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Summary

� Root traits, particularly anatomical traits, underpin root functions necessary for plant survi-

val and adaptation. However, the coordination of root traits in extreme environments remains

unresolved.
� We linked root functions that encompass foraging, uptake, and mining to anatomical traits

of absorptive roots of typical and common species on the Tibetan Plateau and compared them

with those in other regions globally.
� Our results showed that in alpine grasslands of the Tibetan Plateau, root functions were

governed by root diameter and associated anatomical traits, rather than by specific root

length (SRL, an indicator of root foraging) as observed globally. Specific root respiration (an

indicator of active nutrient uptake) scaled with tube size and number within the root vascular

system, whereas root exudation rate and acid phosphatase activity (indicators of nutrient

mining) were linked to cortex cell size and layer number. These anatomical adaptations con-

trast with global patterns, where higher SRL supports nutrient acquisition through reduced

construction costs.
� Our findings reveal unique root forms and functions in the alpine environments, highlight-

ing the importance of cellular anatomy in shaping plant function in extreme environments.

Introduction

Plant species have evolved a wide range of forms and functions
that allow them to cope with heterogeneous environments (D�ıaz
et al., 2016; Carmona et al., 2021; Laughlin et al., 2021; Weigelt
et al., 2023; Yang et al., 2025). Among these functions, nutrient
acquisition is a fundamental driver of plant performance and eco-
system functioning. Therefore, uncovering patterns and mechan-
isms underlying interspecific variation in these absorptive root
traits is critical for understanding the formation and maintenance
of plant diversity and plant responses and adaptation to environ-
mental changes (Ma et al., 2018; Carmona et al., 2021).

Root nutrient acquisition involves three interrelated processes:
each connecting with distinct root traits that vary considerably
across species. First, root foraging refers to the proliferation of
roots in soil to contact nutrients by the root epidermis (Ding
et al., 2023; Zhang et al., 2023; Zhao et al., 2024). Root foraging
capacity is strongly related to root diameter and specific root

length (SRL: root length per unit root dry mass; Supporting
Information Table S1; Liu et al., 2015; Chen et al., 2016; Ma
et al., 2018). For example, absorptive root diameter can vary over
100-fold across species (Zhang et al., 2024), all else being equal,
leading to a four-magnitude higher root foraging capacity as indi-
cated by total root length for thinner roots at a given amount of
root biomass. Consequently, plant species with thin and high
SRL roots tend to forage for more nutrients directly through their
roots, whereas species with thick absorptive roots usually rely on
symbiotic mycorrhizal fungi to complement nutrient foraging
(Table S1; Chen et al., 2016; Ma et al., 2018; Bergmann
et al., 2020; Matthus et al., 2025). Second, upon interception,
nutrients are transported across the root cortex to the stele, that
is, root uptake (Ding et al., 2023; Zhang et al., 2023; Zhao
et al., 2024). Root nutrient uptake typically depends on energy
from root respiration to drive the active transport of nutrients
across the cortex (Table S1; George et al., 2003; Hirano
et al., 2022), which depends on root nitrogen (N) concentration

� 2025 The Author(s).

New Phytologist� 2025 New Phytologist Foundation.

New Phytologist (2025) 1
www.newphytologist.com

Research

https://orcid.org/0000-0001-9665-0179
https://orcid.org/0000-0001-9665-0179
https://orcid.org/0000-0002-6994-2501
https://orcid.org/0000-0002-6994-2501
https://orcid.org/0000-0001-9806-3074
https://orcid.org/0000-0001-9806-3074
https://orcid.org/0000-0002-7327-7647
https://orcid.org/0000-0002-7327-7647
https://orcid.org/0000-0003-2708-2221
https://orcid.org/0000-0003-2708-2221
https://orcid.org/0000-0002-3040-0924
https://orcid.org/0000-0002-3040-0924
https://orcid.org/0000-0003-3782-9966
https://orcid.org/0000-0003-3782-9966
https://orcid.org/0000-0002-3418-3787
https://orcid.org/0000-0002-3418-3787
mailto:deliangkong1999@126.com
mailto:zhengzhi1982@126.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.70595&domain=pdf&date_stamp=2025-09-24


(Tjoelker et al., 2005; Reich et al., 2008; Han & Zhu, 2021).
Third, roots can mine nutrients via exudation of organic acids
and acid phosphatases to mobilize insoluble nutrients (Table S1;
Bagayoko et al., 2000; Williams & de Vries, 2020; Dijkstra
et al., 2021; Wen et al., 2022; Aoyagi et al., 2025). High rates of
root exudation tend to enhance nutrient availability in the rhizo-
sphere (Bagayoko et al., 2000; Williams & de Vries, 2020; Dijk-
stra et al., 2021), which could be critical in alpine ecosystems,
where most nutrients are locked in organic detritus (Cha-
pin, 1980).

These functional processes are closely linked to the root’s ana-
tomical construction (Guo et al., 2008; Lynch et al., 2021). For
example, absorptive root diameter, a key trait for root foraging
capacity, is closely related to cortical cell size and number (Zheng
et al., 2024a), which in turn determine the acquisition of nutri-
ents by roots (Lynch et al., 2021). In the phloem, sieve tubes
function as the conduits specialized for C transport from leaves
to plant belowground tissues to support root activities like
respiration and exudation (Hill et al., 2007; Savage et al., 2016;
Hardtke, 2023), thus linking root anatomy to the uptake and
mining of nutrients by roots. Root respiration and exudation
rates are thus dependent on C import (H€ogberg et al., 2001;
Dilkes et al., 2004; Chen et al., 2025). Root respiration (reflect-
ing root uptake) predominantly occurs in the root cortex (Lynch
et al., 2021), and a considerable portion of root exudates (reflect-
ing root mining) arises from respiratory metabolites (Ryan
et al., 2001; Weston et al., 2012). Indeed, specific root respira-
tion declines with increasing root order, largely due to a reduc-
tion in the ratio of cortex : stele (Xia et al., 2010; Jia
et al., 2013). Moreover, respiratory intermediates in root cortical
cells act as direct precursors for the synthesis and secretion of root
exudates (Johnson et al., 1996; Kochian et al., 2015). Therefore,
unravelling how stele (e.g. sieve tube size and number) and corti-
cal traits (e.g. cell size, number, and wall thickness) vary across
plant species can offer novel insights into mechanisms underlying
strategies associated with nutrient acquisition by plants.

These mechanisms responsible for variations of root traits and
nutrient uptake, as well as the relationships between root traits
and nutrient uptake, may be mediated by resources in the envir-
onment. Particularly, when C supply is sufficient to meet the
demand for C consumption of root respiration and exudation, an
increase in root respiration rate can provide more energy to drive
higher exudation rates (Ataka et al., 2020; Sun et al., 2021; Mar-
cellus et al., 2024). Conversely, under limited C supply, more
respiration could divert C away from root exudates, thereby low-
ering the root exudation rate (Hill et al., 2007; de Vries
et al., 2019; Zheng et al., 2024b). Notably, under severe C lim-
itation, both root respiration and exudation may decline (Fuch-
slueger et al., 2014; Hasibeder et al., 2015). Additionally, C
limitation also affects root elongation, namely root foraging
(Kircher & Schopfer, 2012; Pasternak et al., 2023).

Compared with leaves, our knowledge of the patterns and
mechanisms underlying interspecific variations in absorptive
root traits remains limited, especially in high-altitude regions
(Iversen et al., 2015). The unique environmental conditions in
high-altitude regions, such as low temperature and low tissue

decay, likely lead to root form and function that diverge from
those in low-altitude regions (Iversen et al., 2015; Laughlin
et al., 2021). For instance, our recent study has demonstrated
that two key root trait components, cortex and stele, vary inde-
pendently among plant species on the Tibetan Plateau (Zheng
et al., 2024b), whereas they are typically coupled in other eco-
systems elsewhere (Kong et al., 2014; Zhou et al., 2018;
Zhang et al., 2023). Roots in the high-altitude environments
also tend to exhibit larger diameters, lower SRL, and lower
root tissue density (RTD, root dry mass per unit root volume)
(Zadworny et al., 2016, 2017), and maintain greater potential
absorptive capacity per gram of fine roots across all root orders
(Zadworny et al., 2016). Particularly, stele tissues of absorptive
roots increase at a faster rate with increasing root diameter in
high-altitude environments than in low-altitude environments
(X. Wang et al., 2024). Additionally, in high-altitude environ-
ments, alpine plants preferably synthesize considerable second-
ary metabolites such as flavonoids and prolines
(Ma et al., 2015; Zhao et al., 2019), which may lead to a
reduction in soluble C allocation to root metabolic processes
and soil organisms (e.g. the soil microbiome) (K€orner, 2003;
Chen et al., 2022).

Plateau vegetation, particularly the belowground plant traits
and functioning, has been poorly documented due to its relatively
remote locations and low accessibility (Iversen et al., 2015). Yet,
plateau ecosystems are widespread around the world, pose dis-
tinct challenges to plant survival (e.g. C limitation), and harbor
plant species with unique evolutionary histories and ecological
strategies (Ding et al., 2020; Wu et al., 2022). As such, these spe-
cies may have evolved distinct root strategies not captured by cur-
rent global frameworks of root form and function. Additionally,
because high-altitude plateaus are highly sensitive to climate
change (Iversen et al., 2015; Chen et al., 2022), understanding
the root traits of their plant communities is critical for predicting
ecosystem responses to future environmental change. In this
study, we measured the root traits of a wide range of common
herbaceous species on the Tibetan Plateau, with a particular focus
on anatomical traits and three suites of traits related to nutrient
foraging, uptake, and mining. We hypothesized: (1) due to C
limitation imposed by high-altitude conditions, specific root
respiration and root exudation rate should be significantly corre-
lated with root stele anatomy that governs C supply for root
activities. By contrast, these root activities would not be corre-
lated with the cortical traits. (2) In other regions globally, where
limitation of nutrients rather than C dominates (Chapin, 1980),
specific root respiration and root exudation rate should be coor-
dinated with the traits associated with root foraging for efficient
nutrient acquisition.

Materials and Methods

Study site

The study site is situated in the alpine meadow–steppe ecotone in
the northeastern Tibetan Plateau, specifically at Haiyan Pasture
(36°56 0N, 101°03 0E; 3200 m elevation), Haiyan County,
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Qinghai Province, China. The region has a monsoon continental
climate, with long, cold winters and short, cool summers. The
mean annual maximum temperature is 9.4°C, the mean annual
minimum temperature is �6.2°C, and the mean annual precipi-
tation is 404 mm (based on data from 1981 to 2010) (Fig. S1).
Soils are classified as Haplic Calcisols according to the FAO clas-
sification system. Alpine plant species, such as Stipa purpurea Gri-
seb. (Poaceae), Elymus nutans Griseb. (Poaceae), Argentina
anserina (L.) Rydb. (Rosaceae), Allium cyaneum Regel. (Amarylli-
daceae), and Gentiana tubiflora (Wall. ex G. Don) Griseb. (Gen-
tianaceae) dominate the native vegetation.

Root sampling collection and preliminary processing

This study included 42 common species, representing a diverse
array of taxa in the alpine meadow–steppe ecotone (Fig. S2).
These species were randomly sampled within an c. 40-ha experi-
mental plot. The plot is typically grazed by yak and sheep during
winter but left to grow naturally without any disturbance
during summer. Root samples were collected in August 2023
during the peak of the growing season.

Root systems of individual plants were randomly sampled, fol-
lowing Zhou et al. (2022). Because plants were patchily distribu-
ted, sampling focused on high-density stands of the target species
to increase the efficiency of absorptive root collection. For each
species, at least 30 individuals were randomly sampled from plots
that were separated by at least 20 m from each other. Soil blocks
containing target plants were excavated using a pickaxe or spade,
then gently compressed to loosen the soil. Root systems were
exposed by carefully removing surrounding soil with forceps,
sharpened needles, and brushes. Individual roots were traced to
their parent plants for accurate identification.

Entire root systems or branches were categorized in the field
using a stream-ordering classification system (Fig. S3a–f).
Absorptive roots were defined as first- and second-order roots
and used for trait measurements (Zhou et al., 2021). A subset of
these absorptive roots was immediately preserved for anatomical
analyses by immersing them in fixing solution (formalin–aceto–
alcohol solution: 90 ml of 50% ethanol, 5 ml of 100% glacial
acetic acid, and 5 ml of 37% methanol), transported to the
laboratory, and stored at 4°C until further analysis. Additional
samples were used for root respiration measurements.

Measurements of root respiration rate

To enable timely physiological measurements, all root physiolo-
gical traits were analyzed in a local temporary lab. After root cate-
gorization, absorptive roots were immediately placed into 0.9%
saline solution and wrapped with moist tissue paper to prevent
root system desiccation, and excess water was removed. Root
respiration of absorptive roots (first- and second-order roots) was
measured within 2 h of collection using an LI-6400 XT portable
photosynthesis system (Li-Cor, Lincoln, NE, USA) equipped
with a custom-made closed chamber (opaque PVC cylinder,
3 cm diameter, 18.5 cm length; Zheng et al., 2024b). To ensure
airtight gas exchange, the reference tube was sealed with plastic

film. Root respiration measurements were conducted at a con-
stant temperature of 20°C using a water bath. The sampled roots
were placed into the self-made chamber, and the CO2 mole frac-
tion within the chamber was set to match the ambient atmo-
spheric CO2 concentration. To minimize artifacts caused by
opening and closing the chamber, data logging began only after
CO2 concentrations in the respiration chamber stabilized, with
values recorded every 5 s. For each species, four independent
measurements of root respiration were obtained on sunny days
between 08:30 and 16:30 h in August 2023. Root respiration
rate was expressed as CO2 afflux per unit root dry mass and time,
namely, specific root respiration (nmol g�1 s�1).

Determinations of root morphological and chemical traits

After measurements of root respiration, the root samples were
immediately spread on a flatbed scanner (Epson Perfection V850
Scanner; Epson America, Long Beach, CA, USA) and scanned at
600 dpi in grayscale. Scanned images were analyzed using WINR-
HIZO software (v2012b; Regent Instruments Inc., Qu�ebec, QC,
Canada) to obtain mean root diameter, total root length, and
root volume. The scanned roots were then placed into centrifuge
tubes and oven-dried at 60°C for 3 d before weighing. SRL was
calculated as the ratio of total root length to dry mass. RTD
was determined as the ratio of root dry mass to volume. Finally,
dried root samples were ground into a fine powder using a mixer
mill, and root N concentration was determined using an elemen-
tal analyzer (Vario EL III; Elementar, Hanau, Germany).

Determinations of root exudation rate and acid
phosphatase activity

Root exudates were collected in situ from the same plants used
for other root samples, following the protocol described by Phil-
lips et al. (2008). Briefly, for each plant, lateral roots were care-
fully traced out from the plant and gently rinsed off with
deionized water to remove adhering soil. Terminal (first- and
second-order) roots were placed in 20 ml centrifuge tubes to col-
lect exudates, alongside blank controls (root-free tubes). Tubes
were secured in the soil and sealed with parafilm. Subsequently, a
C-free nutrient solution (0.5 mM NH4NO3, 0.1 mM KH2PO4,
0.2 mM K2SO4, 0.15 mM MgSO4, and 0.3 mM CaCl2) was
injected into the centrifuge tubes to provide essential mineral
nutrients for root uptake. All tubes containing plant roots were
covered with tinfoil to exclude light and ensure proper exudate
collection. Roots inside centrifuge tubes were immediately
removed after 24 h of collection, dried in an oven at 60°C for
3 d, and then weighed. The remaining solution in the centrifuge
tube was filtered using a 0.22-lm filter. Then, two drops of con-
centrated phosphoric acid were added to the filtered solution to
inhibit microbial activity, and the filtered solution was stored at
�20°C until analysis of total organic C concentration, which was
performed using a TOC analyzer (multi N/C 3100; Analytik,
Jena, Germany).

Root acid phosphatase activity was determined following Alvey
et al. (2001). Briefly, root samples were rinsed twice with distilled
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water (5 min each) to remove extracellular acid phosphatases
released from wounded cells and then placed in a 5-ml centrifuge
tube. Each tube received 1.0 ml distilled water, 0.8 ml sodium
acetate buffer (pH 5.8), and 0.2 ml p-nitrophenylphosphate sub-
strate solution. Tubes were wrapped in aluminum foil and incu-
bated at 20°C for 2 h. Reactions were terminated with 2 M
NaOH, and absorbance was measured at 405 nm using a UV
mini-1280 spectrophotometer (Shimadzu Co., Kyoto, Japan).
Finally, root samples were oven-dried at 60°C for 3 d and
weighed.

Measurements of root anatomical traits

Root anatomical traits were determined from FAA-preserved root
samples using histological methods under light microscopy, pri-
marily involving tissue fixation, softening, staining, dehydration,
embedding, sectioning, and imaging. Specifically, 10 first- and
second-order root segments with intact branching were randomly
selected. These root segments were rinsed three times with deio-
nized water to remove FAA and then soaked in a 12% hydrofluo-
ric acid solution for 64 h to soften the tissues. Softened roots
were subsequently stained with 1% safranine O, which contrasts
sharply with the white paraplast wax (Freschet et al., 2021). Fol-
lowing staining, the roots underwent dehydration through an
ethanol series: 70% ethanol for 1.5 h, 80% ethanol overnight,
95% ethanol for 2 h, and three changes of 100% ethanol for 2 h.
Dehydrated samples were treated in a 1 : 1 (v/v) mixture of
xylene and ethanol for 1 h, followed by an additional 1-h treat-
ment in 100% xylene.

Subsequently, roots were embedded in paraplast wax and sec-
tioned at 10 lm thickness using a microtome (Leica RM2255;
Leica Mikrosysteme Vertrieb GmbH, Bensheim, Germany). The
prepared sections were stained with 0.1% Fast Green, which col-
ors root cortex tissues green. The stained sections were then
imaged using a compound microscope (DM3000; Leica). Root
anatomical traits, including absorptive root cortex thickness, cor-
tex cell size, cortex cell layer number, cortex cell wall thickness,
stele diameter, vessel size, vessel number, and vessel wall thick-
ness, were measured using IMAGEJ (v.1.8.0; Schneider
et al., 2012). Cortex cell diameter (cortex cell size), stele dia-
meter, and vessel diameter (vessel size) were measured assuming
cylindrical geometry. Cortex thickness was defined as the thick-
ness of the cortex cell layer extending from the stele boundary to
the epidermis. Cortex cell layer number refers to the number of
cortex cells along a radial transect (Freschet et al., 2021). Vessel
number was counted per stele cross-section. Notably, due to chal-
lenges in distinguishing phloem from the stelar area under light
microscopy, phloem area was not subtracted from the stele area
during measurements (Freschet et al., 2021; Kong et al., 2021).

Determinations of root mycorrhizal colonization intensity

Arbuscular mycorrhizal (AM) colonization is closely associated
with root cortex thickness (Ma et al., 2018; Bergmann
et al., 2020). We quantified the intensity of AM colonization
using standard clearing, acidifying, staining, destaining, and

microscopic procedures. For each plant, at least 30 root segments
from the first- and second-order roots were selected.
Segments were cleared using a 10% sodium hydroxide solution
(w/v) at 60°C in a water bath for 2 h. Then, the acidified root
samples were immediately stained overnight at ambient tempera-
ture with 0.05% (w/v) trypan blue. Following staining, the roots
were rinsed again with deionized water and incubated in a
destaining solution (lactic acid : glycerin : water = 1 : 1 : 1)
for several weeks. Finally, the segments were mounted on micro-
scope slides, gently flattened, and sealed with neutral balsam. AM
colonization was quantified under 9100 magnification using the
cross-intersection method of McGonigle et al. (1990), based on
at least 150 randomly selected, nonoverlapping microscopic fields
per individual.

Data analysis

First, to assess trait variation across plant species, we calculated
the mean, maximum, median, minimum, and coefficient of var-
iation (CV) of each root trait. The means of each trait for each
species were then used in subsequent analyses. Second, we evalu-
ated the influence of plant phylogeny on the variation of each
trait across plant species using Blomberg’s K, where a significant
K value indicates evolutionary conservation of traits within phy-
logenetic lineages (Blomberg et al., 2003). Third, bivariate corre-
lations among traits were conducted using Pearson’s correlation.
To further assess the strength of associations among traits after
accounting for the effects of plant phylogeny, phylogenetic gener-
alized linear models were used (Ives & Helmus, 2011). Finally,
principal component analysis (PCA) was conducted to examine
the multidimensional root trait covariations using the FACTOMI-

NER package. Before PCA and correlation analyses, all data were
transformed using the BESTNORMALIZE package. The package con-
ducts a series of normalizing transformations and then selects the
optimal one based on the lowest Pearson P test statistic for nor-
mality (Peterson, 2021). All statistical analyses were conducted in
R (v.4.2.1; R Core Team, 2023).

Global data synthesis and analysis

A literature search was conducted using the Web of Science and
China National Knowledge Infrastructure databases to identify
studies that defined absorptive roots based on root-order classifi-
cation rather than root diameter. In these selected studies,
absorptive roots were considered as the first two root orders for
herbaceous species and the first three root orders for woody spe-
cies, respectively. From each study, we extracted those root trait
values, including specific root respiration, root exudation rate,
root acid phosphatase activity, root diameter, SRL, RTD, and
root N concentration. Bivariate trait pairs were collected accord-
ingly. These included 212 pairs of specific root respiration and
root diameter, 211 pairs of specific root respiration and SRL, 210
pairs of specific root respiration and RTD, 202 pairs of specific
root respiration and root N concentration, 61 pairs of root exu-
dation rate and root diameter, 61 pairs of root exudation rate and
SRL, 61 pairs of root exudation rate and RTD, 327 pairs of root
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acid phosphatase activity and root diameter, 353 pairs of
root acid phosphatase activity and SRL, and 290 pairs of root
acid phosphatase activity and RTD. Notably, the global dataset
did not include root physiological trait data from the Tibetan
Plateau due to a lack of reports on the physiological traits of
absorptive roots in the region.

Our synthesis primarily focused on herbaceous plants, while
relationships between root physiological and morphological traits
of woody species are provided in the Supporting Information.
For herbaceous plants, the number of trait pairs ranged from zero
(e.g. between acid phosphatase activity and root N concentration,
acid phosphatase activity and RTD, root exudation rate and root
N concentration, and root exudation rate and acid phosphatase
activity) to a maximum of 142 (between root diameter and SRL).
Among all traits, the most frequently reported were root diameter
(n = 142) and SRL (n = 142), RTD (n = 97), followed by spe-
cific root respiration (n = 97), root exudation rate (n = 31), and
root acid phosphatase activity (n = 16; Table S2).

We used simple ordinary least squares regression analyses to
assess bivariate relationships among these root traits both at the
global level (literature-derived) and on the Tibetan Plateau (field-
collected). To test for differences in these relationships between
the Tibetan Plateau and global datasets, we included interaction
terms in the regression models. All data were transformed to meet
normality assumptions using the BESTNORMALIZE package, while
regression plots are shown using raw data for ease of interpreta-
tion.

Results

Root trait variation

We observed substantial interspecific variations in root physiolo-
gical traits and mycorrhizal colonization intensity (CV:
58.0–75.8%), which were higher than those of other root traits

(CV: 14.3–50.1%) across 42 co-occurring herbaceous species
(Table 1). For example, root exudation rate and specific root
respiration exhibited a CV of 75.8% and 64.8%, respectively
(Table 1). By contrast, traits such as cortex cell wall thickness and
vessel wall thickness had the least variation among all root traits,
with CV values of 14.3% and 15.2%, respectively (Table 1).
Further, several root traits, such as root N concentration, root
diameter, stele diameter, cortex thickness, cortex cell layer num-
ber, cortex cell size, vessel wall thickness, AM colonization inten-
sity, and specific root respiration, exhibited significant
phylogenetic signals (Table 1). Notably, observed variation (CV:
39.0%) in RTD across species was threefold higher than that pre-
dicted by root structural allometry alone (CV: 10.6%, Table S3;
Fig. S4).

Correlations among root traits

Root diameter was positively correlated with most root anatomi-
cal traits, such as stele diameter (r = 0.61, P < 0.001), cortex
thickness (r = 0.85, P < 0.001), cortex cell layer number
(r = 0.72, P < 0.001), cortex cell size (r = 0.53, P < 0.001),
vessel number (r = 0.45, P = 0.002), vessel size (r = 0.36,
P = 0.02), and vessel wall thickness (r = 0.36, P = 0.02;
Table 2). By contrast, root diameter exhibited significant negative
correlations with RTD (r = �0.65, P < 0.001) and SRL
(r = �0.85, P < 0.001; Table 2). Notably, root cortex thickness
increased at a faster rate than stele radius with increasing root dia-
meter (Fig. S4). However, we observed a decoupling between
cortex and stele traits (Table 2; Figs 1, S5). Cortex thickness
strongly covaried with both cortex cell layer number (r = 0.92,
P < 0.001) and cortex cell size (r = 0.65, P < 0.001; Table 2).
Additionally, RTD was negatively correlated with cortex thick-
ness (r = �0.58, P < 0.001), cortex cell size (r = �0.40,
P = 0.008), and cortex cell layer number (r = �0.43,
P = 0.005), but no significant correlation was observed between

Table 1 Summary of absorptive root traits and phylogenetic signals (Blomberg’s K and P value) for 42 herbaceous species.

Root traits Abbreviation Mean Median Max Min CV (%) K value P value

Specific root length (m g�1) SRL 155.45 151.09 261.34 53.72 34.24 0.23 0.41
Root tissue density (g cm�3) RTD 0.34 0.35 0.64 0.09 39.02 0.22 0.50
Root N concentration (mg g�1) RN 14.09 13.93 21.82 5.86 29.42 0.39 0.01
Root diameter (lm) RD 183.72 174.87 346.88 79.19 32.93 0.37 0.008
Stele diameter (lm) SD 63.89 59.90 119.65 20.05 44.05 0.34 0.03
Cortex thickness (lm) CT 59.58 56.80 125.53 14.85 42.10 0.42 0.003
Cortex cell layer number CCLN 4.55 4.30 7.00 2.08 26.41 0.38 0.01
Cortex cell size (lm) CCS 12.43 12.62 16.97 7.60 20.33 0.33 0.05
Cortex cell wall thickness (lm) CCWT 0.42 0.41 0.54 0.33 14.25 0.21 0.55
Vessel number VN 6.72 5.50 14.25 2.10 50.10 0.31 0.08
Vessel size (lm) VS 8.48 7.81 16.28 3.12 38.95 0.50 0.11
Vessel wall thickness (lm) VWT 0.85 0.87 1.13 0.54 15.18 0.37 0.02
Root exudation rate (mg g�1 h�1) Exud 2.60 2.18 10.33 0.60 75.83 0.26 0.22
Acid phosphatase activity (lmol g�1 h�1) Apase 4.63 4.09 10.58 0.84 57.98 0.22 0.60
Mycorrhizal colonization intensity (%) MCI 38.87 37.92 87.50 0.00 59.94 0.40 0.006
Specific root respiration (nmol g�1 s�1) SRR 12.46 9.78 32.96 3.69 64.78 0.42 0.002

CV indicates the coefficient of variation of the traits across species. Max indicates the maximum value of the traits across the species. Min indicates the
minimum value of the traits across the species.

� 2025 The Author(s).
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RTD and cortex cell wall thickness or between RTD and stele
traits (Table 2). Phylogenetic signal exerted minimal influence on
these inter-trait relationships (Table 2).

Multivariate ordination analysis

PCA and pPCA revealed similar patterns of variation in absorptive
root traits on the Tibetan Plateau (Figs 1, S5). PCA revealed that
the first two principal components (PC1 and PC2) collectively
accounted for 60.25% of the total variation in root traits, with
PC1 contributing 37.36% and PC2 contributing 22.89% (Fig. 1;
Table S4). PC1 predominantly captured coordinated variation
between nutrient-foraging strategies (SRL, AM colonization inten-
sity, and root diameter), nutrient-mining strategies (root exudation
rate and root acid phosphatase activity), and among cortex traits
(cortex thickness, cortex cell size, cortex cell layer number, and cell
wall thickness). SRL was significantly and negatively correlated
with cortical traits, such as cortex thickness (r = �0.75,
P < 0.001), cortex cell size (r = �0.44, P = 0.004), and cortex
cell layer number (r = �0.65, P < 0.001). By contrast, AM colo-
nization intensity was significantly and positively correlated with
cortex thickness (r = 0.72, P < 0.001), cortex cell size (r = 0.46,
P = 0.002), and cortex cell layer number (r = 0.58, P < 0.001;
Table 2). Like AM colonization intensity, both root exudation
rates and acid phosphatase activities were correlated with

cortex-related traits (e.g. cortex thickness and cortex cell layer num-
ber), but not stele traits (Table 2).

PC2 integrated co-variation patterns between nutrient uptake
strategies (specific root respiration) and root stele morphology
and anatomy (e.g. stele diameter, vessel diameter, and vessel den-
sity). Specific root respiration was positively correlated with stele
diameter (r = 0.47, P = 0.002), vessel size (r = 0.66,
P < 0.001), vessel number (r = 0.36, P = 0.02), and vessel wall
thickness (r = 0.38, P = 0.01), but not correlated with cortex
traits (Table 2). Importantly, the PCA illustrated that both
nutrient-mining strategies and AM foraging strategies were clo-
sely linked to cortex traits and decoupled from stele traits. Con-
versely, nutrient-uptake strategies exhibited strong linkages with
stele traits but were decoupled from cortex traits (Figs 1, S5).

Nutrient acquisition strategies for Tibetan Plateau plants
compared with global patterns

Specific root respiration from plants growing on the Tibetan Pla-
teau was positively correlated with root diameter and root N con-
centration and negatively correlated with RTD but showed no
relationship with SRL (Table 2; Fig. 2a–d). By contrast, in other
regions of the world, specific root respiration was positively corre-
lated with SRL and had no relationship with root diameter
(Figs 2a,b, S6a,b). Moreover, the root exudation rate of plant
species on the Tibetan Plateau was positively correlated with root
diameter and negatively correlated with both SRL and RTD
(Table 2; Fig. 3a–c). By contrast, for the global sample of plants,
the root exudation rate was positively correlated with SRL, while
the root exudation rate was not correlated with root diameter at
the other regions globally (Figs 3a,b, S7a,b). Additionally, root
acid phosphatase activity was consistently and positively corre-
lated with root diameter and negatively correlated with SRL in
both Tibetan Plateau plants and global plant samples (Table 2;
Figs 4a,b, S8a,b). Notably, for plant species on the Tibetan Pla-
teau, root acid phosphatase activity was negatively correlated with
RTD, while no such relationship was observed in global woody
plant datasets (Table 2; Figs 4c, S8c).

Discussion

We discovered unique coordination between root structural and
functional traits among herbaceous plants in alpine grasslands of
the Tibetan Plateau. Specifically, specific root respiration, a key
indicator of root metabolic activity including active nutrient
uptake, was tightly coupled with root vascular traits. This sup-
ports our Hypothesis 1 that absorptive root respiration would be
significantly correlated with the root stele traits that govern C
supply for root activities due to C limitations imposed by
high-altitude conditions. However, root exudation rates and acid
phosphatase activity, which reflect the root system’s capacity to
mine soil nutrients, were associated with cortex traits. This is
inconsistent with our Hypothesis 1, which states that the absorp-
tive root exudation rate would be significantly correlated with
root stele traits. Moreover, nutrient acquisition strategies of
plants growing on the Tibetan Plateau were mostly related to

Fig. 1 Principal component analyses of absorptive root traits in an alpine
meadow–steppe ecotone of the Tibetan Plateau. Apase, acid phosphatase
activity; CCLN, cortex cell layer number; CCS, cortex cell size; CCWT,
cortex cell wall thickness; CT, cortex thickness; Exud, root exudation rate;
MCI, mycorrhizal colonization intensity; RD, root diameter; RN, root N
concentration; RTD, root tissue density; SD, stele diameter; SRL, specific
root length; SRR, specific root respiration; VN, vessel number; VS, vessel
size; VWT, vessel wall thickness.
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root diameter. By contrast, SRL was closely associated with nutri-
ent acquisition in the other regions globally. These observations
are consistent with our Hypothesis 2. The unique coordination
among nutrient foraging, uptake, and mining strategies of plant
species on the Tibetan Plateau fundamentally sheds essential light
on our understanding of the unique root form and function in
plant adaptation to alpine environments.

Coupling of nutrient uptake strategies with vascular traits
rather than cortex traits

We observed that root respiration rates were closely linked to root
vessel morphology, underscoring the central role of the root stele
in meeting metabolic demands. This pattern likely reflects the
unique climatic conditions on the Tibetan Plateau, which are dis-
tinguished by low annual mean temperature below 0°C (Yuan
et al., 2022), hypoxic conditions with only 65% of the atmo-
spheric oxygen content present at sea level (Liu et al., 2023), and
intense ultraviolet radiation comparable to equatorial regions
(Gao & Zhou, 1998; Andersen et al., 2016). Such extreme cli-
mates drive plants to preferentially allocate C toward the bio-
synthesis of secondary metabolites, such as flavonoids and
proline, to cope with these environmental stresses (Ma
et al., 2015; Zhao et al., 2019). This pattern of C allocation to
defense compounds is expected to constrain respiratory substrate
availability (H€ogberg et al., 2001; Jiang et al., 2023). Therefore,
absorptive roots with large-sized vascular systems (e.g. enlarged
sieve tube diameter and more sieve tubes) would have high trans-
port efficiency of photosynthate to maintain root respiratory
demand (Savage et al., 2016; Hardtke, 2023).

Although we did not directly measure sieve tube traits due to
challenges in visualizing phloem anatomy under conventional
staining techniques (Evert, 2006), vessel traits may serve as

reliable proxies. Sieve tubes and vessels are structurally and func-
tionally coupled. For example, thick vessels are often accompa-
nied by thick sieve tubes (see Schrader et al., 2004; Cutler
et al., 2008; H€oltt€a et al., 2009; Kong et al., 2021). Thus,
changes in vessel size and density in the study likely reflect an
increased capacity for photosynthate transport, which in turn
supports higher root respiratory activity (H€oltt€a et al., 2009;
Kong et al., 2021).

Interestingly, we found that specific root respiration was
decoupled from cortex anatomical traits, which may arise from
offsetting effects of cortex cell size and cell number on specific
root respiration. For example, when the cross-sectional area of
cortex cells increases from 100 to 500 lm2, the specific root
respiration rate is reduced by c. 50% (Chimungu et al., 2014).
This is because larger cortex cells are usually associated with a lar-
ger proportion of vacuoles and a lower proportion of cytoplasm,
which is the metabolically active part of root cortex cells and
directly controls overall root respiration (Sidhu & Lynch, 2024).
Furthermore, a greater vacuolar size in thicker cortex cells can
store more secondary metabolites to resist environmental stresses
(Marty, 1999; Ferreyra et al., 2012; Ramakrishna et al., 2025),
consequently leading to less C allocation to cell respiration. Con-
versely, an increase in cortex cell number among cortical layers
usually increases specific root respiration (Lopez-Valdivia
et al., 2023; Sidhu et al., 2023). Although cortex cell size and cell
number increase simultaneously with increasing root diameter,
their opposite effects on specific root respiration may cancel each
other out, thus explaining the lack of significant relationships
between cortex traits (cortex thickness, cortex cell size, and cell
numbers) and specific root respiration. Such a functional trade-
off between root storage (or defense) and root metabolism likely
underlies the divergent strategies by which alpine plants cope
with the harsh environments of the Tibetan Plateau.

Fig. 2 Ordinary least squares regressions
between specific root respiration and other root
traits, including root diameter (a), specific root
length (b), root tissue density (c), and root N
concentration (d). Globe and Tibet indicate the
literature-derived herbaceous dataset and our
field-collected dataset from plants on the Tibetan
Plateau, respectively.
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It should be noted that root respiration in this study likely
reflected primarily maintenance costs associated with nutrient
uptake and/or exudation, as roots were sampled at peak biomass
when shoot and root growth had largely ceased (King
et al., 2002; Bai et al., 2010). Although root exudation appears to
incur lower energetic costs (as discussed below), future studies

should disentangle the relative contributions of respiration to
nutrient uptake vs exudation, for example using isotope labeling,
to more fully capture how root form and function adapt to alpine
conditions (Kong & Fridley, 2019).

Fig. 4 Ordinary least squares regressions between acid phosphatase
activity and root morphological traits, including root diameter (a), specific
root length (b), and root tissue density (c). Globe and Tibet indicate the
literature-derived herbaceous dataset and our field-collected dataset from
plants on the Tibetan Plateau, respectively.

Fig. 3 Ordinary least squares regressions between absorptive root
exudation rate and root morphological traits, including root diameter (a),
specific root length (b), and root tissue density (c). Globe and Tibet
indicate the literature-derived herbaceous dataset and our field-collected
dataset from plants on the Tibetan Plateau, respectively.
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Coupling of nutrient mining strategies with cortex traits
rather than vascular traits

A key finding in this study is the negative correlation between
RTD and root mining strategy, as indicated by root exudation
rates and root acid phosphatase activity (Table 2). It is well estab-
lished that the relative size of the cortex and stele has a substantial
effect on RTD. For example, root cortex thickness increases at a
much faster rate than the root stele radius with increasing root
diameter, a well-known phenomenon in root structural allometry
(Kong et al., 2014; Zhang et al., 2023, 2024). Given that root
cortex typically has lower RTD than root stele, the root structural
allometry would lead to lower RTD in thicker absorptive roots
(Kong et al., 2019; Zhang et al., 2023, 2024). However, we
observed that RTD was much lower than that predicted by global
allometric relationships (Table S3; Fig. S4). For example, at a
root diameter of 346 lm, root structural allometry predicts an
RTD of 0.23 g cm�3, whereas the measured RTD was only
0.09 g cm�3 (Table S3; Fig. S4). This discrepancy may suggest
that root structural allometry alone cannot fully account for
interspecific variation in RTD, as species at this alpine site
strongly deviate from the expected global patterns.

Interestingly, RTD was found to be correlated with cortex cell
characteristics (e.g. cell size and cell number), but not with vessel
traits, that is, vessel diameter, vessel number, and vessel wall
thickness (Table 2). Because both cortex cell size and layer num-
ber increased with root diameter (Table 2), we infer that the
observed decrease in RTD with root diameter results not only
from the root structural allometry but also from increases in cor-
tex cell size and number. Importantly, as cortex cell volume
expands, the proportion of vacuoles substantially increases,
whereas the proportion of cytoplasm declines (Chimungu
et al., 2014; Sidhu & Lynch, 2024). Since vacuoles are primarily
composed of water and contribute little to dry mass, a greater
vacuolar proportion would lead to reduced RTD by lowering
biomass per unit root volume.

Notably, this shift toward vacuole-dominated cortex cells tends
to influence root exudation. A lower RTD reflects reduced con-
struction costs, allowing more C to be allocated to exudates (Sun
et al., 2021; Williams et al., 2021). Moreover, an increased pro-
portion of vacuole volume tends to be accompanied by a greater
amount of secondary metabolic products (Ferreyra et al., 2012),
thereby providing more substrates for exudation. Additionally,
the expansion of cortex cell volume significantly increases the sur-
face area of the endomembrane system within cortex cells. For
example, emerging evidence reveals that an increase in cortex cell
lumen per unit corresponds to a 0.14- and 0.86-unit increase in
cytoplasmic and vacuolar lumen, respectively (Sidhu &
Lynch, 2024). This expanded membrane system within cortical
cells potentially provides more proteins for proton pumps and
transport proteins in roots (Komis et al., 2015; Vives-Peris
et al., 2020; Carlson et al., 2024), thereby facilitating the trans-
membrane transport of exudates (Meyer et al., 2010; Honsbein
et al., 2011). These results warrant the inclusion of vacuolar char-
acteristics in cortex cells as a factor to explain root exudation rates
in future studies.

Changes in cortex cell wall anatomy may also influence RTD
(Lynch et al., 2024; Sidhu et al., 2024). For example, thicker cell
walls are often associated with higher RTD (Sidhu et al., 2023;
Han et al., 2024). However, we observed no correlation between
cortex cell wall thickness and RTD in this study (Table 2). One
possibility is that increases in cortex cell diameter are accompa-
nied by compositional changes in the cortex cell wall, such as
reductions in lignin and increases in pectin proportions that
decrease overall RTD (Schneider et al., 2021; Han et al., 2024;
M. Wang et al., 2024; X. Wang et al., 2024). These composi-
tional shifts may also reduce resistance to the diffusion of root
exudates (Akatsuki & Makita, 2020). Therefore, future work
should examine how the chemical composition of cortex cell
walls influences RTD and exudation, particularly in the wild
plant species adapted to harsh environments.

Nutrient acquisition strategies on the Tibetan Plateau
compared with other regions

On the Tibetan Plateau, root diameter was significantly and
positively correlated with specific root respiration, root exuda-
tion rates, and mycorrhizal colonization intensity (Table 2;
Figs 2a, 3a), indicating that root diameter is the primary trait
dominating interspecific variation in nutrient acquisition strate-
gies in this alpine ecosystem. The central role of root diameter
likely stems from cellular-level differences in root tissues that
simultaneously determine anatomical structure and functional
capacity. For example, increased root diameter facilitates the
supply of substrates for root respiration and improves active
nutrient uptake by increasing tube size and number. Mean-
while, as root diameter increases, the expansion of cortex cell
volume may lead to an increased proportion of vacuoles and
possible alterations in cell wall composition, which promotes
root exudation and enhances the ability to mine nutrients from
the soil. Furthermore, thicker cortices increase the area for
mycorrhizal symbiosis, thereby improving the capacity to forage
for nutrients (Brundrett & Tedersoo, 2018; Ma et al., 2018;
Bergmann et al., 2020).

In contrast to our results on the Tibetan Plateau, the global
dataset from plants grown in other regions showed that SRL,
rather than diameter, was more strongly linked to root nutrient
foraging, uptake, and mining. Specifically, SRL was positively
correlated with specific root respiration and root exudation rates
(Figs 2b, 3b, S6b, S7b). This is because higher SRL reflects
reduced C investment per unit root length, which is thought to
be associated with increased metabolic activities (manifested as
higher respiration and exudation rates) (Roumet et al., 2016;
Meier et al., 2020; Liang et al., 2023). This aligns with our obser-
vation that both root respiration and exudation rates were signifi-
cantly and negatively correlated with RTD, a proxy of C
investment in roots (Figs 2c, 3c). Higher SRL results in a greater
root surface area per unit biomass (i.e. higher specific root area in
contact with soil), thereby enhancing root intrinsic ability to for-
age for nutrients (Chen et al., 2016; Zhang et al., 2024). Thus,
across global plant communities, the trade-off between root con-
struction cost and metabolic investment likely drives the
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coordination among nutrient foraging, uptake, and mining (Sun
et al., 2021; Williams et al., 2021; Liang et al., 2023).

Conclusions

This study reveals insights into how herbaceous plant species on
the Tibetan Plateau adopt nutrient acquisition strategies that
diverge markedly from global patterns. On the Tibetan Plateau,
the three key processes of root nutrient acquisition – namely,
foraging, uptake, and mining nutrients – are predominantly dri-
ven by cellular-level root anatomical traits. Specifically, nutrient
uptake seems to be primarily mediated by vascular cell size and
density. By contrast, the nutrient mining strategy is associated
with cortex cell size, cell number, and cell wall composition
(Fig. 5a). However, global coordination among nutrient acquisi-
tion strategies is primarily determined by trade-offs between
root construction costs and metabolic activity, with SRL serving
as a key mediator (Fig. 5b). The unique trait–function relation-
ships on the Tibetan Plateau likely represent adaptive character-
istics of plants to the extreme climate. Therefore, these novel
findings provide fruitful insights into plant coexistence in
high-altitude grasslands and can predict how alpine plant com-
munities may respond to ongoing and future climatic changes.
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Supporting Information section at the end of the article.

Fig. S1 Monthly maximum temperature, monthly minimum
temperature, and monthly mean rainfall.

Fig. S2 Phylogenetic relationship and distribution of absorptive
root trait values.

Fig. S3 Overview of absorptive root sampling in the field.

Fig. S4 Linear regression between absorptive root diameter and
cortex thickness, as well as absorptive root diameter and stele
radius.

Fig. S5 Phylogenetically informed principal component analysis
of absorptive root traits.

Fig. S6 Ordinary least squares regressions between specific root
respiration and other root traits.

Fig. S7 Ordinary least squares regressions between absorptive
root exudation rate and root morphological traits.

Fig. S8 Ordinary least squares regressions between acid phospha-
tase activity and root morphological traits.
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