Modelling tropical forest responses to drought and El Niño with a stomatal optimization model based on xylem hydraulics
APPENDIX CONTENT
Supplementary Notes:
S1. Photosynthesis model description…………………………………………………………………….2
S2. Calculation of the shape parameter of the xylem vulnerability curve	3
S3. SOX cost function details	3
S4. Changes in soil hydraulic conductance	3
S5. Calculation of plant maximum hydraulic conductance	4
S6. Description of the Unified Stomatal Optimisation model	5
Supplementary Tables:
S1. Plant inputs used for the Caxiuanã National forest site…………………………………………….6
S2. Plant inputs used for the Manaus and Tapajós forest sites	6
S3. Description of the simulations conducted at the three amazon sites	6
S4. Parameters from the Unified Stomatal Optimisation model.	7
Supplementary Figures:
S1. Comparison of equations 5 and 6 to compute the normalised root to canopy hydraulic conductance....…………………………………………….…………………………………..……….8
S2. Effect of different critical values of hydraulic conductance for the computation of the normalised root to canopy hydraulic conductance 	9
S3. The three Amazon forest sites used in our study.	10
S4. Description of the β-function model used in the study………………………………………11
S5. Environmental data used to drive the model for the long-term simulations for the three Amazonian sites used in this study.………………………………………………………...……12
S6. Theoretical relationships between intracellular to atmospheric CO2 and environmental variables	13
S7. Taylor diagram using the monthly evaporation predictions for the Caxiuanã site.	14
S8. Minimum daily  values predicted by the β-function model and the minimum daily normalised root to canopy hydraulic conductance from SOX on the Caxiuanã forest simulation	15
S9. Anomalies in air temperature, vapour pressure deficit and soil water potential at each study site	16
S10. Annual canopy gross carbon assimilation predicted by SOX and by the β-function model for the three sites used in this study	17

Supplementary Notes

Notes S1. Photosynthesis model description
We model vegetation carbon assimilation (A; mol m-2 s-1) using the C3 photosynthesis model of Collatz et al. [1] as described by Clark et al. [2]. This model calculates A as the smoothed minimum of three potentially-limiting photosynthetic rates: rubisco-limited rate (Wc), light-limited rate (Wl) and transport-limited rate (We). 
The Rubisco limited photosynthesis rate (Wc) is given by:
 	
Where Vcmax is the Rubisco maximum carboxylation rate (mol m-2 s-1), ci is the leaf internal CO2 partial pressure (Pa), Oa is the oxygen partial pressure in the atmosphere (Pa), Γ is the photorespiration compensation point (Pa), and Kc and Ko are Michaelis-Menten constants for CO2 and O2, respectively. Vcmax is calculated as:
 	
Where Tc is the canopy temperature (C), assumed to be equal to Ta in our study. The parameters Tupp and Tlow define the optimal temperature range for Rubisco activity, and Vcmax25 is Vcmax at 25 °C. 
	The photorespiration compensation point, Γ is calculated as:

where τ is:

Kc and Ko are given by:

and:

The light limited photosynthesis rate (Wl) is given by:

where α is the quantum efficiency of photosynthesis (mol mol-1), ω is the leaf scattering coefficient (unitless) and Ipar the photosynthetically active radiation incident on the leaf (mol m-2 s-1). 
The transport limited photosynthesis rate (We) is given by:

The smoothed minimum of the three rates (i.e. A) is calculated by solving for the smaller root of each of the following quadratic equations:


where Wp is the smoothed minimum of Wc and Wl, β1 and β2 are the co-limitation coefficients, set to 0.83 and 0.93, respectively [2]. 
Notes S2. Calculation of the shape parameter of the vulnerability curve
We calculate the shape parameter of the vulnerability curve (a) in function of the xylem Ψ50 using the empirical relationship from Christoffersen et al. [7]. The slope of the linear portion of the xylem vulnerability function (sx, MPa-1) is related to Ψ50 as:

and a from the equation 5 in the main text can be calculated as:

Notes S3. SOX cost function details
The cost function used in SOX differs from Sperry et al. [3] approach, which calculates the costs of its optimisation routine based on the krc normalised in function of krcmax and the critical krc value (krc,crit), where the cavitation costs (θ) are assumed to be maximum:
		
In this study we assume krc,crit = 0, similarly to Sperry et al. [3] which assumes krc,crit is 0.005∙krc,max. This assumption makes the cost function used in SOX (equation 8 in the main text), equivalent to 1-θ. The main advantage of the SOX cost function is the possibility of carrying out the optimisation without the need for the A normalisation required in Sperry et al. [3], which eliminates the need of finding the instantaneous maximum A for each set of environmental conditions. Changes to the assumption that krc,crit = 0 can also be easily introduced to SOX producing a more conservative stomatal behaviour (Fig. S2). 
The differences between the structure and optimisation routine of our model and Sperry et al. [3] were made to simplify the model numerically, facilitating its integration in large-scale models. The model presented in this study is compatible with any photosynthetic model, does not make assumptions over canopy energy-balance and boundary layer calculations and, due to its simplicity, can be approximated analytically. The analytical approximation of our model will be described in future studies and will greatly facilitate the use of xylem hydraulics based stomatal optimisation schemes in large-scale modelling applications.
Notes S4. Changes in soil hydraulic conductance
Changes in soil hydraulic conductance can also be included in SOX by computing Ψr as a function of soil-to-root conductance expressed on a leaf area basis (ksr; mol m-2 leaf s-1):
 			
where Ψs is the Ψ of the bulk soil close to roots. Assuming ksr changes are dominated by soil hydraulic conductance changes we use Clapp & Hornberger [4] to model the relationship between ksr and Ψs:
 							
where ksr,max is ksr at saturated soil, b is an empirically estimated parameter related with soil physical properties, θ is the soil volumetric water content (m3 m-3) and θmax is the saturated soil θ, which can be related to Ψs as:
		
where Ψs,max is the Ψs of the saturated soil. Most DGVMs already have soil hydrological schemes that compute Ψs and soil conductivity using Clapp & Hornberger or similar equations [5,6], and equation 10 would be compatible with any of these models. For calculating the Ψs over multiple soil layers, often simulated in DGVMs, the root fraction and soil moisture in each layer can be used to compute the weighted mean Ψs on the root zone, similarly to the approach currently employed in many DGVMs for computing the soil drought factor [5,6] 
Notes S5. Calculation of plant maximum hydraulic conductance 
The krc,max is calculated on a leaf area basis from maximum petiole level hydraulic conductivity, Kpet,max (mol m-1 s-1 MPa-1), the ratio between active xylem area and leaf area (i.e. Huber value, hv; m2 m-2), canopy height (h; m), and a unitless tapering factor (χtap) to account for changes in conduit diameter within trees:
 									
	The Kpet,max is calculated from maximum branch xylem conductivity (Kx,max; mol m-1 s-1 MPa-1) following Christoffersen et al [7]:
 									
where rint,pet is the petiole conduit radius set to 10 µm and the rint,ref is the radius of conduits of the terminal branches set to 22 µm [8], to account for conduit tapering from branch to petiole. We define the hydraulic tapering factor (χtap) as 

where χtap:notap(h) and χtap:notap(1) are factors that represents the ratio of the theoretical whole tree conductance with taper (Kmax,tap) to that without taper (Kmax,notap) at height h and 1 m, respectively.  These factors are calculated following the Savage et al [9] model as described by Christoffersen et al. [8].

where a and b are constants set to 7.2 x10-13 and 1.32, to calculate Kmax,notap and 6.6 x10-13 and 1.85 for Kmax,tap [7]. The next represents the branching patterns in the Savage et al. [9] model and is set to 2. The N is the total number of branching levels, calculated as a function of h:

where Lpet is petiole length set to 0.04 m [9]. 
Notes S6. Description of the Unified Stomatal Optimisation model
The Unified Stomatal Model (USO) from Medlyn et al [10] relates stomatal conductance to water (gw, mol m-2 s-1) with A (µmol m-2 s-1) using two empirically-estimated parameters: the minimum gw, g0 (mol m-2 s-1), and g1 (kPa-0.5):
 							
where ca is in µmol mol-1 and D in kPa. The USO parameter g1 can be related to the carbon cost of water as:
			
, where Γ* is the CO2 compensation point in the absence of dark respiration (kPa). The USO parameters were computed from the modelled A and gw by all the models evaluated against the Caxiuanã data in Figure 3. 

















Supplementary Tables

Table S1. Plant inputs used for the Caxiuanã National forest site
	Symbol
	Value
	Units
	Source

	ω
	0.15
2.9 x 10-5
43
13
0.08
190
1.2 x 10-5
30
-2.3
	-
	[2]

	Vcmax25
	
	mol m-2 s-1
	[13]

	Tupp
	
	°C
	[14]

	Tlow
	
	°C
	[7]

	α
	
	mol mol-1
	[7]

	Kx,max
	
	mol m-1 s-1 MPa-1
	Measured

	hv
	
	m2 m-2
	Measured

	h
	
	m
	[15]

	Ψ50
	
	MPa
	Measured

	r
	3
	m
	[7]



Table S2. Plant inputs used for the Manaus (MAN) and Tapajós (TAP) forest sites 
	Symbol
	Value
	Units
	Source

	
	MAN
	TAP
	
	

	Vcmax25
	4.3 x 10-5
	2.9 x 10-5
	mol m-2 s-1
	[16,17]

	h
	35
	35
	m
	[18]

	Ψ50
	-2.1
	-2.3
	MPa
	[19,20]


Note: The remaining plant inputs were assumed to be equal to the control plot in Caxiuanã site (Table S1).

Table S3. Description of the simulations conducted at the three amazon sites
	Simulation
	Ps 
	Ta & D

	Sim1
	Anomalies
Anomalies
No Anomalies
No Anomalies
	Anomalies

	Sim2
	
	No Anomalies

	Sim3
	
	Anomalies

	Sim4
	
	No Anomalies


Note: “Anomalies” refers to the default meteorological input from the 1900-2016 CRU-NCEP dataset. “No Anomalies” refers to the meteorological input without climatic anomalies, represented by an average year from the 1901-2016 CRU-NCEP dataset.

Table S4. Parameters from the Unified Stomatal Optimisation model (USO) estimated using the SOX and β-models output from the simulations conducted at the control and throughfall exclusion (TFE) plots in the Caxiuanã National Forest (Fig. 3). 
	Model
	Parameter
	Control(±SE)
	TFE(±SE)

	SOX
(fixed a)
	g0
	0.09(±0.00)
	0.04(±0.00)

	
	g1
	5.74(±0.04)
	3.28(±0.01)

	SOX
(optimized a)
	g0
	0.05(±0.00)
	0.04(±0.00)

	
	g1
	4.57(±0.01)
	3.16(±0.01)

	βfun
	g0
	0.00(±0.00)
	0.00(±0.00)

	
	g1
	3.80(±0.01)
	3.85(±0.00)

	βoff
	g0
	0.00(±0.00)
	0.00(±0.00)

	
	g1
	3.86(±0.01)
	3.86(±0.01)


Note: We use the SOX output with a fixed shape parameter (a=2.1) for equation 5 and with a shape parameter optimized for each plot (a=1.1 in control and a=2.54 in TFE).





















Supplementary Figures
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Figure S1. Comparison of equations 5 and 6 to compute the normalised root to canopy hydraulic conductance (kcost). Equation 5 was solved using either the canopy water potential (Ψc, MPa) or the middle value of the root-canopy gradient (Ψc,mid, see equation 7 in the main text). The dashed line is the pre-dawn Ψc (Ψc,pd). Equation 6 was solved exactly assuming the shape parameter of the vulnerability curve (a) is 2 and the Ψ50 is -2 MPa. The correlation coefficient indicated on each panel refers to the agreement between the kcost calculated using f(Ψc,mid) and equation 6. 

[image: ]
[bookmark: _Hlk524279926]Figure S2. Effect of different critical values of hydraulic conductance (kcrit) for the computation of the normalised root to canopy hydraulic conductance (kcost). The default SOX formulation assumes kcrit = 0 (black line), the yellow and red line indicate the model predictions assuming kcrit = 0.12∙krc,max or kcrit = 0.5∙krc,max. Plant and environmental inputs used in these simulations are given in Table 1.       





[image: ]Figure S3. The three Amazon forest sites used in our study. The three sites are dominated by evergreen broadleaf terra firme tropical forest [21]. The Caxiuanã national forest site (CAX; 1°43’ S, 51°27’ W) has a mean annual precipitation of 2272 mm [15] land soils are predominantly clay-rich oxisols [21]. The Tapajós national forest site (TAP; 3°04’ S, 54°56’ W) has a mean annual precipitation of 2000 mm [22] and is located in a flat high plateau with a deep-water table and clay-rich oxisols interspersed with sandier patches [21]. The Manaus national forest site (MAN; 2°36’ S, 60°12’ W) has a mean annual precipitation of 2252 mm [23] and is located in a low plateau with clay-rich oxisols soil [21]. The panels below indicate the effect of sea surface temperature (SST) anomalies at the Niño 3 index location (5°N to 5°S and 150-90°W) on the maximum annual air temperature (Ta), vapour pressure deficit (D) and minimum annual soil water potential (Ps) at each site. The meteorological data is from the CRU-NCEP dataset, see text for details. Note the different y-axis scale on panels c, f and i. 
[image: ]
Figure S4. Description of the β-function model used in the study. This model uses the equation from Jacobs [24] to compute the leaf internal CO2 concentration (ci) used in the Collatz et al. [1] photosynthesis model described in Appendix S1. The carbon assimilation value (A) produced by the photosynthesis model is modified by the unitless drought factor β, which is computed as a function from soil moisture content (θ) and two parameters the critical (θc) and wilting (θw) points.  The θc and θw represent the θ when A first falls below its unstressed value (i.e. the A produced by the Collatz model) and when A ceases completely, respectively. The θc corresponds to the θ when Ψs = -0.03 and θw to the θ when Ψs = -1.5 MPa [25]. The β parameter is multiplied by A to produce the soil moisture regulated A, which is then be used to calculate gc and E. See Cox et al. [25] and the main text for details.


[image: ]
Figure S5. Environmental data used to drive the model for the long-term simulations for the three Amazonian sites used in this study, Caxiuanã (CAX), Tapajos (TAP) and Manaus (MAN). The lines represent the daily air temperature (Ta), vapor pressure deficit (D) and soil water potential (Ψs) at the midday from 1901 to 2016. The black lines are the unaltered meteorological data is derived from the 6-hourly CRU-NCEP dataset, while the Ψs is the monthly soil moisture product from JULES simulations. The red lines correspond to the data without anomalies (i.e. an average year) used to drive Sim 2, Sim 3 and Sim 4. 

[image: ]
Figure S6. Theoretical relationships between intracellular to atmospheric CO2 concentration ratio (ci/ca) and shortwave irradiance (IPAR), atmospheric carbon partial pressure (ca), canopy temperature (Tc), relative humidity (D), soil water potential (Ψs), and vapour pressure deficit (D). All the other environmental and plant inputs were held constant at their default values (Table 1) except the parameters of the xylem vulnerability curve. The shape of the vulnerability curve (a) was calculated in function of the Ψ50, following Christoffersen et al. [7]. The grey line is the ci predicted by the Jacobs [24] equation used in the β model (Fig. S4).
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Figure S7. Taylor diagram using the monthly evaporation predictions for the Caxiuanã site. Points closer to the solid radial line have a similar standard deviation to the observations and the distance to the observations in the x-axis is proportional to the model centred root mean squared errors [26]. The filled symbols represent the control plot and the empty are the thoughfall exclusion treatment (TFE). The off is a model without an active representation of soil moisture stress (i.e. the model described in Fig. S4 with β set to 1).  
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Figure S8. Minimum daily  values predicted by the β-function model and the normalised root to canopy hydraulic conductance (kcost) from SOX on the Caxiuanã forest simulation of the control (a) and throughfall exclusion (TFE, b) plots. The dark red line is the SOX with the shape of the vulnerability curve (a) optimised for each plot, whereas the light red line is the SOX with a single a for both plots computed from the Ψ50 following Christoffersen et al [7]. In the bottom panels we show the minimum daily canopy minus the predawn canopy water potential (ΔΨc) simulated by SOX at the control (c) and TFE (d) plot. The black points are the mean water potential values measured at the site (midday Ψc – predawn Ψc) and the bars are 2 x standard errors.    


[image: ]
Figure S9. Anomalies in air temperature (Ta) vapour pressure deficit (D) and soil water potential (Ψs) at each study site, Caxiuanã (CAX), Tapajos (TAP) and Manaus (MAN). The black bars are the mean anomalies (i.e. difference between annual mean of each year and the mean of the entire dataset), the red bars are the maximum anomalies calculated as the difference between the Ta and D and minimum Ψs of each year and the maximum Ta and D and minimum Ψs of a year without climatic anomalies (i.e. the data used to drive Sim4 showed in Fig. S5).

[image: ]
Figure S10. Annual canopy gross carbon assimilation predicted by SOX and by the β-function model (Fig. S4) using the default CRU-NCEP dataset (Sim1) and the driving data without climatic anomalies (Sim4) for the three sites used in this study, Caxiuanã (CAX), Tapajos (TAP) and Manaus (MAN). The grey bars are the interval of annual GPP values derived from eddy flux measurements taken from Malhi et al [21].
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