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Summary

� Natural selection favors growth by selecting a combination of plant traits that maximize

photosynthetic CO2 assimilation at the lowest combined carbon costs of resource acquisition

and use. We quantified how soil nutrient availability, plant nutrient acquisition strategies, and

aridity modulate the variability in plant costs of nutrient acquisition relative to water

acquisition (β).
� We used an eco-evolutionary optimality framework and a global carbon isotope dataset to

quantify β.
� Under low soil nitrogen-to-carbon (N : C) ratios, a mining strategy (symbioses with ectomy-

corrhizal and ericoid mycorrhizal fungi) reduced β by mining organic nitrogen, compared with

a scavenging strategy (symbioses with arbuscular mycorrhizal fungi). Conversely, under high

N : C ratios, scavenging strategies reduced β by effectively scavenging soluble nitrogen, com-

pared with mining strategies. N2-fixing plants did not exhibit reduced β under low N : C ratios

compared with non-N2-fixing plants. Moisture increased β only in plants using a scavenging

strategy, reflecting direct impacts of aridity on the carbon costs of maintaining transpiration in

these plants. Nitrogen and phosphorus colimitation further modulated β.
� Our findings provide a framework for simulating the variability of plant economics due to

plant nutrient acquisition strategies in earth system models.

Introduction

A quantitative understanding of how plants acquire and allocate
resources such as carbon, water, and nutrients is crucial for pre-
dicting their fitness in diverse environments (Mooney, 1972) and
for forecasting terrestrial ecosystem responses to environmental
changes (Rogers et al., 2017; Crowther et al., 2019; Smith &
Keenan, 2020). Plant strategies for acquiring soil nutrients and
water significantly influence carbon gain (e.g. photosynthetic
capacity) and plant growth (Chapin III et al., 1993; Farquhar
et al., 2002), yet these strategies also necessitate the allocation of
photosynthates to belowground processes, imposing a carbon
cost to the plant (Högberg et al., 2008, 2010; Drigo et al., 2010;
Raich et al., 2014; Gill & Finzi, 2016; Shi et al., 2016). Indeed,
uncertainties in earth system models (ESMs) regarding future
land carbon budgets often arise from how these models represent
these carbon costs (Braghiere et al., 2022).

Nitrogen (N) and phosphorus (P) are essential and often limit-
ing nutrients for plant growth and terrestrial ecosystem net pro-
ductivity (Güsewell, 2004; Elser et al., 2007; Lambers et al.,
2008; LeBauer & Treseder, 2008; Vitousek et al., 2010; Harpole
et al., 2011; Yuan & Chen, 2012; Turner et al., 2018; Du et al.,
2020). Given their various forms in soils (Vitousek &
Howarth, 1991; Vitousek et al., 2010), plants have evolved
diverse nutrient acquisition strategies involving belowground

carbon allocation to mobilize and take up these nutrients
(Gutschick, 1981; Vance et al., 2003; Hodge & Storer, 2015).
Broadly speaking, root nutrient acquisition includes nonsymbio-
tic strategies (Chapman et al., 2012) and symbiotic strategies,
such as associations with mycorrhizal fungi (Smith & Read, 2010;
van Der Heijden et al., 2015) and N2-fixing bacteria (Vance &
Heichel, 1991; Udvardi & Poole, 2013).

Nonsymbiotic strategies involve nutrient mobilization and
uptake by roots through diffusion and mass flow (Dekker & Rit-
sema, 1996; Jungk, 2001), particularly when soluble forms are
near the root zone (Barber, 1962, 1995). They also include the
release of carboxylates and phosphatases to solubilize bound P,
especially in plants with specialized cluster roots (Lambers
et al., 2006, 2008; Raven et al., 2018), and the secretion of root
exudates to stimulate soil microbial communities (Phillips
et al., 2011; Wen et al., 2022). Most vascular plants form sym-
bioses with mycorrhizal fungi, with only 8% being nonmycorrhi-
zal (NM; Brundrett, 2009; Brundrett & Tedersoo, 2018). These
fungi form external mycelial networks that extend beyond root
depletion zones, exploring large soil volumes for nutrient acquisi-
tion (Smith & Read, 2010; Shi et al., 2023) and water uptake
(Duddridge et al., 1980; Querejeta et al., 2003, 2006; Augé
et al., 2004; Allen, 2007; Lehto & Zwiazek, 2011; J. Wang
et al., 2021; Kakouridis et al., 2022; Castaño et al., 2023). These
resources are delivered to the roots in exchange for plant
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photosynthates, including carbohydrates and lipids (Högberg
et al., 2008; Bennett & Groten, 2022). Consequently, mycorrhi-
zal symbioses are fundamental to plant water and carbon
dynamics, with mycorrhizal fungi serving as a significant sink for
plant-assimilated carbon (Treseder & Allen, 2000; Hawkins
et al., 2023), receiving 4–20% of a plant’s total net primary pro-
ductivity (NPP) (Koch & Johnson, 1984; Douds et al., 1988;
Hawkins et al., 2023). However, this allocation varies widely,
influenced by a myriad of factors, such as climate, soil nutrient
availability, texture and moisture (Chen et al., 2014; Terrer
et al., 2016, 2018; Ledo et al., 2018; Hartmann et al., 2020; Per-
kowski et al., 2021, 2024), and mycorrhizal functional group
(Fig. 1; Hawkins et al., 2023).

Depending on the soil substrate from which mycorrhizal fungi
extract N and P, they can be categorized into two major func-
tional groups (Lambers et al., 2008): those employing a scaven-
ging strategy, primarily arbuscular mycorrhizal fungi (AMF)
(Table 1; Fig. 1a), and those employing a mining strategy, mainly
ectomycorrhizal fungi (EcMF) (Table 1; Fig. 1b) and ericoid
mycorrhizal fungi (ErMF) (Table 1; Fig. 1c). Both AMF and
EcMF have extensive extraradical mycelia that expand the root
system’s surface area-to-volume ratio, enhancing their ability to
‘scavenge’ soluble nutrients and absorb water (Fig. 1a,b; van Der
Heijden et al., 2015; Bennett & Groten, 2022; Leake
et al., 2004; Allen, 2007; See et al., 2022). However, AMF have a
limited capacity to mobilize nutrients from insoluble organic
complexes containing N and P (Lambers et al., 2008), whereas
many EcMF and ErMF (collectively EEMF) produce

extracellular hydrolytic enzymes that break down soil organic
material, enabling nutrient mining (Phillips & Fahey, 2006;
Brzostek & Finzi, 2011; Phillips et al., 2013; Yin et al., 2014;
Midgley & Phillips, 2019). Since AMF rely more on scavenging
soluble nutrients, we categorized them under the
scavenging strategy, while EEMF, which are more effective in
mining nutrients from insoluble organic complexes, were cate-
gorized under the mining strategy.

Moreover, certain angiosperms, such as ‘rhizobial’ legumes
and ‘actinorhizal’ species, form symbiotic relationships with N2-
fixing bacteria (Pawlowski & Newton, 2007). These bacteria
form specialized root nodules (Lindström & Mousavi, 2020) that
reduce atmospheric N2 to ammonia and are considered the pri-
mary natural nitrogen source for the terrestrial biosphere
(Udvardi & Poole, 2013; Vitousek et al., 2013). However, like
mycorrhizal associations, this symbiosis incurs a carbon cost,
requiring 4–16% of the plant’s photosynthetically assimilated
carbon to maintain nodule formation (Finke et al., 1982;
Kaschuk et al., 2009, 2010).

Some ESMs have begun to quantify these soil resource acquisi-
tion costs explicitly by incorporating nitrogen fixation and uptake
(Fisher et al., 2010), carbon–nitrogen trade-offs associated with
mycorrhizal fungi (Brzostek et al., 2014) and, more recently, P
dynamics (Raven et al., 2018; Allen et al., 2020). Quantifying
these costs has proven to be crucial for refining global carbon
cycle models (Braghiere et al., 2022). However, a global frame-
work that accounts for how these costs vary with soil nutrient
availability and climatic factors, while also considering

Fig. 1 Illustration depicting various symbioses with mycorrhizal fungi employing distinct nutrient acquisition strategies: (a) mycorrhizal fungi using a
scavenging strategy include arbuscular mycorrhizal fungi (AMF) and are estimated to receive c. 6.2% of a plant’s total net primary productivity (NPP)
(Hawkins et al., 2023). Mycorrhizal fungi using a mining strategy include (b) ectomycorrhizal fungi (EcMF), which are estimated to receive c. 13.1% of a
plant’s total NPP (Hawkins et al., 2023), and (c) ericoid mycorrhizal fungi (ErMF), which are estimated to receive c. 3.5% of a plant’s total NPP (Hawkins
et al., 2023). The extensive extraradical mycelium of mycorrhizal fungi expands the root system’s surface area-to-volume ratio, enhancing the fungi’s
capacity to scavenge soluble inorganic forms of nutrients and absorb water. The tree-like arbuscular structures and coils of AMF formed by intraradical
hyphae within root cortical cells facilitate the transfer of these resources to root cells (van Der Heijden et al., 2015; Bennett & Groten, 2022). EcMF hyphae
also proliferate extensively in nutrient-rich patches (Leake et al., 2004; Allen, 2007; Raven et al., 2018; See et al., 2022). Several species of EcMF and ErMF
possess a high capacity to produce extracellular hydrolytic enzymes that decompose soil organic material and release N and P from insoluble organic
complexes, granting them scavenging and mining abilities (Phillips & Fahey, 2006; Brzostek & Finzi, 2011; Phillips et al., 2013; Yin et al., 2014; Midgley &
Phillips, 2019). See Table 1 for more details. This figure was created in BioRender (Cheaib, A. (2025) https://BioRender.com/a59z835).
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photosynthetic acclimation processes, could offer an alternative
approach to estimating them.

At the individual species level and leaf scale, the least-cost
hypothesis, a subset of eco-evolutionary optimality (EEO) theory
(Franklin et al., 2020; Harrison et al., 2021), provides a frame-
work that links photosynthetic acclimation to the carbon costs of
nutrient acquisition relative to water acquisition (Wright
et al., 2003; Prentice et al., 2014; Wang et al., 2017a; Querejeta
et al., 2022), and this integrative approach has already been suc-
cessfully incorporated into some land surface models (Smith
et al., 2019; Qiao et al., 2020; Stocker et al., 2020; Mengoli
et al., 2022). EEO principles suggest that plants have evolved soil
resource acquisition strategies that minimize acquisition costs
while maximizing resource uptake (Franklin et al., 2020; Harri-
son et al., 2021). Within this framework, the photosynthetic
least-cost hypothesis posits that water and nutrients are resources
that can be substituted to maximize light use for photosynthetic
carbon assimilation (Wright et al., 2003). Assuming all other fac-
tors are constant, photosynthesis can be maximized either
through increased investment in photosynthetic enzymes, which
require nutrients, or by allowing greater stomatal conductance to
CO2, which requires water (Paillassa et al., 2020; Querejeta
et al., 2022). Balancing investments between water transport
capacity and nutrient-rich photosynthetic enzymes leads to an
optimal ratio of the CO2 concentration in the substomatal cav-
ities (Ci) to ambient CO2 concentration (Ca) (Field, 1986;
Franks & Brodribb, 2005). Consequently, the Ci : Ca ratio
emerges as a pivotal functional trait for the coupling of transpira-
tion and photosynthesis and is thought to be optimized to a given
environment through acclimation and adaptation (Prentice
et al., 2014; Paillassa et al., 2020; Querejeta et al., 2022).

The EEO framework has proven to be effective in predicting the
acclimation of a variety of photosynthetic traits, including the maxi-
mum rate of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) carboxylation (Vcmax) (Smith et al., 2019), stomatal
conductance (Cowan & Farquhar, 1977; Sperry et al., 2017), and
the optimal Ci :Ca ratio, referred to as χ hereafter (Prentice
et al., 2014; Wang et al., 2017a,b; Lavergne et al., 2020). The com-
plete derivation of an optimally acclimated χ involves a ratio that
links soil resources to leaf-level acclimation (Prentice et al., 2014;
Wang et al., 2017a,b; Paillassa et al., 2020):

β= bβ=aβ

where bβ represents the carbon cost of acquiring nutrients and
maintaining photosynthetic enzymes to support carboxylation,
and aβ represents the carbon cost of acquiring water and maintain-
ing water transport to support assimilation at the same rate (Pre-
ntice et al., 2014; Wang et al., 2017a,b; Paillassa et al., 2020).

The ratio ‘β’ is often assumed to be constant in land surface
model implementations of the theory (e.g. Qiao et al., 2020;
Stocker et al., 2020; Mengoli et al., 2022) due to the lack of a pre-
dictive framework for its variability. However, soil nutrient avail-
ability and moisture levels are highly variable and interdependent in
natural conditions. The term bβ is expected to decrease with
increasing soil nutrient availability, as the investment required for
nutrient acquisition diminishes. Similarly, the term aβ is expected
to decrease with increasing moisture, as water uptake and transport
investments are reduced with increasing water availability (Paillassa
et al., 2020). These terms are also expected to covary, interact, and
be influenced by the complex interplay between moisture, nutrient
forms, and nutrient acquisition strategies.

Table 1 Characteristics of the main mycorrhizal fungal symbioses analyzed in this study.

Characteristics of the main mycorrhizal fungal symbioses analyzed in this study

AMF Description: Arbuscular mycorrhizal fungi (AMF): symbiotic associations between Glomeromycota fungi and the roots of c. 70% of land plants
(Smith & Read, 2010). AMF evolved in early land plants and are globally distributed, covering 55% of global vegetation (Soudzilovskaia
et al., 2019), with the highest density in the subtropics (Barceló et al., 2023). AMF hyphae penetrate the outer root cell layers and form coils and
arbuscules in the cortical cells, which are the primary sites for nutrient exchange (Fig. 1a) (Tedersoo & Bahram, 2019).

Nutrient acquisition: AMF are obligate symbionts with limited saprophytic abilities, meaning they cannot decompose soil organic matter (SOM;
Phillips et al., 2013). However, their mycelia quickly colonize soil patches rich in inorganic nitrogen and phosphorus, efficiently scavenging and
transferring these nutrients to host plants (Marschner & Dell, 1994; Hawkins et al., 2000).

Plant hosts: Various plant growth forms (woody, herbaceous, forbs, and crop species) and phylogenetic groups (primarily angiosperms such as ash
and maples, many tropical tree species, and some gymnosperms such as cedars and redwoods)

EcMF Description: Ectomycorrhizal fungi (EcMF) symbiotically associate with the roots of c. 2% of land plants, involving Basidiomycota, Ascomycota,
and Mucoromycota fungi (Tedersoo & Smith, 2013). Found in tropical, temperate boreal regions, EcMF are most abundant in the latter, covering
25% of vegetation (Martin et al., 2016). Evolved multiple times over 200 million years, EcMF form a mycelial mantle around root tips, including a
Hartig net, for carbon–nutrient exchange (Fig. 1b) (Brundrett & Tedersoo, 2018).

Nutrient acquisition: EcMF are facultative plant symbionts, some possess saprophytic abilities, producing hydrolytic and oxidative enzymes that
decompose SOM (Fig. 1b). This capability allows EcMF to access nitrogen and phosphorus from organic pools that are usually inaccessible to
AMF (Read & Perez-Moreno, 2003; Phillips et al., 2013).

Plant hosts: Primarily woody gymnosperms and angiosperms in boreal and temperate forests, and some tropical forest trees.
ErMF Description: Ericoid mycorrhizal fungi (ErMF) are symbiotic associations between Ascomycota and Basidiomycota fungi and the roots of Ericaceae

plants (Vohnı́k, 2020). Less than 1% of plants have ErM associations, covering under 3% of global vegetation, and present in all continents
except Antarctica (Kohout, 2017).

Nutrient acquisition: ErM hyphae form coils inside the fine roots of ericaceous plants found in acidic and infertile soils (Fig. 1c). Like EcMF, they
can also produce extracellular hydrolytic enzymes (Bending & Read, 1997).

Plant hosts: Ericaceae
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Some studies have explored the impact of soil water availability
on β and found that β decreases with reduced plant-available soil
water (Stocker et al., 2018), attributed primarily to an increasing
cost of water transport aβ along the soil–plant–atmosphere conti-
nuum (Lavergne et al., 2020). However, limited attention has
been given to assessing β variability based on the interactions
between soil nutrient availability, aridity, and plant nutrient
acquisition strategy. That is why we aimed to evaluate how β var-
ies with these factors. To achieve this, we compiled a
global dataset of available leaf carbon isotope measurements to
calculate χ and estimate β from χ (see the Materials and Methods
section).

Starting with the most straightforward expectations, one
might predict that increasing moisture would increase the car-
bon costs of nutrient acquisition relative to water acquisition
(β) due to a decrease in the carbon cost of water uptake and
transpiration, aβ. Similarly, increasing soil nutrient availability
should decrease β, as a result of a decrease in the carbon cost
of nutrient acquisition, bβ. However, the reality is far more
complex. These expected variations depend on interactions
with nutrient acquisition strategies, N and P colimitation, and
the influence of moisture on soil nutrient forms, availability,
and uptake. Thus, based on contemporary, well-accepted para-
digms predicting that plants will preferentially allocate carbon
to acquire the most limiting resource (Valentine &
Mäkelä, 2012; McMurtrie & Dewar, 2013), we introduced
additional processes to refine these expectations and proposed
the following hypotheses:

H1: In areas with low soil nitrogen-to-carbon (N : C) ratios, a
mining strategy (symbioses with EEMF; Table 1; Fig. 1b,c) will
reduce the carbon costs of nutrient acquisition relative to water
acquisition (β) compared with a scavenging strategy (symbiosis with
AMF) (Fig. 2a). This is because EEMF can ‘mine’ insoluble N from
soil organic materials, whereas AMF have limited ability to do so.
Conversely, in areas with high soil N : C ratios, a scavenging strategy

is expected to reduce β compared with a mining strategy (Fig. 2a),
as AMF primarily ‘scavenge’ soluble N.

H2: As soil N availability decreases, plants with N2-fixing bac-
teria (N2-fixing plants, N2FP hereafter) will exhibit reduced
nutrient acquisition costs relative to water acquisition (β) com-
pared with plants without such associations (other plants, OP
hereafter) (Fig. 2b). This hypothesis is based on the observation
that N2-fixation is less costly than direct N uptake in low-N envir-
onments (Rastetter et al., 2001; Perkowski et al., 2024) and that
plant investments in symbiotic N2-fixing bacteria generally
decrease with increasing soil N availability as roots can directly
take up N at lower investment cost (Rastetter et al., 2001; Terrer
et al., 2016, 2018; Perkowski et al., 2021).

H3: For both scavenging and mining strategies, increasing moist-
ure should increase the carbon costs of nutrient acquisition relative
to water acquisition (β) due to a decrease in the cost for acquiring
water and maintaining transpiration (aβ) (Fig. 2c). However,
aridity should also directly affect nutrient availability (Finzi
et al., 2011; Delgado-Baquerizo et al., 2013, 2018; Hou
et al., 2018) and uptake (McMurtrie & Näsholm, 2018). Under
arid conditions, reduced transpiration could impair soluble nutri-
ent uptake via mass flow and diffusion (Nye, 1977; Gerber
et al., 2010; Oyewole et al., 2014; Joseph et al., 2021). Therefore,
depending on the degree to which nutrient uptake and availability
are reduced, plants would be expected to increase carbon allocation
belowground to compensate, thereby increasing the carbon costs of
acquiring nutrients (bβ). This could increase β under arid condi-
tions (Fig. 2c).

H4: The carbon costs of nutrient acquisition relative to water
acquisition (β) are expected to decrease as plant-available inorganic
soluble phosphorus concentrations (Pi) increase, regardless of
whether a mining or scavenging strategy is employed. However, this
prediction may be complicated by N and P colimitation and

Fig. 2 Schematic representation of the hypotheses proposed regarding the variability of the carbon costs of nutrient acquisition relative to water acquisition
(β) in response to (a and b) soil nitrogen-to-carbon (N : C) ratios, as well as (c) moisture, depending on nutrient acquisition strategies. The carbon costs of
nutrient acquisition relative to water acquisition (β) are expected to decrease with increasing soil N : C ratios, as the investment in nutrient acquisition to
achieve a given amount of nutrient uptake is reduced with increasing N availability in soils. (a) The mining strategy is expected to be less energetically costly
for acquiring nutrients relative to water under low soil N : C ratios compared with the scavenging strategy. Conversely, this trend is anticipated to reverse
under high N : C ratios. (b) N2-fixing plants (N2FP) are expected to exhibit lower costs of nutrient acquisition relative to water acquisition, particularly at
low soil N availability, compared to other plants (OP). In N2FP, the carbon costs of nutrient acquisition relative to water acquisition are expected to
converge with OP as N availability increases. This is because, with higher nutrient availability, plants typically invest less in energy-intensive N2-fixation
pathways and shift toward more efficient direct uptake mechanisms. (c) The carbon costs of nutrient acquisition relative to water acquisition (β) are
predicted to increase with increasing moisture levels, as water availability reduces the investment required for water uptake and transpiration (straight line).
However, low MI is expected to directly decrease nutrient availability and uptake. To compensate for this decrease, plants are expected to increase the
carbon costs of nutrient acquisition (bβ), and consequently increasing β (dashed line) relative to the case where low MI may not impact bβ. Created in
BioRender. Cheaib, A. (2025) https://BioRender.com/k81o451.
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interactions with moisture. In ecosystems primarily limited by N, in
which N and P are mainly sequestered in insoluble organic forms,
such as in temperate and boreal forests (Hyvönen et al., 2007), β
may depend more on the soil N : C ratio than on Pi availability.
By contrast, in ecosystems where N and P are colimited, such as
some tropical and subtropical ecosystems with old, Pi-impoverished
soils (Lambers et al., 2008; Vitousek et al., 2010; Soudzilovskaia
et al., 2015; Vallicrosa et al., 2022), β may be influenced by both
the soil N : C ratio and Pi. Additionally, in these regions, where P
and N forms are predominantly inorganic due to higher minerali-
zation rates (Marklein et al., 2016), aridity’s interaction with solu-
ble nutrients may further complicate predictions, potentially
altering how β varies with Pi.

Materials and Methods

We calculated χ using global datasets of leaf stable carbon isotope
(δ13C, ‰) measurements spanning the period 1830–2018. We
used these isotope-derived χ values (χisotopes) to calculate β for
each sample (will be discussed later). The dataset includes sites
distributed globally, covering various biomes (Supporting Infor-
mation Figs S1, S2), and includes leaves from species known to
associate with different types of microbial symbionts.

Observational dataset of δ13C and plant nutrient
acquisition strategies

We aggregated six compilations of leaf δ13C data from vascular
plants in natural and seminatural habitats, encompassing a total
of 501 samples from Diefendorf et al. (2010), 845 samples from
Sheldon et al. (2020), 3979 samples from Cornwell et al. (2018),
2178 from the TRY database (Kattge et al., 2011), 124 samples
from the Nutrient Network experiment after excluding fertilized
and fenced plots (Firn et al., 2019), and 415 samples from Per-
kowski & Smith (2024) (see the ‘Data filtering and analysis’ in
the Materials and Methods section). In cases where the dataset
did not directly provide the year of measurement, we relied on
bibliographic information within the compilations to determine
the year of isotopic measurement. For each dataset, when multi-
ple leaf δ13C values were available for the same species in the
same year at the same site (identical longitude and latitude), we
calculated the species’ average isotopic values for each year at each
site in each year.

Mycorrhizal association types for each genus were determined
according to Soudzilovskaia et al. (2020). This classification is
based on the plant genus and resulted in six plant genera groups:
(1) plant genera obligatorily associated with AMF, (2) plant gen-
era facultatively associated with AMF (capable of either AMF
association or being NM), (3) plant genera associated with
EcMF, (4) plant genera with dual symbiotic associations (e.g.
both AMF and EcMF, observed in certain genera like poplars
and eucalypts), (5) plant genera associated with ErMF, and (6)
NM plant genera. We categorized plant genera associated with
EcMF, ErMF, and those with dual symbiotic associations under
the mining strategy. Plant genera associated with AMF or

facultatively associated with AMF were grouped under the
scavenging strategy. NM plants were excluded from the dataset
(see the ‘Data filtering and analysis’ in the Materials and Methods
section).

The assignment of the ability to form symbiosis with N2-
fixing bacteria was determined by matching our dataset with
the classification provided by Tedersoo et al. (2018) based on
plant genus, akin to our approach for categorizing mycorrhizal
symbioses.

We exclusively chose isotopic measurements from leaves of C3

plants, including both woody and nonwoody species. Some data-
sets presented isotopic data in terms of carbon isotope fractiona-
tion in leaves (Δ13Cleaf) representing the difference between the
isotopic composition of the atmosphere (δ13Cair) and plants
(δ13Cleaf) (Farquhar et al., 1989; Feng, 1999). If only δ13Cleaf
were provided, Δ13Cleaf value was estimated as follows:

Δ13Cleaf =
δ13Cair�δ13Cleaf

� �
1þ δ13Cleaf

1000

� � Eqn 1

where δ13Cair annual values were extracted from the Mauna Loa
Observatory, National Oceanic and Atmospheric Administration
(NOAA), based on the year of sampling (https://gml.noaa.
gov/dv/data/) (Graven et al., 2017).

Climate data

Using latitude and longitude coordinates for each site, climatic
data were obtained from the Climatic Research Unit at a 0.5°
resolution (CRU TS3.24.01) (Harris et al., 2014). The consid-
ered climatic variables encompassed the mean annual growing
season temperature (Tg; °C), atmospheric vapor pressure deficit
(Dg; Pa), and mean annual precipitation (mm). Monthly and
annual averages for all climate variables were computed over the
period 1901–2015. The growing season was operationally
defined as the months with mean temperatures exceeding 0°C.
The elevation (z; m) of each site, with a resolution of 0.5°, was
acquired from the WATCH Forcing Data methodology applied
to ERA-Interim reanalysis meteorological forcing dataset (Wee-
don et al., 2014).

To assess the moisture at each site, we extracted the moisture
index (hereafter MI) for the period 1970–2000 at a spatial resolu-
tion of 30 arcminutes from a global aridity database (Global-
AI_PET_v3 (Zomer et al., 2022)). The MI represents the ratio of
mean annual precipitation to mean annual potential evapotran-
spiration, accounting for both precipitation inputs and soil water
loss due to the factors such as temperature, solar radiation, and
wind. A lower MI indicates a more arid site.

Monthly measured atmospheric CO2 concentrations for the
1958–2021 period were obtained from the Mauna Launa Obser-
vatory, NOAA (gml.noaa.gov/webdata/ccgg/trends/co2/co2_
mm_mlo.txt; Thoning et al., 1989; Etheridge et al., 1996a,b;
Keeling, 1998). These monthly measurements were averaged for
each year to calculate mean annual values. For the period preced-
ing 1958, yearly estimated CO2 concentrations from ice cores
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were obtained from the Vostok Ice Core, NASA Goddard Insti-
tute for Space Studies (data.giss.nasa.gov/modelforce/ghgases/
Fig1A.ext.txt; Etheridge et al., 1996a,b). Atmospheric CO2 con-
centration (Ca) values were then converted from molar ratio
(μmol mol�1) to pressure (Pa) units using site elevation and equa-
tions described in Stocker et al. (2020).

Estimation of χisotopes and predictions of β via the least-cost
hypothesis

We estimated χisotopes from the compiled leaf isotope fractiona-
tion (Δ13Cleaf) relative to air according to Lavergne et al. (2020)
as:

χisotopes =
Δ13Cleaf�a þ f Γ�

C a

� �
b�að Þ Eqn 2

where a is the fractionation associated with CO2 diffusion
(4.4‰), b is the photosynthetic fractionation by RuBisCO in
C3 plants (28‰), and f represents the isotope fractionation
due to photorespiration (12‰) (Ubierna Lopez & Farquhar,
2014).

The least-cost optimality hypothesis postulates that leaves seek
to minimize the cumulative unit costs of transpiration and car-
boxylation and provides a simple equation that defines the opti-
mal ratio of χ to β as follows:

χ=
Γ�

C a
þ 1� Γ�

C a

� �
ξ

ξþ ffiffiffiffiffiffi
Dg

p Eqn 3

where

ξ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β
K þ Γ�

1:6η�

s
Eqn 4

where the term ξ defines the sensitivity of χ to Dg (Medlyn
et al., 2011; Prentice et al., 2014).

By substituting Eqn 4 into Eqn 3 in the model, and by repla-
cing χ with the calculated χisotopes, we derived the values of β as:

β= 1:6 η� Dg

χisotopes� Γ�
C a

� �2

1�χisotopes
� �2

K þ Γ�ð Þ
Eqn 5

where η� is the viscosity of water relative to its value at 25°C, cal-
culated using temperature and elevation as in Huber
et al. (2009). Γ* (Pa) is the CO2 compensation point in the
absence of mitochondrial respiration. Γ* is temperature-
dependent and was calculated following Bernacchi et al. (2001)
using Tg and the atmospheric pressure (Patm; Pa) calculated from
elevation (Notes S1). Ca is the partial pressure of ambient CO2

(Pa). K is the effective Michaelis Constant for RuBisCO-limited
photosynthesis at a given partial pressure of O2 (pO2; Pa). K was
calculated following Bernacchi et al. (2001) as:

K =K c 1þ pO2

K o

� �
Eqn 6

where Kc (Pa) and Ko (Pa) are Michaelis–Menten coefficients of
RuBisCO activity for CO2 and O2, respectively, which are
temperature-dependent (Notes S1). Further calculation details
are provided in the Supporting Information.

Soil data

To estimate the soil nutrient characteristics at each site, we
retrieved data on concentrations of total soil nitrogen, total soil
organic carbon (SOC), and total plant-available soluble inorganic
Pi. The total SOC (g C kg�1 soil) and total soil nitrogen (TN,
g N kg-1 soil) were obtained from SoilGrids250m 2.0 (Poggio
et al., 2021) provided by the World Soil Information Service of
the International Soil Reference and Information Centre (see
Notes S2). For each site, we computed the average SOC and TN
for the top two provided layers (0–5 cm and 5–15 cm). Subse-
quently, we calculated the ratio of TN to SOC at each site (soil
N : C ratios, g N g�1 C). Instead of selecting TN as a metric for
soil nitrogen status, we chose the soil N : C ratio, which reflects
the soil’s nitrogen-supplying potential and the balance between
nitrogen and organic material. A high N : C ratio was assumed to
indicate high nitrogen availability to plants.

Data on plant-available Pi concentrations (mg P kg�1 soil) in
the top 15-cm soil layer were sourced from the global database
published by McDowell et al. (2023). The plant-available soil
Pi concentrations in this database correspond to
bicarbonate-extractable Olsen P (Olsen, 1954). This database
comprised 32941 geo-referenced values of Olsen P, covering 89
countries. We used the latitude and longitude coordinates of each
site in our dataset to extract the corresponding plant-available Pi
values. All variables used in this study are summarized in Table 2.

Data filtering and analysis

We excluded isotope-driven χisotopes values greater than 0.95 and
less than 0.1, considering them as extreme values arising from
uncertain parameters. The derived β values showed a departure
from a normal distribution (P< 0.001; Shapiro–Wilk test) and
exhibited skewness toward lower values. To address this, we
applied a natural-log transformation to the β values to achieve a
normal distribution before analysis. Outliers in the natural-log-
transformed β values were removed using the median absolute
deviation method, following the procedure outlined by Leys et al.
(2013). We excluded β values deviating three times higher or
lower than the median absolute deviation. Similarly, we natural-
log-transformed plant-available Pi concentrations and soil N : C
ratios, and we square-root-transformed the MI to meet the nor-
mality criteria for model fitting. Since the NM group represented
only 2.5% of the dataset, resulting in a very small sample size
compared with the mining and scavenging groups, we decided to
exclude this group to avoid introducing statistical bias due to the
large difference in sample sizes. Following this filtering process,
we obtained a total of 4745 records for 2599 species belonging to
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1115 genera, covering a broad range of biomes (Figs S1, S2).
Plant species associated with the scavenging strategy constituted
76% of the dataset, while those with the mining strategy
accounted for 24%. The N2FP species made up 8.6% of the
dataset and can belong to either the scavenging or mining strat-
egy, with 5.8% in the mining strategy and 9.5% in the scaven-
ging strategy.

To assess the variability of β with soil nutrients and moisture,
and to examine the potential influence of mycorrhizal fungi and
N2-fixing bacteria symbioses on the relationship between β,
nutrient availability, and moisture (Hypotheses 1, 2, and 3), we
employed a linear mixed-effects model. The dependent variable
was natural-log-transformed β, and the fixed effects included the
soil natural-log-transformed N : C ratios (continuous), the
natural-log-transformed plant-available Pi (continuous), the
square-root-transformed MI (continuous), mycorrhizal nutrient
acquisition strategy (referred to hereafter as Myco-NAS; categori-
cal; two levels: scavenging and mining strategies), and the N2-
fixation capacity (categorical; two levels: N2FP and OP). Given
the influence of Myco-NAS on N, P, and water uptake, we
included its interactions with the soil N : C ratios, plant-available
Pi, and MI. For the N2-fixation capacity, which primarily influ-
ences N uptake, we included its interaction with the soil N : C.
Plant genus was included as a random intercept term. To evaluate
the potential effect of multicollinearity between predictors on the
interpretation of the results, we calculated variance inflation fac-
tors (VIFs) for each independent fixed effect (Davis et al., 1986).
We considered multicollinearity to be a concern when VIF values
were above 10 (Montgomery et al., 1992). Four VIF values were
found to exceed the threshold of 10, specifically for N2-fixation
capacity, soil N : C ratios, and their interaction (Table 3). To
address this, we removed the interaction term, as it was not sig-
nificant. After this adjustment, the VIF values for all other pre-
dictors dropped below the critical threshold of 10 (Table S1).
Notably, this change did not affect the outcomes or the direction-
ality of the predictors’ effects on β, suggesting that including or
excluding the interaction term had no significant impact on the

results of our linear mixed-effects model. Considering this find-
ing, the careful evaluation we performed, and the robustness of
mixed-effects models even when some distributional assumptions
and collinearity are violated (Schielzeth et al., 2020), we decided
to retain the model with the interaction term, as its exclusion did
not alter the model’s outcomes.

To test Hypothesis 4, and to account for the direct effects of
moisture on soil N : C and plant-available Pi, while distinguish-
ing between the direct and indirect effects of soil N : C and
plant-available Pi on β via their covariance with moisture, and to
assess some multicollinearities found for some predictors in the
linear mixed-effects model as explained previously, we used struc-
tural equation modeling (SEM) (Fig. S3). We defined tropical
and subtropical biomes to encompass the region between 30°
north and south latitudes, while temperate and boreal biomes
were combined for latitudes greater than 30° north and 30°
south. The model was constructed with MI predicting
plant-available Pi and soil N : C, while β served as the dependent
variable, predicted by soil N : C, plant-available Pi, MI, Myco-
NAS, and N2-fixation capacity. Plant genus was included as a
random intercept term in each model component. We performed
this path analysis separately for temperate and boreal biomes, and
for tropical and subtropical biomes.

The linear mixed-effects model was fit using the LMER package
(Bates, 2018) in R v.4.3.2 (R Core Team, 2024). We used Type
II Wald’s χ2 tests to test the statistical significance of each fixed
effect term in the models using the CAR package (Fox & Weis-
berg, 2019) in R. Post hoc analyses were conducted using the
‘emmeans’ package (Lenth et al., 2024) in R. The SEM was fit
using the ‘PiecewiseSEM’ package (Lefcheck, 2016) using func-
tions from the LME package (Bates, 2018) in R.

Results

Below we present data on β, with corresponding trends in
Δ13Cleaf and correlations between β and χisotopes provided in
Figs S4, S5.

Table 2 Description of key abbreviated terms.

Variable Units Description

β Unitless Ratio of cost factors for carboxylation and transpiration
χ Pa Pa

�1 Ratio of intercellular to extracellular CO2 partial pressure
χisotopes Pa Pa

�1 Ratio of intercellular to extracellular CO2 partial pressure calculated from leaf carbon isotopes
Ca Pa Partial pressure of atmospheric CO2

Ci Pa Partial pressure of leaf internal CO2

δ13Cleaf ‰ Ratio of leaf stable isotopes 13C : 12C
δ13Cair ‰ Isotopic composition of the CO2 in atmosphere
Δ13Cleaf ‰ Carbon isotope fractionation in leaves
Γ* Pa CO2 compensation point in the absence of mitochondrial respiration
Dg Pa Atmospheric water vapor deficit
Tg °C Mean annual growing season temperature
K Pa Effective Michaelis constant for RuBisCO-limited photosynthesis at a given partial pressure of O2

η* Pa s�1 Viscosity of water relative to its value at 25°C
MI Unitless Moisture Index
Pi mg kg�1

soil Plant-available soil phosphorus concentrations (Olsen phosphorus)
N : C g N g�1 C The ratio of soil total nitrogen to soil organic carbon concentrations
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Effects of Myco-NASs and N2-fixation capacity on β
variability in relation to soil N : C

In line with our expectations, β decreased with increasing soil
N : C ratios (P< 0.001; Table 3). Supporting Hypothesis 1,
there were significant interactions between Myco-NAS and soil
N : C ratios (P< 0.05; Table 3). The β decrease with increasing
soil N : C was more pronounced in the scavenging strategy than
in the mining strategy, as confirmed by Tukey’s post hoc test
(difference between slopes: P< 0.05; Table 4; Fig. 3a), with both
slopes being significantly negative (P< 0.001 in both cases;
Table 4). Under low soil N : C, the mining acquisition strategy
exhibited reduced β compared with the scavenging strategy, con-
firming Hypothesis 1 (Fig. 3a). Conversely, under higher soil
N : C, the scavenging strategy had reduced β compared with the
mining strategy (Fig. 3a).

Both N2FP and OP exhibited a significant decrease in β with
increasing soil N : C ratios, with each slope being significantly
different from zero (P< 0.05; Table 3; Fig. 3b). However, con-
trary to our expectations (Hypothesis 2), no significant interac-
tion between N2-fixation capacity and soil N : C ratios was found
(P= 0.11; Table 3), likely due to the smaller sample size of
N2FP (n= 419) compared with OP (n= 4326), and the slope
for N2FP was not significantly different from that of OP
(P= 0.15; Table 4).

Effects of Myco-NAS on β variability in relation to the MI
and Pi

Consistent with Hypothesis 3, β was positively associated with the
MI (P< 0.05; Table 3), and there were significant interactions
between the Myco-NAS and the MI (P< 0.05; Table 3), with a
significant increase in β with increasing moisture observed only for
plant species associated with the scavenging strategy (P< 0.001;
Table 4; Fig. 4a). There was no significant relationship between β

and the MI for plant species associated with the mining strategy
(P= 0.55; Table 4; Fig. 4a). Unexpectedly, β increased signifi-
cantly with increasing plant-available Pi (P< 0.001; Table 3;
Fig. 4b). However, we did not find any significant interaction
between Myco-NAS and plant-available Pi (P= 0.3; Table 3).

Table 4 Post hoc analyses comparing the slopes of the correlations
between the carbon costs of nutrient acquisition relative to water
acquisition (β) and soil nitrogen-to-carbon (N : C) ratios, plant-available
soil soluble inorganic phosphorus concentration (Soil Pi), and moisture
index (MI) depending on mycorrhizal nutrient acquisition strategy (mining
vs scavenging, for Soil Pi, Soil N : C, and MI), and on N2-fixation (for soil
N : C only).*

Slope P-values

Soil N : C –mining strategy �0.32� 0.09a < 0.001

Soil N : C – scavenging strategy �0.50� 0.07b < 0.001

Soil Pi –mining strategy 0.02� 0.026a 0.44
Soil Pi – scavenging strategy 0.05� 0.01a < 0.001

MI –mining strategy �0.06� 0.1a 0.55
MI – scavenging strategy 0.18� 0.05b < 0.001

Soil N : C – N2FP �0.52� 0.13a < 0.001
Soil N : C –OP �0.31� 0.04a < 0.001

*P-values < 0.001 are italicized. The sample size was 4745. No. of
species= 2599. Key: Soil N : C, soil nitrogen-to-organic carbon
concentration ratios (continuous); Soil Pi, plant-available soil soluble
inorganic phosphorus concentration or Olsen phosphorus (continuous);
MI, the moisture index (continuous), mycorrhizal nutrient acquisition
strategy (categorical; mining or scavenging), ability of plant species to
form symbiotic association with N2-fixing bacteria (categorical; N2FP or
OP). Slopes for each category are presented. When P-values are < 0.05,
we consider the slopes to differ significantly from zero. Superscript letters
represent comparisons between slopes using the Tukey test within each
mycorrhizal category with respect to Soil Pi, Soil N : C ratios, and MI, and
within each N2-fixation category with respect to the Soil N : C ratios. For
each fixed effect (Soil Pi, Soil N : C ratios, and MI), slopes that do not share
a letter are significantly different according to the Tukey test at the 5%
significance level.

Table 3 Regression coefficients for the linear mixed-effects model with the carbon costs of nutrient acquisition relative to water acquisition (β) as the
dependent variable.*

df Slope P VIF

Soil N : C 1 �0.41� 0.07 < 0.001 18
MI 1 0.06� 0.05 < 0.05 6
Soil Pi 1 0.03� 0.01 < 0.001 5
Myco-NAS 1 – 0.40 8
N2�fixation 1 – 0.13 18
Soil N : C ×Myco-NAS 1 – < 0.05 10
MI ×Myco-NAS 1 – < 0.05 7
Soil Pi ×Myco-NAS 1 – 0.3 5
Soil N : C-N2-fixation 1 – 0.11 32

Fixed effects include plant-available soil soluble inorganic phosphorus concentration (Soil Pi), the soil nitrogen-to-organic carbon concentration ratios (Soil
N : C), the moisture index (MI), mycorrhizal nutrient acquisition strategy (Myco-NAS), N2-fixation capacity, and interactions between Myco-NAS and Soil
Pi, Soil N : C and MI, as well as between N2-fixation capacity and the soil N : C ratios.
*P-values < 0.001 are italicized. P-values < 0.05 are bolded. The sample size was 4745. No. of species= 2599. Key: Soil N : C, soil nitrogen-to-organic
carbon concentration ratios (continuous); Soil Pi, plant-available soil soluble inorganic phosphorus concentration or Olsen phosphorus (continuous); MI, the
moisture index (continuous); Myco-NAS, mycorrhizal nutrient acquisition strategy (categorical; mining or scavenging); N2-fixation, ability of plant species
to form symbiotic associations with N2-fixing bacteria (categorical; N2FP or OP). Slopes are only included for continuous fixed effects. The variance
inflation factor of each variable represents the VIF. The full model conditional R2 was 0.41.
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Factors controlling β variability depending on N and P
colimitation

The path analysis aimed to disentangle the direct effects of soil
N : C and plant-available soil Pi on β, as well as their indirect
effects through their covariance with the MI, considering
biomes and the hypothesized N and P limitations in each
biome. Before presenting the path analysis results, we explored

the differences in soil N : C ratios and soil Pi concentration
between biomes (Fig. S6). As expected, tropical and subtropi-
cal biomes exhibited significantly lower Pi concentrations and,
to a lesser extent, lower soil N : C ratios than temperate and
boreal biomes, suggesting that tropical and subtropical biomes
are colimited by N and P. The path analysis for temperate and
boreal biomes revealed that soil N : C ratios were the only
factor negatively affecting β (standardized estimate

Fig. 3 Fitted linear regression plots illustrating the correlations between natural-log-transformed carbon costs of nutrient acquisition relative to water
acquisition (β) and natural-log-transformed soil nitrogen-to-carbon (N : C) ratios for (a) each mycorrhizal nutrient acquisition strategy (Myco-NAS) and (b)
N2-fixation capacity. The regressions are derived from the linear mixed-effects models explained in Tables 3 and 4. Individual data points are represented
by dots and triangles: light green dots (scavenging strategy), light orange triangles (mining strategy), black dots (other plants), and red dots (N2-fixing
plants). Separate lines are plotted for each Myco-NAS and N2-fixation capacity, with colors corresponding to the respective strategy. Solid lines indicate
statistically significant trends (P< 0.05).

Fig. 4 Fitted linear regression plots illustrating the correlations between (a) natural-log-transformed carbon costs of nutrient acquisition relative to water
acquisition (β) and the square root of the moisture index and (b) natural-log-transformed β and natural-log plant-available soil soluble inorganic
phosphorus concentration for each mycorrhizal nutrient acquisition strategy (Myco-NAS). The regressions are derived from the linear mixed-effects models
explained in Tables 3 and 4. Individual data points are represented by dots and triangles: light green dots (scavenging strategy), light orange triangles
(mining strategy). Separate lines are plotted for each Myco-NAS, with colors corresponding to the respective strategy. Solid lines indicate statistically
significant trends (P< 0.05), while dashed lines represent nonsignificant trends (P> 0.05).
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coefficient=�0.14; Fig. 5b). The MI decreased soil N : C
ratios (standardized estimate coefficient=�0.21; Fig. 5b) and
increased plant-available Pi (standardized estimate coefficient=
0.15; Fig. 5b), but neither Pi nor the MI directly affected β in
these biomes. By contrast, the path analysis for tropical and
subtropical biomes showed that β was significantly positively
affected by MI (standardized estimate coefficient= 0.22; Fig.
5a) and negatively affected by soil N : C (standardized esti-
mate coefficient=�0.12; Fig. 5a), with no significant effect of
Pi. Both Pi and soil N : C significantly decreased with increas-
ing MI (standardized estimate coefficients=�0.05 and� 0.44,
respectively; Fig. 5a). These results clarify the observed increase
in β with Pi identified by the linear mixed-effects model,
which does not account for the indirect effects of MI on Pi
depending on the biome. The path analysis demonstrates that
in tropical and subtropical biomes, MI reduces Pi directly,
thereby nullifying Pi’s influence on β.

Discussion

A significant source of uncertainty in the projections of future
ecosystem carbon budget by ESMs resides in their formulation of
photosynthetic acclimation to soil resources and climate, as well
as the carbon costs of acquiring resources (Booth et al., 2012;
Smith, 2024). The photosynthetic least-cost hypothesis provides
a possible way to reliably simulate these responses (Prentice
et al., 2014; Wang et al., 2017a,b; Smith et al., 2019; Paillassa
et al., 2020; Stocker et al., 2020), but data are needed to evaluate

the theory at scales relevant for ESMs (i.e. local to global). We
addressed this challenge by analyzing a key variable in the quanti-
fied least-cost hypothesis (Prentice et al., 2014), namely, the car-
bon costs of nutrient acquisition relative to water acquisition (β),
which has been historically held constant in EEO models that
adopt photosynthetic least-cost principles (Wang et al., 2017b;
Stocker et al., 2020). Using a global dataset of leaf carbon iso-
topes to estimate these costs, our findings revealed significant,
complex, yet predictable variability in the costs of acquiring soil
resources, as modulated by soil nutrient availability, moisture,
and plant nutrient acquisition strategy.

Nutrient acquisition strategies modulate β variability in
relation to soil N : C ratios

Across biomes and nutrient acquisition strategies, a consistent
pattern emerges: The carbon costs of nutrient acquisition relative
to water acquisition decreased with increasing soil N : C ratios.
This supports the efficacy of least-cost principles in predicting
the reduced carbon costs for nutrient acquisition when N is
abundant and readily available in the soil. These findings empha-
size the critical role of soil N in driving the observed variability in
carbon costs at a global scale and validate the formulation of
resource uptake models predicting reduced carbon costs
of acquiring N with increasing N availability across both mycor-
rhizal and NM strategies (Meyer et al., 2010; Phillips
et al., 2013; Brzostek et al., 2014; Braghiere et al., 2021, 2022;
Wang et al., 2022).

Fig. 5 Structural equation model showing the direct effects of the moisture index (MI) on soil soluble plant-available phosphorus (Soil Pi) concentrations
and the soil nitrogen-to-carbon (N : C) ratios, as well as the effects of MI, Soil Pi, Soil N : C ratios, mycorrhizal association types (Myco-NAS), and N2-
fixation on the carbon costs of nutrient acquisition relative to water acquisition (β) in (a) tropical and subtropical biomes (n= 2264, 268 mining strategy,
1996 scavenging strategy), and (b) temperate and boreal biomes (n= 2481, 872 mining strategy, 1609 scavenging strategy). Arrows represent
unidirectional correlations between variables. Path coefficients are depicted as simple standardized regression coefficients. Stars in subscripts represent the
significance levels (***, P< 0.001; *, P< 0.05). The width of connections indicates estimates of standardized path coefficients, with solid lines denoting
significant connections and semitransparent gray lines indicating nonsignificant connections that were included in the model. Red arrows denote negative
correlations, and blue arrows positive ones. The coefficients of determination are reported as conditional R2

c, which is based on the variance of both the
fixed and random effects.
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We found significant interactions between the soil N : C ratios
and the Myco-NAS in modulating β (Fig. 5a). While experimen-
tal evidence (Wallander & Nylund, 1992; Gorissen et al., 1993;
Olsson et al., 2005; Hasselquist et al., 2012; Kjøller et al., 2012;
Högberg et al., 2021; R. Wang et al., 2021) and meta-analyses
(Treseder, 2004; Gill & Finzi, 2016; Han et al., 2020) have
demonstrated reduced carbon allocation to mycorrhizal fungi
with increasing soil N availability, our findings highlight that this
response is influenced by the mycorrhizal functional group.
This may suggest that plants optimize carbon allocation to mini-
mize nutrient acquisition costs, emphasizing the importance of
incorporating this modulation into ESMs.

At low soil N : C ratios, the mining strategy (e.g. association
with EEMF) demonstrated reduced β compared with the scaven-
ging strategy (e.g. association with AMF). Conversely, under high
soil N : C ratios, the scavenging strategy showed reduced β com-
pared with the mining strategy. These findings align with the
proposed framework of distinct nutrient economies associated
with mycorrhizal types (Read, 1991; Phillips et al., 2013).
EEMF-associated plants, primarily woody species found in tem-
perate and boreal forests, produce recalcitrant litter characterized
by low N : C ratios and slow decomposition (Read, 1991; Phil-
lips et al., 2013). This reduces N mineralization and availability
in soils (Cornelissen et al., 2007), promotes an organic-nutrient
economy, and enables EEMF mycelium to extract N from
organic pools. Indeed, the EEMF strategy is most abundant in
these ‘slow’ nitrogen cycling ecosystems (Pritsch & Gar-
baye, 2011; Rineau & Courty, 2011; Wolfe et al., 2012;
Frey, 2019). By contrast, AMF-associated plants, including her-
baceous and woody species, produce litter with high N : C ratios
with rapid mineralization. This enriches soils with soluble N
(Read, 1991; Smith & Read, 2010; Phillips et al., 2013; Jo
et al., 2019), supports an inorganic-nutrient economy (Cheng
et al., 2012; Mei et al., 2022), and enables AMF to efficiently sca-
venge N. The AMF strategy is most abundant in these ‘fast’
nitrogen cycling ecosystems (Read, 1991; Read & Perez-
Moreno, 2003; Phillips et al., 2013). This can also explain the
nutrient-acquisitive trait profile in AMF-associated plants and
the nutrient-conservative trait profile in EEMF-associated plants
(Averill et al., 2019).

In fact, the observed shift toward AMF tree dominance in
regions with elevated atmospheric nitrogen deposition (Averill
et al., 2018; Crowther et al., 2019; Lilleskov et al., 2019; Brag-
hiere et al., 2021) supports this framework. Evidence suggests
AMF-associated plants may have limited N uptake when soil N
is low (Reynolds et al., 2005; Bücking & Kafle, 2015; Bowles
et al., 2018), but thrive in nitrogen-rich environments compared
with EcMF-associated plants (McNeil et al., 2007; Thomas
et al., 2015). While AMF-associated trees have demonstrated
positive net primary production responses to soil N enrichment
(McNeil et al., 2007), EcMF-associated trees have exhibited more
variable responses (i.e., some increased their NPP, some
decreased, and some were unaffected; Thomas et al., 2015), indi-
cating the uncertain benefits of EcMF in nitrogen-rich environ-
ments. However, EcMF symbiosis has been shown to be
beneficial in nitrogen-impoverished environments for N

acquisition (Lindahl & Tunlid, 2015; Shah et al., 2016). For
instance, meta-analyses have demonstrated that under elevated
CO2, EcMF enhanced plant NPP and reduced carbon costs for
nitrogen acquisition compared with AMF (Terrer et al., 2016,
2018; Liu et al., 2024). This suggests that under elevated CO2,
the presumed higher plant N requirement leads to the depletion
of the inorganic soil N pool, favoring EcMF, as some are capable
of decomposing soil organic materials.

N2-fixing plants show similar costs to other plants,
regardless of soil N : C ratios

Contrary to our expectations (Fig. 2b), we found no significant
interactions between N2-fixation capacity and soil N : C ratios on
β, nor did N2FP show reduced β at low soil N : C ratios com-
pared with OP. While many studies have shown that high soil N
can decrease nodulation rates (Barron et al., 2011; Batterman
et al., 2013; Sullivan et al., 2014; Perkowski et al., 2021), others
have reported minimal effects of soil N levels on symbiotic N2-
fixation (Drake, 2011; Vitousek et al., 2013), suggesting compar-
able N acquisition costs. Our results align with the latter findings.
Additionally, modeling studies have also proposed that N2-
fixation is cost-effective only under severe N limitation (Menge
et al., 2009, 2015, 2017). Nonetheless, identifying the precise
soil N : C ratio threshold for severe N limitation in our dataset
remains challenging. It has also been proposed that facultative
symbiosis is evolutionarily advantageous in environments with
fluctuating soil N levels, in which adjusting the symbiosis is not
costly, whereas obligate symbiosis may be more advantageous in
consistently N-limited environments (e.g. tropical latitudes),
in which the cost of adjusting symbiosis is high (Menge
et al., 2009, 2017). Additionally, other potential mechanisms
could explain the dominance of N2-fixing species in water-
limited ecosystems at low latitudes, such as plant water savings
and higher leaf N content (Adams et al., 2016; Querejeta
et al., 2022). Future studies should examine the differences
between facultative and obligate symbiotic N2-fixation in relation
to soil N under different water availability contexts.

Moisture shapes β differently depending on nutrient
acquisition strategies

We observed that β increased with MI as expected in AMF-
associated plants (scavenging strategy), but, unexpectedly, not in
EEMF-associated plants (mining strategy). Under dry conditions,
low β values may result from increased carbon costs associated
with maintaining transpiration (aβ). Optimality partitioning the-
ory and experimental evidence, especially from tree species seed-
lings, suggest that the root:shoot ratio increases with increasing
aridity (Poorter et al., 2012; Ledo et al., 2018). Additionally,
plants might allocate more carbon belowground to their fungal
partners to alleviate drought stress. The opposite is expected
when moisture increases. Both AMF and EEMF have been
reported to play crucial roles in water uptake by forming hyphal
avenues for water and nutrients in arid soils (Duddridge
et al., 1980; Agerer, 2001; Egerton-Warburton et al., 2003;
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Querejeta et al., 2003, 2006; Bornyasz et al., 2005; Allen, 2007;
Lehto & Zwiazek, 2011; Ruth et al., 2011; Augé et al., 2015;
Castaño et al., 2023). However, AMF-associated plants are more
common in dry, hot environments (Jo et al., 2019), so β may be
strongly reduced by aridity in these plants compared with
EEMF-associated plants. For instance, AMF symbiosis has been
reported to benefit drought-stressed plants and increase water use
efficiency (Ruiz-Lozano et al., 1995; Querejeta et al., 2006;
Nouri et al., 2020; Madouh & Quoreshi, 2023) by enhancing
stomatal conductance, which increases transpiration and photo-
synthesis (Augé, 2001; Augé et al., 2015, 2016). AMF-associated
plants are also favored over EcMF-associated ones in water-
limited systems due to their greater hyphal plasticity and ability
to function under negative water potentials (Querejeta
et al., 2009; Tedersoo & Brundrett, 2017; Jo et al., 2019), with
higher AMF hyphal abundance observed in dry soils (Hawkes
et al., 2011). However, it has also been reported that not all AMF
species or isolates of a species have the same water uptake capacity
or resistance to drought, as these factors depend on the intensity
and duration of water stress and the carbon supply from the host
plant (Zhang et al., 2018; Leyva-Morales et al., 2019).

At the same time, soluble nutrient uptake, primarily through
direct root uptake, is sensitive to water availability (Barber, 1995;
Leadley et al., 1997; McMurtrie & Näsholm, 2018). Reduced
transpiration under dry conditions limits soluble nutrient uptake
via mass flow and diffusion (Nye, 1977; Gerber et al., 2010;
Oyewole et al., 2014; Salazar-Tortosa et al., 2018; Joseph
et al., 2021), and drought has been reported to reduce plant N
and P due to water limitation rather than nutrient scarcity (He &
Dijkstra, 2014). Some studies have reported that when plants are
unable to access N through interception or diffusion, they
increase their stomatal conductance and transpiration as a strat-
egy to acquire N via mass flow (Cramer et al., 2008; Matimati
et al., 2014). As a result, increasing aridity should increase both
the carbon costs for water and nutrient uptake. We found that
aridity decreased the carbon costs of nutrient acquisition relative
to water acquisition (β), suggesting that moisture had a greater
impact on water costs than nutrient costs for AMF-associated
plants. By contrast, EEMF-associated plants showed no change
in β with changing moisture. If we assume that water acquisition
costs decrease with increasing moisture for EEMF-associated
plants, then our results would suggest that moisture has a similar
relative impact on nutrient acquisition costs in these plants. This
may be due to the fact that moisture can impact EEMF-derived
organic matter decomposition (Talbot et al., 2008).

N-P colimitation modulates β

Our findings highlighted the role of N–P colimitation and its
interaction with moisture in shaping β (Fig. 5). At temperate and
boreal latitudes, where N is typically reported to be more limiting
than P, our path analysis showed that carbon costs of nutrient
acquisition relative to water acquisition decreased only with
increasing soil N : C ratios. There was no direct effect of Pi or MI
on these costs. This suggests that in regions where P and N are
primarily present in organic, insoluble complexes and N is the

main limiting factor, carbon costs are influenced by soil N : C
ratios rather than the availability of soluble Pi.

Conversely, at tropical and subtropical latitudes, where N and
P are reported to colimit plant growth (Vitousek, 2004; Vitousek
et al., 2010; Laliberté et al., 2015; Camenzind et al., 2018), the
carbon costs of nutrient acquisition relative to water acquisition
decreased with increasing soil N : C ratios and increased with
higher moisture levels, as expected. However, no direct effects of
Pi availability on β were observed. This result can only be under-
stood in the context of the interaction between MI and plant-
available Pi. When the direct effects of moisture on soil Pi were
accounted for, our path analysis revealed that the absence of Pi’s
direct effects on β was due to these effects being mediated
through moisture. Specifically, the negative correlation between
MI and soil Pi availability we observed aligns with previous find-
ings in drylands, where soil Pi concentrations increased with arid-
ity (Delgado-Baquerizo et al., 2013, 2018). While our tropical
and subtropical sites were not exclusively drylands, 36% were
classified as dry sites and 64% were humid sites.

Carbon as a cost or just a surplus?

Finally, one could rightly argue that our approach is biased for
assuming that carbon allocated to belowground resource acquisi-
tion is a major cost to plants. Indeed, some studies have suggested
carbon transfer to symbionts occurs independently of nutrient
exchange (Corrêa et al., 2012; Prescott et al., 2020). Our
approach has been criticized for framing carbon as the sole fitness
metric, reducing plant fitness costs to a single currency (i.e. car-
bon), and aligning this with economic concepts such as ‘optimi-
zation’ and ‘trade-offs’ (Prescott et al., 2020; Blonder
et al., 2023; Roddy, 2023; Prescott, 2024). Alternative hypoth-
eses propose that carbon transferred to mycorrhizal fungi repre-
sents surplus due to growth limitations from nutrients, rather
than a ‘cost’ (Prescott et al., 2020; Bunn et al., 2024). These per-
spectives, while distinct, may complement each other, offering a
more integrated understanding of plant processes at the whole-
plant level (for a comprehensive review of this ongoing debate,
we refer readers to Bunn et al., 2024). Nonetheless, the alignment
of variation in observed resource–soil acquisition costs with our
predictions supports that carbon is an important, nonsurplus cur-
rency for soil resource acquisition.

Limitations

This study has limitations due to data constraints. Assigning
mycorrhizal types to plant genera may oversimplify symbiosis
dynamics, as some species host multiple fungi and shift between
AMF and EcMF, or between NM and AMF based on environ-
mental conditions (Brundrett & Tedersoo, 2018; Teste et al.,
2020). Dual symbioses with N2-fixing bacteria and AMF further
complicate nutrient acquisition, with P availability affecting
nodulation and N availability influencing AMF phosphatase pro-
duction (Leidi & Rodrı́guez-Navarro, 2000; Augusto
et al., 2013). Additionally, since nutrient uptake in the rhizo-
sphere is a highly localized process, limited data on soil N forms

New Phytologist (2025)
www.newphytologist.com

� 2025 The Author(s).

New Phytologist� 2025 New Phytologist Foundation.

Research

New
Phytologist12

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.70087 by T

exas T
ech U

niversity L
ibraries, W

iley O
nline L

ibrary on [18/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and high-resolution measurements of plant-available Pi restrict
accurate carbon cost assessments across mycorrhizal types. Future
experiments at finer scales are essential to validate these global-
scale patterns.

Here, we found that soil resource acquisition costs are driven
by interactions between soil resource availability and acquisition
strategy. Our results suggest that plants minimize these costs in a
predictable way dependent on their environment and resource
acquisition strategy. Our results can be used to refine and test
ESMs that implement mycorrhizal-dependent carbon–nutrient–
water interactions.
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ET, Seabloom EW, La Pierre KJ, MacDougall AM et al. 2019. Leaf nutrients,
not specific leaf area, are consistent indicators of elevated nutrient inputs.

Nature Ecology & Evolution 3: 400–406.
Fisher JB, Sitch S, Malhi Y, Fisher RA, Huntingford C, Tan S-Y. 2010. Carbon

cost of plant nitrogen acquisition: a mechanistic, globally applicable model of

plant nitrogen uptake, retranslocation, and fixation. Global Biogeochemical
Cycles 24: 2009GB003621.

Fox J, Weisberg S. 2019. An R companion to applied regression. London: Sage.
Franklin O, Harrison SP, Dewar R, Farrior CE, Brännström Å, Dieckmann U,
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Thornton B, Hurry V, Linder S, Näsholm T et al. 2010.Quantification of

effects of season and nitrogen supply on tree below-ground carbon transfer to

ectomycorrhizal fungi and other soil organisms in a boreal pine forest. New
Phytologist 187: 485–493.
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McMurtrie RE, Näsholm T. 2018.Quantifying the contribution of mass flow to

nitrogen acquisition by an individual plant root. New Phytologist 218:
119–130.

McNeil BE, Read JM, Driscoll CT. 2007. Foliar nitrogen responses to elevated

atmospheric nitrogen deposition in nine temperate forest canopy species.

Environmental Science & Technology 41: 5191–5197.
Medlyn BE, Duursma RA, Eamus D, Ellsworth DS, Prentice IC, Barton CVM,

Crous KY, De Angelis P, Freeman M, Wingate L. 2011. Reconciling the

optimal and empirical approaches to modelling stomatal conductance:

reconciling optimal and empirical stomatal models. Global Change Biology 17:
2134–2144.

Mei L, Zhang P, Cui G, Yang X, Zhang T, Guo J. 2022. Arbuscular mycorrhizal

fungi promote litter decomposition and alleviate nutrient limitations of soil

microbes under warming and nitrogen application. Applied Soil Ecology 171:
104318.

Menge DNL, Batterman SA, Hedin LO, Liao W, Pacala SW, Taylor BN. 2017.

Why are nitrogen-fixing trees rare at higher compared to lower latitudes?

Ecology 98: 3127–3140.
Menge DNL, Levin SA, Hedin LO. 2009. Facultative versus obligate nitrogen

fixation strategies and their ecosystem consequences. American Naturalist 174:
465–477.

Menge DNL, Wolf AA, Funk JL. 2015. Diversity of nitrogen fixation strategies

in Mediterranean legumes. Nature Plants 1: 15064.
Mengoli G, Agust́ı-Panareda A, Boussetta S, Harrison SP, Trotta C, Prentice

IC. 2022. Ecosystem photosynthesis in land-surface models: A first-principles

approach incorporating acclimation. Journal of Advances in Modeling Earth
Systems 14: e2021MS002767.

Meyer A, Grote R, Polle A, Butterbach-Bahl K. 2010. Simulating mycorrhiza

contribution to forest C- and N cycling-the MYCOFON model. Plant and Soil
327: 493–517.

Midgley MG, Phillips RP. 2019. Spatio-temporal heterogeneity in extracellular

enzyme activities tracks variation in saprotrophic fungal biomass in a temperate

hardwood forest. Soil Biology and Biochemistry 138: 107600.
Montgomery D, Peck E, Vining G. 1992. Introduction to linear regression analysis.
New York, NY, USA: John Wiley & Sons.

Mooney H. 1972. The carbon balance of plants. Annual Review of Ecology and
Systematics 3: 315–346.

Nouri E, Matinizadeh M, Moshki A, Zolfaghari A, Rajaei S, Janoušková M.
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Teplitsky C, Réale D, Dochtermann NA, Garamszegi LZ, Araya-Ajoy YG.

2020. Robustness of linear mixed-effects models to violations of

distributional assumptions. Methods in Ecology and Evolution 11:

1141–1152.
See CR, Keller AB, Hobbie SE, Kennedy PG, Weber PK, Pett-Ridge J. 2022.

Hyphae move matter and microbes to mineral microsites: integrating the

hyphosphere into conceptual models of soil organic matter stabilization. Global
Change Biology 28: 2527–2540.

Shah F, Nicolás C, Bentzer J, Ellström M, Smits M, Rineau F, Canbäck B,
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Valentine HT, Mäkelä A. 2012.Modeling forest stand dynamics from optimal

balances of carbon and nitrogen. New Phytologist 194: 961–971.
Vallicrosa H, Sardans J, Maspons J, Zuccarini P, Fernández-Mart́ınez M,

Bauters M, Goll DS, Ciais P, Obersteiner M, Janssens IA et al. 2022. Global

maps and factors driving forest foliar elemental composition: the importance of

evolutionary history. New Phytologist 233: 169–181.
Vance CP, Heichel GH. 1991. Carbon in N2 fixation: limitation or exquisite

adaptation. Annual Review of Plant Physiology and Plant Molecular Biology 42:
373–390.

Vance CP, Uhde-Stone C, Allan DL. 2003. Phosphorus acquisition and use:

critical adaptations by plants for securing a nonrenewable resource. New
Phytologist 157: 423–447.

Vitousek PM. 2004. Nutrient cycling and limitation: Hawai’i as a model system.
Princeton, NJ, USA: Princeton University Press.

Vitousek PM, Menge DN, Reed SC, Cleveland CC. 2013. Biological nitrogen

fixation: rates, patterns and ecological controls in terrestrial ecosystems.

Philosophical Transactions of the Royal Society, B: Biological Sciences 368: 20130119.
Vitousek PM, Porder S, Houlton BZ, Chadwick OA. 2010. Terrestrial

phosphorus limitation: mechanisms, implications, and nitrogen–phosphorus
interactions. Ecological Applications 20: 5–15.

Vitousek PM, Howarth RW. 1991. Nitrogen limitation on land and in the sea:

how can it occur? Biogeochemistry 13: 87–115.
Vohnı́k M. 2020. Ericoid mycorrhizal symbiosis: theoretical background and

methods for its comprehensive investigation.Mycorrhiza 30: 671–695.
Wallander H, Nylund J-E. 1992. Effects of excess nitrogen and phosphorus

starvation on the extramatrical mycelium of ectomycorrhizas of Pinus sylvestris
L. New Phytologist 120: 495–503.

Wang H, Prentice IC, Davis TW, Keenan TF, Wright IJ, Peng C. 2017a.

Photosynthetic responses to altitude: an explanation based on optimality

principles. New Phytologist 213: 976–982.
Wang H, Prentice IC, Keenan TF, Davis TW, Wright IJ, Cornwell WK, Evans

BJ, Peng C. 2017b. Towards a universal model for carbon dioxide uptake by

plants. Nature Plants 3: 734–741.
Wang J, Zhang H, Gao J, Zhang Y, Liu Y, Tang M. 2021. Effects of

ectomycorrhizal fungi (Suillus variegatus) on the growth, hydraulic function,

and non-structural carbohydrates of Pinus tabulaeformis under drought stress.
BMC Plant Biology 21: 171.

Wang R, Cavagnaro TR, Jiang Y, Keitel C, Dijkstra FA. 2021. Carbon

allocation to the rhizosphere is affected by drought and nitrogen addition.

Journal of Ecology 109: 3699–3709.
Wang R, Lu J, Jiang Y, Dijkstra FA. 2022. Carbon efficiency for nutrient

acquisition (CENA) by plants: role of nutrient availability and microbial

symbionts. Plant and Soil 476: 289–300.
Weedon GP, Balsamo G, Bellouin N, Gomes S, Best MJ, Viterbo P. 2014. The

WFDEI meteorological forcing data set: WATCH Forcing Data methodology

applied to ERA-Interim reanalysis data.Water Resources Research 50: 7505–7514.
Wen Z, White PJ, Shen J, Lambers H. 2022. Linking root exudation to

belowground economic traits for resource acquisition. New Phytologist 233:
1620–1635.

Wolfe BE, Tulloss RE, Pringle A. 2012. The irreversible loss of a decomposition

pathway marks the single origin of an ectomycorrhizal symbiosis. PLoS ONE 7:

e39597.

Wright IJ, Reich PB, Westoby M. 2003. Least-cost input mixtures of water and

nitrogen for photosynthesis. The American Naturalist 161: 98–111.
Yin H, Wheeler E, Phillips RP. 2014. Root-induced changes in nutrient cycling in

forests depend on exudation rates. Soil Biology and Biochemistry 78: 213–221.
Yuan ZY, Chen HYH. 2012. A global analysis of fine root production as affected

by soil nitrogen and phosphorus. Proceedings of the Royal Society B: Biological
Sciences 279: 3796–3802.

Zhang F, Zou Y-N, Wu Q-S. 2018.Quantitative estimation of water uptake by

mycorrhizal extraradical hyphae in citrus under drought stress. Scientia
Horticulturae 229: 132–136.

Zomer RJ, Xu J, Trabucco A. 2022. Version 3 of the Global Aridity Index and

potential evapotranspiration database. Scientific Data 9: 409.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Location of sites where the leaf stable carbon isotopes
measurements used in this study were sampled, overlaid on the
Whittaker biome classification system.

Fig. S2 Global distribution of the sites where the leaf stable car-
bon isotopes measurements used in this study were sampled.

Fig. S3 Graphical representation of the structural equation
model used to test the direct effects of moisture index (MI) on
soil nutrient availability, as well as the effects of the MI, soil
nutrient availability, and soil resource acquisition strategies on β.

Fig. S4 Estimated natural-log-transformed β values against car-
bon isotope fractionation in leaves (Δ13Cleaf), and isotope-
derived χisotopes.

Fig. S5 Natural-log-transformed β values against natural-log-
transformed soil N : C ratios, the square root of moisture index,
and the natural-log-transformed plant-available soil Pi.

Fig. S6 Natural-log-transformed nitrogen-to-carbon ratios and
soil soluble plant-available phosphorus concentration for tempe-
rate and boreal biomes and tropical and subtropical biomes.

Notes S1 Photorespiratory compensation point Γ� and
Michaelis–Menten coefficients of photosynthesis.

Notes S2 Soil data.

Table S1 Regression coefficients for the linear mixed-effects
model with β as the dependent variable.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.

Disclaimer: The New Phytologist Foundation remains neutral with regard to

jurisdictional claims in maps and in any institutional affiliations.

New Phytologist (2025)
www.newphytologist.com

� 2025 The Author(s).

New Phytologist� 2025 New Phytologist Foundation.

Research

New
Phytologist18

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.70087 by T

exas T
ech U

niversity L
ibraries, W

iley O
nline L

ibrary on [18/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Outline placeholder
	 Summary
	 Introduction
	 Materials and Methods
	 Observational dataset of δ13C and plant nutrient acquisition strategies
	 Climate data
	 Estimation of χisotopes and predictions of β via the least-cost hypothesis
	 Soil data
	 Data filtering and analysis

	 Results
	 Effects of Myco-NASs and N2-fixation capacity on β variability in relation to soil N : C
	 Effects of Myco-NAS on β variability in relation to the MI and Pi
	 Factors controlling β variability depending on N and P colimitation

	 Discussion
	 Nutrient acquisition strategies modulate β variability in relation to soil N : C ratios
	 N2-fixing plants show similar costs to other plants, regardless of soil N : C ratios
	 Moisture shapes β differently depending on nutrient acquisition strategies
	 N-P colimitation modulates β
	 Carbon as a cost or just a surplus?
	 Limitations

	 Acknowledgements
	 Competing interests
	 Author contributions
	 References
	Supporting Information


