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Abstract: Plant nitrogen (N) and phosphorus (P) resorption is an important strategy to conserve N
and P in the face of nutrient limitation. However, little is known about the variation of N and P
resorption efficiency (NRE and PRE) and their correlation with leaves and soil C:N:P stoichiometry in
black locust forests (Robinia pseudoacacia L.) of different ages. In this study, we measured C, N, and P
concentrations in soil, green leaves, and senesced leaves from black locust forests of different ages
(i.e, 10-, 20-, 30-, 36-, and 45-year-old), and calculated the NRE, PRE, and C:N:P stoichiometry ratios.
The NRE and PRE tended to increase and then decrease with stand age, ranging from 46.8% to 57.4%
and from 37.4% to 58.5%, with averages of 52.61 and 51.89, respectively. The PRE:NRE decreased with
increased stand ages. The C:P and N:P of soil and green leaves increased with stand ages, indicating
the increase of P limitation. In the senesced leaves, C:P and N:P were lower than in green leaves and
first increased and then decreased with stand age. The PRE was significantly negatively correlated
with the C:P and N:P of soil and green leaves. The NRE was significantly correlated with the C
concentration of green leaves, P of the senesced leaves, and C:N. Results suggested that the NRE
and PRE responded differently to soil and plant nutrients in black locust forests of different ages.
In addition, the black locust plantations would alter the conservation and use strategy of nutrients
in the ecosystem through a plant-mediated pathway. Future studies should elucidate the central
nutrient utilization strategy of black locust in response to a nutrient-poor environment and determine
how it is involved in regulating nutrient resorption.

Keywords: nutrition resorption; ecological stoichiometry; plant-soil feedback; stand age;
Robinia pseudoacacia L.

1. Introduction

Plant nutrient resorption is the process by which a plant transfers nutrients to its growing tissues
before the branches and leaves wither, effectively lengthening the retention time of nutrients in
plants [1,2]. This process reduces the reliance of plants on soil nutrients, helping to maintain the
ecological stoichiometry balance in plants; it also reduces nutrient leaching after litter decomposition,
minimizing the ecosystem nutrient loss [2,3]. Nutrient resorption from senescing organs is one of the
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most important mechanisms for plants to adapt to nutrient limitation and improve nutrient utilization
efficiency through conserving and optimizing the use of nutrients. This is also an important strategy
to regulate nutrient cycling within plant–soil systems. Nutrient resorption can be defined as nutrient
resorption efficiency (NuRE), i.e, the proportion of nutrients withdrawn from green leaves prior to
senescence [4]. Therefore, research on the plant NuRE is helpful to reveal the response mechanism of
plants to a nutrient-poor environment.

Nitrogen (N) and phosphorus (P), strong limiting factors of natural ecosystems, play an important
role in plant growth and metabolism [5,6]. Previous studies have reported that natural forests in
low latitudes areas (e.g., tropical forests) are usually limited by N [7] and those in high latitudes are
limited by P [6]. In addition, chronosequence studies have shown that young forests are usually
vulnerable to N limitation, while ageing forests are usually vulnerable to P limitation, especially in
areas with nutrient deficiency or imbalanced N and P input [8,9]. Plant N and P resorption efficiency
(NRE and PRE, respectively) attract ample attention because they play an important role in revealing
the adaptability of plants to a nutrient limiting environment [10,11]. Vergutz estimated that the
mean NRE and PRE for global terrestrial plants were 62.1% and 64.9%, respectively [12]. However,
the NRE and PRE varies greatly depending on the species [13] and life-form [14]; NRE and PRE are
also easily influenced by environmental factors (e.g., soil nutrient availability, elevation, temperature,
precipitation, etc.) [13,15,16] or disturbances [17].

In forest plantations, plant photosynthetic characteristics, soil nutrient supply, and plant nutrition
demands usually vary with stand age [18]. These changes may have substantial effects on plant
nutrient conservation strategies, thus leading to the change of NuRE with stand age [10,19]. However,
previous studies have shown inconsistent trends (e.g., increase [18], decrease [20], and no significant
change [21]) of NuRE in response to stand age, which may be related to the tree species and nutrition
status [10,21]. The measurement of C:N:P stoichiometry is an effective way to investigate plant and
soil nutrient status. For instance, leaf N:P was used in a previous study to indicate the N (N:P < 14)
or P (N:P > 16) limitation of the plants [22]. Therefore, studying NRE and PRE characteristics and
their possible links with nutrition stoichiometry, together with forest age changes, may help to reveal
the adaptability of forests to varying levels of nutrients [18,19]. This is of great significance to the
sustainable management of plantations that are subject to nutrient restriction [10].

Due to its nitrogen fixation, fast growth, and tolerance to drought and barren lands, black locust
(Robinia pseudoacacia L.) has become one of the most widely introduced tree species for ecological
restoration and timber production worldwide [23–25]. The Loess Plateau, China, is a very ecologically
fragile region that suffers from severe soil erosion and low availability of nutrients [26]. To restore
the region, black locust has been introduced as the dominant plantation species with the aim to aid
in soil and water conservation [27,28]. Black locust can significantly improve the soil quality by
accumulating soil C and N [25,29]. However, black locust plantations grown in the long-term (for
approximately 35 years) suffer from withering branches and a decline in productivity, which may
indicate forest degradation [30]. Soil nutrient limitation (usually P limitation in the arid areas) [29,31]
and water deficits [32,33] also may become serious with stand development. However, few studies
have been conducted on how the resorption of N and P vary with the age of the black locust plantation.
Therefore, we studied the adaptability of black locust to the changing nutrient status, especially the
variation of NuRE with stand age, which may reveal the possible mechanism of degradation of the
black locust plantation.

In this study, we examined the changes of nutrients in soil and leaves (both mature leaves and
withered leaves) of black locust plantations covering an age range from 10 to 45 years old in the Loess
Plateau of China. The objectives of this study were to quantify the variations of N and P resorption
across the black locust plantation chronosequence and to find out whether there are any relationships
between NuRE and nutrient stoichiometry indexes in leaves and soil. These data were then used to
reveal the responses of plant nutrient use strategy to the altered leaf and soil nutrient status in black
locust plantations of different ages. Because nutrient resorption is an important nutrient conservation
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mechanism and the plant nutrient demand may increase with stand age, we hypothesized that the N
and P resorption will: (1) increase across the black locust plantation chronosequence, and (2) show
significant negative relationships with leaf and soil N and P contents. The results may provide novel
insight into the understanding of the nutrient cycling of black locust forests in arid and semi-arid areas.

2. Materials and Methods

2.1. Research Area

The research was conducted in the Loess Plateau at the Wuliwan catchment of Ansai County,
Shaanxi Province, China (36◦39′–36◦52′ N, 109◦20′–109◦21′ E). The site has a hilly loess landscape
and an elevation of 1010–1400 m above sea level. The study area has a typical semiarid climate with
a mean annual rainfall of 505 mm, an annual average temperature of 8.8 ◦C, and a frost-free period
of 159 days. Approximately 60% of the precipitation occurs between July and September, and the
precipitation varies greatly in different years. The soil in this region is mainly loessal soil, developed
from wind-accumulated loess, which has extremely poor resistance to erosion. The proportion of the
differently sized soil particles in the 0–20 cm layer was 63.6% sand, 29.2% silt, and 7.2% clay. Artificial
forests have been planted at the study site since the 1970s to mitigate the serious soil erosion on steeply
sloped crop land [29]; therefore, the large area of plantations have different stand ages. The dominant
plantation species is black locust and Caragana korshinskii Kom.

2.2. Experimental Design and Sampling

Based on the afforestation records of the local forestry department, black locust forests of five
age classes (i.e., 10, 20, 30, 36, and 45 years old during field sampling in 2016, hereafter referred to
as RP10, RP20, RP30, RP36, and RP45, respectively) were selected to represent a chronosequence.
All of the sample lands were converted from cropland subjected to similar farming practices, namely,
mainly planting maize (Zea mays L.), foxtail millet (Setaria italic L.), and broomcorn millet (Panicum
miliaceum L.) with watering mainly through the rainfall and a small amount of manure was the main
fertilizer. After trees were planted, the sample lands were fenced to prevent grazing and other human
disturbance including thinning, wood usage, or other practices. Detailed information of the sampled
lands is shown in Table 1. The climatic and edaphic conditions of the forests of five age classes were
similar. Three replicate fields were measured for each black locust stand age. The three replicate
fields for each stand age were within 1.5 km of one another to ensure consistent climatic variables and
other conditions. In each replicate field, we randomly selected three replicated plots (20 m × 20 m)
for sampling. All sites were topographically similar (i.e., slope aspect and slope degree) with similar
elevation. Finally, we established 45 sampling plots (5 stand ages × 3 replicate fields × 3 sample plots).

Green and senesced leaves were collected in mid-August and mid-October 2016, respectively,
when the green leaves were at peak biomass, and senesced leaves were ready to fall. At least five
individual trees were selected in each sample plot. At least 20 branches were chosen around each
tree from the lower, middle, and upper canopy. Approximately 50 g leaves were sampled from each
individual (picked using a long reach pruner), all the leaves from the same sample plots were mixed
(about 250–300 g), and then a quantity sufficient for chemical analysis (about 100 g) was taken out
for analysis. The leaves with obvious diseases and/or insect pests were excluded. To avoid nutrient
decomposition and leaching, the fully senesced leaves were collected from trees rather than from litter
in mid-October, when they were completely yellow, dry, without any signs of deterioration, and would
fall from the branch with a gentle touch [10,34]. The sample leaves were transfer to the laboratory in
paper bags, then oven-dried at 105 ◦C for 30 min and maintained at 60 ◦C until a constant mass was
reached. Dried sample leaves were ground and sieved with a 0.1 mm sieve.
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Table 1. Field site information for Robinia pseudoacacia L. plantations with different stand ages.

Stand Ages 10 20 30 36 45

Location 36◦52′00” N
109◦21′38” E

36◦52′08” N
109◦21′06” E

36◦51′36” N
109◦21′06” E

36◦51′37” N
109◦21′05” E

36◦52′16” N
109◦20′54” E

Elevation (m) 1332.31 1245.2 1283.6 1255 1121.34
Slope (◦) 37 30 35 30 28

Aspect (◦) ES38 ES20 EN16 EN15 ES10
Bulk density (g cm−3) 1.09 1.29 1.05 1.01 0.98

pH 8.56 8.62 8.58 8.51 8.60
Canopy density (%) 48 55 64 63 60

Stand density
(trees hm−2) 1540 1535 1350 1305 1240

DBH (cm) 6.33 15.32 17.25 18.27 19.10
Degree of herb cover

(%) 46.83 59.13 83.87 76.85 73.40

Number of herb
species 13 24 21 22 23

ES and EN means East by South and Ease by North; DBH means diameter at breast height.

The soil samples were collected in mid-August 2016. In each sample plot, we selected five sample
points along the diagonal. Because the surface soil (0–10 cm) is the most closely related to plant
nutrients [10,29], we collected soil samples at each point from the 0–10 cm layer using a soil auger
with a 4 cm diameter. The soil samples from the same plot were adequately mixed and reduced by
coning and quartering to achieve appropriate quantities (about 400 g). Then, the soil samples were
transported to the laboratory, air-dried at room temperature (25–28 ◦C), and passed through a 0.25 mm
sieve in preparation for soil C, N, and P analysis. To avoid the impact of roots and litter, all samples
were collected 80 cm from trees after the litter layer was removed and the plant roots, stones and
debris were removed before drying through hand picking and sieving. A vegetation survey was also
conducted in each plot in August 2016 using five randomly selected 1 m × 1 m small plots.

2.3. Laboratory Analysis and Determination

The TOC analyzer (Total organic carbon analyzer, Shimadzu Corp., Kyoto, Japan) was used to
measure the total C from soil and leaf samples (0.1 mol L−1 HCl were used to destroy the carbonates
in soil). The total nitrogen (TN) content was measured using the semimicro-Kjeldahl method with a
Kjeldahl auto-analyzer (KDY-9830, Beijing, China) after digestion in sulfuric acid hydrogen peroxide
(for leaves) or sulfuric acid perchloric acid (for soil). Total phosphorus (TP) content was measured
using the molybdenum antimony colorimetric method by using an ultraviolet spectrometer subsystem
(UV-6100, Shanghai, China) after digestion following the methods as in TN measurement [35].

2.4. Calculations and Statistical Analysis

NuRE was used to quantify the nutrient resorption, which was calculated as follows [19]:

NuRE = (1− W1

W2
×MLCF)× 100% (1)

where NuRE is the nutrient resorption efficiency, and W1 and W2 are the nutrient concentrations (TN
or TP, g kg−1) in senesced and green leaves, respectively. MLCF is the mass loss correction factor to
correct the unbiased resorption value, which is 0.784 for broad-leaved deciduous trees as introduced
by Vergutz et al. [12].

The soil and leaf C:N:P stoichiometry ratios were calculated as the mass ratio. There were no
missing values in our data. All data were distributed normally after the Kolmogorov–Smirnov test
(p > 0.05 for each null hypothesis). Then, the Bartlett test was used to investigate the homogeneity of
variance, and p > 0.05 for each null hypothesis. There were no significant differences for each soil and
leaf properties between different replicate fields of the same stand ages, or between different sample
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plots of the same replicate fields (p > 0.05). Therefore, one-way analysis of variance (ANOVA) was used
to test the differences of NuRE, nutrients and stoichiometric ratios among the plantations of different
ages (the significant level was p < 0.05). A least significant difference (LSD) test was conducted for
post-hoc multiple comparisons. A Pearson correlation analysis was used to estimate the relationship
between NuRE and other leaf or soil nutrition properties. The relationships between the stand age and
other properties were estimated by linear regression. All of the statistical analyses were conducted
using SAS (SAS Institute Inc., Cary, NC, USA), and the figures were plotted in Origin 2016 (OriginLab
Corporation, Northampton, MA, USA).

3. Results

3.1. Leaf and Soil C, N, and P Concentrations

The concentrations of the C and N in green leaves significantly increased from RP10 to RP36;
however, the concentrations were decreased from RP36 to RP45 (p < 0.05). The concentrations of C and
N ranged from 380.81–475.38 g kg−1 and 22.38–32.49 g kg−1 in all stand ages, respectively (Table 2).
The P concentration of green leaves showed no significant variation among the different stand ages,
except P concentration in RP45 was significantly lower (p < 0.05).

Table 2. Leaf and soil C, N, and P concentrations in different stand aged black locust forests.

Field Site
Soil (g kg−1) Green Leaves (g kg−1) Senesced Leaves (g kg−1)

C N P C N P C N P

RP10 4.65 ± 0.27 0.50 ± 0.03 0.55 ± 0.07 380.81 ± 12.89 22.38 ± 0.94 2.07 ± 0.06 352.61 ± 16.54 15.16 ± 0.46 1.18 ± 0.05
RP20 4.97 ± 0.09 0.61 ± 0.05 0.49 ± 0.04 439.85 ± 13.32 25.05 ± 0.54 2.15 ± 0.04 348.77 ± 12.22 13.62 ± 1.09 1.14 ± 0.02
RP30 8.26 ±0.71 0.87 ± 0.07 0.60 ± 0.04 467.31 ± 8.51 32.02 ± 0.75 2.07 ± 0.05 409.41 ± 12.37 17.90 ± 0.82 1.16 ± 0.06
RP36 8.79 ± 0.35 0.87 ± 0.04 0.53 ± 0.03 475.38 ± 6.11 32.49 ± 0.43 2.17 ± 0.11 425.59 ± 11.48 18.38 ± 0.51 1.25 ± 0.05
RP45 14.41 ± 0.91 1.20 ± 0.13 0.57 ± 0.03 421.53 ± 12.06 28.71 ± 0.80 1.72 ± 0.06 453.97 ± 24.16 19.4 ± 0.52 1.37 ± 0.05

The data are shown as mean ± standard error.

The C and N concentrations of senesced leaves increased from RP20 to RP45 with stand age
(p < 0.05). The concentrations of C and N ranged from 347.27–453.97 g kg−1 and 11.64–19.40 g kg−1 in
all stand ages (Table 2). The P concentration of senesced leaves showed an increasing trend with stand
age, with a range of 1.14–1.37 g kg−1. The C, N, and P concentrations were all higher in green leaves
than that in senesced leaves in each stand age. The only exception was the C concentrations in RP45,
which was higher in senesced leaves (p < 0.05).

The C and N concentrations of soil significantly increased with stand ages (p < 0.05), ranging from
4.56–14.41 g kg−1 and 0.50–1.20 g kg−1, respectively. The soil P concentrations showed no significant
changes with stand ages (Table 2).

3.2. Leaf and Soil C:N:P Stoichiometry Ratios

The C:P and N:P in green leaves increased with stand age (p < 0.05), ranging from 184.22–245.60
and 10.83–16.72 with an average of 218.50 and 14.11, respectively (Figure 1). The C:N of green leaves
declined as a whole with stand age (p < 0.05), ranging from 14.60–17.56 with an average of 15.70.
The C:N, C:P, and N:P of senesced leaves all increased and then decreased with stand age (p < 0.05),
with ranges of 22.62–29.95, 274.35–355.60, and 10.73–15.54 with averages of 23.69, 326.77, and 13.84,
respectively (Figure 1). The highest C:N values in senesced leaves were measured in RP20; the highest
C:P and N:P in senesced leaves were measured in RP30. Generally, the C:N and C:P of senesced leaves
were higher than that of green leaves in all stand ages (p < 0.05), and the N:P of senesced leaves were
higher from RP10 to RP30 and lower from RP36 to RP45 compared with that of green leaves (p < 0.05).
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from 37.4% to 58.5%, with averages of 52.61 and 51.89, respectively. The highest values for NRE and 
PRE were obtained in RP20 (Figure 2A). The NRE was higher than the PRE in RP10 and RP20, and 
lower in other stand ages (p < 0.05). A significantly positive correlation was found between NRE and 
PRE (R2 = 0.316, p < 0.05) (Figure 2B). In addition, the PRE:NRE decreased with the age of the stand (p 
< 0.05) (Figure 2C). 
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chronosequence of black locust forests, and (C) the relationship between NRE and PRE. Data are 
shown as the mean ± standard deviation. Different lowercase letters represent significant differences 
among stand ages at p < 0.05, and the same letters indication no significant difference. 

3.4. Relationships between NuRE, Nutrient Concentrations, and Stoichiometry Ratios in Leaves and Soil 

Results from the Pearson correlation analysis showed that the NRE was significantly positively 
correlated with the C of green leaves and P of senesced leaves (p < 0.05); the NRE was significantly 
negatively correlated with the C:N of senesced leaves among the different stand ages (p < 0.05), 
whereas no significant correlation was found with other indicators (Table 3). The PRE was 
significantly correlated with most of the nutrient concentration and stoichiometry indicators in 
leaves and soil (p < 0.05). The exception for this was that the soil P; C, N, and C:N of green leaves; 
and C:N, C:P, and N:P of senesced leaves were not significant. The PRE was positively correlated 
with the P concentrations of green leaves, whereas it was negatively correlated with other significant 
related indicators (Table 3). 

Figure 1. Leaf and soil C:P ratio (A), N:P ratio (B) and C:N ratio (C) in black locust forests with different
stand ages. Different lowercase letters represent significant differences among stand ages at p < 0.05,
and the same letters indicate no significance.

The soil C:P and N:P increased with stand age (p < 0.05), ranging from 8.66–25.47 and 0.93–2.11
with averages of 14.98 and 1.48, respectively. The soil C:N decreased by 11.8% from RP10 to RP20, and
then increased by 47.8% from RP30 to RP45 (p < 0.05), with an average C:N of 9.83 (Figure 1).

3.3. NRE and PRE in Forests of Different Stand Ages and Their Relationship

The NRE and PRE varied among stands of different ages, with the tendency to increase and
then decrease with stand age (p < 0.05). The NRE and PRE values ranged from 46.8% to 57.4% and
from 37.4% to 58.5%, with averages of 52.61 and 51.89, respectively. The highest values for NRE and
PRE were obtained in RP20 (Figure 2A). The NRE was higher than the PRE in RP10 and RP20, and
lower in other stand ages (p < 0.05). A significantly positive correlation was found between NRE and
PRE (R2 = 0.316, p < 0.05) (Figure 2B). In addition, the PRE:NRE decreased with the age of the stand
(p < 0.05) (Figure 2C).
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Figure 2. (A) Changes of N and P resorption efficiency (NRE and PRE), (B) PRE:NRE along the
chronosequence of black locust forests, and (C) the relationship between NRE and PRE. Data are shown
as the mean ± standard deviation. Different lowercase letters represent significant differences among
stand ages at p < 0.05, and the same letters indication no significant difference.

3.4. Relationships between NuRE, Nutrient Concentrations, and Stoichiometry Ratios in Leaves and Soil

Results from the Pearson correlation analysis showed that the NRE was significantly positively
correlated with the C of green leaves and P of senesced leaves (p < 0.05); the NRE was significantly
negatively correlated with the C:N of senesced leaves among the different stand ages (p < 0.05),
whereas no significant correlation was found with other indicators (Table 3). The PRE was significantly
correlated with most of the nutrient concentration and stoichiometry indicators in leaves and soil
(p < 0.05). The exception for this was that the soil P; C, N, and C:N of green leaves; and C:N, C:P,
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and N:P of senesced leaves were not significant. The PRE was positively correlated with the P
concentrations of green leaves, whereas it was negatively correlated with other significant related
indicators (Table 3).

Table 3. Pearson correlations between nutrient resorption efficiency, nutrient concentrations, and
stoichiometry ratios in leaf and soil samples.

NRE PRE

R p R p

Soil C −0.303 0.273 −0.879 <0.001
N −0.151 0.592 −0.773 <0.001
P −0.116 0.681 -0.258 0.353

C:N −0.489 0.064 −0.881 <0.001
C:P −0.289 0.296 −0.878 <0.001
N:P −0.109 0.700 −0.756 <0.001

Green leaves C 0.711 <0.001 0.127 0.651
N 0.432 0.108 −0.188 0.503
P 0.525 0.044 0.947 <0.001

C:N −0.041 0.884 0.489 0.064
C:P 0.085 0.763 −0.666 <0.001
N:P 0.058 0.836 −0.645 <0.001

Senesced leaves C −0.126 0.656 −0.716 <0.001
N −0.292 0.292 −0.675 <0.001
P −0.529 0.043 −0.930 <0.001

C:N 0.504 0.048 0.229 0.413
C:P 0.345 0.209 −0.045 0.873
N:P 0.029 0.919 −0.146 0.603

NRE and PRE represent the N and P resorption efficiency, respectively. R is the Pearson correlation coefficient.

4. Discussion

4.1. Leaf and Soil Nutrient Concentration and Stoichiometry of Black Locust Forests of Different Ages

The nutrient cycle and transformation process of C, N, and P between soil and plants during
vegetation restoration is the basis of material circulation in terrestrial ecosystems [36]. Soil provides
the necessary nutrients for plant growth, and plants impact the soil nutrients through litter restitution,
root growth, and secretions. As a result of plant growth, this correlation would also change with stand
ages [37]. Previous studies have shown that the artificial vegetation in the Loess Plateau may face
a nutrient imbalance with the increase of stand age, mainly manifesting as P limitation in restored
ecosystems [29]. In this study, the soil C and N concentrations increased by 209.9% and 139.2%
(p < 0.05) from 10-year-old to 45-year-old black locust forests, respectively (Table 1), whereas the soil
P concentrations showed no significant variation among the stand ages. The different variation of
soil C, N, and P may have occurred because the accumulation of soil C and N are primarily driven
by biological factors (e.g., decomposition of plant litter and dead roots), but P transformations in
soil are mainly driven by biochemical mineralization (e.g., phosphate decomposition, which takes
a long time [29]. Compared to P, the black locust trees can more effectively import N into the soil
with symbiosis of N-fixing microbes [38]. Therefore, a significant increase in soil C:P and N:P ratios
was found in the older black locust forests (p < 0.05) (Figure 1). Our previous study has found a
significant decrease of soil-available P and increase of available N along with the increased stand
age [39]; therefore, we can speculate that the soil may be relatively deficient in P in older black
locust plantations on the Loess Plateau. This provides further support for conclusions from previous
studies [29,31,40].
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Nutrient concentrations and stoichiometry ratios in leaves change in different growth
stages [40,41]. The results showed that the average concentrations of C and N in leaves from black
locust forests of different ages were 436.98 g kg−1 and 28.13 g kg−1, respectively (Table 2). The C
concentration was similar to the average C content of leaves (438 g kg−1) in the Loess Plateau [42],
whereas the N content was much higher than the average level in both the Loess Plateau (21.61 g
kg−1) [43] and in China (18.60 g kg−1) [44]. The C and N concentration of green leaves increased
and then decreased with the increase of stand ages. The concentrations peaked in the RP36 (Table 2).
The overall change of C and N in black locust leaves showed the following trend: middle age forest >
older forest > young forest, which was consistent with Ma et al.’s results [40]. This may be due to the
accumulation of structural substances with more C in the middle- and older-aged plants compared
with younger plants. The average P concentrations in green leaves from black locust forests of different
ages was 2.01 g kg−1 (Table 2), which was close to or slightly less than the global average P content
(2.00 g kg−1) [45] and the average of leaves from the Loess Plateau (2.09 g kg−1) [43]. However,
P concentration of the green leaves did not show significant differences with the change of stand ages.
The N:P ratios of green leaves increased significantly from 10.83 to 16.72 along the chronosequence
of black locust forests (p < 0.05) (Figure 1). Our results suggested that the black locust plantations
would shift from relative N-limitation to relative P-limitation across the chronosequence based on the
criteria proposed by Güsewell [22] (i.e., leaves N:P <14, 14–16, and >16 indicating N limitation, N and
P co-limitation, and P limitation, respectively). In other words, the young black locust plantations
were relatively more N-limited, and the older plantations were relatively more P-limited. Similar
findings have also been reported in Larix olgensis A. Henry [9], Larix kaempferi (Lamb.) Carr. [10], and
other plantations [46], which showed that long-term ecosystem development tended to cause a shift
from N- to P-limitation. This may be a result of the relatively easy absorption of soil N (with N-fixing
microbes in the rhizosphere), but relatively inadequate P absorption by the black locust [38]. However,
our research only tested the soil properties in the top layer, thus further study on nutrient effectiveness
and root absorption characteristics of deep soil should also be investigated.

Leaf litter is an important way for plants to return nutrients to the soil. Typically, at least some of
the nutrients in senesced leaves will be transferred to the branches before falling, resulting in lower
levels of nutrients in the senesced leaves compared to the green leaves [12,14,47]. The data obtained in
our study also agreed with this rule. The average concentrations of C, N, and P of senesced leaves
in stands of different ages were 398.07 g kg−1, 16.89 g kg−1, and 1.22 g kg−1 (Table 2), respectively.
Compared with the average level of nutrients of senesced leaves in broad-leaved forests in China (the
C, N, and P concentrations was 479.9 g kg−1, 13.2 g kg−1, and 1.06 g kg−1, respectively) [48], our results
showed relatively high concentrations of N and P, and low concentrations of C. Previous studies have
concluded that the abundance of N and P in litter is conducive to microbial (especially bacterial)
activity, thereby promoting rapid decomposition of litter, facilitating nutrient release [49,50]. In this
study, the C:N and C:P of senesced leaves was 22.62–29.95 and 274.35–355.60 in black locust forests of
different ages, respectively (Figure 1). These ratios are significantly lower than the average value of
C:N and C:P in senesced leaves in the broad-leaved forests of China (36.36 and 452.73, respectively),
demonstrating that the leaf litter in black locust forests are easy to decompose and are beneficial to
nutrient release. In addition, our findings showed increasing N and P contents in senesced leaves in
older stands, indicating that more N and P would be returned to the soil through litter decomposition.

4.2. N and P Resorption Correlated with Soil and Leaf Nutrients across the Plantation Chronosequence

Plants absorb nutrients from the soil and allocate them to different organs to accumulate or
participate in various life activities; the nutrients will be reabsorbed before the leaves fall, thus,
prolonging the retention time of nutrients in plants [14]. In this study, the N and P resorption
efficiency of black locust forests of different ages were 46.8%–57.4% and 37.4%–58.5%, respectively
(Figure 2A); these efficiencies are significantly lower than that of global terrestrial forests (62.1%
and 64.9%, respectively) [12], and this may be due to species-dependent differences. The NRE and
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PRE were significant correlated with each other, and both of the NRE and PRE showed significantly
increasing and then decreasing trends along the chronosequence of black locust forests (Figure 2),
which was consistent with previous research in Pinus massoniana Lamb and Metasequoia glyptostroboides
Hu et Cheng plantations of different ages [19,51]. This variation may be because young plants have
rapid biomass production, thus need a higher N and P resorption efficiency to supply an appropriate
amount of nutrients [19]. Black locust has greater N absorbing efficiency than P absorbing efficiency
with symbiosis of N-fixing microbes around roots. Meanwhile, the rapid growth of young trees
requires more P for production of genetic material. These reasons may likely result in a greater PRE
than NRE in 10-year-old and 20-year-old forests [40]. A similar trend was also reported in Eucalyptus
urophylla S.T. Blake × E. grandis W. Mill ex Maiden forests [20]. In the older growth stage of black
locust forests, the PRE significantly decreased with the increasing stand ages, causing a deficit of P in
the soil and trees. This disagrees with our first hypothesis, which may be because the wood biomass
became an effective reservoir of P in the later stage of plant growth, thus reducing the P resorption
from fallen leaves [52,53]. This indicated that nutrient resorption may not be the main strategy for the
preservation of P elements in the older black locust forests. In addition, the NRE decreased with the
age of the stand, which is contrary to our first hypothesis. Previous research does not support that tree
growth depended more on N resorption to supply its N requirements with the development of the
stand [18,37], but it is consistent with the view that decreased NRE was a result of sufficient soil N
supply after decomposition [19]. The increased N concentration in soil and senesced leaves with the
older stands and relatively low C:N of senesced leaves in our study also supported this view.

The nutrition resorption may be individually or collectively affected by soil nutrient conditions
and nutrient contents of green leaves and senesced leaves [12,54]. There is still great uncertainty
about the degree of influence and direction of these factors. For example, a study conducted by Aerts
reported that there was no significant correlation between NuRE and nutrient concentrations in soil and
green leaves, but a negative correlation was found with the nutrient content in senesced leaves [1,55].
However, a study conducted by Vergutz et al. based on data at a global scale concluded that the
NuRE depends more on the nutrient state of green leaves than on the senesced leaves [12]. In addition,
other studies have also shown that plants subject to N or P limitation should have higher N or P
resorption efficiency [56,57]. Killingbeck proposed that nutrient transfer and resorption may be only
an inherent feature of species [58], indicating that genetic differences in plants may be the main factor
determining nutrient resorption [54,59]. Our results demonstrated that the NRE of black locust forests
was significantly correlated with the C concentration in green leaves, P in senesced leaves, and C:N
(p < 0.05). No significant correlations were found with soil nutrients (Table 3). This was consistent
with a previous study that reported no impact of soil nutrients on NRE [11,55], whereas the PRE was
significantly correlated with most of the nutrient content and C:N:P stoichiometry ratios of soil and
leaves (p < 0.05). Intriguingly, the PRE was negatively correlated with P limitation indicators (i.e., N:P
and C:P of soil and leaves) (Figure 3), suggesting that the PRE would be lower with greater P limitation.
The decreasing PRE:NRE also indicated relatively lower rates of P resorption with increased plantation
age. This was partly in accordance with our second hypothesis but in contrast with the “relative
resorption hypothesis”. The “relative resorption hypothesis” revealed that N and P would show an
increase in resorption when plants are growing in N- or P-limited conditions [11,60], indicating that
the leaves nutrients resorption may be not be the main strategy of black locust to cope the P-limited
conditions. Similar results were also observed in Metasequoia glyptostroboides and Larix gmelinii Rupr.
plantations [10,19]. These studies suggested that more efficient nutrient absorption by roots should
also be considered.
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Though the NRE and PRE respond differently to soil and plant nutrients, the results revealed that
black locust plantations would alter the conservation and use strategy of nutrients in the ecosystem
through a plant-mediated pathway in different stand ages. Based on the present study and previously
published studies, we speculate that more nutrients stay in senesced leaves of trees in older forests,
possibly prolonging the P cycle and increasing the risk of nutrition loss by leaching in the process of
litter decomposition [17,61]. However, litter decomposition may induce increased incorporation of P
into the soil microbial biomass, which can promote the recycling speed of nutrients and availability of
P in ecosystems [62,63]. Recent studies in P-deficient deciduous forests in Europe have shown that the
absorption and return of nutrients also depend on soil P availability [62,64,65]. Our study provided
limited information about how the release of litter nutrients and root nutrient absorption affect and
react to soil available nutrient change in black locust forests. Since plant nutrient absorption and
utilization is a complex process [17,21], future experimental studies considering certain soil nutrient
species (e.g., plant available/labile forms, organically-bound forms, etc.), root nutrients absorption,
and soil microbes are needed to elucidate the central nutrient utilization strategy of black locust in
response to a nutrient-poor environment and how these factors are involved in regulating NuRE in
different growth stages.

5. Conclusions

Along with the chronosequence of black locust plantations, the NRE and PRE both increased
and then decreased. Imbalanced C, N, and P variation with the increase in stand ages may result in
P limitation. The NRE was significantly correlated with the C of green leaves and the P content and
C:N of senesced leaves, whereas the PRE was significantly negatively correlated with the C:P and N:P
of soil and green leaves. The PRE:NRE decreased with increased stand ages. In summary, our result
showed that the NRE and PRE were both changed as the stand aged. The middle-aged black locust
trees (approximately 30 years) were more efficient at resorbing P and N from senesced leaves than
younger and older stands, but the NRE and PRE responded differently in soil and plant nutrients. The
black locust plantations would alter the conservation and use strategy of nutrients in the ecosystem
through a plant-mediated pathway with increasing stand age.
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