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Increasing evidence suggests that tree growth is sink-limited by environmental and internal controls rather than by carbon
availability. However, the mechanisms underlying sink-limitations are not fully understood and thus not represented in
large-scale vegetation models. We develop a simple, analytically solved, mechanistic, turgor-driven growth model (TDGM)
and a phloem transport model (PTM) to explore the mechanics of phloem transport and evaluate three hypotheses.
First, phloem transport must be explicitly considered to accurately predict turgor distributions and thus growth. Second,
turgor-limitations can explain growth-scaling with size (metabolic scaling). Third, turgor can explain realistic growth rates
and increments. We show that mechanistic, sink-limited growth schemes based on plant turgor limitations are feasible
for large-scale model implementations with minimal computational demands. Our PTM predicted nearly uniform sugar
concentrations along the phloem transport path regardless of phloem conductance, stem water potential gradients and
the strength of sink-demands contrary to our first hypothesis, suggesting that phloem transport is not limited generally
by phloem transport capacity per se but rather by carbon demand for growth and respiration. These results enabled
TDGM implementation without explicit coupling to the PTM, further simplifying computation. We test the TDGM by
comparing predictions of whole-tree growth rate to well-established observations (site indices) and allometric theory.
Our simple TDGM predicts realistic tree heights, growth rates and metabolic scaling over decadal to centurial timescales,
suggesting that tree growth is generally sink and turgor limited. Like observed trees, our TDGM captures tree-size- and
resource-based deviations from the classical 3/4 power-law metabolic scaling for which turgor is responsible.
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Introduction

Terrestrial carbon assimilated photosynthetically by vegetation
and used for their growth is the weakest link in our under-
standing of the global carbon cycle (Ballantyne et al. 2015, Le
Quéré et al. 2018) and predictions of its future (Friedlingstein
2015). These predictions come from dynamic global vegetation
models (DGVMs) that often assume source-limited growth.
Here, growth refers generally to net primary productivity and
specifically to its component in the development of new
structural biomass (rather than increases in non-structural
storage), which allometrically involves increases in dimensions

(height, diameter, leaf area, etc.). By source-limitations, we
mean that carbon assimilation limits growth and higher
assimilation enhances growth in DGVMs (Fatichi et al. 2014).
However, growing evidence suggests that growth is sink-limited,
particularly cambial activity (Millard et al. 2007, Körner 2015),
referring to environmental (temperature, water, nutrient) or inter-
nal (phloem-transport, cell-expansion, hormonal responses)
controls on growth. The nuanced differentiation between source-
and sink-limitations becomes important when considering
that future environmental stresses may slow and decouple
growth from photosynthesis (Muller et al. 2011), potentially
accumulating nonstructural carbohydrates (NSC) and raising
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their concentrations (Körner 2003). Co-occurring elevated
atmospheric CO2 concentrations stimulate growth, if only
initially, and raise NSC concentrations (Dietze et al. 2014). Few
DGVMs consider sink-limitations (Fatichi et al. 2014, Fatichi
et al. 2019), and if they do, they often address environmental
sink-limitations empirically (Leuzinger et al. 2013, Guillemot
et al. 2017, Eckes-Shephard et al. 2021). Fewer include internal
limitations such as NSC availability (Jones et al. 2019). Some
have called for mechanistic, sink-driven modeling (Körner 2015,
Fatichi et al. 2014, 2019, Friend et al. 2019) to capture growth
and storage responses to environmental and physiological
drivers.

Integrating ideas from more complex, mechanistic phloem
transport models (PTMs; Thompson and Holbrook 2003a;
Hölttä et al. 2006, Hölttä et al. 2009) and turgor-driven growth
models (TDGMs; Génard et al. 2001; Steppe et al. 2006; De
Schepper and Steppe 2010) offer a promising path toward
understanding and predicting plant growth and carbon utiliza-
tion. Both model classes simulate the roles of turgor in phloem
transport (Münch 1930), cell expansion (Lockhart 1965) and
division (Kirkham et al. 1972). Few models explicitly couple
both phloem transport and turgor-driven growth (De Schepper
and Steppe 2010, Hölttä et al. 2010), despite that phloem-
regulated, short-term osmotic changes may be considerable
(Chan et al. 2016). These models and their underlying mecha-
nisms are increasingly tested in laboratory and field experiments,
capturing the sensitivity of trees’ growth to NSC availability,
water-stress and climate variability (Cabon, Fernández-de-Uña,
et al. 2020, Cabon, Peters, et al. 2020, Hölttä et al. 2010,
Peters et al. 2021). For instance, the turgor-driven mecha-
nism underlying phloem transport (Münch 1930) has recently
gained experimental support (Knoblauch et al. 2016, Savage
et al. 2017) after nearly a century of experimental limitations
(Knoblauch and Oparka 2012, Knoblauch and Peters 2017).

At least two matters should be resolved before mechanistic,
sink-driven approaches can be applied in DGVMs. First, there
are concerns that these models may be unsuitable for large-
scale application, due to their computational demand, com-
plexity, large number of parameters and intensive calibration
(Fatichi et al. 2014, Babst et al. 2018, Eckes-Shephard et al.
2021). Thus, integration requires development of mathemati-
cally simple and parsimonious yet mechanistically sound mod-
els, similar to the accomplishments for modeling photosynthesis
(e.g., Farquhar et al. 1980). Cabon, Fernández-de-Uña, et al.
(2020) and Cabon, Peters, et al. (2020) have recently shown
that simplifications for TDGMs are indeed possible. Second,
TDGMs are traditionally tested over durations shorter than a
week (Steppe et al. 2006, De Schepper and Steppe 2010,
Salomón et al. 2019) and recently over multiple years (Cabon,
Fernández-de-Uña, et al. 2020, Cabon, Peters, et al. 2020,
Coussement et al. 2020, Peters et al. 2021). Accordingly,
these models require testing over longer timescales consistent

with those of global change prediction. Here, we develop
a mathematically simple, mechanistic model of sink-limited
growth appropriate for large-scale application. To demonstrate
that the model predicts growth responses over decadal to
centurial durations, we compare its predictions to measures of
tree growth with consistent timescales to diagnose potential
shortcomings. These measures include silvicultural site indices
and metabolic scaling, against the latter of which few models
are compared (e.g., Wolf et al. 2011).

Metabolic scaling refers to the allometric relationship between
metabolic rates, particularly whole-plant growth rates (including
stems, leaves and roots), G, and whole-plant biomass, C, and
that G ∝ Cβ , which is often described by a 3/4 exponent (β = 3/4;
Niklas and Enquist 2001). Empirical values of β for trees,
however, do not converge on 3/4 and may vary considerably
among ecosystems (Price et al. 2009), declining under resource
limitations and varying with tree-size (Muller-Landau et al.
2006, Russo et al. 2007, Coomes and Allen 2009). Indeed,
tree rings initially grow wider with age or size in young trees,
suggesting a positive value for β . However, past a critical age or
size, older and larger trees grow gradually thinner annual rings
(Cook et al. 1990, Fritts 1976), suggesting that β declines
with tree age or size, approaching zero and later becoming
negative. The ideal 3/4 scaling for plants has been theorized to
result from the allometric scaling of xylem conductance (West
et al. 1999, Sperry et al. 2012) and leaf area (Enquist and
Niklas 2002). However, these theories assume that growth
is proportional to photosynthetic carbon assimilation (Enquist
et al. 1999) and thus postulates source rather than sink
limitations, contrary to growing evidence (Körner 2015, Millard
et al. 2007). Though growth and assimilation are coupled
over annual or longer time-scales (von Allmen et al. 2012,
Smith and Sperry 2014), the two become decoupled over
shorter periods by environmental stress and variability due to
the higher sensitivity of growth to reduced turgor from water-
stress than to assimilation (Lempereur et al. 2015, Muller et al.
2011). Furthermore, assimilation itself may be sink-limited,
since the utilization of photosynthates in sinks has to match
the photosynthetic carbon assimilation rate, or carbohydrate
accumulation will eventually force stomatal closure and down-
regulation of photosynthesis (Paul and Foyer 2001, Salmon
et al. 2020). Hence, by predicting realistic metabolic scal-
ing, our model may suggest a new, sink-limited perspective
for metabolic scaling and may explain in part the variability
in empirical β .

This study is guided by the following questions: How are
growth predictions affected by considering sink-limitation?
If proven important, can we parsimoniously build sink-driven
growth for DGVMs through principles of phloem-transport and
turgor-driven growth? Can turgor-driven mechanisms explain
decadal to centurial tree growth phenomena, particularly their
height-age and growth-size scaling, including the metabolic
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scaling exponent, β , and its behavior? We answer these
questions by designing a new, mechanistic sink-limited growth
model involving a PTM and a TDGM. We compare model
behavior to well-recognized tree-growth trends (site indices
and metabolic scaling) and source-limited modeling schemes.
We test three hypotheses. First, axial phloem transport must be
considered explicitly to accurately predict turgor distributions
with changing water availability and plant hydraulic strategy
and thus to predict growth. Second, turgor-driven growth can
explain growth-scaling of trees, both theorized (West et al.
1999, Enquist and Niklas 2002) and observed (Muller-Landau
et al. 2006, Coomes and Allen 2009, Smith and Sperry 2014).
Following this second hypothesis, we expect turgor dynamics
will control variations in β due to turgor changes from tree-
size (Woodruff et al. 2004, Woodruff and Meinzer 2011) and
external water-stress (Sevanto 2014, Salmon et al. 2019).
However, this second hypothesis considers allometric scaling
(i.e., β) but not actual growth rates. Thus, third, we hypothesize
that turgor-driven growth explains decadal growth rates and
height-age trends. We test our second and third hypotheses
through both, in a technical sense, offline and online simulations,
in which TDGM simulations are conducted using prescribed and
simulated model inputs, respectively. In offline simulations, we
feed the TDGM with inputs taken from past, literature-reported
data, and in online simulations, we couple the TDGM to a
dynamic tree growth model (THORP; Potkay et al. 2021). Online
simulations allow the two-way interaction between our TDGM
and THORP, while offline simulations isolate the TDGM response
to static environmental conditions. Online predictions of height
are compared with site indices of Scots Pine trees in forest
stands of Northern Spain (Tillar Valley; Poblet Forest Natural
Reserve; Prades Mountains) (Bravo and Montero 2001, Palahi
et al. 2004), where Potkay et al.’s (2021) original THORP
simulations were based. In sum, we hypothesize that sink-
limited growth is consistent with well-established tree growth
phenomena that are traditionally understood through source-
limitations, including tree height-age trends (e.g.,Mäkelä 1985,
King 1990) and metabolic scaling (West et al. 1999, Enquist
and Niklas 2002, Sperry et al. 2012).

Methods

We develop a steady-state, whole-tree PTM (see Notes
S1; Section S.1 available as Supplementary data at Tree
Physiology Online) and a whole-stem TDGM (see Notes
S1; Section S.2 available as Supplementary data at Tree
Physiology Online). TDGMs are often tested assuming either
constant osmotic potential (Cabon, Peters, et al. 2020)
or osmotic dilution of a constant quantity of solutes in
an expanding volume (Cabon, Fernández-de-Uña, et al.
2020). These simplistic assumptions may be appropriate over
short timescales when osmotic changes are small; however,

significant osmotic changes have been observed over diurnal
(Chan et al. 2016, Lazzarin et al. 2019) and seasonal (Simard
et al. 2013) timescales. We expect that changes in osmotic
potentials become more important over longer timescales such
as during periods of water-stress and as tree-size changes
become significant (Woodruff 2014; Epron et al. 2019) in
accord with our first hypothesis that phloem transport must be
explicitly considered to predict turgor-driven growth. Thus, our
original intent was to couple these two models where the sink-
demand from the TDGM would inform the PTM, and the turgor
distribution from the PTM would inform the TDGM. However,
we found that it was not necessary to explicitly predict turgor
distributions by the PTM, contrary to our first hypothesis, and
osmotic potentials can be assumed uniform at least as a first-
order approximation (see Results; Figure 2). Thus, we do not
couple the two modules in the final version of the TDGM. We
perform offline and online simulations of the TDGM. In offline
simulations, we feed the TDGM with inputs taken from past,
literature-reported data, and its predictions reflect solely sink-
limitations, since photosynthesis and source-limitations are not
considered here. Offline simulations were performed to explore
the TDGM’s predictions of β and to test our second hypothesis
that turgor explains metabolic scaling of trees. These offline
simulations predict growth for a given tree-size, particularly the
scaling between size and growth rate, but they cannot say for
how long or at what age any stem biomass is reached. Thus, we
also perform online simulations to predict dynamic responses
to test our third hypothesis that turgor can explain realistic
tree growth-age trends. We perform online simulations, which
consider both source- and sink-dynamics, by coupling our TDGM
with a numerical, process-based, individual tree model, the Tree
Hydraulics and Optimal Recourse Partitioning model (THORP;
Potkay et al. 2021). The coupling of THORP and our TDGM
is summarized below and fully detailed in the Supplementary
data (see Notes S1; Section S.3 available as Supplementary
data at Tree Physiology Online). All codes for models and
analyses are included in the Supplementary data (see Notes
S2 available as Supplementary data at Tree Physiology
Online).

Generally, we present and discuss results from our online
and offline TDGM simulations in terms of whole-tree growth
rates in C equivalents [(mol C)•s−1] (e.g., Figures 3a and 7a–c),
including growth occurring both above- and below-ground as
well as both radial and axial stem growth. Predictions of tree age
versus height are compared against height measurements (site
indices) (Figures 5 and 6); nonetheless, this presentation also
implies a consideration of the whole-tree, since THORP consider
the co-occurring leaf, root and radial stem growth required to
metabolically, hydraulically and structurally support increases in
height. Additionally, we also consider growth in terms of annual,
whole-tree C increments in online simulations (Figure 7d–f).
Below we briefly describe the PTM and TDGM. All mathematical
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symbols are defined in Table S1 available as Supplementary data
at Tree Physiology Online.

Phloem transport model

We present a 1D, steady-state PTM for the partitioning of sugar
between shoot and root for respiration and growth (see Section
S.1 available as Supplementary data at Tree Physiology Online).
Our PTM is inspired by early transport-resistance models (Dewar
1993, Thornley 1972), which predict plant growth and allo-
cation from simple representations of phloem transport. Our
PTM is an inversion of transport-resistance models, and we
estimate steady-state phloem transport from known metabolic
demands and allocation for a tree with realistic branching
architecture (Figure 1a). Though some PTMs explicitly resolve
phloem transport among complex branching architectures (e.g.,
Nikinmaa et al. 2014), we circumvent this challenge by col-
lapsing branches into an equivalent, 1D column (Figure 1b),
an approach applied in past studies of allometric scaling (West
et al. 1999, Sperry et al. 2012, Hölttä et al. 2013). Notable
assumptions and simplifications include:

(i) all phloem sap osmolytes behave like sucrose,
(ii) xylem-phloem coupling enables water-potential equilib-

rium (Daudet et al. 2002, Hölttä et al. 2006, Thompson
and Holbrook 2003b),

(iii) water potentials vary linearly along the stem axis,
(iv) phloem sap viscosity is uniform along the stem axis,
(v) Da Vinci’s rule for area-preserving branching (Figure 1b;

von Allmen et al. 2012; Bentley et al. 2013) and pipe
model theory (Shinozaki et al. 1964), suggesting carbon
demands for stem and leaf growth are approximately
uniform (Figure 1c),

(vi) stem diameter, phloem thickness and phloem conduc-
tance are non-uniform and follow power-law allometries
(Figure 1b; Hölttä et al. 2013; Savage et al. 2017; Clerx
et al. 2020),

(vii) stem respiration is non-uniform and proportional to
phloem area and

(viii) phloem loading is not source-limited, equals sink
demand in steady-state (alternatively, phloem unloading
is sink-limited; Patrick 2013) and is distributed
exponentially within the canopy (Figure 1c).

These assumptions are fully discussed and justified in the
PTM description (see Notes S1; Section S.1 available as Sup-
plementary data at Tree Physiology Online), and from them,
we estimate how phloem loading and unloading are distributed
between stem apex and root collar (Figure 1c; see Notes S1,
Section S.1.1 available as Supplementary data at Tree Physi-
ology Online). Notably, sugar is unloaded along the phloem-
transport path within the stem to support stem respiration,
RS [(mol C)•s−1], and the sum of aboveground growth and
construction respiration, (1−uR)·G/(1−f c), where uR is the

carbon allocation fraction to root-growth, G is whole-tree growth
[(mol C)•s−1] and f c accounts for the proportionality between
growth and construction respiration (0 ≤ f c < 1). From phloem
loading and unloading, we estimate how phloem sugar fluxes are
distributed (Figure 1d; see Notes S1; Section S.1.2 available as
Supplementary data at Tree Physiology Online). This downward
sugar flux from stem apex to roots satisfies belowground sink
demands: maintenance respiration, RR [(mol C)•s−1], and the
sum of consumption for growth and construction respiration,
uR·G/(1−f c). This sugar flux is driven by osmotically generated
pressure gradients between sources and sinks (Münch 1930),
resulting from higher sugar concentration and turgor in sources
and lower concentrations and turgor in sinks where sugar
unloading and consumption occurs. Thus, we estimate sugar
concentrations from the estimated sugar fluxes (Figure 1e; see
Notes S1; Section S.1.3 available as Supplementary data at Tree
Physiology Online).

The solution for phloem sugar concentration, cp, as a function
of distance from stem apex, z, is derived in the Supplementary
data (see Section S.1 available as Supplementary data at Tree
Physiology Online) and defined by two dimensionless terms.
Distance is normalized by the tree height, z̃ = z/H. Sugar con-
centration is described by a dimensionless form of Seleznyova

and Hanan’s (2017, 2018) carbon potential,
∼
� = (cp/cp,S)2,

where cp,S is the phloem sugar concentration at the stem
apex.

∼
� = exp

(
η − θ

ε

∼
z

) [
η − 2θ

η − θ
− ζ

ε
�

]
+ θ

η − θ
. (1)

Equation 1 (same as see Eq. S.1.36 available as Supplementary
data at Tree Physiology Online) is defined by three constants
with units of [MPa•(mol sucrose)•m−4], θ , η and ε (see Eq.
S.1.32–34 available as Supplementary data at Tree Physiology
Online). θ represents the advection due to gravity and water
potential gradients, ψ ’, and thus further reflects xylem sap
flow, transpiration and water-stress (Venturas et al. 2017). η

represents the sugar flow driven by phloem sap density-induced
buoyancy, and ε represents the coordination between phloem
sugar concentrations and osmotic potentials (i.e., the van’t Hoff
formula or nonlinear equivalents), further diminished by tree-
size. A fourth constant, ζ , has units of hydraulic resistance
[MPa•s•m−4] and represents the maximum phloem conduc-
tance, including the viscosity affects (see Eq. S.1.35 available
as Supplementary data at Tree Physiology Online). � is a
function of z̃ and shares units with the phloem sap flux, j [(mol
sucrose)•s−1]

� =
∫

exp
(

θ − η

ε

∼
z

)
∼
z

−δ
j d

∼
z, (2)

where j depends on z̃ according to sink demands (growth
and respiration; see Eq. S.1.21 available as Supplementary data
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Figure 1. Schematic of PTM (a–e) and whole-tree TDGM (f–h). The PTM describes the turgor-gradient driven flow of sugars through a self-similar,
symmetric stem branching architecture (a), which is solved by collapsing all branches into an equivalent column with conserved stem cross-sectional
area and heterogeneous phloem properties (b). Column cross-sections show phloem architecture. From stem architecture and structure (e.g., Da
Vinci’s rule, pipe model theory; a and b), we estimate how phloem loading (Snet+), unloading for leaf growth and leaf construction respiration (SG,L−),
stem growth and stem construction respiration (SG,S−), and stem respiration (SR,S−), and their sum (�S) are distributed from stem apex (z̃ = 0) to
root collar (z̃ = 1) (c). From �S (c), we estimate how phloem sugar fluxes (j) in steady-state are distributed (d). The sugar flux at the root collar
(blue star) satisfies root maintenance respiration (RR), root growth and root construction respiration (uR·G/(1−f c)). From j (d), we estimate how
sugar concentrations, cP, are distributed (e). Additional PTM variables in (a–e) include tree height (H), a molar conversion factor from C to sugars (α),
turgor pressure (P), viscosity (μ) and phloem permeability (κp). The TDGM describes turgor-limited, whole-tree growth for a tree with a self-similar,
symmetric stem branching architecture (a). For each individual branch with diameter (dS), radial growth occurs once P exceeds a threshold (�) (f).
For P > �, relative stem diameter growth rates (dS−1•∂dS/∂t) increase with P by the extensibility (φ). We show TDGM predictions for nighttime (g)
and daytime (h), which depend on root collar water potentials (ψRc), stem apex water potentials (ψS), osmotic potentials (�) and turgor threshold
(� = 0.9 MPa). The x-axis in (g and h) is a proxy for soil water-stress. Estimates are shown for a 4.4-m-tall tree with either constant � = −1.46 MPa
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at Tree Physiology Online), and δ defines how phloem
conductance vary along the stem axis (see Eq. S.1.30 available
as Supplementary data at Tree Physiology Online). The full
equation for� is given by Eq. S.1.38 available as Supplementary
data at Tree Physiology Online.

Turgor-driven growth model

We present a simple model of stem growth, ∂CW/∂t (S.2 in
SI), where CW is stem biomass, expressed here in molar C
equivalents [mol C]. Our TDGM describes the growth of the
entire stem, including radial and axial growth and changes in
tree architecture and branching. Like our PTM, we assume:

(i) xylem-phloem water-potential equilibrium,
(ii) Da Vinci’s rule and
(iii) stem diameter, dS, and phloem thickness, dp, follow

power-law allometries (dp ∝ dSb).

Additionally, we assume:

(i) height, H, and basal stem diameter, D, follow allometric
power-law scaling (D ∝ Ha; McMahon 1973; Niklas and
Spatz 2004),

(ii) stem biomass, CW, is proportional to H•D2 (Buckley and
Roberts 2006, Mäkelä 1986),

(iii) the Lockhart (1965) equation for turgor-driven cell
expansion successfully describes organ level growth
(Figure 1f; Génard et al. 2001 , Steppe et al. 2006) and

(iv) stem growth is related to whole-tree growth, G,
through a dimensionless stem allocation fraction, uS
(∂CW/∂t = uS•G).

These assumptions are fully discussed in the TDGM descrip-
tion (see Notes S1; Section S.2 available as Supplementary
data at Tree Physiology Online). The final equation for G is
given by the expression (equivalent to Eq. S.2.13 available as
Supplementary data at Tree Physiology Online)

G = 1 + 2a

ab
φ
CW
uS

∫ 1

0
max (P − �, 0) d

∼
z, (3)

where a is a scaling exponent between height and basal
diameter [−] (a ≈ 1.5 according to elastic similarity and Euler
buckling; McMahon 1973; Niklas and Spatz 2004), b is a
scaling exponent between phloem thickness and stem diameter
[−] (0 < b ≤ 1; see range in Table 1), P is z̃-dependent turgor
pressure [MPa] and φ and � are parameters from the Lockhart
(1965) equation. φ is the extensibility [MPa−1•s−1], and � is the
threshold turgor [MPa]. Traditionally, the symbol, φ, represents

the extensibility of an individual cell (Lockhart 1965); however,
φ here refers the bulk extensibility of bulk stem tissue as often
applied in some TDGMs (Génard et al. 2001, Steppe et al.
2006). Preliminary versions of the TDGM were coupled to the
PTM (Eq. 1) to calculate P(z̃) from cp(z̃) (likewise G from Eq. 3
was fed into the calculation of phloem fluxes through Eq. S.1.19
available as Supplementary data at Tree Physiology Online);
however, the coupling was later deemed unnecessary, since cp
was found to be nearly uniform regardless of parameterization
(see Results; Figure 2).

Thus, given uniform osmotic potentials, � [MPa] due to uni-
form cp, and further assuming a linear water potential variation
across the stem axis, Eq. 3 simplifies to our final closed-form
solution

G = 1 + 2a

ab
φ
CW
uS[

(ψS − � − �)

(
1 − ∼

z
+)

+ ψRc − ψS

2

(
1 − ∼

z
+2)]

, (4)

where ψS and ψRc are the water potentials at the stem apex and
root collar, respectively [MPa], and control the TDGM’s response
to water-stress (Figure 1g and h), and z̃+ denotes where along
the stem axis P = �, further bound by the limits of z̃ (0 ≤
z̃+ ≤ 1).

∼
z

+ = min
[
max

(
� + � − ψS

ψRc − ψS
, 0

)
, 1

]
. (5)

How osmotic potentials respond to water-stress further mod-
ulate the TDGM (Figure 1g and h). When applying Eq. 4 here,
osmotic potentials are simply modeled from ψS. First, phloem
sap molality, mp [mol•kg−1], was predicted according to regres-
sions for Scots Pine (mp = 0.48–0.13•ψS; Paljakka et al.
2017). Then, we calculated � from mp by the equations in
Thompson and Holbrook (2003a; their Eqs 9 and 10), assum-
ing sap osmolytes behave like sucrose. This simplistic approach
captures basic osmotic regulation, but it does not consider
the possibility of more complex behaviors for drought-induced
osmotic adjustment such as the nuances between rapid drying
and gradual acclimation (Jones and Turner 1978). However,
osmotic adjustments due to drought acclimation are generally
small relative to pre-drought osmotic potentials (Bartlett et al.
2014), and osmotic potentials from control and droughted
conifers are similar (Paljakka et al. 2017; Salmon et al. 2020;
see Figure S1 available as Supplementary data at Tree Physiol-
ogy Online), suggesting that the rapid component of osmotic
adjustment is sufficient for our TDGM.

(blue line), constant � = −1.26 MPa (green line) or osmotic regulation (purple line), where � is positively-related to ψS according to Paljakka et al.
(2017), and all growth rates are normalized by the maximum nighttime growth rate with osmotic regulation (purple line in g). For nighttime growth
estimates (g), ψS here equals the predawn water potential (ψpd = ψRc − ρgH). For daytime growth estimates (h), ψS here equals −1 + 0.5 × ψpd,
based on Martínez-Vilalta et al. (2014). Additional TDGM variables in (f–h) include the density of water (ρ) and the acceleration due to gravity (g).
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Figure 2. Cumulative distribution and probability density distribution of
more than 1.76•109 predictions of the PTM given different combination
of inputs for a 4.4-m-tall conifer (Table 1). The x-axis represents the ratio
between the sugar concentrations at the stem apex and root collar, cp(z̃
= 1)/cp,S; thus, a value of unity suggests uniform sugar concentrations
along the phloem pathway.

Systematic permutation of PTM

To test our first hypothesis that phloem transport must be con-
sidered explicitly to accurately predict turgor distributions and
thus turgor-driven growth, we perform a systematic permutation
analysis of our PTM’s predictions of sugar concentration in
steady-state when sink-limited. To explore the PTM’s sensitivity
to inputs, we test all possible combinations of plausible values
of inputs and report the sugar concentration ratio of the root
collar (z̃ = 1) to the stem apex (z̃ = 0), denoted simply by
∼
�(z̃ = 1). We synthesized reasonable values for the inputs
for a 4.4-m-tall conifer from the literature and chose ranges to
test, often varying inputs over several orders of magnitude to
reflect the lack of sufficient knowledge to accurately constrain
observed values (Table 1). A height of 4.4 m was chosen to be
tall enough to clearly meet our PTM’s assumption that stem area
is conserved across furcation (i.e., Da Vinci’s rule; Bentley et al.
2013); however, trees slightly shorter by a meter or two may
also meet this prerequisite (von Allmen et al. 2012). Overall,
we test more than 1.76•109 combinations of inputs. We do not
present predictions of sugar concentration that are negative,
complex solutions, imaginary numbers or would result in the
maximum possible turgor at the stem apex being negative (i.e.,
the solutions for which ψ(z̃ = 0) < �(z̃ = 0), assuming ψ(z̃ =
1) is negligible). We repeat this analysis for a larger, 44-m-tall
conifer, testing different combinations of inputs reflecting larger
tree-size (see Table S2 available as Supplementary data at Tree
Physiology Online). Here, a height of 44 m was chosen to be an
order of magnitude taller than the tree in our other permutation
analysis and because few conifers grow taller than this height
(Tao et al. 2016).

We recognize that exponents related to how phloem conduc-
tance scales within a tree and with tree size (δ & λ in Table 1)
were taken from studies of various plant types and sizes,
despite their differences in sieve element anatomy (Liesche
et al. 2017). For this reason, we tested our PTM to a wide
range of these exponents (Table 1). Unlike our TDGM, in which
osmotic potentials (and thus sugar concentrations) are modeled
from stem water potentials (ψS), we test the PTM with multiple
values of stem apex sugar concentrations (Table 1). We made
this choice to test the PTM to the natural range of phloem sap
sugar concentrations (Jensen et al. 2013) and because the PTM
does not explicitly represent the magnitude of water potentials
(e.g., ψS). Nonetheless, our PTM includes the gradient in water
potentials across the stem, ψ ’, to calculate the gradient in turgor
that drives phloem transport (Münch 1930).

Offline simulations of TDGM

We test our second hypothesis from the TDGM’s predictions of
metabolic scaling by performing offline simulations of Eq. 4 over
nine orders of magnitude of total tree biomass. Total biomass,
C, was calculated from stem biomass, CW, applying Poorter
et al.’s (2012) regression for stem mass fraction, SMF, with
plant size (see Figure S2 available as Supplementary data at
Tree Physiology Online; C = CW•SMF−1). Height was calculated
by the equations used by Potkay et al. (2021; same as in TDGM)
and their parameters for Scots Pine. Analyses are limited to trees
taller than 1 m, since some of the TDGM’s assumptions (Da
Vinci’s rule; allometric scaling) collapse at small statures (Niklas
and Spatz 2004, von Allmen et al. 2012).

Stem allocation fraction, uS, is age- and size-dependent
(Potkay et al. 2021, Xia et al. 2019), and we apply previously
predicted values of uS from THORP (Potkay et al. 2021; their
well-watered, control simulation), and we regressed uS as a
function of height (see Figure S3 available as Supplementary
data at Tree Physiology Online). Similar to uS, we apply pre-
viously predicted, height-dependent water potentials, ψS and
ψRc, from THORP in offline simulations. These predictions of
ψS and ψRc for a given tree-size include the gravitational effect
of height, the size-dependent scaling stem xylem conductance
(Sperry et al. 2012, West et al. 1999) and transpiration, thereby
depending on stomatal control and xylem conductance of leaves
and roots. Potkay et al. (2021) ran THORP with realistic atmo-
spheric conditions from NOAA reanalysis data (NCEP/NCAR
Reanalysis 1; Kalnay et al. 1996) with both inter- and intra-
annual variability, repeating 10-year forcing over more than a
century to simulate a stable climate, and thus, the resulting uS
and water potentials oscillated at these timescales (see Figures
S3 and S4 available as Supplementary data at Tree Physiology
Online). Since most growth will occur when turgor is largest, we
apply THORP’s predicted water potentials at their least negative
values for a given tree-size (upper 95% confidence limit; see
Figure S4 available as Supplementary data at Tree Physiology
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Online), coinciding with the wettest periods from the repeated
forcing data. We present offline TDGM results applying predawn
water potentials (see Figure S4a available as Supplementary
data at Tree Physiology Online), coinciding with when most
growth has been hypothesized to occur (Steppe et al. 2015)
and has been recently observed (Zweifel et al. 2021). However,
we also test the model with growth predicted from midday water
potentials (see Figure S4b available as Supplementary data at
Tree Physiology Online) and with growth equal to the arithmetic
mean of predawn and midday growth rates.

In offline simulations, the values of a, b and extensibility,
φ, were arbitrarily chosen, since these constants do not affect
the predicted β . The model is, however, sensitive to the turgor
threshold, �, for which we present results at multiple values.

Online simulations of TDGM

While offline simulations consider allometric scaling (i.e., β),
they do not explicitly consider age or time and thus do not
guarantee the magnitudes of actual growth rates. Thus, to test
our third hypothesis that including turgor-driven growth can
better predict growth rates and height-age trends, we perform
online, dynamic simulations with a numerical, individual tree
model and corroborate results from our offline simulations. We
developed THORP-G, a modified version of THORP that predicts
growth rates according to the TDGM (Eq. 4), and rerun Potkay
et al.’s (2021) well-watered, control simulation with the new
scheme capable of capturing sink- and turgor-limited growth.

As detailed by Potkay et al. (2021), THORP predicts growth
and the dynamic growth allocation fractions at subdaily time-
steps that reflect environmental conditions by optimizing tree
productivity. THORP’s optimization considers the benefits asso-
ciated with investing in its hydraulic architecture and ability to
intercept light. It has been shown to capture realistic allometric
changes due to size and various environmental stimuli. THORP’s
allometric optimization balances the internal tree resistances
across roots, stems and leaves, and thus, THORP explicitly
simulates xylem hydraulics similar to Sperry et al. (1998).
Stomatal conductance are predicted by a modified version of
Sperry et al.’s (2017) Gain-Cost stomatal optimization, which
differs slightly from the original Gain-Cost algorithm. Potkay
et al. (2021) equated leaf temperatures with air temperatures
and modified the belowground conductance of the soil-root
pathway to explicitly account for the vertical distribution of
roots mass. The Gain-Cost optimization algorithm has been
validated at the individual plant level in garden experiments
(Venturas et al. 2018, Wang et al. 2019, Wang et al. 2020)
and ecosystem level (Sabot et al. 2020, Venturas et al. 2020).
Belowground and leaf conductances are proportional to root
and leaf biomasses, respectively, and stem conductance is
nonlinearly dependent on tree-size according to a fractal-like
hydraulic tree architecture and sapwood-heartwood proportions
(Hölttä et al. 2013, Savage et al. 2010, Sperry et al. 2012,

West et al. 1999). The hydraulic limitations of height (Ryan
and Yoder 1997) are represented by THORP. THORP’s water
potential predictions have been validated against observations
(Potkay et al. 2021). Additionally, THORP simulates light inter-
ception, photosynthetic carbon assimilation (Farquhar et al.
1980, Sperry et al. 2017) and soil hydrology from atmospheric
forcing at subdaily time-steps. We refer to this new version
of THORP coupled to the TDGM as THORP-Growth or simply
THORP-G. It is noteworthy that THORP predicts the allocation
among organs that optimizes carbon assimilation, suggesting a
source-limitation to growth; however, THORP-G now includes
the possibility of sink-limitations. When assimilation exceeds
metabolic demands, NSC storage increases, and the excess
may be used later to support future metabolic demands when
assimilation is low. Nevertheless, optimizing carbon assimilation
is a valid strategy for competition, survival and fitness, whether
the assimilated carbon is used to support current growth or as
storage to support future sink demands.

The original, uncoupled version of THORP included a sin-
gle carbon storage pool and assumed growth rates propor-
tional to the storage size (Potkay et al. 2021); however, this
past representation reduces to a source-limited perspective of
growth when considered in steady-state. Thus, comparison of
THORP and THORP-G reveals potential differences between
source- and sink-limited schemes. While growth predictions
from THORP-G largely reflect sink-limitations, source-limitations
are not completely ignored in these online simulations, and
growth may here become limited by carbon assimilation when
carbon storage is low. Strictly speaking, growth in THORP-G is
more sink-limited than growth in the original THORP, though
both versions consider some combination of source- and sink-
limitations. We reduce turgor-driven growth rates in THORP-G
when immobile NSC storage is low (Schiestl-Aalto et al. 2019),
and growth rates are modified by a Michaelis–Menten function
of NSC storage similar to Jones et al. (2019). Additionally,
online simulations consider the temperature-dependence of
extensibility, which have recently been incorporated in TDGMs
(Cabon, Peters, et al. 2020, Peters et al. 2021). We apply
the same temperature-dependence as Potkay et al.’s (2021)
simulations, which is based on Schiestl-Aalto et al.’s (2015)
empirical formulation for Scots Pine. From turgor dynamics
alone, it is reasonable to hypothesize that most growth occurs
during nighttime or early morning when water potentials are
least-negative (Steppe et al. 2015). Indeed, Zweifel et al.
(2021) have recently demonstrated that mature trees in Swiss
forests grow predominantly at night. However, if osmotic regu-
lation strengthens osmotic potentials enough to compensate for
daytime water potentials, then the difference between daytime
and nighttime growth rates may be small under well-watered
conditions (compare purple lines in Figure 1g and h). The addi-
tional effects considered here from NSC and temperature on
growth in THORP-G further modulate when the most and least
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Table 2. Key parameters in THORP-G simulations and their literature source. One THORP parameter, rsWm
15, was changed for THORP-G simulations

Symbol Meaning New value Old value Units Source

φ Extensibility 2.3•10−7 − MPa−1•s−1 Steppe et al. (2006, 2008),
Salomón et al. (2019), Peters et al.
(2021)

� Turgor threshold for growth 0.75 − MPa Offline analyses from this study;
chosen so maximum predicted height
would equal the upper limit of
observed heights for Scots Pine,
45 m (Figure 2d), and chosen for 3/4
average metabolic scaling
(Figure 2b)

a Scaling exponent relating
distance and stem diameter

1.5 − − Niklas and Spatz (2004)

b Scaling exponent relating
stem diameter and phloem
thickness

2/3 − − Rosell (2016), Rosell et al. (2017)

ρcL Leaf carbon density 2•104 − (mol
C)•m−3

Mean of conifer leaf densities from
Niinemets (1999) and converted
assuming leaves are 50% C by mass

cMM Michaelis–Menten coefficient
for phloem loading

300 − (mol
suc)•m−3

De Schepper and Steppe (2010)

rsWm
15 Carbon pool-specific

sapwood maintenance
respiration rate at 15◦C

6.6•10−11 2.2•10−12 s−1 Schiestl-Aalto et al. (2015) for Scots
Pine

growth occurs diurnally. Hence, THORP-G may capture a variety
of diurnal growth responses, including when maximum and
minimum growth rates occur (Mencuccini et al. 2017).

We parameterized THORP-G with values reported or esti-
mated from existing literature (Table 2). We note that no param-
eters were finely tuned to match observations, and by using
parameters that are as physically based as possible, we focus
on the model’s ability to capture fundamental processes. Addi-
tional simulations were performed with additional water-stress
(reduced precipitation and higher vapor pressure deficit) to
explore the hydraulic controls of tree height (Givnish et al.
2014, Tao et al. 2016) or with different values of the turgor
threshold, �. Predictions are compared with height-age trends
(site indices) of the dominant Scots Pine trees in forest stands
of Northern Spain (Bravo and Montero 2001, Palahi et al.
2004), where Potkay et al.’s (2021) original THORP simulations
were based (Tillar Valley; Poblet Forest Natural Reserve; Prades
Mountains). Because site indices generally apply to adequately
stocked, even-aged stands, site indices are consistent with
THORP’s existing structure and thus are well-suited for testing
our predictions.

Results

Systematic permutation of PTM

Regardless of parameterization (Table 1), predictions of
∼
�(z̃

= 1)1/2 were concentrated near 1, where
∼
�(z̃ = 1)1/2 is equal

to the ratio of the sugar concentrations at the root collar and
stem apex (Figure 2). Values less than one reflect greater
sugar concentrations at the apex than at the root collar. Values
greater than one are possible though rare and reflect smaller
sugar concentrations at the apex than at the root collar, which
becomes more likely to occur as unloading rates in the stem
increases relative to the local loading from recently assimilated
photosynthates and past storage. Values less than zero do not
suggest upward sugar flux at the root collar, since a downward
flux is set as boundary condition to satisfy root growth and
respiration (see Eq. S.1.21 available as Supplementary data
at Tree Physiology Online). Instead, it merely suggests a non-
monotonic sugar concentration profile. A value of one repre-
sents no difference across the stem and uniform osmotic poten-

tials. Ninety percent of predictions had
∼
�(z̃ = 1)1/2 > ∼0.9,

and 80% predicted
∼
�(z̃ = 1)1/2 > ∼0.97, suggesting nearly

uniform sugar concentrations for a 4.4-m-tall conifer. Similar
results were found for a larger, 44-m-tall conifer; however, the
distribution of predictions was broader (see Figure S5 available
as Supplementary data at Tree Physiology Online; 70 and 80%

predictions had
∼
�(z̃ = 1)1/2 greater than ∼0.9 and ∼0.8,

respectively), suggesting that the sugar dynamics of larger trees
are more sensitive to sink demands and conductances than are
smaller trees. Nonetheless, most predictions were concentrated
at one, suggesting uniformity of phloem sugar concentrations
and that uniform osmotic potentials is at least a reasonable first-
order approximation for tall trees. These results contradict our
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240 Potkay et al.

Figure 3. Predictions from offline TDGM simulations, applying predawn leaf water potentials (see Figure S3a available as Supplementary data at
Tree Physiology Online). (a) Growth rate, G, versus total biomass in carbon equivalents, C, for varied turgor thresholds, �. Gray area represents the
biomass range for which tree height, H, is between 1 and 45 m, the larger chosen as the upper height limit for most conifers (Tao et al. 2016). Stars
represent optimum growth rates. (b) Mean scaling exponent in power-law relating G to C predicted by log-transformed, simple linear regression over
the lesser of two biomass ranges: that coinciding with 1 ≤ H ≤ 45 m (gray area in a) or that coinciding with optimum growth rate (stars in a). (c)
Local, tree size-specific scaling exponent, ∂ log(G)/∂ log(C). Dashed, black lines in (b) and (c) denote the idealized 3/4 scaling. Gray areas in (b) and
(c) represent the empirical range in scaling exponents (Coomes and Allen 2009, Muller-Landau et al. 2006, Smith and Sperry 2014). (d) Maximum
height, Hmax, estimated as height coinciding with optimum growth rate (stars in a), versus turgor threshold, �. Solid, blue line is the predicted Hmax
that coincides with the range of water potentials measured by Paljakka et al. (2017) on scots pine, whose regression we used to predict osmotic
potentials. Dashed, blue line is the Hmax predicted by extrapolating Paljakka et al.’s (2017) regression. Dashed, black line denotes a height of 90 m,
the upper height of Giant sequoia conifers. Gray area represents the range of observed maximum heights of scots pine.

first hypothesis that axial phloem transport must be considered
explicitly to accurately predict turgor distributions and thus
turgor-driven growth, greatly simplifying the TDGM and allowing
us to approximate the entirety of the stem osmotic profile by the
apex osmotic potential.

Offline simulations of TDGM

For realistic turgor thresholds (0 ≤ � ≤ 1 MPa), tree growth
rates scaled isometrically (meaning β = 1) at small sizes,
regardless of the value for � (Figure 3a and c). β gener-
ally agreed with empirical estimates for a broad range of �

(∼0.3 < � < ∼0.9 MPa) when either interpreted by log-
transformed, simple linear regression over realistic biomass
ranges (Figure 3b) or calculated locally (i.e., ∂ log(G)/∂ log(C);
Figure 3c), supporting our second hypothesis that sink-limited
growth is consistent with observed and theorized metabolic
scaling. Metabolic scaling became less isometric in larger trees
(β < 1; Figure 3a and c), as water potentials became more
negative (see Figure S4 available as Supplementary data at Tree
Physiology Online), further supporting our second hypothesis’
corollary that size-mediated changes in turgor shape β .

Growth behaved non-monotonically with biomass, reaching
an optimum depending on � (stars in Figure 3a), leading us
to perform a post hoc analysis of maximum tree heights, Hmax.
We expect that these optima coincide with Hmax for one of two
possible reasons, and thus, the model may explain observed
Hmax. The first reason is that trees may have evolved their Hmax

to optimize growth and compete with neighbors (King 1990,
Mäkelä 1985), and once reaching the optimum height, height
increases stop and excess axial woody biomass is redirected
radially (Kira 1978). The second reason is that growth rates
drop by orders of magnitude soon after their optimum due
to increasingly negative water potentials (Figure 3a), and thus,
trees may grow slightly taller than Hmax; however, little further
progress would be made if maintaining the same trajectory, in
which case these optima coincide with approximate estimates
for Hmax. The TDGM’s predictions of Hmax decline with increas-
ing � (Figure 3d). The certainty of these predictions is limited
to � > ∼0.5 MPa (Hmax ≤ ∼90 m) by the scope of the
empirical regression applied to predict osmotic potentials from
ψS (Paljakka et al. 2017). Salmon et al. (2020) measured
water and osmotic potentials on Scots Pine and found similar
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statistical relationships as Paljakka et al. (2017); however, for
shorter pines under more-negative water potentials (see Figure
S1 available as Supplementary data at Tree Physiology Online).
The similarity suggests that it may not be totally unreasonable to
extrapolate Paljakka et al.’s (2017) regression to more-negative
ψS. Upon extrapolation, Hmax increases to ∼220 m at negligible
�. Similar results for metabolic scaling and maximum height
were found when considering midday water potentials (see
Figures S6 and S7 available as Supplementary data at Tree
Physiology Online).

These considerations for Hmax are conceptually linked to our
third hypothesis that turgor-driven growth can predict height
trends. In light of these results, we performed additional offline
simulations to demonstrate the sensitivity of the TDGM’s pre-
dictions of Hmax to water availability. In these additional offline
simulations, we apply predawn water potentials given by Potkay
et al.’s (2021) past simulations of Scots Pine growth under
various precipitation levels (100, 75 and 50% of control).
We compare TDGM predictions at multiple values of � to
Tao et al.’s (2016) global data set of observed maximum
tree heights. We recognize that this comparison is imperfect,
since our TDGM predictions represent the variability of single
species within a site exposed to different hydrologic conditions,
while Tao et al.’s (2016) reflects variability among sites and
species. Nonetheless, this comparison provides a first-order
evaluation. Regardless of �, maximum heights decline with
precipitation (Figure 4). At full precipitation, TDGM predictions
agree best with observations when � is large (� > ∼0.7 MPa).
In contrast, TDGM predictions with small � (� < ∼0.5 MPa)
match observations under reduced precipitation. However, large
� under-predicted heights at low precipitation, and small �

over-predicted heights at high precipitation (Figure 4).

Online simulations of TDGM

Online simulations of height growth rates fall well within
observed ranges from nearby stands (Figure 5), supporting
our third hypothesis that TDGMs can predict growth rates
and height-age relations. While our offline predictions predict
Hmax, they cannot say for how long or at what age any height
is reached. Our online simulations introduced this additional
dimension, explicitly solving for changes in height over time.
Both reduced precipitation and higher vapor pressure deficit
(through reduced atmospheric relative humidity) increased
water-stress, caused more negative water potentials (through
explicit calculation of xylem hydraulics and stomatal regulation
in THORP) and slowed height growth and produced more
curvilinear trends, further slowing growth with age (Figure 5).
Larger � relative to the control slowed growth and produced
more linear behavior, while smaller � accelerated growth,
produced more curvilinear trends and often caused sink-demand
to exceed source availability, leading to premature carbon
depletion (Figure 6).

Figure 4. Maximum tree height predicted from offline TDGM simulations
applying water potentials under diminishing precipitation from Potkay
et al. (2021) (100, 75 and 50% of their control simulation) for
multiple values of the turgor threshold for growth, �. Predictions are
plotted in terms of annual precipitation, P, minus annual potential
evapotranspiration, PET¸ to compare with Tao et al.’s (2016) global
data set of maximum tree heights at 1 mm increments of P–PET. Both
P and PET were calculated from Potkay et al.’s (2021) atmospheric
forcing conditions, and PET was calculated particularly according to
the Thornthwaite equation like Tao et al. (2016). We plot the range
of maximum heights (shaded areas) reported by Tao et al. (2016) at
100-mm intervals of P–PET due to the limited resolution of their plots
from which we extracted their data. We distinguish outliers (light gray
shaded area) from the rest of Tao et al.’s (2016) data (light purple
shaded area).

Potkay et al.’s (2021) source-limited growth scheme
grew faster than both the control, sink-limited scheme
(� = 0.75 MPa) and observations (Figure 6). Compared
with the control sink-limited scheme (� = 0.75 MPa), the
source-limited scheme grew ∼1.4 times faster on average
when calculated over the 10 year periodicity of THORP’s
recycled atmospheric forcing (see Figures 6 and S8a available
as Supplementary data at Tree Physiology Online). The source-
limited scheme grew ∼2 times faster at the beginning of the
simulation, and the source-sink growth ratio then gradually
declined, reaching approximately equivalent growth rates a
century later (see Figure S8a available as Supplementary data
at Tree Physiology Online). Over annual timescales, however, the
height growth ratio between the two schemes varied between
∼0.5 and ∼6 depending on the year and the degree of sink-
limitation (see Figure S8a available as Supplementary data at
Tree Physiology Online). The greater variability in the growth
ratio at shorter timescales suggests that the source-limited
scheme grew fastest relative to the sink-limited scheme when
trees from both schemes grew little, further suggesting that sink-
limited growth is more sensitive to stress than source-limited
growth. While the source-limited scheme always grew at least
as fast as the sink-limited scheme if not faster, source-limited
growth rates were more sensitive to tree-size, leading to larger
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242 Potkay et al.

Figure 5. Online TDGM predictions of tree height versus age. Simulations performed with varying precipitation, P (a), atmospheric relative humidity,
RH (b), and precipitation and relative humidity (c). Gray area shows bounds of height-age observations (site indices) for scots pine broadly from NE
Spain (Bravo and Montero 2001). Blue area shows height-age observations for scots pine from three provinces in NE Spain (Palahi et al. 2004) that
either are near (Huesca and Lérida provinces) or contain (Tarragona province) the site where simulations are based (Potkay et al. 2021). We assume
that the initially 4.4-m-tall scots pine is 15 years old.

declines in growth rates at larger sizes (see Figure S8b and
c available as Supplementary data at Tree Physiology Online)
and more asymptotic growth (Figure 6) than in the sink-limited
scheme. The variability in growth ratio between the schemes
over annual timescales peaked at the middle of the simulation
when trees were medium-sized (see Figure S8a available as
Supplementary data at Tree Physiology Online), coinciding
with high variability in source-limited growth (see Figure S8b
available as Supplementary data at Tree Physiology Online).
Source-limited growth of taller trees was less variable (see
Figure S8b available as Supplementary data at Tree Physiology
Online), and the variability of sink-limited growth rates changed
little with tree-size (see Figure S8c available as Supplementary
data at Tree Physiology Online).

Daily growth rates varied by orders of magnitude within a
size class (Figure 7a–c), corresponding to daily variations in
water potentials and temperature. The upper envelope of daily
growth rates, however, followed isometric scaling (β = 1) as
expected from the form of Eq. 3 (Figure 7a–c). When growth
was integrated over annual timescales, more allometric behavior
(β <1) can be seen as annual G approximately follows a
3/4 power-law scaling on average (Figure 7d–f), further support-
ing our second hypothesis that sink-limited growth is consistent
with observed and theorized metabolic scaling. Confidence
intervals for annual G at a given C expanded at larger sizes, and
the upper and lower envelopes were bound by isometric and
1/2 power-law scaling curves (β = 1/2) (Figure 7d–f), agreeing
with empirical ranges for β (0.46–0.98; Muller-Landau et al.
2006; Coomes and Allen 2009; Smith and Sperry 2014). These
exponents correlated with water availability, such as annual
precipitation (see Figure S9a and b available as Supplementary
data at Tree Physiology Online), with larger exponents in wetter
years, consistent with notions that resource limitations effect

scaling (Coomes and Allen 2009, Muller-Landau et al. 2006).
Exceptionally, wet years sometimes followed dry years or vice
versa, partially obscuring the relationship between annual pre-
cipitation and β (see Figure S9a and b available as Supplemen-
tary data at Tree Physiology Online). The relationship between
water availability and β became clearer when considered in
terms of annually averaged soil moisture (see Figure S9c and
d available as Supplementary data at Tree Physiology Online),
especially after detrending for tree-size effects on soil water
availability (see Figure S9e and f available as Supplementary
data at Tree Physiology Online). These results further support
our second hypothesis, particularly its corollary that water-stress
induced changes in turgor shape β .

Discussion

Axially uniform phloem sugar concentrations and osmotic
potentials

Our PTM (Eq. 1) and permutation analyses suggest that phloem
sugar concentrations and osmotic potentials are nearly axially
uniform along tree stems in steady-state and when sink-limited,
contrary to our first hypothesis that phloem transport must be
considered explicitly to accurately predict turgor distributions
and thus turgor-driven growth. We provide strong theoretical
evidence for osmotic uniformity in small trees (Figure 2) that
may weaken in larger trees but still offers a reasonable first-
order approximation (see Figure S5 available as Supplementary
data at Tree Physiology Online). These results do not suggest,
however, that sugar concentrations are constant, since studies
provide ample evidence that osmolyte concentrations vary
diurnally (Chan et al. 2016, Lazzarin et al. 2019). Instead,
we suggest that sugar concentrations should vary little spatially
between stem apex and root collar in steady-state. Though
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Figure 6. Online TDGM predictions of tree height versus age. Simulations performed with varying turgor threshold for growth, �, and Potkay
et al.’s (2021) source-limited simulation. Purple stars denote mortality events by carbon starvation, here defined as insufficient carbon storage
for osmoregulation. Blue area shows height-age observations for scots pine from three provinces in NE Spain (Palahi et al. 2004) that either are
near (Huesca and Lérida provinces) or contain (Tarragona province) the site where simulations are based (Potkay et al. 2021). We assume that the
initially 4.4-m-tall scots pine is 15 years old.

our results do not support our first hypothesis, they support
alternative hypotheses such as the osmoregulatory flow
(Thompson and Holbrook 2003b, 2004) and high pressure
manifold (Patrick 2013) hypotheses. According to the
osmoregulatory flow hypothesis, turgor pressure differentials
should be small or negligible. Such a system would be extremely
convenient to control, since all organs irrespective of their
location would receive the same stimulus (Thompson and
Holbrook 2003b) and would efficiently propagate pressure
waves (Thompson and Holbrook 2004), which are theorized
to quickly relay information throughout plants. Similarly, the
high pressure manifold hypothesis states that phloem transport
is limited by unloading at sinks rather than by axial hydraulic
resistances, leading to a system in which solute concentrations
are high and axial pressure differentials in the phloem are small.
These hypotheses have found empirical support in trees (Patrick

2013 and references therein; Paljakka et al. 2017; Savage
et al. 2017; Lazzarin et al. 2019), and near uniform turgor is
simulated by similar PTMs with spatially distributed sinks (De
Schepper and Steppe 2010).

Other PTMs lack distributed carbon sink along stems and do
not often simulate uniform turgor (Hölttä et al. 2006, 2009,
Jensen et al. 2012, Thompson and Holbrook 2003a). These
PTMs, however, can predict increasingly uniform turgor profiles
as phloem become more conductive relative to xylem (Hölttä
et al. 2009). Some studies report decreasing ratios of phloem
to xylem conductivity with tree-size (Hölttä et al. 2013, Jyske
and Hölttä 2015), suggesting less uniform turgor in taller
trees and similar to our results (Figures 2 and S5 available as
Supplementary data at Tree Physiology Online). It is noteworthy
that these studies calculated conductivities from sieve element
number and conduit radii according to the Hagen–Poiseuille
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Figure 7. Predictions from online TDGM simulations of scaling of instantaneous (a–c) and annual-integrated (d–f) growth rates, G, versus total
biomass in carbon equivalents, C. Simulations performed with varying precipitation, P (a,d), atmospheric relative humidity, RH (b,e), and precipitation
and relative humidity (c, f).

equation, assuming sieve end-wall resistances are proportional
to conduit resistances by a fixed fraction independent of size.
Recently, several studies have investigated these sieve end-
wall resistances and how they scale with stem size (Clerx
et al. 2020, Liesche et al. 2017, Losada and Holbrook 2019,
Savage et al. 2017), the consideration for which may potentially
alter how the ratio of phloem to xylem conductivity scales
with tree-size. Nonetheless, the scaling of phloem and xylem
conductivities plays an important role in phloem’s turgor profile.
Our PTM predicts nearly uniform osmotic potentials regardless
of how exactly phloem conductance scales within a tree or with
size. Uniform osmotic profiles are maintained by conductances
that are large enough to support the proportionally small sink-
demands (i.e., growth and respiration rates), suggesting that
phloem transport itself is sink-limited and responds directly to
sink demands (Lemoine et al. 2013). This notion is consistent
with abundant evidence supporting that phloem conductance
does not generally exert any control on sink growth (Gifford
and Evans 1981) and further suggests a redundancy of phloem
transport in the stem similar to the redundancy of stem xylem
transport (Dietrich et al. 2018). This osmotic uniformity does
not result solely from the magnitude of sink demands but
results also from the realistic distribution of carbon sinks along
stems and belowground. Indeed, when a carbon sink is added
along the stem and then incrementally strengthened, other PTMs

simulate increasingly uniform osmotic potentials (Seleznyova
and Hanan 2018).

In light of these findings, observations of slowed phloem
transport under drought (Dannoura et al. 2019, Ruehr et al.
2009) may result from reduced sink demand rather than
reduced phloem transport capacity. Under drought, phloem
conductance declines due to increased sugar concentrations
and viscosity and smaller sieve tube (Dannoura et al. 2019,
Woodruff 2014); however, this decline is not large enough to
challenge transport, often leading to the interpretation of a
reduced turgor gradient (Dannoura et al. 2019, Sevanto 2014).
We show that this large turgor gradients are not necessary
to support sink activity, and drought-induced slowed trans-
port may be alternatively explained by reduced sink demand.
Under drought, water potentials become more negative, and
turgor decreases, thereby reducing sink demand by slowing cell
expansion (Lockhart 1965), division (Kirkham et al. 1972) and
potentially maintenance respiration (Saveyn et al. 2007), and
slowing phloem transport as well. Our results (Figures 2 and
S5 available as Supplementary data at Tree Physiology Online)
consider the phloem transport within stems explicitly and the
remaining organs only implicitly. Thus in addition to reduced
demand and unloading, phloem transport may be limited under
extreme drought by reduced transport capacities elsewhere
(e.g., conductances and loading in leaves) or by biotic stresses
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such as attacks by pathogens and herbivores (Salmon et al.
2019).

Turgor-limited metabolic scaling

Offline simulations of our TDGM predicted realistic β with behav-
ior depending on thresholds, � (Figure 3b), supporting our
second hypothesis that growth-scaling of trees can be explained
by turgor-driven growth. Online simulations with THORP-G cor-
roborated these offline predictions (Figure 7). Metabolic scaling
is observed over many orders of magnitude of whole-tree
biomass (∼10−3 to ∼104 kg dry matter; Cannell 1982), the
timescales of which span decades to centuries and the lifespan
of a tree. Hence, these results support the application of TDGMs
over these timescales, which are far longer than the past, several
yearlong experiments in which TDGMs have been validated
(Cabon, Fernández-de-Uña, et al. 2020, Cabon, Peters, et al.
2020; Coussement et al. 2020). In addition to supporting
TDGM application for prediction, these results further suggest
that turgor is a fundamental limitation in tree growth.

Regardless of �, β decreased as trees grew larger
(Figure 3b), consistent with observations that growth of larger
trees follows smaller exponents (Muller-Landau et al. 2006) and
may even progressively decline radially past a critical size (Fritts
1976; Figure 3a). The reduction in scaling was produced here
from hydraulic limitations (Ryan and Yoder 1997), particularly
the longer hydraulic paths and larger xylem resistances in
taller trees, resulting in more-negative water potentials (see
Figure S4 available as Supplementary data at Tree Physiology
Online; Koch et al. 2004). These water potentials translate to
growth through turgor, which limits both vertical (Marshall and
Monserud 2003,Woodruff et al. 2004 , Woodruff and Meinzer
2011) and radial growth (Cabon, Fernández-de-Uña, et al.
2020, Cabon, Peters, et al. 2020, Peters et al. 2021). More-
negative water potentials in larger trees reduce their turgor,
slow their growth and here alter their growth scaling in line
with our second hypothesis’ corollary that size-mediated turgor
changes shape β . Similarly, others have demonstrated that
metabolic scaling exponents decline with plant size (Mori et al.
2010, Reich et al. 2006); however in these studies, metabolic
rate was measured via respiration, not growth. Nonetheless,
our TDGM’s underlying mechanism of size-mediated turgor
declines may explain this respiratory scaling, since turgor and
its corollary, tissue water content, limit maintenance respiration
(Huang et al. 2020, Saveyn et al. 2007). Indeed, size-mediated
reductions in water content are known to reduce the metabolic
scaling of respiration (Huang et al. 2020, Peng et al. 2010).

In addition to our TDGM’s ability to capture size-mediated
reductions in β , it also captures other empirical behaviors
in which other theories have difficulty in explaining (Enquist
and Niklas 2002, West et al. 1999). Our online simulations
demonstrate that turgor’s control on metabolic scaling does not
emerge solely from size-mediated changes in internal hydraulics

but also arises from external water availability, predicting smaller
exponents during drier periods (see Figure S9 available as
Supplementary data at Tree Physiology Online), supporting our
second hypothesis’ corollary that water-stress induced turgor
changes shape β . Past literature has shown that resource
limitations reduce β (Coomes and Allen 2009, Muller-Landau
et al. 2006); however, these limitations to growth are often
discussed in terms of light, but rarely water. Nonetheless, stands
with less precipitation tend to have lower β (Muller-Landau et al.
2006). Support for the hypothesis that light availability shapes
β may truly reflect size-dependent behavior, as discussed in the
previous paragraph. Light access is related to tree-size (Sheil
et al. 2006), and several studies demonstrated that tree-size
affects β to imply that light access controls β but did not strictly
uncouple light- and size-effects (Coomes and Allen 2009, Russo
et al. 2007). When the effects of light and size are considered
separately, they predict growth equally well (Wyckoff and Clark
2005). Interestingly, our TDGM also predicts larger β for trees
with taller maximum heights and larger growth rates (Figure 3),
consistent with observations (Coomes et al. 2011, Li et al.
2005, Russo et al. 2007), and which have been explained
previously also in terms of light access. Our TDGM equally
explains these scaling behaviors qualitatively through turgor.
Light must play some role; however, differences between light
and turgor are analogous to differences between source- and
sink-limitations, respectively (Fatichi et al. 2014). As growing
evidence supports generally sink-limited plant growth (Körner
2015, Millard et al. 2007), a sink-limited perspective for
metabolic scaling must also be duly considered.

Tree height and hydraulic limitations

Turgor-limitations have been long hypothesized as the control
on height and canopy growth (Waring and Schlesinger 1985),
which are increasingly tested and find support (Woodruff et al.
2004, Woodruff and Meinzer 2011). The turgor-limitation
hypothesis may be considered a sink-limited modification of
the hydraulic limitation hypothesis (Ryan et al. 2006, Ryan
and Yoder 1997). Both the turgor-limitation and hydraulic
limitation hypotheses pose that height is limited by trees’ ability
to conduct water, reducing water potentials (Koch et al. 2004)
and exacerbated by taller trees’ higher vulnerability to embolism
(Olson et al. 2018). The classic interpretation of the hydraulic
limitation hypothesis is that the more-negative water potentials
in taller trees induce stomatal closure, reduce photosynthetic
carbon assimilation and thus generate a source-limitation to
height. While taller trees are observed to close their stomata
and assimilate less, the reduction in assimilation is too small to
challenge growth (Ryan et al. 2006). Alternatively, the turgor-
limitation hypothesis states that trees’ heights are limited by
their water potentials, which reduce turgor and limit tissue
expansion as they grow taller. Our TDGM predicts realistic
height-age relationships and maximum heights (Figures 3–5)
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and reductions in drier environments (Figures 4 and 5),
consistent with observations (Givnish et al. 2014, Tao et al.
2016), supporting our third hypothesis that turgor-driven
growth explains growth rates and height-age trends. Like
our considerations of metabolic scaling, these results further
support the application of TDGMs for prediction over decadal
to centurial timescales and tree lifespans, and suggest that
turgor is a fundamental limitation for tree growth.

Other mechanistic models generally predict tree height from
various source-limited concepts, including optimizing light inter-
ception (Buckley and Roberts 2006, King 1990, Mäkelä 1985)
and such that allometry is constrained by available precipitation
and metabolic requirements (Kempes et al., 2011). Recent
mechanistic growth models have introduced sink-limitations
to study source-sink dynamics, predicting height from both
source- and sink-limitations (Hayat et al. 2017, Schiestl-Aalto
et al. 2015). These other sink-limited models, however, do
not consider turgor, an established physiological control on
cell expansion and division (Kirkham et al. 1972, Lockhart
1965). Instead, they model growth directly from the NSC
storage size and water-stress empirically (Schiestl-Aalto et al.
2015) or through formulations designed to produce desired
behaviors without consideration of their underlying physiolog-
ical mechanisms (Hayat et al. 2017). To our knowledge, no
other model predicts tree height explicitly from turgor and the
turgor-limitation hypothesis like ours.

Potkay et al.’s (2021) source-limited growth scheme for
THORP grew faster than both THORP-G’s sink-limited scheme
(� = 0.75 MPa) and observation (Figure 6), supporting the
notion that plant growth is generally sink-limited (Körner 2015,
Millard et al. 2007). THORP includes a simple representation
of growth, in which growth rates are proportional to the size of
a single NSC storage size (Potkay et al. 2021). This represen-
tation reduces to a source-limited perspective of growth when
considered in steady-state. It is unlikely that the excessively fast
growth from THORP can be explained by unrealistically large
carbon assimilation rates, since Potkay et al. (2021) simulated
realistic leaf areas and reasonable, if not slightly small, midday
leaf area-specific carbon assimilation rates averaged over the
simulation (2.5 (μmol CO2)•s−1•m−2). Thus, THORP’s unrealis-
tically fast growth is better explained by its lack of sink-limitation
mechanisms to constrain realized growth, which improved
growth predictions in the turgor-driven THORP-G. Additionally,
Potkay et al. (2021) defined mortality when carbon storage
reached zero, while we defined mortality here as insufficient
storage for osmotic regulation, which occurs before complete
depletion. Potkay et al.’s (2021) source-limited scheme
grew faster than sink-limited scheme with � = 0.70 MPa,
which failed to osmotically regulate, suggesting source-limited
trees would have also failed to osmotically regulate, further
indicating the deficiency in assuming solely source-limitations,
particularly the assumption that growth is proportional to

photosynthetic carbon assimilation (Enquist et al. 1999, Fatichi
et al. 2014).

Role of the turgor threshold, �

Both of our offline and online TDGM simulations emphasize the
importance of �, the threshold in the Lockhart (1965) equation
which turgor, P, must exceed before expansion occurs. Offline
simulations demonstrate how � controls the metabolic scaling
exponent, β (Figure 3), and both offline and online simulations
show how it controls tree height (Figures 3, 4 and 6). Online
simulations with small thresholds (� ≤0.7 MPa) overly acceler-
ated growth, causing sink-demand to exceed source availability
and leading to premature carbon depletion, defined here as
insufficient carbon storage for osmotic regulation (Figure 6).
This carbon depletion could have been avoided had we param-
eterized the online simulations with a smaller extensibility, φ.
However, significantly smaller φ may not be physiologically
realistic. The value for φ of 2.3•10−7 MPa−1•s−1 in these sim-
ulations (Table 2) is from the lower limit of previously reported
φ estimates from the literature for woody expansion (Cabon,
Fernández-de-Uña, et al. 2020). Some literature reports values
for trees that span approximately double (Saveyn et al. 2007,
Steppe et al. 2008) to one or two orders of magnitudes
larger (De Schepper and Steppe 2010). Similarly, alternative
yet realistic values of a and b would not significantly reduce G.
Hence, carbon depletion in simulations with smaller � is likely
inevitable even with alternative parameterizations.

Little is known about � and what controls it, especially for
whole stems which TDGMs represent. Several studies have
assumed � = 0.9 MPa and have accurately simulated changes in
stem diameter (Génard et al. 2001, Peters et al. 2021, Steppe
et al. 2006, 2008). This commonly applied value for � was
originally taken as the upper limit of measured values of � (0.6–
0.9 MPa; De Schepper and Steppe 2010), assuming that �

is higher for stem tissues than for young tissues or individual
cells (Génard et al. 2001). The assumed � = 0.9 MPa is rarely
questioned, since many TDGMs are relatively insensitive to �

(e.g., Cabon, Fernández-de-Uña, et al. 2020, De Schepper and
Steppe 2010, Steppe et al. 2006). Nonetheless, this value is
similar to our estimate of 0.75 MPa, which produced maximum
trees height consistent with those for Scots Pine (Figure 3d) and
3/4 metabolic scaling (Figure 3b). However, � > ∼0.85 MPa in
our TDGM results in unrealistic metabolic scaling and heights
(Figures 3 and 6), suggesting that the exact value of � is
consequential and worthy of further consideration. How does
� vary among environments and species? No studies to our
knowledge have attempted to answer this question at the tissue
scale, and few studies have investigated the environmental
controls on � at cellular scales (Frensch and Hsiao 1995,
Nakahori et al. 1991, Pritchard et al. 1990).

Comparison of our TDGM to observed tree heights (Figure 4)
suggests that trees species adapted to mesic environments have
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larger � or are less efficient at maintaining P under water-
stress than tree species adapted to xeric environments. Such
a response in � would be analogous to wall stress relaxation
and polymer creep in individual cells (Cosgrove 1997), which
may maintain nearly constant P–� despite changes in P (Green
et al., 1971). Conversely, meta-analyses have shown that plants
adapted to more xeric environments tend to maintain higher
P for a given water potential (Bartlett et al. 2012, Zhu et al.
2018). P and � should be tightly coordinated so atypical turgor
losses stimulate slowing or shutdown of growth to conserve
NSC for maintenance under stress (Körner 2003). According
to this interpretation, the P–� difference would reflect the
plant’s caution, where larger P–� suggests a risker strategy
that maintains higher growth rates during drought though at
a higher danger of exhausting NSC and thereby potentially
reducing post-drought growth rates. Thus, P–� may mediate a
tradeoff between during drought and post-drought growth (e.g.,
Gazol et al. 2017). Hence, we expect that species adapted
to wetter conditions have larger � at the whole stem scale
and operate at higher P under typical conditions, though at
higher vulnerability to turgor loss under drought. We recognize,
however, that interpreting typical turgor pressures from ecosys-
tem alone may not be simple, since it would be complicated
by different species’ strategies for stomatal regulation (Fu and
Meinzer 2019, Meinzer et al. 2016) and osmotic regulation
(Bartlett et al. 2012), which control the two parts of turgor,
water potentials and osmotic potentials, respectively.

Applicability of TDGMs in DGVMs

Applying uniform osmotic potentials simplified the mathemat-
ical solution of our TDGM (Eq. 4) and greatly reduced its
computation by not having to couple with the PTM. Addition-
ally, by not coupling the PTM, we reduced the number of
parameters required for the TDGM (Table 1). The mathematical
and parametric simplicity of our TDGM suggests that mech-
anistic, sink-driven modeling of growth is feasible in DGVMs
(Fatichi et al. 2014, 2019, Körner 2015), contrary to past
expectations that TDGMs may be too complex for integration
into DGVMs (e.g., Babst et al. 2018). Note that we here
defined our parameters, φ, a and b (Eqs 3 and 4), separately
according to their physiological meanings (Table 2); however,
the three parameters could be lumped together into single
parameter (i.e., φ•(1 + 2a)•(ab)−1) to reduce the total number
of parameters, since their combined effects on growth are
purely multiplicative (Eqs 3 and 4). Though our approxima-
tion of uniform osmotic potentials becomes uncertain for tall
trees (see Figure S5 available as Supplementary data at Tree
Physiology Online), our TDGM nonetheless predicts realistic
growth and compares well to allometric theory, with which few
DGVMs agree (Wolf et al. 2011). Turgor-driven, sink-limited
mechanisms improved predictions of growth compared with a

source-limited alternative, which grew faster than both observa-
tions and our TDGM (Figure 6). In virtually all DGVMs, growth
is driven by solely photosynthesis without considering sink-
limitations (Fatichi et al. 2014, Friend et al. 2019). Despite
improved predictions by considering sink-limitations, few stud-
ies have addressed environmental sink-limitations empirically
at large-scales (Eckes-Shephard et al. 2021, Guillemot et al.
2017, Leuzinger et al. 2013), and fewer have considered
internal limitations (Jones et al. 2019). Our results suggest
that sink-limited mechanisms should be better represented in
DGVMs to understand and accurately predict the future of the
terrestrial carbon cycle. Furthermore, our TDGM captures tree
growth’s sensitivity to water-stress (Figure 5; Muller et al. 2011;
Lempereur et al. 2015), especially for larger trees (see Figure
S8b and c available as Supplementary data at Tree Physiology
Online), which are theorized to be more sink-limited (Hayat et al.
2017; shown here by declining β ; Figure 3c). Our TDGM’s sen-
sitivity suggests that future increases in drought frequency and
severity (IPCC 2019) will impair growth, accelerating carbon
cycle feedbacks and reducing future carbon sequestration in
climate predictions.

Others have recently implemented novel growth schemes in
large-scale vegetation models (Eckes-Shephard et al. 2021,
Jones et al. 2019, Mina et al. 2016), improving predictions
of growth and carbon fluxes compared with traditional and
solely source-limited schemes. Jones et al. (2019) focused
on NSC availability and limitations to capture NSC storage’s
potential buffering of growth during periods of little assimilation.
They implemented their model, SUGAR, in a land surface model
(JUULES) and thereby improved the accuracy of predictions of
carbon fluxes during a large-scale Amazon drought experiment.
Our simple TDGM takes a very similar mathematical form
as SUGAR, in which growth is proportional to biomass and
limited by NSC storage (compare our Eq. S.3.4, available as
Supplementary data at Tree Physiology Online, versus their Eq.
4), further suggesting that simplified TDGMs can be imple-
mented in DGVMs. Improving upon SUGAR, our TDGM also
accounts for the physiological and turgor-mediated roles of plant
hydraulics, hydraulic limitations and the continual reduction in
growth under worsening water-stress (Lempereur et al. 2015).
Similar to SUGAR, Mina et al. (2016) and Eckes-Shephard
et al. (2021) have recently implemented simple, sink-limited
schemes in dynamic vegetation models (ForClim and HYBRID9).
Rather than focusing on NSC storage, Mina et al. (2016) and
Eckes-Shephard et al. (2021) both accounted for reductions
in stem growth due to water limitations. Proceeding from
traditional wood formation models (e.g., Fritts et al. 1991,
Vaganov et al. 2006), Mina et al. (2016) and Eckes-Shephard
et al. (2021) parameterized radial growth as piecewise linear
functions of soil moisture and soil water potential, respec-
tively. Their choices of soil moisture and soil water potential
are inconsistent with turgor-driven growth, considering stem
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growth depends on the turgor and water potential in stems,
which become decoupled from soil water potentials under high
atmospheric demand (Cabon, Peters, et al. 2020). Stem water
potential partially reflects soil water potential and thus also soil
moisture. However, the relationship between soil moisture and
soil water potential is highly nonlinear and strongly dependent
on soil type (e.g., van Genuchten 1980), and stem water
potential also reflects the sap flux and the hydraulic conduc-
tance in series between the soil and stem. Furthermore, stem
water potentials depend on tree-size (Ryan and Yoder 1997),
stomatal regulation (i.e., isohydricity; Woodruff et al. 2015) and
plant water storage, all of which cannot be captured from soil
moistures or soil water potentials alone. In short, these recent
sink-limited schemes have greatly improved vegetation models;
however, their formulations do not consider the plant hydraulics
fundamental to TDGMs and their underlying physiological mech-
anisms. We explicitly considered the roles of plant hydraulics in
our TDGM by coupling to THORP, a tree model of hydraulics
and carbon allocation (Potkay et al. 2021). Nonetheless, our
model or similarly simple TDGMs could be easily coupled to any
plant hydraulics scheme such as recently developed hydraulics
schemes for DGVMs (Christoffersen et al. 2016, Eller et al.
2020, Li et al. 2021, Sabot et al. 2020).

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy online.
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