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a  b  s  t  r  a  c  t

Establishing  plantations  and  protecting  secondary  forests  are  important  measures  to enhance  carbon  (C)
sequestration  in  terrestrial  ecosystems.  We  compared  the  C: nitrogen  (N):  phosphorous  (P)  stoichiometry
of  major  ecosystem  components  and  the  C  storage  partitioning  patterns  in  three  ∼40-year-old  forests
of  a fast-growing,  N-fixing  black  locust  plantation  (Robinia  pseudoacacia), an  indigenous  Chinese  pine
plantation  (Pinus  tabuliformis  Carrière),  and  a secondary  oak  forest  (Quercus  liaotungensis)  on the  Loess
Plateau,  China.  The  concentrations  of  C, N, and  P  in tree  tissues,  herbs,  litter  and  soils  were  measured  by
sampling.  The  tree  tissues  biomass  was  calculated  using  published  species-specific  allometric  equations
and  the  soil  C stock  of each  soil  layer  is  based  on  the  soil layer  depth,  its  bulk  density,  and  C concentra-
tions. Results  showed  that  N concentrations  of  tree  tissues,  herbs,  and  litter  in  the  N-fixing  R.  pseudoacacia
stands  were  significantly  higher  than  those  in  the P.  tabuliformis  and  Q.  liaotungensis  stands.  However,
there  were  no  significant  differences  in  soil  C and  N  concentrations  between  N-fixing  and  non-N-fixing
stands.  Soil  P concentration  was  higher  only  in  the  R. pseudoacacia  and  P. tabuliformis  plantations  when
compared  to  the  secondary  Q. liaotungensis  forest.  Leaf  N:P  ratios  indicated  soil  P limitation  in  the R.
pseudoacacia  plantation  and  the secondary  Q.  liaotungensis  forest  (N:P  ratios  >16),  while  both  N  and  P
limitation  were  found  in the P. tabuliformis  plantation  (N:P  ratios  = 14).  No  shrub  vegetation  was  found
in  the  plantations.  Litter  C storage  was  significantly  lower  in  the  R. pseudoacacia  stands  than  in the P.
tabuliformis  and  Q.  liaotungensis  stands.  The  ecosystem  C storage  of  the  secondary  Q. liaotungensis  forest
(359  t  ha−1) was  higher  than that  of the  P.  tabuliformis  (298  t ha−1)  and  R.  pseudoacacia  (214  t  ha−1) plan-

tations.  The  majority  of  C storage  was  in the  soil  pool,  accounting  for 76.75%,  60.37%,  and  67.93%  in  the  R.
pseudoacacia  plantation,  P.  tabuliformis  plantation,  and  the secondary  Q. liaotungensis  forest,  respectively.
These  results  indicate  that the  secondary  Q.  liaotungensis  forest  and  indigenous  P. tabuliformis  plantation
enhance  C  storage  more  substantially  than  the  fast-growing  R.  pseudoacacia  plantation  in  the long-term
on  the Loess  Plateau.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Forests play an important role as terrestrial carbon (C) sinks
ecause they store large quantities of C in vegetation biomass
nd soil (Schimel et al., 2001). Therefore, acquiring new C stocks
hrough afforestation and protection of C stocks in existing forests

ave become important measures used to enhance the C sequestra-
ion capacity in terrestrial ecosystems and mitigate global warming
Laclau 2003; Chen et al., 2009; Bonner et al., 2013; He et al., 2013).

∗ Corresponding author at: State Key Laboratory of Soil Erosion and Dryland Farm-
ng on the Loess Plateau, Northwest A&F University, Yangling 712100, Shaanxi,
hina.

E-mail address: ymchen@ms.iswc.ac.cn (Y. Chen).

ttp://dx.doi.org/10.1016/j.ecoleng.2017.04.024
925-8574/© 2017 Elsevier B.V. All rights reserved.
Establishing plantations on abandoned and degraded agricul-
tural lands has been recommended in The Kyoto Protocol as an
effective measure to reduce atmospheric C dioxide (Montagnini
and Porras 1998; Li et al., 2005). However, some studies have
challenged the effectiveness of plantations in this respect (Schulze
et al., 2000; Schlesinger and Lichter 2001). Secondary forests pro-
vide important ecosystem services, such as stabilizing topsoil,
improving soil chemistry, sequestering C, producing timber and
non-timber forest products, improving landscape hydrology, and
conserving biodiversity (Corlett 1995; Finegan 1996; Schlesinger
and Lichter 2001; Bonan 2008; Chazdon et al., 2009). Most stud-

ies on the different ecological processes between plantations and
secondary forests on forest biomass C and soil C dynamics have
been conducted in tropical, subtropical, and subalpine forests;
however, many questions regarding those dynamics remain unan-
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wered (Cuevas et al., 1991; Chen et al., 2004; Li et al., 2005;
onner et al., 2013; He et al., 2013; Marin-Spiotta and Sharma
013; Sang et al., 2013; Zhang et al., 2013; Ma  et al., 2014). Lit-
le is known about the differences in ecological processes between
orests and plantations in temperate regions, especially disturbed
orests on the Loess Plateau, China. This knowledge gap leads to
he current debate on whether plantations or secondary forests are

ore effective in sequestering atmospheric C dioxide (Corlett 1995;
chulze et al., 2000; Silver et al., 2000; Law et al., 2003; Bonner
t al., 2013). To help resolve these controversies, studying existing
fforested stands and secondary forests is very important, as there
re practical references for evaluating the C sequestration capac-
ty of secondary forests and plantation stands on the Loess Plateau,
hina.

China’s Loess Plateau is one of the regions in the world most
eavily impacted by soil erosion (Shi and Shao 2000), and defor-
station has been attributed as the main cause of soil erosion in the
egion (Zheng 2006). In 1999, the Grain for Green Program, a project
o control soil erosion has been launched, which is known to be
he largest ecological restoration project on the Plateau (Jiao et al.,
012). Fast-growing tree and shrub species are usually planted for
egetation restoration. A representative tree species is the black
ocust (Robinia pseudoacacia), which is a fast-growing nitrogen (N)-
xing species and was introduced to China from Europe (Shan et al.,
002; Cierjacks et al., 2013; Tsunekawa et al., 2014), with more
han 70 000 ha planted on the Plateau since the last few decades
Qiu et al., 2010). Another widely planted species on the Loess
lateau is the conifer Chinese pine (P. tabuliformis Carrière) which

s an indigenous species that is widely spread across central and
orthern China. Large areas of P. tabuliformis plantations are found

n the Huanglongshan Mountain of the Loess Plateau (Tsunekawa
t al., 2014). Natural vegetation on the Loess Plateau is mainly dis-
ributed in the Huanglongshan Mountain and Qiaoshan Mountain
orest districts on the southeast part of the region and the dominant
ative tree species is oak forest (Quercus liaotungensis). The imple-
entation of the Natural Forest Protection Project, with the Loess

lateau being listed as one of the key areas of focus for the ecologi-
al environment, made Q. liaotungensis forest natural rehabilitation
ecome the most important strategy for the future re-vegetation of
he region (Zhou et al., 2013).

Afforestation and conservation efforts of forest resources in
ecent decades through the implementation of the Grain for Green
roject and the Natural Forest Protection Project have led to signif-

cant increases in the forest cover area in the Loess Plateau, which
as consequently enhanced the C sequestration capacity of forest
nd plantation stands (Zhou et al., 2013). Numerous studies have
rawn upon the efforts of the Grain for Green Program to estimate
he amount of soil C storage in the region and determine which
actors drive changes in soil C stocks (Qiu et al., 2010; Chang et al.,
011; Fu et al., 2011; Deng et al., 2013a; Deng et al., 2014a; Shen
nd Zhang 2014). However, these studies gave little attention to
tudying the C stock of secondary forests under the Natural For-
st Protection Project, as well as to comparing the C sequestration
apacities between secondary forests and plantations on the Loess
lateau (Jia et al., 2005; Wei  et al., 2012; Deng et al., 2013b; Deng
t al., 2014b).

Understanding the different roles of plantations and secondary
orests as C reservoirs is crucial for improving predictions of cur-
ent and future effects of changes in land use and land cover on
he global and regional C cycle (Chen et al., 2004; Li et al., 2005;
onner et al., 2013; Marin-Spiotta and Sharma 2013). Therefore,

n the present study, we conducted a comparative field study with

hree 40-year-old forest types of the R. pseudoacacia and P. tabuli-
ormis plantations, and the secondary Q. liaotungensis forest in the
uanglongshan Mountain of the Loess Plateau, China. We  quanti-
ed C, N, and phosphorous (P) concentrations in major ecosystem
ering 105 (2017) 125–132

components (tree tissues, understory, litter, and soil) in these three
tree species stands. The objectives of this study were to compare the
concentrations of C, N, and P, and their ratios in components of tree
tissues (leaves, branches, stem, bark, fine and coarse roots), under-
story (shrub and herb plants), litter, and soil (0–100 cm depths),
and to compare their C storage partitioning patterns in these three
main forest types. The comparison was made on the basis of sim-
ilarities in topography, soil texture, stand age, and management
history. The results of this study regarding the differences in C:N:P
stoichiometry and C storage partitioning patterns within different
forest types may  be useful in developing a comprehensive under-
standing of the ecological restoration process in this region. We
hypothesized that: (1) concentration of C, N, and P and its ratios
in various ecosystem components varied in the three forest types;
and (2) the secondary Q. liaotungensis forests would have more C
storages than in plantations of R. pseudoacacia and P. tabuliformis
on the Loess Plateau, China.

2. Materials and methods

2.1. Site description

The study sites were in the Huanglongshan Mountain, which
is located in the northern Shaanxi Province of the southeast Loess
Plateau, China (35◦28′49′′−36◦02′01′′N, 109◦38′49′′−110◦12′47′′E).
The area is a transition region of warm temperate to semi-humid
and semi-arid climate. The average annual temperature is 8.6 ◦C
and the average annual precipitation is 612 mm.  The major soil in
the area is cinnamon, which is a cambisol according to the FAO
classification system. Huanglongshan Mountain has been the main
native distribution area of secondary Q. liaotungensis forests and
large-area R. pseudoacacia and P. tabuliformis plantations estab-
lished since the 1950s (Wei  et al., 2013).

2.2. Sample collection and analyses

In July 2011, three independent replicate stands of R. pseu-
doacacia plantations, P. tabuliformis plantations, and secondary Q.
liaotungensis forests (each around 40 years old) were randomly
chosen from the entire area of the Huanglongshan Mountain. The
adjacent plantations of R. pseudoacacia and P. tabuliformis were
planted and the secondary Q. liaotungensis forest had naturally
regenerated on abandoned cultivated lands. These lands had been
cleared of the native Q. liaotungensis forests, and were not irrigated
or fertilized before cultivation (Tateno et al., 2007). To minimize
between-site variability, all of the stands are characterized by sim-
ilar stand age, elevation, soil texture, and topography (Table 1). A
20 m × 20 m plot was  randomly selected within each stand, and
diameter at breast height (DBH, at 1.3 m height) and tree height
of all trees was measured. Based on DBH and tree height, the tree
tissue (leaves, branches, stems, and roots) biomass of different tree
levels was calculated using published species-specific allometric
equations within or nearby the study area (Xiao 1990; Zhang 1990;
Zhang and Chen, 1992). The concentrations of C, N, and P in tree
tissues were estimated by sampling leaves, branches, stems, barks,
and fine and coarse roots from five trees closest to the mean val-
ues of tree height and DBH at each plot. A destructive harvesting
method was used to measure the biomass in the leaf, stem, and
root portions of the shrub layer and the above- and under-ground
portions of the herb layer from five 1 m × 1 m quadrates selected

randomly at each plot (Deng et al., 2013a). Litter biomass was  col-
lected from these five subplots. All samples including tree tissues,
shrubs, herbs, and litter were weighed and oven-dried at 65 ◦C to
a constant weight in the lab and reweighed to obtain wet-to-dry
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Table  1
Site properties and stand characteristics for three forest types in the study area.

Forest types Black locust plantation Chinese pine plantation Secondary oak forest

Altitude (m)  1000–1200 1000–1200 1100–1500
Slope  aspect Southeast Southwest South
Slope  gradient (◦ ) 24–26 24–26 24–27
Shrubs Ostryopsis davidiana Decaisne,

Spiraea pubescens, Rosa
xanthina

Herbaceous Artemisia selengensis,
Calamagrostis epigejos L.,
Artemisia argyi

Carex lanceolate,
Artemisia sacrorum,
Artemisia argyi

Carex lanceolata,
Artemisia sacrorum,
Aster tataricus L. f

DBH  (cm) 16.08(0.61) 17.49(0.59) 18.74(0.59)
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Tree  height (m)  9.95(0.19) 

Stem  density (trees ha−1) 950(81) 

Age  (year) 38–39 

ass conversion factors. The dried samples were ground and used
o determine plant nutrient concentrations.

In each sample plot, five soil columns of 100 cm depth were ran-
omly sampled by a soil auger (5 cm in diameter). Each soil column
t the 0–10 cm,  10–20 cm,  20–30 cm,  30–50 cm,  and 50–100 cm in
epth was collected separately and after removing the plant roots,

auna, and debris by hand, the soil was air dried at a room tem-
erature of about 20 ◦C, and was then ground and passed through

 0.25-mm sieve for measurement of soil nutrient concentrations.
oil volumetric rings (100 cm3) were used to collect undisturbed
oil samples at different layers and taken to the laboratory to mea-
ure soil bulk density by use of the cutting ring method.

The C concentrations in the vegetation, litter, and soil samples
ere measured by the dichromate oxidation method; total N was

etermined using the kjeldahl procedure; and total P was deter-
ined colorimetrically after the digestion with H2SO4 and HClO4.

ll samples were analyzed at the central laboratory of the Institute
f Soil and Water Conservation, Chinese Academy of Sciences and
inistry of Water Resources (Yangling, China).

.3. Data calculation and analysis

Total ecosystem carbon storage was based on the combination of
ree, shrub-herb layer, litter, and soil pools. Leaf, branch, stem, and
oot C concentrations were multiplied by tree component biomass
rom the species-specific allometric equations to partition carbon
tock among the tree components, and summed for each tree and
ite level to calculate the stand level tree biomass C stock. For shrub-
erbs and litter, C concentrations of shrubs, herbs, and litter were
ultiplied by the component mass at the plot level to calculate the

tand level C stock (Cao and Chen 2015). The soil C stock of each
oil layer is based on the soil layer depth, its bulk density, and C
oncentrations. Furthermore, the calculated results for all layers
0–10 cm,  10–20 cm,  20–30 cm,  30–50 cm,  and 50–100 cm)  were
ummed to estimate the total stock of soil C to a depth of 100 cm.

All comparisons in concentrations of C, N, and P, ratios of C:N,
:P, and N:P, and C storage among the different forest types were
erformed using ANOVAs, followed by multiple comparisons (LSD
ests). And sample data were transformed to meet the assumptions
f normality and homogeneity when needed. All statistical analyses
ere performed with SPSS (version 20.0, SPSS Inc., Chicago, IL, USA)

nd the accepted significance level was set at � = 0.05.

. Results

.1. C, N, and P concentrations in various ecosystem components
The C concentrations were significantly different between tree
issues in P. tabuliformis and Q. liaotungensis species (Table 2). For
he P. tabuliformis species, the highest C concentrations were found
10.37(0.32) 10.49(0.23)
1183(82) 975(43)
38–39 40–43

in stems (469 g kg−1), which differed significantly from the lower
C concentration values observed in the coarse roots (422 g kg−1).
For Q. liaotungensis, the highest C concentration was observed in
leaves (437 g kg−1) while the lowest value was in the branches
(389 g kg−1). The highest and the lowest N and P concentrations
in tree tissues among these three species were all found in leaves
and stems, respectively (Table 2). The C concentrations of the tree
tissues (i.e. branch, stem, fine and coarse roots) in the P. tabuliformis
species were significantly higher than those in R. pseudoacacia and
Q. liaotungensis species (Table 2). In contrast, the N and P concen-
trations of the tree tissues in R. pseudoacacia species were higher
than those in P. tabuliformis and Q. liaotungensis species (Table 2).

Shrub plants were only found in Q. liaotungensis stands. N and P
concentrations were higher in the shrub leaves (32 and 1.2 g kg−1,
respectively) than in the shrub roots (11 and 0.2 g kg−1, respec-
tively). In the herb layer, above-ground concentrations of C and P
in P. tabuliformis and N and P in R. pseudoacacia stands were sig-
nificantly higher than those in below-ground portions of the herb
layer (Table 2). N and P concentrations of the above- and below-
ground part of the herb layer and litter in R. pseudoacacia stands
were higher than those in P. tabuliformis and Q. liaotungensis stands,
and there were no significant differences between P. tabuliformis
and Q. liaotungensis stands (Table 2). Moreover, there was  no sig-
nificant difference between C concentrations of the above- and
below-ground herb layer and litter within the three forest types
(Table 2).

The highest C and N concentrations were in the surface 0–10 cm
soil layer in all three forest types, and the values significantly
decreased with soil depth, while soil P concentration remained sta-
ble with soil depth (Table 2). Soil C concentration was  higher in the
secondary Q. liaotungensis forest than in the R. pseudoacacia and
P. tabuliformis plantations at 0–10 cm,  30–50 cm,  and 50–100 cm
depths. There were no significant differences in soil N concentra-
tions among forest types with the exception at a 30–50 cm soil
depth. Soil P concentration was significantly higher in the R. pseu-
doacacia plantation than in the secondary Q. liaotungensis forest at
all five depths.

3.2. C:N:P stoichiometry in various ecosystem components

The C:N ratio was higher in stems than in other types of tree tis-
sues for each forest type, and C:N ratios were significantly lower in
tree tissues of R. pseudoacacia than in tree tissues of P. tabuliformis
(Table 3). Leaves contained the lowest C:P ratios among other tree
tissues for each forest type. C:P ratios were significantly lower in
tree tissues of R. pseudoacacia than in those of P. tabuliformis and

Q. liaotungensis but did not differ among tree tissues between the
P. tabuliformis and Q. liaotungensis stands (Table 3). The N:P ratios
of P. tabuliformis did not differ among tree tissues, but N:P ratios
were significantly higher in bark (52 and 26, respectively) than in
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Table  2
Concentrations of C, N, and P in various ecosystem components in the three forest types on the Loess Plateau, China.

Ecosystem pool C concentration (g kg−1) N concentration (g kg−1) P concentration (g kg−1)

Robinia Pinus Quercus Robinia Pinus Quercus Robinia Pinus Quercus

Tree
Leaves 429(17) 451(5) 437(8) 37.9(0.2)a 12.6(0.3)c 20.5(0.3)b 1.8(0.05)a 0.9(0.07)b 1.0(0.05)b
Branch 418(5)b 462(9)a 389(5)c 13.7(1.0)a 5.4(0.3)b 6.7(0.3)b 0.9(0.2) 0.4(0.03) 0.5(0.1)
Stem  427(11)b 469(11)a 412(9)c 6.8(2.0) 2.4(0.5) 2.6(0.3) 0.5(0.05)a 0.2(0.04)b 0.1(0.02)b
Bark  428(11) 434(7) 421(1) 25.8(0.6)a 2.7(0.1)c 6.0(0.1)b 0.6(0.2) 0.2(0.02) 0.2(0.01)
Fine  root 426(4)b 449(7)a 410(3)b 33.3(4.6)a 6.5(0.3)b 6.8(0.3)b 1.4(0.5)a 0.3(0.02)b 0.3(0.03)b
Coarse root 395(5)b 422(9)a 395(1)b 37.0(1.6)a 8.3(0.5)b 3.9(0.4)c 1.0(0.1) 0.5(0.1) 0.3(0.03)
Shrub
leaves 442(5) 32(1) 1.2(0.1)
stem  438(3) 13(0.5) 0.4(0.04)
root  435(3) 11(0.7) 0.2(0.02)
Herb
aboveground 350(49) 419(21) 337(15) 26(3)a 18(4)ab 9(1)b 1.9(0.2)a 1.1(0.2)b 0.6(0.07)b
belowground 302(50) 246(19) 287(35) 16(1)a 8(0.5)b 10(1)b 1.1(0.1)a 0.6(0.1)b 0.6(0.09)b
Litter  327(18) 385(23) 389(8) 23(2)a 10(1)b 13(0.2)b 1.8(0.7) 0.6(0.1) 0.6(0.02)
Soil
0–10  cm 38.0(5.1)b 47.3(3.9)b 69.1(3.4)a 2.3(0.4) 2.2(0.2) 2.6(0.1) 0.6(0.02)a 0.6(0.03)ab 0.5(0.01)b
10–20  cm 19.8(4.0) 23.3(2.4) 34.5(4.1) 1.3(0.3) 1.7(0.2) 1.1(0.1) 0.6(0.01)a 0.6(0.03)a 0.4(0.01)b
20–30  cm 13.1(2.2) 16.9(2.8) 24.3(2.8) 0.9(0.2) 1.3(0.2) 0.8(0.1) 0.6(0.01)a 0.5(0.03)a 0.4(0.01)b
30–50  cm 9.1(0.9)b 9.8(0.7)b 18.5(1.5)a 0.6(0.1)b 1.0(0.1)a 0.5(0.05)b 0.6(0.02)a 0.5(0.03)ab 0.4(0.02)b
50–100 cm 7.4(0.3)b 6.5(0.5)b 11.7(0.6)a 0.5(0.03) 1.0(0.1) 0.4(0.03) 0.6(0.02)a 0.4(0.03)b 0.4(0.03)b

Notes: Data in parentheses represent S.E. (n = 3). Values in a line followed by the different letters denote significant differences (P<0.05) among the three forest types. No
letters at the table indicated that there was  no significant among the three forest types.

Table 3
Ratios of C:N, C:P, and N:P in various ecosystem components in the three forest types on the Loess Plateau, China.

Ecosystem pool C:N C:P N:P

Robinia Pinus Quercus Robinia Pinus Quercus Robinia Pinus Quercus

Tree
Leaves 11(0.5)c 36(0.9)a 21(0.5)b 232(13)b 513(42)a 435(28)a 21(0.5)a 14(1)b 20(0.9)a
Branch 30(2)c 85(4)a 59(3)b 524(87)b 1187(85)a 866(163)ab 17(2) 14(0.5) 15(2)
Stem  74(19)b 214(37)a 162(24)ab 857(101) 3326(720) 3340(712) 13(3) 15(0.9) 20(1)
Bark  17(0.8)c 159(7)a 70(2)b 867(211)b 2665(409)a 1796(113)ab 52(12)a 17(3)b 26(1)ab
Fine  root 13(2)b 70(3)a 61(2)a 503(99)b 1535(141)a 1281(134)a 38(6)a 22(2)b 21(2)b
Coarse root 11(0.4)c 51(2)b 101(9)a 365(110)b 906(191)ab 1597(167)a 35(11) 18(3) 16(0.3)
Shrub
leaves 14(1) 376(21) 27(1)
stem  34(2) 1068(92) 31(2)
root  38(2) 2008(173) 52(4)
Herb
aboveground 13(0.2)b 26(6)ab 37(4)a 181(14)b 414(76)ab 592(59)a 14(1) 16(1) 16(1)
belowground 19(2)b 31(3)a 30(2)ab 288(54) 398(46) 497(77) 15(1) 13(2) 17(2)
Litter  16(1)b 39(4)a 30(1)a 244(74)b 604(75)a 634(4)a 16(4) 16(1) 21(1)
Soil
0–10  cm 17(0.9)b 18(0.9)b 31(2)a 59(7)b 94(6)b 118(11)a 3.5(0.6) 3.8(0.6) 5.2(0.2)
10–20  cm 15(2)b 21(0.4)a 20(0.4)a 32(6) 56(4) 63(10) 2.2(0.5) 3.2(0.5) 2.6(0.2)
20–30  cm 15(0.3)b 20(0.5)a 19(0.2)a 22(4)b 41(6)ab 47(7)a 1.5(0.2) 2.5(0.4) 2.0(0.2)
30–50  cm 14(0.6)b 19(0.6)a 18(0.7)a 16(3)b 24(1)ab 36(5)a 1.2(0.2) 2.0(0.3) 1.3(0.1)
50–100 cm 15(1) 18(1) 19(4) 13(1)b 16(18)b 32(4)a 0.9(0.1)b 1.7(0.3)a 0.8(0.1)b
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ranches (17 and 15, respectively) for R. pseudoacacia and Q. liao-
ungensis stands. N:P ratios were significantly greater in the leaves,
ark, and fine roots of R. pseudoacacia than in those of P. tabuliformis
Table 3).

In the shrub layer of Q. liaotungensis stands, C:N, C:P, and N:P
atios were significantly lower in leaves than in stems and roots.
:N, C:P, and N:P ratios did not differ between above- and below-
round components in the herb layer (Table 3). C:N and C:P ratios
f the above- and below-ground parts of the herb layer and litter
ere lower in R. pseudoacacia stands than in P. tabuliformis and Q.

iaotungensis stands but did not differ between the P. tabuliformis

nd Q. liaotungensis stands (Table 3). Furthermore, the N:P ratios
n the herb layer and litter did not differ among R. pseudoacacia, P.
abuliformis, and Q. liaotungensis stands.
nt letters denote significant differences (P<0.05) among the three forest types. No

Soil C:N ratios at a 0–10 cm depth were lower in the R. pseu-
doacacia and P. tabuliformis plantations than in the secondary Q.
liaotungensis forest but did no differ between the R. pseudoaca-
cia and P. tabuliformis plantations. Soil C:N ratios at 10–20 cm,
20–30 cm,  and 30–50 cm soil depths were lower in the R. pseudoa-
cacia plantation than in the P. tabuliformis plantation and secondary
Q. liaotungensis forest but did no differ between the P. tabuliformis
plantation and Q. liaotungensis forest (Table 3). There were no sig-
nificant differences between soil C:N ratios among forest types at
the 50–100 cm soil depth. Soil C:P ratios were significantly lower in
the R. pseudoacacia plantation than in the secondary Q. liaotungen-

sis forest among most soil depths with the exception among forest
types at the 10–20 cm soil depth (Table 3). There was no significant
difference among forest types on soil N:P ratios among soil depth
except at 50–100 cm (Table 3).
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.3. Ecosystem C storage partitioning patterns in different forest
ypes

The C storage in the tree biomass of the R. pseudoacacia, P. tab-
liformis, and Q. liaotungensis stands were 52, 115, and 100 t ha−1,
espectively (Table 4). Among the tree components, the C storage
n leaves was greater in the P. tabuliformis stand (14.9 t ha−1) than
n the R. pseudoacacia (4.9 t ha−1) and Q. liaotungensis (4.5 t ha−1)
tands. Stems had the highest C storage, which was  significantly
reater in the P. tabuliformis stand (52.5 t ha−1) than in the R.
seudoacacia (14.6 t ha−1) and Q. liaotungensis (35.2 t ha−1) stands
Table 4). Only the Q. liaotungensis stand had shrub vegetation and
he C storage in shrubs was 0.95 t ha−1. The C storage in litter was

uch higher in the P. tabuliformis (10.13 t ha−1) and Q. liaotungensis
6.9 t ha−1) stands than in the R. pseudoacacia (0.58 t ha−1) stand.

The total C stored in the soil (0–100 cm depth) was 161, 173, and
51 t ha−1 in the R. pseudoacacia, P. tabuliformis, and Q. liaotungensis
tands, respectively (Table 4). In the three stands, soil C was mainly
tored at the surface soil layer and deceased as soil depth increased
Table 4). The C storage was higher in the secondary Q. liaotungensis
orest than in the R. pseudoacacia and P. tabuliformis plantations at
epths of 0–10 cm,  30–50 cm,  50–100 cm,  and 0–100 cm.

The total ecosystem C storage was highest in the secondary Q.
iaotungensis forest at 359 t ha−1; those stored in the plantations of
. tabuliformis and R. pseudoacacia were 298 and 214 t ha−1, respec-
ively (Table 4). In the three stands, the C storage is ranked in the
ollowing order: soil > tree > litter > shrubs and herb plants. The
roportion of the shrubs and herb plants to the ecosystem C stor-
ge was less than 1%. Litter accounted for the ecosystem C storage
f 0.28%, 3.39%, and 1.92% in the R. pseudoacacia, P. tabuliformis
nd Q. liaotungensis stands, respectively, while Trees accounted
or 24.42%, 38.57%, and 28.05%. Soil C storage were 3.1, 1.5, and
.5 fold higher than tree C storage, and accounted for the ecosys-
em C storage of 75.12% in the R. pseudoacacia stands, 57.98% in
he P. tabuliformis stands, and 69.58% in the Q. liaotungensis stands
Table 4).

. Discussion

Knowledge of the C stock pools stored in various forest types can
acilitate optimal decision-making regarding C management (He
t al., 2013). As a contribution to the current existing knowledge,
e compared the C:N:P ratios of major ecosystem components and

he C storage partitioning patterns between a fast-growing N-fixing
. pseudoacacia plantation, an indigenous P. tabuliformis plantation,
nd a secondary Q. liaotungensis forest on the Loess Plateau, China.
he results showed that concentration of C, N, and P and its ratios

n various ecosystem components varied in the three forest types;
nd the secondary Q. liaotungensis forests had more C storages than
n plantations of R. pseudoacacia and P. tabuliformis.

.1. Tree tissues C:N:P characteristics among forest types

Conifer tree P. tabuliformis species have higher C concentrations
han deciduous tree R. pseudoacacia and Q. liaotungensis species,
hich is a result of a relatively higher degree of lignifications

n conifer tissues and a relatively higher concentration of non-
tructural carbohydrates in deciduous tissues (Lamlom and Savidge
003; Thomas and Martin 2012). Generally, leaves of N-fixing
lants contain a higher concentration of N than P, and thus a higher
:P ratio than that of non-N-fixing plants (Killingbeck 1996; Rice

t al., 2004; Wright et al., 2004; Vergutz et al., 2012; Li et al., 2014).
ur study showed that all tree tissues of N-fixing R. pseudoacacia
ad both higher N and P concentrations and N:P ratios than non-
-fixing P. tabuliformis and Q. liaotungensis tree species. However,
ering 105 (2017) 125–132 129

the indigenous N-fixing shrub, Chinese sea-buckthorn, on the loess
Plateau did not have higher P concentrations than co-occurring
non-N-fixing plants (Li et al., 2014).

The higher C:N and C:P and lower N:P ratios in the stems of
the three forest types are mainly attributed to the higher propor-
tion of C-enriched compounds such as lignin (Agren 2008; Li et al.,
2013). The lower C:N and C:P ratios in fast-growing N-fixing R. pseu-
doacacia species are accounted for by higher N and P accumulate
rates compared with the C accumulate rate, which constrains tree
growth (Elser et al., 2007; Vitousek et al., 2010). Decreased plant
C:N and C:P ratios have been observed with increasing plantation
age (Agren 2008; Li et al., 2013). An increasing number of studies
have used the N:P ratio of leaves to indicate soil nutrient limitation
at the plant community level, i.e., N:P ratios <14 suggest N limi-
tation, N:P ratios >16 suggest P limitation and N:P ratios between
14 and 16 suggest both N and P limitation (Gusewell 2004; Reich
and Oleksyn 2004; Richardson et al., 2008). In this study, leaf N:P
ratios in the conifer tree P. tabuliformis stands indicated both N and
P limitation; whereas, leaf N:P ratios in the N-fixing tree R. pseudoa-
cacia and secondary Q. liaotungensis stands indicated P limitation in
both stands. Zheng and Shangguan (2007) studied leaf nutrients in
southern to northern ranges on the Loess Plateau and their results
also indicated that the flora of the Loess Plateau is P-limited.

4.2. Understory and litter C:N:P characteristics among forest
types

Although all herbs are not N-fixing plants, N and P concentra-
tions in herbs were higher in the N-fixing R. pseudoacacia stands
than in the non-N-fixing tree P. tabuliformis and Q. liaotungensis
stands. This may  indicate that non-N-fixing herb plants can absorb
more N with the help of symbiotic N-fixing bacteria of co-occurring
N-fixing plants. Moreover, C concentrations were lower in herb
plants than in overstory trees in all three forest types. This is consis-
tent with previous reports that trees can synthesize and accumulate
more organic matter, thereby resulting in higher C concentration
than that found in understory components (Cleveland et al., 2011;
He et al., 2013). In addition, a recent study found that the P concen-
trations were significantly lower in overstory than in understory
plants in subtropical China (Fan et al., 2015). This has been exempli-
fied by records of a decrease in leaf P concentration with increasing
plant size (Han et al., 2005; Elser et al., 2010).

Litter plays an important role in nutrient cycling between plants
and soils in terrestrial ecosystems. The nutrient characteristic of lit-
ter depends on litter type, decomposition rate, micro-environment,
and litter productivity. It is generally accepted that litter C concen-
trations in broadleaf forests is lower than that in coniferous forests
(He et al., 2013). However, in our study, litter N concentration
was only significantly higher in the N-fixing tree R. pseudoacacia
stand than in the non-N-fixing P. tabuliformis and Q. liaotungensis
stands, but did not differ between coniferous P. tabuliformis and
broadleaved Q. liaotungensis stands. As a consequence, the C:N and
C:P ratios of litter in the N-fixing tree R. pseudoacacia stand were
lower than in P. tabuliformis and Q. liaotungensis stands. Our results
are consistent with previous studies on the litterfall production
between R. pseudoacacia plantations and indigenous Q. liaotungen-
sis forests on the Loess Plateau (Tateno et al., 2007). Moreover,
Tateno et al. (2007) found that the annual N cycling via litterfall
was higher in the R. pseudoacacia plantation than in the secondary
Q. liaotungensis forest.

4.3. Soil C:N:P characteristics among forest types
N-fixing species have been widely used as fertilizing plants to
supplement N stores, increase rates of N cycling and availability,
and increase primary productivity in the recovery of degraded min-
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Table  4
C stock (t ha−1) and percentage (%) in various ecosystem components in the three forest types on the Loess Plateau, China.

Ecosystem pool Black locust plantation Chinese pine plantation Secondary oak forest

Carbon storage percentage Carbon storage percentage Carbon storage percentage

Tree biomass 52(7) 24.42 115(20) 38.57 100(25) 28.05
Leaves 4.5(0.7)b 2.12 14.9(2)a 4.97 4.9(0.5)b 1.36
Branch 18.8(3.4) 8.82 19.0(3) 6.35 31.5(10) 8.78
Stem  14.6(1.7)b 6.84 52.5(9)a 17.59 35.2(7)b 9.81
Bark  3.7(0.4) 1.75 9.1(2) 3.04 9.6(2) 2.68
Root  10.4(1.4) 4.89 19.8(4) 6.62 19.5(5) 5.42
Shrub 0.95(0.2) 0.27
Herb  0.37(0.04) 0.18 0.22(0.03) 0.06 0.66(0.2) 0.18
Litter  0.58(0.04)b 0.28 10.13(1.7)a 3.39 6.9(0.6)a 1.92
Soil  total 161(14)b 75.12 173(10)b 57.98 251(13)a 69.58
0–10  cm 46(6)b 21.54 55(4)b 18.44 75(4)a 20.87
10–20  cm 25(5) 11.74 27(3) 9.05 37(1) 10.29
20–30  cm 17(3) 8.11 21(3) 7.03 27(3) 7.51
30–50  cm 22(4)b 10.32 24(1)b 8.04 43(6)a 11.96
50–100 cm 50(2)b 23.41 46(3)b 15.42 68(2)a 18.95
Net  ecosystem 214(12)c 100 298(10)b 100 359(6)a 100
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o  letters at the table indicated that there was  no significant among the three fores

ng land, deforested land, and agroforestry systems (Deans et al.,
999; Uselman et al., 2000; Rice et al., 2004; Macedo et al., 2008;
ang et al., 2010). For example, soil organic matter and N con-

entrations in the 0–5 cm soil depth were 40–50% and 20–50%
igher in the N-fixing forests than in the non-N-fixing forests in
he restoration of degraded lands in southern China (Wang et al.,
010). However, our study showed that soil P concentrations were
nly significantly higher in the R. pseudoacacia and P. tabuliformis
lantations than in secondary Q. liaotungensis forest, and we did not
nd higher soil C and N concentrations in N-fixing species when
ompared to non- N-fixing species. Tateno et al. (2007) also found
o significant differences in soil N between R. pseudoacacia and
. liaotungensis forests on the Loess Plateau, and suggested that R.
seudoacacia stands should be gradually converted to indigenous
ree species in the long-term. Although the soil C:N and C:P ratios
howed similar patterns in plants and litter, those in the R. pseudoa-
acia plantation were lower than in the P. tabuliformis plantations
nd Q. liaotungensis forest; further contrasting results between the
igher N concentrations in leaves and litter and the lower soil N
oncentrations supply are needed to understand how soil nutrient
vailability influences plant nutrients for the N-fixing R. pseudoa-
acia plantations on the Loess Plateau.

.4. Ecosystem C storage partitioning patterns among forest types

In the tropics and subtropics, biomass C accumulation was
igher in plantations than in secondary forests (Corlett 1995; Silver
t al., 2000; Bonner et al., 2013). However, we found no significant
ifference in biomass C storage between plantations and the sec-
ndary forest in this study. Previous studies have shown that R.
seudoacacia is a suitable species for afforestation in the study area
ue to its adaptability to grow in dry, sandy soil, and its high survival
nd remarkable growth rates (Shan et al., 2002; Du et al., 2007; Jin
t al., 2011; Cierjacks et al., 2013; Yan et al., 2013). Shen and Zhang
2014) reported that R. pseudoacacia plantations reach their highest
nnual net tree biomass C storage capacities just after five years of
fforestation. R. pseudoacacia was selected for afforestation on the
oess Plateau mainly because of its rapid growth, which results in

 “dry soil horizon” of R. pseudoacacia plantations, followed by the
ilting of the top of the crown and the deaths of individual trees
Hou et al., 1999; Wei  et al., 2005; Shangguan 2007; Chen et al.,
008).

Due to the lack of shrub plant biomass and few herbaceous
lants in the R. pseudoacacia and P. tabuliformis plantations, the C
ferent letters denote significant differences (P < 0.05) among the three forest types.
s.

storage in the shrub-herb composition of the plantations was sig-
nificantly lower than that of the secondary Q. liaotungensis forest.
There were few seedlings and little understory vegetation in the
plantations due to scarce precipitation during the prior autumn;
whereas many seedlings and abundant understory vegetation were
evident in the secondary Q. liaotungensis forest (Tateno et al., 2007;
Tsunekawa et al., 2014). Therefore, the presence of few to no shrub
plants in plantations has become a limitation factor in assessing
the ecological success of restoration efforts by afforestation on
the Loess Plateau (Jiao et al., 2012). C storage in litter is accounts
for an estimated 5% of all forest ecosystem C stocks worldwide
(Domke et al., 2016). However, in this study, C storage in litter only
accounted for 0.21%, 2.82%, and 2.75% of total C storage in R. pseu-
doacacia, P. tabuliformis, and Q. liaotungensis stands, respectively.
Moreover, the litter C storage in the R. pseudoacacia plantation was
significantly lower than that in the P. tabuliformis plantation and
secondary Q. liaotungensis forest. A possible explanation is that the
R. pseudoacacia plantation might be more susceptible to soil ero-
sion, and thus a considerable amount of R. pseudoacacia leaves are
removed by surface soil erosion and wind, resulting in thinner and
more fragmented litter in the R. pseudoacacia plantation on the
Loess Plateau (Tateno et al., 2007).

Our study agrees with previous studies that soil acts as the main
carbon pool for the three forest types. Several studies have demon-
strated that tree species can have a major effect on the soil C pool
(Paul et al., 2002; Berthrong et al., 2009; Laganiere et al., 2010; Li
et al., 2012). Soil C storage was significantly higher in the secondary
Q. liaotungensis forest than in the plantations of R. pseudoacacia
and P. tabuliformis at all soil depths. The results of a study on the
changing soil C stocks in China’s Grain for Green Program high-
lighted that planting a broadleaf forest had a greater effect on soil C
stocks than planting a conifer forest (Deng et al., 2014a). However,
in this study, there was no significant difference in soil C storage
between the R. pseudoacacia and P. tabuliformis plantations at all
soil depths. Instead, the secondary Q. liaotungensis forest had a sig-
nificantly higher C storage than the plantations of R. pseudoacacia
and P. tabuliformis.

4.5. Relationships between C:N:P characteristics and biomass
production
The results of our analysis on the relationships between the
characteristics of the C, N, P concentrations and their ratios and
biomass production are consistent with previous reports which
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how that these relationships are generally weak (Gusewell 2004).
owever, any clear weak relationships have only been observed
ccasionally. One example was observed in wetlands forests, where
here was a decline in litter biomass production with an increasing
:P ratio (Lockaby and Conner 1999). The biomass of aboveground
lant components was negatively correlated to C and P concen-
ration but that of the belowground components was  negatively
orrelated to the N concentration at the Tibetan Plateau in China
Hong et al., 2016). The biomass production of road verges corre-
ated negatively with tissue N:P ratios (Schaffers 2002). Understory
iomass was positively related to N:P ratios, while overstory
rowth was negatively related to a N:P ratio that was observed in
ucalyptus plantations in subtropical China (Fan et al., 2015). Agren
2004) reported that the N:P ratio was enhanced at low growth
ates and declined at high growth rates.

Most studies have focused on the impacts of forest types on
 storage capacity in tropical, subtropical, subalpine, temperate,
nd boreal forests (Chazdon et al., 2009; Laganiere et al., 2010; He
t al., 2013; Sang et al., 2013; Zhang et al., 2013). However, potential
ositive or negative effects of forest types on C sequestration should
e evaluated to ensure long-term sustainability. To highlight long-
erm changes in C storage, it is necessary to monitor and assess the
ffects of different forests on stand structure, biomass production,
lant diversity, and plant-soil biogeochemical cycles.

. Conclusion

Understanding the different roles of plantations and secondary
orests in temperate regions, especially disturbed forests on the
oess Plateau, China, as C reservoirs is crucial for improving pre-
ictions of current and future effects of changes in land use and

and cover on the global and regional C cycle. Our results showed
hat the N-fixing tree R. pseudoacacia had higher N and P concen-
rations and N:P ratios, and lower C:N and C:P ratios in tree tissues,
erbs, and litter than the non-N-fixing P. tabuliformis and Q. liao-

ungensis tree species. In contrast, soil C and N concentrations in
he R. pseudoacacia plantation were not higher than those in the P.
abuliformis plantation and secondary Q. liaotungensis forests. The

 storage of the soil and total ecosystem were significantly higher
n the secondary Q. liaotungensis forests than in plantations of R.
seudoacacia and P. tabuliformis. These results indicate that in the

ong-term, the secondary Q. liaotungensis forests and indigenous P.
abuliformis plantations may  enhance C storage more substantially
han fast-growing R. pseudoacacia plantations on the Loess Plateau,
hina. Thus, in the semi-aried environment of the Loess Plateau, the
econdary forests can fulfill important ecosystem service roles and
atural revegetation without intensive human interference should
e advocated as a more adaptive and appropriate type for eco-

ogical restoration. In addition, more measures and technological
pproaches for afforestation are needed and indigenous P. tabuli-
ormis plantations should also get more attention in the restoration
roject.
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