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Abstract

Crassulacean acid metabolism (CAM) crops are important agricultural commodities in water-
limited environments across the globe, yet modeling of CAM productivity lacks the
sophistication of widely used C3 and C4 crop models, in part due to the complex responses of
the CAM cycle to environmental conditions. This work builds on recent advances in CAM
modeling to provide a framework for estimating CAM biomass yield and water use efficiency
from basic principles. These advances, which integrate the CAM circadian rhythm with
established models of carbon fixation, stomatal conductance, and the soil-plant-atmosphere
continuum, are coupled to models of light attenuation, plant respiration, and biomass
partitioning. Resulting biomass yield and transpiration for Opuntia ficus-indica and Agave
tequilana are validated against field data and compared with predictions of CAM productivity
obtained using the empirically-based Environmental Productivity Index (EPI). By representing
regulation of the circadian state as a nonlinear oscillator, the modeling approach captures the

diurnal dynamics of CAM stomatal conductance, allowing the prediction of CAM transpiration
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and water use efficiency for the first time at the plot scale. This approach may improve estimates

of CAM productivity under light-limiting conditions when compared with previous methods.

Keywords: Crassulacean acid metabolism, carbon assimilation, water use efficiency, biomass,

Opuntia ficus-indica, Agave tequilana

Running head: Nonlinear CAM dynamics for global predictions
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1. Introduction

Due to their unique circadian rhythm of nocturnal carbon dioxide uptake and storage, CAM
photosynthetic plants regularly achieve a water use efficiency six or more times higher than that
of their C3 counterparts (Lambers, Stuart Chapin I1I, & Pons, 2008), making them promising
candidates for food, fodder, and biofuel production in water-stressed ecosystems across the
globe. In particular, cactus pear (Opunita ficus-indica) and many species of agaves, including
Agave tequilana, Agave fourcroydes, and Agave deserti, are important sources of human
nutrition, animal forage, and fiber production, in Mexico, South America, and Northern Africa,
among other locations. Recent research has set out to answer questions about the potential of
these crops for biofuel production and food security in future warming and drying environments
(Borland et al., 2009; de Cortazar & Nobel, 1990; Mason et al., 2015; Owen & Griffiths, 2014;

Yang et al., 2015).

In support of these efforts, a number of modeling approaches have arisen to represent CAM
plants at varying levels of complexity. Such approaches may be broadly grouped into empirical
descriptions of CAM productivity (Niechayev et al., 2018; Nobel, 1988), process-based models
which incorporate simplified mathematical representations of the CAM circadian rhythm
(Bartlett et al., 2014; Blasius et al., 1999; Hartzell et al., 2018), and detailed biochemical
approaches (Owen & Griffiths, 2013; Shameer et al., 2018). The environmental productivity
index (EPI) is an empirical method which multiplicatively combines functions of solar radiation,
temperature, and soil moisture to predict CAM dry mass productivity at the monthly timescale

(Nobel 1988). It was developed and parameterized to predict productivity of Opuntia ficus-
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indica, Ferocactus acanthodes, and many species of agaves in the Southwestern U.S., Mexico,
and Chile, sites which tend to be exposed to high levels of photosynthetically active radiation
(PAR) during the main growing season (Niechayev et al., 2018; Nobel, 1985; Nobel & Hartsock,
1986; Nobel & Meyer, 1985; Nobel & Quero, 1986; Nobel & Valenzuela, 1987). Thus far, it has
been the only method of estimating CAM productivity at the plot scale and over the course of a
growing season. The modeling approach introduced by Bartlett et al. (2014) and incorporated in
the Photo3 model (Hartzell et al., 2018) couples a mathematical representation of the CAM
circadian rhythm as a Van der Pol oscillator with established models of carbon fixation
(Farquhar et al., 1980), stomatal conductance (Katul & Oren, 2009; Medlyn et al., 2011), and the
soil-plant-atmosphere continuum to calculate CAM carbon assimilation and transpiration on an
hourly timescale and at the plant scale based upon PAR, temperature, specific humidity, and soil

moisture, but does not address resource allocation or dry mass productivity.

The goal of this work is to determine whether this representation of the CAM process may shed
light on the productivity of CAM crops under field conditions. To do so, we couple the described
modeling approach with process-based representations of light attenuation, plant respiration, and
biomass partitioning in order to calculate biomass yield and water use efficiency in the CAM
crops Agave tequilana and Opuntia ficus-indica. Unlike previous techniques, this modeling
approach takes into account vapor pressure deficit, daytime temperature, and diurnal fluctuations
of environmental conditions, which have been shown to be important factors in CAM
productivity and water use efficiency (Conde & Kramer, 2008; Hartzell et al., 2015; Kluge &
Ting, 1978; Wilkins, 1992). Model results are compared directly with field data from the

Americas and the Mediterranean (Consoli et al., 2013; de Cortazar et al. ,1985; Nobel &
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Valenzuela, 1987), and with EPI predictions. The productivity estimates agree with field data
obtained across a range of environmental conditions. This approach is the first to provide
validated estimates of long-term water use by CAM plants at the plot scale. Results show that
CAM productivity and water use can be successfully described using a process-based model of
CAM photosynthesis and hydraulics. The findings allow direct comparison of CAM productivity
and water use with C3 and C4 crops, contributing to the understanding of CAM potential in

global agriculture.

2. Materials and methods

2.1. Modeling net carbon assimilation and transpiration

The CAM carbon and water fluxes are modeled according to the Photo3 model (Hartzell et al.,
2018). CAM photosynthesis is described using a circadian rhythm oscillator which depicts malic
acid storage and release, with CO2 demand by the Calvin cycle (4,.) modeled according to
Farquhar et al. (1980) (see Fig. 1). The carbon demand of the Calvin cycle is given by the

Farquhar et al. (1980) model with modifications to account for water and nutrient stress, i.e.,

Ac(q)' Ci Tl' L|Jl) = Acb,ci,Tl(q)' Ci, Tl) : fljjl("pl) ’ fn' ( 1 )

where Ag, ¢, 7, 18 a function of solar radiation, ¢, internal CO2 concentration, c;, and leaf
temperature, T;, given according to (Farquhar et al., 1980), and fy, is a piecewise function of leaf

water potential, y;, which decreases carbon assimilation at low leaf water potential (Daly et al.
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2004). Where applicable, soil nutrient limitations are assumed to reduce the carbon demand
through a dimensionless nutrient limitation factor, f,,, which is equal to 1 in cases for which
nutrients are non-limiting. This assumption is supported by observations that soil nitrogen
availability is linearly related to leaf nitrogen concentration in O. ficus-indica (Dubeux et al.,
2006). Leaf nutrient availability in turn directly affects photosynthetic potential through a
number of mechanisms, including the maximum photosynthetic rate and the stomatal

conductance (Morales et al., 2018).

The various carbon fluxes, from the stomata to the Calvin cycle (A;.), from the stomata to the
cell vacuole (4s,), and from the cell vacuole to the Calvin cycle (4,.), depend on the carbon
demand at the Calvin cycle (A.) and are regulated by two state variables: the malic acid
concentration (M), and the circadian rhythm order (z) (Bartlett et al., 2014). The timing of these
state variables is regulated by a system of coupled differential equations which form a nonlinear
oscillator. The carbon demand at the stomata (4,,) is the sum of the carbon flux from the stomata
to the Calvin cycle (4. ) in Phase Il and IV of CAM, and that from the stomata to malic acid
storage (A,) in Phase I of CAM, which are, in turn, functions of environmental conditions

(Bartlett et al., 2014; Hartzell et al., 2015), i.e.,

An(q); Ci) Tl) qur z, M) = Asc(q); Ci; Tl' llJl; z, M) + ASU(TlI lIJl; z, M) (2)

The diurnal cycle of uptake and release from the vacuole is represented by a pair of balance

equations for M and z. The balance equation for the malic acid concentration is given by
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aMm (3)
LME: Asv(Tl'l/)l'ZrM) + Rdv(Tl'lpl) - Avc(lpl'CC'TlZ'M)f

where L, is the ratio of malic acid storage volume to the C flux surface area, c, is the increased
internal CO:2 concentration due to malic acid decarboxylation (Bartlett et al., 2014), R, is the
portion of respiratory carbon refixed as malic acid in the vacuole, and A, is the flux of carbon
from the cell vacuole to the Calvin cycle in Phase I1I of CAM . The circadian rhythm order is

given by

. %:M—ME(Z,TI), (3)
"dt M, 0y

where t, is the relaxation time, My is the equilibrium concentration of malic acid, and M, is
the maximum malic acid concentration. The details of each of the involved expressions are
presented in full in Hartzell et al. (2018). When coupled with the model of carbon demand at the
Calvin cycle A, (Eq. 1), the nonlinear oscillator produced by the system of equations for M and z

(Eq. 3, 4) results in simulated carbon uptake at the stomata (4,,) (Eq. 2).

Stomatal conductance of C3 and C4 plants can be assumed to act to minimize the amount of
water used per unit carbon gained, an assumption that leads to the stomatal conductance scaling
with the carbon demand A,, and with the square root of the vapor pressure deficit D (Katul et al.,
2009; Medlyn et al., 2011; Oren et al., 1999). CAM plants are typically under strong pressure to
maximize water use efficiency (Winter & Smith, 1996) and have been shown to respond directly
to changes in ambient humidity (Lange & Medina, 1979; Males & Griffiths, 2017; Osmond et

al., 1979). Therefore, they are assumed to follow such an optimization principle, i.e.,
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gS,COZ - c \/5'
a

where ¢, is the atmospheric CO2 concentration and g, is a dimensionless factor which is often
fitted empirically to data, with an average value of 3.5 for C3 plants (Leuning, 1995). Following
the assumption of Fickian diffusion through the stomata, it can be shown that such a factor
should be related to the observed ratio of internal to atmospheric CO2 (R = c;/c,) such that

g1 = (1 — R)™! (Bartlett et al., 2014; Norman, 1982). The value of R has been reported, on
average, to be significantly higher for C3 (~0.7) than for CAM plants (~0.5) (Jones 2014, p.
159). Given this relationship, a typical value of g; for CAM photosynthesis would be expected
to be somewhat less than the value for C3 photosynthesis. We use a value of 2.8, which matches
estimates of daytime CO: assimilation rates in partial or facultative CAM plants (see Fig. 2d and

Hartzell et al. (2018)).

The leaf level respiration, R, is represented as a temperature-dependent process which follows a
modified Arrhenius equation (Bartlett et al., 2014; Hartzell et al., 2018). Respired CO2 may be
directly refixed through the Calvin cycle through the flux R, or fixed as malic acid in the cell
vacole through the flux R, (see Figure 1), where this partitioning is dependent on incident solar
radiation levels (see Appendix 1 of Bartlett et al. (2014). This depiction allows for CAM cycling
(nocturnal recycling of respiratory carbon) and CAM idling (respiratory carbon being refixed

during periods when stomata are closed throughout the night and day).
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The hydraulic fluxes through the plant and the leaf water potential are modeled through a
resistor-capacitor analog model which accounts for plant water storage to calculate the impact of
water stress based on soil and atmospheric conditions, accounting for the role of previous soil
moisture history on current plant water status (see Figure 1). For model simplicity, we assume a
constant plant hydraulic capacitance (see Table 1). The hydraulic conductances between the
plant and soil, g, the transpiration stream and stored water, g,,, and the plant hydraulic
conductance, gy, are functions of water potential as described in Hartzell et al. (2018), Appendix

B.

The full model equations, as well as photosynthetic and hydraulic parameters for O. ficus-indica,
are described in Hartzell et al. (2018) and are used here with one modification: the quantum
yield, k, (dimensionless), has been adjusted to a value of 0.1 following Nobel and Hartsock
(1983) and Skillman (2008) to better represent knowledge of CAM efficiency (see Fig. 2a,b).
The primary photosynthetic parameters (the maximum electron transport rate V,, ,,,4,, Which
controls the maximum permitted rate of carbon fixation in the Calvin cycle; the maximum malic
acid concentration M,,,,, which controls the maximum amount of carbon fixation as malic acid
in Phase I; and the maximum malic acid storage flux A;, 4, Which controls the maximum
carbon flux from the stomata to the cell vacuole) have been fitted based on diurnal gas exchange
data for the two species of interest, A. tequilana and O. ficus-indica (see Table 1, Figure 2c,d).
While the maximum rate of CO2 uptake for the two species is similar, the differences in daytime
COz uptake are reflected in the parameters My, 4, and A, ;mqy, such that under well-watered
conditions the carbon demand of 4. tequilana may not be fully met by stored malic acid, and

stomata may open in the second half of the light period (Nobel & Valenzuela, 1987; Owen et al.,

10



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

2016). The typical stem area index (SAI) is given in Table 1 and is modified for the various
scenarios described in “2.6. Model validation.” The complete model with these updates is

available online at GitHub (https://github.com/samhartz/Photo3).

2.2. Calculation of the Environmental Productivity Index

We calculate the EPI using the methodology outlined in Nobel and Hartsock (1986) and Nobel
and Valenzuela (1987) for O. ficus-indica and A. tequilana. Temperature, light, and soil moisture
indices are calculated at a monthly timescale and multiplied by the maximal productivity to
obtain the estimated aboveground dry mass productivity. The temperature index is calculated
according to the average minimum daily temperature, the light index is a function of monthly
average total daily photosynthetically active radiation (PAR), and the water stress index is a
function of drought duration, being equal to one until the soil water potential has dropped below
a threshold value for a certain number of days, at which point it begins to decrease. Parameters
for each of the indices have been determined empirically and may be found in Nobel and

Hartsock (1986).

2.3. PAR interception

Numerous difficulties exist when modeling interception of photosynthetically active radiation
(PAR) in CAM plants. Rather than possessing semi-translucent and mobile canopies as is typical
of most crops, CAM crops such as Opuntia sp. and Agave sp. photosynthesize through stems

which are almost entirely opaque and non-mobile. This means that one cannot assume that the
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incident PAR is felt by the entire stem surface. In addition, not all stem area can be assumed to
be photosynthetically active; in Opuntia sp., 20-40% of the stem area is lignified and does not
contribute significantly to photosynthesis (Inglese et al. 2012). Efforts have been made to
understand the effect of shading in CAM plants (de Cortazar et al., 1985; Geller & Nobel, 1987)

but to date have not been generalized.

We address this problem by calculating a general index of PAR interception for Agave sp. and
Opuntia sp. based on measured cladode distribution and PAR attenuation. Data from de Cortazar
et al. (1985) gives vertical distributions of stem area index (SAI) and light attenuation for O.
ficus-indica (see Fig. 3). These observations are used to calculate an overall PAR interception
factor of 0.58 by multiplying the incident PAR (Fig. 3b) by the fractional photosynthetically
active cladode area at each canopy layer (Fig. 3a) and summing over the distribution of canopy
layers shown in Fig. 3¢. This calculation assumes that the bottom 30% of stem area is lignified
and does not contribute to photosynthesis (Liguori et al. 2014). In Agave sp., PAR distribution
across the photosynthetically active surface has been found to be relatively uniform (Nobel
1985). Woodhouse et al. (1980) showed that total PAR averaged on leaf surfaces of Agave
deserti was about 33% of incoming PAR in summer, and 37% in winter. Nobel (1985) found that
the PAR distribution across Agave fourcroydes was approximately 28% of incoming PAR. Based

on this data we assumed a PAR interception factor of 0.3 for Agave sp.

Previous work supports the notion that a fully resolved 3-dimensional model of light interception
based on cladode positions produces results consistent with models developed using statistical

averages of light attenuation (de Cortazar et al., 1985). This approach, while a simplification,

12
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eliminates the need to calculate light attenuation based on canopy geometry which is often
prohibitive for general studies. The incoming PAR (¢) used in the calculations of carbon
assimilation is multiplied by the calculated PAR interception factor (f;) to account for light

interception.

2.4. Biomass partitioning

We assume that plants are at the mature stage and that biomass is partitioned into four carbon
pools: leaves (or non-lignified, photosynthetically active cladodes), stems (or lignified, non-
photosynthetically active cladodes), roots, and storage (reproductive) organs. Although
partitioning ratios between the pools may change seasonally, we assume average partitioning
ratios determined by the total biomass accumulation over the course of the growing season (see

Table 1).

The change in total biomass B is given by the net carbon assimilation A,, (this accounts for leaf

respiration) less the root respiration R, and growth respiration, R, i.e.,

dB (5)
- =Au R, — R,

This total biomass production is then divided into the four carbon storage pools, leaf biomass B;
(for Opuntia sp. defined as green or unlignified stem), stem biomass B, (for Opuntia sp. defined

as lignified stem), root biomass B,., and storage biomass B, (for Opuntia sp. defined as fruit).

13
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The growth of root biomass, B,., is directly related to the total biomass growth as

dB,  dB (6)
ac T ae

where 7, is the ratio of root to total biomass allocation. Similarly, the growth of leaf biomass, B;
is given by

dB, dB
T n(1-r) P

(7)

where 17 is the ratio of leaf to total aboveground biomass allocation. Stem biomass By and

storage organ biomass B, are calculated in the same manner using the ratios 7y and 7;,,
respectively (see Table 1). The mass of carbon fixed is converted to dry biomass using a factor of
27 g dry weight plant material per mol carbon fixed (Cui et al., 1993; Liguori et al., 2014; Nobel

& Hartsock, 1986).

2.5. Respiration

Carbon dioxide produced by respiration in CAM can be refixed both in the light (via the Calvin
Cycle) and in the dark (via phosphoenolpyruvate carboxylase (PEPC) fixation). Thus, it is not
possible to measure directly via typical gas exchange systems. This has resulted in a dearth of
information regarding growth and maintenance respiration of aboveground CAM biomass

(Tcherkez, 2017). In this model, the leaf respiration is accounted for in the net carbon

14
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assimilation A,,. Growth respiration is assumed to be a constant fraction of the net carbon

assimilation as observed in C3 and C4 photosynthetic plants (Amthor, 1994):

Rg(An) =MNg “An, (8)

where 14 is the growth respiration coefficient (Weng et al., 2014).

The root maintenance respiration is given following Weng et al. (2014), with modifications to

account for water stress, as:

Ry =By fa(T) - fr(T}) ‘fq;l(lpl) " By, (9)

where T is the leaf temperature, B, is the biomass of the roots, and [3, is the root respiration
coefficient, equal to 1.25 yr'. The respiration is affected by temperature through a modified

Arrhenius function, f,, following Leuning (1995),

fa(T) = exp(k - (1/To — 1/T)), (10)

where k = 3000 and T, is a reference temperature of 288 K; and by a thermal inhibition function,

fr, given by

£ = (1L +exp(0.4- (T, - 1)) - (L + exp(0.4- (T, - T)))) . (/1)

where T, and Ty are the low and high temperatures below and above which respiration is limited.
Finally, respiration is a product of the water stress function f,,,({;) given in Eq. (1) (as

supported by Palta and Nobel (1989)).

15
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2.6. Model validation

Model results were compared with established productivity validated in the field and with results
obtained using the EPI method. Aboveground biomass accumulation for O. ficus-indica in
central Chile was compared with data collected from May 1980-August 1981 in Til Til, Chile by
de Cortazar et al. (1985) for a stem area index (SAI) of 1.4 in loamy sand. Solar radiation,
specific humidity, and air temperature from May 2012-August 2013 from the La Platina station
of the Chilean Institute of Agricultural Research (INIA) Agromet network were selected as
model inputs since this period included neither El Nifio nor La Nifia conditions in accordance
with the original study period (see Fig. 4a-c) and recalculation of the EPI using this data
produced results similar to the original EPI calculations (see Supporting Information Figure S4).
The productivity was calculated assuming well-watered conditions and results were adjusted by

the EPI water index to facilitate comparison with field results.

Model results were also compared with measurements of productivity and transpiration for O.
ficus-indica in Southern Italy obtained by Consoli et al. (2013) for ten-year-old plants with a
stem area index (SAI) of 3.5 and full irrigation in clay-loam soil. Aboveground dry mass
productivity per unit leaf area was converted to productivity per unit plot area by multiplying by
the SAI (3.5) and by a factor to account for the percentage of land covered by cactus canopy
(0.65). Hourly environmental data (solar radiation, temperature, and humidity) collected during

the original study, which took place in Roccapalumbea, Italy from June - November 2009, were

16
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used as inputs to the model (see Fig. 4g-1). In accordance with soil moisture measurements, the

soil moisture was assumed to be non-limiting (equal to the field capacity) for the simulation.

Model results for 4. tequilana were compared with results from a field experiment in Jalisco,
Mexico collected by Nobel and Valenzuela (1987) for plants initially six years old with a leaf
area index of 6. Because nutrient limitation appears to have been significant in the Nobel and
Valenzuela (1987) study (the typical daily PAR levels of 30-50 mol m? d! were well above
levels of 20 mol m™ d! used to calculate maximum productivity rates in laboratory experiments),
data from an independent study of A. tequilana productivity in Jalisco, Mexico (Nobel 1989)
were used to estimate the nutrient limitation factor, f,,. The annual rates of leaf unfolding for 1-
year-old and 3-year-old plants at the site (approximately 23 and 35 leaves per year, respectively)
were compared with annual rates of leaf unfolding for 2-year-old plants grown in Jalisco,
Mexico in a study of nutrient effect on 4. tequilana productivity (Nobel 1989). The study
showed a strong linear relationship between leaf unfolding rates and nutrient limitation. Based on
this relationship, a leaf unfolding rate of 29 leaves yr! for 2-year old plants (selected based on an
interpolation of leaf unfolding rates vs. age for the three age groups presented in Nobel and
Valenzuela (1987) corresponded with a nutrient index of 0.4. The productivity and water use
were calculated using solar radiation, specific humidity, and temperature data obtained from the
NSRDB database from Jalisco, Mexico during the period April 2001 until April 2002, the
earliest availability of high temporal resolution data which included neither El Nifio nor La Nifia
conditions similarly to the study period (see Fig. 4d-f). Average temperature and solar radiation
values closely matched the monthly data recorded from the study period (see Nobel and

Valenzuela (1987)). Daily rainfall data from the nearby Santa Rosa site were obtained from the

17
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Mexican National Meteorological Service Climate Computing project (CLICOM) for the

original study period and were used to simulate soil moisture.

2.7. Productivity predictions

The aboveground biomass productivity of Opuntia ficus-indica was estimated using both the
described modeling approach and the EPI for the six regions worldwide with the highest
production of Opuntia sp. as estimated by the Food and Agriculture Organization (Inglese et al.,
2017). These regions included Northeast Brazil, Central Mexico, Northern Ethiopia, Western
Morocco, Southern Italy, and Central Chile. Unless otherwise noted, climate data including soil
moisture were obtained from CERA-20 C reanalysis data (European Center for Medium-Range
Weather Forecasts). For all simulations, a uniform stem area index of 3.5 was assumed (see
Supporting information for more details). To evaluate the impact of various rainfall regimes and
the potential of irrigation in each region, productivity estimates for each method were calculated
under both rainfed conditions (using local soil moisture data) and well-watered conditions

(assuming a constant volumetric soil moisture of 0.7).

3. Results

3.1 Model results for carbon exchange at the hourly timescale

Model results for O. ficus-indica captured Phases I and III of the observed behavior and
suggested a short Phase II and IV uptake of CO2 which have been observed for O. ficus-indica

under similar conditions (Cui & Nobel, 1994; Cui et al., 1993) but were not present in this

18



373  particular dataset (Fig. 2¢). Due to the assumption of a fixed t, (Eq. 4), the model

374  underestimated the rate of decrease of carbon uptake occurring at the end of Phase I for this

375  dataset.

376

377  Results for 4. tequilana captured all four phases of CAM, with a high nocturnal Phase I uptake
378  of COz, a short Phase II uptake at the start of the light period, and a moderate uptake of CO2

379  during the second half of the light period in Phase IV (Fig. 2d). The model failed to capture the
380  decline of CO: assimilation to zero at the end of the light period (Nobel & Valenzuela, 1987),
381 and represented a continuous transition between the end of Phase III and the onset of Phase IV.
382  In this scenario, the model overestimated the rate of decrease of carbon uptake at the end of

383  Phase I, again due to assuming a fixed t,..

384

385  3.2. Model results for biomass accumulation and transpiration at the monthly timescale

386

387  3.2.1. Opuntia ficus-indica

388

389  Validation of model results for O. ficus-indica are performed for sites in Til Til, Chile and Sicily,
390 Italy. Til Til, Chile exhibits strong climate seasonality, with very high solar radiation during the
391  primary growing season in the summer (average of 50-60 mol m™ daily total PAR), relatively
392  low vapor pressure deficit, and favorable temperatures ranging from 10-30 C during the summer
393  (see Fig. 4a-c). The total annual dry weight gain on a stem area basis from May 1980-May 1981
394  estimated by the Photo3 model is 1.3 kg m™ yr!, while the measured value is 1.2 kg m? yr'!, and

395  the EPI estimate is 1.0 kg m? yr! (de Cortazar et al., 1985) (see Fig. 5a). On a month-to-month
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basis, the EPI predictions are similar to the Photo3 predictions, particularly during the summer.
During the winter period of May, June, and July 1980, the Photo3 estimates of dry weight gain
are consistently higher than those of the EPI, by about 25%. Calculated total annual transpiration
is 321 mm, average daily transpiration is 0.71 mm d"!, and average daily transpiration during the
principal growing season (Jan-Mar) is 1.3 mm d! (Fig. 5b). This results in an annual average

water use efficiency of 4.0 g DM kg™! H20.

The Sicily, Italy site is characterized by relatively low solar radiation, high daytime temperature,
and high daytime vapor pressure deficit (see Fig. 4d-f). Although the majority of rainfall was
concentrated outside the main growing period, irrigation was provided to the site such that soil
moisture did not impact productivity. Rather, low PAR was the primary limiting factor. Results
from the Photo3 model and from the EPI are compared with productivity results from Consoli et
al. (2013), which measured an aboveground dry mass productivity of 1.29 kg m™ over the course
of the growing season. Productivity results from the Photo3 model (1.30 kg m™ plot area) are
very close to the study results, and results from the EPI model (0.89 kg m™ plot area) are about
30% lower than the study results (see Fig. 5¢). Daily transpiration calculated by the Photo3
model during the study period is shown in Fig. 5d. Estimated average daily transpiration is 1.4
mm d!. The total transpiration calculated on a plot area from the months June-September is 162
mm, while the measured transpiration was estimated from eddy covariance measurements to be
204 mm over the same time period. To maintain consistency with the Consoli (2013) study, the
transpiration water use efficiency is calculated using the dry matter accumulation during the

period June-November, and the transpiration during the period June-September. This resulted in
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418  an estimated transpiration WUE 8.0 g DM kg™! H>O, while measured transpiration water use
419  efficiency was 6.3 g DM kg'! H20 (Consoli et al., 2013).

420

421 3.2.2. Agave tequilana

422

423 5,000 ha in Mexico are under cultivation of Agave tequilana, with more than 99% concentrated
424 in the state of Jalisco due to its protected status and the region's favorable growing conditions
425  (Iniguez-Covarrubias et al., 2001). The region of Jalisco is characterized by very high solar

426  radiation, relatively low vapor pressure deficit, and favorable temperatures during the primary
427  growing season of June-November (see Fig. 4g-i). As the crops were rainfed and the vast

428  majority (>99%) of the 1082 mm of annual rainfall occurred during the period June-November,
429  water was practically non-limiting during this period, while outside of this period soil moisture
430  was highly limiting. Main limiting factors appeared to be soil moisture and soil nutrient levels.
431  With a nutrient index of 0.4 the estimated productivity was 1.92 kg m™ yr'! on a ground area
432 basis, which was 9% lower than measured productivity at the site, 2.11 kg m™ yr'! (Fig. 6a). The
433 estimated EPI productivity, using a maximum net assimilation rate of 283.5 g m™ month™!, was
434 2.4 kg m? ground area during the study period (Nobel and Valenzuela 1987). The total

435  estimated transpiration over the study period was 87 mm per unit ground area with an average
436  daily transpiration of 0.24 mm d! during the course of the year and 0.37 mm d™! during the

437  course of the growing season (Fig. 6b). The transpiration water use efficiency was 21.8 g DM kg
438  'H»0. Soil moisture s and plant water storage content w were simulated using available rainfall
439  data, and both indicators demonstrated a strong seasonality, with volumetric soil moisture values

440  ranging from 20-25% during the dry season and 60-80% during the wet season (Fig. 6¢) and
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plant water content ranging from 18-25% during the dry season and 98-99% during the wet
season (Fig. 6d). Estimated plant water content reached lower values than those typically
observed in the field (about 30-40% according to Nobel & Jordan, 1983) due to a model
simplification assuming linear pressure-volume relations (Hartzell et al., 2018). This should not
significantly affect the predicted transpiration and carbon assimilation since neither occur in

model results when plant water status is below 30%.

3.3. Worldwide productivity prediction

Opuntia sp. is grown in drylands worldwide with the largest areas of cultivation estimated to
occur in Northeast Brazil, Central Mexico, Northern Ethiopia, Western Morocco, Southern Italy,
and Central Chile (Inglese et al., 2017). While the EPI has been tested and parameterized in
some of these locations (Mexico and Chile), others remain understudied in terms of productivity.
In the Western Hemisphere, predictions of biomass productivity derived using the described
method were generally similar to those calculated using the EPI (Figs. 7, S1, S2). In the Eastern
Hemisphere, however, results diverged significantly (Fig. 7a). Under well-watered conditions
expected productivity in Southern Italy was 2.3 kg m? yr'! on a ground area basis, while that
obtained by the EPI model was 1.4 kg m? yr'! (Fig. 7b). Results in Northern Africa diverged as
well: in Mekele, Ethiopia predicted productivity values from this method and the EPI model
were 6.4 and 4.6 kg m? yr'!, respectively, and in Agadir, Morocco predicted productivity values
were 5.3 and 4.0 kg m? yr'!, respectively. Reported values in these regions thus far are well
below the numbers predicted by either method (Arba et al., 2002; Arba et al., 2017; Boujghagh

& Bouharroud, 2015; Gebretsadik et al., 2013), suggesting that significant gains in yield may be
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achieved through fertilization and increasing planting density in these areas. In Northeast Brazil,
yields predicted by the two methods were similar and were well above reported values in the

region, which averaged 0.7 kg m? yr’!

and showed very high variability (Menezes et al., 2005).
It has been demonstrated that potential productivity in the region is significantly higher and
yields of 2 kg m™ yr'! have been achieved by the Pernambuco Agricultural Research Agency
(Menezes et al., 2005). These results suggest that, under optimal planting density and

fertilization, current yields could potentially be doubled.

The areas in which the Photo3 model predicted a significantly higher productivity than the EPI
model were characterized by a lower average solar radiation during the growing season in all
three regions (Fig. S1). In Southern Italy, the average daily PAR during the most productive
portion of the growing season was 30-40 mol m™ d"!, which decreased to below 20 mol m™ d!
in the final portion of the growing season (Fig. 4e). Likewise, in Ethiopia the average daily PAR
was near 40 mol m™ d”! throughout the year, and in Morocco, the PAR ranged from 20-30 mol
m d”! during the rainy season (Fig. S1). In the sites in the Western Hemisphere, on the other
hand, the PAR ranged from 50-65 mol m? d'! during the growing season (Figs. 4b,h, S1). Under
rainfed conditions (Fig. 7c), in areas where water stress affected the model results it often had a
stronger negative effect on the Photo3 estimates than on the EPI estimates, as is seen in the
predictions for Mexico, Italy, and Morocco. All three of these locations were characterized by

small, intermittent rainfall events during the growing season (Fig. S1, S3).

4. Discussion
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The modeling approach outlined in this work enables the prediction of CAM productivity and
water use under a diverse set of field conditions using established relationships of plant
physiology and basic CAM modeling, enabling a better understanding of CAM potential and
environmental feedbacks worldwide. While many details of CAM metabolism and signaling are
still under active investigation (Shameer et al., 2018), portrayal of the CAM circadian rhythm as
a nonlinear oscillator allows biomass accumulation and water use by the CAM crops Agave
tequilana and Opuntia ficus-indica to be understood under field conditions. This study represents
the first predictions of CAM biomass productivity using a process-based model, and the first
validated model predictions of long-term CAM transpiration in the field. Estimated transpiration
of Opuntia ficus-indica during the growing season was similar to observations of daily average
orchard transpiration rate of approximately 1.8 mm d™! (Consoli et al., 2013; Goldstein et al.,
1991). Dry biomass productivity values measured in the field for O. ficus-indica range from 1.3-
5.0 kg m? yr'! (Acevedo et al., 1983; Consoli et al., 2013; Cortazar & Nobel, 1990; de Cortazar
& Nobel, 1992; Nobel et al., 1992; Nobel, 1991). Predicted values of productivity in the top
Opuntia sp. producing regions lie within this range, with the exception of predicted potential
productivity of 6.4 kg m yr! in Mekele, Ethiopia. The expected biomass productivity predicted
by this approach was similar to that derived using the established EPI in locations where the EPI
model has been previously validated. Under certain environmental conditions, however, the
model results diverged significantly. These conditions involved the presence of either relatively
low PAR during the primary growing season, or rainfall patterns which were characterized by

long periods of drought interspersed by small, intermittent rainfall events.
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The discrepancy between the process based and empirical modeling approaches under low PAR
conditions may be explained by issues of scaling encountered when averaging environmental
conditions over long (monthly) timescales. Empirical modeling approaches currently estimate
CAM productivity as a function of monthly averaged environmental conditions, including solar
radiation (Nobel, 1988). Due to the strongly nonlinear response of photosynthetic rate to PAR
(see Fig. 2b) the same average monthly PAR will have a different effect on productivity
depending on how it is distributed across intra- and inter-daily timescales (which in turn will
vary depending on latitude and cloud cover patterns). Indeed, there is a known underestimation
of winter net assimilation rate observed in results from the EPI model, and it has been
hypothesized that this underestimation is due to using monthly PAR averages, rather than daily
PAR values (de Cortazar et al., 1985). Such underestimation likely extends to other situations,
seasonally and geographically, where light is a strong limiting factor on CAM productivity. This
is particularly relevant for many locations in the Eastern Hemisphere, for example in the
Mediterranean region and Northern Africa. The locations where the EPI was originally validated,
including Mexico, Chile, and the Southwestern United States, all tend to have high PAR
intensities during the main growing season (50-65 mol m™ d!), creating circumstances under

which the averaging effect may not observed.

Discrepancies between the process based and empirical modeling approaches also arose under
certain rainfall patterns characterized by small, intermittent rainfall events. While the EPI
productivity estimates under such rainfall regimes were similar to estimates under well-watered
conditions, estimates of productivity calculated using the Photo3 model under these regimes

were significantly lower than well-watered estimates (see Fig. 7c and Fig. S3). This is most
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likely due to the temporal dynamics of plant water storage and its impacts on CAM productivity.
CAM crops such as Opuntia sp. and Agave sp. have a large amount of available water storage
volume in the cladode and stem tissue (Goldstein et al., 1991; Nerd et al., 1991; Smith et al.,
1987). Given the relatively shallow rooting depth of these plants (Park et al., 1986; Snyman,
2005), this stored water is significant when compared to the stored water in the soil and may
easily be on the same order of magnitude (assuming typical values of 30 cm rooting depth, soil
porosity of 0.4, plant water storage of 4 mm per unit leaf area, and a LAI of 3 yields a 1:1 ratio
of plant to soil water storage). As a result, plant water stress is a function not only of the current
available soil moisture and drought length, but is also strongly affected by plant hydration status,
which depends on long-term soil moisture history (Hartzell et al., 2017; Huang et al., 2017;
Kennedy et al., 2019). The effect of plant water storage is particularly pronounced when
conditions of high soil moisture are unpredictable, infrequent, and brief (Holbrook, 1995). When
small, intermittent rainfall events occur, the soil moisture may increase above the drought
threshold without full recharge of plant water storage. In such a situation productivity during the
subsequent drydown would be less than the productivity during a drydown which follows a long
period of high soil moisture levels. Thus, in addition to total drought duration, the timing and
depth of rainfall events at the daily scale are important in determining plant water stress.
Inclusion of plant water storage in the modeling framework allows these effects to be taken into

account.

Recent modeling efforts have addressed a range of questions regarding global CAM potential for
agriculture and bioenergy using the EPI (Cortazar & Nobel, 1990; Owen & Griffiths, 2014; Yang

et al., 2015). While useful and of widespread adoption, it is not based in plant physiology as are
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many models of C3 and C4 crops (de Wit et al., 2018; Pachepsky & Acock, 1996; Tao et al.,
2009; Van Laar et al., 2005). Moreover, it is not clear that this method, which was developed and
calibrated under a limited set of environmental conditions, will transfer well to unfamiliar field
conditions. To date, the EPI model has been validated in a limited number of field sites in the
Americas (the Southwest US, Mexico, and Chile), while interest in CAM productivity is strong
in many disparate areas including North Africa, Europe, and Australia, which have very different
growing conditions. Models which are developed on a more mechanistic basis, like the one
presented here, are more likely to transfer successfully to novel conditions without requiring
recalibration. Similarly, while new environmental productivity indices must be developed for
each individual CAM species through labor-intensive field experiments, the grounding of this
modeling approach in basic principles may allow it to be applied to new species through the

adjustment of a small number of parameters which may be derived from laboratory experiments.

The results from this study suggest that previous predictions of global CAM potential may be a
significant underestimate in the Eastern Hemisphere, particularly under well-watered or irrigated
conditions. In Italy, Morocco, and Ethiopia, estimates of well-watered productivity calculated
using the Photo3 model and supported by field results were 30-40% higher than estimates
calculated using the EPI. Given that these regions together represent more than 300,000 ha of
current Opuntia sp. cultivation area (Inglese et al., 2017), current CAM potential could be
underestimated by hundreds of thousands of tons, a figure which would be amplified when
factoring in future planting area. Along with more accurate estimates of productivity potential,
predictions of CAM transpiration and water use efficiency may aid in deciding when and where

to plant such crops, informing irrigation strategies, and performing cost-benefit analyses for
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578 CAM species. This extended modeling approach, grounded in physical principles, offers a

579  promising method for estimating CAM potential on a plot scale and globally.
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Tables

Table 1: Plant Parameters

Parameter | O. ficus-indica | A. tequilana Units Description
Vemax 18° 19.5° pmol m?s?! | Maximum carboxylation
capacity
Jmax 36° 39° pmol m?s! | Maximum electron
transport rate
M0 230° 130° mol m™ Maximum malic acid
concentration
Apmax | 14 11.1° umol m?s! | Maximum rate of malic acid
storage flux
LAI 3.5¢ 64 m? m™ Leaf area index
Z, 0.3 0.3 m Rooting depth
frar 0.58°¢ 0.3¢ - PAR interception factor
7 0.14° 0.114 - Partitioning to roots
n 0.63¢ 0.654 - Partitioning to leaves
(photosynthetically active
cladodes)
Ty 0.12¢ 0.14 - Partitioning to stem
(lignified cladodes)
7, 0.25%¢ 0.144 - Partitioning to storage
‘ organs (fruit)
b, 66" 48! mol C m™ leaf | Initial biomass
area
Ng 0.2 0.2 - Growth respiration
coefficient
T, 278! 278t K Thermal inhibition low
. ' temperature
Ty 318 318 K Thermal inhibition high
temperature
Zy 11.3 4.15' mm Maximum depth of water
stored per unit leaf area
c 0.83 0.27™ MPa’! Intrinsic plant hydraulic

capacitance

Calculated using data from Nobel and Hartsock (1983)
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828

829
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831

832

833

834

835

®Nobel & Valenzuela (1987)

“Consoli et al. (2013)

4Nobel & Valenzuela (1987)

®Calculated in 2.3. PAR interception

"Drennan & Nobel (1998); Liguori et al. (2014)

£Acevedo et al. (1983)

PFollowing Liguori et al. (2014), assumed to be about three times the annual productivity
Following Nobel & Valenzuela (1987)

I'Weng et al. (2014)

¥Based on Goldstein, Andrade, & Nobel (1991)

'Value is 62% of the value for Agave deserti based on the size difference (Linton & Nobel, 2001;
Nobel & Jordan, 1983)

™Based on observation for Agave deserti following Nobel & Jordan (1983)
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Figures

Figure 1: The Photo3 model depicts the CAM circadian rhythm of malic acid storage and
release coupled to the soil-plant-atmosphere continuum to predict CAM carbon assimilation and

water use on an hourly timescale. After Bartlett et al. (2014).
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Figure 2: Modeled response (solid line) of net carbon assimilation, 4,, to (a) internal CO2
concentration, c;, and (b) photosynthetically active radiation, ¢, for Opuntia ficus-indica. Data
(filled circles) on response to CO2 from Osmond et al. (1979) and on response to light from
Nobel & Hartsock (1983). Simulations of net carbon assimilation (solid line) for (¢) O. ficus-
indica and (d) Agave tequilana compared with data (filled circles) from Nobel & Hartsock
(1983) and Nobel & Valenzuela, (1987), respectively. In (c¢), environmental inputs were T, = 25
C, RH =40%, ¢ = 244 W m? (light period); T, = 15 C, RH = 60%, ¢ = 0 W m™ (dark period)
while in (d), environmental inputs were T, = 30 C, RH = 33%, ¢ = 200 W m™ (light period); T,

=15 C, RH = 78%, ¢ = 0 W m? (dark period). Shaded bars represent dark hours.
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853

854  Figure 3: Calculation of photosynthetically active radiation (PAR) interception for Opuntia

855  ficus-indica. (a) Cladode area distribution with height (de Cortazar et al., 1985), where the lower
856  30% of cladode area is assumed to be lignified (dotted line). (b) Incident PAR distribution with
857  height (de Cortazar et al., 1985). (c) The absorbed PAR is the product of the relative unlignified
858 cladode area and the relative incident PAR.

859
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Figure 4: Daily (a) temperature, T,, (b) photosynthetically active radiation (PAR), and (c) vapor
pressure deficit (VPD) for La Platina, Chile, growing season 2012-13; (d) temperature, (¢) PAR,
and (f) VPD for Roccapalumba, Italy, growing season 2009; (g) temperature, (h) PAR, and (i)
VPD for Jalisco, Mexico, 2001-2002. Solid lines correspond to daily averages, dashed lines

correspond to daily maximum values, and dotted lines correspond to daily minimum values.
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Figure 5: Simulated (a) aboveground dry biomass gain per unit stem area (B) according to the
presented (Photo3) and empirical (EPI) models with field data from (de Cortazar et al., 1985), (b)
daily transpiration per unit ground area (E) according to the Photo3 model for Opuntia ficus-
indica in Til Til, Chile; (c) aboveground dry biomass gain per unit ground area (B) according to
the Photo3 and EPI models with data from (Consoli et al., 2013), (d) daily transpiration per unit

ground area (E) according to the Photo3 model for O. ficus-indica in Roccapalumba, Italy.
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Figure 6: Simulated (a) aboveground dry biomass gain per unit ground area (B) according to the
presented (Photo3) and empirical (EPI) models with data from Nobel & Valenzuela (1987) (b)
daily transpiration per unit ground area (E) according to the Photo3 model, (¢) plant water

content, and (d) soil moisture for Agave tequilana in Jalisco, Mexico.
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Figure 7: Photo3 and EPI model prediction for Opuntia ficus-indica aboveground dry mass
productivity in six regions of high Opuntia sp. productivity: Mexico City, Mexico; Til Til,
Chile; Serra Talhada, Brazil; Roccapalumba, Italy; Mekele, Ethiopia; Agadir, Morocco. (a)
percentage difference between Photo3 and EPI predictions under well-watered conditions; (b)
aboveground dry mass productivity per unit ground area under well-watered conditions; (c)

aboveground dry mass productivity per unit ground area under rainfed conditions.
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899  Figure S2. Photo3 (solid line) and EPI model (dot-dashed line) prediction for aboveground dry
900 mass productivity (B) on a leaf area basis, and Photo3 prediction for transpiration (E) on a

901  ground area basis for Opuntia ficus-indica in Mekele, Ethiopia (a, b); Agadir, Morocco (c, d);
902  Mexico City, Mexico (e, f); and Serra Talhada, Brazil (g, h) under rainfed conditions.
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905  Figure S3. Total aboveground dry mass accumulation on a leaf area basis calculated using the
906 Photo3 model (a, d, solid line) and the EPI model (b, e, dot-dashed line) under both well-watered

907 (black line) and rainfed (grey line) conditions. (c, ) soil moisture input to each model under
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well-watered and rainfed conditions. (a, b, ¢) are results in Roccapalumba, Italy, while (d, e, )

are results in Mexico City, Mexico.
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Figure S4. Net assimilation rate (NAR) based upon the EPI index calculated using 2012-2013
temperature, relative humidity, and solar radiation data from the La Platina station of the Chilean
Institute of Agricultural Research (INIA) Agromet network (dotted line) and EPI index from the

original study period (de Cortazar et al. 1985) (dashed line).
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