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Abstract
Eddy covariance (EC) measurements were conducted over a field of A. tequilana in Mexico. Measurements were conducted over 252 days (October 2013 – June 2014) and captured the transition from wet to dry seasons. Results were cross-validated against diel changes in titratable acidity, leaf-unfurling rates, and energy exchange fluxes. EC-measured net ecosystem exchange (FN, EC) showed a CAM rhythm that alternated from net CO2 source during the photoperiod to net CO2 sink at night. Canopy level fluxes (FA,EC) displayed a characteristic four-phase CO2 exchange pattern including a Phase II signature. A projected carbon balance indicated that the site as a net sink of -333 ± 24 g C m-2 yr-1 (p = 0.95) of which contributions from soil respiration were +692 ± 7 g C m-2 yr-1 and FA,EC were -1025 ± 25 g C m-2 yr-1 (equiv. 20.1 Mg (dry biomass) ha-1 yr-1). Integrated daily FA, EC was -232 ± 7 mmol m-2 day-1 under wet conditions and increased to -252 ± 9 mmol m-2 day-1 over 70 days of drought (Ψs ≤ -500 kPa) conditions. These results highlight the different carbon acquisition strategies of CAM succulents compared to arid grasses and the data provide a basis for the re-evaluation productivity scaled via suggest the need to revise Nobel Environmental Productivity Index methodology.


Introduction
The world’s dryland systems constitute 41% of the terrestrial land surface and are predicted to expand under climate change (Millennium Ecosystem Assessment 2005). This process of desertification may also result in feedbacks on global climate through hydrological and albedo effects (Scheffer et al. 2005; Bonan 2008). Energy demand forecasts meanwhile predict that bioenergy crops will play an increasingly important role in the future energy supply mix (EIA 2013; IEA 2013). Secondary roles for bioenergy crops may include carbon sequestration, soil stabilisation, and the provision of fodder for livestock (Guevara et al. 2009; Schwilch et al. 2014). Land dedicated to the production of bioenergy, however, is controversial (Tilman et al. 2009). Concerns persist that the promotion of bioenergy crops may conflict with biodiversity conservation, ecosystem services, and food production through competition for land and financial investment (Elbehri et al. 2013). Such conflicts are predicted to intensify due to the progressive negative impacts of climate change and the increasing demands of a growing global population (Tilman et al. 2009; Godfray et al. 2010; van Renssen 2011; Creutzig et al. 2012; Howells et al. 2013; Wheeler and von Braun 2013; Slade et al. 2014). 
Since the quantity and quality of displaced land is a major determinant of the environmental performance of dedicated bioenergy crops, restricting bioenergy cultivation to low-grade or marginal lands could address resource conflicts (Immerzeel et al. 2014). If utilised carefully, bioenergy crops have the potential to offer an environmental benefit, representing an adaptive measure against desertification (Elbehri et al. 2013). Moving productivity to ‘low-grade’ lands, however, requires improvements in plant water-use efficiency (WUE) that are beyond the physiological capacity of most C3 and C4 metabolism bioenergy candidates (Somerville et al. 2010; Slade et al. 2014). Interest has instead turned to highly water-use efficient crassulacean acid metabolism (CAM) candidates from the genera Agave and Opuntia. These plants can achieve above ground dry-mass productivity in the region of 43 Mg ha-1, which is comparable to the most productive C3 and C4 crops with as little as 20% of the water demand (Nobel 1991; Borland et al. 2009). Integrated over a 24 hour period, typical WUE (defined as the ratio of mmol CO2 fixed to mol H2O lost) values for C3 plants are 0.5-1.5, 1.0-2.0 for C4 plants and 4.0-10 for plants displaying CAM (Nobel 1991). 
CAM represents a remarkable example of convergent evolution, having evolved independently on numerous branches of the land plant phylogeny (Silvera et al. 2010). The selective pressures associated with CAM include water limitation, CO2-diffusion limitation in the tissues of succulent life-forms, and historically lower levels of atmospheric CO2 (Ting 1985; Smith and Winter 1996). CAM is characterised by the temporal segregation of stomatal gas exchange and incorporation of CO2 into photosynthetic metabolism between the dark period and the light period of each diel cycle. The CAM cycle is classically resolved into a sequence of four phases (PI-IV) (Osmond 1978). During the dark period (Phase I), CO2 diffuses through open stomata and is fixed initially by phosphoenolpyruvate carboxylase (PEPC) to form 4C malic acid. This is stored as malate in the vacuole prior to decarboxylation during the photoperiod, when stomata are closed. The internally-released CO2 can then be refixed by RuBisCO for primary carbon metabolism (Phase III). A transient period of overlapping PEPC and RuBisCO activity is detected in some species (Phase II), as is a period of late daytime stomatal opening and direct fixation of atmospheric CO2 by RuBisCO (Phase IV). Nocturnal stomatal opening permits CAM plants to perform gas exchange when there is lower leaf-to-atmosphere vapour pressure deficit (VPD), minimising transpirational water loss. Many CAM plants exhibit leaf- or stem-succulence (Agave spp. and Opuntia spp. being included in the latter group), such that a reservoir of water can be retained for physiological and metabolic functions between infrequent precipitation events, which can be used to recharge water storage tissues (Smith and Lüttge 1985; Smith et al. 1987; Smith and Winter 1996). Rapid growth of shallow rain-roots following precipitation events and rectifier-like root hydraulic conductivity represent additional contributions to the environmental tolerance of dryland CAM plants such as Agaves (North and Nobel 1991).
Despite the theoretical benefits of exploiting CAM, as highlighted in numerous peer-reviewed papers (Nobel, 1991; Borland et al., 2009; Davis et al., 2011ba; Holtum et al., 2011; Escamilla-Treviño, 2011; Butterbach-bahl & Kiese, 2013) and productivity models (Owen and Griffiths 2013a; Owen and Griffiths 2013b; Lewis et al. 2014), the CAM pathway remains relatively understudied. Current productivity estimates for bioenergy candidates of the genera Agave and Opuntia are restricted to ‘bottom-up’ approaches that scale leaf-level gas exchange and titratable acidity (TA) with leaf area index (LAI) or maximum productivity (Pmax). To our knowledge, CO2, H2O and energy fluxes have not been measured in situ at an ecosystem scale for these CAM plants. This study aimed to address these significant gaps in the literature. Here we present the first ‘top-down’ estimate of CAM productivity based on eddy covariance (EC) measurements of agronomic scale gas and energy exchange fluxes over a field of Agave tequilana Weber var. azul. EC measures the covariance of molar mixing ratio (in this study, H2O and CO2) and the vertical wind speed vector and is considered the most defensible way of estimating biosphere-atmosphere gas and energy exchanges (Baldocchi 2003; Aubinet et al. 2012) for a defined canopy footprint. Exchanges at the soil (FR) AND ecosystem (FN) level were measured allowing canopy level exchanges (FA) to be quantified. Plant ecophysiological responses to environmental conditions were measured and an annual carbon balance calculated. The un-processed data presented in this study are now available at the centralised online EC data repository, FLUXNET (Fluxnet 2014).
In general A. tequilana displayed a remarkable capacity to buffer against environmental conditions experienced over the duration of the experiment. The nocturnal amplitude of CAM gas exchange slightly increased after 70 days of drought (Ψs ≤ -500 kPa), which was well beyond the buffering capacity of laboratory leaf-level studies that show nocturnal acidity falling to 7% after 40 days of drought (Nobel and Valenzuela 1987). A statistical analysis of the EC data also failed to establish an empirical relationship between environmental conditions and carbon uptake, suggesting that conditions remained within the acclimation and/or water-buffering capacity of the plants. These results additionally suggest that the extent to which A. tequilana buffers against environmental conditions are not capture in current Nobel EPI models. More EC studies, conducted over a range of environmental conditions that induce a range of stress responses (for light, temperature and water supply) are needed to develop more accurate productivity models that are sensitive to future climate change impacts. Meanwhile, the data presented in this paper reveal that details of CAM gas exchange such as distinct Phases I- IV are readily distinguishable under field conditions for Agave, and allow us to predict the relative rates of carbon sequestration (net uptake and soil/plant respiratory release) on a seasonal basis. These agronomic gas exchange fluxes may also be used to scale system dynamics models that link CAM biochemistry and physiology to leaf level gas exchange patterns (Owen and Griffiths 2013a).


[bookmark: _Ref282094083]Methodology
Site
The experiment was conducted at a 17.3 hectare (ha) plantation of Agave tequilana 5.1km NNE of Amatitán, Jalisco state, Mexico (20.88, -103.75 DD). The site was managed by CASA HERRADURA and contained 54,045 plants (av. density = 3,122 plants ha-1) in their fourth growing season. Plants aged 3-4 years are in a rapid growth phase, which is favourable for detecting gas exchange signatures using EC methodology. The site was at an altitude of 1,201 m, and was of sufficient size to include the EC gas exchange footprint under most wind conditions.
Titratable acidity
Five 10mm diameter tissue samples (approx. thickness = 3 mm) were taken through the leaf such that both abaxial and adaxial sides were present in each sample. Samples were diluted in an aqueous solution to 10X v/v and heated to 80oC for one hour to express the cell sap from the tissue. The resulting cell sap solution was titrated against 20 mM (dusk samples) or 50 mM NaOH (dawn samples). Malic acid concentration was estimated from the stoichiometric relationship of 1malic acid2- : 2H+ : 1CO2. Time series measurements were taken over a 24-hour period to determine when maximum and minimum TA occurred (see Figure 1.1. c). Measurements were taken at the time of maximum ΔTA at five locations along the leaf axis (a-e) and at five leaf levels from basal to apical (n=6, see  a, b). This allowed the location of maximum ΔTA (ΔTAmax) to be determined. To minimise sampling error, TA measurements were taken at the location of ΔTAmax (L3, d-e) over the duration of the experiment (n = 3). These measurements were then scaled to estimate average ΔTA according to the spatial distribution of ΔTA and average leaf area at each level (L1 – L5). Figure 1.1 b shows that ΔTAmax was 422 mmol m-2 (Leaf area, Lf.A) at position L3 d-e and the average change in TA over the entire plant (ΔTAav) was 290 mmol m-2 (Lf.A). This necessitated the introduction of a reduction factor, fta, of 0.69 (290/422).
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[bookmark: _Ref281764173]Figure 1.1 Dawn-dusk ΔTA by leaf level (basal to apical, 1 – 5) and along-leaf location (a-e).
CAM expression generally increased along the leaf axis (location a-e), and was highest in level 3 leaves. Diel TA taken at position of maximum ΔTA (L3 d-e) reached a maximum of 580 mmol m-2 (Lf.A) at 0800 hours and a minimum of 150 mmol m-2 (Lf.A) at 1900 hours. 



Leaf area index (LAI) 
Five representative plants were selected and the leaf surface area was measured at levels L1-L5 (for both abadaxial and adaxial sides, n = 4) and multiplied by the number of leaves at each level. The average leaf area was 7.21 m2 plant-1. Data provided by CASA HERRADURA allowed LAI to be calculated as (7.21 m2 (Lf.A) x 54,045 plants) / 173,134 m2 (Lnd.A) = 2.25 m2 (Lf.A) m-2 (Lnd.A).

Scaling ΔTA to estimate CO2 uptake 
Canopy level CO2 uptake was calculated from the product of ΔTAmax, fta, LAI, and a stoichiometric factor, fs, of 0.5 CO2 to 1 H+ according to Equation 1.1.

[bookmark: _Ref281942113]Equation 1.1
	FA, ΔTA = ΔTAmax . fta . fs . LAI 



Eddy covariance tower arrangement
Net ecosystem exchange fluxes (FN) of CO2 and H2O were measured using eddy covariance (EC) methodology (Moncrieff et al. 1997a). The arrangement of the EC equipment is illustrated in Figure 1.2 (a-h). The covariance of the molar mixing ratio of H2O and CO2 gases and the vertical wind speed vector were measured with an open path LI-COR LI 7500A infra-red gas analyser (a) and Young model 81000 3D ultrasonic anemometer (b) connected to a Campbell Scientific CR1000 data-logger (h). Photosynthetically active radiation (PAR) was measured using a Skye Instruments SKP215 quantum sensor and a Kipp & Zonen NR-Lite net radiometer recorded the energy balance between incoming radiation and outgoing surface-reflected radiation (c). Temperature and relative humidity were measured using a Campbell Scientific HMP45C probe (d). Soil heat flux was measured at three locations using Campbell Scientific HFP01 heat flux plates placed 80 mm below the surface (f) and the temperature above the heat flux plates was measured at 60 mm and 40 mm below the surface using Campbell Scientific CS107 temperature probes (e). Soil water content (θ) was taken as the average of measurements at two locations using Campbell Scientific CS616 water content reflectometers (g). Soil respiration was measured directly using a LI-COR 6400A portable photosynthesis system (i).
The canopy height was 1.5 m and the instrument heights were set to 3.0 m. Based on the footprint model presented in Schuepp et al., (1990) this gave an approximate flux footprint radius of 200 m under near-neutral conditions, with 50% of fluxes derived from within a 54m radius of the tower as shown in Figure 1.2. The sonic anemometer and gas analyser were separated as follows: northward = 0 cm, eastward = 20 cm, vertical = 0 cm.
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[bookmark: _Ref281764364]Figure 1.2 Eddy covariance tower arrangement
Ecosystem level gas and energy exchanges were measured at a height of 3.0 m which gave a maximum fetch of approximately 200m under near-neutral conditions, of which 50% of contributions were within a 54m radius. Contributions from soil and root respiration (FR) and canopy assimilation (FA) to net ecosystem exchange fluxes (FN) are shown.



EC derived canopy level fluxes (FA, EC) were calculated from EC measured ecosystem exchange fluxes (FN, EC) and soil surface respiration (FR) measured with a portable photosynthesis system according to Equation 1.2. Glyphosphate herbicide was regularly applied to control weeds such that almost no other vegetation was present in the field. This meant that above ground autotrophic respiration ≈ 0 μmol m-2 s-1 and that soil and root respiration measured at the surface ≈ FR. This allowed FA, EC to be estimated by subtracting respiration at the soil surface from FN, EC.
[bookmark: _Ref281942630]Equation 1.2
	FN, EC = FA, EC + FR



Data processing 
Data was taken at 10 Hz and processed using EddyPro 4.2.1 software (2012) with a flux averaging interval of 30 minutes. Webb-Pearman-Leuning (WPL) corrections were made to compensate for the effects of fluctuations of temperature and water-vapour on the measured exchange densities of CO2 and H2O gases (Webb et al. 1980). Anemometer tilt was corrected for using the double co-ordinate rotation method since the site was relatively homogenous and flat. Spectral corrections in the low frequency range were performed according to Moncrieff et al., (2004) and in high frequency range according to (Moncrieff et al., (1997a).
The 2D surface area contribution to measured gas exchange was calculated according to the Kormann-Meixner method (Kormann and Meixner 2001) using the Agroscope Reckenholz-Tänikon (ART) footprint tool 1.0 (Reckenholz-Tänikon 2007). Gas flux contributions were computed for areas outside the field and for 12 - 30o subdivisions within the field (see Figure 1.3). 
As a fraction of the total period of data collection, 22.7% of data was lost due to power failures and 25.7% was rejected on the basis of the application of quality filters. The filters applied and fraction of data excluded were: field area flux contribution to measured FN < 70% (~0%), CO2 spikes > +/- 10 μmol m-2 s-1 (0.5%), CO2 concentration spikes > 2 standard deviations from mean (3.3%), CO2 flux low quality data flags (6.2%), friction velocity filter of u* < 0.1 ms-1 (15.7%). In total, missing and filtered data amounted to 48.4% (including overlaps). This is within the normal range for EC measurements. A study that considered 19 sites found that an average of 35% of data were lost (Falge et al. 2001) and commonly 20 – 60% of data  are filtered (Papale et al. 2006).
Data were gap-filled using the REddyProc (Max Planck Institute 2014) online tool which uses an algorithm based on procedures described by Falge et al., (2001) and Reichstein et al., (2005). This algorithm creates a look-up table and replaces values according to the average output under similar meteorological conditions. A detailed overview and flow diagram of the REddyProc algorithm is given at https://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb and has also been provided in S1.
Energy balance 
The site energy balance, shown in Figure 1.8, was calculated by plotting the net radiation (Rn) against the sum of sensible heat flux (H), latent heat flux (L), soil heat flux (Gs), and the heat storage (S) within the system. The storage component was determined from the sum of soil heat storage above the flux plates (Ss) and the energy stored due to photosynthesis (Sp) according to Equation 1.3 (Davis et al. 2010):
[bookmark: _Ref281944641]Equation 1.3
	S = Ss + Sp



Where Ss 

and 

where, ΔT = change in temperature (variable), ΔZ = depth (80mm), θ = soil water content (measured, variable), ρw = density of water (1,000 kg m-3) , cw = specific heat capacity of water (4,181 J kg-1 K-1), ρs = density of soil (1,280 kg m-3), cs = specific heat capacity of soil (827 J kg-1 K-1), Δt = time interval (1,800s).
Sp was calculated using the conversion factor of 1 μmol CO2 m-2 s-1 : 0.50 W m-2 as for C3 plants (Hollinger and Richardson 2005; Davis et al. 2010), noting that net CO2 assimilation in CAM represents a relatively small additional cost (approx. 10%) compared to the C3 pathway (Winter and Smith 1996). 

Soil respiration
For EC measurements over C3 and C4 vegetation, FA, EC contributions to nocturnal fluxes are assumed ≈ 0 μmol m-2 s-1 such that FR is considered equal to NEE at night (FN = FR). Respiration fluxes are then typically calculated as a function of temperature and extrapolated to daytime conditions in order to partition FN into CO2 uptake by photosynthesis and CO2 release from ecosystem respiration. This methodology is not suitable over a CAM monoculture as primary FA occurs at night, and also because temperature range during PIII when FA ≈ 0 (which typically occur from midday to mid-afternoon) was not sufficient to enable the incorporation of nocturnal respiration fluxes when temperatures were lower. Soil respiration was instead measured directly using a LI-COR 6400A portable photosynthesis system. Measurements were taken over six diel cycles at θ = 0.08, 0.15, 0.25, 0.34, 0.36, and 0.42 v/v and a night-day temperature range of 12/28oC (see Figure 1.5). Over the duration of the experiment θ ranged between 0.29 and 0.43 v/v and inter-seasonal temperature variation was small (approx. 10/25 oC in winter, 15/30 oC in summer). As temperature range remained relatively constant over the duration of the experiment, surface measured respiration fluxes were incorporated as a function of θ to estimate FA, EC (Equation 1.2).

Soil water potential (Ψs)
Soil samples were taken at 10 locations within the field and texture class was assayed using the hydrometer method. The hydrometer method assumes equivalence between the change of density of a soil and water suspension and particle settling time according to Stokes’ Law. Soil was dried at 110oC for 20 hours and a 100g sample was suspended in 1L of 50 g L-1 sodium hexametaphosphate solution to disperse cation-bound clay and silt aggregates. Hydrometer readings were taken at 40 seconds and 2 hours to estimate sand (%S) and silt (%L) fractions respectively. The clay fraction (%C) was estimated according to Equation 1.4.
[bookmark: _Ref281944221]Equation 1.4
	%C =  1 -%S - %L.



Soil water potential (Ψs) was estimated as a function of %S and %C and average fraction of measured θ using Equation 1.5 (Saxton et al. 1986).
[bookmark: _Ref281944516]Equation 1.5
	Ψs = A. θB
Transpose: 
A = 100.exp[a + b(%C) + c(%S)2 + d(%S)2(%C)]
B = e + f(%C)2 + g(%S)2 + g(%S)2(%C)
a = -4.396, b = -0.0715, c = -4.88 x 10-4, d = -4.285 x 10-5, e = -3.140, f = -2.22 x 10-3, g = -3.484 x 10-5



Parameters used for A, B, a, b, c, d, e, f, and g were taken from Saxton et al., (1986).
The meteorological gas exchange convention is used throughout this paper, where sinks are taken as negative (-ve) and sources are positive (+ve). This is opposite to the convention used in leaf-level physiology studies. 24-hour time is also used where t = 0 hours is midnight and t = 12 hours is midday. Unless otherwise specified, measurements are given as mean ± confidence interval at p = 0.95.

Results
Field site
The EC tower was located in a field of A. tequilana 5.1 km NNE of Amatitán, Jalisco State, Mexico (20.88, -103.75 DD) at an elevation of 1,201 m. The field dimensions and position of the EC tower are illustrated in Figure 1.3. Plants were spaced 1.5 m apart in 3.0 m wide rows to allow machinery access. The relatively low planting density of 3,122 plants ha-1 meant that LAI was similarly low, 2.25 m2 (Lf.A) m-2 (Lnd.A). As indicated in Figure 1.3, the surrounding fields were mostly planted with A. tequilana of varying ages, meaning that contributions to EC measured gas exchange from outside the field area should also display a CAM gas exchange signature. An analysis of the flux footprint, also given in Figure 1.3, shows that averaged over the 252-day duration of the experiment 82.6% of fluxes measured at the tower were derived from within the field, and that these fluxes were reasonably evenly distributed over the field area.
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[bookmark: _Ref281764461]Figure 1.3 Location of the experiment site, eddy covariance tower, and percent footprint contribution from 30o wind sectors to measured EC gas exchange. 
The field was 17.3 ha and primarily surrounded by fields of A. tequilana of varying age. In total, 82.6% of measured gas exchange fluxes were derived from within the field. 



Environmental conditions
The climate of Amatitán, Mexico, is characterised as ‘warm-temperate’ and experiences a wet season during the summer and a dry winter period. Mean annual precipitation is 984mm, which is mostly concentrated in the wet season months from June to October (Climate-Data.Org 2014). Environmental conditions recorded over the 252-day duration of the experiment (Oct 2013 – June 2014) are shown in Figure 1.4 (a-d). Although the peak wet season months are not represented in our data, approximately 170 days of ‘wet’ conditions were measured (soil water potential, Ψs > -500 kPa). In total 215 mm of precipitation was recorded. Two large unseasonal rainfall events occurred at the end of November and the end of December that maintained high Ψs in the root zone (150 mm below the surface) into the dry season Figure 1.4 (a). Previous studies have shown that species from the genus Agave experience drought stress (defined as conditions when plant water potential (Ψp) > Ψs), on average, when Ψs falls below -500 kPa (Nobel 1988) (hereafter drought is defined as Ψs < -500 kPa). Soil water potential was calculated as a function of measured soil water content (θ) and soil texture class according to hydraulic equations presented by Saxton et al., (1986). Soil texture was assayed at the site and was found to have high clay content: 48% clay, 40% silt, 12% sand (n=10). The equations in Saxton and Rawls (1984) (Equation 1.4 and Equation 1.5) describe how cohesion between water molecules and adhesion of water to the soil matrix of high clay content soils are a large determinant of Ψs. The greater matric potential component of high clay content soils means that Ψs > -500 kPa occurs at higher θ compared to low clay content soils. Therefore, more rain is required on high clay content soils for plant water uptake to occur. According to Equation 1.5, drought occurred at θ = 0.28 v/v for soils present at the site. Figure 1.4 (a) shows that it took approximately 60 days without precipitation for Ψs to fall below the -500 kPa drought threshold, which first occurred on day 160 (March). Large rainfall events from day 230 - 250 (June 2014) were sufficient to recharge Ψs to nearly saturated conditions of Ψs ≈ 0 kPa. Therefore, we were able to measure 70 days of ‘drought-stressed’ conditions. 
Day length (defined as PAR ≥ 20 μmol m-2 s-1) was relatively constant, ranging from 12.5 hours in the summer to 10.5 hours in the winter. During clear days, Figure 1.4 (b) shows that maximum PAR in summer was 2,100 μmol m-2 s-1 (50.5 mol m-2 day-1) and maximum PAR in winter reached 1,600 μmol m-2 s-1 (37.5 mol m-2 day-1). Night/day air temperature range was 17/27oC in summer and 9/30oC in winter (Figure 1.4 (c)). Vapour pressure deficit (VPD), Figure 1.4 (d), was approximately 15 hPa during the wet season and rose to 35 hPa during the dry season. Leaf unfurling rates were significantly higher in the peak of the wet season (5.3 leaves plant-1 m-1 in October 2013, n = 30), falling to approximately 2.8 leaves plant-1 m-1 in December 2013 (day 60) and remaining at approximately that rate until June 2014 (day 240).
Canopy assimilation (FA)
Canopy level CO2 uptake (FA) was estimated from both ‘bottom-up’ diel changes in titratable acidity (FA, ΔTA) and ‘top-down’ EC measured net ecosystem exchange rates (FN, EC). First the ΔTA approach will be introduced, which will then be used to cross-validate EC integrated gas exchange measurements. Then, a closer examination of FA, EC will be given with particular reference to the characteristic Phases of CAM gas exchange. Measurements are given as mean ± confidence interval at p = 0.95 unless otherwise specified. 

ΔTA data (bottom-up estimate of the rate of canopy assimilation FA, ΔTA)
Change in diel titratable acidity (ΔTA ) is a well-established proxy for estimating CO2 uptake in succulent CAM plants. This approach is based on the classical stoichiometric relationship for acidity accumulation at night in CAM tissues of 1 malic acid2- : 2H+ : 1 CO2. Figure 1.1 (a, b) shows that that ΔTA generally increased from the base to the tip of the leaf (position a-e) and was greatest in leaves belonging to an intermediate age-class at 45o to the horizontal (level L3). TA measurements taken over a 24-hour period (Figure 1.1 (c)) indicated that acidity levels followed a sinusoidal pattern and reached a maximum of 580 mmol m-2 (Leaf area, Lf.A) at 0800 hrs (approx. 2 hours after sunrise) and were at a minimum of 150 mmol m-2 (Lf.A) at 1900 hrs. Taking leaf area into account, average plant ΔTA was 290 mmol m-2 (Lf.A) (n = 6) on the night that the time series data was taken. Having determined the leaf location and time of maximum ΔTA, FA, ΔTA was estimated according to Equation 1.1.
TA-based estimates of diel CO2 uptake are shown in Figure 1.4 (f). Uptake was at a maximum under wet conditions (day 0 to 160) at 274 ± 13 mmol m-2 (Land area, Lnd.A) d-1 and fell to184 ± 14 mmol m-2 (Lnd.A) d-1 as conditions dried out (day 160 to 230). The large variance in ΔTA data suggests that extreme caution should be taken when scaling ΔTA estimate CO2 uptake on a per unit land area basis. Factors that affect leaf TA measurements include PAR level, leaf orientation, measurement position along leaf, and leaf location. To minimise sampling error, measurements were taken at the position of ΔTAmax (L3 pos. d,e) which was then scaled to estimate average ΔTA according to data presented in Figure 1.1 (a-c).
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[bookmark: _Ref281764643]Figure 1.4 Environmental conditions recorded over the duration of the experiment together with leaf unfurling rate (n =30) and integrated daily CO2 uptake estimated from ΔTA and EC measurements (with mean ± confidence interval at p = 0.95).
Soil water potential (a) was high from day 0 – 160 and day 230 – 252 and decreased to below the drought threshold (Ψs < -500 kPa, measured 150 mm below the surface) from day 160 – 230 (blue bars represent rainfall events). Photosynthetically active radiation (PAR) fluctuated between 2,100 μmol m-2 s-1 (50.5 mol m-2 day-1) in summer PAR and 1,600 μmol m-2 s-1 (37.5 mol m-2 day-1) in winter (b). Temperature range was 17/27oC in summer and 9/30oC in winter and vapour pressure deficit (VPD) increased from approx. 15 hPa during the wet season and rose to 35 hPa during the dry season (c, d). Leaf unfurling rates declined from 5.3 to 2.6 leaves month-1 from wet- to dry-seasons (e), and ΔTA and EC approaches to measure integrated daily CO2 uptake (f, g) showed strong agreement (blue-dashed lines show the mean data for both superimposed). 



EC top-down estimate of canopy assimilation, FA, EC 
In this section FR measurements will be introduced first followed by FN, EC. Then, eddy covariance estimates of FA (FA, EC) derived from FN, EC and FR will be presented. Finally, diel FA, EC patterns will be discussed in the context of the 4 phases of CAM gas exchange. 
The six 24-hour time series datasets for FR, shown in Figure 1.5, were taken by experimentally varying soil water content (θ, v/v) under a day/night temperature of 12/28oC (which was approximately average for the duration of the experiment). Soil respiration was highest at θ = 0.34 v/v with a night/day range of +1.8/+3.0 μmol m-2 s-1. FR decreased at both higher and lower θ. At θ = 0.42 v/v night / day FR range was +1.3 / +2.6 μmol m-2 s-1 and at θ = 0.25 night/day FR range was +0.4 / +2.4 μmol m-2 s-1. Over the duration of the experiment θ ranged between 0.29 and 0.43 v/v, indicating that nocturnal FR range was approximately +1.0 – +2.0 μmol m-2 s-1 and photoperiod FR range was approximately +2.0 - +3.0 μmol m-2 s-1. FA, EC was calculated by creating a lookup table of results presented in Figure 1.5, and subtracting FR from FN according to predominant θ conditions.
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[bookmark: _Ref281764549]Figure 1.5 Soil respiration as a function of soil water content
Soil respiration flux (FR) at varying soil water content (θ) and night/day temperature range of 12/28oC.



Canopy level CO2 exchange fluxes in Figure 1.6 and Figure 1.7 show that a characteristic CAM signature was detected with primary uptake (-ve) occurring at night and very low rates of gas exchange during the photoperiod. Figure 1.6 shows the mean daily components of CO2 exchange (FA, EC, FR, FN, EC), expressed on a monthly basis throughout the period of measurements. Respiration fluxes were 1.2 – 2.9 μmol m-2 s-1, FN, EC range was -5.4 - +3.6 μmol m-2 s-1 and calculated FA, EC range was -6.8 - + 1.5 μmol m-2 s-1. Average monthly diel canopy level exchange fluxes in Figure 1.6 are given as mean ± one standard deviation (SD). During PI maximum FA, EC was -4.5 ± 1.2 μmol m-2 s-1 under Ψs > -500 kPa, and increased to -6.6 ± 1.4 μmol m-2 s-1 under Ψs < -500 kPa. As conditions dried out, the peak of PI uptake increased, and occurred earlier in the dark period, then declining throughout the night. 
Figure 1.6 and Figure 1.7 also show that from day 60 - 210 a spike of CO2 uptake (ranging from  -4.2 to -6.8 μmol m-2 s-1) occurred after dawn and continued for 1-2 hours. This signature is consistent with a classical Phase II (PII) gas exchange pattern (Osmond 1978) and became more pronounced as conditions dried out (although the PII signature could have been obscured in the wet period due to rainfall interference filters and gap-filling procedures, described below). 
	[image: ]
[bookmark: _Ref284340527]Figure 1.6 Monthly average monthly CO2 fluxes expressed on a daily basis for of net ecosystem exchange (FN, EC), soil respiration (FR) and canopy assimilation (FA, EC ± SD). 
The net rate of CO2 ecosystem exchange indicates that the site alternated from CO2 source during the photoperiod of approx. +2.3 μmol m-2 s-1 to sink at night of approx. -3.1 μmol m-2 s-1 (day 0 – 120) to -4.2 μmol m-2 s-1 (day 120 - 240). Respiration was +2.0 – +3.0 μmol m-2 s-1 during the photoperiod and +1.0 – +2.0 μmol m-2 s-1 at night. Canopy assimilation displayed a typical CAM pattern characterised by the primary nocturnal CO2 uptake (PI) and low photoperiod exchange rates (PIII). During periods of low precipitation (day 90 – 210) there is strong evidence of transitional Phase II and IV signatures. Average monthly PAR intensity is included to show the timing of CAM phases. For clarity standard deviation (SD) is only shown for FA.



Phase III (PIII) commenced at maximum daily PAR (approx. 1200 hrs local time) and continued for 2 - 4 hours. Average monthly maximum FA, EC rates, representing leakage of CO2 during PIII, stayed fairly constant at +0.3 ± 0.9 μmol m-2 s-1. A short period of uptake was also detected late in the photoperiod which may be a Phase IV (PIV) signature, though the relatively low exchange rates (0.5 - 1.0 mol m-2 s-1) and significant SD mean that the magnitude of PIV is subject to significant error.  
Figure 1.4 (g) shows that integrated daily EC CO2 uptake was -232 ± 7 mmol m-2 day-1 under well-watered conditions (Ψs > -500 kPa, day 0 - 160). After 70 days of drought (Ψs < -500 kPa, day 160 - 230) EC-based estimates increased to -253 ± 9 mmol m-2 day-1 and over the duration of the experiment mean FA, EC was (-234 ± 5 mmol m-2 day-1). A comparison with ΔTA derived carbon uptake is given below.

30 minute-averaged data
Figure 1.7 (a-c) shows FA, EC processed at a temporal resolution of 30 mins, integrated daily CO2 uptake, and water use efficiency (FN CO2/FN H2O) on a per unit land area basis. The heatplot shows a characteristic four-phase CAM gas exchange signature, with primary uptake occurring at night (PI), a spike of uptake in the early photoperiod (PII), very low exchange rates in the mid-photoperiod 11 – 16 (PIII) and the relatively low uptake rates in the late photoperiod (PIV). Integrated diel CO2 uptake was -232 ± 7 mmol m-2 day-1 during periods of high water availability (Ψs > -500 kPa, day 0 - 160) and increased to -253 ± 9 mmol m-2 day-1 during 70 days of drought (Ψs < -500 kPa, day 160 - 230). Water use efficiency (WUE) at the field scale Figure 1.7 (c) increased from approx. 5.0 to 10.0 μmol CO2 mmol H2O-1 from wet to dry periods respectively. Over the duration of the experiment mean WUE was 10.0 ± 14.1 μmol CO2 mmol H2O-1.
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[bookmark: _Ref281767443]Figure 1.7 CO2 flux at a temporal resolution of 30 minutes, integrated canopy level uptake, and water use efficiency (WUE) on a per unit land area basis.
The heatplot (a) shows that the duration PI varied with day length (see also Fig. 1.6), a spike in CO2 uptake in the early photoperiod (PII) and low CO2 exchanges in the middle to late photoperiod (PIII - PIV). Integrated CO2 uptake (b) increased as conditions dried out (day160 – 230) and (c) WUE was 10.0 ± 14.1 μmol CO2 mmol H2O-1 over the duration of the experiment.






Discussion
This work represents the second EC study over a CAM monoculture, and the first to consistently detect a 4-phase CAM gas exchange pattern on an inter-seasonal basis. One previous EC study showed evidence of primary nocturnal over a plantation of pineapple (San-Jose et al. 2007), though only 24-hour datasets were presented and these would have benefitted from more rigorous quality checks and cross-validation (e.g. cospectral analyses, energy balances, ΔTA, biomass accumulation, or other proxy). This is particularly important over a CAM monoculture since a number of additional challenges must be addressed when measuring nocturnal fluxes using EC methodology. 

Data validation
Estimating FA, EC from FN over a CAM monoculture is complicated by difficulties associated with partitioning flux contributions from FR. For C3 and C4 dominated ecosystems, FR can be estimated from night-time data when gas exchange fluxes are considered to derive from soil and root respiration only. These contributions are usually correlated to temperature, extrapolated to daytime conditions and subtracted from FN, EC to determine canopy level FA, EC. The characteristic nocturnal primary carbon uptake pattern of CAM succulents, however, necessitated the direct measurement of FR. As this is not standard methodology for partitioning EC fluxes, some effort was spent cross-validating EC measurements against scaled ΔTA measurements, leaf-unfurling rates and reported biomass yields. A site energy budget and co-spectral analyses were also performed to verify the quality of EC measured data. 
Conservation of energy requires that the energy budget at the land-atmosphere boundary be closed i.e. that the available energy (sum of net radiation, soil heat flux and energy storage terms) should equal the sum of the turbulent fluxes of latent and sensible heat (Foken 2008). Large discrepancies in the energy balance closure can point towards systematic bias in measurements of turbulent energy exchange and, by extension, CO2 fluxes (Twine et al. 2000). Figure 1.8 (a) shows that excellent energy balance closure was achieved between net radiation (Rn) and the sum of sensible heat flux (H), latent heat flux (L), soil flux (Gs), and soil heat storage and photosynthesis (S). Relative to RN these components accounted for 59%, 27%, 4% and 2% respectively, leaving 8% unaccounted for. A closure of 92% indicates that key energy transfers were measured accurately. As turbulent fluxes of H and L are calculated from measured vertically rotated wind speed and the same theoretical assumptions are applied when calculating all scalar fluxes, good closure suggests that gas exchange fluxes were successfully resolved by the EC system (Foken 2008). 
The co-spectral analysis in Figure 1.8 (b) provides an additional quality check of the EC data. The shape of the co-spectra for CO2 (w’CO2‘) and H2O (w’H2O‘) compared well with the Kaimal model and temperature co-spectra (w’T‘) up to a frequency of 2 Hz. At frequencies higher than 2 Hz, w’CO2‘ and w’H2O‘ decreased more rapidly than the theoretical Kaimal model (gradient = -4/3), which indicates a loss of mass transfer in the high frequency range. The relatively low tower height (3m) was probably a contributory factor to losses in this frequency range (Burba 2005). Figure 1.8 (b), however, demonstrates that these losses were fairly small, and were later corrected for using EddyPro software and procedures described in Moncrieff et al., (1997a) (see methodology). 
The ‘bottom-up’ scaling of ΔTA with LAI to estimate daily CO2 uptake (discussed above) showed good agreement with ‘top-down’ integrated FA, EC (see Figure 1.4 (f, g)). Under well-watered conditions (Ψs > -500 kPa, day 0 - 160) EC and ΔTA integrated daily CO2 uptake estimates were -232 ± 7 and -274 ± 13 mmol m-2 day-1 respectively. The lower EC estimate during the wet period could have been due to to interference from frequent heavy rainfall events which were filtered and gap-filled. This is a well-documented issue that can cause EC to underestimate fluxes (Aubinet et al. 2012). After 70 days of drought (Ψs < -500 kPa, day 160 - 230) EC-based estimates increased to -253 ± 9 mmol m-2 day-1 while ΔTA estimates decreased to -184 ± 14 mmol m-2 d-1. The discrepancy between dry season datasets was due to ΔTA measurements not capturing PII-PIV CO2 uptake (reprocessed EC data, with PII-PIV exchanges filtered out, displayed extremely strong agreement with integrated daily ΔTA-based estimates). Over the duration of the experiment both methodologies showed very close agreement with the mean FA, EC   (-234 ± 5 mmol m-2 day-1), which fell within the 95% confidence interval mean of FA, TA (-247 ± 15 mmol m-2 day-1).
Leaf unfurling rates shown in Figure 1.4 (e) were also well correlated with daily-integrated FA, ΔTA and FA, EC. The higher rates of leaf unfurling during the first two months of the experiment may indicate that carbohydrates were preferentially exported for growth under very well watered conditions and partitioned for storage as water availability became limited (Griffiths et al. 2007).
The strong agreement between EC and ΔTA approaches, correlation with leaf unfurling rates, excellent energy budget closure, and co-spectral patterns that were close to the theoretical optimum verified the quality of the EC data. Later, we additionally show EC-based productivity estimates compare very will with measured dry biomass accumulation reported in other studies. 
	 [image: ]
[bookmark: _Ref284598406][bookmark: _Ref284762670]Figure 1.8 Site energy budget and cospectral analysis.
The site energy budget (a) shows net radiation (Rn) plotted against the sum of sensible heat flux (H), latent heat flux (L), soil heat flux (Gs), and heat storage within the system (S) demonstrates that very good closure was achieved (92%). The black line represents 100% energy closure. b) A co-spectral analysis of temperature (w’T’), CO2 (w’CO2’) and H2O (w’H2O’) and the theoretical Kaimal modelled cospectra showing relative energy and mass-transfer losses. These losses were corrected for using EddyPro software and procedures described in Moncrieff et. al. (1997).

	



Comparison of EC measured CO2 exchanges with other studies
EC measurements detected a characteristic four-phase CAM gas exchange signature, with primary uptake occurring at night (PI), a spike of uptake in the early photoperiod (PII), very low exchange rates in the mid-photoperiod (PIII) and higher uptake rates towards the end of the photoperiod (PIV). This pattern is described by the nocturnal opening of stomata and PEPC-mediated fixation of atmospheric CO2 (Phase I, PI), followed by the RuBisCO mediated re-fixation of CO2 derived from decarboxylated malic acid during the photoperiod behind closed stomata. The detection of PII had not been expected for two reasons. Firstly, PII is rarely detected in leaf-level measurements for A. tequilana (Nobel and Valenzuela 1987). Secondly, a spike in early-photoperiod CO2 release (+ve) is often observed in EC measurements. This is a well-recognised artefact of EC studies, and is a result of the accumulation of respiratory CO2 under stable conditions at night that mixes as conditions become more turbulent due to thermal effects in the early photoperiod. The fact that the opposite was observed (the spike represented uptake, -ve) is consistent with a PII gas exchange signature. We suggest that the cuvettes used to measure gas exchange may alter the micro-environment to a sufficient extent as to elicit artefactual stomatal responses and reduce or eliminate the appearance of PII in leaf level studies. 
Although the pattern of EC-measured gas exchanges compare well to leaf level studies, the magnitude of CO2 exchange fluxes do not. The rescaling of EC canopy exchanges with measured LAI (LAI = 2.25 m-2) from unit land area to unit leaf area reduced the maximum rate of nocturnal CO2 uptake to approx. -2.0 μmol m-2 s-1 during the wet period (Ψs > -500 kPa, day 0 – 160) and to approx. -2.9 μmol m-2 s-1 as conditions dried out (Ψs < -500 kPa, day 160 - 230). These rates are approximately one order of magnitude lower than those presented in other leaf-level studies. For example, Pimienta-Barrios et al. (2001) conducted a field experiment (also located near Amatitán, Mexico) on A. tequilana which showed that maximum nocturnal CO2 uptake range was approx. -10 μmol m-2 s-1 in Sept. 1998 to approx. -25 μmol m-2 s-1 in March 1999 (Garcia-Moya et al. 2011). The same March 1999 data was also presented in Nobel et. al. (2002), though curiously higher, at approx.. -35μmol m-2 s-1 (Nobel et al. 2002). Another study by Nobel (1987) presents measurements under well-watered conditions that are more compatible with the data presented in this paper, at a maximum nocturnal CO2 uptake rate of approx. -9.5 μmol m-2 s-1. Integrated daily CO2 uptake reported in these studies do not compare much better.  In Nobel, (1987) and Nobel et al., (2002) reported integrated daily carbon uptake (under optimal conditions) was -350 and -298 mmol m-2 day-1 respectively. In Pimienta-Barrios et al., (2001) the annual average daily carbon uptake was even higher at -455mmol m-2 day-1. In contrast daily CO2 uptake presented in Figure 1.4, averaged over the duration of the experiment and rescaled to unit leaf area, was approx. FA, EC = -104 mmol m-2 day-1 and FA, TA = -119 mmol m-2 day-1. 
Comparatively lower EC derived fluxes may be explained by the differential onset of CAM phases due to the differential exposure of leaves to PAR in the field. Leaf exposure to PAR is a function of leaf orientation, angle of incident solar radiation and crown structure. Staggering the CAM-phases would have the theoretical effect of broadening and flattening the aggregated CAM signal. EC data presented in Figure 1.6, however, shows that good CAM phase resolution was detected, even when exchange patterns were averaged over a one-month period (which would theoretically further increase aggregating effects). Furthermore, ΔTA-based estimates in this study compare very well to EC-based estimates but poorly to other leaf level studies. Aggregation effects are therefore insufficient to explain such large differences between EC and leaf level carbon uptake patterns reported in other studies. A more likely explanation is that is that other studies report exchanges measured on a particular part of the leaf rather than averaged over an entire plant. In contrast, EC measurements rescaled with LAI represent average plant CO2 exchange. As carbon exchanges vary considerably as a function of leaf location and along-leaf position (see Figure 1.1), leaf-measurement location may contribute significant error. These spatial differences in leaf CO2 exchange were addressed in the present study through the introduction of a scaling factor, fΔTA, derived from ΔTA measurements taken over the entire plant (see methodology).
One last option is to compare estimated annual biomass yield from EC, ΔTA, and leaf-level studies, and compare these estimates to direct measurements of biomass accumulation. Such calculations require the following assumptions: 1) data in other studies is representative of the entire plant, 2) leaf area = 7.21 m2 plant-1 (as in this study), 3) average planting density of 3,122 plants ha-1 (as in this study) and 4) a plant dry-mass carbon content of 50.9% wt., which is the average of 47 different plant-biomass resources (Vassilev et al. 2010). Industry estimates usually report piña (stem) fresh weight and are therefore not considered. Dry biomass yield estimates, based on peer-reviewed data, are given in Table 1.1.

[bookmark: _Ref284599211]Table 1.1 Dry biomass yield from EC and ΔTA measurements (this study) and data reported in other studies.
	
	Study
	CO2 uptake, leaf area
mmol m-2 (Lf.A) d-1
	C uptake, land area
g C m-2 (Lnd.A) yr-1
	Biomass yield
Mg (dry biomass) ha-1 yr-1
	Notes

	This study, EC-derived
	-104
	-1,025
	-20.1
	See text, field conditions

	This study, ΔTA-derived
	-119
	-1,173
	-23.1
	See text, field conditions

	Nobel et. al. (1987)
	NA
	NA
	-22.4
	Weighed biomass accumulation (3 year old plants), field conditions (Tequila, Mexico)

	Garcia-Moya et. al. (2011)
	NA
	NA
	-25.0
	References Nobel et al. (1987)

	Nobel et. al. (1987)
	-350
	-3,451
	-67.8
	Optimal conditions per unit total leaf SA, laboratory conditions

	Nobel (1991)
	-700
	-6,902
	-115.6
	Optimal conditions, references Nobel et al (1987) Assumed stoichiometric error, disregarded

	Nobel et. al. (2002)
	-298
	-2,938
	-57.7
	Optimal conditions, laboratory conditions

	Pimienta-Barrios et. al. (2001) 
	-455
	-4,486
	-88.1
	Average from two sites (áá Arandas), field conditions






Table 1.1 shows that annual dry biomass yield derived from EC- and ΔTA- data presented in this study (-20.1 and -23.1 Mg ha-1 yr-1) compares very well with direct measurements of biomass accumulation in the field (-22.4 Mg ha-1 yr-1) presented Nobel & Valenzuela, (1987). Although the present study was conducted 27 years after Nobel & Valenzuela, (1987) the field sites were located only 9.2 km apart and were exposed to similar environmental conditions, thereby adding confidence to this comparison. Estimated productivity from integrated daily uptake reported in Nobel & Valenzuela, (1987) and Nobel et al., (2002) represent yields that could be possible under optimal conditions and therefore make for a poor comparison. We assume that a 2H+ : 1CO2 stoichiometric error was made in Nobel, (1991) which reports values exactly twice as high as those which it references in Nobel & Valenzuela, (1987). Estimated productivity based on values reported in the Pimienta-Barrios et al., (2001) study exceed theoretical maximum productivity estimates by nearly double and are not consistent with other studies. 

EC data analysis and practical application
Having validated the EC data against ΔTA measurements, leaf unfurling rates, energy exchanges, cospectral patterns, and reported biomass measurements in the field, we now consider the three key aims of this study: 1) to statistically determine the most suitable environmental predictors of carbon uptake; 2) to validate the Nobel environmental productivity index (EPI) methodology; and 3) to estimate the carbon balance of a field of A. tequilana and compare the carbon acquisition strategies of CAM to semi-arid C4 grasses. 

Environmental predictors of carbon uptake
A statistical analysis of ecophysiological responses to environmental conditions was conducted with the aim to validate models based on the Nobel environmental productivity index (EPI) (Owen and Griffiths 2013b; Lewis et al. 2014) or to develop new approaches based on empirical measurements made at the field scale. A multiple linear regression analysis, however, did not show any significant relationship between integrated diel carbon uptake and PAR, Ψs, Tmin, Tmax, VPD, relative humidity (R2 values ranged between 0.06 and 0.26). This suggests that light, temperature and water conditions remained within the range of plant acclimation capacity or the capacity of A. tequilana to buffer against environmental conditions. This is not surprising as Figure 1.4 and Figure 1.7 show that EC- and ΔTA- measured CO2 exchanges persisted almost unchanged after 70 days of drought. This far exceeds ecophysiological responses reported in Nobel and Valenzuela (1987)(Nobel and Valenzuela 1987) who showed that under laboratory conditions ΔTA decreased by 90% in plants that had been exposed to drought conditions for 30 days under otherwise optimal conditions for PAR and temperature. 
From day 86 to 92 the site experienced 46 mm of persistent light rain, an abrupt fall in night/day temperature range (11/15oC), and a reduction in PAR to 500 μmol m-2 s-1 (16.1 mol m-2 day-1) This exceptionally cold and wet weather (water availability remained high, Ψs > -300kPa) was associated with a reduction in nocturnal carbon assimilation. EC data shows a temporary loss of CAM gas exchange pattern and sharp reduction in integrated diel uptake to approx. 130 mmol m-2 day-1. This reduction is consistent with published ecophysiological response data for A. tequilana that shows that carbon uptake response to PAR saturates at 29 mol m-2 day-1 and an optimal temperature range of 15/30oC (Nobel and Valenzuela 1987; Pimienta-Barrios et al. 2001). However, a review of the EC measurements during this period revealed that 71% of data was filtered and gapfilled due to rainfall interference. We are therefore apprehensive to make any assertions about plant responses to PAR and temperature during this period. 

Implications for the Nobel EPI
The failure of the regression analysis to identify environmental predictors of carbon uptake presents major problems for the Nobel EPI methodology. According to Nobel, the EPI is estimated as the product of indices that describe ecophysiological responses to PAR, temperature, and water availability. EPI is calculated at a temporal resolution of one month and averaged over one year. A resolution of one month is meant to accommodate plant buffering capacity(Nobel 1988), meaning that, in months where average Ψs < -0.5 MPa, EPI = 0. According to data presented here, however, after 70 days of drought (Ψs < -0.5 MPa), FΔTA remained high and FEC actually increased in the dry-season months of March - May. Although we have reservations about the data presented in Pimienta-Barrios et. al. (2001), this field study (also conducted near Amatitán, Jalisco) also showed that carbon uptake was highest in March after four months without rain. 
The failure to establish a statistical relationship between any environmental conditions and carbon uptake therefore offers the following insight: the Nobel EPI does not sufficiently accommodate the capacity of A. tequilana to buffer against environmental conditions. A more critical interpretation of this statistical analysis would be that any three environmental inputs would yield approximately the same EPI score (for the environmental conditions in this study at least). Although recent EPI based models have incorporated additional factors for drought-buffering capacity (REF), our data suggests that a thorough review of water relations in the field is needed.
The second major issue with EPI models is the choice of value for maximum dry mass productivity (Pmax) which is used to scale for actual productivity. Values given in CAM literature vary from 25 to 50 Mg ha-1 yr-1 though are rarely accompanied with planting density information (Gracia de Cortazar and Nobel 1990; Nobel 1991; Borland et al. 2009; Yan et al. 2011). The EC and ΔTA data presented in this study suggests a maximum dry mass productivity of 25 – 28 Mg ha-1 yr-1 may be correct for plantations dedicated to the production of tequila (3000 – 3500 plants ha-1). Tequila plantations are typically arranged in rows 3m apart to allow machinery access, and consequently it has been suggested that much higher planting densities may be optimal for other purposes (e.g. food, fodder, fibre, carbon sequestration, bioenergy production). For example, a recent trial in Australia (Holtum et al. 2011) used a density of 4,000 plants ha-1 which would scale to a Pmax = 31 – 35 Mg ha-1 yr-1. To obtain a LAI of 3.5, which is approximately the optimum for C3 and C4 crops (Anten et al. 1995), planting density would need to increase approx. 5000 plants ha-1, equivalent to a scaled value for Pmax of 42 - 47 Mg ha-1 yr-1 (noting that the assumption of linear scaling breaks down as planting density increases beyond a certain point). Although these figures are consistent with maximum productivity estimates reported in CAM literature, the relationship between planting density and Pmax needs to be resolved to improve confidence in EPI productivity estimates. 
There is, however, good news for the EPI. Current EPI-based models most likely underestimate ecophysiological responses to water availability and are therefore conservative. As such the EC results presented here are particularly encouraging for scientists interested in exploiting the CAM pathway to improve food and energy security in a changing climate. Additionally, any contention surrounding the choice of Pmax may be addressed by simply rescaling EPI with a more appropriate value. 

EC estimated carbon balance
The carbon balance is a measurement of the net source (+) or sink (-) capacity of a particular crop or ecosystem. From this the relative carbon cost or benefit of displacing other land use patterns can be estimated. This is a particularly important to make, since previous land use is a major determinant of the environmental performance of dedicated bioenergy crops (Immerzeel et al. 2014).
The annual carbon budget of a field of A. tequilana was projected from the 252 days of EC data presented in Figure 1.6 and Figure 1.7. The reaming 113 days of data that were not measured coincided with the wet season months from June to October. As a significant amount of unseasonal rainfall was recorded in late December, which maintained Ψs > -500 kPa until March (day 160, see Figure 1.9), we considered that the 252 days of measured data was representative of a normal average year. 
Net ecosystem exchange carbon fluxes in Figure 1.9 show that the site operated as a sink, with carbon uptake ranging from -0.5 g C m-2 d-1 in the wet season to -1.3 g C m-2 d-1 in the dry season. Projecting this data out to one year, showed that the site was a carbon sink of -333 ± 24 g C m-2 yr-1 (mean ± confidence interval at p = 0.95) for which contributions from root and soil respiration fluxes were +692 ± 7 g C m-2 yr-1 and canopy level carbon uptake was -1025 ± 25 g C m-2 yr-1 (equating to the previously estimated dry-mass productivity of approx. 20.1 Mg ha-1 yr-1). The possible underestimate of fluxes during the wet season (due to rainfall interference) and the tendency for the underestimation of nocturnal fluxes (due to u* effects) mean this estimate is likely to be conservative. 
These results also highlight the different carbon acquisition strategies of CAM succulents compared to arid and semi-arid grasses. Tight stomatal regulation and abundant water storage parenchyma allowed nocturnal carbon uptake to persist without reduction for at least 70 days after the onset of drought (max. PI FN = -5.1 μmol m-2 s-1). In contrast, arid and semi-arid grass- and brush-land EC studies have shown very high rates of CO2 uptake (FN = -22.6 μmol m-2 s-1) over a short wet season and a dry season dominated by FR (Emmerich 2003; Hastings et al. 2005). Although a direct carbon balance comparison cannot be made without similar environmental conditions (especially water availability), these ecosystems were shown to represent a sink of -35 to -135 g C m-2 yr-1 (Emmerich 2003; Hastings et al. 2005).

	[image: ]
[bookmark: _Ref281767784]Figure 1.9
Cumulative carbon exchange fluxes show that the site operated as a net carbon sink of approx. -333 ± 24 g C m-2 yr-1. The highest rate of carbon uptake was measured during the dry season (-1.3 g C m-2 d-1) and the lowest during the wet season (-0.5 g C m-2 d-1).



Concluding remarks
Here we presented the first ecosystem-scale gas and energy exchange flux study over a field of the CAM bioenergy candidate, A. tequilana. Plants displayed a remarkable capacity to buffer against inter-seasonal changes in Ψs, which even exceeded that of previous leaf-level studies. We suggest this can be explained by a combination of acclimation effects (in the field) and stomatal responses induced by the micro-environment of leaf cuvettes used in previous studies. These results highlight the need to further refine or reconsider the validity of Nobel EPI methodology. A four-phase CAM gas-exchange pattern was detected at the field scale and the annual carbon balance was estimated to be  -333 ± 24 g C m-2 yr-1. Canopy level carbon balance was -1025 ± 25 g C m-2 yr-1 which equates to approx. 20.1 Mg (dry biomass) ha-1 yr-1. 
From the data presented here, at least, we conclude that the bioenergy candidate A. tequilana could offer a carbon benefit over other arid- and semi-arid crops. However, we stress that more EC studies conducted over contrasting environmental conditions that induce a range of stress responses are needed to better understand plant ecophysiological responses at the field scale. This data may then be used to develop an empirical productivity model that uses environmental conditions as inputs. Threats to biodiversity and food security also need to be evaluated on a case-by-case basis.
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