Supplement S1: Technical Description of Plant Hydraulics Module as
embedded in TFS

1. Darcy’s law treatment of water flux within the continuum

The soil-root-stem-leaf-atmosphere continuum in this model is approximated as a one-
dimensional system (see Fig S1.1 below). With the exception of the stem porous medium type,
which can take on a variable number of compartments (ng...,), the leaf, transporting root, and
absorbing root porous medium types are all represented by a single water storage compartment.
With reference to Fig. S1.1, according to Darcy’s law, the total flux Q; (kg s) in between
compartments i and i + 1, where i indexes water storage compartments from the canopy (i = 0)
to the last rhizosphere element (i = nggem + Nsneny + 2), and flow is positive moving towards the
canopy (in the direction of decreasing i), is given by

Qi = —Kl'Ahl' (Sl)

where K; is the total conductance (kg MPa s) at the boundary of compartments i and i + 1 and
Ah; is the total water potential difference between the compartments:

Ah; = pyg(zi — Ziy1) + Wi — Piyq) (S2)

where z; is compartment distance above (+) or below (-) the soil surface (m), p,, is the density of
water (= 10° kg m=), g is acceleration due to gravity (=9.8 m s2) and y; is xylem or soil matric
water potential (MPa). K; is treated here as the product of a maximum boundary conductance
between compartments i and i + 1 (K;,,4y,;), and the fractional loss of conductance of one of the
adjacent compartments (FMC; or FMC;, ), according to:

Kmax,iFMCHl Ahi <0 ]
( Kmax,iFMC; Ah; =0 L # Ngtem t 2]

i = nstem + 2
k Kmax,aroot,radialFMCi Kmax,arooternode,lFMCHl }

where Ah; < 0 and Ah;_; < 0 indicate flow towards and away from the canopy, respectively.
This rule is based on the assumption that the conductivity upstream of water flow limits the
conductance at the boundary between compartments.

Each K4, ; at compartment boundaries in this model scales from maximum conductivity
(kmax.i; kg MPat m sy at compartment nodes by accounting for the geometry of the flow path
either in plant xylem or rhizosphere soil, as discussed in the next section. The exception for the
boundary conductance in between the absorbing root and innermost rhizosphere compartments
(ati = ngem + 2) IS because separate maximum conductances are specified internal to the
absorbing root (K, ax aroot radiar) @nd from the innermost rhizosphere compartment to the
absorbing root surface (Kimax,arootornoqe,) (€€ Fig S1.1 and Eqns S19, S24 below).



Figure S1.1: Structure of hydrodynamic portion of plant hydraulics model. Dashed lines
indicate compartment boundaries and dots indicate compartment nodes. Plant hydraulics

variables are defined either at compartment nodes, boundaries, or cumulatively across a range of
compartment nodes. Symbols are defined in this Supplement S1.
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2. Scaling conductivity to conductance throughout the continuum

2.1 Trees

2.1.1 Trees aboveground

There is a near-universal tendency for the radius of xylem conduits to taper with height within a
tree (see Section 2.1.4 in main text). Considered in the opposite direction, conduits widen from
branch tips to stem base. According to the Hagen-Poiseuille equation, the theoretical maximum
total conductance (kg MPa! s) of a xylem conduit is inversely proportional to conduit length
and directly proportional to conduit radius as

Q _ pymr*
Kmax,theo = H = guL (548.)

where Q is the total flux rate (kg s™), Ay is the water potential difference at tube ends (MPa),  is
the conduit radius (m), u is the dynamic viscosity (MPa s), and L is the tube length (m).
Normalizing for conduit length and cross-sectional area (4; m?), Eqn S4a in terms of maximum
conductivity (kg m* MPa* s?) is

QL  p,r?
kmax,theo = m = V8VM (S4b)

Because conduit radius increases from tree top to tree base, k;,4x theo also increases. Assuming
that actual maximum xylem-specific hydraulic conductivity (ks ;max,x) Varies in proportion to
theoretical conductivity (ks maxx & Kmax theo < 72), it therefore follows that a positive benefit
(increase) on total integrated plant conductance results from the widening of xylem conduits
from tree top to base.

Savage et al. (2010) considered this effect by modeling theoretical trees in which terminal branch
(petiole) properties (branch and conduit radii and lengths) were invariant across trees of different
sizes, but which increased towards tree base according to rules assuming fractal, self-similar
branching and space-filling geometry in an external (tree branches) and internal (xylem conduits)
branching network. Such rules allowed them use the Hagen-Poiseuille equation to sum hydraulic
resistivities occurring in series and conductivities in parallel in order to predict whole-tree
aboveground conductance with and without accounting for conduit taper. Because we used the
Savage et al. (2010) result to account for the effects of xylem taper on whole plant conductance
in our model, and because their results are referenced to the invariant terminal petiole properties,
we needed to first standardize kg 4, Which is measured on non-terminal branches, to a
corresponding value in the petiole. By assuming that ks maxx X Kimax,cheo < 7%, We estimated
the ratio of k;;qx » in petioles (K max petiote) 10 that at a reference point (ks mqx rer) @S

2
pwrint,petiole 2
ks,max,petiole _ 8,11 _ (rint,petiole> (85)
= 5 =
ks,max,ref pwrint,ref/ rint,ref
8u



which, when rearranged, gives Step 1 of our 3-step process for accounting for xylem taper (see
Section 2.1.4 of main text):

2
rint,petiole
ks,max,petiole = ks,max,ref( (86)

Tint,re f

Where 7intrer AN K max res are the reference mean conduit radius and reference kg pqx x
characteristic of branches where was measured and 7, petiore 1S the radius of conduits in
petioles. Tine periote 1S given by the corresponding value used in the Savage et al. (2010) model
(10 um), and 7yp¢ ¢ is given by one half the mean value hydraulically-weighted conduit
diameter (d;, = 22 um) as measured for all tropical angiosperm trees within the XFT database.

ASSUMING kg maxx = Ksmaxpetiote EVErywhere, we can estimate whole-tree aboveground
conductance in the absence of xylem taper (Step 2; see Section 2.1.4 of main text) as

_ ks,max,petioleAl _ ks,max,petioleAs
Kmax,tree,notaper,ag - AzA: A - Ah
- 4s

(S7)

where Az (m) is the height difference from canopy top to the depth of the transporting root just
below the ground surface, 4;: A is the leaf to sapwood area ratio (m? cm) and 4, (m?) is the
total tree leaf area, respectively.

Finally, to estimate whole-tree aboveground conductance accounting for xylem taper
(Kimax,tree,ag). We must multiply Ky, o tree notaper.ag PY @ Nondimensional factor representing
the ratio of theoretical whole-tree aboveground conductance with taper to that without
(Xtapmotap,ag) (Step 3 of Section 2.1.4 of main text):

Kmax,tree,ag = Kmax,tree,notaper,ag)(tap:notap,ag (88)

WhNEre Xtap:notap,ag 1 derived from the Savage et al. (2010) model below. This model has an
external branching network that is space-filling and an internal xylem conduit network that
maximizes hydraulic conductance while protecting against embolism. A key component of this
model is the incorporation of tapering of xylem conduits from one branching level to the next,
expressed as the ratio of daughter branch (k) to parent branch (k+1) xylem conduit radii
(Tintse/Tine k1 = Nexe P/%). The number of daughter branches per parent branch (n.,.) takes a
constant value of 2 in this model, and 7;,,¢ . /Tine x+1 1S €SS than one (xylem taper) when the
xylem taper exponent p is greater than zero. In particular, the degree of xylem taper is optimal
(in terms of maximizing whole-tree hydraulic conductance while protecting against embolism)
when p = 1/3, which, unless otherwise indicated, is the value used in all of the simulations in
this paper. Observations suggest that p is bounded on [1/6, 1/3] (Savage et al. 2010). A taper
exponent of 1/3 amounts to ¥;4p:notap 1N the range of 23-50 for trees of heights 10-30 m; thus the
benefit of xylem taper for increasing total plant conductance itself increases with tree height.



With reference to compartment indexing shown in Fig. S1.1, ¥¢ap.motap,0—i 1S defined as the ratio
of integrated conductance with taper (p > 0 in the Savage et al. (2010) model) over some tree
height interval from petiole (i = 0) to the ith plant compartment (K, qx p>0,0-:) t0 that without

(Kmax,pzo,o—n'a or SynonymOUSIy' Kmax,notaper,o—n'):

_ Kmax,p>0,0—>i
Xtap:notap,0-i =

(S9)

Kmax,p=0,0—>i

Because trees in the Savage et al. (2010) model are self-similar, the sub-tree represented by the
height interval spanning 0 — i (H,_,;) is equivalent to a single entire tree of height H = H,_,;,
thus allowing the total conductance over this height interval to be equated to the Savage et al.
(2010) model prediction of total integrated aboveground (subscript ag) conductance

Kmax ptreeag (UNits kg s Pat in their model):

Kmax,p,0—>i = Kmax,p,tree,ag (HO—n') (510)

where the subscript p indexes a particular taper exponent value. Fig. 2a of Savage et al. (2010)
0iVes Kaxp tree,ag @S @ function of the ratio of petiole to basal tree branch outer radii

(rext,petiole and rext,base! respectively) as.

b
p
_ Text,base (Sll)
Kmax,tree,ag,p = ap

rext,petiole

where a,, and b,, are normalizing constants which we obtained from their Fig 2a (a,, = 7.20E-13,
6.58E-13, 6.67E-13 kg s Pa* and b, =1.32,1.63, 1.85 for p = 0, 1/6, and 1/3, respectively).
The radii ratio is also expressed in terms of n,,, the number of daughter branches per parent
branch (= 2 in their model), and N, the total number of branching levels, as

T,
ext,base — n1evx/t2 (512)

rext,petiole

N relates to tree height (H; m) in their model via

H 1/3
3In(1 — 1-n
N — ( Lpetiole( ext)) _ 1 (813)

Inng,

where Lyetiore is petiole length (= 0.04 m in their model). Combining equations S9-S13 allows
us to estimate ¥;qp.notap,0-i @S @ function of the height difference between any two
compartments (Hy._,;).

So far we have derived how to obtain whole tree maximum hydraulic conductance with and
without taper. To obtain the component maximum hydraulic conductances between any two



adjacent compartments i and i+1 (K, ;), we must difference the integrated hydraulic
resistances adjacent to a boundary of interest as

-1
1 1 : (S14)
- 0 <1< 7Ngem
Kmax,notaper,O—»Hl Xtap:notap,0—>i+1 Kmax,notaper,0—>i Xtap:notap,O—»i

Kmax,notaper,O—»Hl ) Xtap:notap,0—>i+1 i=0
Kmax,i [

Kinaxnotaper,0—i+1 1S €stimated using Eqn S7. Applying Eqn S14 over 0 < i < 7, allows the
effects of taper to be extended slightly belowground to include the maximum conductance at the
boundary between the bottom-most stem compartment (i = ng;.,,) and the transporting root
compartment (i = ngeem + 1).

2.1.2 Trees belowground

Note: In this section, minimum resistance refers to the inverse of maximum conductance. We
defined a quantity, R¢qc stem, @S the fraction of total tree minimum resistance ( represented by
total aboveground resistance (Rpin,tree,ag)- Ve used a study which quantified total aboveground
and belowground resistance in tropical trees (Fisher et al., 2006) under near-saturated (wet
season) conditions to specify Re,q¢ stem = 0.625 and then estimated the total tree minimum
resistance and belowground minimum resistance accordingly. In terms of equations,

-1
Nstem

Kmax,tree,ag = z K ) = Kmax,notaper,oﬁnstem+1 * Xtap:notap,0-nsrem+1 (S15)
=g maxi
1
= Rmin,tree,ag = Rfrac,stemRmin,tree,tot (816)
Kmax,tree,ag
Rearranging S16 gives
Kmax,tree,tot = Rfrac,stemeax,tree,ag (817)
The total belowground maximum tree conductance is therefore
-1
1 1
Kmax,tree,bg = K - (S18)

max,tree,tot Kmax,tree,ag

Finally, we equally partitioned the total belowground minimum tree resistance among the
transporting root-absorbing root (K, qx.n,,,,+1) @nd absorbing root node-to-root surface

(Kmax,arootradiar) Pathways, which represent, respectively, axial (in xylem) and radial
(combined apoplastic and symplastic pathways of root water uptake) resistances.

Kmax,nstem+1 = Kmax,aroot,radial = 2% Kmax,tree,bg (S19)



See Fig S1.1 for the diagrammatic representation of these two components.

2.2 Rhizosphere

As in Gardner (1960) and the Sperry et al. (1998) model (hereafter S98), we represented
absorbing roots as vertically oriented line sinks assumed to be well-mixed (regardless of the
individual tree to which they belong) over a defined total soil volume, which allows the mean
distance between roots, and thus the characteristic radius of an individual root’s rhizosphere
(Tout,ngney,)» 10 b€ constant across individual absorbing roots and be represented as a function of

total community root length (Laroot,comm = i1 laroot,i; M) @

-0.5
N _ (2™ aroot,comm (520)
out,ngpeil AplOtZSOil

Where 1, (M) denotes the outer radius of each concentric rhizosphere compartment cylinder (a
“shell”), ngpey is a specified number of rhizosphere shells, A, is the plot area (m?) and Z,,;; is
soil depth (m). Rhizosphere shells are concentrated near the absorbing root where water
potential gradients are largest, following

k

rOut,nshe”)”shell (821)

Tout,k = Taroot (
Taroot

Where k indexes a soil compartment [1, ng,.;;] according to Fig S1.1 and 7, 1S absorbing root
radius. The radius at the node (midpoint) of a rhizosphere shell is

0.5(Taroot + rout,k) k=1

Tnodek = {O.S(rout,k—l +Toutk) 1<k <nNgpen 522

The maximum boundary conductances between adjacent rhizosphere shells (boundary values
indexed by k for shells k and k+1) is given by

T[laroot,comm

lrl(""node,k+1 /Tnode,k)

Kmax,k = kmax,soil 1<k< Nshel — 1 (823)

where ky,qx 501 IS the saturated soil hydraulic conductivity (kg m™ s* MPa?). At the outermost
rhizosphere shell 7,,¢ ., ,,» DY Model construction there is a zero net flux and hence a zero
boundary condition, which is Why K4 »_, ., rfemains undefined. The conductance in between
the innermost rhizosphere shell node and the absorbing root surface (see Fig S1.1) is

7Tlaroot,j

B ln(rnode,l /raroot)

(S24)

Kmax,aroot@rnode_l

The rhizosphere shell boundary conductances (K4 x) are then mapped to each tree’s (indexed
by j) one-dimensional plant hydraulics array (indexed by i) as



laroot,j (8258.)

Kmax,aroote»rnoderl,j = Kmax,arootHrnodell I
aroot,comm

laroot,j

1<k< Nshell (SZSb)

Kmax,i=(nstemsa+k)j = Kinaxe.j l
aroot,comm

The total maximum conductance in between the absorbing root node and innermost rhizosphere
shell (K, ), is not explicitly defined because of how K; is specified here (see Egn
S3).

ax,i=Ngstem+2,J

As of yet there are no tropics-specific pedotransfer functions for estimating saturated soil
hydraulic conductivity, kpax soir (kg m™s* MPa™). We used instead the temperate soil
pedotransfer function of Cosby et al. (1984):

0.0254 - 10°

Ko soil = —0.60+0.0126(%sand)—0.0064(%clay) (526)
’ 9.8 x 3600

3. Constitutive equations

3.1 Water potential as a function of water content

This relationship describes the relative ease with which water can be extracted from a porous
medium as a function of the quantity of water in that medium. Below we describe this
relationship for plant tissue and soil porous medium types. For plants this relationship is
commonly described by plant physiologists as a “pressure-volume”, or PV, curve (Tyree and
Hammel, 1972). For soil, this is commonly described by soil physicists as a “soil water
characteristic,” or SWC, curve. Common to both relationships are parameters describing the
saturated and residual water contents (654;)-

3.1.1 PV curves in trees

Equations 1-3 in the main text of this article give PV curves in terms of relative water content
(RWC; g H20 g H20 at saturation). Below we give them in terms of volumetric water content
(8; m3 H,0 m™ plant tissue), by using the transformation

w- p,0 0
Pwsat  Pwlsar  Osar

RWC = (S27)

Where W is water mass (g) and 8,4, (m® m=) is the maximum water content on a per unit tissue
volume basis (or porosity). This gives, respectively, for equations 1-3 in the main text, where i
indexes water storage compartments as given in Fig. S1.1:

gsat - 01’
1/)0 - mcap 0 esatRWCft,i < gi < gsat,i
t
Yi(6,) = P

lpsol,i(gi) + lpp,i(gi) esatRWCtlp,i < 91’ < Qsat,iRWCft,i
Llpsol,i(gi) Osac RWC,; < 0; < Osqr i RWCyyp i

0<i<ngem+2 (528)



_|7To,i | Qsat,i (RWCft,i - RWCr,i)

) = (S29)
lpSOl,l( i) (0; — O5qt iRWC,. 1)
0; — HsatiRWCf”)
(9) =T, ;| + &; : , 530
wp’l t | O'll ' Hsat,i(RWCft,i - RWC?‘J') ( )

Tissue porosities are estimated either using knowledge about tissue saturated mass (leaves) or
cell wall density (all other tissues).

pleaf ( 1 ) .
— =1 0<i<1
Hsat,i =9 pw \dfw (S31)
WD/p, 1<i<ngem+?2

where for leaves dfw is the dry:fresh mass ratio and is empirically determined as a function of
specific leaf area (SLA) following Stewart et al. (1990):

1E4
dfw = —0.21 xlog SLA + 1.431 = —0.21 = log + 1.431 (S32)

LMA

and xylem porosity is assumed constant across stem, transporting root and fine root tissues and is
determined assuming a constant cell wall density p, = 1.54 g cm™ (Siau, 1984).

As shown in the main text, the three equations of S28 comprise three successive regions,
respectively: a capillary drainage region (capillaryPV (8)), followed by an elastic drainage
region (elasticPV (0)), and then a final embolism region (embolismPV (0)). In practice, we do
not strictly apply the plant PV curve in a three-phase piecewise manner as Eqn S28 implies;
instead we applied a two-phase quadratic smoothing to Eqn S28 to ensure that the function had
no discontinuities, where i indexes water storage compartments as given in Fig. S1.1:

lpi(el’) = T(Gl) 0<i< Ngtem + 2 (8333.)

where the right hand side of Eqn S33a derives from

c(0;) = elasticPV (6;) * capillaryPV(6;) (S33b)
b(6;) = —1 « [elasticPV(0;) + capillaryPV (6;)] (S33c)
£(6) = —b(6;) —/b(6;)% — 4B1c(6;) (S33d)

2P
C(6;) = t(0;) * embolismPV (6;) (S33e)

B(6;) = —1* [t(6;) + embolismPV(6;)] (S33f)



—B(8;) +/B(6,)2 — 4B,C(6)) (S33g)
2,

A minus (-) sign is used in front of the radical in S33d because the function is concave down at
this junction, and a plus (+) sign is used in front of the radical in S33g because the joint function
IS concave up at this junction. We chose values of 5;=0.8 and ,=0.99. These functions are also
continuously differentiable (needed for numerical solution), giving

T(6;) =

dy;(6;) _ ar(6;)

<i< S34a
dei dgl 0 SLs nstem + 2 ( )

where the right-hand side of S34a derives from

d(capillaryPV (6,)) _ Megp

S34b
dai esat ( )
d(elasticPV(6;)) _ dPs01,i(0;) 4 dy,,i(6) (S340)
do; do; do;
d(embol;semPV(Hi)) _ d(zpzloé(ei)) (s34d)
i i
dlpsol,i(ei) _ |T[o,i|95at,i(RWCft,i - RWCr,i) (8349)
de (01' - esat,iRWCr,i)z
dypi(6;) &;0; (534f)
d0  Ogqri(RWCs; — RWC,.)
dc(8) _ elasticPV (6,) » d(capillaryPV (6,)) + capillaryPV (6,) = d(elasticPV (6,)) (S34q)
do de; db;
db(6,)) d(elasticPV(6;)) d(capillaryPV(6;))
=— S34h
a6, o de, + de, (534h)
dat(6;) 1 [—db(6;) -0.5 ab(6;) dc(6;) .
o = 2 - 05 (066" ~ apc(@) %) (26000 T2 - 45,502 (S34i)
dc(9;) d(embolismPV (0;) , dt(6,) .
d—Hl-l = t(6;) * ( a0, - ) + embolismPV (6;) * d9il (S34j)
dB(6;) dt(6;) d(embolismPV(6;)
_— = S34K
a6, o l a0, a6, (534k)



ar(e,) 1 [ dB(6;)

dB(8
0. = 35| de, +05((B(0)2—432C(9)) )(23(9) 56

a0 (s34

3.1.2 SWC curves in rhizosphere

We used the van Genuchten (1980) (hereafter VG) functional form for the SWC in the
rhizosphere because datasets are published (Tomasella and Hodnett, 2002; hereafter T&H)
giving pantropics-specific pedotransfer functions (PTFs: predictions of soil hydraulic properties

from soil texture and other easily measured soil properties) based on the parameters in the VG
equation:

Nstem +2<ic< Nstem + Nshell +2 (835)

1/%':——[ —1]

where i indexes water storage compartments as given in Fig. S1.1, 0; is the saturation fraction

[Z ZT] and 8,., 6, a (MPal) and n (-) are soil hydraulic properties representing the residual

water content (water content at which ,,; = —0), saturated water content (water content at
which y,,;; = 0), the inverse of the air entry pressure and the steepness of the SWC related to
the pore size distribution, respectively, with m (-) equal to 1 — 1/ n.

The derivative of S35 with respect to water content (required for numerical solution) is

1
1 P _1_
nglz(@im—l) *@iml n +2<i<n +n + 2 (536)
mna(@s _ er) stem —= Ilstem shell
where 0; = [9 > ] as above.

Use of tropics-specific PTFs is important because, given similar textural properties as temperate
soils, they tend to have comparatively lower bulk densities and a higher incidence of macropores,
which leads to comparatively higher a and 6,. Additionally, many tropical soils have a bivariate
pore size distribution, with a large proportion of their total pore volume in very small pores,
which often leads to high values of (8,.) compared to their tropical counterparts of similar soil
texture.

Rather than using the continuous PTFs of T&H, which required variables other than soil texture
that are much less widely available such as organic matter content, pH, and cation exchange
capacity, we used their “class” PTFs, which comprise a look-up table based on soil texture alone.
We used values from Table 6 of T&H, reproduced in Table S1.1 below.

Table S1.1. Tropics-specific VG soil hydraulic properties, from Table 6 of Tomasella and
Hodnett (2002).

Soil texture class a n 0, 0,

(USDA) (MPa™) (-) m*m?3) | (m*m?
Sand 380 2.474 0.41 0.037
Loamy sand 837 1.672 0.438 0.062




Sandy loam 396 1.553 0.461 0.111
Loam 246 1.461 0.521 0.155
Silt loam 191 1.644 0.601 0.223
Silt* 191 1.644 0.601 0.223
Sandy clay loam 644 1.535 0.413 0.149
Clay loam 392 1.437 0.519 0.226
Silty clay loam 298 1.513 0.586 0.267
Silty clay 258 1.466 0.57 0.278
Sandy clay 509 1.396 0.46 0.199
Clay 463 1514 0.546 0.267

* Unavailable in T&H; approximated with values from the closest adjacent textural class (silt
loam).

3.2 Hydraulic conductivity as a function of water potential

In both plant and soil porous media, the rate at which water is transported down a unit gradient
of water potential declines as water potential gets more negative. In both media, this results from
embolism (formation of air pockets) impeding the flow of water. In plants, this relationship is
referred to by plant physiologists as the “percent loss of conductivity” or “xylem vulnerability”
curve. Based on how we have implemented it in our model, we refer to it as a “fraction of
maximum conductivity” (FMC) curve. In soil, it is commonly referred to as the “unsaturated
hydraulic conductivity” relationship.

3.2.1 FMC curves in trees

Equation 4 of the main text gives the FMC relationship for trees. Its derivative with respect to
xylem water potential also is required for the numerical solution, where i indexes water storage
compartments as given in Fig. S1.1:

2

d(FMC; () a; (P \“7 b \41
T d Py \Pe \ | s37
dy; Pso,; (PSO,i> ll + ( > l 0<i<ngem+2 (S37)

3.2.2 Unsaturated hydraulic conductivity curves in rhizosphere
van Genuchten (1980) derived a closed form solution for this relationship using the same
parameters as in the SWC curve (Eqn S35):

[1 = (alpiD™ 1 + (alp: D"
[1+ (alp;Hm]™/?

FMCi = Nstem +2<i< Nstem + Nshell + 2 (838)

where i indexes water storage compartments as given in Fig. S1.1. Its derivative with respect to
water potential is

d(FMC;) dfs df; _
= (D |figr + o 7| Nstem + 2 <U < Nggem + Nopenr + 2 (539
awd OV T gl e stem + e + 2 (S3%)

where the (-1) arises due to the fact that S38 is based on the absolute value of water potential,
and where



fi= 1- flaflb)z (S39b)

fo = (L + (alpiD™ > (S39¢)
dfl _ df1b df1a
Al 2[1 = fiafip] _flad_wi — fip d_l/)l (S39d)
fia = (alp; D" (S39%)
dfia e
g, = € Db (S39f)
fir = L+ (alpH™H™ (S399)
dfin _ et [
T mna(alp; D" (1 + (alyp;D™) (S39h)
df,  mna 1 Y21 .
drg - 2 @l A (e (S39i)

3.3 Stomatal conductance as a function of water potential (FMCgs)
Eqgn 5 of the main text gives the functional form for the stomatal vulnerability curve, or “fraction
of maximum conductance’ for stomata (FMCy;). Its derivative with respect to leaf water

potential (y,) (required for numerical solution) is given by

-2

14 ( Yo ) ] (340)

PSO,gs

d(FMCys(o)) _  ags ( Yo )
dll’o PSO,gs

PSO,gs

4. Linking plant hydraulics compartment geometry to TFS tree allometry

4.1 Trees
4.1.1 Compartment heights

With reference to Fig S1.1, the heights (z;; positive above ground surface and negative
below) of the different compartments of the 1D continuum are as follows:

H i=0
Zi = (‘I’lstem - l + O.S)dzstem 0 < l S nstem (841)
—D(Y =0.5) Nstem < I < Nggem + 2

where H is tree height, ng.., is the number of stem compartments (>= 1),



H

(S42)

AZgtem =
stem

and D(Y = 0.5) gives the depth (m) at which 50% cumulative roots are attained, as given by the
inverse (obtained using a bisection routine) of the cumulative root distribution function (Y) of
Zeng (2001) with parameters a = 7 and b = 1 for broadleaf evergreen trees.

4.1.2 Compartment sizes

With the exception of the stem and fine roots, the volumes of the hydraulic compartments derive
from the corresponding TFS biomass pools (kg) and the corresponding density (m®) of each
tissue as follows:

Bleaf/pleaf i=0
AgH /Ngrem 0 <i < Ngem
Beoarse/ Pstem U= Nggem + 1
kSAfinerfine/z [ = Ngrem + 2

4.1.2.1 Foliage
We used the aboveground biomass allometry of Yamakura et al. (1986), which was independent
of individual functional traits:

Bleaf = 0.09146(Brynik + Bbranch)0'7266 (S44)

where Byyynk and Bprqncn are the biomass of the main stem and branches, respectively (kg), and
are given by

Birunk = 0.02903(DBH?H)%-9813 (S45)

Byranch = 0-11923trunk1059 (846)

and where DBH and H are tree diameter at breast height (cm) and height (m), respectively. Leaf
tissue density (peqr) is estimated using an empirical relation with LMA (B. Christoffersen and
L. Rowland, unpublished data; R? = 0.29) for a sample of leaves (n=191 leaves over n=8 spp) at
the Caxiuana forest site which had paired measurements of leaf dry mass and leaf fresh volume,
the latter obtained by multiplying leaf area by leaf lamina thickness obtained using a precision
caliper (n=4 per leaf) as

Preas = —2.32+SLA+782 = —2.32 - 10*/LMA + 782 (S47)

4.1.2.2 Sapwood

The hydraulically active volume in the stem is derived from sapwood and not the stem biomass
because heartwood does not store appreciable quantities of water. Sapwood area (4;; m?) was
calculated using the leaf:sapwood area ratio:



A A

Aq 104 (S48)

where total leaf area (4;; m?) is independent of functional traits as given by the Yamakura et al.
(1986) allometry:

A, = 11.67B,%94*2 (S49)
In Eqn S43 we assumed that the fraction of stem volume which is sapwood and heartwood
remains constant across tree branching levels, and that branching is area-preserving (Savage et
al. 2010). This total stem volume is then partitioned equally among the user-specified number of
stem compartments (Ngtem)-
4.1.2.3 Coarse roots

The coarse root biomass derives from the difference between total root biomass and fine root
biomass:

Beoarse = Broot — Bfine (S50)
Coarse root tissue density is assumed to be the same as stem density:
Pcoarse = Pstem = WD * 103 (S51)

Total root biomass follows that of Niklas (2005):
Broor = 0.304B,,,"°* (S52)
where B, g, = Bieas + Bpranch + Berunk 1S total aboveground biomass.

4.1.2.4 Fine (absorbing) roots

Fine root biomass is governed by a user-specified absorbing root area-to-leaf area parameter
(4;: A,; m? m), a constant specific root length (SRL = 15000 m kg* dry mass; derived from
Metcalfe et al. (2007)) and an assumed mean value for absorbing root radius (7,00 = 0.001 m)
as follows:

l
Brine = 2% (S53)
A
laroot = : (854)

2T grootAr: Ay

In all simulations in this paper A;: A, = 1 unless otherwise specified.



4.2 Rhizosphere

4.2.1 Compartment depths

The effective depth at which water is assumed to exist in the rhizosphere compartments (shells)
is the same as the transporting and absorbing root compartments:

Zi = Znstem+1 — Znstem+2 — _D(Y = 0'5) Ngtem + 2 <1 < Ngrem + Nopen + 2 (855)

4.2.1 Compartment sizes

The total volume (m?®) of the characteristic rhizosphere is constant for all absorbing roots of all
trees and is dependent on the total community root length ({4,00¢;) as given by Eqn S20. The
volume of each rhizosphere shell is given by

2 —
ﬂZSOil(rout,k - raroot) k=1

(S56)
7-[Zsoil(roul:,k - rout,k—l)z 1<k < Nshell

Vi"‘(nstem"‘z) = {

where 7,,,; . is the outer radius of the k™ rhizosphere shell (m) and rooting depth is equivalent to
the soil depth, Z,,; (m). The total volume of a given rhizosphere shell (m®) across all absorbing
roots of the j tree is

laroot,j

Vi’j B Vi Zsoil

(nstem + 2) <i< (nstem + Nshell + 2) (857)

5. Numerical Solution

The following scheme closely follows that developed by Zong-Liang Yang (unpublished
manuscript) and is used by the Community Land Model (Oleson et al., 2010) for numerical
solution of soil water fluxes. The numerical solution uses a mass-based solution to the Richards’
equation, thereby doing away with the need for an iterative (potentially computationally
intensive) Newton-Raphson scheme. If mass balance is not achieved within a timestep (currently
1 hour) the timestep is halved until mass balance is achieved (Ross, 2003).

5.1 Setup
The terms and array indexing below adhere to the schematic in Fig S1.1. First we approximate

the Richards’ mass balance equation with a finite difference scheme. This mass balance equation
is in terms of total fluxes (Q units kg s) as opposed to fluxes on a per area basis because of the
different geometries within the system. Fluxes are evaluated implicitly at the t+1st timestep
(superscript denotes timestep):

AW, Ab;Vipy,
At At

= —Qitl 4 it (S58)

-1 1

Where AW; and A9; = 6f** — 6} are the change in water mass (kg) and volumetric water
content (m3 m), respectively, for soil/plant compartment i over timestep At (s), and p,, is the
density of water (kg m). Next we linearize the water fluxes about 96 using a Taylor series
expansion as



2Q; 2Q; (559)

t+1 t
(1 = QF + —A6; + —— A6,
{ { agi 14 39i+1 i+1
0Q;- 0Q;—
1= 0 + 35— 80 + =16, (S60)
- l

Substitution of these expressions into Eqn (S58) results in a tridiagonal set of the form

= aiAHl-_l + bl'AHl' + ciA9i+1 (861)
where
_ Nt t
=0, —0Q; (S62)
00Q;-1
= — S63
al aei_l ( )
0Q; 00Qi-1 Vipy
— — — 4
bi d0; d0; At (564)
00;
;= S65
‘i 0041 (569

Qf_, and Qf are given by Egn. S1 and subsequent adjoining equations by using the water
potentials and water contents throughout the continuum at the current timestep. The partial
derivatives of boundary fluxes with respect to adjacent compartment water contents are obtained

by using the chain rule:

0Qi1 _ 0Qi1 dYis (S66)
69i_1 al/)i—l dei—l
0Qi1 _ 9Qi—1 di; (S67)
ael al/)l del
0Q; _ 9Q; dy; (S68)
691 al/)l del
0Q;  0Q; diyy (S69)

00;41  0Piq dB;iq

The derivatives of the water potential —water content relationships (%) are given for plant and
soil porous media types in Eqns S34 and S36, respectively. The derivatives of the fluxes with



0Qi—1 0Qi—1 0Qi 0Qi
_ _ o i1’ 0Y; ' Yy’ 04y
applying the product rule of differentiation to Eqn S1:

respect to water potential in adjacent compartments (

) are given by

0Qi-1 _ _,, 0(hiy) . 0Ki, (570)
01 ooy, oy,
0Q;-1 d(Ah;_4) 0K,
=—Ki_1————Ahy_ 1 —— S71
alpi -1 awl -1 alpl ( )
20Q; d(Ah; 0K;
&:_ ig—Ahi—l (S72)
Y; Y, Y,
20Q; d(Ah)) 0K;
= —K; — Ahj ——— (S73)
0Pisq LY L0
d(Ahi—y) .+ d(ARy) d(Ahi—y) . O(ARY) ] ,
The terms s and o, Versus 70, and s in Egns S70-S73 respectively denote the

derivative of total pressure head difference across compartment boundaries with respect to the
water potential in the adjacent compartment that is closer to versus further from the canopy.
These are given by differentiation of Eqn S2:

0(8hi-y) _0(Bh) _

= (S74)
0Yi—1 Y,
d(Ah; d(Ah;
(8hiy) _0BR) _ 75)
Y, 0Pt
9(Ki—1) 9(Ki) 0(Ki—1) 9I(Ky) . ) ;
The terms s and 59: versus — o and Pres in Egns S70-S73 respectively denote the

derivative of the total boundary conductance with respect to the water potential in the adjacent
compartment that is closer to versus further from the canopy. These are given by differentiation
of Eqn Sa3:

0 Ah; <0
d(FMC; i
6Kl- max,i u Ahi 20 P Pstem T 2
0 W (S76)
: K; “d(FLC)
Kmax aroot,radial L = Ngtem +2
’ ' Kmax,aroot,radialFLCi dl/)l.
d(FMC;
( Konax,i AEMCirr) Ah; <0 . )
aK d¢i+1 L #F Nstem +
Lo 0 Ah; 20 (S77)
W | K AL
k MAxGTO0t ST nodea Kmax,arootﬁrnodeJFLCHl d¢i+1 LT Mstem



where, as in Eqn S3, Ah; < 0 and Ah;_; < 0 indicate flow towards and away from the canopy,

respectively. Equations for Z:i‘l and a;;)‘l are not given as they are identical to Eqns S76 and
i-1 i

S77, respectively, after substitutingi =i — 1.

In Eqns S76 and S77, K4y 1S given by Eqns S14 and S19 (plant) and S25b (rhizosphere).
Kax,arootradiar (the total resistance of absorbing roots from their surface to xylem) and

Kmax,arootor,, 4., (the total soil resistance from the innermost rhizosphere node to absorbing

root surface) are given by Egns S19 and S25a, respectively. ‘“Z—Z@ is given by Eqns S37 (plant

compartments) and S39 (rhizosphere). The total boundary conductance, K;, is given by Eqn S2
and adjoining equations, and the fractional loss of conductance, FMC;, is given by Eqn 4 in the
main text (plant) and Eqn S38 (rhizosphere).

5.2 Boundary conditions

For the outermost rhizosphere element (i = ngem + nsnen + 2), the boundary condition is taken
as zero-flow and the tridiagonal set becomes

1 = Qit_l (S78)
004
a; = — a@i_l (879)
_0Qi-1 Vipy
b=t (S80)
¢ =0 (S81)

For the leaf compartment (i = 0), the boundary condition at the current timestep t (Qf,,; kg s
is the leaf transpiration rate E; (kg m™ crown area s) times tree crown area (m?):

Qtop = E1Acrown (S82)

The tridiagonal set (Eqns S62-S65) for i = 0 becomes

= Qfop - Qlt (S83)
a, = 0 (884)
aQi aQl:op Vipw
= - — S85
Y06, 00, At (585)
00:
c; = @ (S86)

00544



5.3 Estimating the “tendency” term: sensitivity of Qtp to changes in leaf water content
; ; ; Qo 3 . .
An important term in S85 is the “tendency” term % (kg m® m=s1), which represents how the
0

total transpiration rate changes as leaf water content changes. This term arises because stomatal
conductance is a function of leaf water potential (Eqn 5 for FMCy in the main text), and leaf
water potential is a function of leaf water content by the PV curve equations of the plant
hydraulics model (Eqns S28-S30). The inclusion of this term causes a net reduction of total tree
transpiration, particularly during the dry season when afternoon hydraulic limitation occurs (Fig.
S3.3). We estimated this partial derivative by tracking its component partial derivatives back to
the partial derivative of stomatal conductance, g, (mol m?s™?), with respect to FM Cys aS

Qtop

follows. First, we expanded —— into terms estimated from the plant hydraulics constitutive

Zan daw0

equations ( ) and those which are specific to the host model’s stomatal

conductance scheme ( amc and its derivatives) as

gs

0Qrop  0Qrop OFMCys 0E, OFMCys 01,
= = Acrown (S87)
90, O0FMCy 06, OFMCys 0y 06,
where 224Cgs ™ and ¢° are given by Eqgns S40 and S34, respectlvely o ——— derives from the
0 gs
hydraulics- mOdIerd TFS Medlyn stomatal conductance scheme as
0E JE, 0
l — l Isw (588)
OFMCys  8gsw OFMCyq
where
0gsw [( 91 )An
=go + — S89
OFMCyy 0 /D) < (589)

and where the remaining partial derivatives derive from the host (TFS) model energy balance
scheme, which itself follows the scheme of the MAESTRA model (Medlyn et al., 2007), which
in turn is based on the Penman-Monteith equation (see Equations A43-A48 in the Supplement to
Fyllas et al. 2014). These remaining terms are given by assuming that changes in leaf
temperature due to changes in stomatal conductance within a timestep’s energy balance iteration
are negligible with respect to the total upper boundary flux Qtop, which allows us to make a first-

: L O
order analytical approximation fora L as

Isw

0E, 1 OLE dys dgy

= (S90)
agsw Av ays agV agsw

where



OLE  sRy + gucppaDc

= S91
0Ys (s + ¥5)? (59
Vs  Y9u
o (592)
9 -2 RT
- [1 + gsv] K (593)
agsw gbV P

where 4, is the latent heat of vaporization (= 2.454 x 10° J kgY), LE is latent energy flux (W m"
9,y = yi—” is the psychrometric constant times the ratio of the total heat to total vapor
\%4

conductance (Pam K s, s is the slope of the saturation vapor pressure curve (Pa °K™), R,, is
the net radiation (W m), ¢, is the specific heat capacity of air (J kg™ K), p, is the density of
air (kg m), D, is the leaf-to-air vapor pressure deficit (Pa), g is stomatal conductance to water
vapor in velocity units (m s1), g, is the boundary layer conductance to water vapor (m s), R is
the gas constant (= 8.314 J mol™t K1), T is air temperature (K), and P is air pressure (Pa).

5.4 Solution and mass balance checking

The tridiagonal set (Eqns S62-S65) is solved for each tree j using a standard numerical method
for solving a tridiagonal matrix (Press et al., 1992). We wrapped this numerical solution within
an outer do while loop to check for mass balance and halved the timestep At, solving within an
inner loop the tridiagonal set and updating state variables for an appropriate number of sub-
iterations, until mass balance was achieved or until a maximum number (= 5) of halving
iterations had occurred. The equation for total mass balance error on a per unit time and volume
basis (W,; kg st m) for tree j over a timestep At is

We,j

1 lAWtO”

00,0, i
n +<Qmp,j+ﬂww>l (S94)

Vot 000,

where AW, ; (kg) and A6, ; (m* m) are the change in total water mass (tree and rhizosphere)
and leaf volumetric water content over timestep At and are given by

41 : i=Nstem+Nshellt2 41 i=Nstem+Nshell+2 ¢
AWtot,j = Wtot,j - Wtot,j = Z o 6i,j Vijpw — Z gi,jVi,ij (895)
1=

i=0
and

We set the threshold for mass balance |We,r tnresn| = 1.0 X 10%° kg s m. Simulations were set
to abort with an error if |Wm,thresh| exceeded 1.0 x 10t kg s m3. No simulations were ever
aborted for the results presented in this paper.






6. Community-level soil water balance: root uptake, infiltration and drainage

6.1. Root uptake and the mean-field approximation

Different rates of root uptake across trees will lead to diverging water contents among all the
individual trees’ rhizospheres, but a much more complex, spatially explicit belowground
hydrology model would be required to solve for fluxes among trees’ rhizospheres. In order to
avoid such complexity while maintaining model capability to represent rhizosphere resistance
surrounding absorbing roots at the scale of millimeters, which can potentially limit root uptake
and whole-plant function (Sperry et al. 1998), we assumed that soil water is kept mean-field. In
other words, at the end of every timestep we averaged root water uptake in each rhizosphere
shell across individuals and used the resultant value to update the water content of a single,
community-level rhizosphere:

laroot,j

AHk,comm = Z .Agi,j l— Ngtem T 2<i< Nstem + Nsnen + 2 (897)
j aroot,comm

Where k = i — (ngem + 2) indexes the single characteristic rhizosphere from 1 to ng,;;, and it

aroot,j )

. ey . . . l
can be shown that the ratio of individual to total community absorbing root length (

aroot,comm

represents the relative quantitative contribution of tree j’s root uptake in shell k.

Thus, a single, unique radial profile of soil water content is applied to all trees’ rhizospheres
when solving the 1D plant hydraulics equations given in the sections above. This also simplifies
solving for infiltration and drainage fluxes, which are also done on a mean-field basis (see
below). An alternative approach (while avoiding the complexities associated with computing
horizontal water fluxes) would be to assume that each tree has its own rhizosphere which is in no
way connected to adjacent trees’ rhizospheres and hence, under drought, trees with large initial
rates of root uptake may become rhizosphere-limited before adjacent trees with smaller initial
rates of root uptake. These alternative approaches comprise, respectively, extremes on a
spectrum of complete to zero horizontal mixing of soil water. Reality likely lies somewhere in
between. However, we chose the former because water is not a directional resource, in contrast
to light, which is a dominant reason for spatial crown segregation. In addition, the limited
evidence in tropical forests suggests the balance tips in favor of spatial desegregation of
individual horizontal root distributions (see Jones et al., 2011). More complex belowground
hydrological models are needed to explore the impacts of such assumptions and to suggest
alternative approximations for the problem of horizontal mixing of soil water.

6.2. Infiltration and Drainage

The infiltration in our model remained the same as that in TFS v.1 (Fyllas et al. 2014), following
a runoff curve number (CN) method (Cronshey et al., 1986). The potential maximum retention
after runoff begins, S (mm), is a function of an empirical parameter CN [0-100] that indicates a
lower potential for runoff for small numbers and a higher potential for runoff for large numbers:

_ 1000

_ Y S98
i 10 (S98)



Because of the high infiltration rates often reported for tropical soils (Renck and Lehmann,
2004), we chose a relatively low value of 50 for CN. The equation for runoff rate (Qzo; mm s?)
over some time interval At (S) is

0 P<I,
QroAt =4 (P —1,)? P (S99)
(P—1)+S .

where the initial abstraction (I,; mm), which is the sum of all losses to infiltration before runoff
begins and includes vegetation interception, evaporation and ponding, is approximated as
(Cronshey et al., 1986)

I, =0.2S (S100)
So that Egn S99 reduces to
0 P <0.2§
QroAt = (1; —+ %.28?2 P> 028 (S101)

We approximated vertical drainage rate (Qg,qin; Mm s) as free drainage:

9.8
erain = Wkmax.soilFMCsoil(lpsoil,avg) (8102)

Where FMCSOl-l(HSOu,a,,g) is the unsaturated hydraulic conductivity curve (Eqn S38) evaluated
using the mean soil matric potential ¥, 414, across all rhizosphere shells:

l/) 1 zkznshelll/) v
I S S103
soil,avg Z;::;She” Vk o1 kVk ( )

6.3. Partitioning vertical fluxes across rhizosphere shells

Because Qo = P — Qro — Qurain (Where P is precipitation rate; mm s) gives the net rate of
water gain or loss from the total soil water pool yet soil water is tracked on a rhizosphere shell-
specific basis, we had to consider how Q,,.; is partitioned across rhizosphere shells of differing
water contents and matric potentials. As this is a problem of tracking mass balance across two
disparate scales (mm length scale of the rhizosphere versus the larger length scale of vertical
water flux), it has no analytical solution. We therefore chose the simplest algorithm that would
respect the general principle that a net gain of water (Q,.: > 0) should preferentially wet the
driest rhizosphere shells, while a net loss of water (Q,.: < 0) should preferentially drain the
wettest rhizosphere shells. Thus, for Q,,.; > 0, we ordered the rhizosphere shells in terms of
increasing water content and filled each shell (and any shell with equivalent water content) with
the available water up to the next highest (in terms of water content) rhizosphere shell, and
repeated this process until Q,,.; was exhausted or saturation of all rhizosphere shells was
reached, in which case any remaining Q,,.; was diverted to Qr,. Similarly, for Q,,.; < 0, we




ordered the rhizosphere shells in terms of decreasing water content and drained each shell down
to the next-lowest (in terms of water content) rhizosphere shell until Q,,.. was exhausted or the
residual water content of all rhizosphere shells was reached.
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