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Effects of understory removal on root production, turnover and total 
belowground carbon allocation in Moso bamboo forests

Xiaolu Tang (1), Shaohui Fan (1), 
Lianghua Qi (1), Fengying Guan (1), 
Guanglu Liu (1), Manyi Du (2)

Although the role of roots has been highlighted in carbon and nutrient cycles
in forest ecosystems, root production, turnover and total belowground carbon
allocation (TBCA) under different management regimes in Moso bamboo fo-
rests have not been determined to date. In this study, sequential soil cores
were collected at two soil depths (0-20 cm and 20-40 cm) to assess the effects
of understory removal on root production, turnover, and TBCA in Moso bamboo
forests in subtropical China. A total of 1080 sequential soil cores were collec-
ted from April 2011 to March 2012. Understory removal significantly reduced
fine root biomass and production for both soil layers (p < 0.05). Total fine root
biomass was 781.9, 419.2, and 638.7 g m-2 for an unmanaged stand (stand I),
pesticide-treated stand (stand II), and hand-weeded stand (stand III), and fine
root production was 467.5, 235.1, and 321.6 g m-2 a-1, respectively. Under-
story removal did not significantly affect fine root turnover (0.5-0.6 a-1). Fine
root turnover showed a strong relationship with fine root production, but not
with fine root biomass, indicating that fine root production was the main dri-
ver of fine root turnover.  TBCA calculated from the component cumulative
approach was in order of stand I (481.9 g C m-2 a-1) > stand II (457.7 g C m-2 a-1)
> stand III (404.9 g C m-2 a-1), though the differences were not statistically sig-
nificant (p > 0.05). However, TBCA calculated from the mass balance approach
showed a reverse trend compared to the component cumulative approach.
The TBCA of stand III was significantly higher than that of stand I and stand II
(p < 0.05), demonstrating that the belowground process is complex and stan-
dardizing the method of estimation of TBCA is extremely important in global
carbon cycle modeling.
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Introduction
Root systems are a major part of forest

biomass and its  increments (Goff  & Otto-
rini 2001), and are expected to contribute
significantly to the total ecosystem carbon
pool  and  its  dynamics  (Kurz  et  al.  1996).
Roots are generally divided into two cate-
gories:  fine roots  (diameter  <  2  mm) and
coarse roots (diameter > 2 mm - Gill & Jack-
son  2000,  Vogt  et  al.  1995,  Yuan  & Chen
2013).  Although  coarse  roots  contribute
more to total stand biomass, their biomass
is  relatively  static  and  do  not  reveal  the
dynamic  changes  in  belowground proces-
ses  and  their  responses  to  disturbances

(Vogt  et  al.  1995).  In  contrast,  fine  roots
are a major contributor to the carbon and
nutrient cycles due to their short life span
and  rapid  turnover,  although  they  repre-
sent a small part of the total stand biomass
in  forests  (Gill  &  Jackson  2000,  Yuan  &
Chen 2013). Fine root production contribu-
tes to 33-70% of annual net primary produc-
tion (Jackson et al. 1997,  Vogt et al. 1995).
However,  compared to aboveground pro-
duction, little is known about the contribu-
tion  of  roots  to  soil  carbon  (Finér  et  al.
2011a). This is partly due to methodological
difficulties,  the  labor-intensity  of  the  re-
search,  and  internal  and  external  factors

that  greatly affect  root  biomass  and pro-
duction (Majdi et al. 2005, Vogt et al. 1995).
Fine  root  biomass,  production,  and  turn-
over are sensitive to environmental  chan-
ges,  such  as  temperature,  precipitation,
soil  properties,  and stand age,  as  well  as
management practices  (Finér  et  al.  2011a,
b,  Gill  &  Jackson  2000,  Pregitzer  et  al.
2000). Consequently, these changes could
directly  impact ecosystem carbon seques-
tration under a changing climate (Berhon-
garay et  al.  2013).  Hence,  a better under-
standing of fine root production and turn-
over could improve our capability to model
future  changes  in  the  carbon  cycle  and
predict the response of terrestrial  ecosys-
tems  to  future  climate  change  (Yuan  &
Chen 2013). Intensive studies on fine root
production  and  turnover  have  been  con-
ducted, although the progress is slow due
to  practical  methodological  problems  (Fi-
nér et al. 2011a, 2011b, Gill & Jackson 2000,
Pregitzer et al. 2000). These studies cover
different  forest  types,  stand  ages,  stand
densities and basal  areas relating to envi-
ronmental factors, mainly air temperature,
precipitation,  geographic  location,  eleva-
tions and soil properties (Finér et al. 2011a,
2011b,  Gill  &  Jackson  2000,  Yuan  & Chen
2010). However, knowledge of the controls
and  mechanisms  of  fine  root  production,
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turnover  and  dynamics  remain  limited
(Brassard et al. 2009, Yuan & Chen 2010).

Compared  to  fine  root  production  and
turnover, total belowground carbon alloca-
tion (TBCA) is a more direct indicator of the
magnitude of belowground carbon alloca-
tion and the contribution of root produc-
tion to TBCA. TBCA represents as much as
21-61%  of  total  gross  primary  production
(Chen et al. 2007). TBCA can even exceed
aboveground net  primary  production and
litter production, and provide the primary
source  of  detritus  carbon  to  mineral  soil
(Law et al. 1999, Ryan et al. 1997). Despite
the significance of TBCA in the carbon bud-
get  of  terrestrial  ecosystems  has  been
highlighted,  controls  and  mechanisms  of
TBCA  are  poorly  understood  (Giardina  &
Ryan 2002).  For example,  direct measure-
ment of TBCA are still difficult due to com-
plex belowground processes and the parti-
tioning  of  soil  respiration  components
(Hanson et al. 2000). Hence, compared to
the direct measurement of  TBCA, indirect
measurements  such  as  the  mass  balance
approach (Raich & Nadelhoffer  1989)  are
more  commonly  used  (Chen  et  al.  2005,
Davidson  et  al.  2002).  Studies  on  TBCA
have been performed in Chinese fir planta-
tions (Chen et al. 2005,  2008), a  Castanop-
sis  kawakamii forest  (Chen et  al.  2005),  a
Metrosideros polymorpha-dominated forest
(Raich  1998),  a  Eucalyptus  saligna  forest
(Giardina & Ryan 2002) and a  Pseudotsuga
menziesii forest (McDowell et al. 2001). To
our  knowledge,  to  date,  TBCA  has  not
been determined in a Moso bamboo (Phyl-
lostachys heterocycla [Carr.] Mitford cv. Pu-
bescens) forest managed by understory re-
moval, although there has been one report
on  fine  root  production  and  turnover  in
Moso bamboo (Fan et al. 2009).

Bamboo forests are an important forest
type in Southern China, and Moso bamboo
is the most important bamboo species, ac-
counting for 70% of the total area of bam-
boo forests in China (State Forestry Admi-
nistration  2014).  In  the  last  few  decades,
driven by  the good price and sustainable
forest  development  policies,  the  Moso
bamboo forest area has expanded rapidly
(Wang et al. 2008), increasing from 1.5 mil-
lion ha in 1957 to 5.38 million ha in 2008 (Fu

2001,  State Forestry Administration 2014).
This  area accounts for  over  90% of  Moso
bamboo forests in the world (Zhou et al.
2011). The growth rate of Moso bamboo is
very high; a newly emerged culm can grow
up to 119 cm within 24 hours, and to 24 m
high  within  40-50  days  (Fu  2001).  Moso
bamboo forests also play an important role
in  the regional,  national,  and even global
carbon cycle because the carbon stock in
bamboo forest comprises 11% of  the total
carbon stock of China’s forest ecosystems
(Chen et al. 2009). To improve stand produ-
ction  and  maximize  economic  benefits,
intensive management, such as regular un-
derstory removal,  tillage, and fertilization,
are becoming popular (Liu et al. 2011). The-
se practices have been reported to reduce
soil  microbial  diversity  (Xu  et  al.  2008),
increase  soil  carbon  mineralization  (Zhou
et al. 2006), and change the soil chemical
composition  (Li  et  al.  2013).  However,
there is a lack of information on the effects
of understory removal on root production
and turnover. 

The objectives of this study were to: (1)
investigate  the  effects  of  understory
removal on the allocation pattern of root
biomass,  production,  root  turnover,  and
TBCA;  (2)  determine  the  relationships
between root production and root biomass
and TBCA; and (3) determine whether dif-
ferent  methodological  approaches  affect
TBCA estimation.

Materials and methods

Study area
The study area is located in Dingmushan

Forest Farm (29° 27′ N, 113° 57′ E) in Chibi
city, Hubei Province, China. The area has a
typical  subtropical  monsoon  climate  with
an average precipitation of  1251-1608 mm
per year with great seasonality: 52% of the
precipitation occurs  during the flood sea-
son (May to  August).  The highest  annual
precipitation was 2678 mm in 1954 and the
lowest was 910 mm in 1968. The mean an-
nual temperature is 16.9°C,  with the high-
est temperature in July and the lowest in
January. There are 247-261 frost-free days
in this area.

The forest farm is owned by the local go-

vernment.  In  the 1960s,  pure Moso bam-
boo  forests  were  planted.  In  the  1990s,
due to a salary reform of the government,
the local residents of the farm rented the
Moso bamboo forests for their daily inco-
me.  In  order  to  improve  their  economic
benefits, management practices have been
conducted since the 1990s by removing the
understory every year and by reclamation
every  three  years  according  to  local  resi-
dents’  descriptions.  The  main  understory
species  are  Liriodendron  chinense  Hemsl.,
Rhus  chinensis  Mill.,  Loropetalum  chinense
(R. Br.) Oliv., Smilax glabra Roxb., Castanea
seguinii  Dode.,  Castanopsis tibetana Hance,
and Castanopsis  tessellata Hick.  et  A.
Camus. More details on stand characteris-
tics are given in Tab. 1.

Study design
Two Moso bamboo stands  managed  by

the application of pesticides (stand II) and
hand-weeded  (stand  III)  and  one  stand
without  any  management  (stand  I)  were
selected.  The  application  of  pesticides,  a
mixed solution of Roundup and Jialijia at a
concentration  of  5%,  was  conducted  on
sunny  days  every  July  since  2000  to  re-
move  shrubs  and  herbs.  The  understory
shrubs and herbs died days after pesticide
application. Weeding was conducted twice
a year in May and September since 2000 by
hand  without  any  heavy  machinery.  In
March  2011,  three  20  ×  20  m  plots  were
established in each of the selected stands.
There was a 10 m buffer zone between the
two adjacent plots.

Stand inventory
In each inventory plot, diameter at breast

height (DBH, 1.3 m) and age of all bamboos
were measured to the nearest 0.1 cm with
a  diameter  tape.  The  age  was  recorded
based  on  visual  examination  of  the  culm
color,  eyelash  on  cycle  of  culm  sheath,
powder  under  cycle  of  culm  sheath,  and
the base of the culm sheath (Zhang et al.
2014).  The  age  was  expressed  in  “du”,
which reflects the growth characteristics in
“on-year” and “off-year” in Moso bamboo
forests. In an “on-year”, more than 90% of
new  shoots  are  produced,  followed  by  a
few new shoots in an “off-year”, because
Moso  bamboo  produces  new  shoots  at
two-year  intervals  (Zhou et  al.  2011).  One
“du” is  1-2  years,  and  consequently,  2,  3,
and 4 “du” correspond to 3-4, 5-6, and 7-8
years,  respectively  (Fu  2000).  The  above-
ground  biomass  (AGB)  of  individual  bam-
boo  (including  culms,  branches,  and  lea-
ves) was estimated using eqn. 1 (Zhou et al.
2010):

where AGB is the aboveground biomass; A
is  the  age  (“du”  -  Fu  2000,  Zhou  et  al.
2010);  and  DBH is  the diameter at breast
height (1.3 m) in cm.

Therefore, the aboveground net primary
production  (ANPP)  of  bamboo  was  the
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Tab. 1 - Summary of the characteristics of studied stands. I, II and III represent control,
pesticide-treated and hand-weeded stand, respectively.

Variables I II III
Average elevation (m) 161 112 168
Slope (deg) 16 12 17
Average height (m) 11.1 13.1 12.3
Average Diameter (cm) 8.2 8.3 8.8
Soil bulk density (g cm-3) 1.28 1.3 1.14
Total porosity (%) 45.21 46.99 45.72
Soil carbon content (g kg-1) 26.41 25.86 23.72
Total N (g kg-1) 1.33 2.03 1.12
Total K (g kg-1) 9.68 15 12.7
Total P (g kg-1) 0.32 0.37 0.31
Understory (g m-2) 68.8 25.9 80.8
Aboveground biomass (g m-2) 2857.7 4006.1 3421.4
Litter (g m-2) 401.8 384.9 246.1
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Belowground carbon allocation in a Moso bamboo forest

sum of the production of the newly establi-
shed bamboos, 2, 3, and 4 “du” bamboos,
and the understory. For simplicity, 0.5 was
used as the carbon concentration to con-
vert  biomass  to  carbon  (Zhou  &  Jiang
2004a).

The understory was harvested in three 1 ×
1  m  subplots  in  each  plot.  Monthly  litter
input was collected by three 1 × 1 m collec-
tors set in a similar equilateral triangle sha-
pe in each plot. All samples were dried to a
constant  weight  at  65°C.  The  annual  bio-
mass of  the understory  was equal  to the
annually formed biomass because the un-
derstory was newly formed every year.

Root sampling and net primary 
production

The  roots  were  collected  by  sequential
soil cores (8 cm in diameter) in the middle
of  each  month  from  April  2011  to  March
2012. Five soil  cores were randomly selec-
ted in each plot and divided into two lay-
ers: 0-20 cm and 20-40 cm, because most
of  the  bamboo  roots  were  distributed
above 40 cm (Tang et al. 2012). A total of
1080 soil  sequential  cores were collected.
The roots were manually washed to remo-
ve soil in flowing water. Roots with a dia-
meter smaller than 2 mm were defined as
fine roots in accordance with widely used
criteria (Vogt et al. 1995, Bauhus & Bartsch
1996, Ma et al. 2012), whereas roots with a
diameter larger than 2 mm were defined as
coarse roots. In the laboratory, root sam-
ples were dried to a constant weight at 65
°C and weighed to the nearest 0.01 g. The
carbon concentration of  roots was deter-
mined using the K2Cr2O7-H2SO4 wet  oxida-
tion method (Zhang et al.  1999). The fine
root NPP was estimate by a maximum-mi-
nimum approach (Brunner et al. 2013,  Mc-
Claugherty et al. 1982 – eqn. 2, eqn. 3):

where  NPPfr is  the  fine  root  net  primary
production (g m-2); Bmax and Bmin are the ma-
ximum  and  minimum  fine  root  biomass,
respectively (g m-2); RT is the fine root turn-
over  rate (a-1);  and  Bmean is  the mean fine
root biomass (g m-2).

Because  95%  of  the  biomass  increment
results from 1 “du” bamboos in Moso bam-
boo forests (Tang et al. 2015), and there is
no diameter and height increment in 2, 3,
and 4 “du” bamboos (Fu 2000), the coarse
root production of 2,  3,  and 4 “du” bam-
boo  was  ignored.  Therefore,  the  produc-
tion of coarse roots was estimated by con-
sidering the ratio of the above- and below-
ground  biomass  and  the  difference  bet-
ween new established  belowground  NPP
and  fine  root  NPP.  When  calculating  the
TBCA,  the  production  and  biomass  were
converted to carbon considering the corre-
sponding carbon content. 

TBCA
The  component  cumulative  approach

(Chen  et  al.  2005)  and  the  mass  balance
approach (Raich & Nadelhoffer 1989) were
used  to  estimate  the  TBCA.  The  compo-
nent cumulative approach can be expres-
sed as follows (eqn. 4):

where Rr is the annual root respiration (g C
m-2 a-1), taken from the results published by
Tang (2012);  NPPcr is  the coarse root pro-
duction (g C m-2 a-1); and other variables are
as explained above.

The mass balance approach was first pro-
posed by Raich & Nadelhoffer (1989) based
on  the  assumption  that  changes  in  total
organic  carbon  stock  and  annual  input
from  aboveground  and  belowground  are
equal to the annual respiration of soil de-
composers  in  nearly  steady-state  ecosys-
tems.  That  is,  the  carbon  change  of  the
mineral soil, roots, and litter is assumed to
be zero, so TBCA can be expressed as (Rai-
ch & Nadelhoffer 1989 – eqn. 5):

where Rs is the total soil respiration, taken
from the published results of  Tang (2012),
and LF is the litter carbon (g C m-2 year-1).

Statistical analysis
Statistical  analysis  was  conducted  in  R

3.1.2 (R Core Team 2014). Two-way factorial
ANOVA  analysis  was  applied  to  examine
the effects of management and soil depth
on fine root biomass and production, and a
Tukey’s  HSD  test  was  used  to  determine
the significance of multiple comparisons (α
=  0.05).  The  relationships  between  root
production  and  biomass  and  TBCA  were
analyzed by linear regression.

Results

Root biomass, production, and 
turnover

Root  biomass  and  production  varied
greatly  among  stand  managements  and
soil  depths (Fig.  1A,  Fig.  1B,  Tab.  2).  Both
fine and coarse root biomass were higher
in the upper layer (0-20 cm) and decreased
with increasing soil depth. In 0-20 cm, the
annual mean fine root biomass of stand I
was  538.5  g  m-2,  which  was  significantly
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Fig. 1 - Root biomass and production at 0-20 cm and 20-40 cm depths. Different letters
above the error bars indicate the significant difference among stands (p<0.05) for
total stand root biomass or production over 0-40 cm. The results of the comparison
among different managements in the same layer are shown in Tab. 2. I, II and III re-
present the control, pesticide-treated and hand-weeded stand, respectively.

Tab. 2 - Results of the two-way factorial ANOVA testing the effects of management
and depth on fine or coarse root biomass and production.

Factor

Fine root Coarse root

Biomass Production Biomass Production

F p F p F p F p

Management 33.7 <0.001 5.02 0.026 9.91 0.003 8.73 0.005

Depth 77.42 <0.001 3.99 0.069 9.24 0.010 10.61 0.007

Management × Depth 14.41 0.001 0.38 0.689 0.81 0.468 0.25 0.783

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry

NPP fr=Bmax−Bmin

RT=
NPP fr

Bmean

TBCA=NPP fr+NPP cr+Rr

TBCA=Rs−LF



Tang X et al. - iForest 9: 187-194

higher  (p  <  0.05)  than  that  of  stand  II
(243.5 g m-2) and stand III (377.2 g m -2). The
difference  in  fine  root  biomass  between
stand II and stand III was statistically signi-
ficant (p < 0.05). In 20-40 cm, the fine root
biomass of stand III was the highest (268.7
g m-2), followed by that of stand I (243.5 g
m-2) and stand II (175.6 g m-2). In both 0-20
cm and 20-40 cm layers, mean coarse root
biomass followed the same order: stand I >
stand III > stand II. Total fine root biomass
over 0-40 cm was 781.9, 419.2 and 638.7 g
m-2 for  stand  I,  stand  II,  and  stand  III,
respectively, compared to 371.3, 249.3, and
372.1  g  m-2,  respectively  for  total  coarse
root  biomass.  Both  fine  and  coarse  root
biomass of stand II were significantly lower
than that of stand I and stand III. However,
the interaction of understory removal and
soil  depth  had  no  significant  effect  on
coarse root biomass (Tab. 2).

Similarly, fine root production decreased
with increasing soil depth (Fig. 1C). The fine
root production of stand I was 276.0 g m-2

a-1 in 0-20 cm. It was significantly higher (p
< 0.05) than that of stand II (152.3 g m-2 a-1)
and stand III (172.5 g m-2 a-1). A similar pat-
tern of change was found for fine root pro-
duction in 20-40 cm. Fine root production
differed  with  stand  management  or  soil
depth at a significant (p < 0.05) or margi-
nally significantly (0.05 < p < 0.1) level (Tab.
2).  Compared  to  fine  root  production,
coarse  root  production  was  much  lower,
ranging from 34.9 g m-2 a-1 in 20-40 cm in
stand I to 64.7 g m-2 a-1 in 0-20 cm in stand
III. Understory removal and soil depth had
significant effects  on coarse root produc-
tion, but their interactions did not have sig-
nificant effects on coarse root production.
The total fine root production over 0-40 cm
was  467.5,  235.1,  and  321.6  g  m -2 a-1 for
stand I, stand II, and stand III, respectively,
compared to 83.6, 95.1, and 117.8 g m -2 a-1

for  coarse  root  production.  Coarse  root
production in  stand I  was significantly lo-
wer than that of stand III over 0-40 cm (p <
0.05). A strong relationship was observed
between fine root production and fine root
biomass (Fig. 2). 

Calculated fine root turnover (FRT) had a
range  of  0.5-0.6  a-1 for  the  three  stands
(Fig. 3), and the understory removal had no
significant effect on FRT (p  = 0.74). It was
surprising  that  there  was  no  significant
relationship  between  FRT  and  fine  root
biomass, combining the significant positive
correlation between FRT and fine root pro-
duction (p  = 0.020 -  Fig. 4), indicating that
fine root production was the main determi-
nant  of  FRT,  rather  than  mean  fine  root
biomass in Moso bamboo forests.

Total belowground carbon allocation
TBCA  calculated  from  the  component

cumulative approach was 486.9 g C m-2 a-1

for stand I, 480.0 g C m -2 a-1 for stand II and
417.7 g C m-2 a-1 for stand III (Fig. 5). There
was  no  significant  difference  in  TBCA
among  the  three  stands.  However,  TBCA
calculated  from  the  mass  balance  appro-
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Fig. 2 - The relation-
ship between mean

fine root biomass
and fine root pro-

duction.

Fig. 3 - Effects of
understory removal

on fine root turn-
over. The same let-
ter above the error

bar indicates no sig-
nificant difference
among the stands

(p<0.05). I, II and III
represent control,

pesticide-treated
and hand-weeded

stand, respectively.

Fig. 4 - The relation-
ship between fine

root production
and fine root

turnover.

Fig. 5 - Effects of
understory removal

on total below-
ground carbon al-

location. Different
letters indicates si-

gnificant difference
among the stands

(p<0.05). I, II and III
represent control,

pesticide-treated
and hand-weeded

stand, respectively.
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ach showed a reverse pattern; it was high-
est in stand III,  with a value of  679.2 g C
m-2 a-1. This value was significantly higher (p
< 0.05) than that of stand I (489.4 g C m -2

a-1) and stand II  (534.9 g C m-2 a-1).  Surpri-
singly, only the linear relationship between
TBCA and fine root production was signifi-
cant  (R2 =  0.539,  p  =  0.021  -  Fig.  6),  and
there  was  no  relationship  between  TBCA
and  coarse  root  biomass  and  production
(R2 = 0.002-0.021, p = 0.708-0.861).

The  ratio  of  TBCA/ANPP  of  stand  I  was
0.89 (Fig. 7), which was significantly higher
than that of stand III (0.55), but not signifi-
cantly different from that of stand II (0.78).
Moreover,  the  ratio  of  belowground  net
primary  production  (BNPP)  and  TBCA  in
stand II (0.26) was significantly lower than
that of stand I (0.46) and stand III (0.40).

Discussion

Fine root biomass, production, and fine 
root turnover

Understory removal  is an important ma-
nagement  practice  to  reduce  resource
competition  between  understory  vegeta-
tion and the target timber output in Moso
bamboo forests. This management tended
to allocate more biomass to aboveground.
Therefore, the AGB of bamboos in stand II
and  stand  III  were  higher  than  that  of
stand I  (Tab.  1).  Although the increase in
AGB in the managed Moso bamboo forest
could  potentially  increase  the  root  bio-
mass for production, the fine roots of the
understory could contribute a remarkable
amount to total root biomass and produc-
tion, and the understory biomass in stand I
was significantly higher than that in stand
II (Tab. 1). Therefore, the fine root produc-
tion of stand I was significant higher than
that  of  stand  II.  As  evidenced  in  poplar
forests, the root production of the under-
story  may  equal  or  exceed  the  fine  root
biomass  or  production  of  the  overstory
(Berhongaray et al. 2013). However, in our
study, we did not separate the fine roots of
bamboo  and  herbs  because  they  are  ex-
tremely  difficult  to  distinguish,  as  Moso
bamboo  is  taxonomically  a  kind  of  herb.
Therefore, we considered the root biomass
of Moso bamboo and the understory as a
whole,  rather  than  separately.  It  is  no
doubt  that  the  understory  contributed  a
significant part to total fine root biomass
and production (Berhongaray et al.  2013).
No significant differences in root biomass
and  production  were  observed  between
stand I and stand III (Fig. 1). Because tradi-
tional hand-weeded just removed the abo-
veground  portion  of  understory  vegeta-
tion, which could regenerate, no differen-
ces  were  found  in  the  root  biomass  and
production compared to stand I. These re-
sults  also  highlight  the  importance  of  in-
cluding the effects of  stand management
on fine root production in global carbon cy-
cle modeling.

Fine root biomass ranged from 4.2 to 7.8
t ha-1, accounting for 6.8 to 13.9% of total

stand  biomass.  These  ratios  were  higher
than  that  of  other  forest  types  (1.6%  for
mature pines and 2.1% for 70-year oaks with
corresponding  stand  biomass  of  169  and
177 t·ha-1, respectively –  Yuste et al.  2005,
Berhongaray et al. 2013). Because the fine
root biomass  was  relatively  high in Moso
bamboo forests, while the total stand bio-
mass was relatively low (29-40 t ha -1), the
stand biomass remained in a dynamic ba-
lance  with  stand  development  due  to  its
special  biological  characteristics  (Zhou  &
Jiang  2004b).  However,  our  results  were
similar to a previous study in a Moso bam-
boo forest (7.7 t ha-1 –  Fan et al. 2009), as
well  in a  Pleioblastus amarus bamboo for-
est  (5.3-8.2  t  ha-1 –  Tu  et  al.  2010).  These
results suggest that Moso bamboo has its
own biological  strategy to meet its requi-
red nutrient uptake from the soil in order
to maintain high stand productivity despite
the large scale timber harvesting.

The strong relationship between fine root
biomass and production indicates that fine
root biomass was the most important fac-
tor for explaining the variation in fine root
production. This result is consistent with a
meta-analysis  using  an  up-to-date  global
database  covering  fine  root  biomass  and
production that  found that  fine root bio-
mass could explain 53% of the variation in
fine root production (Finér et al. 2011b).

Mean fine root turnover ranged from 0.5-
0.6 a-1, which was similar to that in an Asian
white birch forest  (0.51  a-1,  fine roots <  2

mm – Xiao et al. 2008) and close to that in
a mixed Populus tremuloides forest (0.62 a-1

–  Yuan & Chen 2012).  However, the value
was lower than that in fast-growing poplar
plantations (2.3 and 2.5 a-1 – Berhongaray et
al. 2013), a Chinese cork oak forest (1.21 a-1 –
Ma et al. 2012), and a Fokienia hodginsii  fo-
rest (1.47 a-1).

The  large  differences  in  measured  fine
root turnover may be due to species diffe-
rences,  since  the  fine  root  turnover  of
broad-leaf forests was found to be higher
than  that  of  needle-leaf  forests  (Yuan  &
Chen 2010).  Alternately,  they may be due
to different definitions of fine root diame-
ter. Definitions of the maximum diameters
of fine roots vary from 0.5 mm to 10 mm
(Vogt et al. 1986, Nadelhoffer & Raich 1992,
Vogt et al. 1995), although it is most com-
monly 1-5 mm (Vogt et al. 1995, Chen et al.
2004,  Finér  et  al.  2011a).  Previous  studies
have shown that fine roots with a smaller
diameter have higher turnover than larger
roots because they have stronger metabo-
lic activity and a shorter life span (Pregitzer
et al. 2002,  Xiao et al. 2008). For example,
the  turnover  of  <1  mm  roots  was  higher
than that of 1-2 mm roots (0.63 vs. 0.39 a-1)
in an Asian white cork oak forest (Xiao et
al. 2008). Another possible reason for dif-
ferent measurements of fine root turnover
may  be  the  application  of  different  me-
thods.  Based  on  a  meta-analysis,  Gill  &
Jackson  (2000) calculated  the  fine  root
turnover  as  the  ratio  of  annual  root  pro-
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Fig. 6 - The relation-
ships between total
belowground car-
bon allocation and 
fine root biomass 
and production.

Fig. 7 - Effects of 
understory removal
on TBCA/ANPP and 
BNPP/TBCA. Differ-
ent letters indicates
significant differ-
ence among the 
stands (p < 0.05). I, 
II and III represent 
control, pesticide-
treated and hand-
weeded stand, 
respectively.
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duction and maximum root biomass, which
could  potentially  lead to lower  root turn-
over. As a result, the turnover was as low
as 0.1 a-1 for total roots and 0.56 a-1 for fine
roots. These two values are lower than the
more recently reported measurements, de-
fined as the ratio of mean root production
and mean annual biomass, rather than ma-
ximum biomass, of 1.21 a-1 for temperate fo-
rests and 1.44 a-1 for tropical forests in the
review of Finér et al. (2011b). Similarly, Ber-
hongaray et al. (2013) found that fine root
turnover  ranged  from  1.5  to  2.5  a-1 after
comparing different approaches in poplar
forests.  Our  results  were also lower  than
the reported value in a Moso bamboo fo-
rest  in  Hunan  Province,  China  (Fan  et  al.
2009).  We partly  attribute such deviation
to methodological differences, as Fan et al.
(2009) used  the  improved  max-min  me-
thod  that  considered  both  live  mass  and
necromass.  Summing  the  live  mass  and
necromass leads to higher root production
estimates than using just the live root bio-
mass (Berhongaray et al. 2013), so the fai-
lure to separate live and necromass in our
study could result in lower fine root turn-
over compared to Fan et al. (2009). There-
fore, the standardization of the maximum
fine root  diameter  and the  measurement
method  would  improve  comparisons  of
fine root turnover.

Total belowground carbon allocation
Although  many  management  practices

are commonly  conducted to improve the
timber output in Moso bamboo forests (Li
et  al.  2013),  there is  a  lack of  knowledge
about  the  effects  of  these  practices  on
TBCA. This study is the first attempt to esti-
mate  TBCA  in  the  Moso  bamboo  forest
relating to understory removal. TBCA (cal-
culated  from  the  component  cumulative
approach) ranged from 417.7 to 486.9 g C
m-2 a-1,  and there was no significant diffe-
rence among the three stands,  indicating
that understory removal had no effects on
belowground  carbon  allocation.  Although
higher  fine  root  and  coarse  root  produc-
tion was found in stand I and stand III, this
was compensated for  by  the  significantly
higher root respiration in stand II (p < 0.05
– Tang 2012).

Consistent with other reported results in
forest  ecosystems  (Raich  &  Nadelhoffer
1989, Davidson et al. 2002), TBCA was high-
er than the carbon pool in the litter in the
three stands. This highlights the importan-
ce of TBCA in global carbon modeling. The
ratio of BNPP to TBCA is a key process in
modeling ecosystem and belowground car-
bon cycles; however, the assumed ratio of
0.5 has been widely used due to the lack of
BNPP and TBCA data (McDowell et al. 2001,
Giardina  et  al.  2003).  The  BNPP/TBCA  of
stand  I  (unmanaged  stand)  was  0.46,
which generally agreed with the constant
value  in  modeling  ecosystem  and  below-
ground carbon cycle. However, BNPP/TBCA
was 0.26 for stand II and 0.40 for stand III,
which were much lower than the constant

value of 0.5. These results highlight the im-
portance of including forest management
in  modelling  the belowground carbon cy-
cle.

The strong correlation between the fine
root production and TBCA, combined with
little  or  no correlation between  fine root
biomass, coarse root biomass, and produc-
tion, suggests that fine root production is a
better indicator of  changes in TBCA, as it
reflects the process of fine root dynamics
that  is  regenerated  during a  certain  time
period  through  the  process  of  new  root
growth replacing the loss from root death.
This  result  is  highly  consistent  with  pre-
vious reports (Kurz et al. 1996,  Gill & Jack-
son 2000, Yuan & Chen 2013). 

The values of TBCA were comparable to
those  of  a  Chinese  fir  plantation  in  sub-
tropical China (404 g C m-2 a-1 –  Chen et al.
2005)  and a  Metrosideros  polymorpha  do-
minated forest (417 g C m-2 a-1 – Raich 1998).
The  values  were  also  in  the  range  of  re-
ported  TBCA  values  of  main  forest  types
(146-2510 g  C m-2 a-1),  but  lower  than the
average TBCA (921.7 g C m-2 a-1). The TBCA
was also lower than that of a  Castanopsis
kawakamii forest (842.6 g C m-2 a-1 – Chen et
al. 2005), a  Eucalyptus saligna  forest (1880
g C m-2  a-1 –  Giardina & Ryan 2002), and a
Pseudotsuga  menziesii forest  (710-733  g  C
m-2 a-1 –  McDowell  et  al.  2001).  The diver-
gence may be due to the difference in fo-
rest types. A meta-analysis found that the
average TBCA was in  the order  of  boreal
forests  <  temperate  forests  <  tropical
forests (Raich & Nadelhoffer 1989, Chen et
al.  2007).  To  maintain  aboveground  pro-
duction,  more  carbon  is  allocated  below-
ground in tropical forests (Raich & Nadel-
hoffer  1989).  Alternately,  the  difference
may be due to the stage of stand develop-
ment. For example, the TBCA of an old Chi-
nese  fir  plantation  (88-year)  was  signifi-
cantly lower than the TBCA in mature (41-
year) and middle-aged (21-year) Chinese fir
plantations  (Chen  et  al.  2008).  Similarly,
the TBCA in a fast-growing Eucalyptus plan-
tation  linearly  decreased  with  stand  age
(Giardina  &  Ryan  2002).  However,  how
TBCA  changes  with  increasing  years  of
management is still unclear, because in our
study  we only  estimated  the  TBCA  in  an
“on-year”  Moso  bamboo  forest,  and  the
two management practices both began in
2000. The Moso bamboo forest is a special
forest  type  with  mixed  ages  due  to  the
establishment of new bamboos every year,
making it difficult to determine the stand
age.

The  TBCA calculated from  the  mass  ba-
lance approach ranged from 498.4 to 679.2
g C m-2 a-1, which was 23% higher than that
from component cumulative approach on
average (Fig.  5).  The  result  might  violate
the assumptions that the stands were sta-
ble and there were no carbon changes in
the mineral soil, litter, or roots (Raich & Na-
delhoffer  1989).  However,  there  were no
direct data in our study to qualify the car-
bon changes in the mineral soil, litter, and

roots, so we could not estimate the effects
of these changes on the TBCA. Similar  to
our findings,  Chen et al. (2005) found that
the TBCA measured by the component cu-
mulative approach was 26% and 28% lower
than that of the mass balance approach in
a Chinese fir plantation and a  Castanopsis
kawakamii forest, respectively. The authors
attributed  this  to  the  increase  in  carbon
changes  in  fine  roots  and  coarse  roots
(Chen et al.  2005). The trenching method
was used to partitioning the root respira-
tion,  which  could  have  underestimated
root  respiration  when  the  roots  in  the
trenched  subplot  did  not  die  completely,
especially in the first few months (Hanson
et al.  2000). As a result, this could poten-
tially underestimate the TBCA.

Besides the mass balance approach,  Rai-
ch  & Nadelhoffer  (1989) also proposed a
universal model relating TBCA to litter bio-
mass as expressed by: TBCA = 1.92·LF + 330
(R2 = 0.52; n = 30; p < 0.001), where LF is the
litter carbon (g C m-2 a-1). If the relationship
was applied  to  our  data,  TBCA would  be
two-fold higher than our calculated results.
This indicates that the global pattern is not
applicable in  the  Moso bamboo forest  in
our study area. This has already been con-
firmed  by  previous  studies  (Gower  et  al.
1996,  Nadelhoffer et al. 1998,  Davidson et
al. 2002) that the relationship is not neces-
sarily  applicable to small-scale  estimation.
Therefore,  these results  indicate that me-
thod selection is  extremely  important  for
the precise estimation of  TBCA,  since the
belowground  process  is  extremely  com-
plex,  but  TBCA plays  a  critical  role  in  the
global carbon cycle.

Conclusions
This study evaluated the effects of under-

story  removal  on  fine  root  production,
turnover,  and  TBCA  in  the  infrequently
studied Moso bamboo forests.  This  could
contribute  to  our  understanding  of  the
belowground carbon process  in  these fo-
rests and global carbon cycling. Understory
removal had no significant effects on fine
root turnover and TBCA, but it significantly
reduced the fine root biomass and produc-
tion. The strong relationship between fine
root  production  and  turnover  and  TBCA
indicated that fine root production was the
main  contributor  to  belowground  carbon
dynamics.  Different  methods  could  gene-
rate  different  estimates  of  fine  root  pro-
duction and TBCA, indicating that refining
and  improving  the  methods  to  estimate
the  accuracy  of  root  turnover  and  TBCA
will  be  important  for  understanding  the
controls on fine root turnover and below-
ground  carbon  allocation.  However,  our
study  was  only  conducted  in  “on-year”
Moso bamboo forests, and further studies
are  required  to  determine  the  effects  of
stand management on fine root turnover
and TBCA change in “off-year”.
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