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 Trees partition biomass in response to resource limitation and physiological activity. It is presumed that these strategies evolved to optimize some measure of fitness. If the optimization
criterion can be specified, then allometry can be modeled from first principles without prescribed parameterization.
 We present the Tree Hydraulics and Optimal Resource Partitioning (THORP) model, which
optimizes allometry by estimating allocation fractions to organs as proportional to their ratio
of marginal gain to marginal cost, where gain is net canopy photosynthesis rate, and costs are
senescence rates. Root total biomass and profile shape are predicted simultaneously by a unified optimization. Optimal partitioning is solved by a numerically efficient analytical solution.
 THORP’s predictions agree with reported tree biomass partitioning in response to size,
water limitations, elevated CO2 and pruning. Roots were sensitive to soil moisture profiles
and grew down to the groundwater table when present. Groundwater buffered against water
stress regardless of meteorology, stabilizing allometry and root profiles as deep as c. 30 m.
 Much of plant allometry can be explained by hydraulic considerations. However, nutrient
limitations cannot be fully ignored. Rooting mass and profiles were synchronized with hydrological conditions and groundwater even at considerable depths, illustrating that the below
ground shapes whole-tree allometry.

Introduction
Forests store c. 45% of terrestrial carbon (Sabine et al., 2004)
and sequester large amounts of carbon annually (Bonan, 2008;
Beer et al., 2010; Pan et al., 2011). The terrestrial biosphere has
drawn down around one-third of anthropogenic CO2 emissions
since the beginning of the industrial era and thereby suppressed
climate change (Le Quéré et al., 2018). Yet, it remains unclear
how the terrestrial carbon sink’s strength will respond to climate
change (Ballantyne et al., 2015; Schimel et al., 2015), particularly
the combination of elevated atmospheric CO2, warmer temperatures and more severe drought (Sperry et al., 2019). Carbon-allocation strategies of trees, referring here to the dynamic biomass
partitioning between organs, plays a critical role in carbon
exchange between the atmosphere and the biosphere (Litton
et al., 2007; Bonan, 2015). Allocation is shaped by intrinsic plant
physiological traits, competition, and the local environment
(Poorter & Nagel, 2000; Poorter et al., 2012). However, mechanistic vegetation models that predict responses to changes in CO2
and climate often predict tree allometry using fixed ratios or scaling laws, despite the fact that these approaches do not capture
known carbon allocation dynamics and responses to
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environmental conditions and stand age (Drewniak & GonzalezMeler, 2017; Merganičová et al., 2019; Xia et al., 2019; Trugman
et al., 2019a).
Plants partition biomass in response to resource limitation and
the physiological activity of each organ according to functional
equilibrium (Brouwer, 1962, 1963). Functional equilibrium is
grounded in observations that plants shift allocation towards
shoots if fitness is impaired by uptake of above-ground resources
(light and atmospheric CO2; but see Stulen & Hertog, 1993,
Poorter & Nagel, 2000, and Poorter et al., 2012, for contradicting evidence regarding CO2; Fig. 1). Similarly, plants shift allocation towards roots when fitness is limited by uptake of belowground resources (water and nutrients; Aber et al., 1985; Gower
et al., 1992; Jiménez et al., 2009). Plant allometry changes dramatically with resource availability in general agreement with
functional equilibrium (Poorter & Nagel, 2000), and size- or
age-dependent changes in resource use generate coinciding
changes in allometry consistent with functional equilibrium
(Buckley & Roberts, 2006b; Poorter et al., 2012). Additionally,
water transport through xylem may limit productivity, because
water loss through stomata must balance water supplied by the
hydraulic continuum (Sperry & Love, 2015; Sperry et al. 2016),
New Phytologist (2021) 1
www.newphytologist.com

2 Research

and thus hydraulic resistances throughout the plant should be
finely balanced to optimize transpiration (Magnani et al., 2000),
shown by near-equal proportioning of above- and below-ground
hydraulic resistances in trees (Landsberg et al., 1976; Roberts,
1977; Running, 1980; Irvine & Grace, 1997; Tsuda & Tyree,
1997; Martı́nez-Vilalta et al., 2007; Poyatos et al., 2018).
Optimal plant function modeling captures functional equilibrium with fewer parameters compared with empirical and more
mechanistic approaches. They predict allometry by optimizing a
goal or objective function, which is often growth or canopy
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assimilation rates (Dewar et al., 2009; Anten & During, 2011;
Franklin et al., 2012) and occasionally reproductive fitness
(Dybzinski et al., 2011, 2014; Farrior et al., 2013). They have
explained changes in allometry as a result of size (Buckley &
Roberts, 2006a,b), elevated atmospheric CO2 (Franklin, 2007),
nutrient supply (Mäkelä et al., 2008), changes in both CO2 and
nutrient uptake (McMurtrie et al., 2008; Thornley & Parsons,
2014; Dybzinski et al., 2015), and precipitation gradients (Yang
et al., 2018) and hydrological seasonality (Farrior et al., 2013).
However, optimality has yet to be extensively shown to explain

Fig. 1 Conceptual diagram for the Tree Hydraulics and Optimal Resource Partitioning (THORP) model (see Supporting Information Table S1 for symbols
used). Soil hydrology is simulated by the Richards equation from precipitation, soil evaporation, transpiration, and either a shallow groundwater or free
drainage lower boundary condition. Roots conduct water from their soil layers according to the layer’s composite soil–root conductance and the gradient
between soil water potential, Ψsoil, and root collar xylem potential, ΨRc. The total transpiration is conducted through stems and then leaves, which are
given by their conductances, k, and stem apex and leaf xylem potentials, ΨS and ΨL. Root, stem and leaf conductances depend on the size of each
structural carbon pool, CR (roots), CsW (sapwood) and CL (leaf; or more accurately leaf area, aL), and may decline as a result of xylem embolism.
Transpiration and carbon assimilation rates, E and An, are linked through stomata, which respond to water stress and light interception. Assimilated carbon
is added to a nonstructural carbon (NSC) pool, where it is available for growth, G, and maintenance (rRmCR for roots, rsWmCsW for sapwood, and aLRd for
leaves, where Rd is the leaf dark respiration) and construction respiration, the latter of which is represented as a fixed fraction, fc, of growth. THORP
predicts the dynamic carbon allocation fraction to the ith structural carbon pool, ui, that optimizes net assimilation depending on the tree’s resource needs
and ability to improve water use and light interception.
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whole-tree allometry under other environmental conditions, particularly water stress (see Givnish, 1986; Sperry et al., 2019;
Trugman et al., 2019a,b for reduced leaf biomass under water
stress). Many optimal function models are static and describe
growing season averages rather than dynamic growth or shortterm fluctuations. As these models have not been designed to
simulate short-term responses to water stress, they lack mechanistic representations of xylem hydraulics. Instead, xylem water
potentials have been fixed (Buckley & Roberts, 2006a,b), annual
transpiration has been a fraction of annual rainfall that is either
fixed (McMurtrie et al., 2008) or an empirical function of leaf
area index (LAI; Yang et al., 2018), or hydraulic limitations have
been ignored and photosynthesis is modeled independently of
stomatal behavior (Franklin, 2007; Mäkelä et al., 2008; Thornley
& Parsons, 2014).
Here, we present a new model, Tree Hydraulics and Optimal
Resource Partitioning (THORP), which predicts the dynamic
partitioning of an individual tree’s biomass among stems, roots
and leaves that optimizes net assimilation. This optimization
results in the greatest growth in the most limiting organ in agreement with functional equilibrium. The tree is ever-striving
towards an optimal allometry that balances whole-tree water use
and light interception, depending dynamically on the environment and its structure and physiology. Each organ competes for
carbon until a hydraulic balance is achieved and no one organ is
limiting transpiration. Similar to previous models of root traits
(Table 1), THORP preferentially grows roots at depths where
the benefits to transpiration are greatest based on the spatial distribution of soil moisture, the conductances along the soil–root
hydraulic pathway at each depth, and the vertical distance
between root tip and collar. Few other models capture root
biomass, depth and shape simultaneously (Table 1). THORP is
the only model to our knowledge that applies the organizing
principle of optimality to predict all three root traits in unison.
Like THORP, other models that predict root biomass through
optimality (Givnish, 1986; Magnani et al., 2000; Schwinning &
Ehleringer, 2001; Buckley & Roberts, 2006a) consider the
whole-tree balance of hydraulic resistances, thereby integrating
below- and above-ground allocation. These optimality models,
however, have not mechanistically described soil moisture
dynamics, which control depths and profiles in other stochastic
and multilayered water-balance models. THORP attempts to
unify whole-tree optimality and water-balance approaches.
THORP is coupled to Sperry et al.’s (2017) gain–risk optimization algorithm to estimate transpiration rates, soil drying,
the water-use efficiency of stomata, and the conductances
throughout the tree which inform THORP how best to invest
carbon between organs. The gain–risk algorithm has been validated at the individual plant level in garden experiments (Venturas et al., 2018; Wang et al., 2019) and at the ecosystem level
(Sabot et al., 2020). Carbon partitioning in THORP is solved
analytically and is a dynamic product of environmental and physiological conditions without model parameters that explicitly
control allometry. Unlike previous optimal growth models which
are too computationally complex for large-scale vegetation modeling (Merganičová et al., 2019), THORP’s analytical framework
© 2021 The Authors
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for allocation is numerically efficient and appropriate for future
integration into such models. THORP’s optimality approach
reduces the number of poorly constrained parameters compared
with traditional carbon allocation models (Trugman et al.,
2019b). As large-scale vegetation models already simulate many
of THORP’s underlying processes, recently including xylem
hydraulics (Christoffersen et al., 2016; Eller et al., 2020; Sabot
et al., 2020), integration would require no new parameters.
Large-scale application of THORP would likely be done in a
simplified form after further validation, much as Sperry et al.’s
(2017) gain–risk optimization algorithm was simplified for
ecosystem-level simulations (Sabot et al., 2020).
Foremost, we hypothesize that much of carbon allocation is
driven to meet hydraulic demands. This hypothesis is a key
assumption of THORP’s framework that we test here and which
differs from previous optimal plant function models, which often
predict an allometry that solely considers the tradeoffs among
concentrating foliar nutrients, canopy size and respiration
(Franklin, 2007; Mäkelä et al., 2008; McMurtrie et al., 2008)
but not water use. We test this hypothesis by developing
THORP, which focuses on balancing internal hydraulic resistances without explicit consideration of nutrient demands, and
demonstrating that THORP predicts reported trends in the
biomass partitioning of trees as a function of size and in response
to various environmental conditions: light and water limitations,
elevated CO2 (eCO2) and pruning.
Following our first hypothesis that hydraulic demands play a
critical role in allocation, soil hydrology, which sets in motion
the transpirational stream, should govern much of allocation.
We apply THORP to test an additional hypothesis of soil
hydrology’s role. Our second hypothesis is that trees modulate
their rooting depth and profiles in synchrony with hydrological
conditions. We expect that rooting distributions are sensitive to
hydrometeorological conditions in solely rain-fed environments,
where root profiles vary dynamically to follow seasonal changes
in soil moisture distribution (Chen et al., 2004). Where groundwater is shallow, we expect rooting depth to follow the water
table independently of meteorology (Naumburg et al., 2005;
Christina et al. 2017; Fan et al., 2017). Following from this second hypothesis, we expect that access to stable sources of deep
soil moisture or shallow groundwater will allow trees growing
under reduced precipitation to partition biomass as if not
droughted. Access to steady soil water and groundwater would
fulfill a tree’s hydraulic needs even under declining precipitation,
meaning that less biomass should be allocated below ground for
above- and below-ground resource uptake to equally limit fitness
(Bloom et al., 1985). Soil water and groundwater access organizes tree hydraulic properties (Alder et al., 1996; Carter &
White, 2009; Zolfaghar et al., 2015) and alleviates mortality
under meteorological drought (Tai et al., 2018; Love et al.,
2019; Mackay et al., 2020; McLaughlin et al., 2020). However,
groundwater’s role in tree allometry has only recently been recognized (Carter & White, 2009; Zolfaghar et al., 2014, 2015),
often with emphasis on above-ground allometry (e.g. sapwood–leaf relations), while few groundwater studies consider both
above- and below-ground biomass (Imada et al., 2008; Xu et al.,
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Table 1 Select models, their ability to capture rooting depth, root biomass and shape of root profile with depth, and whether they simulate dynamic,
vertically explicit soil moisture profiles.
Root
biomass?

Rooting
depth?

Rooting
profile?

Realistic soil
hydrology?

Optimizes net carbon gain
Optimizes transpiration (further constrained by carbon
costs)
Optimizes net carbon gain
Optimizes transpiration
Optimizes net carbon gain

Y
Y1

N
Y

N
Y

N
Y2

Y
N
Y

N
Y
N

N
Y
Y

N
Y
N3

Optimizes net carbon gain
Imposes that long-term mean soil moisture will be
vertically homogeneous
Optimizes transpiration
Optimizes net carbon gain
Shallowest possible profile
Preferential root growth where root water uptake is high
and to maintain root tissue water storage
Optimizes transpiration
Preferential rooting where hydraulic resistances are least

Y
N

Y
Y

N
Y

N
Y2,4

N
N
N
Y5

Y
Y
Y
Y

Y
N
Y
Y

Y2
Y2,4
Y2
Y

Y6
N

Y
Y

Y
Y

Y2
Y

Y

N

Y

Y

Y

Y

Y

Y

Reference

Model

Underlying principle

Givnish (1986)
Kleidon & Heimann (1996)

–
–

Magnani et al. (2000)
Van Wijk & Bouten (2001)
Schwinning & Ehleringer
(2001)
Buckley & Roberts (2006a)
Laio et al. (2006)

–
SWIF
–

Collins & Bras (2007)
Guswa (2008)
Schenk (2008)
Schymanski et al. (2008,
2009)
Sivandran & Bras (2013)
Fan et al. (2017)

–
–
SWIEM
–

DESPOT
–

Mackay et al. (2020)

VEGGIE
LEAFHydroFlood
TREES

Present study

THORP

Preferential root growth where hydraulic conductances
are high and where senescence costs are low
Optimizes net carbon gain

DESPOT, Deducing Emergent Structure and Physiology Of Trees; LEAF, Land-Ecosystem-Atmosphere Feedback; SWIEM, soil water infiltration and
extraction model; SWIF, Soil Water In Forested ecosystems; TREES, Terrestrial Regional Ecosystem Exchange Simulator; THORP, Tree Hydraulics and
Optimal Resource Partitioning model; VEGGIE, Vegetation Generation for Interactive Evolution
1
Kleidon & Heimann (1996) model the change in root biomass as a constant growth rate, rather than predict it by optimality.
2
Study does not consider possibility of groundwater. While the models by Kleidon & Heimann (1996), Collins & Bras (2007) and Sivandran & Bras (2013)
were run with a free-drainage lower-boundary condition, groundwater could conceivably be added to their existing frameworks, as these models solve the
Richards equation or a similar diffusion-type equation for soil moisture dynamics. This possibility of groundwater representation is not possible in other
models based on stochastic rainfall without significant model changes.
3
Schwinning & Ehleringer (2001) model two soil layers; however, the two layers do not exchange water. The bottom layer is held at constant soil water
potential, while soil moisture in the top layer responds to water inputs and drying through evapotranspiration.
4
Soil moisture predicted solely from stochastic representation of precipitation and infiltration.
5
Schymanski et al. (2008, 2009) do not model change in root biomass through optimality; instead, within a soil layer, root growth rate is treated as a function of root water uptake within that soil layer and thus ignores above-ground processes in the whole-tree carbon balance (e.g. photosynthesis, shoot allocation, etc.).
6
Root allocation in VEGGIE is not based on optimality but on a resource limitation approach (Arora & Boer, 2005; Ivanov et al., 2008), which has been suggested to perform inadequately in model–data comparisons (De Kauwe et al., 2014; Xia et al., 2019).

2017). Few studies have simulated both below- and aboveground allocation changes as a result of groundwater (e.g.
Mackay et al., 2020) as achieved by THORP. Thus, groundwater influence may be under-predicted by many large-scale land
models that do not represent groundwater (Clark et al., 2015;
Fan et al., 2019) or its potential influence on vegetation, despite
the fact that shallow groundwater may influence much of the
global land area (Fan et al., 2013, 2017).

Materials and Methods
Model description
Here, we summarize THORP’s core assumptions, structure (Fig.
1 See later; Supporting Information Fig. S1; Notes S1) and main
variables (Table S1). Photosynthesis is calculated with a big-leaf
version of the Farquhar et al. (1980) model, based on electron
New Phytologist (2021)
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transport and carboxylation capacities, photosynthetic irradiance
and stomatal conductance (Notes S1 S.6). Light interception is
canopy-averaged from total light capture, which is calculated by
the Beer-Lambert law, for a spatially uniform leaf distribution
(Notes S1 S.5). Sperry et al.’s (2017) gain–risk algorithm predicts
stomatal conductance and xylem water potentials from environmental factors (e.g. soil drying, vapor pressure deficit, temperature, photosynthetic active radiation, atmospheric CO2
concentrations; Notes S1 S.6). Assimilated carbon is added to a
nonstructural carbohydrate (NSC) storage pool, which is
depleted by maintenance and construction respiration and
growth (Notes S1 S.9). Maintenance respiration is temperaturedependent and calculated independently for each structural carbon pool (Notes S1 S.7). Construction respiration rates are proportional to growth rates (Notes S1 S.9). Growth rates are not
directly coupled to photosynthesis (Fatichi et al., 2014; Merganičová et al., 2019) and instead depend on NSC storage
© 2021 The Authors
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(Schiestl-Aalto et al., 2015; Hayat et al., 2017; Notes S1 S.9),
enabling THORP to capture recovery processes after disturbances (Barigah et al., 2013; Hartmann, 2015). Root, leaf and
sapwood pools acquire carbon through growth and lose carbon
through senescence, which is modeled by mean life spans (Notes
S1 S.7). Senesced sapwood becomes heartwood (Notes S1 S.9).
Changes in the sizes of carbon pools cause changes in leaf area, tree
height, canopy width, basal diameter and the root distribution
with soil depth (Notes S1 S.1), which influence how efficiently the
tree intercepts light (Notes S1 S.5), transpires water (Notes S1
S.3), and thus photosynthesis. Height and canopy width are constrained by basal diameter according to power laws (McMahon,
1973; West et al. 1999, 2009; Niklas & Spatz, 2004; Notes S1
S.1), and stem conductance is similarly dependent on tree size
according to a fractal-like hydraulic tree architecture and sapwood
and heartwood proportions (West et al., 1999; Savage et al., 2010;
Sperry et al. 2012; Hölttä et al., 2013; Notes S1 S.4).
Distributions and dynamics of soil moisture with depth are
solved numerically by the one-dimensional vertical form of
Richards equation (Richardson, 1922; Richards, 1931) (Notes
S1 S.2). Soil porosity and hydraulic conductivity decline exponentially with depth (Beven & Kirkby, 1979; Fan et al., 2013),
and unsaturated soil hydraulic properties are modeled after van
Genuchten (1980). Infiltration rates are assumed equal to precipitation, and soil evaporation is modeled by a linearized form of
Dalton’s law of evaporation (Penman, 1948). Transpired water is
removed from each soil layer according to water potential gradients and hydraulic resistances along the soil–root pathway, which
depend on root distributions (Notes S1 S.2, 3). Root density is
constant within a soil layer, but varies among layers. The model
captures hydraulic redistribution simply by the passive flux of
water among roots and soil.
The novelty of THORP is how it predicts biomass partitioning (Notes S1 S.8). Our approach is similar to Caldararu et al.’s
(2020) dynamic nitrogen allocation and approximates Buckley &
Roberts’ (2006a) dynamic, numerical solution for biomass partitioning within the constraints of the carbon available for allotment. Buckley & Roberts (2006a) solved for the optimal path
(referring to the allocation trajectory in either time or tree size)
rather than the optimal allometry like traditional optimality
models, and we approximate that path (Figs S1 S2). Like previous optimality models, THORP’s allocation to a carbon pool
ceases when the pool reaches its global optimal (i.e. when the
marginal gain is zero, where we maximize gain). Our approach is
conceptually similar to maximizing growth, as we have assumed
growth rates are a positive, monotonic function of NSC (Notes
S1 Eqn S.9.2). Consequently, THORP optimizes net assimilation, leading to elevated NSC and growth. THORP calculates
the fraction of carbon allocated during growth to the kth carbon
pool, uk, as
uk /

marginal gaink
marginal costk

Marginal gaink ¼

∂
ða L ðA n þ R d Þ  R m Þ
∂C k

© 2021 The Authors
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Eqn 1(a)
Eqn 1(b)

Marginal costk ¼

∂S k
∂C k

Eqn 1(c)

where k may represent leaves, sapwood (stems), or roots in a particular soil layer, the gain is the net canopy photosynthesis minus
whole-tree maintenance respiration, aL(An + Rd) – Rm (Bloom
et al., 1985), the cost is the senescence rate for the kth carbon
pool, Sk (Magnani et al., 2000), An is the leaf area-specific net
carbon assimilation rate, Rd is the leaf dark respiration, aL is the
total leaf area, and Ck is the size of the kth carbon pool. Allocation
fractions are here calculated each day at midday; however, the
resulting allometry is the time integral of the product of allocation fraction and growth rate minus the relevant senescence
(Notes S1, Eqn S.9.3-5). So while the determination of allocation
fractions occurs at daily timescales, allometry better reflects a
longer-term mean of the environment. Delays between stimuli
and the appearance of allometric responses will be advanced or
delayed depending on strength or weakness of growth rates,
respectively. See Notes S1 (S.8) for full discussions of our optimization’s objective function and dynamic solution.
Marginal gain terms are solved analytically by the following
equation which considers the increase in gross carbon assimilation associated with increasing light capture and water use:
Marginal gaink ¼ ðA n þ R d Þ

∂a L
∂I
∂E ∂R m
þ aL}
þ aLλ

∂C k
∂C k ∂C k
∂C k
Eqn 2

where I is the canopy-averaged light interception, ℘ = ∂An/∂I is
the marginal light-use efficiency, E is the leaf area-specific transpiration rate, and λ = ∂An/∂E is marginal water-use efficiency
(Hari et al., 1986). Both ℘ and λ represent stress, and their magnitudes drive shifts in allocation towards organs that can alleviate
the stress. When water is limiting, λ is large (Mäkelä et al., 1996;
Manzoni et al., 2011; Wang et al., 2020), and similarly, when
light is limiting, ℘ is large. By Eqn 2, large ℘ shifts allocation
towards shoots which can improve light interception. Similarly,
large λ shifts allocation towards sapwood and roots, because their
growth can improve the hydraulic efficiency, promote stomatal
opening and improve carbon assimilation. As biomass is partitioned to the most limiting organs, the tree adapts to its new
environment and becomes less stressed, which causes ℘ and/or λ
to decline, and allocation can subsequently resume its previous
course or shift to alleviate new stresses.
The marginal water-use efficiency, λ, was not explicitly formalized within Sperry et al.’s (2017) gain–risk algorithm, but λ may
be calculated as a function of leaf water potential, ΨL, in the
gain–risk framework (Wolf et al., 2016). Following Givnish
(1986) and Novick et al. (2016a), we interpret λ from the supply
function, E(ΨL) (Sperry & Love, 2015; Sperry et al. 2016), and
the gain function, An(ΨL), as λ = ∂An/∂E = (∂An/∂ΨL)/(∂E/∂ΨL)
evaluated at the optimal ΨL predicted by the gain–risk algorithm
applying a solution by Buckley et al. (2017) (Notes S1 Eqn
S.6.12). We estimate the marginal light-use efficiency, ℘, from
An’s biochemical dependence on electron transport and thus light
New Phytologist (2021)
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capture (Farquhar et al., 1980; Buckley et al., 2002; Notes S1
Eqn S.6.5). Notes S1 (S.8) contains full derivations of the
marginal gain and cost terms for each carbon pool and the resulting allocation. Allocation in THORP strives for allometric balance and is the product of environment, physiology, and their
feedbacks without recourse to empirical representations of carbon
allocation.
THORP assumes instantaneous optimization of allocation (uk,
though not so for biomass, Ck, or growth rate). However, that
instantaneity may be disputed by some physiologists, as defining
the timescales of optimization remains a major challenge to global
change research (Dewar et al., 2009). While some suggest instantaneous optimization for resource competition (King, 1990; Wolf
et al., 2016), others suggest the timescales of optimality depend on
the predictability and regularity of environmental conditions with
no guarantee that plant response remains optimal under novel conditions (Mäkelä et al., 2002; Buckley et al., 2017). Yet, predicating
responses to novel conditions is a goal of large-scale modelers. Allocation schemes in most current large-scale models are empirical,
which make their allocation predictions limited to the range of
observations used for model development. Hence, we apply optimality, albeit an instantaneous one, as an organizing principle to
improve existing allocation schemes (Trugman et al., 2019a) and
predict responses beyond the range of observations and thus to
novel conditions (Franklin et al., 2020).
The THORP model represents key plant mechanisms but
ignores others that may serve as secondary drivers of allocation,
including delayed xylem refilling or lack of recovery as a result of
permanent damage, plant water storage, osmoregulation, and
nutrient uptake and partitioning. We would expect the first three
processes to affect our results quantitatively, but not qualitatively,
and the fourth to affect results under nutrient limitation or when
the photosynthetic apparatus changes, which THORP presently
cannot predict (Vc,max and Jmax are fixed parameters here; see full
discussion of limitations in Notes S1). The model can be adapted
to resolve these limitations in the future.
The THORP model was coded in MATLAB. All partial differential equations were solved by explicit finite difference at a 6 h
time step, except for the Richards equation which was solved
implicitly (Notes S1 S.2). The code is included in Notes S2.
Simulations
We performed 29 simulations to test THORP’s predictions of
allometry under various stimuli (Table 2; Notes S1 S.10). These
experiments simulate the growth of a Scots pine (Pinus sylvestris)
tree over a 100 yr period in an environment similar to the Poblet
nature reserve (Poyatos et al., 2013, 2018; description of site and
parameterization in Notes S1 S.10.1) recycling the site’s climate
from 1948 to 1958 (to stimulate a stable environment) with
NOAA re-analysis data (NCEP/NCAR Reanalysis 1; Kalnay
et al., 1996), and thus environmental conditions vary both interand intra-annually. We parameterized the model with values
reported or estimated from the existing literature (Table 3). We
note that no parameters were finely tuned to match observations,
and by using parameters that are as physically based as possible,
New Phytologist (2021)
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we focus on the model’s ability to capture fundamental processes.
We test THORP’s predictions of size-mediated changes in allometry through the control experiment representing favorable
growth conditions and compare with well-established allocation
trends. The remaining simulations test THORP’s ability to capture trees’ sensitivity to water stress, competition for light, atmospheric CO2 and pruning. We present our results as mass
fractions (leaf, LMF; stem, SMF; root, RMF) plotted, after a c.
2.6 yr spin-up period for hydrological and physiological conditions to equilibrate, and often against total dry mass to best elucidate the effects of size and the differences between treatments
(Poorter & Nagel, 2000; Poorter et al., 2012, 2015), as allometry
often better reflects plant size over age (e.g. Brouwer, 1962, 1963;
Mencuccini et al., 2005). We test our second hypothesis through
our simulations of water stress, for which we report the rooting
depth (Z95% and Z99.5%; Figs 2, 5 (see later), S.6-8) as the depth
above which either 95% or 99.5% of root biomass is present. In
simulations with groundwater, we report the mean groundwater
table depth (Fig. 5 See later).

Results
General behavior of THORP
In the control experiment, the simulated Scots pine grew steadily
in height over the 100 yr simulation with rates of height growth
slowly declining (Fig. 2a,c), in agreement with well-established
observations of asymptotic height growth in time (Mencuccini &
Grace, 1996; Magnani et al., 2000). Roots quickly grew down to
a depth of 4–5.5 m to equilibrate with the hydrological environment and remained within this range through the remainder of
the simulation (Fig. 2a,c), where oscillations reflect seasonality
and recycling of meteorological forcing. THORP predicts that
LAI generally rises asymptotically towards a value of c. 3 (Fig.
2b,d), and like rooting depth, leaf area clearly responds to both
intra- and interannual variations in light and water availability.
Leaf and sapwood areas are linearly correlated throughout the
control experiment (aL = 3243.7asW1.00, R2 = 0.996; Fig. 2e),
supporting Shinozaki et al.’s (1964) pipe model and agreeing with
studies demonstrating that aL : asW ratios for Scots pine are weakly
correlated with age or size (Poyatos et al., 2007; Hu et al., 2020).
THORP captures this linearity through its optimality assumption
(Buckley & Roberts, 2006a) without explicitly assuming such
behavior for leaf–sapwood partitioning a priori. Huber values (asW
: aL) in the control experiment decrease with size (Fig. 2f), agreeing with theoretical arguments (Buckley & Roberts, 2006b) and
observations (Rosas et al., 2019). Additionally, THORP predicts
xylem water potential profiles that agree well with the real Poblet
nature reserve site (Fig. S3). This check on the THORP’s representation of plant hydraulics, particularly xylem water potentials,
is key to testing THORP’s predictions of allometry, as THORP
seeks to synchronize hydraulic resistances throughout a tree, and
thus xylem water potentials should be reasonably distributed.
Total tree dry mass increases over two orders of magnitude
from c. 1 kg to c. 1600 kg through the control experiment, during which time SMF increased from c. 0.36 to c. 0.82, RMF
© 2021 The Authors
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Table 2 Summary of Tree Hydraulics and Optimal Resource Partitioning
(THORP) simulations.
Simulation

Description

Control

Free drainage lower boundary condition for
soil moisture; no overstory; 410 ppm CO2
(Supporting Information Notes S1 S.10.1)
Same as control except 75% precipitation
(Notes S1 S.10.2)
Same as control except 50% precipitation
(Notes S1 S.10.2)
Same as control except 50% precipitation
and the free drainage condition was
replaced with shallow groundwater table
(Notes S1 S.10.2); groundwater table was
incrementally deepened between
simulations from 2 to 80 m; between
drought simulations 3 and 12, the
groundwater table was consecutively
lowered in 2 m increments down to a
20 m depth; between drought simulations
13 and 17, the groundwater table was
consecutively lowered in 4 m increments
from 24 m down to a 40 m depth;
between drought simulations 18 and 22,
the groundwater table was consecutively
lowered in 8 m increments from 48 m
down to a 80 m depth
Same as control except with added
overstory (Notes S1 S.10.3)
Same as control except 600 ppm CO2
(Notes S1 S.10.3)
Same as control except shoot biomass
reduced by half after c. 2.6 yr spin-up1,2
(Notes S1 S.10.4)
Same as control except shoot biomass
reduced by half after first 30 yr1,2 (Notes
S1 S.10.4)
Same as control except root biomass
reduced by half after c. 2.6 yr spin-up2
(Notes S1 S.10.4)
Same as control except root biomass
reduced by half after first 30 yr s2 (Notes
S1 S.10.4)

Hydrometeorological
drought 1
Hydrometeorological
drought 2
Hydrometeorological
drought 3–22

Above-ground competition
Elevated atmospheric CO2
Pruning 1

Pruning 2

Pruning 3

Pruning 4

1
Parameters altered to reflect changes in stem hydraulic conductance,
wood volume relations, and canopy area assuming that the shoot has been
cut in half vertically.
2
Results reported in Fig. S11.

decreased from c. 0.36 to c. 0.12, and LMF decreased from c.
0.27 to c. 0.07 (Fig. 4c See later). These trends agree with previous meta-analyses for woody species, and the magnitudes fall near
or within observed ranges (Poorter et al., 2012, 2015; Fig. 3a–c).
Root-to-shoot ratios declined with tree size in agreement with a
recent meta-analysis (Ledo et al., 2018) and fall well within the
ranges synthesized by Poorter et al. (2012) (Fig. S4). Davidson
(1969) suggested that plants adjust their root-to-shoot ratio to
balance nutrient uptake rate and carbon gain, and simple models
based on this principle have shown that this ratio must vary with
plant size to maximize growth (Reynolds & Thornley, 1982;
Mäkelä & Sievanen, 1987; Thornley & Parsons, 2014). THORP
reproduces this variation in root-to-shoot ratios solely from
© 2021 The Authors
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hydraulic considerations without considering nutrient limitations, emphasizing the role of plant hydraulics.
Although there are few data on allocation fractions, we compared THORP’s predictions of allocation fractions with a recent
meta-analysis by Xia et al. (2019) (Fig. 4). Xia et al. (2019) presented their results in terms of allocation to fine roots and total
wood (i.e. stem wood and coarse roots). THORP does not explicitly distinguish between coarse and fine roots, and we estimated
these allocation fractions assuming that roots maintained a constant fraction of fine roots equal to 20% of the total root biomass
(Oleksyn et al., 1999) and that fine roots had a life span of 0.65
yr (Persson, 1980). Allocation fraction estimates from the control
experiment agree with Xia et al. (2019), generally falling within
their confidence intervals (Fig. 4).
Sensitivity to water stress
Reducing precipitation initially motivated root growth at the
expense of shoots (red and gold lines in Figs 3, 4), and roots grew
down towards deeper, more stable soil water, growing deepest
when precipitation was least and surface soils were driest (Fig. 2a,
c) in agreement with functional equilibrium and empirical data
of allometry (Poorter & Nagel, 2000; Poorter et al., 2012; Eziz
et al., 2017) and rooting depth (Schenk & Jackson, 2002) for
woody species. During this initial period, aL–asW trends match
the control experiment (Fig. 2e–f), while we expected aL–asW
slopes to flatten (larger Huber values) under water stress from
theory (Sperry et al., 2019; Trugman et al., 2019a,b) and observations (Mencuccini & Grace, 1994; DeLucia et al., 2000; Rosas
et al., 2019). These theories and observations compounded the
effects of both reduced precipitation and reduced atmospheric
humidity, while we have focused here exclusively on the impact
of precipitation. In light of our findings, we performed two additional experiments identical to the control except with reduced
atmospheric humidity (60% and 80% of control relative humidity), which predicted elevated Huber values (Fig. S5), agreeing
with theory and observations. THORP’s higher sensitivity to
atmospheric humidity than soil moisture is consistent with studies demonstrating stomatal conductance’s higher sensitivity to
humidity than moisture (e.g. Novick et al., 2016b).
However, after c. 40 and 60 yr in experiments with 50% and
75% of the control precipitation, these allometric trends
changed. Rooting depths shallowed, reaching similar depths as
the control experiment (Fig. 2a,c), coinciding with reduced
RMF (Fig. 3c,f) and a slight decline in root allocation (Fig. 4c).
These results were unexpected and deserve further exploration.
These declines in root mass and allocation were mirrored by
simultaneous increases in shoot allocation (Figs 3a,b,d–e, 4a–b),
which we initially interpreted as a decline in water stress. However, further inspection of other indicators of water stress (heightened water-use efficiency and more negative predawn leaf water
potentials; Figs S6b–c,f–g, S7b,c,f,g, S8b,c,f,g) suggested that the
trees were more not less stressed after root decline and shallowing. The soil water budget suggests that after roots grew down to
their deepest, roots quickly extracted water from the deepest layers where soil water potentials were initially least negative.
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64.6

0.64

8.5

b0

c0

b1

mol H2O m−2 s−1 MPa−1

1.6 × 10−2

0.85

0.81

kL

bL

cL

–

MPa

–

s
s−1

0.93

1.2 × 109
1 × 10−7

τsW
ζ

s
s

c2

9.5 × 107
9.6 × 107

τL
τR

–

mol H2O s−1 MPa−1

0.28

fc

s−1

Xylem hydraulics
b2
9.3 × 10−1

2.2 × 10−12

rsWm15

c1
0.63
–
Respiration, senescence and growth
rRm 15
7.0 × 10−9
s−1

m

–

Power-law scaling coefficient for stem xylem
conductance; kS = b2 when D = Dref = 1 m and
no heartwood is present
Exponent for power-law scaling of stem
conductance
Leaf area-specific maximum leaf xylem
conductance
Scaling parameter in Weibull function that
describes leaves’ vulnerability to embolism
Exponent in Weibull function that describes
leaves’ vulnerability to embolism

Mean life span of sapwood pool
Proportionality constant between unloading rate,
G/(1 – fc), and carbon storage pool

Carbon pool-specific sapwood maintenance
respiration rate at 15°C
Fraction of carbon spent on construction
respiration
Mean life span of leaf pool
Mean life span of root pool

Carbon pool-specific root maintenance
respiration rate at 15°C

Power-law scaling coefficient for canopy width;
W = b1 when D = Dref = 1 m
Exponent for power-law scaling of canopy width

Exponent for power-law scaling of height

Power-law scaling coefficient for height; H = b0
when D = Dref = 1 m

Stem carbon density

mol C m−3

1.4 × 104

ρcS

m

Empirical form factor (CW = ρcSξHD2)

–

0.5

Specific leaf area

Meaning

ξ

Units

m2 mol–1 C

Value

Structural metrics
0.08
ΧL

Symbol

bL and cL estimated by fitting Weibull curves to hydraulic conductance data of loblolly
pine needles from Domec et al. (2009).

Based on Buckley & Roberts (2006a) for loblolly pine

b2 and c2 regressed from conductance and diameter data for Scots pine from Mencuccini & Grace (1996); c2 was fixed such that kS / H1.45 for Scots pine when no
heartwood is present (Hölttä et al., 2013), and assuming sapwood conductance
was 90% of maximum at field conditions (Fig. S13)

From Shiestl-Aalto et al. (2015) For Scots pine
Estimated assuming that fine roots represent 20% of total root biomass, which is
based on means of course- and fine-root biomasses of Scots pine from Oleksyn
et al. (1999), that the mean life span of fine roots is 0.65 yr based on Persson
(1980), and the mean life span of coarse roots equals that of sapwood
From Helmisaari & Siltala (1989) for Scots pine
Estimated so that nonstructural carbon (NSC) carbon storage when expressed as a
concentration (estimated as CS(CL + CW + CR)−1) would be in pseudo-steady-state
when integrated over annual timescales from model simulations

From Chung & Barnes (1977) for loblolly pine

Estimated so that total respiration (sum of maintenance and growth respirations) was
c. 50% of gross annual photosynthesis, and that c. 50% of total maintenance respiration occurred below ground based on Högberg et al. (2002) for Scots pine
Based on Zha et al. (2004) for Scots pine

Based on Martinez-Vilata et al. (2009) for Scots pine assuming needle dry matter of
Scots pine is 50% carbon based on Janssens et al. (1999)
From Schiestl-Aalto et al. (2015) for Scots pine. Note that those authors define the
form factor differently so we multiply their value of 0.6 by π/4 to agree with our
definition
From Buckley & Roberts (2006a) who interpreted ξ and ρcS for lodgepole pine using
data from Reid et al. (1974), Ryan (1989) and Litton (2002) and in close agreement
with the value used by Schiestl-Aalto et al. (2015) for Scots pine
Chosen so that diameter, D, corresponding to a height of 12 m, would be 8 cm in
agreement with the 12-m-tall Scots pine from the SMEAR II field station (Hyytiälä,
southern Finland; Hari & Kulmala, 2005) simulated by Nikinmaa et al. (2013) and
other authors (e.g. Schiestl-Aalto et al., 2015)
Regressed from height and diameter data for Scots pine from PROFOUND (Reyer
et al., 2019) sites (Hyytiala, Kroof, Peitz) and Mencuccini & Grace (1996)
b1 and c1 regressed from relationships between diameter and projected crown area
for Scots pine from Pretzsch (2014), assuming that canopies are approximately
square

Source

Table 3 Parameters in Tree Hydraulics and Optimal Resource Partitioning (THORP) for control simulation and their source.
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MPa s mol−1
H2O mol C

MPa mol C s mol−1 H2O m−2

0.80

1.29

2.65

3.4 × 103

9.4 × 104

cS

bR

cR

βR,H

βR,V
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mol C J−1

–

–

–
–
–

–

6.9 × 10−7

0

0.32

1.46

Κn

κL

φ
3.34
Soil properties
N
15
θr
0
θs,0
0.40

2.70

ϰ

nVG

αVG

MPa−1

m−1

–

0.90

C″

Photosynthesis and light capture
1.1 × 10−4
mol C m−2 s−1
Jmax,0
−5
Vc,max,0 6.0 × 10
mol C m−2 s−1
C0
0.98
–

–

MPa

–

MPa

5.32

bS

Units

Value

Symbol

Table 3 (Continued)

Number of soil layers within soil column
Residual volumetric soil water content
Saturated volumetric soil water content at ground
surface
Van Gencuthen (1980) shape parameter
(mVG = 1 – 1/nVG)
Van Gencuthen (1980) scale parameter

Effective light extinction coefficient relative to
path length of beams passing through
neighboring trees
Effective light extinction coefficient of light
passing through target tree
Ratio of total- to projected-leaf area

Maximum rate of electron transport at 17°C
Maximum carboxylation rate at 17°C
Curvature parameter for hyperbolic minimum of
carboxylation- and electron transport-limited
gross photosynthesis rates
Curvature parameter for hyperbolic minimum of
light-limited and maximum electron transport
rates
Proportionality constant between JI and I

Proportionality constant between minimum
horizontal (intralayer) root hydraulic resistance
and CR−1
Proportionality constant between minimum
vertical (interlayer) root hydraulic resistance and
Δz2/CR

Scaling parameter in Weibull function that
describes stem’s vulnerability to embolism
Exponent in Weibull function that describes
stem’s vulnerability to embolism
Scaling parameter in Weibull function that
describes roots’ conductance loss
Exponent in Weibull function that describes
roots’ conductance loss

Meaning

Soil water retention properties (θr, θs,0, nVG and αVG) inferred from measurements of
Tillar valley soils in the Poblet nature reserve (Prades Mountains, northeast Spain)
by Poyatos et al. (2013, 2018) and Sus et al. (2014) assuming predawn leaf water
potentials approximate soil water potentials when corrected for the gravitational
pressure gradient

From Buckley & Roberts (2006a) for conical pines

From Mencuccini & Grace (1996) for Scots pine

Calculated for a quantum yield of 0.3 mol photon (mol e−)−1 and an assumed
average wavelength of PAR of 550 nm

From Sperry et al. (2017)

From Sperry et al. (2017)

Jmax,0 and Vcmax,0 are based on values for Scots pine from Kolari et al. (2014).

bR and cR estimated by fitting Weibull curves to below-ground conductance data for
Scots pine from Poyatos et al. (2018). Poyatos et al.’s (2018) conductance measurements were reported as a function of soil moisture content rather than soil water
potential. We developed a soil water retention curve for the Tillar valley soils in the
Poblet nature reserve (Prades Mountains, northeast Spain) from their coeval measurements of predawn leaf water potential and volumetric soil water content with
which we estimated the soil water potentials for their conductance data (see soil
property parameterization below)
βR,H and βR,V were estimated so that below-ground resistance is 45% of total resistance (Martı´nez-Vilalta et al., 2007) for Scots pine for a 14-m-tall tree with RMF =0.2 (Poorter et al.,2012), LAI = 0.4 (Poyatos et al., 2013) and Z = 3 m (Fan et al.,
2017), when E = 1.6 × 10−3 mol H2O m−2 s−1, Ψpd = −0.72, MPa, and Ψmd
−1.50 MPa based on Poyatos et al. (2013), assuming root conductance at 80% of
maximum for Scots pine based on Lintunen et al. (2019), that ’vertical’ and ’horizontal’ below-ground resistances are each 50% of the total below-ground resistance, and that more roots within a soil layer are intralayer conductors rather than
interlayer conductors (CR,H = ⅔CR; CR, V = ⅓CR)

bS and cS estimated by fitting Weibull curves to hydraulic conductance data of Scots
pine branches from Torres-Ruiz et al. (2016)

Source
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LAI, leaf area index; PAR, photosynthetically active radiation; RMF, root mass fraction.
Parameters were chosen to reflect Scots pine (Pinus sylvestris) when available or species of the same genus when parameters could not be estimated for Scots pine. Below-ground hydraulic properties
(i.e. those of soil and roots) were estimated to represent the Poblet nature reserve (Prades Mountains, northeast Spain).

m
3.2
eK

New Phytologist (2021)
www.newphytologist.com

m
13.6
en

e-folding depth for exponential decline in
porosity with depth
e-folding depth for exponential decline in
saturated conductivity with depth

From Lampurlanes & Cantero-Martinez (2003) for xerochrept clay loam similar in
texture and location to the soils at Tillar valley in the Poblet nature reserve (Prades
Mountains, northeast Spain) where Poyatos et al. (2018) measured below-ground
conductances
en and eK estimated so that porosity and saturated conductivity were 0.01 and 10−11 m s−1
, respectively, at a depth of 50 m. Those values were chosen to represent
the schist underlying the Tillar valley soils using values from Bear (2007) for unfractured schist. A depth of 50 m was chosen as the depth where the effects of fractures
are negligible and is based on nearby electrical resistivity measurements (e.g. BardeCabusson et al., 2013; Sendròs et al., 2014) as the depth where resistivity becomes
relatively uniform
m s−1
6.0 × 10−7
Ksoil,sat,0

Saturated hydraulic conductivity at ground
surface

Units
Value
Symbol

Table 3 (Continued)

Meaning

Source
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However, exponentially reduced soil porosity at depth meant that
deeper soil layers were easily dried without infiltration from
above or capillary rise from groundwater below in these experiments, leading to severe drying of the entire soil column (Figs
S6d,h, S7d,h, S8d,h). Without sufficient access to water at any
depth, attempting to minimize below-ground hydraulic resistances became futile (reduced dE/dCR despite elevated λ in Eqn
2), and the tree sought to reduce hydraulic resistances above
ground by allocating to shoots (Figs 3a,b,d,e, 4a,b), although
preferentially allocating to stems over leaves, and thereby
increased Huber values (Fig. 2f), the latter of which is consistent
with theory (Sperry et al., 2019; Trugman et al., 2019a,b) and
observations (Mencuccini & Grace, 1994; DeLucia et al., 2000;
Rosas et al., 2019). Despite a shift in aL–asW trends after soilcolumn desiccation, LAI was consistently lower than the control
throughout the entirety of drier experiments (Fig. 2b,d). Desiccation of the soil column did not occur in other simulations with
stable water inputs (i.e. control and experiments with shallow
groundwater), in which allometric trends were stable and realistic
(Figs 2 S.6d,h, S.9d,h). These results demonstrate the importance of representing realistic soil hydrology, particularly when
predicting root traits from dynamic root models.
With the addition of a shallow, 2 m groundwater table under
reduced precipitation, roots stayed in close proximity to the
groundwater table (Fig. 2a,c), fed by groundwater’s capillary rise
(Fan et al., 2012, 2017). In similar experiments with gradually
deepened groundwater, when groundwater was within several
meters of the ground surface, the lower boundaries of both the bulk
and the entirety of roots grazed the groundwater table (Z95% and
Z99.5% in Fig. 5c). As the groundwater deepened (past c. 6 m), the
lower boundary of the bulk root mass detached from the water
table, still deepening with groundwater, although at a shallower
slope (Z95% in Fig. 5c), marking the gradual onset of increasing
(though initially small) uptake of recent precipitation to satisfy
water needs. Upon further deepening (past c. 10 m), the lower
boundary of the entire root mass detached from the water table,
following the groundwater, but no longer touching (Z99.5% in Fig.
5c), at which time root water uptake from the capillary fringe
diminished. At large depths (past c. 30 m deep), groundwater
became too deep to sufficiently wet the soil column, the soil
column desiccated, and roots switched to a predominantly rain-fed
mode of water uptake and shallowed to near control rooting depths
(similar to the previous experiments without groundwater) (Z95%
in Fig. 5a–c). Nonetheless, even at these great depths, the lower
boundary of the entire root mass continues to slightly deepen with
groundwater (Z99.5% in Fig. 5c) despite the shallowing bulk root
mass (Z95%). Although rooting depths varied by more than an
order of magnitude, RMF was relatively stable and within realistic
bounds (Fig. 5e). Generally, RMF increased as the groundwater
deepened, consistent with functional equilibrium. However, when
groundwater was deeper than c. 30 m, RMF eventually declined
despite increased water stress in experiments as a result of desiccation of the soil column, as in experiments with reduced precipitation and no groundwater.
Groundwater’s presence alleviated the water stress associated
with reduced precipitation (increased water-use efficiency and less
© 2021 The Authors
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Fig. 2 Time series of the Tree Hydraulics and Optimal Resource Partitioning (THORP) model predictions of tree dimensions for 100-yr control experiment
(black line) and experiments with reduced precipitation (75% and 50% of control; red and yellow lines, respectively). An additional experiment, also with
50% precipitation of the control, was simulated with the free-drainage lower boundary condition for soil moisture replaced by a shallow, 2-m-deep
groundwater table (purple line). Progressions of height and rooting depth (defined as the depth to a 95% cumulative root fraction) (a, c) and leaf area
index (aLφ−1W−2) (b, d) vs time (a, b) and size, expressed as total dry mass (c, d). (e) Relationship between basal sapwood and total leaf areas. (f) Huber
value (sapwood : leaf area ratio, asW : aL) vs tree size. In (c), height curves overlap for all experiments. All values were averaged over monthly time steps to
clarify trends.

negative predawn leaf water potentials; Fig. S9b,c,f,g), enabling
faster growth, enhanced LAI, LMF, SMF and allocation to
shoots, and reduced RMF and allocation to roots compared with
experiments with reduced precipitation and even the control
(Figs 2a,b,d,e–4). Unlike the solely rain-fed simulations, the
experiment with shallow, 2-m-deep groundwater shows reduced
response in rooting depth, LAI, and Huber values to the recycling
of forcing data (Fig. 2), because groundwater provides a stable
water source regardless of meteorological variability. This stabilizing influence diminished as groundwater deepened and trees
increasingly relied on precipitation (Fig. 5a,b and confidence
intervals in Fig. 5c). These results demonstrate rooting depth’s
sensitivity to soil hydrology and support our second hypothesis.
Deep roots are often defined as deeper than 2 m (e.g. Schenk
& Jackson, 2005). Similarly, vegetation models traditionally distribute their root mass above 2 m even when root mass exponentially declines with depth (e.g. CLM v.4.0-5.0; Oleson et al.,
2010, 2013; Lawrence et al., 2019; Shao et al., 2019), despite the
fact that observed maximum rooting depths are often far deeper
(e.g. Canadell et al., 1996; Schenk & Jackson, 2002; Fan et al.,
2017). To emphasize the importance of deep roots and groundwater, we show the fraction of midday transpiration sourced from
below 2 m (Fig. 5d). In simulations with roots deeper than 2 m,
at least c. 10% of transpiration was sourced by deep roots, and
more than three times as much (c. 35%) was taken up at depth
© 2021 The Authors
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when groundwater was shallower than c. 30 m, when roots could
directly access the capillary fringe.
Above-ground competition and elevated atmospheric CO2
The addition of an overstory caused a rapid shift in allometry
towards stem growth to improve the target tree’s light interception (green line in Fig. 6a). SMF quickly spiked c. 40% relative
to the control experiment (Fig. 6e), to reach a height of c. 7.5 m,
after which point SMF remained near constant at c. 80% until
reaching the height of the upper canopy (30 m) (Fig. 6b). As
SMF initially rose, RMF and LMF dropped c. 25% and c. 15%,
respectively (Fig. 6d,f). The differences in SMF and RMF
between the experiment with the overstory and the control experiment became smaller as the target tree grew taller and as light
interception improved. Stem growth was prioritized to increase
height, as the tree was most limited by the vertical attenuation of
light through the upper canopy, consistent with common knowledge that light competition drives trees to grow taller (Onoda
et al., 2014). The increase in SMF and decrease in RMF agree
with both the functional equilibrium hypothesis and syntheses of
observed allometric responses to low irradiance (Poorter &
Nagel, 2000; Poorter et al., 2012; Fig. 1). However, the reduced
LMF contrasts with functional equilibrium and the same syntheses on observed allometry on the effects of low irradiance. Other
New Phytologist (2021)
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Fig. 3 Tree Hydraulics and Optimal Resource Partitioning (THORP) model predictions of mass fractions for 100-yr control experiment (black line) and
experiments with reduced precipitation (75% and 50% of control; red and yellow lines, respectively). An additional experiment, also with 50%
precipitation of the control, was simulated with the free-drainage lower boundary condition for soil moisture replaced by a shallow, 2-m-deep
groundwater table (purple line). Mass fraction of leaves (LMF), stems (SMF) and roots (RMF) (a–c) and their differences relative to the control experiment
(d–f) vs size, expressed as total dry mass. THORP’s predictions were binned into logarithmically spaced biomass pools ([103.0, 103.1], [103.1, 103.2], [103.2,
103.3], etc.) and averaged to clarify trends. To compare THORP’s predictions with observations, we also plotted the size-dependent trends in LMF, SMF
and RMF as synthesized by Poorter et al. (2012; extracted from their Figs 2; Supporting Information Fig. S2). Poorter et al. (2012) derived average trends
separately for woody angiosperms (blue double-dashed line) and gymnosperms (green dashed line). Gray, shaded areas represent confidence bounds for
each mass fraction estimated by Poorter et al.’s (2012) synthesis. Poorter et al. (2012) did not report the uncertainty of their statistical trends; however, we
estimated these bounds by the method of variance using values extracted from their Fig. S2. We assumed that the SD for the log10 leaf and stem dry mass
(in g): were independent of the magnitude of root dry mass; could be approximated by one-quarter of the range of the same values after removing the
linear size trend (i.e. that their ranges were c. 95% of their theoretical distributions and that the distributions of log10 of organ-specific dry masses were
normally distributed); and were equal to c. 0.37 and c. 0.39, respectively, based on Poorter et al.’s (2012) Fig. S2.

analyses by Poorter et al. (2012) demonstrated that plants grown
at high density have, on average, increased SMF and slightly
reduced LMF and RMF which was attributed to light competition in closed canopies where gaining stem height is most crucial
and which agrees better with our results. LMF reduced in
THORP partially because of increased priority for stem growth,
but also because of a decrease in priority for leaf growth. The
addition of the overstory reduced the marginal gain for the leaf
carbon pool by c. half relative to the control. It is not surprising
that THORP predicts decreased leaf biomass under lower light
conditions, as previous optimality approaches predict LAI that
asymptotically increases with insolation (Caldararu et al., 2012,
2014). We believe that representing the plasticity in traits, especially specific leaf area and maximum carboxylation rate (ΧL and
Vc,max,0 in Table 3), would improve THORP’s predictions of leaf
allocation under low light, as they vary between upper and lower
canopies (Meir et al. 2002).
Elevated atmospheric CO2 concentrations (eCO2; 600 ppm)
induced an increase in LMF and a decrease in RMF relative to the
control that gradually declined with time (or size) (orange lines in
Fig. 6d,f). The small increase in LMF that persisted by the end of
New Phytologist (2021)
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the experiment (< 1%) can be explained by elevated carbon assimilation rates under eCO2 (An directly spurs leaf allocation through
Eqn 2; Fig. S10b). eCO2 is expected to cause stomata closure
(Morison, 1987) and thus increased λ (Katul et al., 2010), from
which we expected allocation to shift towards hydraulic structures
like roots and stems through Eqn 2. Although THORP predicted
increased λ under eCO2 (expressed by proxy in Fig. S10a), RMF
initially decreased as much as c. 7% relative to the control, and
only by the end was RMF under eCO2 slightly larger than the control (c. 1%). Further exploration of the experienced water stress
and soil moisture (Fig. S10) suggests that the initial large increase
in LMF and large decrease in RMF were not directly induced by
eCO2, but rather by improved water status indirectly caused by
eCO2. Stomatal closure under eCO2 reduced transpiration and
root water uptake and thus maintained a wetter soil column (Fig.
S10d). This excess soil moisture enabled the tree initially to behave
as if it were less water-stressed (Fig. S10a–c), shifting allocation
towards leaves and away from roots as in experiments that tested
the sensitivity to water stress (Figs 2–4). By the end of the experiment, only the direct effects of eCO2 are apparent, when the differences in mass fractions between the eCO2 experiment and the
© 2021 The Authors
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Fig. 4 Tree Hydraulics and Optimal Resource Partitioning (THORP) model predictions of allocation fractions for 100 yr control experiment (black line) and
experiments with reduced precipitation (75% and 50% of control; red and yellow lines, respectively). An additional experiment, also with 50%
precipitation of the control, was simulated with the free-drainage lower boundary condition for soil moisture replaced by a shallow, 2-m-deep
groundwater table (purple line). (a–c) Allocation fractions to leaves (a), wood (b) and fine roots (c). Note that THORP does not explicitly distinguish
between coarse and fine roots, and we estimated these allocation fractions from model results assuming that roots maintained a constant fraction of fine
roots equal to 20% of the total root biomass (Oleksyn et al., 1999) and that fine roots had a life span of 0.65 yr (Persson, 1980). We further assumed that
the initial sapling was 5 yr old. Values are averaged over the period of the forcing data (10 yr) to clarify trends. To compare THORP’s predictions to
observations, we also plotted the age-dependent trends in allocation as synthesized by Xia et al. (2019; adapted from their Fig. 3) for boreal (green dashed
lines) and temperate (blue double-dashed lines) forest. Gray, shaded areas represent c. 99% confidence intervals of Xia et al.’s (2019) supplementary data
that we estimated by assuming allocation fractions were normally distributed.

control are small (absolute value ≤ 1.5%). This behavior agrees
well with meta-analyses showing plants, on average, negligibly
change their allometry in response to eCO2 when nutrients are not
limiting (Stulen & Hertog, 1993; Poorter & Nagel, 2000; Poorter
et al., 2012), but not with functional equilibrium, which holds
CO2 as an above-ground resource and would expect an increase in
root allocation.

Discussion
We present the THORP model, which predicts the dynamic carbon allocation that maximizes assimilation. Biomass partitioning
in THORP is solved by an analytical solution which is computationally efficient without recourse to parameters that explicitly
control allocation, and its general framework in a simplified form
may be appropriate for integration into large-scale vegetation
modeling. We demonstrate that THORP predicts the biomass
partitioning of trees as a function of size and in response to water
limitations, eCO2 (without nutrient limitation) and pruning
(Poorter & Nagel, 2000; Poorter et al., 2012, 2015; Eziz et al.,
2017; Xia et al., 2019), and agrees with much of functional equilibrium (Brouwer, 1962, 1963) for the same effects (size, water,
© 2021 The Authors
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CO2, pruning) (Figs 2–4). THORP captures the coordination of
leaf and sapwood areas as a function of size (Buckley & Roberts,
2006b) and under water stress (Sperry et al., 2019; Trugman
et al., 2019a,b) (Figs 2e–f S10) and recovery responses after allometric changes (Brouwer, 1962; Fig. S11). These results supports
our first hypothesis that hydraulic demands are key drivers of tree
allocation.
An increase in root production and decline in LAI is often
observed in free air CO2 enrichment (FACE) experiments, and
these changes are often interpreted as a response to increase nutrient uptake to enable faster growth (Norby et al., 2006; Finzi
et al., 2007; Franklin, 2007; Pritchard et al., 2008; Franklin
et al., 2009, 2012; Jackson et al., 2009; Iversen, 2010). THORP
neither describes nutrient acquisition nor reproduces these FACE
observations under eCO2 (Fig. 6). While our other experiments
demonstrated that much of plant allometry could be predicted
from hydraulic considerations (Figs 2–4), these results demonstrate that nutrient status cannot be fully ignored. Likewise,
THORP correctly predicts trends in stem and root partitioning
under competition for light, but like previous optimality models
(Caldararu et al., 2012, 2014), THORP predicts smaller leaf
areas under low light for a given tree size (Fig. 6a,d). Traits like
New Phytologist (2021)
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Fig. 5 Tree Hydraulics and Optimal Resource Partitioning (THORP) model predictions of rooting depth, profiles, and water uptake from experiments with
reduced precipitation (50% of control) and various groundwater depths (red-to-blue for shallow-to-deep groundwater as shown in the color bar in (a)).
Rooting depths, Z95% (a–c) and Z99.5% (c) (defined as the depths to 95% and 99.5% cumulative root fractions, respectively) vs time (a), height (b) and
mean simulated groundwater table depth. Gray, shaded areas in (b) reflect heights between 29 and 30 m. In (c) and (d), values are averaged temporally
for periods when trees fell into a standardized height class between 29 and 30 m, corresponding to the gray, shaded area in (b). Gray, shaded areas in (c)
represent the 95% confidence intervals for rooting depths within the 29–30 m height class. The outer integrals in both the numerator and denominator in
the equation in (d) represent the temporal average, although the bounds of integration are written in terms of height (note the substitutional conversions
through ∂t/∂H terms). (d) Fraction of total time-integrated midday root-water uptake, Emd,i (analogous to Notes S1 Eqn S.2.2, although written
continuously with depth rather than in discrete notation), sourced from below 2 m deep, ⟨F2m⟩. (e) Root mass fraction (RMF). Gray, shaded area in (e)
represents confidence bounds for RMF for Poorter et al.’s (2012) synthesis (same as Fig. 3c) for trees following Poorter et al.’s (2012) mean stem mass
fraction (SMF) size trend, applying parameters in Table 3 to convert between stem biomass and height, assuming wood is 50% carbon by mass. Note that
these bounds underestimate the range in root mass fraction (RMF), as all trees may not follow the mean SMF size trend.

specific leaf area and maximum carboxylation rate are constant in
THORP, and representing their plasticity may correct this limitation. These traits are linked to trees’ nutrient budget (Field &
Mooney, 1986; Evans, 1989; Meir et al. 2002), further suggesting that nutrient status must be considered when simulating vegetation responses to stimuli that alter photosynthetic efficiency
(Vc,max and Jmax).
Root profiles in rain-fed experiments were sensitive to atmospheric conditions which directed root allocation through the
resulting soil moisture distributions. When shallow groundwater
was introduced, soil moisture stabilized and roots deepened, following the groundwater table (Naumburg et al., 2005; Christina
et al, 2017; Fan et al., 2017) regardless of fluctuating atmospheric
conditions (Fig. 5). Roots grew to their deepest when the
groundwater table was c. 30 m deep. At deeper groundwater
depths, the costs of deep roots exceeded the benefits of accessible
groundwater, and roots shallowed and attuned to precipitation
regimes, behaving as in the rain-fed experiments independent of
groundwater (Fan et al., 2017). These results support our second
hypothesis that root allocation is attuned to soil hydrology.
Through this attunement, moisture derived from deep soils supported a significant fraction of root water uptake regardless of
New Phytologist (2021)
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depth (Fig. 5) and buffered the effects of hydrometeorological
drought on rooting depth, biomass portioning and leaf : sapwood area ratios (Fig. 2).
Our results suggest that application of THORP and similar
models that predict rooting distributions from soil moisture profiles (Table 1) require accurate modeling of soil hydrology. Roots
grew down to the groundwater table when present regardless of
depth if growing under insufficient precipitation (Fig. 5), and
thus the groundwater table may be an important ecophysiological boundary, the role of which should be further investigated
(Dawson et al., 2020). However, few large-scale land models
explicitly simulate groundwater processes (Clark et al., 2015; Fan
et al., 2019). This lack of groundwater suggests that large-scale
models may overestimate the water stress experienced by plants
for large portions of the land surface. Fan et al. (2013) suggested
that up to a third of the land surface has groundwater shallow
enough to interact with most plants either directly or indirectly
though the capillary fringe. In these regions, groundwater
reduces mortality (Tai et al., 2018; Love et al., 2019; Mackay
et al., 2020; McLaughlin et al., 2020), improves productivity
(Roebroek et al., 2020), and contributes to biodiversity
(McLaughlin et al., 2017). Our results demonstrate that through
© 2021 The Authors
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Fig. 6 Tree Hydraulics and Optimal Resource Partitioning (THORP) model predictions for experiments under an elevated atmospheric CO2 concentration
(eCO2; 600 pm) and with a 30-m-high upper canopy to reflect competition for light. (a–f) Mass fraction of leaves (LMF), stems (SMF) and roots (RMF)
(a–c) and their differences relative to the control experiment (d–f) vs size, expressed as total dry mass. Two blue double-dashed lines in (b) represent SMF
required for heights equal to 7.5 and 30 m.

deep roots, groundwater need not be as shallow as assumed by
Fan et al. (2013) to influence vegetation. When precipitation was
insufficient, roots deepened, and tree allometry and water use
were influenced by groundwater as deep as c. 30 m (Fig. 5),
thereby potentially extending the portion of the global land surface where groundwater may influence vegetation. Furthermore,
without groundwater tables to constrain where roots grow, the
application of THORP or similar root models (e.g. Schymanski
et al., 2008, 2009; Sivandran & Bras, 2013; Fan et al., 2017) to
large-scale models will over-predict rooting depth over much of
the land surface. Thus, deep roots may enable strong feedbacks
between hydrology and vegetation over much of the continents,
and understanding and predicting these feedbacks further necessitates representing hydrological realism in large-scale land in
tandem with improving vegetation modeling schemes.
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Fig. S1 Comparison optimal/numerical and gradient ascent
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Fig. S9 Rooting depth and indices of water stress simulated by
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Fig. S8 Rooting depth and indices of water stress simulated by
experiment with further reduced (50%) precipitation.

New Phytologist (2021)
www.newphytologist.com

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

