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Plant traits mediate resource acquisition strategies via trade-off between
belowground root nutrient absorption and aboveground leaf nutrient
resorption, yet mechanistic insights remain limited for clonal species like Moso
bamboo (Phyllostachys edulis). This study was conducted in Moso bamboo
plantations in Zhejiang Province, China. We measured rhizome-system
absorptive roots, leaf properties, and soil nutrient contents to explore
acquisition-resorption relationships. We also examined how management
practices (abandonment [AM], conventional biennial [CM], and high-intensity
annual plus understory planting [HM]) influence the traits and processes in Moso
bamboo forests. Key novel findings include: (1) A consistent trade-off emerged
for nitrogen [N] (negative relationships between root N absorption and leaf N
resorption) but not phosphorus [Pl. (2) Principal component analysis revealed
root traits economics structured along two axes: first (PC1), specific root length
[SRL]Jand root tissue density [RTD] (root lifespan) and second (PC2), cortex
thickness [CT] and branching intensity [BI] (fungal independence). Interestingly,
the PC1 was positively correlated with N absorption potential, and negatively
correlated with N resorption efficiency. (3) HM significantly enhanced SRL (+75%
vs. CM) and resorption efficiency (+23% for N, +37% for P), likely driven by
interspecific competition under herb planting. While AM treatment showed
relatively slight effects on traits and processes, compared with CM treatment.
Our findings advance functional trait theory by decoding how clonal integration
reconfigures traditional acquisition-resorption relationships, offering critical
insights for bamboo forest management under global change and management.

Moso bamboo, root nutrient absorption, leaf nutrient resorption, root traits,
different managements
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1 Introduction

The root systems, hiding in the soil and directly absorbing
nutrients from the soil, are crucial in carbon (C) and nutrient
cycling in forest ecosystems (Ma et al., 2018; Jiang et al, 2021;
Zheng et al., 2024). Recent studies of fine root systems have shown
that the distal lower-order roots (i.e., order I*- and 2™, absorptive
roots) rather than higher-order roots (i.e., order 3™ to 5™, transport
roots) performed the function of absorption (Fan and Guo, 2010;
McCormack et al., 2015). Moreover, the traits, such as root diameter
(RD), specific root length (SRL), and root tissue density (RTD) have
been verified to represent the capacity of root nutrient absorption
(Bardgett et al., 2014; Bergmann et al., 2020; Zheng et al., 2024), and
these traits are markedly influenced by environments and soil
contexts (Gu et al,, 2014; Yan et al, 2022). For example, woody
trees in higher-latitude ecosystems often have narrower variations
in morphological root traits (such as RD and SRL) than those in
lower-latitude ecosystems to promote root resource acquisition
availability (Chen et al., 2013; Gu et al., 2014). Pinus species had
thinner absorptive fine roots and a higher SRL in young than
mature trees to scavenge nutrients during stand development
(Wang et al., 2024). However, such trait-environment frameworks
predominantly derive from studies of non-clonal woody species,
overlooking the unique rhizomatic integration in clonal plants
where ramets are physiologically connected, such as Moso
bamboo (Phyllostachys edulis) (Wang et al., 2021). This raises a
critical knowledge gap: whether resource allocation trade-offs
observed at the organ level in discrete-rooted trees persist in
clonal systems with rhizome-system.

An equally important, but less well-documented resource
acquisition strategy of Moso bamboo is nutrient resorption,
which indicates a process by which plants withdraw nutrients
from senescing tissues before abscission (Wright and Westoby,
2003). Although numerous studies have reported that nutrient
resorption of woody species is an important process in explaining
primary productivity in forests, annual plant demand for nitrogen
(N) and phosphorus (P) is driven by N and P resorption,
accounting for 30-40% at the global scale (Cleveland et al., 2013).
Whether this general pattern will apply to the Moso bamboo is less
clear. Recent evidence suggests that clonal integration may
fundamentally alter resorption dynamics—interconnected ramets
could bypass leaf senescence-related nutrient losses through
internal translocation (Chen et al, 2022), theoretically negating
the necessity of conventional resorption strategies. However, the
trade-off between root nutrient absorption and leaf nutrient
resorption for Moso bamboo has not been proven. Fortunately,
our previous study addressed a plant-centred continuum,
elucidating the active trade-off between root nutrient absorption
from soil and nutrient resorption from senesced leaves for woody
trees in subtropical forests (Jiang et al., 2023). Moso bamboo, due to
its distinct physiological, structural traits such as rapid growth, and
an extensive rhizome network, may allow it to simultaneously
optimize both nutrient uptake and resorption from a plant-
centred perspective (Figure 1). But, whether Moso bamboo runs
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this active trade-off remains limited, which creates a second
knowledge gap.

Moso bamboo plays a key role in socioeconomic development
in subtropical and tropical regions (Song et al., 2020), primarily due
to its fast-growing (from bamboo shoots to timber approximately
one and a half months), short rotation period (4 to 5 years), and
explosive growth rates (Li and Feng, 2019; Yang et al,, 2021). To
obtain high economic benefits, bamboo forests generally receive
high-intensity management, such as fertilization, reclamation, and
cutting (Yang et al., 2019; Ni and Su, 2024). However, over a long-
term period these management practices have resulted in negative
effects, such as increased soil respiration and nutrient depletion,
reduced arbuscular mycorrhizal fungal biomass, and declined stand
productivity (Huang et al., 2021; Yao et al,, 2022). To reduce the
management cost for more profitable bamboo-related products (Cai
et al., 2018), farmers have started to abandon the intense
management of Moso bamboo plantations recently. This shift in
management practice can significantly alter the soil properties by
increasing soil organic carbon but decreasing soil water-soluble
organic nitrogen (Deng et al., 2020). In addition, these changes in
management practices could affect the root traits and nutrient-
associated processes. For example, intensity management
significantly decreased SRL and specific surface area, but
increased the root biomass (Ni et al, 2021; Ni and Su, 2024),
while other studies have shown the increasing nutrient resorption
efficiency with bamboo expansion (Song Q. et al., 2016; Zuo et al.,
2024). Despite these results, studies have rarely explored Moso
bamboo rhizome-system root traits and processes synchronously,
and the effects of management on them have not been tested
empirically. Thus, resolving this dichotomy constitutes the third
critical knowledge gap in clonal plant ecology, with in improving
Moso bamboo economy and ecosystem sustainable development.

In this study, we focused on absorptive roots from the rhizome-
system root subsystems of Moso bamboo species that received three
different management practices, including abandonment
management (no fertilization and no-tillage treatment, AM),
conventional management (biennial fertilization, CM), and high-
intensity management (annual fertilization plus planting with
Chinese herbs under the Moso bamboo, HM) in Zhejiang
Province, China. We determined the root morphological (RD,
SRL, RTD, branching intensity, BI), anatomy (cortex thickness,
CT), root fungal infection (mycorrhizal colonization rate, MCR),
and chemical (N, P, and non-structural carbon, NSC) traits, which
are closely associated with nutrient absorption and physiological
metabolism, respectively. The soil properties were also measured to
discuss the underlying mechanisms. Therefore, our overarching
hypothesis is that (i) Moso bamboo may exhibit an active trade-off
between root nutrient absorption and leaf nutrient resorption due
to its unique characteristics, clonal growth; (ii) rhizome-system root
traits may linked with the nutrient-associated processes, likely
discovering in the woody trees; (iii) considering the strong
influence of managements in Moso bamboo forests, we further
speculate that compared to CM treatment, AM and HM treatment
alter rhizome-system root traits and the two processes.
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Conceptual framework illustrating the active trade-off mechanism between rhizome-system root nutrient absorption and leaf nutrient resorption in
Moso bamboo (Phyllostachys edulis). The diagram highlights the bidirectional nutrient allocation strategies: (1) belowground nutrient acquisition via
absorptive roots (15 - 2" order roots) of the rhizome-system root (brown line), and (2) aboveground nutrient conservation through resorption from
senescing leaves (green line). The solid black lines emphasizes the balance between root uptake and leaf uptake.

2 Materials and methods

2.1 Study site and field experiment

The research site was situated in Tianhuangping (30°31'20"N -
30°31'30"N, 119°35'00"E - 119°35'20"E, 200-500 m a.s.l), within
Anji County, Huzhou City, Zhejiang Province, China. This region
characterizes by a subtropical monsoon climate, experiences an
average annual temperature of 16.1°C and receives approximately
1300 mm of precipitation annually (Ni and Su, 2024). Additionally,
it enjoys an average of 1943 hours of sunshine per year and has a
frost-free period spanning from 224 to 240 days. The soil at the
experimental site is derived from siltstone, which is classified as red
loam in the Soil Classification System (Shi et al., 2006).

Anji County is renowned globally as the birthplace of bamboo
forests, encompassing roughly 1200 ha of natural Moso bamboo
groves. The majority of these Moso bamboo plantations were
established since 1985 with the aim of maximizing economic
returns through the biennial harvesting of shoots and timber (Ni
and Su, 2024). In generally, bamboo farmers take tillage and
fertilization practices to management bamboo forests. Our region
study included two of the most common practices, i.e., conventional
management (tillage plus quadrennial fertilization, CM) and high-
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intensity management (tillage plus biennial fertilization plus
planting of economic vegetation under the Moso bamboo forests,
HM). However, due to increasing cost for more profitable bamboo-
related products, farmers have started to abandon the intense
management of Moso bamboo plantations recently, resulting in
abandonment management (no fertilization plus no-tillage, AM). In
CM and HM plantations, a blend of fertilizers consisting of urea
(500 kg-ha'), calcium triple superphosphate (250 kg-ha™) and
potassium chloride (100 kg-ha’l) was utilized. These fertilizers
were typically spread over the soil surface after tilling the land
during the autumn of a non-harvest year. In HM plantation,
Chinese herbs such as Polygonatum odoratum (multiflowered
Solomon’s seal), Bletilla striata (white orchid), and Hedyotis
diffusa (three-leaf green) are cultivated under the bamboo forests.
In general, bamboo trees aged five years or older are harvested for
timber every two years in August, ensuring a uniform age
distribution within the stand.

Within the homogeneous stand, three adjacent management
regimes (AM, CM, and HM) were identified based on historical
practice monitoring in Anji County. For each management type,
three 20 m x 20 m representative plots were randomly established
and separated by at least 10 m to minimize cross-effects. This design
ensured that each management treatment was replicated across
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Location of the study area and sampling sites in the abandonment management (no fertilization and no-tillage treatment, AM),

conventional

management (biennial fertilization, CM), and high-intensity management (annual fertilization and planting with Chinese herbs under the Moso

bamboo, HM) Moso bamboo plantations.

three distinct plantations, with three plots per plot, totaling nine
experimental units (3 managements x 3 plots) (Figure 2).

2.2 Plant and soil sampling and processing

During the peak of the 2023 growing season, green leaf samples
were gathered. To ensure representation, we randomly chose ten
healthy and mature bamboo plants that matched the stand’s average
diameter at breast height and stem height. These Moso bamboos
were labelled, and a representative branch from each bamboo
exposed to sunlight was collected from the upper two-thirds of
the canopy using high pruning shears. We immediately separated
the matured green leaves of the current year based on leaf properties
such as colour, and morphology from these bamboo branches.
Then, we pooled the intact green leaves within each subplot to form
a mixed sample weighing approximately 500 g. Within each plot,
five litter traps (1 m x 1 m) were placed to collect the freshly fallen
senescent leaves of Moso bamboo. The freshly fallen senesced leaves
were collected from the litter traps in October 2023. Any visibly
damaged leaves caused by fungi, pests, diseases, or physical factors
were excluded from this study.

Ten rhizome-system roots were selected in each plot. We used a
pickaxe and spade to loosen the mineral soil around the rhizome
root. Subsequently, we carefully excised intact fine roots,
encompassing at least 1° to 5 orders, from the rhizome system
of Moso bamboo. Each root sample was split into two parts. The
first subsample was carefully rinsed with deionized water to
eliminate adhering soil and promptly preserved in formalin-
aceto-alcohol to analyze anatomical characteristics. The second
subsample was placed in valve bags to measure the traits.
Additionally, soil samples were collected concurrently with the
root sampling, sieved through a 2 mm mesh, and sealed in valve
bags. The root and soil samples were maintained at a constant
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temperature in a thermostat during their transportation to
the laboratory.

2.3 Plant traits and soil property
measurements

All root samples were washed using distilled water and dried
before further analysis. Fine roots were graded using tools such as
magnifying glasses, vernier callipers, and forceps. We dissected
roots according to the branching-order classification method
(Pregitzer et al, 2002), keeping only the finest 1°- and 2™ order
roots for our experiment as “absorptive roots” in following. This
designation aligns with anatomical evidence showing >85% cortical
parenchyma retention in these orders (Guo et al., 2008), and
physiological studies demonstrating 78-95% of short-term (< 72
h) nutrient uptake occurs in 1%/2™ orders (McCormack et al.,
2015). Thus, we keep the two order roots to ensure methodological
consistency with standardized protocols across root ecology studies
(McCormack et al., 2015; Jiang et al., 2021; Zheng et al., 2024).

Absorptive roots were spread out evenly on glass plates to
prevent overlapping and then scanned using a plant image analyzer
(manufactured by Seiko Epson Corporation, located in Suwa,
Nagano, Japan) at a resolution of 400 dpi. To eliminate any
background noise from the root images, we employed Adobe
PHOTOSHOP CC 2017 software (developed by Adobe Systems
Inc., San Jose, CA, USA). Then, WinRHIZO Arabidopsis version
2012b (Regent Instruments Inc., Quebec City, Quebec, Canada) was
used to measure the root diameter (RD) and root length (RL).
Subsequently, the roots were dried in an oven at 60°C (48 h) to
measure their biomass. Following this, specific root length (SRL),
defined as the ratio of root length to root dry mass, and root tissue
density (RTD), calculated as the ratio of root dry mass to root
volume, were determined. We computed the branching intensity
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(BI) by dividing the total number of first and second-order roots by
the length of the third-order roots (Kong et al., 2014; Jiang et al,,
2023). We selected more than 20 segments from the formalin-aceto-
alcohol solution for measuring anatomical traits. The segments
were stained with safranin-fast green, dehydrated in a set of alcohol
solutions, and embedded in paraffin. Then, root sections (8-pum-
thick) were prepared, photographed using a compound microscope
(DM2500, DFC450; Leica, Wetzlar, Germany) and measured for
cortex thickness (CT) using IMAGE] (NIH Image, Bethesda, MD,
USA) (Zheng et al., 2024).

The dried root and leaf samples were powdered using a Retsch
MM 400 mixer mill (manufactured by Retsch GmbH in Haan,
Germany) for chemical analysis. The elemental analyzer Vario
Macro cube (produced by Elementar Analysensysteme GmbH in
Langenselbold, Germany) was used to determine the concentrations
of carbon (C) and nitrogen (N). After microwave digestion with
H,SO,, the phosphorus (P) concentration was measured using
inductively coupled plasma mass spectrometry (Optima 5300 DV;
manufactured by Perkin Elmer in Waltham, MA, USA). The
concentration of non-structural carbon (NSC) was derived by
summing the concentrations of soluble sugars and starch.
Specifically, the concentration of soluble sugars was measured
using the anthrone-colorimetric technique, and the starch
concentration was assayed through the application of the dilute
acid hydrolysis method.

Total soil C, N and P concentrations were determined using the
same methods for analyzing plant nutrients. Soil ammonium and
nitrate were extracted from 10 grams of soil using 50 milliliters of 2
mol L™ KClI solution. Additionally, soil available phosphorus (AP)
was extracted from 5 grams of soil using 50 milliliters of a KCI/
NH,F solution containing 0.025 mol L™" KCI and 0.03 mol L™
NH,F. The concentrations of these nutrients were then determined
using a continuous-flow auto-analyzer (model Autoanalyser 3,
manufactured by Bran and Luebbe in Germany). Soil pH was
measured at a soil: water ratio of 1: 2.5 (w/v) using a digital pH
metre (Mettler Toledo, Greifensee, Switzerland). Soil microbial
biomass carbon (MBC) and nitrogen (MBN) were quantified via
the chloroform fumigation-extraction method (Vance et al., 1987;
Perakis and Hedin, 2002). C and N concentrations in fumigated and
non-fumigated soil extracts were analyzed using a Multi C/N 3000
Analyzer (Analytik Jena, Germany). Microbial biomass values were
derived from differences in extractable C and N between treatments,
adjusted by extraction coefficients of 0.45 (MBC) and 0.25 (MBN)
(Malchair and Carnol, 2009).

2.4 Root and leaf nutrient acquisition

We estimated the potential for nutrient absorption in the roots by
utilizing the root biomass and the root-soil accumulation factor
(RSAF) (Kou et al,, 2017; Jiang et al., 2023). The root biomass was
estimated based on the key root traits (RD, SRL, RTD, BL, RL) that are
closely associated with root construction and nutrient absorption
(Hodge, 2004; Kong et al,, 2014; Liese et al., 2017). The two indices
were determined by thoroughly analyzing the scaling relationships
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among morphological characteristics of roots and the pathways of
mycorrhizal symbiosis (Bergmann et al., 2020; Yan et al,, 2022). For
index I, we calculated the total length of absorptive roots by
multiplying BI (biomass index) by RL (root length). Subsequently,
we divided this total length by SRL (specific root length) to derive the
biomass allocated per unit length of the third-order roots. For index II,
our approach was grounded in the principles of cylindrical geometry
(McCormack et al, 2015), we multiplied RTD by the volume of
absorptive roots to obtain the biomass allocation per unit length of the
third-order root. The RSAF was determined by dividing the nutrient
concentration found in the absorptive roots by the concentration of
inorganic nutrients present in the soil (Kou et al., 2017). More details
are shown in Jiang et al. (2023).

NAP — I (mgem™') = BI x RL/SRL x Nup/Ng x 10

NAP — II (mgcm ™)

=BI x RL x RTD X /4 x RD* x Ny /Ng x 10
PAP — I (mgcm™ ') = BI x RL/SRL x P, /Pg x 10

PAP — II (mgcm™ D)
=BI x RL X RTD x /4 x RD* x P,y /Pg x 10

Bl represents the branching intensity, RL denotes the mean root
length, and SRL stands for the specific root length. Additionally,
RTD signifies root tissue density, while RD is the root diameter.
Nar and P,p represent the concentrations of nitrogen and
phosphorus, respectively, in the absorptive roots. On the other
hand, Ns and Ps indicate the concentrations of inorganic nitrogen
(comprising NH,"-N and NO;™-N) and available phosphorus,
respectively, in the soil.

The nutrient resorption efficiency was calculated as the
percentage decrease in nutrient concentrations from green leaves
to senesced leaves (Aerts, 1997).

NRE ( % ) = (NGreen - NSenesced)/NGreen x 100

PRE(% ) = (PGreen - PSenesced)/PGreen x 100

where NRE and PRE are the N and P resorption efficiencies,
respectively. NGreen» PGreens Nsenesceds aNd Psenesced are the N and P
concentrations in green and senesced leaves, respectively.

Nitrogen resorption proficiency (NRP) and phosphorus
resorption proficiency (PRP) are the resorption proficiencies of N
and P, meaning the inverse of litter N and P concentrations (mg
g™ 1), respectively. Lower litter nutrient concentrations correspond
to higher nutrient resorption proficiencies and vice versa
(Killingbeck, 1996).

Nitrogen resorption proficiency (NRP) and phosphorus
resorption proficiency (PRP) refer to the ability of plants to
resorb nitrogen (N) and phosphorus (P), respectively. These
proficiencies are inversely proportional to the concentrations of N
and P in litter (mg g’l). Hence, lower nutrient concentrations in
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litter indicate higher resorption proficiencies, and higher
concentrations imply lower proficiencies (Killingbeck, 1996).

2.5 Statistical analyses

All variables were assessed for normality using the Shapiro-
Wilk test (o0 = 0.05) and log-transformed when necessary for all the
measured values. We assessed the correlation between root nutrient
uptake and leaf nutrient reclamation using Pearson’s correlation
coefficients. To establish a surrogate measure for root resource
allocation, we conducted principal component analysis (PCA) on a
set of root economic traits, encompassing RD, SRL, RTD, CT, and
BI. Utilizing the first and second principal components derived
from the PCA, we calculated the PC1 and PC2 scores for each site
by employing the ‘PSYCH’ package within the R programming
environment. We then determined the bivariate relationships
between major axis scores and nutrient absorption potential and
nutrient resorption for all the sites using the package ‘SMATR’
package in R.

Considering Moso bamboo species characteristics, it typically
needs conventional management to maintain bamboo productivity,
thus we considered CM treatment as a control treatment. Based on
this experience, AM and HM, as the different treatments,
correspond to natural succession and high-intensity manual
treatment, respectively.

An analysis of variance (ANOVA) was used to test the effects of
different managements on root traits, nutrient absorption potential
as well as nutrient resorption. Means were compared for statistical
significance using Tukey’s HSD (honestly significant difference)
test. Statistical significance was determined at a P-value of less than
0.05. All statistical analyses were conducted using R software
(v.4.1.3; https://www.R-project.org/). All figures were created
using Origin 2021 software.

3 Results

3.1 Root nutrient absorption and leaf
nutrient resorption

Across the three treatments, the values of root nutrient absorption
potentials were similar when calculating via the two indices (NAP-I =
0.20 + 0.10 mg cm™', NAP-II = 0.17 + 0.08 mg cm™'; PAP-I = 0.13 +
0.10 mg cm™, PAP-II = 0.10 + 0.07 mg cm™’; Table 1). The average N
and P resorption efficiencies were 48% (CV = 22%) and 62% (CV =
15%), respectively (Table 1).

We used linear analysis to explore the bivariate relationships
between root nutrient absorption and leaf nutrient resorption and
found that both NAP-I and NAP-II were negatively correlated with
nitrogen resorption efficiency (NRE) (R? = 0.75, P = 0.003 for NAP-
I, R? = 0.80, P = 0.001 for NAP-II; Figure 3) rather than nitrogen
resorption proficiency (NRP) (P > 0.05). For P element, P
absorption potential (PAP-I and PAP-II) were no significantly
correlated with P resorption (PRE or PRP) (Figure 3).
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3.2 Traits and their relationships with root
nutrient absorption and leaf nutrient
resorption

The traits of Moso bamboo varied considerably across the three
different management practices (Table 1). The largest variation in
the morphological, anatomy, and chemical traits of absorptive roots
were obtained for specific root length (SRL) (coefficient of variation
(CV) = 26%), mycorrhizal colonization rate (MCR) (CV = 31%),
and non-structural carbon (NSCrqe) (CV = 27%), respectively. For
green and senesced leaves, litter N and P concentrations showed an
approximately two- and three-fold variation across the three
managements, respectively (Table 1).

For all managements, the PCA conducted on the five root traits
accounted for 77% of the variation in the first two axes (Figure 4a).
The PC1 was correlated with SRL and root tissue density (RTD), and
PC2 was correlated with root diameter (RD) and branching intensity
(BI). The PC1 score rather than the PC2 score was significantly
positively correlated with N absorption potential (R* = 0.64, P = 0.010
for NAP-I; R = 0.59, P = 0.016 for NAP-II; Figure 4c), and negatively
correlated with NRE (R® = 0.62, P = 0.012; Figure 4d; Supplementary
Figure S1). The PCI score was only negatively correlated with PRE
(R? = 0.47, P = 0.04; Figure 4f).

3.3 Effects of different managements on
traits and processes

For morphological traits of the absorptive root, AM and CM
treatments significantly decreased SRL (P = 0.001; Figure 5b), but
increased RTD (P = 0.002; Figure 5¢), respectively, compared to
HM treatment. For anatomy traits of absorptive root, cortex
thickness (CT) showed no significant differences among the three
treatments (P > 0.05; Figure 5¢). However, MCR was lowest in AM
treatment, compared with CM and HM treatments (P< 0.001;
Figure 5f). For chemical traits of absorptive roots (Nroot Proot>
NSCroot)> there were no significant differences among the three
treatments (Figures 5g—i).

Green leaves had significantly lower nitrogen (Ngreen) and
phosphorus (Pgreen) concentrations in CM treatment than that in
HM and AM treatments (P< 0.001 for Ngreen; P = 0.006 for Pgreens
Figures 5j, k), whereas the opposite trend was observed for non-
structural carbon in green leaves (NSCg;een) (P< 0.001 for NSCqyeens
Figure 51). Senesced leaves showed higher concentration of N in AM
than in CM and HM treatments (P = 0.021; Figure 5m), while
the concentration of non-structural carbon (NSCgepesceq) in
HM significantly higher in AM and CM treatments (P<
0.001; Figure 50).

The HM treatment significantly decreased the values of nutrient
absorption potentials compared to CM or AM treatments (P =
0.004 for NAP-I, P = 0.007 for NAP-II, P = 0.011 for PAP-I, P =
0.007 for PAP-IJ; Figures 6a, b, d, €). Nutrient resorption efficiencies
(NRE and PRE) were significantly lower in CM treatment than in
HM and AM treatments (P = 0.017 for NRE, P = 0.007 for PRE;
Figures 6¢, f).
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TABLE 1 Summary of the root and leaf traits and processes of Moso bamboo across the three different managements (n = 9).

Trait or processes (abbreviation, unit) Mean SD Min Max CV (%)

Root diameter (SD, mm) 0.29 0.01 0.26 0.36 345
Specific root length (SRL, m g 13.63 1.20 8.27 19.09 8.80
Root tissue density (RTD, g cm™) 0.98 0.04 0.79 1.12 3.93
Branching intensity (B, tips cm™") 3.20 0.07 2.98 3.54 2.18
Stele diameter (SD, mm) 0.17 0.01 0.11 0.21 5.44
Cortex thickness (CT, mm) 0.21 0.01 0.18 0.23 2.71
Mycorrhizal colonization rate (MCR, %) 46.12 4.72 26.67 61.11 10.24
Root nitrogen content (Nroo, Mg g") 15.39 0.81 12.50 19.70 5.24
Root phosphorus content (Proor, mg g’l) 1.94 0.17 1.38 2.72 8.67
Root non-structural carbon (NSCroo, mg g™') 8.61 0.40 6.41 10.77 4.66
Green leaf Nitrogen (Ngyeen, mg g) 60.23 3.94 46.10 75.50 6.54
Green leaf phosphorus (Pgyeen, Mg g’l) 5.73 0.45 3.88 7.70 7.87
Green leaf non-structural carbon (NSCgyeen, mg g") 21.78 0.94 18.04 25.49 433
Senesced leaf nitrogen (Ngenesced> Mg g'l) 29.83 1.86 21.80 39.10 6.23
Senesced leaf phosphorus (Psenesceds Mg g'l) 2.09 0.09 1.78 2.48 437
Senesced leaf non-structural carbon (NSCsepescea» Mg &) 9.83 0.87 7.03 14.14 8.85
Nitrogen absorption potential (NAP-I, mg cm™) 0.18 0.03 0.08 0.31 17.92
Nitrogen absorption potential (NAP-II, mg cm™") 0.16 0.03 0.06 0.27 17.89
Phosphorus absorption potential (PAP-I, mg cm™) 0.11 0.03 0.05 0.29 25.03
Nitrogen absorption potential (PAP-II, mg cm™) 0.09 0.02 0.05 0.22 2240
Nitrogen resorption efficiency (NRE, %) 47.87 10.45 29.28 60.65 21.82
Phosphorus resorption efficiency (PRE, %) 61.86 9.29 43.30 71.69 15.02

4 Discussion

4.1 A trade-off between N absorption via
rhizome-system root and N resorption by
leaves exists

We previously reported that the root nutrient absorption (get) -
leaf nutrient resorption (save) - leaf litter decomposition (return)
‘GSR’ continuum exists and runs on P economy based on 15 co-
occurring woody tree species in subtropical forests (Jiang et al., 2023).
However, for clonal species, the ubiquity of this continuum remains
uncertain. Here, we selected a woody rhizomatous plant, Moso
bamboo, which differs markedly from woody tree species in that it
reproduces asexually during the explosive growth period and produces
new individuals that are genetically identical to the parent, forming
clonal communities (Song et al., 2017; Li L. et al., 2023). These clonal
individuals are often linked together, allowing them to share resources,
suggesting that plant-centred processes are closely related. Thus, we
speculate that there may be an active trade-off between nutrient
acquisition by the roots and leaf nutrient resorption.

In line with our first hypothesis, Moso bamboo does indeed
exhibit a trade-off between nutrient absorption and nutrient
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resorption, reflecting a cost-benefit accounting likely other woody
tree species (Brant and Chen, 2015; Li Q. et al,, 2023; Jiang et al.,
2023). Energy costs are generally considered to be an indicator that
plants tend to choose between two nutrient acquisition pathways:
root uptake from the soil and nutrient resorption from senescent
leaves (Wright and Westoby, 2003; Wang et al., 2014). For example,
tall perennial herbs rather than short herbaceous conducted positive
relationships between root acquires and leaf resorption, but mowing
eliminated this relationship (Li Q. et al., 2023). However, woody
species preferentially use nutrient resorption strategy under
nutrient-deficient conditions (Hodge, 2004), but switch to use
root uptake strategy with more available nutrients in soils (Kou
et al, 2017). The unique clonal nature of Moso bamboo further
confirmed the fundamental active balance. Such absorption-
resorption trades-offs may represent a broader ecological
mechanism. Our findings provide a novel perspective on the
resource allocation strategies in clonal species and emphasize the
critical role of both belowground and aboveground processes in
shaping their nutrient cycling.

Interestingly, this active trade-off primarily focused on the N
rather than P economy (Figure 3), suggesting that N plays a pivotal
role in driving nutrient acquisition of Moso bamboo. This may be
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FIGURE 3

Pairwise correlations between nutrient-associated processes for Moso bamboo specie, regardless of management (n = 9). The number in the square
is the correlation coefficient. Asterisks indicate a significant relationship (*P< 0.05, **P< 0.01, ***P< 0.001). NAP-I and NAP-II are the nitrogen
absorption potential, PAP-1 and PAP-II are the phosphorus absorption potential, NRP is the nitrogen resorption proficiency (the negative of nitrogen
concentration in leaf litter was used here), NRE is the nitrogen resorption efficiency, PRP is the phosphorus resorption proficiency (the negative of
phosphorus concentration in leaf litter was used here), and PRE is the phosphorus resorption efficiency.

related to the explosive growth of Moso bamboo, particularly
during the spring shoot emergence and leaf expansion stages
(Chen et al, 2022). During these stages, the increasing demand
for N may support the bamboo’s photosynthesis and overall
biomass accumulation, as well as being a major component of
proteins, chlorophyll, and various metabolic enzymes (Lebauer and
Treseder, 2008; Yang et al., 2022). In addition, the high N demand
may be compensated via root uptake strategy, as the larger and
more complex rhizome systems play a critical role in nutrient
absorption, especially under the background of decreasing N
available (Chaparro et al., 2014; Mason et al, 2022). It's worth
noting that the two values of N absorption potential were negatively
correlated with NRE rather than NRP. The NRE is calculated as the
relative percentage reduction in N concentration from green to the
senesced leaves (Killingbeck, 1996). This is an efficient response to
N retention in living leaves, suggesting a close link between NRE
and N uptake via the root system in plant-centred processes,
especially for cloned species. However, the NRP represents the
absolute N concentration in the senesced leaves (Killingbeck, 1996),
which may be correlated with legacy effects such as litter
decomposition (Jiang et al., 2023).

Unlike N, which is taken up by roots in both inorganic and
organic forms, the P absorbed by roots is usually inorganic and
requires considerable energy investment (Schachtman et al.,, 1998;
Lambers, 2022). Based on the cost-benefit economics, plants may
choose multiple pathways to acquire P to meet P demand, especially
in P-limited subtropical forests (Lambers, 2022). and the positive
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correlations between P absorption potential and P resorption prove
the multi-approach strategy. These results suggest that root P
absorption and leaf P resorption may be comparable important in
the P requirements of Moso bamboo, but more experiments and
data are needed to confirm this. In addition, abundant research has
demonstrated the key role of arbuscular mycorrhizal fungi or
phosphate-solubilizing microorganisms in transforming organic P
into inorganic P (Lambers, 2022; Zhu et al., 2024), thus expanding
the scope and strength of root uptake of P. Alternatively, P in leaves
can be acquired by resorption. Previous studies have also verified
that more P is allocated to leaves than to roots (Wang et al., 2022).
Taken together, these results suggest that P acquisition by roots and
leaves may be a synergistic cooperation rather than a trade-off, but
more evidence is needed in future studies.

4.2 Root traits linked with nutrient-
associated processes

Root trait syndromes can be regarded as the most efficient tools
for predicting root processes such as nutrient acquisition, chemical
defense, and root decomposition (Yaffar et al., 2022; Yan et al., 2022;
Zheng et al., 2024). Thus, we conducted the key root traits of
bamboo based on the PCA, and these traits can be reflected by a bi-
dimensional root economic space, in line with previous findings for
woody tree species (Yan et al, 2022; Zheng et al, 2024). The
first principal component (PC1) axis is symbolized by SRL and
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Principal component analysis (PCA) for root traits and relationships of the loading score of the first principal component analysis (PC1) with the
nutrient-associated processes. The PCA conducted five key root traits, including root diameter (RD), specific root length (SRL), root tissue density
(RTD), branching intensity (BI), and cortex thickness (CT) for Moso bamboo specie. (a) Trait loading biplot. (b) individual specie distribution in the
one-dimensional trait space. Relationships of PC1 score with the nitrogen absorption potential (c, NAP-I (blue dots), NAP-II (gray dots), nitrogen
resorption proficiency (the negative of nitrogen concentration in leaf litter was used here) and nitrogen resorption efficiency (d, NRP (green dots),
NRE (yellow dots)), phosphorus absorption potential (e, PAP-I (blue dots); b, PAP-II (gray dots)), phosphorus resorption proficiency (the negative of
nitrogen concentration in leaf litter was used here) and phosphorus resorption efficiency (f, PRP (green dots), PRE (yellow dots).

RTD, representing a ‘lifespan gradient’ showing the investment in
the bamboo growth. Roots with higher SRL and lower RTD are
typically associated with rapid nutrient uptake in nutrient-rich
environments, while the opposite combination supports
persistence in nutrient-poor conditions (Comas et al., 2013). The
second principal component (PC2) axis indicated by BI and CT,
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representing a ‘symbiosis gradient’ showing the investment in their
fungal partners. Larger CT and smaller BI indicate a fungal-
symbiosis dependency in root strategy, where plants invest more
C in expanding cortical space rather than in expanding more
ramified roots to increase habitat availability for arbuscular
mycorrhizal fungi, which are better able to exploit soil volume
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FIGURE 5

Influence of different managements on root and leaf traits. Values are mean + SE (n = 3). Significant differences between means were determined
using Tukey's honestly significant difference test. Different letters indicate significant differences among treatments (P < 0.05). AM, abandonment
management; CM, conventional management; HM, high-intensity management; (a) RD, root diameter; (b) SRL, specific root length; (c) RTD, root
tissue density; (d) BI, branching intensity; (e) CT, cortex thickness; (f) MCR, mycorrhizal colonization rate; (g) Proot, Phosphorus in root; (h) Nroot,
nitrogen in root; (i) NSCroot, NON-structural carbon in root; (j) Ngreen, Nitrogen in green leaf; (k) Pgreen. Phosphorus in green leaf; (1) NSCgreen. NON-

structural carbon in green leaf; (M) Nscnesced, Nitrogen in senesced leaf; (N) Psepescea, Phosphorus in senesced leaf; (0) NSCsepnesced, NON-structural
carbon in senesced leaf.
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Influence of different managements on nutrient-associated processes. Values are meant + SE (n = 3). Significant differences between means were
determined using Tukey's honestly significant difference test. Different letters indicate significant differences among treatments (P < 0.05). AM,
abandonment management; CM, conventional management; HM, high-intensity management; (a) NAP-1 and (b) NAP-II, nitrogen absorption
potential; (c) NRE, nitrogen resorption efficiency; (d) PAP-1 and (e) PAP-II, phosphorus absorption potential; (f) PRE, phosphorus

resorption efficiency.

through fungal symbiosis (Freschet and Roumet, 2017; Wen et al.,
2019; Yan et al., 2022). Therefore, identification of bamboo rhizome
root trait syndromes is essential for understanding bamboo forest
ecosystem processes and predicting bamboo responses to the eftects
of different management regimes.

Moreover, we addressed the correlations between root trait
syndromes and processes. One of the results showed that SRL
and RTD of bamboo roots can jointly predict root N absorption and
N resorption, paving the way for targeted ecosystem management.
For example, a higher intensity management decreased the SRL,
and specific root area, but increased the RTD (Ni and Su, 2024).
However, the different strip clearcutting had no significant effects
on root traits (Zheng et al., 2021). N fertilization has been observed
to stimulate root growth and increase root length (Shi et al.,, 2024).
Thus, by modifying traits such as SRL or RTD through selective
breeding or management interventions, it may be possible to
optimize root contributions to N cycling and, ultimately increase
the productivity of bamboo ecosystems. These insights provided a
theory basis for sustainable land management practices of
Moso bamboo.

Besides, the relationships between root traits and processes may
be reflected by physiological mechanism. For example, under
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sufficient nutrient conditions, Moso bamboo preferentially invests
C in constructing absorptive roots (high root biomass and root
length density) to exploit soil available nutrient (Ni and Su, 2024),
reducing reliance on leaf resorption—a strategy aligned with the
‘acquisitive’ end of the root economics spectrum (Reich, 2014).
Conversely, under nutrient-limited conditions, C is redirected to
enhance resorption enzymes or related gene expression,
maximizing internal nutrient recycling (Paul and Pellny, 2003).
Although our data lack direct evidence, future studies should
quantify the relative contributions of root uptake versus clonal
redistribution to nutrient allocation dynamics, such as '°N tracing

and molecular genetics.

4.3 Effects of different management on the
root traits and the linked processes

In support of our third hypothesis, different managements
partially influenced bamboo root traits and associated processes.
The increased SRL and reduced RTD under HM suggest a shift
toward root acquisitive strategies, likely driven by intensified
belowground competition with understory herbs. This aligns
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with the ‘lifespan gradient’ framework, where higher SRL enhances
nutrient foraging capacity in resource-heterogeneous environments
(Yan et al, 2022). These findings for bamboo species were not
consistent with general rules for woody tree species, where higher
SRL and lower RTD are typically associated with rapid nutrient
uptake in nutrient-rich environments (Comas et al., 2013). These
contradictory results may be due to the changing rhizome system in
fertile soils. In our study, the HM site was planted with Chinese
herbs and fertilized with compound fertilizer, which improves soil
fertility but may also increase competition. Thus, the Moso bamboo
rhizome system under HM treatment may exhibit increasing SRL to
extend root absorption range to escape the competition and
intensify nutrient resorption by leaves to meet higher production.
Interestingly, the N and P concentrations significantly increased in
green leaves but decreased in senesced leaves under HM treatment,
respectively, whereas the NSC concentration was inversely affected.
These contrasting patterns further highlight the intricate
relationship between nutrient allocation and NSC in bamboo
(Song X. et al, 2016). The increased N and P concentrations in
green leaves suggest enhanced nutrient uptake and utilization,
possibly due to the increased SRL to acquire nutrients in a
competitive environment under HM treatment, which is not
consistent with the lower SRL found in Ni and Su (2024).
However, the reduced N and P concentrations in senesced leaves,
coupled with the higher NSC concentrations, suggest that bamboo
under HM treatment may prioritize C storage in leaves for future
growth, while simultaneously enhancing nutrient resorption during
senescence to conserve essential nutrients for the upcoming growth
cycle. These results suggest that, under certain management
practices, bamboo exhibits adaptive strategies to balance nutrient
acquisition and C storage, thereby improving its growth and
resilience in nutrient-competitive environments.

On the other hand, AM treatment had slight effects on key root
traits compared to CM treatment, except for a significant decrease
in mycorrhizal colonization rate. The absence of active
management practices may explain the lower MCR, as it increases
the abundance of microbe with higher microbial biomass carbon
(Supplementary Figure S2) and reduces the symbiotic associations.
Although the AM treatment had a minimal effect on root
morphological traits compared to the CM treatment, it notably
altered the N and P concentrations in the leaves. Likely to HM
treatment, AM treatment significantly increased the N and P
concentrations in green leaves while decreasing the NSC levels. In
terms of nutrient resorption, AM treatment, like HM treatment,
enhanced the nitrogen and phosphorus resorption efficiency,
suggesting that abandonment practices may rely more on leaf
nutrient resorption to maintain resource input, compensating for
the lack of active root system management. For example, studies on
abandoned forests have shown that reduced disturbance often leads
to greater nutrient retention within leaf tissues, improving nutrient-
use efficiency to compensate for lower nutrient input from external
sources (Deng et al., 2020). Similarly, plant species often observe a
decrease in nutrient resorption with increasing fertilization
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conditions (Yuan and Chen, 2015). These findings suggest that
bamboo under AM treatment likely adopts similar strategies,
leveraging efficient nutrient recycling via leaves to ensure growth
despite reduced management intervention. Overall, these
management practices highlight the potential of root traits as a
key lever for optimizing ecosystem services such as nutrient cycling
and C sequestration in bamboo plantations, thereby supporting
sustainable land use and forest management practices.

Moso bamboo, as a clonal species, relies heavily on its rhizome
system for resource storage and translocation between ramets. The
rapid spring shoot growth, characterized by explosive biomass
accumulation, likely depends on both immediate soil N uptake
(via root-soil interfacial absorption of NH,"/NO;~) and
remobilization of stored N from rhizomes, which may originate
from historical root absorption or leaf nutrient resorption (Song
Q. etal, 2016; Chen et al., 2022). Interestingly, soil NH," and SRL
jointly explained root-leaf N allocation in Moso bamboo based on
the redundancy analysis, especially under HM treatments
(Supplementary Table S1; Supplementary Figure S3), suggesting
that fertilization may alter soil N availability and plant
physiological adjustments to adapt environment changes.
Moreover, the positive relationships between MBC and litter N
concentration (Supplementary Table 52), in line with theory that
litter qualities influence microbial community (Berg and
McClaugherty, 2014; Luan J. et al.,2024). Under HM treatment,
the litter N concentration and MBC both significantly decreased,
and N resorption increased, which together indirectly explained
that Moso bamboo may tend to get nutrient via multiple strategies
such as leaf nutrient resorption and root nutrient absorption to
subsidize shoot growth under potential competition conditions.
However, our experimental design did not directly measure
microbial community and explicitly quantify the proportional
contribution of clonal N redistribution versus direct root uptake
to shoot N demands—a limitation we acknowledge. Future studies
will employ '°N isotopic tracing to partition shoot N sources,
correlate rhizome N reserves with shoot growth rates, and analyze
N-metabolism gene expression patterns to unravel regulatory
mechanisms. These approaches will clarify the interplay between
clonal integration and localized nutrient strategies in
Moso bamboo.

4.4 Implications and future research

This study provides a robust foundation for balancing resource
acquisition between the above-ground and below-ground parts of
the Moso bamboo, especially due to its clonal nature. The results
show that Moso bamboo has an active trade-off between root
nutrient uptake and leaf nutrient resorption, which extends the
understanding of below- and above-ground resource allocation in
plants and suggests that this mechanism may be more universal
across diverse species. Furthermore, we confirmed the linkages
between functional traits and processes, especially for root traits
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that reflect the lifespan dimension of the Moso bamboo root system,
i.e. SRL and RTD. However, we focused on one zone, and the
nutrient allocation patterns and gene expression between mother
bamboo and shoot are unclear. Future studies should consider more
scales and employ tissue-specific qPCR combined with N isotope
tracing to spatially resolve gene activity and quantify their
contributions to nitrogen redistribution efficiency, refining
precision nutrient management strategies in bamboo forestry.
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