watering (Hartsock and Nobel, 1976).
Agave angustifolia Haw. has limited photosynthetic plasticity, and
around 25 % of total uptake was daytime uptake in well-watered con-
ditions (Winter et al., 2014). In Agave fourcryodes Lem., daytime uptake
during drought was reduced compared to nighttime uptake, in line with
the plant avoiding water loss (Nobel, 1985).

Next to environmental factors, also the plant development can affect
the CAM-expression. In young CAM plants, daytime Cs photosynthesis
often accounts for most of the fixed carbon (Winter et al., 2008). In
agaves, the fraction of carbon absorbed at night grows with age (Nobel,
2003). Similarly, CAM expression can vary within the plant; in Agave
sisalana Perrine, for instance, a base-apex gas exchange gradient is
present on the leaves. Younger leaf portions closer to the base performed
CO4 uptake almost exclusively during daytime, whereas CAM photo-
synthesis and nighttime uptake was observed in the more mature leaf tip
(J. Hartwell, personal communication in Nobel, 2003).

Gas exchange studies on agaves began in the late 1960s. Early studies
on CAM plants were conducted with chambers (Neales et al., 1968). Yet,
studies on larger scales, such as with the eddy-covariance (EC) method,
are very limited. Measurements of gas exchange in CAM plants and
agaves with EC is a new area: San-José et al. (2007) measured Ananas
comosus (L.) Merr., Jardim et al., (2023) studied Opuntia stricta (Haw.)
Haw., and Owen et al. (2016) monitored the typical CAM gas exchange
pattern of A. tequilana, a species closely related to A. sisalana
(Jiménez-Barron et al., 2020). Both A. comosus and A. tequilana showed a
clear nighttime canopy CO» uptake. No nighttime uptake was observed
in the O. stricta agroecosystem.

However, no EC studies were conducted on A. sisalana, a plant of
agricultural relevance in Eastern Africa (Stewart, 2015). A. sisalana is a
perennial xerophyte that grows 200-250 hard, fibrous leaves over
several years, after which it blooms and dies. These leaves can grow up
to a length of two meters (Lock, 1962). The fiber is commonly used in
ropes and twines, composites, baskets, and some textiles, among other
things. While the plants tolerate drought well, the optimal annual pre-
cipitation for sisal productivity is around 1200 mm (Kimaro et al.,
1994). Therefore Stewart (2015) questioned the capability of high sisal
productivity relying solely on CAM photosynthesis and called for
research into the topic.

In this study, we measured the net ecosystem exchange of CO2 (NEE)
and water vapor (H20) over a sisal field in southern Kenya between 23
November 2019 and 26 January 2020 using the EC method. Our main
research questions were: (i) How does EC-based CO, and H0 exchange
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of CAM-dominated vegetation respond to seasonal changes in environ-
mental conditions? (ii) How do environmental conditions alter the
diurnal cycle of NEE? (iii) What are the main drivers of NEE in this CAM-
dominated agroecosystem? We hypothesized (i) that A. sisalana shows a
clear CAM-dominated CO, exchange, (ii) that CO, uptake is larger
during the wet season than during the dry season, and (iii) that water is —
even though the plant is known to be drought tolerant — a primary driver
for CO, uptake.

2. Materials and methods
2.1. Measurement setup

2.1.1. Site description and land management

The study was carried out at the Teita sisal estate near Mwatate,
Taita Taveta County, Kenya (3°32° S, 38°24" E, Fig. 1). The Teita sisal
estate is one of the largest in the world, covering an area of 129.5 km?
(Wachiye et al., 2021). The most common variety of sisal planted on the
estate is Agave hybrid 11648, along with A. sisalana and A. sisalana
‘hildana’ (Mr Mrombo, personal communication, in: Wachiye et al.,
2021). Hybrid 11648 has a longer lifespan than A. sisalana, reaching an
age of 8-14 years (Wachiye et al., 2021), and higher yields (Kimaro
et al., 1994). Bulbils are planted at an age of 1-1.5 years, and 200-250
leaves are cut over the lifecycle of the plant (Carr, 2012). When a plant
forms a flower pole, the production of leaves slows down. The plant is
then replaced by a new bulbil. As a result, the estate is under constant
rotation of different age classes within the blocks. In 2019, sisal plant
density on the estate was about 5000 plants ha™!. The leaf biomass,
which typically accounts for 85 % of the aboveground biomass in agaves
(Corbin et al., 2015, Nobel and Valenzuela, 1987), varied between the
blocks from 0 to 47 Mg ha™! with a mean value of 10.6 Mg ha™!
(standard deviation: + 7.10 Mg ha’l). The total sisal biomass of the
estate was approximately 94.0 Gg in 2019 (Vuorinne et al., 2021b).

The soils are latosols with poor soil organic carbon content around
1 % (Pellikka et al., 2023).

The primary fertilizer used is sisal residues, applied during planting
(Lock, 1962; Wachiye et al., 2021). Other necessary regular manage-
ment practices on the field include the application of herbicides and
pesticides, the removal of stumps and suckers, as well as mowing,
grazing and removing bushes of native species. Herbicide was reapplied
five days prior to the start of EC measurement to minimize the effect of
weeds on ecosystem respiration and primary production.

In Taita Taveta County, rain occurs in a bimodal pattern with long
rains occurring approx. between March-May, and short rains in
November-December with considerable variations between years.
Measurements took place from 23 November 2019 and 26 January 2020
(65 days) and were planned to start from the rainy season and continue
to the dry season. Precipitation data from 23 to 30 November 2019 are
an average of the precipitation data from the stations Voi (Kenya
Meteorological Department, approx. 30 km east) and Maktau (Univer-
sity of Helsinki, approx. 30 km west). Precipitation data from 1
December 2019 to 26 January 2020 are measured in-situ using a tipping
bucket rain gauge Campbell ARG100 (Campbell Scientific, Logan, UT,
USA).

2.1.2. Eddy covariance setup

The EC system was setup within a 2.6 ha field block growing sisal
inside the estate (Fig. 1). The field block had a gentle 5° slope facing to
the east and was at an elevation of 840 m above sea level. The location of
the EC system was determined according to the prevailing wind direc-
tion and local topography so that no topographic barrier was preventing
the flow of air. The typical wind direction at the site is east. Measured
sisal plants were mature, 5 years old and approximately 1.1 m high. EC
measurements were done at 2.60 m height, approximately 1.5 m above
the canopy top (Figs. 1B, 1D). Flux footprints (Fig. 1C) were estimated
with the FFPonline tool (Kljun et al., 2015). Footprints were short
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Fig. 1. Teita sisal estate in Taita Taveta County. (A) Location of the eddy covariance (EC) tower within Teita sisal estate (Sentinel-2 satellite image of 28.9.2019). (B)
EC tower with Taita Hills in the background, view to the north. (C) EC tower (black cross) in the sisal plot and its flux footprint (red contour lines). Lines represent
90 % of the footprint, shown in 10 % intervals, modelled with FFPonline tool (Kljun et al., 2015). Satellite image: ©2023 Google, CNES/Airbus, Landsat/Copernicus,
Maxar Technologies. (D) Gas analyzer inlet tubes and the anemometer are attached to the mast next to the air temperature and moisture sensors. Photographs by P.

Pellikka, 2020.

enough that 90 % of the fluxes originated inside the sisal block. An ul-
trasonic anemometer (USA-1, Metek GmbH, Elmshorn, Germany)
measured vertical and horizontal wind components as well as sonic
temperature. CO3 and HoO mixing ratios were measured with a closed
path LI-7200 infrared gas analyzer (LI-COR Inc., Nebraska, USA). All EC
measurements were done at 10 Hz sampling frequency.

Meteorological and environmental measurements included net ra-
diation (Kipp & Zonen, Delft, Netherlands), photosynthetic photon flux
density (PPFD) (LI-190R quantum sensor, LI-COR Inc., Nebraska, USA),
air temperature and relative humidity (Rotronic Instrument Corp., NY,
USA). Water vapor pressure deficit (VPD) was calculated from air tem-
perature and relative humidity after Tetens (1930). Soil temperature
(Pt100 thermocouples) and soil volumetric water content (Theta Probe
ML3, Delta-T Devices, Cambridge, UK) were measured in the upper soil
layer (2 cm depth, 0-5 cm). Soil matric potentials were derived from soil
volumetric water content using the soil parameters in (see Table 2 in

Tuure et al., 2021) and the minimum soil volumetric water content
measured at the site as input for the residual water content (6 %-vol).
The EC tower was powered by electricity from the sisal estate manager’s
house approximately 200 m to the south.

2.2. Data processing

30-min EC fluxes were calculated with the software EddyUH
(Mammarella et al., 2016) using linear detrending, 2D coordinate
rotation, correcting for time lag between sonic anemometer and gas
analyzer and correcting for high and low frequency spectral losses
(Aubinet et al., 2000; Rannik and Vesala, 1999). Data were quality
flagged according to (Mauder et al., 2013) and poor-quality data (flag =
2) was discarded. Nighttime fluxes were filtered for low turbulence
using a friction velocity threshold of 0.12 m s~1 (Reichstein et al., 2005).
Nighttime was defined as time when PPFD < 10 umol m™s™" . Technical
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reasons accounted for 16 % of EC data missing. Further 30 % of EC data 2.3. Data analysis

were quality filtered, so that in total 54 % of EC data remained for

in-depth data analysis. Negative NEE values indicate uptake of CO5 from Based on the topsoil water content (< 10 %-vol, Fig. 2D) and the
the atmosphere into the ecosystem, positive values indicate release of switch of daytime NEE to primarily positive values (Fig. 2A), we defined
CO; into the atmosphere. the wet period ranging from 23 November to 20 December 2019 (28

days) and the dry period from 21 December to 26 January 2020 (37
days). For each period, we calculated the median of diurnal patterns of
NEE, evapotranspiration (ET) and environmental variables considering
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Fig. 2. Time series of (A) net ecosystem exchange CO, (NEE), (B) evapotranspiration (ET), (C) air and soil temperature (T; 1.5 m height and 2 cm depth, respec-
tively), (D) soil volumetric water content (2 cm depth) and daily precipitation sums, (E) soil matric potential (2 cm depth), (F) mean daily photosynthetic photon flux
density (PPFD) and (G) water vapor pressure deficit (VPD). All data are 30-min averages unless otherwise stated and comprise only measured data. NEE and ET are
split by day-(orange) and nighttime (black). Negative NEE values indicate uptake of CO, from the atmosphere into the ecosystem, positive values indicate release of
CO, into the atmosphere. Red vertical line indicates the end of the initial wet period and start of a dry period (21 December). Daytime was defined as time when the
photosynthetic photon flux density (PPFD) < 10 pmol s m™.
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only measured values. For better interpretation, we separated diurnal
courses of NEE, ET and environmental variables into four temporal
phases: nighttime (phase L, split in Ia (after midnight: 00:00-06:00, and
Ib (before midnight: 21:00-00:00)), daytime (III, 09:00-18:00), and the
transition phases (II and IV, 06:00-09:00 and 18:00-21:00, respec-
tively), following the four typical CAM phases (Osmond, 1978; Matiz
et al., 2013).

Moreover, we analyzed the effect of soil water content on midday
measurements (11:00-13:00, measured values) when VPD is high (> 1.5
kPa) and light conditions saturated (PPFD > 500 pmol m~2s™1). We also
calculated the canopy conductance g, as the ratio between ET and mole
fraction VPD as in (Cernusak, 2020).

We performed multiple linear regression models for NEE, using
environmental variables as predictors variables (air temperature (daily/
daytime/nighttime), soil temperature, PPFD, VPD, soil water content,
soil matric potential). Also, the previous’ days PPFD was included as it
can affect the daytime carbohydrate production needed for the night-
time CAM cycle (Owen et al., 2016). Models were calculated for dai-
ly/daytime/nighttime means and for 30-minute data, while including
for the latter only simultaneous data. We only considered those envi-
ronmental variables that improved the model’s adjusted coefficient of
determination (adj. R?) and root mean square error (RMSE). We also ran
daytime mean models that solely included values under light saturation
(> 500 pmol m™ s™!) to minimize the effect of PPFD. We tested the
collinearity of predictor variables using Variance Inflation Factor (VIF)
following (Salmeron et al., 2022).

For analyses of daily/daytime/nighttime and wet/dry period means,
data gaps in the 30-min NEE time series were filled using a random-
forest model (R package randomForest, Liaw and Wiener (2002)).
Input parameters for the model were VPD, soil temperature, air tem-
perature, soil moisture, soil matric potentials, and PPFD. The model was
trained on a randomly selected data subset (80 %). It was then tested
against the test data subset (20 %) for validation (R2 = 87 % and RMSE
= 1.3 pmolm~2s™1). For prediction of NEE, data gaps < 3 hours were
filled using linear interpolation. For gaps > 3 hours, we calculated the
median value of values + 2 days at the corresponding time point. Ana-
lyses were conducted in Python 3.8 and R version 4.1.2, with the
additional R packages multicoll (Salmeron et al., 2022) and randomForest
(Liaw and Wiener, 2002). SD stands for standard variation and IQR for
interquartile range.

3. Results
3.1. Environmental variables

Air temperatures during the measurement campaign ranged between
18 °C and 35 °C (Fig. 2C). Mean air temperature was 24 °C, with the
daytime/nighttime mean being 27 °C/21 °C. Soil temperatures in the
upper soil layer were less variable, with a mean of 26 °C (27 °C/24 °C for
day/night). Mean VPD was 0.8 kPa (1.3/0.2 kPa for day/night), with the
variation being mostly diurnal (Fig. 2G). Mean maximum PPFD was
1860 ( + 520 SD) umol m™2 s™' , with the mean daily value being 510
(£ 100 SD) umol m2 s7! (Fig. 2F).

Rain events occurred at irregular intervals during the 65-day mea-
surement period (Fig. 2D), with a rainfall total of 123 mm over 27 days
in the wet period and 103 mm over 38 days in the dry period.

Volumetric soil water content varied between 6 %-vol and 28 %-vol
(Fig. 2D). It declined from the beginning of the measurements reaching a
low level of less than 10 %-vol around 20 December (red vertical line in
Fig. 2). After 21 December, it stayed mostly at lower levels for the rest of
the measurements (< 16 %-vol) with only a temporary increase from
8 %-vol to 16 %-vol on 27 December. The mean values before and after
21 December were 17 %-vol and 10 %-vol, respectively. Soil matric
potentials (Fig. 2E) dropped below the permanent wilting point (pF 4.2)
around 20 December, with a short interruption on 27 December.

Changes in the mean values of other environmental variables
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between these two periods were small (< 5 %).
3.2. Temporal dynamics of NEE and ET

NEE varied mostly between —10 and + 10 pmol CO, m™s™*for the 65
days observation period (Fig. 2A). Mean NEE was —0.3 ( £ 4.2 SD) umol
m~2 s, with a median of —0.8 (-3.8 to +2.8 IQR) umol s m. The
mean daytime NEE was + 2.7 ( + 3.2 SD) umol m™ s, whereas the
nighttime mean was —3.5 ( & 2.3 SD) umol m2 s™'correspondingly.

While nighttime NEE stayed relatively consistent throughout the
time series, daytime activity changed substantially with time. Negative
(30-min) values of daytime NEE, indicating uptake of CO2 from the at-
mosphere into the ecosystem, were mostly observed during the wet
period. On 21 December (left red vertical line, Fig. 2), daytime NEE
shifted to higher and primarily positive values. Mean daytime NEE
before and after 21 December were + 1.0 and + 4.0 pmol m™2 s™!,
respectively; mean nighttime NEE were —3.3 and —3.61 pymol m2 s,
respectively. Mean NEE during the wet and dry period was —1.1
(£ 3.1SD) and + 0.3 ( £+ 4.7 SD) umol m™2 s™! , respectively.

Mean (measured) ET was 1.4 mmol H,O m™2 s™! (2.5/0.3 mmol m™2
s7! for day/night; in mm: 25.1/44.6/4.8 for daily/day/night) (Fig. 2B).
The mean daytime ET decreased by 41 % when comparing the wet and
the dry periods (3.3 and 2.0 mmol m2 s, respectively; 59.5 and
35.2 mm, respectively; all values based on measured values).

3.3. Diurnal dynamics of NEE and ET

Diurnal NEE differed notably between the dry and wet period
(Fig. 3). During the wet period (Fig. 3A), NEE was lowest early in the
night (-2.7 pmol m~2 s71, phase Ia) and rose steadily towards the
morning. Around 7:00 in the morning, a pronounced carbon uptake, i.e.,
a short and sharp reverse in NEE (-0.9 pmol m ™2 s™!, phase II) occurred.
NEE reached highest values around noon (+0.2 pmol m~2 51, phase III)
and started declining in the afternoon (phase IV). Daytime NEE was
close to zero, i.e., gross primary production balanced out ecosystem
respiration.

In contrast, during the dry period (Fig. 3B), a clear pattern of daytime
carbon release and nighttime carbon uptake in NEE was observed.
Nighttime NEE (-3.4 pmol m~2 s™}, phase Ia) followed a similar uptake
pattern as during the wet period. No significant carbon uptake (i.e.,
short-term NEE decline) was visible in the morning during phase II
(+1.6 pmol m~2 s™1). NEE reached highest and positive values around
noon (+5.4 pmol m~2 s_l, phase III) and decreased again in the after-
noon (phase IV).

ET showed a similar diurnal pattern for the wet and dry period, with
increasing/decreasing ET in response to increasing/decreasing VPD and
PPFD. ET was significantly lower during the dry period noon
(2.4 mmolm~2s71, phase III, wet period: 4.2 pmol m2s) (Figs. 3B,
4A).

Midday ET was halved during low soil water content (Fig. 4A). Also,
gc — which accounts for changes in VPD - notably declined with
decreasing soil water content (Fig. 4B). Midday NEE was close to zero
during the wet period and strongly increased with decreasing soil water
content (Fig. 4C).

3.4. Environmental drivers of NEE

VPD, air temperature and PPFD varied mostly diurnal, while soil
water content and soil matric potential changed over the course of the
measurements. Accordingly, VPD, air temperature and PPFD explained
NEE subdaily variation best (all p < 0.001, adj. R? = 48 %, 46 %, and
44 %, respectively, Fig. S1 and S2, Table S1). Soil water content did not
contribute to the variation in subdaily NEE (p < 0.001, adj. R? = 1 %).

Soil water content had a significant impact on daytime NEE (adj. R?
= 14 %, p < 0.001, 30-min NEE, Fig. S1, Table S1). Most important
drivers of daytime NEE were VPD and air temperature (all p < 0.001,
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indicate release of CO, into the atmosphere. For better interpretation, the diurnal course was divided into four temporal phases, indicated by grey lines and red
roman numerals (I-IV). Phase I was split in Ia (after midnight) and Ib (before midnight).

adj. R? = 18 % and 16 %, respectively).

VPD, air temperature and soil water content did not explain night-
time NEE (adj. R>=1%,0%and7 %, respectively; p < 0.05, <0.1, and
<0.1, respectively, 30-min NEE, Fig. S1 and S2, Table S1). Nighttime
NEE and nighttime soil temperature showed a weak correlation (adj. R?
=7 %, p <0.001).

The effect of VPD on subdaily NEE was more pronounced during the
dry period (adj. R> = 59 %, p < 0.001, Table S1) than during the wet
period (adj. R? = 22 %, p < 0.001). Daytime VPD explained 31 %
(p < 0.001) of daytime NEE during the dry period (wet period: 0 %, non-
significant). Accounting for only saturated light conditions, the effect of
daytime VPD during the wet and dry periods is 4 % and 27 %, respec-
tively (Fig. 5, p < 0.01 and p < 0.001, respectively).

Soil water content was the most important driver of daily NEE (20 %
p < 0.001, Table S2). The mean previous day PPFD did not significantly
affect daily NEE (Table S2) nor mean nighttime NEE (Table S3).

VPD and soil water content together explained 50 % of subdaily NEE
variation (p < 0.001, Table S4). Including soil temperature and PPFD as
predictors increased the model’s adj. R? by 2 % (p < 0.001). VPD, soil
temperature and PPFD showed a moderate collinearity (VIF = 2.1-4.0).
Daytime NEE variation was explained by combined VPD and soil water
content by 28 %. Including soil temperature improved the model by 2 %
(p < 0.001). More statistical results including RMSE values can be found
in Table S1-S3.

4. Discussion

The cultivability and growth potential of CAM crops in (semi-)arid
environments are receiving increasing attention in face of ongoing
climate change. Here, we studied the net CO5 and H3O exchange of a
sisal plantation in semi-arid Kenya during a transition from a wet to a
dry period. Our results show the high photosynthetic plasticity of

A. sisalana which manifested at the ecosystem level. High productivity
and net CO; uptake were only observed during the wet period when day-
and nighttime carbon fixation occurred. In response to soil dryness,
daytime carbon uptake decreased as stomata were closed, turning the
sisal agroecosystem to a small carbon source. Net CO2 dynamics were
primarily controlled by changes in primary production of A. sisalana as
soil CO, emissions of the sisal agroecosystem were mostly low, in
particular in young to mature stands like the one we investigated (on
average between 0.9 and 1.3 pmol m~2 5™}, Wachiye et al., 2021). Yet,
compared to nearby natural bushlands, soil CO, emissions were higher
in the sisal blocks, while the estate’s aboveground biomass with 11 Mg
ha~! was similar to that of nearby bushlands (Vuorinne et al., 2021a,
2021b; Wachiye et al., 2021; Adhikari et al., 2017).

4.1. High carbon uptake through additional daytime uptake during wet
period

Daily NEE values were the lowest and carbon uptake of A. sisalana
the highest during the wet period, when daytime carbon fixation was
active (Fig. 2). In young CAM plants, such as the studied A. sisalana
plants at the Teita sisal estate, the C3 pathway often accounts for most of
the fixed carbon (Winter et al., 2008). High primary production in CAM
is often linked to daytime direct C3 carbon fixation under well-watered
conditions (Winter et al., 2014). A. deserti was even found to primarily
switch to daytime C3 carbon fixation under continuous watering
(Hartsock and Nobel, 1976). A. tequilana, on the other hand, used both
day- and nighttime fixation to reach high carbon uptake
(Pimienta-Barrios et al., 2001). For A. sisalana, we also found lowest
daily NEE when uptake occurred during the day and night. Consistent
nighttime net CO, uptake was present throughout the measurements,
demonstrating that the ecosystem level gas exchange displayed a clear
CAM signal. The nighttime NEE minimum (10 pmol m=2 s7*) was similar
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Fig. 4. Midday values (11:00-13:00) under high VPD (> 1.5 kPa) and saturated
light (PPFD > 500 pmol m~2 s~!) conditions plotted against soil volumetric
water content: (A) evapotranspiration ET, (B) canopy conductance g. and (C)
net ecosystem exchange NEE. Negative NEE values indicate uptake, positive
values indicate release of CO,. Numbers indicate the adjusted coefficients of
determination (adj. R?, %) and significance levels (*** < 0.001, ** < 0.01, * <
0.05,. < 0.1). All data are 30-min averages and comprise only measured data.

to the maximum nocturnal (net) uptake reported for A. fourcryodes and
A. tequilana (Garcia-Moya et al., 2011).

4.2. Restriction to nighttime uptake and increased stomatal control during
dry period

NEE notably increased with the onset of the dry period (Fig. 2). In
response to soil dryness, a clear switch to primarily nighttime carbon
uptake was observed. Yet, nighttime uptake of A. sisalana remained high
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despite low soil moisture and soil matric potentials below the permanent
wilting point. CAM plants were found to effectively fix carbon even
under severe drought (Cushman, 2001). As nighttime uptake did not
change from the wet to the dry period, there was likely no upregulation
of nighttime carbon uptake as has been observed in some tropical CAM
tree species (e.g., Liittge, 2006; Winter and Holtum, 2007; Winter et al.,
2008).

To avoid water loss in the dry period, A. sisalana increased its sto-
matal control, in particular during noon when VPD was high, resulting
in decreased carbon uptake. Midday g. and ET declined notably with
decreasing soil moisture and NEE increased (Fig. 4). This behavior was
also found for other agaves. A. fourcryodes, for instance, reduced its
daytime uptake during drought to reduce water loss, but still fixed
carbon during night (Nobel, 1985). In addition, stored water in the leaf
vacuoles may have postponed the drought response of. A. sisalana
(Smith et al., 1987, Smith and Winter, 1996, Borland et al., 2011).

Daytime ET losses decreased by 41 % during the dry period, likely
due to increased stomatal closure. While transpiration probably
contributed a large share to ET in the wet period, soil evaporation likely
dominated ET during the dry period. Globally, transpiration seems to
control ET (Coenders-Gerrits et al., 2014; Jasechko et al., 2013; Wei
etal., 2017). Yet, in semi-arid areas, the contribution of soil evaporation
to ET can be high and vary strongly by seasons (Rasanen et al., 2022;
Scott et al., 2021; Hu et al., 2009). Rasanen et al. (2022), for instance,
reported high transpiration shares from a South-African semi-arid
grassland during the wet seasons, contributing up to nearly 100 % to
daily ET. In contrast, evaporative losses amounted to up to 90 % of daily
ET during the dry seasons.

Interestingly, the rain events and increasing soil water on 27
December did not notably increase daytime carbon uptake, confirming
its rather constitutive CAM nature of A. sisalana and indicating its switch
to the dry season mode. A. sisalana’s internal water storages were likely
depleted and A. sisalana’s may have sensed the start of the dry season.

4.3. Photosynthetic plasticity controls diurnal NEE

The diurnal pattern of NEE differed notably between the dry and the
wet period (Fig. 3) and was controlled by A. sisalana’s photosynthetic
plasticity. In both periods, the highest ecosystem carbon uptake
occurred early in the night, which represents CAM phase I (Matiz et al.,
2013; Osmond, 1978). In the early morning, when VPD was still low,
there was a pronounced uptake (CAM phase II) visible in NEE, yet,
significantly stronger during the wet period. CAM phase II was
well-captured by the EC system, similar to (Owen et al., 2016) in
A. tequilana. During the wet period, NEE daytime uptake was likely
dominated by direct C3 carbon fixation, with primary production and
ecosystem respiration balancing each other out. In contrast, NEE during
the dry period showed CAM-typical daytime release (CAM phase III). In
the afternoon, when VPD was lower, stomata typically began to open
and NEE declined, corresponding to CAM phase IV (both dry and wet
period). This flexible switch between carbon fixing types over the
24-cycle and response to soil water availability demonstrates
A. sisalana’s remarkable photosynthetic plasticity (Borland and Taybi,
2004).

The patterns in NEE can only indicate the carbon fixing type and the
enzyme that were active during carbon uptake. While daytime carbon
uptake is likely directly via the enzyme RuBisCO, nighttime uptake oc-
curs through PEPC. However, in some species, daytime carbon uptake
during CAM phase III could be still due to PEPC carboxylation. For some
species, PECP activation can be extended in the morning, when condi-
tions are still favorable, until the warmest time of the day (e.g., Borland
and Griffiths, 1996; Haslam et al., 2002, Winter et al., 2009). For
A. tequilana, it was found that higher malic acid concentrations can
enhance the refixation of CO, by Rubisco and decrease the loss of CO5
during phase III (Borland et al., 2011). Especially succulent species, such
as A. sisalana and A. tequilana, can store large amounts of malic acids in
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measured data.

their vacuoles. Nevertheless, the direct fixation of carbon through
RuBisCO is more likely as it is more energy efficient than the fixation
through PEPC and temporary storage (Winter and Smith, 1996).

4.4. Environmental drivers of NEE

Examining the response of NEE to environmental drivers, we found
that VPD - an important driver of stomatal control — had a clear impact
on NEE. Subdaily variation in NEE was best explained by VPD which
varied mostly diurnal (48 %, p < 0.001). Daily VPD did not significantly
differ between the wet and the dry period (Figs. 2 and 3). Soil moisture
of the upper soil layer, on the other hand, declined significantly during
our study period, which altered the effect of VPD on NEE: VPD exerted a
stronger control on NEE variation during the dry period (59 %,
p < 0.001, Table S1) than during the wet period (22 %, p < 0.001).
A. sisalana switched to a strong CAM-typical gas exchange with pri-
marily carbon uptake when VPD was low.

While daytime NEE correlated significantly with VPD and soil water
content (p < 0.001), neither had a pronounced effect on nighttime NEE
(Fig. S1, Table S1). At night, low VPD and thus low transpiration water
losses allowed carbon uptake regardless of low soil moisture during the
dry period (Fig. 5).

The soil moisture information used here was from the upper 5 cm.
Including information from deeper soil depths may further improve the
explanation of NEE dynamics. A. sisalana has primarily shallow roots but
can root down to 50 cm (Abd El Rahman et al., 1967).

For A. tequilana, a close relative of A. sisalana, Owen et al. (2016)
identified nighttime air temperatures and light conditions from the
previous day as major drivers of daily NEE variation. While also daily air
temperatures and VPD explained NEE to a similar extent, they chose
these factors because they were physiologically most relevant. Cooler
night temperatures (< 15°C) were found to promote carbon uptake
(Owen et al., 2016; Nobel and Valenzuela, 1987). We did not observe
this effect here (Table S2), likely because nighttime air temperatures
never dropped below 17.9 °C during our study period.

Light conditions can affect the carbon uptake during the following
night as sufficient light is needed to fill up the carbohydrate pools
required for the nighttime CAM cycle (Borland and Griffiths 1997; Dodd
et al., 2003; Borland and Taybi, 2004; Chen and Nose, 2004). We only

observed a small effect of the previous day PPFD (p < 0.05) on daily
NEE and no effect on nighttime NEE (Table S1 and S3). Mean daily PPFD
was only below < 200 pmol m~2 s™! on one day and light intensities are
usually high in these latitudes.

4.5. Growth potential in semi-arid areas

Despite low soil water availability, A. sisalana showed still similar
nighttime productivity during the dry period as in the wet period.
Because of its succulence and CAM-metabolism, it is well-adapted to dry
conditions. Yet, these adaptions come at a cost. Succulence reduces the
mesophyll conductance, i.e., the conductivity of CO; moving from the
sub-stomatal cavities to the RuBisCO carboxylation. Compared to the C3
pathway, CAM causes additional metabolic costs of approximately 10 %
(Winter and Smith, 1996), which lowers plant productivity. Finally, to
give a good estimate of A. sisalana’s productivity, our observation period
was too short. Our dry-period observations comprised 37 days. Dry
conditions in this region can last over several months, such as during the
long (natural) dry season, which is usually from April to October. Thus,
the productivity of A. sisalana may decrease also notably during night
with ongoing dry conditions. Owen et al. (2016) studied the gas ex-
change of in A. tequilana — the close relative — for more than 8 months.
They found similar productivity in A. tequilana as in semi-arid C3 and C4
bioenergy crops but with more efficient water use.

Our findings clearly demonstrate that A. sisalana’s productivity is the
highest during the wet period when both day- and nighttime uptake
occur. Other studies also suggested that high productivity of CAM crops,
such as A. comosus and agaves, are largely because of their high plas-
ticity to use both carbon fixing types. This way, they can increase the
duration and the amount of CO, uptake over the day (Nobel, 1996;
Borland et al., 2009; Holtum et al., 2011, Borland et al. 2011). To
confirm this hypothesis, other proxies for stomatal CO, uptake, such as
carbonyl sulfide flux measurements (Sandoval-Soto et al., 2005), should
be tested to partition NEE into gross primary production and ecosystem
respiration for CAM-dominated ecosystems.

Previous research found the optimal annual precipitation for sisal
productivity was around 1200 mm (Kimaro et al., 1994). Consequently,
A. sisalana would benefit from additional irrigation, which is particu-
larly problematic for semi-arid regions where increasing rainfall
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variability is predicted and land degradation is imminent (Smith et al.,
2019; IPCC 2019; Trisos et al., 2022). Considering the expected
increasing water scarcity in the future, the productivity of A. sisalana
may be low (Stewart, 2015; Trisos et al., 2022).

5. Conclusions

Our results clearly show the control of A. sisalana on ecosystem CO2
and H5O fluxes: its photosynthetic plasticity and response to soil dryness
govern the ecosystem net COz and H,O exchange. Soil water availability
limited the productivity of A. sisalana and forced a switch to primarily
the CAM pathway. While A. sisalana can tolerate low soil moistures well,
high productivities were only reached during well-watered conditions
when both day- and nighttime carbon uptake were possible. A. sisalana
is a well-adapted crop for semi-arid areas. Yet, semi-arid areas are sus-
ceptible to land degradation and, in face of climate change, the pro-
ductivity of A. sisalana and expected crop yields could be low without
irrigation. Nevertheless, the cultivation of A. sisalana is probably one of
the few options to use these marginal lands for sustaining livelihoods.
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