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A B S T R A C T   

Distribution of shrubs expanding in grasslands – shrubification – is ongoing worldwide in grasslands and is 
common on the Qinghai–Tibetan Plateau (QTP). But the consequences of shrubification for plant carbon (C) 
input and fate in soil are unclear. We used 13C pulse labelling in a meadow on the QTP to compare photosynthetic 
capacity and photosynthate distribution in shoots, roots, soil and microbial functional groups between herba
ceous plants (herbs) and shrubby Potentilla fruticosa. During 3 h of labeling in 13CO2 atmosphere, the 13C amount 
assimilated by shrubs (0.81 g C/m− 2) was only 38 % of that by herbs. Over 8 days after labeling, 13C amount 
respired jointly by roots and soil microorganisms under shrubs (0.049 g m− 2) was less than half of that under 
herbs. The mean residence time of 13C for respiration jointly by roots and rhizosphere microorganisms was longer 
under shrubs (0.61 day) than under herbs (0.44 day). Within 22 days after labelling, 13C amounts in roots, soil, 
and microorganisms were consistently smaller under shrubs than those under herbs. Consequently, shrub P. 
fruticosa had not only smaller photosynthetic potential, but also allocated less photosynthate belowground and 
slowed down C cycling in soil compared with herbs. The distribution of total 13C in microbial functional groups 
indicated by PLFA analysis was similar between herbs and shrubs. Averaged over vegetation patch types, gram 
negative bacteria and AMF accounted for 22 % and 4 % of the total microbial PLFAs in the 0–20 cm, respectively, 
but these two functional groups took up 51 % and 23 % of the total 13C absorbed by microorganisms, respec
tively. This indicates that gram negative bacteria and AMF are major consumers of rhizodeposits. Concluding, 
shrubification leads to smaller C allocation belowground and slows down C cycling in the soil.   

1. Introduction 

The Qinghai–Tibet Plateau is a huge organic carbon (C) reservoir, 
which is, however, extremely sensitive to climate and land use changes 
(Qiu, 2008). Strong changes in ecosystems in the past several decades 
include the expansion of shrubs in grasslands due to overgrazing and 
global warming, the process named “shrubification” (Brandt et al., 2013; 
Gao et al., 2016; Zhao et al., 2021). The effects of shrubification on soil 
organic C (SOC) storage have been rarely investigated, and how these 
effects depend on the plant carbon (C) input into soil is unclear. 

The SOC storage is the balance between plant C input and microbial 
SOC mineralization. Photosynthate allocation belowground is the main 

pathway for plant C to enter the soil. It is estimated that around 33 % of 
the photoassimilates in global grasslands is allocated belowground (16 
% incorporated into roots, 5 % as rhizodeposits, and 12 % is lost as root 
and microbial respiration) (Pausch and Kuzyakov, 2018). Rhizodeposits 
are important nutrient and energy sources for soil biota, and their uti
lization and transformation by microorganisms is a major process of SOC 
formation (Högberg and Read, 2006; Brüggemann et al., 2011; Kuzya
kov and Razavi, 2019). 

Photosynthate allocation belowground depends on plant species and 
soil physico-chemical properties (Mokany et al., 2006; Pausch and 
Kuzyakov, 2018). Shrubs and herbaceous plants (herbs) differ greatly in 
morphology, physiology and life cycle (Sun et al., 2016; Ochoa-Hueso 
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et al., 2017; Zhou et al., 2019). Therefore, shrubs and herbs should differ 
in their photosynthetic capacities and allocation patterns of photosyn
thate between aboveground and underground parts. In addition, varying 
quantity, and composition of rhizodeposits may further alter soil mi
crobial community composition and thus influence SOC accumulation 
(Bragazza et al., 2015; Elias et al., 2017; Ochoa-Hueso et al., 2017). 
However, the responses of rhizodeposition and its distribution among 
soil microbial groups to shrub expansion in alpine meadows remain 
largely unknown. Identifying differences in the photosynthate allocation 
to soil and microorganisms between shrubby and herbaceous plants is 
crucial to assess shrubification effects on C and nutrient cycling and SOC 
storage. 

The present study used 13C pulse labeling combined with 13C-PLFA 
profiling to compare photosynthate allocation belowground and 13C 
incorporation into SOC and microorganisms as well as release as CO2 
between shrubby Potentilla fruticosa and herbaceous plants in alpine 
meadows on the Tibetan Plateau. P. fruticosa is widely distributed in 
grasslands of the Northern hemisphere. The P. fruticosa meadow repre
sents the second most abundant species vegetation type after Kobresia 
humilis meadow on the Tibetan Plateau (Zhou and Wu, 2001). Warming 
experiments have shown that growth and abundance of P. fruticosa is 
increasing with temperature particularly in cold regions (Klein et al., 
2007; Elmendorf et al., 2012). We hypothesized that shrubby P. fruticosa 
has a greater capacity to allocate photosynthate C belowground due to 
larger root biomass of P. fruticosa, compared with herbs. 

2. Materials and methods 

2.1. Site and experimental design 

The research site was in Tianzhu Zang Autonomous County, Gansu 
Province, China, about 2 km from the Gansu Agricultural University 
Alpine Grassland experiment station (102◦ 45′ E, 37◦ 12′ N, and altitude 
2965 m above sea level). The mean annual temperature and precipita
tion are –0.1 ◦C and 416 mm, respectively, with a growing season of 120 
days (June–September). The 13CO2 labeling experiment was conducted 

in a meadow with an area of about 10 ha. 
The meadow was used for grazing yaks (Bos grunniens) and sheep 

(Ovis aries) in the winter season (November–June). The vegetation of the 
meadow was composed of shrub P. fruticose (a deciduous species, about 
43 % in the cover and 45–55 cm in the height) and herbaceous species 
including Polygonum viviparum, Kobresia capillifolia, Potentilla multifida 
and Poa crymophila. The P. fruticose plants grew in compact patches (at 
least > 0.5 m in diameter) (Fig. 1). The shrubby P. fruticose and domi
nant herbaceous species have similar phenology. Growth begins in early 
June and maximum leaf area and flowering phase fall in early August. 
The soil is classified as Sub-alpine Meadow soil according to Chinese Soil 
Classification. The soil is developed from loess and has silty loam 
texture, with a pH value of 7.7 (Li et al., 2009), similar to a Cryrendoll 
(Wu and Tiessen, 2002). 

2.2. 13C pulse labeling 

13C pulse labeling was carried out on July 10, 2019 at 10:00 am, at 
clear sunny weather conditions. On the day before labeling, four repli
cated plots (each 4 m × 4 m) were randomly selected within a well 
vegetated area of 100 m × 100 m in the meadow. Within each plot, a 
representative P. fruticosa patch (45–55 cm high) was slightly trimmed 
into a square with an area of 0.25 m− 2 (0.5 m × 0.5 m). All sporadically 
growing herbaceous species under shrubs were removed. A chamber 
consisting of a metal bracket covered by transparent polyethylene foil 
(0.5 m wide × 0.5 m long × 0.6 m high, 150 L in volume) was installed to 
cover the shrubby patch (Fig. 1). The metal bracket was fixed on a base 
that was made of an iron sheet (2 mm thick). The base was inserted into 
the soil to a depth of 0.2 m to cut off the roots between plants inside and 
outside the chamber. The inner surface of polyethylene foil was sprayed 
with anti-fog agent to reduce condensation of water evaporation. A 
representative patch of herbaceous plants (0.5 m × 0.5 m) about 2 m 
away from the confined P. fruticosa patch was delineated and another 
chamber was installed to cover the herbaceous patch in the same 
manner as for the shrub patch. As such, we labeled 4 pairs (replicates) of 
treatments (shrubs versus herbaceous plants). 

Fig. 1. Potentilla fruticosa meadow (102◦ 45′ E, 37◦ 12′ N, 2965 m above sea level) and the chambers for labeling in 13CO2 atmosphere. Herbaceous species covered 
about 57 % of the meadow included Polygonum viviparum, Kobresia capillifolia, Potentilla multifida and Poa crymophila, while shrubby P. fruticose (45–55 cm height) 
occupied about 43 %. The dimensions of each labeling chamber were 50 cm wide × 50 cm long × 60 cm high (150 L in volume). 
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Each chamber had been closed for 30 min to consume the existing 
atmospheric CO2 inside before labeling. During the 30 min, CO2 con
centrations inside chambers were recorded using a CO2 monitor (GXH- 
3010E, Huayun Instrument Company, Beijing, China). The CO2 con
centration stabilized at about 305 ppm for shrub chambers and 292 ppm 
for herbaceous chambers. 100 mL of 2 M H2SO4 (about 20 mL every 10 
min) was then injected into a beaker within each chamber to produce 
13CO2. The beaker contained 6.5 g Na2

13CO3 (98 atom% 13C enriched, 
Shanghai Research Institute of Chemical Industry, China), correspond
ing to 0.77 g 13C. To facilitate a uniform distribution of 13CO2 in the 
chamber, two 5 V fans were installed inside in each chamber to mix the 
air. The labeling process lasted for 3 h. Before labeling, two ice bags 
were placed in each chamber to limit the rise of air temperature during 
the labeling. Air temperatures inside shrub and herbaceous chambers 
increased by about 1–2 ◦C at the end of labeling, relative to the ambient 
temperature. 

2.3. Measurement of 13CO2 efflux from soil 

Immediately after labeling, an opaque PVC chamber (0.07 m diam
eter, 0.25 m high) was installed on the soil surface (inserted into the soil 
to a depth of 0.05 m) to collect CO2 within the labeled area, where all 
aboveground biomass was removed. A beaker containing 1 M NaOH 
solution was placed inside the PVC chamber to trap CO2 respired from 
the soil. The beaker was replaced by a new one on days 1, 2, 3, 5 and 8 
after labeling. The volume of NaOH solution used was 20 mL for each of 
the first three samplings and 30 mL for the last two samplings. Each time 
when NaOH solution was replaced, newly growing herbaceous plants 
were cut off the ground. The quantity of CO2 trapped in the NaOH so
lution was measured by titrating the residual NaOH with 0.1 M HCl in 
the presence of excess SrCl2 using phenolphthalein as an indicator. 
Concentrations of NaOH solutions that had absorbed carbon dioxide for 
all vegetation patches over the whole 13CO2 efflux measurement course 
ranged from 0.78 M to 0.94 M. After centrifugation, the SrCO3 sediments 
were dried at 65 ◦C and ground to powder for analysis of δ13C signature. 

2.4. Plant and soil sampling 

Shoots, roots, and soils were sampled on days 0 (immediately after 
the labeling), 1, 3, 8, and 22. On days 0, 1, 3 and 8 after labeling, two 
ramets (leaves and stems) from P. fruticosa in each 13C-labeled 
P. fruticosa patch were harvested to analyze the δ13C signature. The 
herbaceous shoots were cut at the ground surface from two small circles 
(0.03 m diameter) in each 13C-labeled herbaceous patch. Soils were 
sampled using an auger (0.03 m inner diameter) at 0–0.2 and 0.2–0.5 m 
depth from two points, respectively, in each labeled patch. The roots 
were carefully sorted from the soil. The soils or roots at the same depth 
within a patch were pooled to form a composite sample to analyze the 
δ13C signature. 

On day 22 after labeling, all shoots were harvested from the ground 
on each labeled shrub or herbaceous patch. A small portion of each 
composite shoot biomass was sampled for measuring the shoot δ13C 
signature and the remaining was used for measuring shoot biomass. 
Except for the collection of soil and root samples with a 0.085 m inner 
diameter auger, all other procedures were consistent with the afore
mentioned methods. A small portion of each composite root biomass was 
used to measure the root δ13C signature and the remaining was used for 
estimating root biomass. 

Plant samples (shoots and roots) and (bulk) soil samples for analysis 
of the δ13C signature were placed in a liquid N tank and a portable 
refrigerator (<4 ◦C), respectively, for storage in the field and during 
transportation to the lab. 

In the lab, root samples (for measuring root δ13C signature and for 
estimating root biomass) were washed off on a 0.15 mm screen and dead 
roots were carefully removed based on their internal color (Hafner et al., 
2012). After freeze-drying (SJIA-10 N, Ningbo, China), shoot and root 

samples for measuring 13C signatures were ground in a ball mill (GT200, 
Beijing, China). Shoot or root samples used to measure biomass were 
oven-dried to the constant weight at 65 ◦C. Each soil sample was split 
into two portions. One portion was freeze-dried to measure δ13C 
signature of SOC, the other portion was stored at –60 ◦C to analyze 
microbial phospholipid fatty acid (PLFA) contents and 13C incorporation 
into PLFA. 

In unlabeled areas, at each sampling, four replicate samples of the 
above-ground shoots, roots or soils were also taken from either shrubby 
or herbaceous patches in the same way as in the labeled patches. These 
plant and soil samples were used as references for measuring the natural 
abundance of 13C in plants and soil, respectively. 

Soil temperature was measured using button-type temperature re
corders (WatchDogB100, Spectrum Technologies, Aurora, IL, USA) in 
two shrubby and two herbaceous areas beside the labeled patches. The 
temperature recorders were placed at a depth of 0.1 m. The soil bulk 
density was determined using a cutting ring method. The soil water 
content was measured gravimetrically by drying samples at 105 ◦C at 
each sampling time. 

2.5. Analyses of photosynthetic C distributions in plant parts, soil and 
released CO2 

The δ13C signatures in soils, shoots, roots and SrCO3 were deter
mined using isotope ratio mass spectrometry coupled to an elemental 
analyzer (Delta V Advantage, Thermo Fisher Scientific, Waltham, USA) 
referenced to the international PDB standard. The SOC and C contents in 
shoots and roots were measured using an elemental analyzer (vario 
MACRO cube, Elementar, Hanau, Germany). Before determination of 
SOC contents and soil δ13C signatures, freeze-dried soils (about 2 g each) 
were fumigated for four days to remove carbonates, in a desiccator 
containing 150 mL of concentrated HCl (37 %) (Ramnarine et al., 2011). 
After fumigation, soil was then left to stand for another four days in the 
desiccator to neutralize the soils, with the replacement of concentrated 
HCl solution by 150 mL 10 M NaOH solution. This procedure for 
removing carbonates was conducted separately for labeled and unla
beled (reference) soil samples. After carbonates were removed, soils 
were freeze-dried again and ground to powder by a ball mill. 

The total 13C assimilated by plants within each patch during labeling 
was the sum of 13C amounts in shoots, roots, and soil in depths 0–0.2 m 
and 0.2–0.5 m measured immediately after labeling. 

At each sampling time, the amount of 13C derived from labeling in a 
C pool (shoots, roots, soil and CO2 flux from soil) was calculated as:  

13C (g/m− 2) = 13C%atom excess × the size of the C pool (g/m− 2).                    

where the sizes of shoot and root C were calculated by using shoot and 
root biomass measured on day 22 after labeling. The SOC stock was 
calculated using soil bulk density multiplied by depth and SOC content 
in each layer. The 13C%atom excess was the difference in the percentage of 
13C atoms relative to the total C atoms (13C%atom) between the labeled 
and natural abundance samples. The 13C%atom was calculated from δ13C 
that is the 13C signature (‰) in a C pool relative to the international PDB 
standard with RPDB of 0.011237. 

To estimate the combined turnover rate (TR) of the rhizodeposits and 
plant assimilates released as CO2, an exponential decay function (Hafner 
et al., 2012) was fitted to the rate of 13CO2 efflux from the soil:  

Ct = C0 × e–kt                                                                                      

where Ct (mg 13C m− 2 soil day− 1) was the 13CO2 efflux rate at time t 
(day) and C0 was the initial rate of 13CO2 efflux shortly after the labeling. 
k was the decay constant corresponding to the TR (day− 1). The com
bined mean residence time (MRT, day) of 13C for respiration in rhizo
deposits and roots was calculated as the reciprocal of the TR:  

MRT = 1/TR                                                                                        
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2.6. Analyses of photosynthetic C distributions in soil microbial groups 

Phospholipid fatty acids (PLFAs) were extracted from field-moist soil 
(equivalent to 3 g of dry weight) according to the procedure described 
by Frostegård et al. (1993) and Kontro et al. (2006). Lipid fractions were 
separated by silicic acid columns (HF Bond Elut LRC-SI 500 mg, Varian, 
California, USA). Neutral lipids were eluted with chloroform, glycolipids 
with acetone and phospholipids with methanol. The solvent of the 
phospholipid fraction was evaporated under N2 and samples were stored 
at –20 ◦C until fatty acids were saponified, methylated and extracted as 
methyl esters (Kontro et al., 2006). Methyl nonadecanoate fatty acid 
(19:0) was added prior to derivatization as an internal standard to 
quantify the concentrations of phospholipids. Individual fatty acid 
methyl esters (FAMEs) were identified and quantified using gas chro
matography–mass spectrometry (Thermo Fisher Trace 1310, Waltham, 
USA) equipped with an HP-5 capillary column (30 m × 0.25 mm × 0.25 
μm). The δ13C values of FAMEs were determined by gas chromatography 
combustion isotope ratio mass spectrometry (GC-C-IRMS, Delta V 
Advantage, Thermo Fisher Scientific, Waltham, USA). 

PLFAs were divided into five groups to indicate five respective mi
crobial groups: (i) anteiso and iso PLFAs (i14:0, i15:0, a15:0, i16:0, 
a16:0, i17:0, a17:0 and 18:0 branched) for G+ bacteria; (ii) mono
unsaturated and cyclic PLFAs (16:1ω7c, 18:1ω7c, 18:1ω9c, cy17:0 and 
cy19:0) for G− bacteria; (iii) polyunsaturated PLFAs (18:2ω6,9) for 
saprophytic fungi; (iv) monounsaturated PLFA (16:1ω5c) for AMF, and 
(v) mid-chain branched PLFAs (10-me16:0 and 10-me 18:0) for actino
mycetes (Smith et al., 2015; Zhu et al., 2017; Nowak et al., 2018; Zheng 
et al., 2021). 

At each sampling, the 13C existing in a PLFA was calculated as below:  

13C (g/m− 2) = 13C%atom excess × the size of PLFA pool (g/m− 2) × mass fraction 
of C in a molecule of the PLFA                                                               

The PLFA (δ13CPLFA) was derived from a mass balance equation 
below (Denef et al., 2007):  

δ13CPLFA = [(n + 1) × δ13CFAME – δ13CMeOH]/n                                        

where n is the number of C atom of the PLFA molecule, 13CFAME is the 
measured δ13C value of the FAME that was methylated from the PLFA, 
and δ13CMeOH is the measured value (–37 ‰) of methanol used for 
methylation. The number of C atom of a methanol molecule (equal to 1) 
was omitted. 

The 13C amount used by a group of microorganisms was the sum of 
13C contained in all PLFAs that were employed to indicate the microbial 
group. 

2.7. Statistics 

Differences in stocks of C present as plant shoots and roots and SOC 
(0–0.2, 0.2–0.5 m) between vegetation were compared using paired-t 
test at p ≤ 0.05. Significant differences in all dynamically measured 
parameters (13C partitioning in various plant and soil C pools, soil 
respiration, total PLFA, 13C-PLFA and abundance of C-PLFA) between 
herbs and shrubs were identified also by using paired-t test at p ≤ 0.05 
within each sampling date. All data pools followed the normal distri
bution, with homoscedasticity. All statistical analyses were performed 
using SPSS 20.0 (IBM Corporation, Chicago, IL, USA). 

3. Results 

3.1. Soil temperature, water content and carbon pools of plant and soil 

Daily soil temperature at 0.2 cm depth was by 3.9 ◦C lower under 
shrubs than under herbs during three weeks after labeling (p < 0.05) 

(Fig. S1a), while soil water content was similar between herbaceous and 
shrub patches (p > 0.05) (Fig. S1b). Soil bulk density in the 0–0.2 m was 
lower under shrubs (0.70 ± 0.03 g cm− 3) than under herbaceous plants 
(0.86 ± 0.05 g cm− 3) (p < 0.05) but in 0.2–0.5 cm was similar. 

Aboveground biomass was 554 ± 49 g m− 2 in P. fruticosa patches 
(405 g woody stems m− 2 plus 150 g leaves m− 2), contrasting with 344 ±
32 g m− 2 in herbaceous patches (p < 0.01). The shoot C stock under 
shrubs was 43 % higher than that under herbaceous species (Fig. 2). 
Root C and SOC stocks in the top 0.2 m were similar under herbaceous 
plants and shrubs but in the 0.2–0.5 m depth they were both larger 
under shrubs (Fig. 2). 

Fig. 2. Stocks of carbon (C) present as plant shoots and roots and soil organic C 
(0–0.2, 0.2–0.5 m) under herbs and shrubs (Potentilla fruticosa). Data are means 
± 1 standard error (n = 4). Asterisks show differences between herbs and 
shrubs are significant at p ≤ 0.05 (*), p ≤ 0.01 (**). 

Fig. 3. Dynamics of 13C amounts in shoots (a), roots (b, c) and in the 0–0.2 and 
0.2–0.5 m soil depth (d, e) under herbs and shrubs (Potentilla fruticosa) after 13C 
labeling. Bars are ± 1 standard errors (n = 4). Asterisks indicate significant 
differences in means between herbs and shrubs at p ≤ 0.001 (***). 
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3.2. 13C assimilation and distribution in plant parts, soil and CO2 
emission 

Immediately after labeling, 13C amount recovered in shoots was 
smaller in shrubs than in herbs (Fig. 3a). 13C amount in both roots and 

soil at 0–0.2 m depth was smaller under shrubs than under herbs, but it 
was similar at 0.2–0.5 m depth between the two types of vegetation 
(Fig. 3b, c, d, e). Adding 13C in shoots, roots, and soil, 26 % and 68 % of 
the applied 13C (0.77 g 13C per chamber) were recovered in shrubs and 
herbs, respectively. Consequently, the 13C assimilated by shrubs was 
only about one third of that by herbaceous plants. 

The 13C amount remaining in shoots in the first three days after la
beling was smaller in shrubs than in herbs, but thereafter up to the day 
22 it was generally similar (Fig. 3a). Immediately after labeling up to 
day 22, the 13C amount in either roots or soil at the 0–0.2 m was smaller 
under shrubs than under herbs but at the 0.2–0.5 m depth was similar 
(Fig. 3b, c, d, e). On day 22 after labeling, summing up roots and soil in 
the entire 0.5 m profile, 0.365 ± 0.087 g 13C m− 2 remained under 
shrubs, less than one fourth of that under herbs (1.500 ± 0.292 g 13C 
m− 2). 

Within 22 days after labeling, the 13C proportions allocated in shoots 
were generally greater for shrubs than for herbs (Fig. 4a). However, the 
13C proportions allocated to roots and soil in the top 0.2 m were 
generally smaller under shrubs than under herbs, but in the 0.2 to 0.5 m 
depth increment were generally greater under shrubs (Fig. 4b, c, d, e). 

The 13CO2 efflux rates from soil measured on days 1, 2, 3, 5 and 8 
under shrubs were all smaller than those under herbs (Fig. 5). Over the 
entire 8 days after labeling, total 13C respired under shrubs (0.049 ±
0.005 g m− 2) was less than half that under herbs (0.114 ± 0.009 g m− 2). 
The 13C respired over the 8 days took up about 8.61 % and 6.94 % of 
total assimilated 13C under shrubs and herbs, respectively. The mean 
residence time (MRT) of allocated 13C that was used by roots and 

Fig. 4. Dynamics of 13C allocation (% of total 13C assimilated) among plant shoots (a), roots (b, c), and in the 0–0.2 and 0.2–0.5 m soil depth (d, e) under herbs and 
shrubs. Bars are ± 1 standard errors (n = 4). Asterisks indicate significant differences in means between herbs and shrubs at p ≤ 0.05 (*), p ≤ 0.01 (**) or p ≤
0.001 (***). 

Fig. 5. Temporal courses of the 13CO2 efflux rates from soil under herbs and 
shrubs. Bars are ± 1 standard errors (n = 4). Asterisks show significant dif
ferences in means between herbs and shrubs at p ≤ 0.001 (***). 
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rhizosphere microorganisms was longer under shrubs than under herbs 
(Fig. 5). 

3.3. Distribution of photoassimilates within soil microbial groups 

Total PLFA contents over 22 days in the 0–0.2 and 0.2–0.5 m soil 
were generally similar under shrubs and herbs (Fig. 6a, b). The distri
butions of total PLFA representing five microbial groups (G+ bacteria, G– 

bacteria, saprophytic fungi, AMF and actinomycetes) were all generally 
similar between vegetation in the 0–0.2 and 0.2–0.5 m depth increments 
(p > 0.05) (Fig. S2). Across vegetation types and sampling dates, G+

bacteria were the most abundant, followed by G– bacteria and 

saprophytic fungi, and AMF and actinomycetes were the least, at both 
the 0–0.2 and 0.2–0.5 m soil depths (Fig. 7). 

The 13C in total PLFA in the top 0.2 m was lower under shrubs than 
under herbs only on the day 8 after labeling (Fig. 6c). At 0.2–0.5 m soil 
depth, the 13C-PLFA contents over the 22 days were similar between 
shrubs and herbs (Fig. 6d). On most sampling dates, 13C distributions in 
PLFA of various microbial groups were all generally similar between 
shrubs and herbs (Fig. S3). Across sampling dates and vegetation types, 
G– bacteria took up half of the 13C used by microorganisms, whereas the 
13C portion recovered from saprophytic fungi was negligible in the top 
0.2 m (<1%) (Fig. 7). However, at 0.2–0.5 m soil depth, shares of PLFA 
13C by G+ bacteria, G– bacteria, saprophytic fungi, AMF and actinomy
cetes were similar (around 20 % for each microbial group). 

4. Discussion 

4.1. 13Carbon assimilation 

The 13C labeling demonstrated that shrubby P. fruticosa has smaller 
capacity to capture CO2 from the atmosphere than herbs. The smaller 
photosynthetic capacity of shrubs than herbaceous species is consistent 
with a previous study by Chen et al. (2022), who reported lower natural 
δ13C values in leaves and roots of P. fruticosa compared with herbs in 
alpine meadows. A low photosynthetic efficiency in plants is usually 
associated with low (more negative) δ13C values (Farquhar et al., 1989; 
Bai et al., 2012). The lower photosynthetic capacity for other shrubby 
species compared to herbs has been also reported by Winkler et al. 
(2020) on the Colorado Plateau. The smaller photosynthetic potential of 
shrub P. fruticosa could be firstly related to a smaller photosynthetic area 
than herbs: the leaf biomass of P. fruticosa (150 g m− 2) was smaller than 
half of aboveground biomass of herbs (344 g m− 2). Secondly, differences 
in anatomical and physiological features of mesophyll likely existed 
between P. fruticosa and herbaceous plants, lowering photosynthetic 
capacity of P. fruticosa. Leaves of herbaceous plants serve a stronger sink 
of CO2 in the Calvin Cycle compared with shrub leaves, along with 
greater velocity of RuBP regeneration and photosynthetic flux density 
(Loik and Holl, 2001; Rindyastuti et al., 2021). 

4.2. 13Carbon allocation belowground 

The shrub P. fruticosa has smaller capacity to allocate photosynthate 
C belowground than herbaceous plants. This is evidenced by the fact 
that photosynthate 13C amounts in roots and soil as well as their pro
portions of the total assimilated 13C were all lower under shrubs than 
under herbaceous plants within 22 days after labeling. The smaller ca
pacity to allocate photosynthate C belowground under shrubs than 
under herbaceous species was contrasted with greater root biomass 
under shrubs. As such, our hypothesis that shrubby P. fruticosa has a 
greater capacity to sequestrate photosynthate C belowground than herbs 
in meadows must be rejected. Indeed, in annual or perennial herbs, the 
rhizodeposition can increase with the root biomass (Van der Krift et al., 
2001; Van Hecke et al., 2005; Pausch et al., 2013). Despite that root 
biomass is greater in shrubby than in herbaceous areas in meadows 
(Chen et al., 2022), it may be largely comprised of thick roots but fine 
roots may be not abundant in P. fruticosa. Fine roots are thought to be 
more efficient in rhizodeposition (Kuzyakov and Razavi, 2019). As such, 
making a comparison between shrubs and herbs, a reckoning of rhizo
deposition based on root biomass is not reliable. Our results implied that 
increased SOC storage by shrubification (He & Li, 2016; Chen et al., 
2022) was not associated with rhizodeposition rather than was deter
mined by other factors such as aboveground litter input, root turnover 
rate and SOC mineralization rate. In the present study, the SOC stock 
was similar between shrubby and herbaceous areas (Fig. 2), contrary to 
previous results at another location (He & Li, 2016; Chen et al., 2022). 
This may suggest that the effect of shrubs on SOC content is site- 
dependent, depending on grazing intensity and climatic factors. 

Fig. 6. Dynamics of total microbial PLFA content in soil (a, b) and 13C incor
porated into total PLFA (c, d) in the 0–0.2 and 0.2–0.5 m soil depth increments 
under herbs and shrubs. Bars are ± 1 standard errors (n = 4). Asterisks indicate 
significant differences in means between herbs and shrubs at p ≤ 0.05 (*) or p 
≤ 0.001 (***). 

Fig. 7. Distribution of total PLFA (left) and 13C incorporated into total PLFA 
(right) among five microbial groups (G+ and G– bacteria, saprophytic fungi, 
AMF and actinomycetes) at 0–0.2 and 0.2–0.5 m soil depth. Data were calcu
lated across replicates of plots, vegetation types (shrubs and herbs) and sam
pling dates (days 0, 1, 3, 8 and 22 after 13C labeling). 
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The lower photosynthate 13C in roots and soil under shrubs than 
under herbs within 22 days after labeling was firstly ascribed to smaller 
photosynthetic capacity of shrub P. fruticose. Secondly, a smaller allo
cation rate of photosynthate from shoots to roots in shrubs than her
baceous plants was responsible for the lower accumulation of 
photosynthetic 13C belowground. The smaller transfer rate of photo
synthate belowground is evidenced by smaller 13C amounts remaining in 
shoots in the first three days after labeling in shrubs than in herbaceous 
plants but thereafter was greater in shrubs (Fig. 3a). Despite that 13C 
assimilated by shrubs was smaller, the proportion of photosynthate 13C 
distributed in shoots was always higher in shrubs than in herbaceous 
plants during the 22 days after labeling (Fig. 4a). 

In the 0.2–0.5 m depth, the portions of photosynthate 13C in roots 
and soil were generally higher under shrubs (Fig. 4c, e). This is because 
P. fruticose is rooted deeper than herbs, thus delivering more photo
synthate 13C to deep soil. These findings may suggest that variations in 
root distribution caused by shrubification have a significant impact on 
the spatial distribution of SOC in the profile. 

4.3. 13Carbon respiration by roots and microorganisms 

We found that recently assimilated 13C was respired slower from 
roots and soil and the MRT of belowground 13C was longer under shrubs 
than under grasses. This indicates slower C cycling under shrubs. 
Smaller 13CO2 flux from roots and soil under shrubs relative to herbs 
(Fig. 5) was firstly ascribed to smaller shrub capacity to allocate pho
tosynthates into roots and soil. Secondly, soil temperature was 3.9 ◦C 
lower under shrubs than under herbs, lowering root and microbial ac
tivity. Finally, the lower CO2 efflux from roots and soil under shrubs 
possibly reflected different chemical nature of belowground C between 
shrubs and herbs. Slow growing woody plants tend to accumulate more 
secondary metabolites in their tissues, with input of recalcitrant com
ponents to soils compared with fast growing herbs (Kögel-Knabner, 
2002; Liao and Boutton, 2008). Root respiration is positively correlated 
with root decomposability and specific root length density but nega
tively with root diameter (Roumet et al., 2016). 

4.4. Microbial use of photosynthate 

The unchanged soil microbial community composition between 

shrubs and herbs, as revealed by PLFA profiling, was unexpected. The 
similar SOC content as well as similar other soil properties (e.g., pH, clay 
content) between areas under shrubs and herbs resulted in similar PLFAs 
content and microbial community composition and thus similar photo
synthate C allocation in various microbial functional groups (Fierer and 
Jackson, 2006; Chen et al., 2014; Hu et al., 2014; Bragazza et al., 2015). 
Carey et al. (2015) also observed that soil microbial community struc
ture is unaltered after shrub expansion in semi-arid Mediterranean-type 
grassland. Anyway, the effect of shrub expansion on soil microbial 
community composition in Tibetan grasslands needs further 
investigation. 

Across shrubby and herbaceous vegetation patch types, microbial 
groups differed in their ability to use rhizodeposits. This was evidenced 
by the fact that in the top 0.2 m, across vegetation and sampling dates, 
G+ and G– bacteria groups accounted for 59 % and 23 % of total PLFA, 
respectively; but shared 16 % and 51 % of total 13C in PLFA, respectively 
(Fig. 7). This indicates that G– bacteria had much greater ability to use 
recent rhizodeposits than G+ bacteria. The more efficient use of recent 
rhizodeposits by G– bacteria than by G+ bacteria has been also reported 
by De Deyn et al. (2011) in North West England grassland, Fuchslueger 
et al. (2014) in grasslands of the Austrian Central Alps, and Chaudhary 
and Dick (2016) in Switchgrass in greenhouse. G– bacteria grow fast and 
thus are particularly important for C flow from roots through rhizo
sphere to stable SOC (Jin and Evans, 2010; Tavi et al., 2013; Tian et al., 
2013; Ling et al., 2022). AMF in the top 0.2 m took up about 3–5 % of the 
total microbial PLFA, but shared 22 % of total 13C-PLFA (Fig. 7). This 
indicates fast transfer of photosynthates to AMF symbionts. Saprophytic 
fungi used rhizodeposits at a very low level in the topsoil; however, in 
the 0.2–0.5 m depth, saprophytic fungi took up 5 % of the total microbial 
PLFA but shared 21 % of the total 13C-PLFA. The difference of sapro
phytic fungi to use rhizodeposits in topsoil and subsoil was possibly 
associated with C limitation in the lower compared with the topsoil. 
Under C limitation in the lower depth, saprophytic fungi might have 
turned to preferentially acquiring rhizodeposited C. 

5. Conclusions and ecological implications 

13Carbon labeling under real field conditions demonstrated that 
shrubs have smaller photosynthetic capacity, slower photosynthate 
transfer from shoots to roots and thus, release less rhizodeposits than 

Fig. 8. 13C amounts allocated into shoots, roots and soil on days of 0 and 22 after 13CO2 assimilation by photosynthesis. Arrows at the bottom represent sampling 
time (days after labeling). The left- and right-hand panels show the data obtained for herbs and shrubs, respectively. 
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herbs in soil of alpine meadows (Fig. 8). Recently assimilated C was also 
respired slower from roots and soil under shrubs than under herbs. 
Shrubs, however, can deliver photosynthetic products deeper in the soil 
than herbs, due to greater rooting depth. This study suggests that 
making the comparison between shrubs and herbs, a reckoning of rhi
zodeposition by using root biomass is not reliable. Gram negative bac
teria and AMF are major consumers of rhizodeposits in grasslands. 
Overall, shrubification reduces rhizodeposition and slows down C 
cycling in soil of alpine meadows. These results are crucial for under
standing and predicting the consequences of plant community changes 
for C cycling in shrubification. 
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