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Abstract To investigate influences of forest plantations
on soil nutrient properties, biomass accumulation, major
nutrient elements (NPK) and their stoichiometric couplings
in different tissues and aged plants, and correlations
between major nutrient contents in soils and in foliage of
plants, 5-, 10-, 15- and 20-year-old plantations of black
locust (Robinia pseudoacacia L.) and farmland were
selected. Black locust plantations increased soil organic
carbon (SOC) and N stocks by 23-327 and 23-119 %,
respectively, in the 0—10 cm top soil layer compared to
those in farmland. Soil C:N, C:P, C:K, N:P, N:K and P:K
ratios were 10.1, 22.9, 0.7, 2.2, 0.7 and 0.03, respectively.
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These ratios were higher in the 0-10 cm soil layer than
those in the 10-20 cm soil layer and increased under older
plantations. Higher C contents in stem, N contents in leaf,
the largest C pools in stem and N pools in root in 20-year-
old plantation were observed. Correspondingly, the highest
C:N, C:P and C:K and the lowest N:P and N:K ratios in
stem, decreased C:N and C:P ratios in older trees were
found. No strong correlations were observed between ele-
ment contents in soils and in leaves of black locust trees.
These results suggest that black locust plantations can
increase soil nutrient concentrations, SOC and N stocks
resulting in changes in element stoichiometric relations.
CNPK contents and their stoichiometries vary with tissues
and tree ages of black locust. No strong coupling relations
exist between major nutrient element contents in the top
soil and in foliage of black locust.

Keywords Nutrient element - Stoichiometry - Robinia
pseudoacacia - Carbon - Nitrogen - Black locust

Introduction

The Loess Plateau is one of the most fragile ecosystems in
China. Serious soil erosion occurred in this area mainly due
to traditional farming activities. To prevent soil erosion,
programs for afforestation and reforestation have been
launched since 1978 (Cao et al. 2009). Since that time
forest plantations have been chronologically established on
previous farmlands on the Loess Plateau. To assess the
sustainability of these measures, it is important to under-
stand how reforestation processes influence soil carbon and
nutrient concentrations.

Soil organic carbon (SOC) and other major nutrients
such as nitrogen (N), phosphorus (P) and potassium (K) are
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often observed to increase after conversion of farmlands or
grasslands to forests due to the accumulation of plant litter
in soils under forest canopy (Menyailo et al. 2002; Cao
et al. 2007; Hazlett et al. 2007; Dong et al. 2009; Qiu et al.
2010; Roy et al. 2010). Decomposition of litter, in turn,
results in increases in SOC, N, P and K in the developing
forest soils (Chen and Xu 2005; An and Huang 2006; Dong
et al. 2009; Roy et al. 2010).

For ecosystem sustainability, both soil nutrient contents
and soil nutrient stoichiometries are important (Sardans et al.
2011). According to Liebig’s “law of the minimum”, the
nutrient, supply of which to plants is the most limiting,
constrains the forest growth (Xia and Wan 2008). Accu-
mulating evidence suggests that not only soil nutrient con-
tents, but also nutrient element stoichiometric relations are
important factors controlling ecosystem net primary pro-
ductivity and sustainability (Agren 2008; Ladanai et al.
2010). Soil nutrient stoichiometric relations have been
examined in soil microbial biomass and in the 0—10 cm top
soil on the global scale (Cleveland and Liptzin 2007). In
Chinese soils the mean C:N:P atomic ratio is 134:9:1,
however, with high spatial heterogeneity and large varia-
tions in different soil depths (Tian et al. 2010). Previous
studies on soil nutrient properties focus on forestland con-
version to grassland or arable land (Lal et al. 2007).
Although SOC, N, P and K concentrations in soil are often
elevated after conversion of farmland to forestland (Meny-
ailoetal. 2002; Cao et al. 2007; Hazlett et al. 2007; Laik et al.
2009; Qiu et al. 2010), little information is available on
alteration in soil nutrient stoichiometric relations after land
use changes (Wang et al. 2011; Yang et al. 2011).

Plants play a pivotal role in ecosystem nutrient cycling
and stoichiometric relations (Matzek and Vitousek 2009;
Yang et al. 2011; Reed et al. 2012). N, P and K are ma-
cronutrients for plants, which often limit growth in natural
ecosystems (Agren 2008; Reef et al. 2010). Currently, our
understanding of the specific functions of nutrients in
plants has made advances, but the relative demand for
these elements in different plant organs and ontogenetic
stages is not well understood (Niklas and Cobb 2006;
Agren 2008; Yang and Luo 2011). Previous studies have
examined the N:P ratio at the whole plant level and
reported N:P atomic ratios in the range from 5.5 to 66.4; an
optimal N:P atomic ratio is suggested to be 22-44
depending on plant species and tissue ages (Gusewell 2004;
Agren 2008; Elser et al. 2010). Most of these studies
concentrate on natural communities/ecosystems in which
nutrient status may be different from forest plantations
(Agren 2008; Elser et al. 2010). Currently, scarce data are
available on plant nutrient concentrations and nutrient
element stoichiometric relations in forest plantations.

Plant tissue and age are important factors affecting
nutrient concentrations and stoichiometry (Niklas and
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Cobb 2006; Yang and Luo 2011). In perennial plants, N, P
and K are enriched in active growth tissues and the con-
centrations of these macronutrients may decrease with
ontogenetic development (Niklas and Cobb 2006; Agren
2008). In trees N:C atomic ratio may vary from more than
8.6 in fast growing tissues such as leaves to less than 0.086
in woody stems (Agren 2008). In addition, increasing plant
age also alters metabolite partitioning between tissues
leading to changes in nutrient stoichiometric relations
(Niklas and Cobb 2006; Agren 2008; Yang and Luo 2011).
Decline in N:C, P:C and K:C mass ratios in foliage is
observed during a growing season (Agren 2008). This
decline in nutrient element:C mass ratio with ontogenetic
development of plants is attributable to a more rapid for-
mation of supportive, element-poor tissues (stems) in older
plants than that of metabolically more active, element-rich
tissues (leaves) (Agren 2008; Yang and Luo 2011). Fur-
thermore, in forest plantations dynamics, forest age is
regarded as a primary driver for changes in forest structure
and function because age of woody plants alters photo-
synthetic capacity (Zheng et al. 2011), carbon storage in
live biomass (Bradford et al. 2008), soil organic layer
(Pregitzer and Euskirchen 2004), carbon balance (Bradford
et al. 2008) and nutrient contents and stoichiometry (Agren
2008). Due to the chronological afforestation and refores-
tation on the Loess Plateau, forest age is expected to affect
the nutrient concentrations and stoichiometry in these for-
est ecosystems, but no experimental evidence supports
such assumption.

Black locust (Robinia pseudoacacia L.) is a fast growing
tree species with ability to fix atmospheric N. This species
has been widely planted on the Loess Plateau with more
than 70,000 ha since the last few decades (Qiu et al. 2010).
Previous studies mainly focused on effects of black locust
plants on soil properties (Khan et al. 2010; Qiu et al. 2010)
and no integrated investigations have been carried out on
nutrient concentrations and stoichiometry in both plants and
soils on the Loess Plateau. Thus, the aim of this study was to
investigate changes in carbon, nutrients and stoichiometric
relations under different soil depths, plant tissues and ages
in black locust plantations. We used 5-, 10-, 15- and
20-year-old black locust plantations and the farmland to test
following hypotheses: (i) black locust plantations increase
soil nutrient concentrations and storage leading to changes
in soil nutrient stoichiometric relations, (ii) the nutrient
concentrations and stoichiometry in black locust trees dis-
play tissue- and age-specific patterns, and (iii) correlations
exist between major nutrient concentrations in the top soils
and those in leaves of black locust plantations. The exper-
imental evidence to these hypotheses may provide novel
insights for us to better understand ecological functions of
forest plantations on degraded lands for sustainability in the
context of global change.
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Materials and methods
Experimental site and sampling

The study area is located in the Wuliwan watershed of
Ansai County on the Loess Plateau of China (36°51’N,
109°20'E; altitude 1,245-1,285 m). The study area is
characterized by a warm temperate sub-humid continental
climate. The annual mean air temperature is 8.8 °C. The
annual mean precipitation is 505 mm and 70 % of annual
precipitation falls from July to September. The soil is
typical loess as described by Zheng et al. (2011). In pre-
vious time the study area was farmland. At the beginning in
the 1990s, forest plantations were gradually established on
the farmlands aiming to alleviate soil erosion in this region.

In the study area, the age of black locust (R. pseudo-
acacia) plantation was determined by an increment borer
and three plantations for each age (5, 10, 15 and 20 years)
were randomly chosen on former farmlands. Further
characteristics of these plantations are given in Table S1.
In each plantation, three sample plots (plot size:
20 m x 20 m) were randomly selected. In each sample
plot, six soil columns of 20 cm depth were randomly
sampled by a soil auger (5 cm in diameter). Each soil
column at the 0-10 cm and the 10-20 cm in depth was
collected separately and brought back to the laboratory
for further analysis. To compare the land use changes
leading to alteration of nutrients between plantations and
farmlands, three farmlands ca. 2 km away from the
plantations of black locust were selected as the control
and considered as the plantation of black locust (R.
pseudoacacia L.) grown for 0 year. However, no plant
tissues were harvested for analysis on the farmlands. The
owners of farmlands confirmed that the management
regime of farmlands (e.g., species cultivated, tillage fre-
quency, organic/mineral fertilizations) remained unchan-
ged since the establishment of the first plantations at the
beginning in the 1990s. Soil samples in each farmland
were collected according to the same scheme as the
plantations.

In addition, the diameter at breast height of each tree in
each sample plot was measured using calipers. In each
sample, plot six sample trees were randomly selected for
harvesting to determine biomass and biochemical proper-
ties. To harvest the selected tree, the whole root system was
manually excavated. Subsequently, the root system, stem
(including branches) and leaves were separated and fresh
weight of each fraction (i.e., roots, stem with branches and
leaves) was determined. Sub-samples of main root, stem (at
breast height) and leaves were collected and kept on ice
before being carried to the laboratory and stored at —80 °C
for further analysis. The sampling was done between July
and August 2009.

Analysis of soil major nutrient concentrations, soil bulk
density and soil nutrient storage

To determine SOC, N, P and K, the samples from the O to
10 cm and the 10 to 20 cm soil layers were air-dried, then
manually ground to fine powder (<0.25 mm) as proposed
by Wang et al. (2011). SOC was determined by oil bath-
K>CrO; titration method (Nelson and Sommers 1975).
Total soil N was determined by the Kjeldahl method (Qiu
et al. 2010). Total soil P was determined colorimetrically
after the digestion with H,SO, and HC1O, (Parkinson and
Allen 1975). K in soil was extracted with neutral ammo-
nium acetate and subsequently measured by atomic
absorption spectrometry (SpectrAA-220 Zeeman, Varian
Inc., Palo Alto, CA) according to the method of Qiu et al.
(2010).

To calculate soil C, N, P and K atomic ratios, the con-
centrations (g kg_l) of SOC, soil N, P and K were trans-
formed to mol kgfl, and ratios of the elements (C:N, C:P,
C:K, N:P, N:K and P:K) in the 0-10 cm and the 10-20 cm
soil layers were calculated as molar ratios (atomic ratios),
rather than mass ratios.

The soil bulk density was determined according to the
method proposed by Wang et al. (2011). Subsequently, the
SOC, soil N, P and K storage were calculated using the
following formula suggested by Wang et al. (2011):

SOC, s0il N, P and K (gm %) = o x p x 0.1

where o is the concentrations of SOC, soil N, P or K
(g kg™"), p is the soil bulk density (g cm™ = ton m )
and 0.1 represents the depth of each soil layer.

Biomass estimation of black locust

To determine tree biomass, sub-samples (ca. 15 % of fresh
weight of each fraction) of main root, stem and leaves were
ground to fine powder by a miller. About 500 g fine
powder of fresh samples was dried to constant weight at
60° C and the dry weight was recorded. Subsequently, the
ratio of dry to fresh weight of each tissue of each harvested
tree was determined. The dry weight of each tissue of each
harvested tree was estimated by the fresh weight multi-
plying the ratio of dry to fresh weight. Afterwards, an
allometric relationship was established between dry bio-
mass and diameters of harvested trees after the method
proposed by Luo et al. (2006) (Table S2). Biomass per
square meter of black locust plantations was estimated
using the density of trees in the sample plots and the
allometric relationship for mass and stem diameter.

Determination of main nutrients in black locust

Total C and N in roots, stem and leaves of black locust
were determined by a CN analyzer (Luo and Polle 2009).
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Aliquots of 0.6—-1.0 mg milled materials were weighed into
5 mm x 9 mm tin capsules and determined by the Ele-
mental Analyzer EA1108 (Carlo Erba Strumentazione,
Rodano, Milan, Italy). Acetanilide (71.09 % C, 10.36 % N;
Carlo Erba Strumentazione, Rodano) was used as a stan-
dard. After acid digestion of fine powder according to Luo
and Polle (2009), total P and K in black locust were
determined as above. Using biomass of different organs
and the nutrient concentrations in each organ, the pools of
C, N, P and K were calculated. Nutrient ratios in plants
were expressed as molar ratios.

Correlation analysis between leaf and soil nutrients

To investigate whether relationships existed between leaf
and soil nutrients, correlation analysis was performed. The
data of nutrient concentrations in leaf and soil were
expressed as molar nutrient per kilogram dry material. After
logo transformation, linear correlation analysis was carried
out between leaf nutrients and those in the two layers of soil
(the 0—10 cm and the 10-20 cm), respectively.

Analysis of sugars, phenolics and lignin in black locust

Tree tissue composition, particularly, lignin is important
for litter decomposition and nutrient release. Thus, sugars,
phenolics and lignin were determined in black locust trees.
Concentrations of soluble sugar and starch in plants were
analyzed by the anthrone reagent (Zhang et al. 2009).
Soluble phenolics in roots, stem and leaves of black locust
were extracted and determined spectrophotometrically at
765 nm (UV-3802, Unico Instruments Co. Ltd., Shanghai,
China) using the Folin-Ciocalteus reagent (Luo et al.
2008). Acid-insoluble (Klason) lignin in roots, stem and
leaves of black locust was determined as described by Luo
et al. (2008).

Statistical analysis

All statistical tests were performed with STATGRAPHICS
(STN, St Louis, MO). The biomass of different aged
plantations was analyzed by one-way ANOVA. For soil
samples, the soil depth and age of black locust plantation
were treated as two independent variables. For plant sam-
ples, the tissue and age of black locust plantation were
considered as two independent variables. The data for each
variable within a stand were used for statistical analysis.
Two-way ANOVA was conducted with these independent
variables. When the interaction was significant, a post hoc
comparison of means was made. To reduce the chance of
type I errors, all P values of these multi-comparisons were
corrected by the Tukey-HSD method. Data were tested for
normality prior to the statistical analysis. Differences
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between means were considered significant when the
P value of the ANOVA F test was less than 0.05.

Results
SOC and major nutrients in soils

Concentrations of SOC were significantly higher in the
0-10 top soil layer than that in the 10-20 cm soil layer in
different aged black locust plantations (Fig. 1a). In the top
soil layer, the concentration of SOC was 2.2 g kg~' in
farmland, but enhanced to 2.7-10.9 g kg™ in soils of black
locust plantations and the most pronounced change was
that SOC content in 20-year-old plantation was ca. five
times higher than that in farmland. Among the soils of
plantations, SOC contents in 15- and 20-year-old planta-
tions were two and four times higher than that in 5-year-old
plantation, respectively. In the 10-20 cm soil layer, SOC
contents in farmland and soils of black locust plantations
grown for 5 and 10 years were ca. 2.3, 2.4 and 2.8 g kg~ ',
respectively, which were similar to those in the top soil of
these plantations. However, SOC contents in the 10-20 cm
soil layer of 15- and 20-year-old plantations were 3.4 and
3.7 g kg™, respectively, which only counted for 54 and
34 % of SOC contents in the top soil layer of these plan-
tations. In the 10-20 cm soil layer, SOC contents displayed
a trend of gradual increases from farmland to older forest
plantations.

N concentrations were also analyzed in soils (Fig. 1b).
In the 0-10 cm soil layer, total N concentration was
0.34 g kg~ in soils of farmland and 0.43-0.87 g kg~ ' in
soils of plantations. In the top soil layer, total N concen-
trations in plantations were higher by 27-156 % than that
in farmland. Moreover, total N concentrations in the top
soil layer were significantly higher under older plantations
than that under younger plantations. In the lower (the
10-20 cm) soil layer, total N concentrations were similar to
those in the top soil layer of farmland and plantations
grown for 5 and 10 years, but were significantly decreased
in plantations grown for 15 and 20 years in comparison
with those in top soils of these plantations.

In the 0-10 cm soil layer, total P concentration was
0.57 g kg~' in farmland and 0.55-0.59 g kg~' in planta-
tions, respectively (Fig. 1c). In the top soil layer, the
highest P content was detected in 5-year-old plantation and
P contents decreased in older plantations. In lower (the
10-20 cm) soil layer, total P concentrations were lower
than those in the top soil layers of farmland and plantations
and total P contents were higher in older plantations than
those of younger plantations.

In the 0-10 cm soil layer, total K concentration was
18.3 g kg~ ' in farmland and 17.2-19.9 g kg~' in different
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Fig. 1 SOC, total N, total P and total K in soils under plantations of
Robinia pseudoacacia grown for 0, 5, 10, 15 or 20 year(s). Bars
indicate mean £ SE (n = 3). Different letters on the bars for the
same soil depth indicate significant difference between soils under

aged black locust plantations (Fig. 1d). No soil depth
effects were observed on soil total K contents. Total K
concentrations in the 0-10 cm soil layer were pro-
nouncedly higher in 5- and 10-year-old plantations than
those of farmland, 5- and 20-year-old plantations. In the
10-20 cm soil layer, total K displayed similar pattern as
the top soil layer.

To investigate the nutrient element balance in soils of
farmland and black locust plantations, the molar ratios of
SOC:elements were calculated (Fig. 2). In 0-20 cm soil,
molar ratios of C:N, C:P, C:K, N:P, N:K and P:K were
6.9-14.9, 12.1-59.7, 0.395-2.099, 1.54.2, 0.051-0.145
and 0.029-0.034, respectively. All ratios were significantly
higher in the 0—10 cm soil layer than those in the 10-20 cm
soil layer except the C:N ratio. The nutrient element ratios
were significantly higher in soils under older plantations
compared to those in soils of farmland and younger plan-
tations, and this effect was more obvious in the top (the
0-10 cm) soil layer.

Soil bulk density was also analyzed in farmlands and
forestlands of black locust (Fig. 3). In farmland and for-
estlands of black locust with 15- and 20-year-old planta-
tions, soil bulk density was lower by 7-11 % in the top
(0-10 cm) soil layer than that in the 10-20 cm soil layer.

different aged plantations. P values of the ANOVAs of soil depth
(Ppepin) and plantation ages (Page) were also shown. No interac-
tion was significant. *P < 0.05, **P <0.01, ***P <0.001,
#*k¥%EP < (0.0001, ns not significant

Soil bulk densities were higher by ca. 17 % in the top soil
layer of farmland and forestlands of black locust with
5- and 10-year-old plantations than that in the top soil layer
of forestlands of black locust with 15- and 20-year-old
plantations. Soil bulk density was higher by 20 % in the
10-20 cm soil layer of farmland than that in the 10-20 cm
soil layer of forestlands with different ages which had
similar soil bulk density.

Based on the SOC, soil N, P and K concentrations and
soil bulk densities, storage of SOC, soil N, P and K in each
soil layer was estimated in farmlands and forestlands
(Fig. 4). SOC storage was higher by 15-169 % in the top
soil layer than that in the 10-20 cm soil layer of forest
plantations, but the opposite was true for farmland
(Fig. 4a). SOC storage was gradually elevated in both soil
layers of older forest plantations (Fig. 4a). SOC storage
was significantly higher by 23-327 % in the top soil layers
of black locust plantations than that in farmland (Fig. 4a).
Similar to SOC, soil N storage was higher by 17-109 % in
the top soil layer than that in the 10-20 cm soil layer of
forest plantations (Fig. 4b), but soil N storage was higher
by 7 % in the 10-20 cm layer than that in the top soil layer
of farmland (Fig. 4b). Soil N storage was the lowest in the
top soil layer of farmland and it was gradually enhanced in
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Fig. 2 Molar ratios of SOC to total N (C:N), SOC to total P (C:P),
SOC to total K (C:K), total N to total P (N:P), total N to total K (N:K),
total P to total K (P:K) in the 0—10 cm and the 10-20 cm depth soil
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Fig. 3 Soil bulk density in the 0-10 cm and the 10-20 cm depth soil
under plantations of black locust grown for 0, 5, 10, 15 and
20 year(s). Data indicate mean + SE (n = 3). Different letters on the
bars indicate significant difference. P-values of the ANOVAs of soil
depth (Ppepn) and plantation ages (Page) were also shown. No
interaction was significant. *P < 0.05, **P < 0.01, ***P < 0.001,
*#*k¥%kP < 0.0001, ns not significant

older plantations of black locust (Fig. 4b). In the oldest
plantation of black locust, soil N storage was higher by
119 % in the top soil layer than that in farmland (Fig. 4b).
Soil P storage was higher by ca. 20 % in the top soil layers
of farmland and of 5- and 10-year-old plantations than that
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bars indicate significant difference. P values of the ANOVAs of soil
depth (Ppepn) and plantation ages (Pag.) were also shown. No
interaction was significant. *P < 0.05, **P < 0.01, ***P < 0.001,
#k¥%EP < (0.0001, ns not significant

of 15- and 20-year-old plantations (Fig. 4c). Soil P storage
was the highest in the 10-20 cm soil layer of farmland and
the lowest in the 15-year-old plantation (Fig. 4c). Soil K
storage was the highest in soil of farmland and the lowest
of the 15-year-old plantation (Fig. 4d). Soil K storage was
lower by 21 % in soil of the 15-year-old plantation than
that of farmland (Fig. 4d).

Biomass of black locust plantations

Biomass of black locust plantations grown for 5, 10, 15 and
20 years was estimated based on the allometric relationship
and the diameter of each tree in sample plots (Fig. 5).
Biomass of black locust plantations grown for 5, 10, 15 and
20 years was 100, 320, 963 and 1,067 g m~2 for roots
(Fig. 5a), 238, 970, 6,010 and 6,323 g m~2 for stem
(Fig. 5b), and 59, 102, 370 and 383 g m~2 for leaves
(Fig. 5c¢), respectively. Biomass of black locust plantations
grown for 5 and 10 years was similar, but biomass was
significantly larger for 15- and 20-year-old plantations.

Main nutrients in black locust plantations

Concentrations of C, N, P and K in black locust trees were
shown (Fig. 6). Among root, stem and leaf tissues, the C
concentration was the highest in stem and the lowest in
leaves (Fig. 6a). The mean C concentrations of roots, stem
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Fig. 4 Storage of SOC a, soil N b, soil P ¢ and soil K d under
plantations of Robinia pseudoacacia grown for 0, 5, 10, 15 or
20 year(s). Bars indicate mean £ SE (n = 3). Different letters on the
bars indicate significant difference between soils under different aged

and leaves of black locust did not show any age-dependent
changes (Fig. 6a). N concentrations in roots/leaves of
5-year-old black locust were significantly lower than those
in roots/leaves of plantations grown for 10, 15 and
20 years, but N concentrations were quite similar in stem
of black locust with different ages (Fig. 6b). P concentra-
tion was the highest in leaves of 20-year-old plants and the
lowest in leaves of 5-year-old black locust (Fig. 6¢). No
age effects were found on total P concentrations in root/
stem of black locust. Total K concentration was the lowest
in roots of 10-year-old black locust and the highest in
5-year-old plants (Fig. 6d). Total K concentrations were
similar in stem of different aged plants, but total K con-
centration was the lowest in leaves of 5-year-old plants in
comparison with those in leaves of black locust grown for
10, 15 and 20 years (Fig. 6d).

To evaluate the total nutrient pools in black locust
plantations, the amounts of C, N, P and K in root, stem and
leaf biomass were calculated (Fig. 7). Among roots, stems
and leaves, the C pools in stems were always the highest,
irrespective of plantation age (Fig. 7a). The C pools were
significantly elevated with increases in plantation age,
irrespective of plant tissue (Fig. 7a). Among the three tissue
types, the N pools were the highest in roots, irrespective of

plantations. P values of the ANOVAs of soil depth (Ppepm) and
plantation ages (Pag.) were also shown. No interaction was signif-
icant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not
significant

plantation age (Fig. 7b). Among different aged plantations,
the N pools were the highest in 20-year-old plantation and
the lowest in 5-year-old plantation, irrespective of plant
tissue (Fig. 7b). Among different aged plantations, the P
pools were the largest in 20-year-old plantation, irrespective
of plant tissues (Fig. 7c). Roots and stems held large
amounts of K in the plantations (Fig. 7d). The K pools were
the largest in 20-year-old plantation among different aged
plantations, irrespective of plant tissues (Fig. 7d).

The C:N, C:P and C:K ratios were significantly higher in
stem than those in root and leaf, whereas the N:P and N:K
ratios in stem were the lowest among the three tissues
(Table 1). The P:K ratios in stem were higher than those in
root, but lower than those in leaf. The C:N and C:P ratios
decreased in older trees in comparison with those in
younger trees.

Correlations between leaf and soil nutrients

Black locust is a deciduous legume species which increases
N concentrations and storage in leaves and soil (Figs. 1b,
4b, 6b, 7b). Since the leaves are shed annually, recycling of
nutrient elements from the leaf litter of this species may
play a crucial role in soil nutrients. As a result, a positive
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indicate significant difference between different aged plantations.
P-values of the ANOVAs of plantation ages (Pag.) Were also shown.
*P <0.05, **P <0.01, ***P <0.001, ****P < (0.0001, ns not
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impact of increasing N availability on leaf and soil nutri-
ents may be expected, which in turn may influence the
correlation relations between soil and plant nutrients. A
significantly negative linear correlation was observed
between foliar and soil P concentrations in the 10-20 cm
layer (P = 0.0168, Table 2). For other elements (C, N and
K), no significant correlations were found between foliar
and soil element concentrations (Table 2).
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Carbohydrates, phenolics and lignin in black locust

Tree tissue composition such as sugars, phenolics and
lignin is particularly important for litter decomposition and
nutrient release to the soil. Therefore, concentrations of
soluble sugar, starch, soluble phenolics and lignin were
determined in black locust trees (Table S3). Concentrations
of soluble sugar were the highest in leaves and the lowest
in stem, irrespective of plant ages. Concentrations of sol-
uble sugar decreased in plants with increases in ages of
plantations. In contrast to soluble sugar, concentrations of
starch were the highest in roots, but the lowest in leaves of
plants. Concentration of starch in roots of 15-year-old plant
was the lowest in comparison with plants grown for 5, 10
and 20 years. Concentrations of soluble phenolics were the
highest in leaves of plants. Concentrations of soluble
phenolics were significantly higher in leaves and roots of
plants grown for 5 and 10 years compared with plants
grown for 15 and 20 years. Lignin contents were the
highest in stems and the lowest in leaves of plants. Ele-
vated lignin contents of plants with increases in plantation
ages were found.

Discussion

Black locust plantations alters soil major nutrient
storage resulting in changes in nutrient stoichiometric
relations

SOC, total N, P and K in soil are crucial for ecosystem
sustainability and productivity (Agren 2008; Dong et al.
2009; Laik et al. 2009; Ladanai et al. 2010). Current data
indicate that higher SOC, soil N, P and K contents and
storage of black locust plantations have led to changes in
soil nutrient element ratios in comparison with those of
farmland. After conversion of farmlands to Caragana
korshinskii and larch (Larix gmelinii) plantations, SOC and
soil N contents and storage are also significantly enhanced
(An and Huang 2006; Wang et al. 2011). Reforestation in
the degraded forest fringe areas also increases SOC and
soil nutrients (Roy et al. 2010). These results suggest that
restorative land uses such as afforestation/reforestation can
play a crucial role in soil C storage and N accumulation
(Jimenez et al. 2007). SOC is mainly derived from soil
organic matter (litter, humus and living microbial biomass)
which can stabilize soil structure against erosion and
enhance soil nutrient availability (Wang et al. 2008; Roy
et al. 2010). In this study, elevated SOC contents and
storage in forestlands of black locust is likely due to
accumulation of organic matter resulting from leaf and root
litter, whereas on farmlands crop biomass is removed by
harvesting. Moreover, black locust is characteristic for its
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atmospheric N fixation since it is a legume species. This
species is estimated to have fixation as much as
75kg Nhm 2 y~! (Olesniewicz and Thomas 1999).
Consistently, SOC and soil N stocks have been enhanced
by ca. 3.3- and 1.2-fold, respectively, in the 010 top soil
layer of the 20-year-old black locust plantation compared
to that of farmland. These results are consistent with pre-
vious studies which indicate that using woody legume
species for afforestation/reforestation on degraded lands
can enhance SOC and soil nutrition (Duponnois et al. 2005;
Ferrari and Wall 2007; Lee et al. 2011). Furthermore,
current data also suggest that increases in forest age lead to
significant accumulation of SOC and soil N, although soil P
and K stocks tend to be decreased in older plantations. This
is probably because (i) litter is gradually accumulated and
soil organic matter increases with the decomposition of
litter which releases a significant amount of organic C and
N to the soil (Lee et al. 2011; Forrester et al. 2013) and (ii)
some fixed N by this woody legume species may be
released to the soil via exudation of roots (Duponnois et al.
2005; Ferrari and Wall 2007). Overall, these data suggest
that woody legume species such as R. pseudoacacia are
good candidates for afforestation/reforestation on degraded

plantations. P-values of the ANOVAs of plant tissues (Prissue) and
plantation ages (Pag.) were also shown. No interaction was signif-
icant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns not
significant

land to prevent soil erosion and augment SOC and soil
nutrients.

Changes in SOC, total N, P and K concentrations in soil
inevitably lead to alterations in nutrient stoichiometric
relations (Agren 2008; Tian et al. 2010). In this study, the
altered nutrient element ratios in soil indicate that higher
proportions of SOC, N and P are held in the 0-10 cm top
soil layer compared to those in the 10-20 cm deep soil
layer and these nutrient elements are enriched in soils of
older plantations. The C:N (7.5-14.9), C:P (12.1-59.7) and
N:P (1.6-4.2) molar ratios in the 0-10 cm soil layer of
black locust plantations are consistent with a previous
finding where the C:N, C:P and N:P mean ratios of 10.7, 38
and 3.6, respectively, have been found in the 0-10 cm soil
layer of China (Tian et al. 2010). Consistent with our
results, higher ratios of C:N, C:P and N:P in the 0-10 cm
soil layer compared to those in deep soil have been
observed by Tian et al. (2010). The higher C:N, C:P and
C:K ratios in the top soil are probably attributable to
marked accumulation of SOC in the top soil layer under
15- and 20-year-old plantations. The higher N:P and N:K
ratios in the top soil layer are mainly due to (i) the sig-
nificant increases in total N contents and stocks in the top

@ Springer
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Table 1 Molar ratios of total C to total N (C:N), total C to total P (C:P), total C to total K (C:K), total N to total P (N:P), total N to total K (N:K),
total P to total K (P:K) in root, stem and leaf of Robinia pseudoacacia grown for 5, 10, 15 and 20 years. Data indicate mean + SE (n = 3)

Tissues  Ages C:N C:P CK N:P N:K P:K

Root 5 313 £48a 3,119.1 £52.1b 2498 £ 75 a 101.0 = 151e 81*14D 0.08 £ 0.00 a
10 250+ 24a 3,063.5 £ 158.6 b 286.4 9.6 a 1227 +£52f 115£15cd 0.09 £ 0.01a
15 250+ 06a 3,183.7 £ 1839 b 2712+ 154 a 1273 £93f 108+ 08c  0.09 £ 0.00 a
20 246 +02a 29972 £ 1448 b 2506 +2.1a 121.8 £51f 102+00c 0.08 £0.00 a

Stem 5 2684 £ 159b 13,0602 £ 675.7e  1,692.5 £553 ¢ 488 £39bcd 63 +04a 0.13 £ 0.00 b
10 2717 £233b 11,730.8 £ 1067.7d 1,548.7 £942bc 434 £58abc 57 +02a 0.13 £ 001 b
15 261.8 £54b  9,689.8 £414.8 c 1,4704 £ 1675b 371+ 19a 56£06a 0.15 £ 0.02 be
20 234.0 £224b 9,246.1 £617.8 c 1,616.7 £3494bc 396+ 15ab 69+£1.1ab 0.17+0.03¢c

Leaf 5 255£07a 1,3802 £ 1133 a 351.1 £65.1a 542 £3.1d 137+24e 025+005d
10 209 £ 06 a 1,137.7 £ 294 a 276.8 + 103 a 545 +24d 133 £01e 024+£001d
15 214 £06a 1,117.2 £ 150.0 a 2739 +21a 521 4+£69cd 128 £03de 0.25+0.03d
20 208 =04 a 1,013.7 £ 41.1a 2657+ 49 a 48.8 =13 bcd 128 £0.1de 0.26 £0.01d

P-Values Tissue skl sk skocksk skeskokok sekeocksk skeskskosk
Age * ool ns ns ns ns
Tissue x age ns ns ns ns ns ns

Different letters behind values for the same column indicate significant difference. P-values of the ANOVAs of tissues (Tissue), plant ages (Age)
and their interactions were also shown.* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < (0.0001, ns not significant

young plantations. Similarly, higher element ratios in soils
under black locust plantations compared to those in farm-
land are mainly due to the higher accumulation of SOC and

soil layer, (ii) the relatively stable P and K contents in both
layers and (iii) higher inputs of litter and fixed-N in the top
soil layer of the older black locust plantations than those of
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Table 2 Correlations between leaf (x) and soil (y) nutrients

Leaf K

Leaf P

Leaf N

Leaf C

Leaf nutrients

Soil K 10-20 (cm)

Soil K 0-10 (cm)

Soil P 10-20 (cm)

Soil P 0-10 (cm)

SOC 10-20 (cm) Soil N 0-10 (cm) Soil N 10-20 (cm)

SOC 0-10 (cm)

Soil depth

—0.0725x — 1.5738 y = —0.09x — 1.97 y = —0.23x — 2.19 y = —0.26x — 0.57 y = —0.24x — 0.55

y=

y=17x— 138

R2
P

y=62x — 102 y=24x — 44

R2
P

Correlations

0.2880
0.0720

R2
P

0.3304
0.0506

R2
P

0.4507
0.0168

RZ

0.1910
0.1555

R2
P

0.0023
0.8829

R2
P

0.3168
0.0567

R? = 0.0880 =

P

0.0729
0.3961

P=

0.3491

Data for correlation analysis were the values of nutrient concentrations (mol kg™") in leaf and soil that were transformed by logarithm with the base of 10 (n = 54). The correlation analysis was

performed between leaf and two layers of soil (0—10 cm and 10-20 cm). The correlation equations, correlation coefficient (Rz) and P values of the statistics were shown

N in soils of the older black locust plantations than those of
farmlands, which is probably associated with higher inputs
of litter and fixed-N of the black locust plantations. Our
results are in line with previous findings which indicate that
alterations in soil nutrient stoichiometric relations may
occur in soils after land use changes (Wang et al. 2011;
Chen et al. 2012). These results indicate that increases in
SOC and soil N concentrations and stocks by black locust
plantations can lead to alterations of soil nutrient stoichi-
ometric relations.

Biomass, nutrients and stoichiometric relations in black
locust display tissue- and age-specific patterns

Plants take up atmospheric CO,, soil N, P, K and other
nutrient elements to synthesize various metabolites
including structural compounds such as lignin and cellu-
lose to build up plant body, i.e., biomass. In this study,
biomass increments in roots, stems and leaves of black
locust trees indicate that this species has slowed growth
after ca. 15-20 years because no biomass increments are
observed in 15- and 20-year-old plantations. Moreover,
current data suggest that C, N, P and K contents, their pools
and stoichiometric relations in black locust trees displayed
tissue- and age-specific patterns. Higher C contents in stem
compared to roots and leaves are largely attributable to the
higher proportion of C-enriched structural compounds such
as lignin and cellulose in stem. Among roots, stem and
leaves, higher C contents in stem have also been observed
in other tree species (Luo et al. 2006). Furthermore, the
lowest N, P and K contents in stem among the three tissues
are mainly due to the dilution effects of higher proportion
of C-enriched structural compounds in stem. The highest N
and P contents in leaves of black locust are probably
attributable to the photosynthetic machinery (N-rich com-
pounds) and nuclear acids (P-rich compounds) production
in this most metabolically active tissue. These data are
consistent with previous findings which indicate that the
more metabolically active tissues or faster growing species
contain higher proportions of N and P relative to C because
proteins (N-rich compounds) and nuclear acids are essen-
tial for C gain and growth (Matzek and Vitousek 2009;
Reef et al. 2010). Increases in N, P and K contents in leaves
of 10-, 15-, 20-year-old plantations compared to that of
5-year-old plantation imply that these nutrient elements
reach stable levels in foliage of older plants. By contrast,
the N, P and K contents in woody plants are often observed
to reduce with the ontogenetic development of individual
tree (Agren 2008; Yang and Luo 2011). These results
suggest that N-fixing plants may delay the ontogenetic
decline of nutritional partitioning to leaves. The C and
nutrient pools in black locust plantations reflect these ele-
ment contents in tissues and their accumulation in biomass.
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The highest C pools in stems of different aged plantations
result from the highest C contents and biomass accumu-
lation of stems. The highest N pools in roots of different
aged plantations are mainly due to the relative higher N
contents and biomass in roots. For P and K pools, no
consistent tissue patterns appear. Although significant
amounts of C, N, P and K are accumulated in biomass
including relatively short-lived leaves and fine roots (a few
weeks to several months), some of these elements, espe-
cially organic C, may be released to the soil via decom-
position and exudation, affecting soil nutrient pools (Khan
et al. 2010; Qiu et al. 2010; Wang et al. 2011; Lambers
et al. 2012).

Large variation in C, N, P and K stoichiometric relations
is found between tissue types in woody plants (Niklas and
Cobb 2006; Agren 2008). In this study, the results of foliar
C:N molar ratios (20.8-25.5) are consistent with a previous
study in which mean C:N molar ratio of 24.7 is observed in
leaves of a few species on the Loess Plateau (Zheng and
Shangguan 2007). However, foliar C:P (1,013-1,380) and
N:P (48.8-54.5) ratios in the current study are much higher
than the C:P (806) and N:P (34.1) ratios, respectively, in
leaves of several species on the Loess Plateau (Zheng and
Shangguan 2007). This is largely due to the significantly
lower P contents (0.08-0.12 %) in leaves of black locust
plantations compared to those (0.06-0.35 %) in foliage
used by Zheng and Shangguan (2007). These results indi-
cate that growth and productivity of black locust planta-
tions in this study area are mainly constrained by P. As an
immobile element in soil, P is often found to constrain
plant growth and ecosystem productivity (Marleau et al.
2011; Marklein and Houlton 2012; Reed et al. 2012). The
presence of N-fixing species in plant communities may
alleviate P limitation of plant growth and ecosystem pro-
ductivity because N inputs can be allocated to phosphatase
enhancing P uptake of plants (Novotny et al. 2007; Cech
et al. 2008; Venterink 2011). As a result, legume species
can become abundant on P- and N-poor soils (Venterink
2011). The higher C:N, C:P and C:K ratios, lower N:P and
N:K ratios in stems of black locust plantations are mainly
due to the lower N contents caused by the dilution effects
of higher proportion of C-enriched compounds such as
lignin in stems. Similar results are also found in other plant
species (Niklas and Cobb 2006; Agren 2008). Decreases in
C:N and C:P ratios with increases in ages of black locust
plantations suggest that the carbon gain per unit N and/or P
declines in older plantations, which is associated with the
ontogenetic decline in aging plants (Agren 2008). As the
plant age increases, the N- and P-poor tissues increase
more rapidly than the N- and P-rich tissues (Agren 2008).
However, it is reported that C:N ratios of the plants
increased with the ages of secondary forests (Yang and Luo
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2011). Overall, these data indicate that changes in C, N, P
and K concentrations in different tissues of black locust
plantations can lead to alterations in nutrient stoichiometric
relations and that the tissue- and age-specific patterns of
nutrient stoichiometry are associated with chemical com-
position of the tissues and age-related ontogenetic devel-
opment of black locust plantations.

No strong correlations exist between major nutrient
concentrations in top soils and in leaves of black locust

In natural ecosystems, nutrient elements are cycled
between soils and plants (Agren 2008). Exchange of
nutrient elements such as N, P and K between the soil and
plants underlies reciprocal control of element composition
in both sides (Ladanai et al. 2010). Elements such as C, N,
P and K are stoichiometrically coupled in both soils
(Cleveland and Liptzin 2007; Tian et al. 2010) and plants
(Agren 2008). However, whether correlations of these
elements exist between the soils and plants currently
remains unknown. As an attempt to address this question,
we have performed the correlation analysis in this study.
Although there is a correlation between P contents in the
10-20 cm soil layer and in leaves of black locust plants, no
correlations exist between other elements (C, N and K) in
soils and in leaves of black locust. Coupling analysis
between elements in soils and in foliage has been per-
formed in Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies) forests in Sweden, and no correlations have
been found (Ladanai et al. 2010). These results suggest that
coupling relations of major elements such as C, N, P and K
between soils and forest plants did not always exist,
although forest plantations can significantly alter soil
physical, chemical and biological properties (Khan et al.
2010; Wang et al. 2011).

An important factor affecting the coupling relations of
C, N, P and K between soils and forest plants is the
chemical properties of forest litter because the chemical
properties of tree tissues, especially leaves and fine roots,
can substantially impact soil element stoichiometric rela-
tions (Khan et al. 2010; Qiu et al. 2010). The difference in
chemical properties of root, stem and leaf tissues of dif-
ferent-aged black locust plantations may partially explain
the contribution of these tissues to changes in nutrient
stoichiometric relations in soils. For instance, higher con-
centrations of soluble sugar and lower lignin concentra-
tions of leaves than those of roots indicate that the
decomposition of leaf litter may be faster than that of roots
since soil microorganisms favor for plant litter with higher
sugar concentrations and lower lignin contents (Cotrufo
et al. 2005; Luo et al. 2008). In the same line, lower
concentrations of soluble sugar and elevated lignin
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concentrations in roots and leaves of older black locust
plantations than those of young plantations may delay the
release of nutrient elements in these tissues to soils during
the decomposition processes. These results indicate that the
chemical properties of plant tissues may affect the
decomposition processes of litter, resulting in decoupling
of nutrients between the soil and the plant.

In summary, black locust plantations, particularly
15- and 20-year-old plantations, have increased SOC and N
contents and stocks in the top soil layer, leading to changes
in soil C, N, P and K stoichiometric relations. The C:P,
C:K, N:P, N:K and P:K molar ratios are higher in the
0-10 cm soil layer than those in the 10-20 cm soil layer.
All analyzed element ratios in soils are elevated under
older plantations. Biomass of plantations is accumulated in
older plantations. The C, N, P and K contents in black
locust have displayed tissue- and age-specific patterns.
Higher C contents in stem and N contents in leaves have
been found in black locust. The largest C pools in stem and
N pools in roots were detected in 20-year-old black locust.
The highest C:N, C:P and C:K and the lowest N:P and N:K
in stem have been observed among the three tissues. The
C:N and C:P ratios decrease in older black locust. No
strong correlations exist between elements (C, N and K) in
soils and leaves of plantations. These results suggest that
black locust plantations can increase soil nutrient contents
resulting in changes in element stoichiometric relations,
nutrient element contents and their stoichiometric cou-
plings, which vary in different tissues and aged plants, and
no strong coupling relations exist between major nutrient
element contents in soils and in leaves of plants. These data
also indicate that N-fixing woody plants such as R.
pseudoacacia are good candidates for afforestation/refor-
estation on degraded land to prevent soil erosion and
increase SOC and N storage contributing to mitigation of
global change.
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