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1 Introduction

Clonal plant ramets are characterized by resource translocation
between connected ramets through stolons or rhizomes, including
photosynthetic products (Wang et al., 2004; Chen J. S. et al,, 2015),
water (Hu et al,, 2015), and organic matter nutrients (Li et al., 2018).
Such traits are crucial for clonal plants to adapt to the heterogeneous
light environments that are common in nature (Guan et al., 2023). In
heterogeneous environments, the uneven distribution of essential
resources increases the difficulty in plant absorption (Wang et al.,
2017; Chen et al,, 2019; Liang et al., 2020). The source-sink gradient
in a clonal fragment enables ramets in resource-poor patches to
receive resource support from other ramets in resource-rich patches
(You et al.,, 2023; Zhang et al., 2023). Clonal plants always form
different sizes of fragments containing multiple ramets with different
spacer length. However, the combined effects of fragment size and
clonal integration on nitrogen turnover processes in the rhizosphere
remains poorly understood.

The size of clonal fragment may affect resource uptake and
translocation (Zheng et al., 2023), plasticity (Ganie et al., 2016), and
asexual reproduction (Alpert, 1999; Latzel and Klimesova, 2010).
Both spacer length and ramet number can affect the size of a clonal
fragment. Differences in spacer length may affect the energy
required for resource translocation and limit the intensity of
clonal integration (Liu et al., 2004; Li et al., 2008; Yu et al.,, 2020).
Previous studies have shown that the benefits of the physiological
integration of water in a clonal fragment of Indocalamus decorus
and Populus euphratica decrease when the spacer length increases
(Hu et al., 2015; Zhu et al., 2018). In addition, the ramet number can
also lead to differences in the sizes of clonal fragments. Each ramet
can serve as a source or sink for the entire clonal fragment, where a
very complex process of nutrient translocation occurs (Sheng et al.,
2007). As the source of nutrients may vary, the output of nutrients
that these ramets can provide and the input of resources from
connected ramets may also differ owing to the influence of different
generations and developmental stages (Wang et al., 2004). Thus,
resource redistribution among ramets and physiological integration
into clonal fragments are both influenced by the number of ramets
(Hutchings and Wijesinghe, 1997; Chen et al, 2010; Zhai et al,,
2022). However, to the best of our knowledge, no previous study has
tested the relative importance of spacer length and ramet number in
clonal integration or rhizosphere processes.

Nitrogen (N) is a limiting resource for clonal plants (Saitoh
et al, 2006; Tian et al,, 2023), and is regulated by soil microbial
community and extracellular enzyme activity (Kuzyakov, 2002;
Jones et al., 2004; Sun et al., 2014). Previous studies have shown
that clonal integration leads to an increase in soil carbon (C)
availability in the rhizosphere of stressed ramets (Lei et al., 2014;
Chen J.S. et al., 2015), which could enhance extracellular enzymes
and further prime the decomposition of soil organic matter and the
transformation of nitrogen (Li et al, 2019). Numerous previous
studies have indicated that fragment size can strongly affect the
survival, regrowth, and biomass of clonal ramets based on the
tradeoff between costs and benefits (Dong et al., 2012; Lin et al,
2012; Huber et al., 2014). Several studies have tried to reveal the
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influence of the size of clonal fragments on water integration (Hu
etal.,, 2015; Zhu et al., 2018). However, the effect of differences in the
sizes of clonal fragments on rhizosphere processes, such as nitrogen
turnover, remains largely unknown.

Bamboo, a typical rhizome clonal plant, can undergo clonal
integration through connected spacers (Song et al., 2016), resulting
in a higher ecological adaptability to heterogeneous light
environments (Saitoh et al., 2002; Zheng and Lv, 2023).
Phyllostachys bissetii is a dominant species in the middle and
lower canopy layers of forests and strongly influence ecosystem
functions of forest (Kang et al., 2019). In this study, we sampled
clonal fragments of P. bissetii of different sizes, including different
spacer lengths and ramet numbers, to determine the effect of the
size of clonal fragment on clonal integration and rhizosphere
processes. In this study, we aimed to 1) determine the effects of
clonal integration on rhizosphere C and N availability, 2) investigate
the effects of the size of clonal fragment on rhizosphere N turnover
processes, and 3) estimate the relative contributions of clonal
integration and size of clonal fragment to rhizosphere processes.
We hypothesize that 1) connected ramets promote rhizosphere
processes of shaded ramets through clonal integration, and 2) clonal
integration and size of clonal fragment affect rhizosphere
processes differently.

2 Materials and methods
2.1 Experimental design

P. bissetii is a perennial and monopodial bamboo species, which
is a woody clonal plant that propagates vegetatively by extending its
rhizome. P. bissetii forms dense rhizome networks in belowground,
and new ramets develop from active nodal buds on the rhizome. P.
bissetii has significant economic value and is one of the main food
sources for giant pandas.

The in-situ field experiment was conducted at Nanbaoshan
Town in Sichuan Province, China (103.019° E, 30.45° N, Figure 1A),
with an elevation of 1217 m. Mean annual precipitation and
temperature of this site is 1117.3 mm and 16.3°C, respectively (Li
et al, 2019). In 2017, clonal fragments of different sizes were
selected at this site, including clonal fragments with various
spacer lengths and numbers of ramets (Figures 1B, C). Clonal
fragments with different spacer lengths contained one exposed
ramet and one shaded ramet, whereas clonal fragments with
different ramet numbers included to 3-5 ramets. We recorded all
spacer lengths between any two connected ramets in all fragments.
Distant ramets were identified based on the direction of rhizome
growth (Chen B. J. W. et al,, 2015; Zou et al,, 2018). All distant
ramets at the end of each rhizome were shaded using black-shading
netting that transmitted only about 20% of the ambient
photosynthetically active photon flux density (PPFD). The
remaining ramets in the clonal fragments were placed under
natural light. Control treatments were established by severing the
rhizomes of connecting shaded ramets and others in each fragment
(Figure 1D). This experiment aimed to explore the effect of clonal
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FIGURE 1

Field design for this study. (A) Geographical locations of the experimental areas. (B) habitat of P. bissetii. (C) The rhizome of a clonal fragment of P.
bissetii. (D) The design of the field experiment included clonal fragments with different spacer lengths and ramet numbers. Shading treatment was
applied to the distal ramets. The soil blocks were wrapped in a double-layer plastic film.

integration on the rhizosphere process of shaded ramets. Therefore,
only the soil block (50 x 50 x 50 cm?) of shaded ramet was wrapped
to isolate the ramet from the environment and exclude external
influences. The top surface of the block was covered with a mesh to
get rid of any potential effects of leaf litter. Double-layered plastic
films were used to wrap the surfaces around the block and the
bottom. The length of clonal fragments with different spacer lengths
ranging from 6 to 40 cm. There were 20 clonal fragments in this
spacer length experiment, including 10 connected clonal fragments
and 10 severed ones. Each clonal fragment with different ramet
numbers was replicated three times, constituting 18 ramet pairs.
The control experiment was conducted in the autumn of 2017.

2.2 Soil sampling

In June 2018, the rhizosphere soil of shaded ramets was sampled
using the shaking root method (Riley and Barber, 1970).
Specifically, we removed non-adherent non-rhizosphere soil by
gently shaking it off the roots. The soil that strongly adhered to
the root was considered the rhizosphere soil and it was gently
brushed off with a sterile brush. Plant debris and gravel were
removed manually. The samples were then sieved (< 2 mm) and
stored at —20°C in the laboratory for chemical analyses.
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2.3 Rhizosphere soil properties

Total organic carbon (TOC) and total nitrogen (TN) were
measured using an element analyzer (Elementar vario MACRO
cube, Frankfurt, Germany). Dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON) were extracted using KCI
solution and then measured using a TOC/TN analyzer (TOC-L
analyzer, Shimadzu, Kyoto, Japan). Microbiomass carbon (MBC)
and microbiomass nitrogen (MBN) were extracted using the
chloroform-fumigation extraction method at atmospheric
pressure (CFAP) (Witt et al., 2000; Setia et al.,, 2012), and their
DOC and DON levels with and without CFAP treatment were
determined using a TOC/TN analyzer. Soil microbial biomass was
measured using the chloroform-fumigation method reported by
Vance et al. (1987) and Wu et al. (1990).

The inorganic nitrogen (NH,"-N and NO; -N) content of soil
samples (5 g/sample) was extracted using KCl solution and then
determined using indophenol-blue colorimetry and dual-
wavelength colorimetry (Carter and Gregorich, 2007). Equal
amounts of soil samples (5 g/sample) were incubated at 40°C for
seven days, and the contents of NH,"-N and NO; -N were
measured after incubation. N mineralization (N.,;,) and
nitrification (N,,;) rates were calculated based on the method
reported by Zhou et al. (2011).
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2.4 Soil enzyme activity

The activity of N-acetyl-B-D-glucosaminidase (NAGase) was
examined using the method developed by Parham and Deng (2000),
where 4-nitrophenyl-N-acetyl-B-D-glucosaminide (pNP-NAG)
was the substrate and the enzyme activity was expressed as ug
PNP g™! soil h™'. Urease assay was performed as reported by
Kandeler and Gerber (1988) with urea as the substrate and
reported in pg NH,"-N soil h™'. The activity of polyphenol
oxidase (POXase) was determined using catechol as the substrate
(Perucci et al.,, 2000), with the activity reported in umol oxidized

catechol g min".

2.5 Statistical analyses

All statistical analyses were performed using R (v.4.3.1; http://
www.r-project.org/), unless otherwise stated. The natural log-
transformed response ratio (log-RR) was used to evaluate the
effects of clonal integration on measured variables (Hedges et al.,
1999).

logeRR = logexcannected - logeXsevered

where X.opmected @0d Xopereq are the mean values of a given
variable in the connected and severed shaded ramets, respectively.
Random-effect models were used to test whether the effects of clonal
integration on measured variables differed from zero with the
function “rma” in the package “metafor” (Viechtbauer, 2010).
Linear relationships were tested between spacer length and log-
RR values of each variable. A linear mixed model was adopted to
test the effects of clonal integration and ramet number on the
measured variables. The linear mixed model included spacer length
as a random effect. The linear mixed models was implemented using
the function “lmer” in the package “lme4” (Bates et al, 2015).
Finally, variation partitioning was used to test the relative
contributions of clonal integration and size of clonal fragment
(spacer length and ramet number) on rhizosphere soil carbon
related processes, nitrogen pools, and nitrogen processes with the
function “varpart” in the package “vegan” (Oksanen et al.,, 2022).

3 Results

3.1 Effects of clonal integration on
measured variables

For clonal fragments with different ramet numbers, urease,
POXase, NAGase, NO; -N, DON, and N,;,; were significantly
affected by connected or severed rhizomes. All variables of the
shaded ramets were significantly higher when the rhizomes were
connected (p< 0.05; Figure 2A). However, MBN, MBC, NH,"-N,
DOC, TN, TOC, and N,,;, were not significantly affected by the
connected or severe treatments (p > 0.05, Figure 2A). For clonal
fragments with different spacer lengths, a significant effect was
observed only for DOC (p< 0.05; Figure 2B). By combining all
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clonal fragments with different ramet numbers and spacer lengths,
POXase, NAGase, NO; -N, DON, and DOC of connected ramets
were significantly higher than those of severed ramets (p<
0.05; Figure 2C).

3.2 Relationships between RR
and spacer length

Regression analysis indicated that the response ratios of
NAGase, POXase, DOC, DON, N, and N, of the shaded
ramets were significantly correlated with spacer length (p< 0.05;
Figures 3A, B, E, F, I, ]). Results showed that the response ratios of
these soil variables first increased and then decreased with the size
of clonal fragment, indicating unimodal relationships between all
response ratios of these soil variables and spacer length with
maximum values. However, no significant differences were
observed among the other soil traits, such as urease, MCN,
NH,"-N and NO; -N (p > 0.05, Figures 3C, D, G, H).

3.3 Contributions of clonal integration and
size of clonal fragment to soil variables

Based on linear mixed models, we disentangled the relative
effects of clonal integration and size of clonal fragment (combining
the contributions of ramet number and spacer length) on variations
in soil variables. The contribution of the size of clonal fragment to
MBN, MBC, NO;"-N, NH,"-N, DON, DOC, TN, TOC, and N,
was higher than that of clonal integration. Conversely, the
contribution of the size of clonal fragment to urease, POXase,
NAGase and N,;,; expression was lower than that to clonal
integration. Furthermore, ramet number mainly contributed to
DOC, TOC, and N,,;,, whereas spacer length mainly contributed
to MBN, MBC, NO; -N, and DON (Figure 4).

Clonal integration and size of clonal fragments together
explained 60, 27, and 80% of the total variation in C availability, N
availability, and N turnover processes, respectively (Figure 5). For the
rhizosphere soil C availability of the shaded P. bissetii ramets, the
contribution of clonal integration was higher than that of the size of
clonal fragment (0.54 > 0.11, Figure 5A). However, for the soil N
turnover process, the contribution of clonal integration was lower
than that of the size of clonal fragment (0.14< 0.74, Figure 5C).
Similar contributions were observed between clonal integration, size
of clonal fragment, and rhizosphere N availability (Figure 5B).

4 Discussion

We found that clonal integration significantly increased the soil
enzyme activity and resource availability in the rhizosphere of
shaded ramets, supporting our first hypothesis. Substrates
translocate among rhizome-connected ramets in heterogeneous
environments, significantly increasing C availability in shaded
ramets (Zou et al., 2018). On the one hand, increased C can serve
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as a convenient substrate for microbes and stimulate microbial
activities in the rhizosphere (Kaiser et al., 2010), especially
extracellular enzyme activities, which play pivotal roles in soil
organic matter degradation and N cycling processes (Hu et al.,
2023). However, nitrogen uptake and utilization by shaded ramets
may also be enhanced by clonal integration with increased C
availability (Li et al, 2018). Thus, clonal integration enables
ramets in resource-poor patches to receive support from ramets
in resource-rich patches, thereby enhancing the adaptability of the
entire clone fragment to heterogeneous habitats (Song et al., 2013;
Lu et al., 2020; You et al., 2023).

Our results showed that clonal fragments with different ramet
numbers had greater promoting effects on rhizosphere soil properties
than clonal fragments with different spacer lengths. This phenomenon
can be attributed to the following factors. Each connected ramet serves as
a source or sink for an entire clonal fragment (Sheng et al,, 2007). Thus,
entire clonal fragments with large ramet numbers are more likely to
acquire, store, and allocate resources (Dong et al., 2010; Luo and Zhao,
2015), leading to stronger physiological integration (Zhou et al, 2017).
This implies that larger clonal fragments have the potential to produce
more biomass and exhibited greater competitive ability, especially under
low-nutrient conditions (Roiloa and Retuerto, 2005; Zhang et al., 2019).
By contrast, a large number of ramets in clonal fragments may also lead
to intense intraspecific competition for space and nutrients between
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sibling ramets (Hellstrom et al., 2006; Zhang et al., 2020). Therefore, the
positive effects of clonal fragments with different numbers of ramets are
context-dependent and require further attention.

In addition, spacer length influences the effects of clonal integration
on the shaded P. bissetii ramet. It is noteworthy that these resources are
not transmitted indefinitely. According to the results, the response ratio
gradually decreased with increasing spacer length in the later stages,
indicating a tradeoft strategy between the cost and benefit of clonal
integration. This tradeoff is due to the fact that resources translocate to
distant ramets in the energy-consumption process. All clonal fragments
must adopt a cost-benefit tradeoff strategy when the costs outweigh the
benefits of resource translocation (Wang et al, 2014; Zhang et al,
2020). Results showed that this cost-benefit tradeoff strategy occurred
when the spacer length was approximately 30 cm (Figure 3), which was
different from the results for Populus euphratica (20-30 m) (Zhu et al,,
2018), Halophila stipulacea (2.7 cm), and Cymodocea nodosa (81 cim)
(Marba et al,, 2002). This may be due to differences in species of clonal
plants (D’Hertefeldt et al, 2014; You et al, 2014). Furthermore, to
balance the cost and benefit, clonal fragments may even generate new
ramets instead of resource translocation (Zhai et al., 2022). Therefore,
spacer length strongly affected the clonal integration intensity of P.
bissetii and had a negative effect over a longer distance.

Clonal integration and fragment size had different effects on
rhizosphere processes. The results showed that clonal integration
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Figure 2.

mainly affected the rhizosphere soil enzyme activity related to soil
organic matter decomposition (Kaiser et al., 2010; Chen J. S. et al,,
2015; Xue et al., 2018). It has been suggested that C assimilates are
the major substrates translocated between connected ramets under
heterogeneous light conditions (Li et al., 2019). Photosynthetic
carbon is an indispensable part of the carbon cycle in the plant-
soil system, which is translocated from exposed ramets and
compensates for the decreased C inputs to the soil in shaded
ramets (Lei et al., 2014; Wang et al., 2019). Thus, clonal
integration could supply substrates for microbes and facilitate
enzyme activity and further organic matter decomposition in the
rhizosphere of the shaded ramets. By contrast, the size of clonal
fragment strongly contributed to rhizosphere N turnover. Nitrogen
is always heterogeneously distributed in the soil matrix, which
increases the difficulty in the accessibility of N to plants.
Therefore, clonal fragments may change the placement of ramets,
ramet generation, and spacer length to acquire essential nutrients,
leading to a strong contribution to rhizosphere N processes (Ma
etal, 2023). In addition, the size of clonal fragment also contributes
more greatly to the soil variables (such as inorganic N, DOC and
DON) than clonal integration. This further implies the potential
role of fragment size and structure in adapting to heterogeneous
habitats. In total, through resource translocation and regulation of

Frontiers in Plant Science

10.3389/fpls.2023.1308072

Size of
clonal fragment

Connection

Residuals = 0.40

Values < 0 not shown

Size of

Connection
clonal fragment

Residuals = 0.73

Values < 0 not shown

Size of
clonal fragment

Residuals = 0.20

Values < 0 not shown

FIGURE 5

Variation partitioning showing the contribution of clonal integration
(connection) and size of clonal fragment (ramet number + spacer
length) to soil (A) C availability, (B) N availability, and (C) N turnover
process. Green and blue circles represent connection and size of
clonal fragment treatments, respectively.

the size of clonal fragment, clonal plants can strongly affect
rhizosphere C and N availability and other processes, which
eventually enhance the adaptability of the entire clonal fragment
to heterogeneous habitats.

5 Conclusions

Through field experiments, our study revealed the relative
effects of clonal integration and fragment size on rhizosphere
processes and resource availability in bamboo ecosystems. We
found that clonal integration significantly modified the soil
properties of the shaded ramets, whereas the positive effects
differed across clonal fragments with different ramet numbers and
spacer lengths. Clonal fragments with more ramets could provide a
better support to stressed ramets owing to higher resource storage
in the fragment. The contribution of spacer length to clonal
integration indicated a cost-benefit tradeoff in the fragment.
These results advance our knowledge on the mechanism of
influence of the size of clonal fragment on rhizosphere processes
of stressed ramets, which is critical for the adaptation of P. bissetii to
stressed habitats and further C cycling through the bamboo
ecosystem under climate change.
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