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Abstract
The mechanism that causes the difference in carbon (C) turnover rate in root populations is unclear. The carbon utilization 
strategy is assumed to be the main causal factor responsible for differences in root turnover rate. In this study, we determined 
the correlations between root turnover rate, production, and proportions of C allocated to roots using 13CO2 as a labeling 
gas in a 13C pulse labeling experiment. The proportions of δ13C were measured in various organs of the grass Bothriochloa 
ischaemum sampled 0, 6, 24, 48, 216, and 360 h after labeling in three treatments: control (CK), mild water stress (MS), and 
serious water stress (SS). We found that drought stress increased short-term C allocation to belowground. Fine roots have 
stronger C demand than coarse root under drought condition. The amount of 13C gradually decreased in leaves and increased 
in soil with time after 13C pulse labeling. Stem 13C increased with the level of stress and peaked at 24 h, while both fine- and 
coarse-root 13C peaked at 216 h. 13C distributed to fine roots in MS was significantly higher than in the other treatments at 
216 h. The fine-root turnover rate in SS treatment was positively correlated with root biomass but not the amount of 13C. 
Larger C allocation to roots increased fine-root mass in MS, stimulated rapid fine-root turnover, and increased C input to 
both the rhizosphere and soil. The fine-root turnover in CK was significantly positively correlated with both 13C amount 
and biomass, which indicated that increasing short-term C input accelerated turnover in the fine-root pool. The C allocation 
difference between the fine roots and coarse roots may be a key cause of the different turnover rate in the root population.
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Introduction

The production and turnover of fine roots in plants play 
important roles in terrestrial ecosystems because fine roots 
are crucial for the cycling of water, nutrients, and carbon 

(C). The acquisition of sufficient soil resources by fine roots 
ensures adequate supplies of water and nutrients for the 
plant’s photosynthesis and aboveground growth. Fine-root 
production is closely associated with the above- and below-
ground distribution of C in plants, and the pool of fine-root 
biomass is crucial for terrestrial biogeochemical cycles (Tefs 
and Gleixner 2012). It is evidential that temperate grasslands 
are C sinks of the terrestrial biosphere due to their rapid 
fine-root turnover and high root biomass content (Carrillo 
et al. 2014). Interactions between soil and plant roots in arid 
and semi-arid regions have been documented in a few stud-
ies (Clemmensen et al. 2013; Matamala et al. 2003; Phil-
lips et al. 2012; Schmidt et al. 2011). These previous works 
demonstrated that soil moisture is a major factor concerning 
temperate grassland photo-assimilates and their allocation 
to roots, which thereby affects fine-root production and rate 
of turnover. In turn, fine-root turnover affects the dynamics 
of soil organic C input from roots to the soil in both short- 
and long-term pools by stimulating the microbial activities. 
The response of root turnover rate to drought stress remains 
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controversial, as fine-root turnover rate may be either posi-
tively or negatively correlated with the degree of drought 
stress, depending on the time that fine roots are exposed 
to water stress (Reid and Crush 2013; Reid et al. 2015). 
The current obstacle for predicting the response of turnover 
to drought is, at least in part, due to a lack of mechanistic 
understanding of the methods used to estimate root lifespan, 
the C allocation from shoot to root, and the carbon structure 
in the root.

Differences between reported fine-root longevities 
and turnover rates have been associated with differences 
in research methods (Dirk et al. 2009; Finér et al. 2011; 
Metcalfe et al. 2007; Sah et al. 2011) and environmental 
conditions (Finér et al. 2011; Leppälammi-Kujansuu et al. 
2014; Watson et al. 2000; Yuan and Chen 2012). Isotopes, 
ingrowth cores, minirhizotrons, and sequential cores have 
often been used for estimating fine-root longevities, turno-
ver rates, and production (Brunner and Ostonen 2013; Finér 
et al. 2011; Hansson et al. 2013; Sah et al. 2011; Trumbore 
et al. 2001). Employing different estimation methods can 
yield different results for even a single species. The fine-root 
production of temperate Pinus taeda forest was estimated to 
be 130 g/m2 a using the minirhizotrons method (Pritchard 
et al. 2010), whereas the sequential coring methods found 
it to be 80 g/m2·a (Matamala et al. 2003; Matamala and 
Schlesinger 2010; Pritchard et al. 2010). This discrepancy 
may stem from the use of a single root pool to estimate the 
fine-root turnover rate and root production. The fine-root 
pool is usually considered as the first three orders of roots or 
all roots within fixed diameter ranges (e.g., < 2 mm)(Comas 
et al. 2002; Guo et al. 2008; Holdaway et al. 2011; Liu et al. 
2018; Pregitzer et al. 2002; Wang et al. 2017). However, 
this definition lumps together two, functionally recognizable 
fine-root pools. The absorptive roots are the primary roots 
for the uptake of water and nutrient resources with faster 
root turnover rates (less than 1 year, “fast pool”), whereas 
the transport roots are the root of fundamental structural and 
transportation functions, with the turnover rates approaching 
one decade (“slow pool”) (Gaudinski et al. 2010a; McCor-
mack et al. 2015). This “two-pool” theory has been reported 
to perform better than the methods treating fine roots as a 
single pool in the simulations and estimations of root turno-
ver and production (Gaudinski et al. 2010b). Nevertheless, 
there is a lack of knowledge for the mechanism that explains 
how the two-pool theory supports root turnover and produc-
tion under drought condition.

The two-pool theory resolved the problem that calculated 
the rate of root turnover but not the rate at which fine-root C 
was transferred to the soil system. Solly et al. (2018) studied 
the lifespan of fine roots in temperate, boreal, and sub-arctic 
forests. Using annual growth rings, they found that mean 
ages of fine roots ranged from < 1 to 12 years. The lifes-
pan of the same fine roots, however, was estimated to be 

10 ± 1 years (mean ± 1 SE) using an isotope-based method. 
This phenomenon might result from two reasons: a time lag 
between plant carbon assimilation and root production and/
or internal carbon storage of roots. Fine-root C is usually 
classified as structural C (stored C) and non-structural C 
(short-term C). The heterogeneity of the presence of struc-
tural C in fine roots may also be due to multiple pools of C in 
the fine-root population that have different rates of turnover 
(Lynch et al. 2013). Fine-root heterogeneity in the turnover 
of C has recently been demonstrated using isotopic methods 
(Fahey et al. 2012; Gaudinski et al. 2010b; Keel et al. 2012; 
Riley et al. 2010; Trueman and Gonzalezmeler 2010), which 
show that fine-root C can be turned over in just a few months 
but the process can also take up to several years. Fine-root 
turnover has been classified into “fast” and “slow” pools for 
estimating C cycling in ecosystems (Gaudinski et al. 2010b). 
The difference in the rates of fine-root turnover for the “fast” 
and “slow” C pools due to the differential use of stored and 
short-term C, however, is not clear. In a study for investigat-
ing the impact of nutrition limitation on pine roots, Wang 
and Liu (2014) found that the demand for new carbohydrates 
was distinct between different orders of roots. Drought stress 
may elicit a similar response, whereby heterogeneity among 
different roots leads to variation in C demand, which in turn 
may affect root turnover and production, while this remains 
untested. Characterizing the heterogeneity of structural C 
in fine roots is key to improve the estimation accuracy for 
the contribution of fine-root productivity and root turnover 
to soil C. We hypothesized that the allocation of both stored 
and short-term fine-root C would be correlated with indices 
of root physiology and ecology, such as fine-root longev-
ity, production, and “fast” and “slow” turnover pools. These 
relationships would provide a theoretical basis for estimat-
ing the contribution of fine-root productivity and root turno-
ver to soil C in terrestrial ecosystems more accurately in 
arid and semi-arid regions. Previous researches suggested 
that drought promotes the transport of new carbohydrates 
to roots because roots exhibit the highest C demand under 
drought stress (Bahn et al. 2013; Poorter et al. 2011; Wei 
et al. 2005), but it is still unclear if increasing 13C allocation 
to the roots would affect root turnover and production rates.

The aims of the present study were to compare the dif-
ferences in fine-root production, longevity, turnover rate, 
and C allocation, subsequently to analyze the effects of the 
distribution of stored and short-term C on fine-root produc-
tion and turnover under water stress. We hypothesized that 
(1) the effect of water stress on longevity, turnover rate, and 
production volume differed between the “fast” and “slow” 
root pools, (2) fine roots have higher demands for short-term 
C than coarse roots under drought stress, and (3) C utiliza-
tion strategy contributes to the difference in turnover rate 
and root production between different pools with the same 
root population.
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Materials and Methods

Experimental Materials and Design

The experiment was carried out at Xi’an University of 
Technology. The C4 grass Bothriochloa ischaemum, which 
is an important species for the restoration of degraded 
grassland and has been widely grown in the arid and 
semi-arid regions of China, was selected for the experi-
ment. Seeds of B. ischaemum for the test were harvested 
in October 2013 from natural grassland in Ansai, northern 
Shaanxi; harvested seeds were stored in paper bags.

Seventy-two transparent plexiglass cuboid pots were 
filled with soil (Calcic Cambisol; FAO-UNESCO 1977) 
on May 1, 2014 from the research site to a bulk density 
of approximately 1.2 g/cm3. Each pot was 19 cm long, 
4 cm wide, and 27 cm tall. The soil had a total nitrogen 
(N) content of 0.69 g/kg, and its field capacity (FC) was 
22 cm3/cm3. Five seeds were sown by scattering in each 
pot; the seedling that grew most vigorously in each group 
was retained after emergence. Seed holes lacking emerged 
seedlings were supplemental seeded by using the seeds 
that grew in the same experimental condition. Moisture 
control began after seedling thinning on July 1, 2014 using 
three soil-moisture levels: sufficient water supply (80% FC 
as a control, CK), mild water stress (60% FC, MS), and 
serious water stress (40% FC, SS). Each moisture treat-
ment had 24 pots.

Pot soil moisture was controlled by weighing: the pots 
with B. ischaemum were first weighed for all moisture 
treatments as the background weights. The background 
weights for CK, WS, and SS were 3875, 3765, and 3655 g/
pot, respectively. The pots were then weighed at 18:00 
everyday and watered if the weight was lower than the 

background weight until the end of the experiment on 
November 11, 2014. The biomass of B. ischaemum in 
each pot was included in the background weight before 
the moisture-control treatments. The difference between 
the initial biomass of the seedlings (0.867 g) and the maxi-
mum wet-grass biomass of each pot (5.812 g) after the test 
was only 0.1% of the total weight of the overall moisture-
controlled pot (3880 g). The biomass of B. ischaemum 
growth on the moisture-treatment control was neglected.

Experimental Methods and Measurement

13C Pulse‑Labeling and Sampling

We used three airtight plexiglass chambers for labeling the 
potted plants with a stable C isotope (Fig. 1). Each chamber 
was 50 cm long, 50 cm wide, and 80 cm tall. The four sides 
and bottom of each chamber were hermetically sealed. The 
top of each chamber had an opening (30 × 30 cm) that could 
be closed when required with a lid of the same size and 
sealing strips.

Each moisture treatment contained 24 pots (18 labeled 
and 6 without labels). Six un-labeled pots in each treatment 
were selected randomly from the experimental field before 
labeling and evenly distributed into two groups. The two 
groups of un-labeled pots were harvested at two different 
dates: one simultaneously with labeled samples on 15 Sep-
tember (the last labeling day); the other one was harvested 
on 11 November. Labeling was conducted between 9:00 and 
12:00 am on September 13–15, 2014. Six pots of seedlings 
were randomly selected from the 24 pots in each moisture 
treatment every labeling day and placed inside the air cham-
bers. A CCIA-36d-EP CO2 isotope spectrometer (ABB—
Los Gatos Research, San Jose, United States) was connected 
to the air chambers to monitor the CO2 concentration and 

Fig. 1   Photograph of the carbon-isotope labeling system
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δ13C. A plastic membrane was used to seal the shoot–root 
junction before labeling to partition the soil from the air. 
The initial CO2 concentration in the chamber was 450 μmol/
mol, δ13C was 5000 ‰, and temperature was 27–28 °C. The 
13CO2 with an abundance of 99.9% was injected into the air 
chamber with a syringe at the beginning of labeling, and 
then added to the air chamber repeatedly through a tube dur-
ing labeling when δ13C fell below 5000‰ until the end of 
the experiment. An electric fan was used to accelerate the air 
movement in the chamber to quickly and evenly distribute 
the 13CO2. The labeling process lasted 120 min. The CO2 
concentration in the air chamber at the end of labeling was 
approximately 450 μmol/mol, and δ13C was 5000‰.

13C-labeled samples (new leaves, old leaves, stems, fine 
roots, coarse roots, soil, and rhizospheres) were collected 
0, 6, 24, 48, 216, and 360 h after 13C pulse-labeling (each 
comprising three replicate samples per water treatment). The 
aboveground parts of each plant were cut off and numbered. 
Then, the soil in each pot along with the root was put on 
a plastic cloth, and whole roots were then separated from 
the soil. Roots in the rhizospheres (the soil strongly adher-
ing to roots and collected within the space exploited by the 
roots) and soil were collected with forceps, then numbered 
and rinsed with distilled water and blotted with filter paper. 
Roots were immediately dissected into two kinds of seg-
ments, fine roots (lateral roots) and coarse roots (main roots) 
and scanned for root morphology (see the scanning details 
in the next section).

Root Morphological Scanning and Sampling Root‑Growth 
Dynamics in Pots

After sampling, the fine roots and coarse roots were, respec-
tively, scanned with a scanner (Expression 4490, Epson 
China Co., Ltd., Beijing, China), and image files were saved 
in TIFF format with a resolution of 300 dpi. Root-image 
analyzing software (WinRHIZO Tron 2013, Regent Instru-
ments Inc., Quebec City, Canada) was then used to analyze 
morphological indices such as root length, surface area, and 
diameter. Then, the roots and aboveground samples were 
dried at a constant temperature of 60 °C for 48 h, weighed 
dry (to the nearest 0.0001 g), pulverized, sieved through a 
0.178 mm screen, and stored for C and N concentrations 
measurement. The rhizospheres and soil were sieved through 
a 0.149 mm screen and prepared to C and N concentrations 
measurement. SRL (specific root length) and SRA (specific 
root area) were calculated from the ratios of root length to 
biomass and surface area to biomass, respectively.

Root-growth dynamics were sampled from May 11 to 
November 11, 2014. Seven pots were randomly chosen 
every fifth day for root scanning when the plants were liv-
ing (Fig. 2). Two sides of the pots (19 cm long and 27 cm 
tall) were scanned as described above. WinRHIZO Tron 

was then used to distinguish between the dead and liv-
ing roots based on their colors and to analyze root length, 
surface area, and diameter in the images. Living and dead 
fine roots were defined as suggested by Wang et al. (2017) 
and Wells et al. (2002): living if they were white or brown 
and dead if they, or the epidermal folds, were black or 
if live roots had disappeared in the next scan. Root lon-
gevity was calculated as the number of days between the 
first appearance of a root in an image and its subsequent 
disappearance or death. The turnover rate of both fine and 
coarse roots was calculated as the inverse of longevity. All 
roots in the images were included in the analysis. A log-
rank test was used to determine the difference in longevity 
between the three water treatments in SPSS (Johnson et al. 
2000). The rate of root elongation was defined as the ratio 
of the difference in length of roots every 5 days and the 
number of intervening days. The rate of root thickening 
was defined as the ratio of average difference in diameter 
every 5 days and the number of intervening days. Root 
lengthening production and death during the observation 
days (185 days) were calculated following the method of 
Burton et al. (2000). This method estimates fine-root pro-
duction based on the sum of the differences in root-length 
density obtained in each image:

where RLDp is the production of fine roots during the two 
adjacent sampling time intervals (mm/cm2 day), RLDn+1 and 
RLDn are the fine-root length density measured on n + 1th 
and nth observation days, respectively (mm/cm2), and T is 
two adjacent sampling time intervals (day, 5 days).

The survival analysis was performed using the 
Kaplan–Meier method (Lee and Wang 2003) in the statisti-
cal software SPSS21.0, and the median lifespan of the fine 
and coarse roots were calculated (the time is taken for the 
survival rate to reach 50%, Median root longevity, MRL).

Determination of δ13C and Calculation of the C‑Allocation 
Ratio

The above plant and soil samples (after through screen) 
were burned to get the gas samples using a MultiN/C3100 
analyzer (Analytik Jena, Jena, Germany). The sieved root 
samples of 0.005–0.006 g each or the sieved 0.1 g of soil 
sample (cleaned with 1 mol/L sulfuric acid to remove non-
organic C in the soil and then oven-dried) were burned 
in a closed combustion chamber at 1050 °C to generate 
CO2. All the CO2 generated after complete combustion 
were collected in sealed aluminum foil gas sample bags 
to measure its isotopic value. The total organic C (g/kg) 

(1)RLDp =
RLD

n+1 − RLD
n

T
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Fig. 2   The dynamic root growth under three water treatments: a–c represent root growth dynamic under Serious water stress (40% FC), Mild 
water stress (60% FC), and Control (80% FC) treatments
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was also recorded simultaneously. δ13C of the roots was 
determined using Pee Dee Belemnite (PDB) as a standard, 
and the stable C isotopic ratio was calculated as

where (13C/12C) PDB is the 13C/12C ratio of the PDB and 
δ13C is the deviation (‰) of the 13C/12C ratio of the sample 
from that of PDB.

The natural abundance in soil or plant organs is indicated 
in most studies as δ13C, calculated by

w h e r e  R S a m p l e   =   1 3 C / 1 2 C S a m p l e  a n d 
RPDB = 13C/12CPDB = 0.0112372.

The 13C product fixed by photosynthesis that entered the 
leaves was transported to the roots for growth and transferred 
to the rhizosphere and soil after root death and decomposi-
tion. The abundance of each sample component, Fsample, and 
the abundance of unlabeled sample components, Ful (%), 
were calculated using RSample for each component:

13Csample (mg) of each component was calculated with 
the total C content in the above- and belowground samples, 
Csample (g/kg):

Measurement of C and N Concentrations in the Root 
and Soil Samples

The total organic C (g/kg) of plant and soil samples were 
recorded at the same time as gas samples collecting.

The root samples were sieved through a 0.178  mm 
screen and the air-dried soil samples were sieved through a 
0.149 mm screen. Subsequently, the root and sand samples 
were heat-digested and diluted with water to constant vol-
ume. The total N concentrations (g/kg) of the root tissues 
and soil samples were measured using a Kjeldahl Auto Ana-
lyzer (Kjeltec 2300, Foss Tecator AB, Hilleroed, Denmark).

(2)�
13C =

(13C∕12C)Sample − (13C∕12C)PDB

(13C∕12C)PDB

(3)�
13C =

RSample − RPDB

RPDB

(4)Fsample =
RSample

RSample + 1

(5)13
Csample = Csample ×

FSample − Ful

100
× 1000

Data analysis method

All test data were plotted using SigmaPlot 10.0 (IBM Corpo-
ration, Chicago, USA) and processed using SPSS 21.0 (IBM 
Corporation, Armonk, USA). Correlation analyses were con-
ducted on root morphological and growth characteristics, C 
and N concentrations of the roots and soil, and character-
istics of the stable C isotope. Significance for all the above 
indicators was determined, using the one-way ANOVA and 
Duncan’s test to identify and compare significant differences 
between the above indicators and ratios (α = 0.05).

Results

Strategy of 13C Allocation in Three Water Treatments

Allocations of 13C were mainly used for organ growth and 
respiration, and the remainder was accounted for by the soil 
organic C from root decomposition (Fig. 3). The pattern of 
allocation of 13C to new and old leaves in the three water 
treatments was often opposite that of the soil. The amounts 
of foliar 13C in all treatments decreased over time (Fig. 3a 
and b), and 13C distributed to leaves was significantly higher 
in CK than the other treatments. The amounts of soil 13C 
(Fig. 3e and f) increased for all sampling days after delivery 
of the 13C pulse. Rhizospheric 13C was higher in MS than 
CK and SS for 0–48 h, but 13C distributed to the rhizosphere 
was higher in CK than the other two treatments at 216 and 
360 h, and peaked at 0.071 mg by 360 h.

13C distributed to shoots (Fig. 3g) increased with the level 
of stress and peaked at 36.77 mg by 24 h in SS and then 
decreased rapidly to about 21.92 mg by 360 h. 13C was dis-
tributed more to fine than coarse roots for 6–24 h in both 
water-stress treatments, SS and MS (Fig. 3a and d), but the 
amounts of 13C in fine and coarse roots differed by 216 and 
360 h. 13C distributed to fine roots in MS was 16.85 mg by 
216 h and 12.03 mg by 360 h, significantly higher than in the 
other treatments. More 13C was allocated to coarse than fine 
roots: 18.68 mg by 216 h and 16.04 mg by 360 h.

Characteristics of Root Morphology, Biomass 
and Nutrients, and Soil Nutrients

Total root length and total root surface area increased signifi-
cantly in SS over time; total root length was 2.86- and 2.60-
fold longer in SS than CK and MS, respectively, and total 
root surface area was about 2.7–3.0-fold larger in SS than 
CK and MS (Table 1). Specific root length was significantly 
longer in MS than the other two treatments, but specific root 
area did not differ significantly among three treatments. 
Overall root biomass did not differ significantly among the 
three moisture treatments, however, the taproot (coarse root) 

Fig. 3   Amounts of 13C in plant organs in the water treatments: a–g 
represent new leaves, old leaves, fine roots, coarse roots, soil, rhizo-
spheres, and stems, respectively. Different lowercase letters represent 
significant difference at 0.05 level among different soil water treat-
ments. CK, control, 80% FC; MS, mild water stress, 60% FC; SS, 
Serious water stress, 40% FC

◂
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and lateral roots (fine roots) exhibited contrasting responses 
to soil moisture. As water stress increased, fine-root biomass 
increased while coarse-root biomass decreased. The ratio of 
fine to coarse roots was 6.123 in SS, which was 5.649- and 
8.056-fold higher than in MS and CK, respectively. The fine-
root N content increased with soil moisture (Table 2). The 
rhizospheric N content was highest in MS but not differed 
significantly among the treatments. Root and bulk-soil C 
contents remained unaffected by water stress, regardless of 
the degree of stress, but the C/N ratios of the fine roots and 
soil were higher in SS than CK.

Root Lengthening, Average Length, Turnover, 
and Longevity

The lengthening production during the observation days of 
fine roots was significantly higher in the two water-stress 

treatments than CK, but the lengthening production of 
coarse roots showed the opposite pattern (Table 3). Aver-
age production of fine and coarse roots was similar to the 
lengthening production. The rates of coarse-root turnover 
were 2.13–2.28-fold per year, with the highest observed in 
the MS treatment. The relative rates of fine-root turnover 
in SS, MS, and CK were 4.12, 5.32, and 5.15-fold per year, 
indicating that the rates were higher in fine than coarse 
roots and that moderate stress favored the turnover of fine 
roots. Fine- and coarse-root longevities were shortest in 
MS, at 70.4 and 147.54 days, respectively. Root longevity, 
however, was 1.34-fold longer for fine roots and 1.16-fold 
longer for coarse roots in SS than MS compared with CK. 
Comparison of three methods for calculating root turno-
ver and longevity under three soil moisture conditions is 
shown in Supplementary Table 1. A log-rank test of the 
cumulative survival showed that there were significant 

Table 2   Characteristics of root 
and soil nutrients in the water 
treatments

CK, control, 80% FC; MS, mild water stress, 60% FC; SS, serious water stress, 40% FC. Mean ± standard 
error, n = 6, all repeats on root samples taken from 0, 6, 24, 48, 216, and 360 h after 13C labeled. Different 
letters in the same row represent significant differences at P < 0.05 among the water treatments

Treatment SS MS CK

Roots
 Fine-root C content (g/kg) 348.48 ± 8.42 a 337.50 ± 13.76 a 316.56 ± 19.94 a
 Fine-root N content (g/kg) 14.46 ± 0.45 c 16.70 ± 0.22 b 17.78 ± 0.28 a
 Fine-root C/N ratio 24.20 ± 0.73 a 20.22 ± 1.82 b 17.78 ± 1.00 b
 Coarse-root C content (g/kg) 350.38 ± 12.31 a 348.71 ± 17.25 a 344.94 ± 14.23 a
 Coarse-root N content (g/kg) 15.48 ± 0.14 a 16.08 ± 0.15 a 16.88 ± 0.90 a
 Coarse-root C/N ratio 22.15 ± 0.84 a 21.71 ± 1.10 a 20.87 ± 1.48 a

Soil
 Rhizospheric C content (g/kg) 5.25 ± 0.17 a 5.06 ± 0.33 a 4.68 ± 0.28 a
 Rhizospheric N content (g/kg) 0.32 ± 0.01 b 0.43 ± 0.01 a 0.37 ± 0.02 b
 C/N ratios of rhizosphere soil C/N 16.62 ± 0.79 a 11.94 ± 0.85 b 13.29 ± 1.01 b
 Soil C content (g/kg) 5.12 ± 0.26 a 4.95 ± 0.36 a 4.77 ± 0.32 a
 Soil N content (g/kg) 0.28 ± 0.01b 0.37 ± 0.01a 0.35 ± 0.01a
 Soil C/N ratio 18.58 ± 0.72 a 13.09 ± 0.77 b 13.36 ± 0.92 b

Table 1   Root morphological 
characteristics and biomass 
of B. ischaemum in the water 
treatments

CK, Control, 80% FC; MS, mild water stress, 60% FC; SS, serious water stress, 40% FC. Mean ± standard 
error, n = 6, all repeats on root samples taken from 0, 6, 24, 48, 216, and 360 h after 13C labeled. Different 
letters in the same row represent significant differences at P < 0.05 among the water treatments

Treatment CK MS SS

Root morphology
 Root length (cm) 93.51 ± 15.42 b 102.53 ± 14.34 b 266.255 ± 36.03 a
 Root area (cm2) 7.97 ± 1.22 b 7.42 ± 0.91 b 22.075 ± 3.10 a
 Specific root length (m/g) 253.22 ± 48.05 b 420.96 ± 28.54 a 264.713 ± 27.76 b
 Specific root area (m2/g) 0.22 ± 0.06 a 0.31 ± 0.02 a 0.227 ± 0.03 a

Root biomass
 Fine roots (g/plant) 0.014 ± 0.003 b 0.021 ± 0.01 ab 0.049 ± 0.012 a
 Coarse roots (g/plant) 0.024 ± 0.005 a 0.015 ± 0.005 ab 0.009 ± 0.002 b
 Fine roots:coarse roots 0.760 ± 0.094 b 1.084 ± 0.146 b 6.123 ± 0.566 a
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differences between the three water treatments in fine-
root lifespan, whereas the survivorship of the coarse root 
was similar (p < 0.05, Fig. 4). The median lifetimes of fine 
roots in the SS, MS, and CK treatments were 105, 75, and 
55 days, respectively (Table 3).

Factors Affecting Root Length

The correlation analysis of the lengthening of fine roots indi-
cated that the amount of 13C was positively correlated with 
fine-root lengthening in CK and MS, but not SS (Table 4). 
Fine-root biomass was positively correlated with root produc-
tion in all treatments. The ratio of fine- to coarse-root biomass 
was positively correlated with root production in both water-
stress treatments. Rhizospheric C content and C/N ratio were 
positively correlated with fine-root production in MS. Coarse-
root lengthening was positively correlated with 13C in all treat-
ments, but coarse-root biomass was positively correlated with 
13C only in MS. Coarse-root production was correlated with 
root length and area negatively in MS but positively in CK.

Factors Affecting Root Turnover

The rates of turnover of both fine and coarse roots were 
most affected by 13C and root biomass (Table 5). The rates 
of turnover of fine and coarse roots which positively corre-
lated with the amount of 13C in MS and CK, however, were 
not significantly correlated in SS. Fine-root biomass in all 
treatments and coarse-root biomass in MS were positively 
correlated with the rate of root turnover. Rhizospheric C 
content, however, was positively correlated with the rate of 
fine-root turnover in MS and SS.

Discussion

Strategy of Short‑Term Allocation of C to Roots

The strategies of plant C allocation include belowground 
C input and relative allocation of assimilated C (Kollmann 
et al. 2004). Farrar and Jones developed four hypotheses for 
the mechanisms of controlling C acquisition by roots: the 
functional-equilibrium hypothesis and the “push,” “pull,” 
and “shared control” hypotheses (Farrar and Jones 2000; 
Pausch and Kuzyakov 2018). Our observations of the deple-
tion of the 13C pool in new leaves, old leaves, and stems 
by 24 and 48 h after labeling support the “push” control 
hypothesis of root C allocation, at least during mid-Septem-
ber, a time when there was not high C demand to support 
rapidly growing aboveground tissues. Fine-root 13C peaked 
by 216 h in the three treatments, indicating that the most 
metabolically active fine roots had a “pull” component in all 
treatments. The high fine-root respiratory demand associated 
with water uptake or higher root production and turnover 
rate, or both, may be the physiological driver underlying this 
“pull” component of fine-root C allocation. The significant 
higher biomass ratio of fine to coarse roots in SS relative to 
MS and CK also supported this view (Table 1). The alloca-
tion of C to roots may therefore depend on the supply from 
both the fine-root demand (“pull” component) and the stem 
C pool (“push” component), which supported the “shared 
control” concept of root C allocation.

However, the driving force of the “pull” component may 
differ in both the fine- and coarse-root pools, depending on 
the availability of moisture. Regarding the “pull” hypothesis 
(root C demand), we found two interesting results: drought 
stress increased the root demand for short-term C, and the 

Table 3   Effect of soil moisture on root lengthening production, turnover, and longevity

CK, control, 80% FC; MS, mild water stress, 60% FC; SS, serious water stress, 40% FC. The root longevity and median root longevity of fine 
root in the SS, MS, and CK treatments is the mean of 388, 279, and 285 tips root, respectively. The root longevity and median root longevity of 
coarse root in the SS, MS, and CK treatments is the mean of 94,88, and 153 tips root, respectively. Exceptional: Mean ± standard error, the root 
turnover calculated by root length growth calculation method, n = 24, 3 repeats on 6 13C samples taken from 0 to 360 h and 6 repeats without 
13C. Period of root lengthening production is the observation days, 185 days. Different letters in the same row represent significant differences at 
P < 0.05 among the water treatments

Treatment Root lengthening production 
(mm·cm−2·period−1)

Average length 
(mm·cm−2)

Turnover (y−1) Root longevity (day) Median root 
longevity (day)

Fine roots
 SS 1.03 ± 0.05 a 0.34 ± 0.02 a 4.12 ± 0.41 b 94.33 ± 9.71 a 105.11 ± 5.65 a
 MS 1.05 ± 0.07 a 0.22 ± 0.03 b 5.32 ± 0.33 a 70.40 ± 4.81 b 75.20 ± 3.12 b
 CK 0.85 ± 0.05 b 0.18 ± 0.02 b 5.15 ± 0.33 ab 72.57 ± 4.48 b 55.23 ± 2.34 b

Coarse roots
 SS 0.07 ± 0.01 c 0.04 ± 0.00 c 2.13 ± 0.07 b 172.04 ± 5.17 a 170.04 ± 1.79 a
 MS 0.11 ± 0.00 b 0.04 ± 0.00 b 2.48 ± 0.06 a 147.54 ± 4.15 b 145.33 ± 5.86 b
 CK 0.15 ± 0.01 a 0.07 ± 0.00 a 2.27 ± 0.05 b 161.18 ± 3.76 a 170.21 ± 1.28a
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level of this C demand (the force of the “pull”) was also 
affected by root heterogeneity. Firstly, after the labeled C 
had been fully dispensed in the plant (216 h after labeling), 
the 13C content of the fine and coarse root in MS treatments 
were significantly higher than those in CK (Fig. 3). This 
suggested that drought stress increased root short-term C 
demand. Secondly, the labeled 13C was likely stored as non-
structural carbohydrates, and its allocation was likely rapid 

(Pausch and Kuzyakov 2018). Labeled 13C generally fills a 
pool of soluble carbohydrates (Non-structural carbohydrates, 
NSC) in leaves at first, before being transferred to roots. The 
NSC in roots is typically used for metabolic activities (root 
respiration), creation of structural and storage compounds 
(SC, such as lignin and cellulose), or they are stored as solu-
ble carbohydrate pools for remobilization. The C metabo-
lized during root respiration in the first several hours will 
then be stored in sink organs as structural and stored com-
pounds after 48–72 h (Carbone and Trumbore 2007; Subke 
et al. 2012; Wang and Liu 2014). The ratios of 13C in fine 
roots for both SS/CK and MS/CK treatments were signifi-
cantly higher than those in the coarse roots after 48 h (Sup-
plementary Table 2). The results suggested that the fine roots 
had higher demand for short-term C than coarse roots. After 
48 h, the NSCs transferred to both roots might be used as SC 
in sink organs or reserved as soluble carbohydrates, which 
could be reutilized by the plants against various stresses. 
The ratio of 13C in fine roots under MS/CK treatment was 
still significantly higher than that in the coarse roots after 
360 h labeling, indicating the use of NSCs for root growth 
(Supplementary Table 2). The fine/coarse-root biomass ratio 
(reflective of SC accumulation) in SS was found to be higher 
than that in CK after 360 h of labeling (Table 1), indicat-
ing an obvious difference in C demand between fine and 
coarse roots. Consequently, the “pull” force (C demand of 
root) was stronger in SS and MS than CK. These results are 
consistent with our initial hypothesis that fine roots have 
a higher demand for short-term C than coarse roots under 
drought stress.

New and Stored C in Roots and Root Production

Biomass results from the accumulation of photosynthetic 
products (both NSC and SC) in organs. Therefore, the 
labeled photosynthates (new C, reflecting the NSC used to 
plant growth) and biomass (reflecting storage C, including 
the SC accumulation and the NSC as remobilization form 
reserves). δ13C of fine and coarse roots in the three treat-
ments increased during 0 h to 48 h and peaked at 216 h. This 
indicates that the labeled photosynthetic products were used 
for root growth (Fig. 3c and d), and is consistent with other 
studies that have found that new fine-root growth was largely 
from recent photosynthates (Gaudinski et al. 2009; Langley 
et al. 2002; Wang and Liu 2014). The sources of C for root 
production, however, remain controversial. The fine roots 
in a diverse, Swiss mixed forest (Bader et al. 2009) and the 
large-diameter fine roots of Pinus sylvestris (Sah et al. 2011) 
are largely composed of stored C rather than recently gener-
ated photosynthates. In contrast, Matamala et al. (2003) and 
Trueman and Gonzalez-Meler (2010) reported that little or 
no stored C was used for fine-root production. The strategies 
adopted by plants for C allocation include belowground C 

Fig. 4   Root survival curves with survival time in the water treat-
ments. Subfigures a) and b represent fine roots and coarse roots, 
respectively. CK, control, 80% FC; MS, mild water stress, 60% FC; 
SS, serious water stress, 40% FC
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input and relative allocation of assimilated C (Farrar and 
Jones 2000; Kollmann et al. 2004). Plants change the bal-
ance of distributional strategies between short-term and 
stored C by changing features such as root morphology and 
nutrient supply, or by changing the percentage of photo-
assimilates (new photosynthates) transported to stored C to 
adapt to different levels of soil moisture. These results are 
consistent with our assumption that water stress affects the 
strategy for the use of new and stored C by roots.

The increased C input to fine roots in SS was resulted 
from the accumulation of fine roots, which increased the bio-
mass and proportion of fine roots (Table 4), meanwhile led to 
higher ratio of fine- to coarse-root biomass in SS when com-
pared to other treatments. The increased production of fine 
roots, however, was not derived from recent photosynthetic 
products (short-term C), as neither fine-root production nor 
biomass accumulation was correlated with 13C. Short-term C 
was quickly transferred to structural and stored compounds, 
which were not immediately decomposed by rhizospheric 
microorganisms, thus prolonging the life of the fine roots 
(longevity was longest for fine roots, Table 3). Coarse-root 
production, however, showed the opposite response, which 
was significantly and positively correlated with 13C and 
biomass. The increase in coarse-root production was likely 
attributed to the added new C, because coarse-root biomass 
was significantly correlated with 13C.

Both fine- and coarse-root production in MS were sup-
plied by short-term C, as both were significantly and posi-
tively correlated with 13C. Coarse- and fine-root 13C were 
also significantly positively correlated with biomass, 

indicating that the short-term C in the roots was also rap-
idly converted into, and stored as, structural C, supporting 
the accumulation of biomass. The new fine-root C increased 
the proportion of root C input. Fine-root longevity was short-
est in this treatment, and the rate of root turnover was the 
highest. The rapid fine-root turnover also increased the C 
contents of the rhizosphere and soil. Previous studies have 
suggested that soil N content in this experimental area was 
low (Wang et al. 2017) and that the rhizospheric C/N ratio 
increased due to the higher C content.

Interestingly, root production in CK was significantly 
and positively correlated with fine- and coarse-root 13C, but 
only fine-root biomass increased with the accumulation of 
new fine-root C; indicating that both fine- and coarse-root 
short-term C were converted into and stored as structural C. 
Coarse-root biomass, however, accumulated stored C before 
new C, and fine-root biomass accumulated stored C trans-
ferred from new C. Such high heterogeneity in the allocation 
of short-term C to coarse and fine roots suggested that the 
main C pool for root growth consisted of new photosyn-
thates, consistent with the results obtained by Langley et al. 
(2002) and Wang and Liu (2014). Plants can absorb more 
water by increasing the length of their fine roots and increas-
ing the surface area of roots. Plants also supply more C to 
aboveground tissues by increasing the coarse-root length 
and root surface area under a sufficient water supply, and 
these responses demand greater allocation of assimilates to 
coarse roots (Liu et al. 2020, 2017). The positive correla-
tions between coarse-root production and root length and 
surface area support this conclusion.

Table 4   Correlation analysis 
of the factors influencing root 
production

CK, control, 80% FC; MS, mild water stress, 60% FC; SS, serious water stress, 40% FC.*P < 0.05; 
**P < 0.01

Factor Fine roots Coarse roots

SS MS CK SS MS CK

Amount of 13C 0.35 0.75* 0.84* 0.72* 0.75* 0.82*
Fine-(coarse)root biomass 0.86* 0.80* 0.77* 0.60 0.77* 0.59
Ratio of fine- to coarse-root biomass 0.77* 0.77* 0.41 − 0.60 0.12 − 0.43
Root length 0.42 0.37 − 0.22 − 0.30 − 0.72* 0.75*
Root area 0.31 0.25 − 0.27 − 0.59 − 0.75* 0.73*
Specific root length 0.64 0.45 0.64 − 0.09 − 0.71 − 0.26
Specific root area 0.39 0.18 0.58 − 0.66 − 0.53 0.48
Fine-(coarse-)root N content − 0.42 0.18 − 0.12 − 0.61 0.79* 0.52
Rhizospheric N content − 0.35 0.10 0.49 0.25 − 0.61 − 0.60
Soil N content − 0.44 0.47 − 0.27 0.49 − 0.91** − 0.15
Fine-(coarse-)root C content − 0.41 0.39 − 0.09 0.11 0.03 − 0.38
Rhizospheric C content 0.59 0.89** 0.46 0.52 − 0.24 − 0.67
Soil C content − 0.09 0.76* 0.61 0.44 − 0.78* − 0.39
Fine-(coarse-)root C/N ratio 0.20 0.32 − 0.06 0.29 − 0.18 − 0.71
Rhizospheric C/N ratio − 0.17 0.72* − 0.18 0.10 0.06 0.09
Soil C/N ratio 0.37 0.75* 0.68 0.05 − 0.59 − 0.34
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Effects of Root Morphology, Nutrients, 
and Short‑Term C Allocation on Root Production 
and Turnover

Both isotopic approaches and theoretical modeling (Gaudin-
ski et al. 2010b; Guo et al. 2008; Keel et al. 2012; Luo 2010; 
Riley et al. 2010; Trueman and Gonzalez-Meler 2010) have 
recently questioned the multiyear longevity of some root C 
(“slow” C pool) and the faster turnover of other C (on the 
order of months, “fast” C pool). The turnover rates of mul-
tiple C pools are important for quantifying the contribution 
of fine roots to total forest net primary productivity (NPP), 
because multiple replacements per year of even a small 
amount of fine-root biomass can have large consequences 
for fine-root NPP (Lynch et al. 2013).

The lengthening production during the growing period 
of fine roots in the SS treatment was significantly higher 
than CK. However, under SS treatment, this parameter of 
the coarse roots was lower than CK (Table 3). Combined 
with the results of coarse-root turnover rate (MS turnover 
was higher than CK), it is clear that coarse and fine roots 
responded to drought stress differently. Hence, the two-pool 
theory (fine roots for “fast” pool and coarse roots for “slow” 
pool) may perform better than the single pool theory when 
describing the response of root longevity, turnover, and pro-
duction to drought stress, supporting our first hypothesis.

Previous studies have indicated that the difference in 
the root turnover rates between multiple C pools may be 
attributed to the heterogeneity in the C turnover in fine roots 
(Matamala et al. 2003; Matamala and Schlesinger 2010). 

Our observations strongly suggested that high rates of 
root turnover in SS increased root biomass. However, the 
increased biomass was not derived from short-term C (bio-
mass was not significantly correlated with 13C), but from 
stored C. The increase in the proportion of stored C in fine 
roots would extend root longevity and reduce the turnover 
rate, suggesting that the fine roots transferred C to the “slow” 
pool before adapting to the severe drought. This analysis 
indicated that C storage increased fine-root biomass and 
accelerated the turnover rate in the “fast” pool under severe 
drought stress.

Though both being water-stress treatments, MS and SS 
had completely different strategies for using short-term C. 
13C was highest in MS and was significantly correlated with 
biomass, indicating that short-term C affected structural C, 
and root growth consumed stored C with longer root lon-
gevity (“slow” pool). The increase in new C, however, also 
increased the rate of root turnover and the accumulation of 
biomass (rates of both fine- and coarse-root turnover were 
positively correlated with 13C and biomass). Fine-root lon-
gevity was shorter, but turnover rate was higher in MS than 
the other treatments, supporting the assumption of the use 
of new C in the “fast” pool.

The high rates of fine- and coarse-root turnover with a 
sufficient water supply accelerated biomass accumulation 
and increased the amount of new C. Fine-root 13C, however, 
was significantly positively correlated with biomass, but 
coarse-root 13C was not. These results indicated that new C 
was the C source of fine-root biomass and that short-term C 
accelerated turnover in the “fast” pool. In contrast, the stored 

Table 5   Correlation analysis 
of the factors influencing root 
turnover rate

CK, control, 80% FC; MS, mild water stress, 60% FC; SS, serious water stress, 40% FC. *P < 0.05; 
**P < 0.01

Factor Fine roots Coarse roots

SS MS CK SS MS CK

Amount of 13C − 0.02 0.94** 0.89** 0.48 0.85* 0.71*
Biomass 0.85** 0.92** 0.89** 0.63 0.74* 0.07
Ratio of fine- to coarse-root biomass 0.61 0.87** 0.70* − 0.80* − 0.58 − 0.41
Root length 0.41 0.71 0.14 − 0.08 − 0.56 0.58
Root area 0.37 0.69 0.09 − 0.24 − 0.69 0.54
Specific root length 0.49 0.69 0.52 − 0.28 − 0.61 0.23
Specific root area 0.42 0.60 0.83** − 0.31 − 0.69 0.93**
Fine-(coarse-)root N content − 0.57 0.66 − 0.33 − 0.52 0.34 0.45
Rhizospheric N content − 0.13 − 0.07 0.19 0.19 − 0.19 − 0.07
Soil N content − 0.48 − 0.18 − 0.15 0.27 − 0.04 − 0.29
Fine-(coarse-)root C content − 0.31 0.26 − 0.23 0.30 − 0.69 − 0.60
Rhizospheric C content 0.95** 0.91** 0.37 0.97** 0.04 − 0.39
Soil C content − 0.58 0.72 0.63 0.53 − 0.22 − 0.05
Fine-(coarse-)root C/N ratio 0.47 0.07 − 0.15 0.42 − 0.69 − 0.77*
Rhizospheric C/N ratio − 0.53 0.83* 0.06 0.66 0.16 − 0.20
Soil C/N ratio − 0.23 0.66 0.67 0.37 − 0.32 − 0.04
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C for the “slow” pool supported coarse-root turnover. The 
results were in favor of the better performance of the two-
pool model for C turnover in roots than the one-pool model 
because the root C utilization strategy was different in those 
two pools, consequently supported our third hypothesis.

Conclusion

We assessed the amount of 13C between fine root and 
coarse root varying after C isotope labeling, which sug-
gests that drought drives the increase in fine-root C 
demand. Our results also indicate that the root turnover 
rate was composed of multiple pools with different turno-
ver rates. This result supports the statement that dual-pool 
theory performs better than the single pool when describ-
ing the response of root longevity, turnover, and produc-
tion to drought stress. The high variability of C allocation 
in roots resulted from the differences in both structural C 
and water stress, which might contribute to the difference 
in “fast” and “slow” C pools. Under severe drought stress, 
the turnover rate in the “fast” pool was fueled by stored C 
since the stored C increases fine-root biomass. The turno-
ver of the two pools in MS treatment was driven by new 
C. Under CK treatment, the new C was used for fast pool 
and stored C was used for slow pool. The NSC content of 
root was measured in this study, but the results still pro-
vided significant support to show that NSCs fueled root 
growth and production. Subsequent experiments will be 
necessary to differentiate among the relative contribution 
of the different NSC components in root turnover rate and 
root production.
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