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Abstract

Aims Investigations into the nutrient contents and
changes in the stoichiometry and nutrient resorp-
tion strategies of different original forests during
their development are of great significance toward
the establishment of healthy, high-quality forest
ecosystems.
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Methods A total of 24 sample plots with age gradients
were established in natural Larix principis-rupprechtii
forests and plantations, from which mature and senescent
leaves, new branches, fine roots, and soil were collected
and analyzed. The carbon (C), nitrogen (N), and phos-
phorus (P) contents were determined, and the stoichio-
metric ratios and resorption efficiencies were calculated.
Results and conclusions The soil organic car-
bon and total nitrogen of the forests accumulated
with advancing age, whereas the total phosphorus
decreased because of higher consumption. Plantation
trees tended to reduce the storage of nutrients in inac-
tive plant structures to prevent nutrient loss, whereas
natural forest trees maintained a stable nutrient con-
centration within their active organs. Plantation and
natural forest trees adopted highly conservative N
and P utilization strategies through improved resorp-
tion efficiencies. However, plantation forests were
more conservative than their natural counterparts.
The mature leaves, litter, branches, and fine roots of
natural forests were influenced to a greater degree by
the soil P, whereas those of plantation forests were
more affected by the soil N. Nutrient concentrations
within the active organs of plantation trees were more
strongly dependent on soil than natural forests. We
considered that natural forests likely possessed a more
extensive range of strategies to deal with the variable
compositions and concentrations of soil nutrients,
which might strengthen their resilience against the
effects of aging.
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Introduction

As they age, forests of various origins often have dis-
tinct external manifestations largely caused by dif-
ferences in the absorption, utilization, and storage of
nutrients by trees. Prudent and comprehensive man-
agement practices are considered key to the develop-
ment of healthy and sustainable forest ecosystems
(Dixon et al. 1994). Nevertheless, management prin-
ciples cannot be standardized for forest ecosystems of
different origins at various stages of growth and devel-
opment. In contrast to natural forests, plantation forests
have erratic resistance against disease and consume
additional soil nutrients, albeit with the result of higher
productivity (Perry and Maghembe 1989). Conversely,
natural forests are superior to their artificial counter-
parts as regards resisting pests and diseases, maintain-
ing soil fertility, and preserving species (Xu 1991).
These differences in plant nutrient utilization strategies
and soil nutrient contents are likely age-related (Lam-
bers et al. 2008). Because of the variable growth rates
between natural and plantation forests (White et al.
2021), the soil composition (Liao et al. 2012; Cai et al.
2019; Osuri et al. 2020; Parhizkar et al. 2021), diver-
sity of understory vegetation (Tripathi and Singh 2009;
Gong and Tang 2016; Zhang et al. 2021a, b), and other
aspects are quite diverse. Standardized management
strategies applied to different types of forests often
lead to stunted growth, excessive competitive pressure,
and premature tree aging. The explanation may be that
unsuitable management strategies result in limited
nutrient utilization in developing forests and imbal-
ances or deficiencies in tree and organ elements. Thus,
management principles should be implemented that
align with the nutrient utilization strategies and other
unique attributes of forests with diverse origins at each
growth and developmental stage (Xu et al. 2021).
Carbon (C), nitrogen (N), and phosphorus (P)
influence the growth of vegetation and the qual-
ity of soils in forest ecosystems while maintaining
element cycling and stability (Han et al. 2005; Nik-
las et al. 2005; Qiu et al. 2019). Ecological stoichi-
ometry has been used extensively to elucidate plant
growth (Elser et al. 2000, 2007; Niklas et al. 2005),
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reveal plant nutrient allocation strategies and allomet-
ric growth (Yang et al. 2014; Zhao et al. 2016), and
identify limiting elements (Koerselman and Meule-
man 1996). The soil substrate age hypothesis (Reich
and Oleksyn 2004) proposes that the developmental
age of soil impacts the nutrient supply capacities of
parent soil materials, which affects plant stoichiom-
etry. Two components appear to be involved: (1) the
composition and proportion of soil nutrients vary
with advancing age, and (2) plant nutrient stoichiom-
etry attributes fluctuate with increasing age. As age-
related changes in forests may be considered complex
disturbances, the soil carbon levels (Ewel et al. 1987,
Klopatek 2002), carbon sinks (Zhou et al. 2006;
Luyssaert et al. 2008), litter nutrient contents (Kelli-
her et al. 2004), and other factors related to the soil
and plants will be affected by aging.

However, there is a profound covariation relation-
ship between the changes in soil and plants. When
the concentrations of external nutrients are altered,
the nutrient absorption and storage strategies of
plants will be modified accordingly (Chapin 1991;
Wang et al. 2017; Castellanos et al. 2018). For exam-
ple, in the context of N deposition on a global scale,
the N:P ratios of plants in terrestrial and freshwater
ecosystems were observed to increase. However, the
C:N ratios of both plants and organic soils and the
N2 fixation capacities of soil and water decreased
(Sardans et al. 2012). Based on six consecutive years
of research, Mao et al. (2016) proposed that exoge-
nous P inputs induced the C:N, C:P, and N:P ratios
of plants to simultaneously decrease, whereas N and
P exhibited synergistic increases. Variable soil nutri-
ent levels and other disturbances are essential for
strategic use by forest trees, where higher soil nutri-
ent concentrations translate to their increased acquisi-
tion and storage in leaves (Yan et al. 2006). Histori-
cally, ecologists have proposed several hypotheses to
support these phenomena, including the Law of the
Minimum, the multiple limitation hypothesis, and the
stability of limiting elements hypothesis (Baar 1994;
Han et al. 2011; Agren et al. 2012). Further, peren-
nial plants use a strategy for the redistribution and
absorption of nutrients back into living tissues, which
is referred to as nutrient resorption (RE) (Niinemets
and Tamm 2005; Hayes et al. 2014a, b). It is generally
believed that the resorption rates of N and P in plants
are ~50%, whereas the resorption efficiency of K is
slightly higher. Nevertheless, resorption efficiencies
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are often influenced by the attributes of plants (Lal
et al. 2001), climatic factors (Oleksyn et al. 2003;
Yuan and Chen 2009), soil fertility (Drenovsky et al.
2010; Yuan and Chen 2015), and the plant develop-
ment stage (Brant and Chen 2015).

In summary, we consider that plants maintain
internal stability by regulating the uptake and loss of
nutrients and elements through various response strat-
egies. Further, under changing environmental condi-
tions, plants adopt element compensation or absorp-
tion mechanisms through a series of responses. The
steady state tends to shift in a certain direction to
reconfigure the plant element content, stoichiometric
ratio, and resorption characteristics. Forests of dif-
ferent origins undergo continuous changes and the
differentiation of other environmental factors within
their ecosystems during growth and development.
Therefore, we speculated that their nutrient utilization
and storage strategies would also undergo responsive
changes to create differences; however, this has not
been fully elucidated as yet.

Larix principis-rupprechtii is distinct from com-
mon evergreen coniferous plants in that its annual
litter generation far exceeds that of common ever-
green tree species, and it “frequently interacts” with
forest soils (Liu et al. 2021). Further, it is a com-
mercially valuable wood that is extensively planted
in the mountainous regions of northern, northeast-
ern, and southwestern China, which cumulatively
comprise the largest area of L. principis-rupprechtii
plantations worldwide (Chen et al. 2016). This study

Fig. 1 Study area and sub- 111° 0’ 0"E

focused on the age-related changes of plants (e.g.,
nutritional aspects and utilization strategies) and
soils (e.g., nutrient contents and quantitative attrib-
utes) in L. principis-rupprechtii forests of differ-
ent origins, as the relationships between the two are
unclear. Consequently, we proposed two hypotheses:
(1) soil (nutrient contents and stoichiometry) and veg-
etation (nutrient contents, stoichiometry, and nutrient
use strategies) exhibit age-related changes, and (2)
plantations and natural forests differ as regards their
nutrient use levels and dependence on soil nutrient
resources.

Materials and methods
Study area

This research was performed primarily at the
Xiaowenshan Forestry Farm in the Guandishanshan
Mountains, which is ~22 km northwest of Jiaocheng
County, Shanxi Province, China (Fig. 1). The study
area is situated in the mid-region of the Lvliang
Mountains, which includes the Pangquangou National
Natural Reserve as its center, with six forest farms
that surround it. The total area is 57,200 ha with alti-
tudes that range from 1,360 to 2,839 m. This region
has an inner-continental mountain monsoon climate,
with a mean annual temperature and precipitation of
4.2 °C and 822.6 mm, respectively.
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compartment location. Blue
dots represent the positions
of the sub-compartments.
N- represents natural forest,
P- represents plantation for-
est, and the subsequent let-
ters and numbers represent
sub-compartment numbers
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and evenly spaced dominant trees. One com-
pound leaf and one compound branch sample were
obtained from each plot. A soil core drill (310 cm
ID) (@=diameter, ID=inside diameter) was used
to sample the uppermost leaf litter and topsoil to a
depth of 30 cm at 1.0 m from the five sample trees.
Soil cores were extracted from the upper (0-10 cm),
middle (10-20 cm), and lower (20-30 cm) strata of
each soil profile to determine the potential heteroge-
neity of the soil layers (Baldrian et al. 2012). Akin to
the leaf samples, the soil and litter samples from each
plot were mixed as composites. After their transfer
to the laboratory, the roots were sorted to obtain fine
root samples (@ <2 mm). Finally, 72 soil samples
and 96 active L. principis-rupprechtii organ samples
(24 each of leaves, branches, litter, and fine roots)
were obtained.

When calculating the resorption efficiency, we
considered the leaves in the litter as senescent (Kill-
ingbeck 1996), which were obtained by shaking and
collecting the fallen leaves of living plants. As it was
challenging to extract senescent leaves from living
plants, they were collected from the litter that recently
fell directly under the trees. The leaf samples selected
from the litter had not undergone obvious oxidation
and decomposition and were not affected by signifi-
cant precipitation erosion during the period from lit-
terfall to collection (Hayes et al. 2014a, b), and their
degree of photodegradation was very low (Austin and
Vivanco 2006). Thus, any nutrient loss induced other-
wise was negligible. All samples were placed in plas-
tic bags and stored at 4 °C for laboratory analysis.

Table 2 Analysis techniques, instrumentation, and references

Laboratory analyses

The plant and litter samples were dried at 65 °C to a
constant weight (the plant samples were initially dried at
105 °C for 15 min), after which the dried material was
pulverized and passed through a 100-mesh screen. The
soil samples were air-dried, ground, and then sifted using
a 100-mesh sieve. The total carbon, total nitrogen, and
total phosphorus (TP) of plant organs, and soil organic
carbon (SOC), total nitrogen, TP, ammonium nitrogen
(AN), nitrate nitrogen (NN), and available phosphorus
(AP) of the soil were determined. The measurement
techniques and instruments are presented in Table 2.

Data analysis

Before data analysis, we performed normality and
homogeneity of variance tests on all variables. We
used analysis of variance and multiple comparisons
(least significant difference) to determine the nutri-
ent contents and stoichiometric characteristics of
age, origin, and their interactions with active plant
organs, soil, and the impacts of resorption efficien-
cies. We used redundancy analysis (RDA) to deter-
mine the relationships between the nutrient contents
of the soil and plant organs. To avoid multicollin-
earity, we initially screened the soil nutrient index
(VIF<10) and finally retained four variables (TP,
TN, AP, and SOC) (Brian et al. 2001). First, we
considered that relative and absolute nutrient con-
tents are not equivalent in an ecological sense for
the nutrient utilization strategies of trees. Therefore,

Measured index Technique

Instrumentation References

TC/SOC (plant and soil) Potassium permanganate external heating method, dry burning

method
TN (plant and soil)

method
TP (plant and soil)

ric method
AN (soil) Spectrophotometry
NN (soil) Spectrophotometry
AP (soil) Spectrophotometry

H,S0,-H,0, digestion method, Kjeldahl nitrogen determination

Multi N/C 2100 (Bao 2000)

FoodALYT D5000 (Bremner 1960)

H,SO,-H,0, digestion method, molybdenum antimony colorimet-  Rayleigh UV-2601 (Bao 2000)

Rayleigh UV-2601 (Bao 2000)
Rayleigh UV-2601 (Bao 2000)
Rayleigh UV-2601 (Bao 2000)

SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; NN, nitrate nitrogen; AN, ammonium nitrogen; AP, available

phosphorus; TC, total carbon
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we treated soil nutrients and stoichiometric charac-
teristics separately and discussed those of common
interpretation. Second, if the nutrient contents and
quantitative characteristics were to be discussed
together, the ecological significance of the ordina-
tion axis would be challenging to explain even with
factor loadings because of the different orientations
of their ecological significance. Therefore, we dif-
ferentiated the nutrient contents and proportion of
soil when performing RDA. We performed all sta-
tistical analyses in r 4.0.1 (Team 2009).

We calculated the RE (Nutrient resorption) effi-
ciencies according to the percentage of the leaves
reduced by the corresponding elements, which was
a percentile of the difference between the elemental
contents of the senescent and mature leaves (Eq. 1).
To test the effects of age (A-continuous variable)
and origin (O-natural forest or plantation) on the
soil, litter, plant stoichiometric characteristics, and
resorption efficiency variables, we used the follow-
ing model (Eq. 2):

RE = (N, = N,) X 100%/N,,, (H

where N, is the nutrient concentration of mature
leaves and N, is the nutrient concentration of litter
for leaves that were beginning to senesce (Aerts and
Chapin 1999). The RE capacity of the litter is corre-
lated with the nutrient concentration.

We used the following model equation to test the
effects of age (A) and origin (O, natural forest vs.
plantation) on the soil, litter, plant index, and resorp-
tion efficiencies.

Yy =A; X0 + e, 2)

where Y; is the given plant or soil index, e; is the
sampling error nested within A and O, and i and j rep-
resent the given age and origin, respectively.

Results
Changes in the elemental content of active organs

We analyzed the C, N, and P contents in the organs
of differently aged plants. The C content of mature
leaves decreased with age, whereas the N content
increased in plantations at a significantly faster rate
than that in natural forests. The P content decreased
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with age; however, natural forests were more resist-
ant in this regard. The C content in plantation for-
est litter initially increased and then decreased
over time, whereas that in the natural forest litter
decreased slightly because of fluctuations. The N
content of senescent plantation leaves stabilized
after increasing, whereas that in natural forests
decreased slightly. The P content of litter decreased
in plantations but followed the general trend of nat-
ural forests, where it decreased before the age of
40 years but then increased.

Age-related changes in new branches were not
obvious, whereas the C content of the fine roots in
plantations increased with age. Natural forests fol-
lowed the same trend as 40-year-old plantations but
declined thereafter. The N content of the fine roots
in plantations increased and then decreased, with
its peak value at~30 years. The fine root P content
exhibited a downward trend with advancing age,
whereas in plantations, it initially decreased and then
increased; however, it was even lower during the
immature period (Fig. 2).

Changes in the elemental content of the soil

The content of each nutrient index decreased with
soil depth. The soil resident SOC, TN, NN, AN, and
AP of natural forests increased with age, whereas the
TP exhibited a certain downward trend. In planta-
tions, the SOC increased with age, whereas the soil
TN, AN, and NN peaked at~ 30 years, and the TP and
AP exhibited no obvious changes (Fig. 3).

Changes in active organ stoichiometry

The C:N ratio of mature leaves exhibited a down-
ward trend with increasing age, whereas the C:P
and N:P ratios exhibited an upward trend, where
the rate of change in plantation forests was signifi-
cantly higher than that of natural forests. The C:N
ratio of leaf litter in the plantations decreased with
age, whereas that of natural forests remained stable.
The C:P ratio of the plantations increased slightly
with age and then remained stable with higher
N:P ratios. The natural forests exhibited no obvi-
ous trend and were observed to fluctuate within a
stable range. The C:N and C:P ratios of plantation
tree branches initially decreased and then increased
with advancing age, which was similar to natural
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forests. Changes in the C:P ratio were relatively in natural forests was stable within a certain range,
negligible, with those in natural forests rising and and its propensity for change was weak (Fig. 4).
falling slightly in the plantations. The fine root C:N

ratio in the plantations decreased with age, whereas Changes in soil stoichiometry

the C:P and N:P ratios were essentially the same,

as they initially increased and then decreased with The soil C:N ratio (0-30 cm) decreased to a cer-
age. However, both were higher than those during tain extent with advanced age in plantation forests,
the juvenile period. The stoichiometry of fine roots whereas in natural forests, it appeared to be more
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Fig. 3 Age-related changes
in soil nutrient contents in
forests of different origins.
The uppercase letters in

the upper right corner are
the graphic numbers. The
green histogram represents
a 0-10-cm soil layer, the
yellow represents a 10-20-
cm soil layer, and the purple
represents a 20—30-cm soil
layer. Error bars indicate
standard deviation. Differ-
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stable. The C:P ratio of soil initially increased and Age-related changes in RE
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where changes in the N:P and C:P ratios were tion efficiency increased with age and that natural forests
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natural forest, and P indicates plantation. Error bars indicate

The phosphorus resorption efficiency initially increased
and then slowly decreased with age but was always
higher than that of immature forests (Fig. 6).

Effects of forest age and origin

Multivariate analysis of variance was used to fur-
ther confirm the role of aging in the various changes

standard deviation. * and ns represent statistical significance
and non-significant, respectively. * P<0.05; ** P<0.01; ***

described earlier. The results indicated that the ages
of forest stands had significant effects on the fine root

C, mature leaf C and N, SOC, and soil TP and AN,
whereas the ages of forest stands had specific, albeit not
significant, effects on the senescent leaf N, fine root P,
mature leaf P, branch C and N, and soil TN. The forest

origins significantly impacted the fine root N, mature
leaf C and N, branch C and N, and soil TN, TP, and AP.
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The interactions between age and origin significantly
impacted the leaf litter N, fine root C, mature leaf N,
SOC, and soil AP. Regarding stoichiometric charac-
teristics, age significantly affected the C:P ratio of leaf
litter, the C:N and N:P ratios of mature leaves, and the
C:P and N:P ratios of soil. The stand origin significantly
impacted the litter C:P and N:P ratios, fine root C:N and
N:P ratios, C:N and C:P ratios of new branches, and
soil SOC (Table 3).

@ Springer

252 BE 42a
29a BE 472 B3 60a E3 76a

ns represent statistical significance and non-significant, respec-
tively. * P<0.05; ** P<0.01; *** P<0.001. NRE, nitrogen
resorption efficiency; PRE, phosphorus resorption efficiency

Effects of soil characteristics on plant organs

We selected the surface soil as an exemplar and
used RDA to determine the relationships between
the soil nutrient contents and plant organs. The
RDA results revealed (all full-model P values of
RDAs were <0.05) that the soil nutrient contents
could explain 72.93% and 45.41% of the variations
in the nutrient contents of the active organs of the
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Table 3 Effects of age and origin

Factor Age Origin Age * Origin Factor Age Origin Age * Origin
P P P P P P

Litter C 0.88 0.74 0.23 C:N 0.15 0.3 <0.01%*

N 0.19 0.25 <0.01%* C:P 0.03* 0.03* 0.02*

P 0.92 0.07 0.08 N:P 0.55 0.04* <0.01%*
Fine root C 0.03 * 0.75 0.01 * C:N 0.68 0.05* 0.1

N 0.83 0.02 * 0.08 C:P 0.32 0.08 0.86

P 0.17 0.18 0.56 N:P 0.91 0.03* 0.4
Mature leaf C <0.01 ** 0.01 * 0.57 C:N <0.01** 0.12 <0.01%*

N 0.05 * 0.04 * <0.01 ** C:P 0.17 0.65 0.13

P 0.15 0.44 0.09 N:P 0.02* 0.06 <0.01%*
Branches C 0.07 <0.01 ** 0.2 C:N 0.13 <0.01%* 0.74

N 0.1 <0.01 ** 0.96 C:P 0.82 0.03* 0.3

P 0.84 0.07 0.29 N:P 0.14 0.2 0.35
Soil SOC <0.01 ** 0.28 0.03 * C:N 0.54 <0.01** 0.53

TN 0.16 <0.01 ** 0.23 C:P <0.01%* 0.86 0.22

TP <0.01 ** <0.01 ** 0.17 N:P 0.03 * 0.05 0.19

NN 0.29 0.14 0.07 / /

AN <0.01 ** 0.58 0.83 / / / /

AP 0.24 0.01 * 0.04 * / / / /

NRE 0.42 0.03 0.15 / / / /

PRE 0.97 0.13 0.35 / / / /

* represents statistical significance, where. P <0.1; * P<0.05; ** P<0.01. SOC, soil organic carbon; TN, total nitrogen; TP, total
phosphorus; NN, nitrate nitrogen; AN, ammonium nitrogen; C:N, C:N ratio; C:P, C:P ratio; N:P, N:P ratio; NRE, nitrogen resorption

efficiency; PRE, phosphorus resorption efficiency

plantations and natural forests, respectively. The
highest degree of explanation for TP in the natural
forest was 17.18%, whereas that for TN in the plan-
tations was 46.57% (Fig. 7A and D). The soil C:N,
C:P, and N:P ratios explained 34.84% of the vari-
ations in the nutrient contents of the natural forest
organs, which was 73.31% in the plantation forests.
Among these, the highest degree of explanation was
the N:P ratio, which was negatively correlated with
almost all variables of the active organ content of L.
principis-rupprechtii (the angle was>90°), which
explained 20.52% of the natural forest variables and
54.81% of the plantation variables (Fig. 7B and E).
Overall, the soil nutrient contents and soil
C:N, C:P, and N:P ratios explained 70.41% of the
changes in the active organ nutrient contents of nat-
ural L. principis-rupprechtii forests and 99.2% of
those in the plantations. The combined soil nutrient
contents and stoichiometric indices of the natural
forests explained 9.84%, whereas the plantations
accounted for 47.04%. The explanatory levels of

the soil nutrient contents, soil stoichiometric index,
and total explanatory degree were much higher for
the plantations than for natural forests (Fig. 7C and
F).

Discussion

Age-related nutrient storage strategies for active
organs in forests of different origins

Age-related changes in plantations and natural
forests were distinctly summarized. Practically all
active organs exhibited a certain reduction in their
P concentrations (Fownes 1995; Vitousek et al.
2010), which was likely caused by the limited sup-
ply of soil P during forest growth and supported by
the soil nutrient contents. The soil TP content of
the study area was~0.4 g/kg, which was signifi-
cantly lower than the national average (Liu et al.
2016), and decreased with stand age. However, the
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Fig. 7 Redundancy analysis of soil stoichiometry and nutri-
ent contents of plant organs in forests of different origins.
Red arrows indicate soil factors, and green arrows indicate
tree organ nutrient contents. MLC, mature leaf carbon; MLN,
mature leaf nitrogen; MLP, mature leaf phosphorus; LC, litter

soil AP increased, which was directly utilized by
soil microorganisms and absorbed by plants, inevi-
tably leading to competition between plants and
soil microorganisms (Kirkby et al. 2013).

In forest ecosystems, leaves, litter, and fine roots
have rapid turnover rates, which are also functional
drivers of nutrient cycling (Zhang et al. 2020).
Interestingly, with advanced stand age, the C con-
tent of natural forests (except for mature leaves) was
observed to decrease significantly, whereas the C,
N, and P contents of other organs were considerably
more stable in contrast to those of the plantations.
Without considering the case for entire ecosystems,
with advancing age, plantations tend to store scarce
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carbon; LN, litter nitrogen; LP, litter phosphorus; BC, branch
carbon; BN, branch nitrogen; BP, branch phosphorus; RC, fine
root carbon; RN, fine root nitrogen; RP, fine root phosphorus.
Numbers in the legend indicate the ages of the forests

nutrients within inactive structures to prevent nutri-
ent loss (Liu and Wang 2021). In contrast, the trees of
natural forests appear to have the capacity to combat
this age-associated trend or are more able to maintain
stable nutrient contents within their active organs.

It is well known that when specific nutritional ele-
ments in forest ecosystems are lacking to a certain
extent, the active organs of trees will implement absorp-
tion and compensation strategies to synergistically
increase them or maintain internal stability (Pefiuelas
et al. 2012), as has been observed in plantation trees
(Harpole et al. 2011; Agren et al. 2012). This might
be the reason behind the significant fluctuations in the
nutrient contents of the active organs of plantation trees.
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Age-related nutrient utilization and resorption
strategies in forests of different origins

The findings of this study revealed that the nutrient
contents of forest trees determined their stoichiom-
etry, which indicated their general condition and feed-
back strategies (Elser 2000; Elser et al. 2007; Sterner
and Elser 2008). With advancing age, the C:P and
N:P ratios of the mature leaves and litter of plantation
trees increased significantly (Xu et al. 2016), although
a suitable threshold could not be identified to deter-
mine whether the plants or soil were restricted. How-
ever, it was clear that the availability of P in the soil
was insufficient in this region; thus, the local plants
were also P-limited (Gusewell 2004; Cleveland and
Liptzin 2007). In this study, the N:P ratios of the
mature leaves and litter of almost all forest stands
were higher than those in other areas of China (Jiang
and Guo 2019) and globally (Post et al. 1985), with
levels of 5.6 and 12.15, respectively. The higher C:P
and N:P ratios indicated that the trees were more lim-
ited by P (Wang et al. 2017). The stoichiometric ratios
in the active organs of natural forest trees (determined
by the N and P contents) were relatively stable, which
explained why the N and P resorption efficiencies of
plantations increased with age.

To better conserve N and P with advancing age,
plantation forests tend to initiate relatively low and
high resorption strategies, respectively, whereas
resorption in natural forests is less affected. The age-
related strategies of plantations and natural forests
differed and became increasingly evident with matu-
ration. This was supported by Yan et al. (Yan et al.
2016), who revealed that plantations had higher RE
efficiencies than natural forests.

In summary, the nutrient utilization strategies
of plantation trees have greater age sensitivity and
tend to adopt highly conservative N and P utilization
measures as trees mature. Although natural forests are
increasingly subject to conservation, they are better
able to combat age-related trends.

Soil changes and causes

Changing trends and factor analyses revealed that the
concentrations of soil nutrients in forests were signifi-
cantly influenced by their age, where the soil C and
N increased (Zeng et al. 2017; Vittori Antisari et al.
2018). The main reason behind this is that during tree/

plant development, the soil, roots, and microbes have
multiple strategies for fixing C and N and other ele-
ments (Belnap 2002; Chen et al. 2003). Howeyver, it
is difficult for trees to obtain P from external sources,
as it is typically supplied through the decomposition
of onsite minerals (Jenny 1941). Consequently, the
soil SOC and TN of L. principis-rupprechtii forests
generally positively accumulated, whereas the TP was
consumed in the negative direction. The TN, NN, and
AN contents of plantation soils peaked at~30 years.
We surmised that during the middle stages of the
concentrated growth and development cycle in
plantations, root turnover, microbial activities, and
cumulative nutrient utilization reached saturation/
supersaturation.

In the case of limited overall environmental
resources, a downward trend occurred in the fol-
low-up, as age was observed to significantly impact
(P<0.05) the nutrient contents and stoichiometry of
the soil. The C:P and N:P ratios in the soil of natu-
ral forests and plantations increased with age, which
highlighted the insufficient availability of P (Post
et al. 1985; Liu et al. 2016). However, this did not
necessarily represent the lack of P in the soil (Turner
and Engelbrecht 2010; Yin et al. 2021), as it is likely
that during plant growth, significant quantities of
P are stored within them (Tsujii et al. 2017; Turner
et al. 2018). As the soil itself lacked a way to fix exog-
enous P (Vincent et al. 2010), it decreased relative to
C and N, where interestingly, there was no noticeable
decrease in the AP.

It is understood that the soil TP is equivalent to
a “deposit,” whereas AP is equivalent to a “circu-
lating fund” (Darch et al. 2016), which indicates
that although the soil P content decreases, it does
not impact the normal “circulating fund.” Put dif-
ferently, the soil TP is efficiently converted to soil
AP via extracellular soil enzymes for use by plants
and microorganisms, the extent to which may vary
from region to region. The upward trend of C:P and
N:P ratios in natural forests was slower than that of
plantation forests; however, their volatility was sig-
nificant. We considered that the quantitative state of
soil in plantations was more strongly responsive to
advancing age. As soil exists in a “passive” state in
contrast to dynamic plants in ecosystems, there are
fewer known active coping strategies; thus, the nutri-
ent contents and stoichiometric ratios can change sig-
nificantly (Zhang et al. 2021a, b).
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Impacts of soil changes on plants

Soil serves as an essential substrate and nutrient pool
for the growth of plants and forests, and its physi-
cal and chemical properties undergo certain changes
over time. The stoichiometry of soil directly impacts
the nutrient utilization efficiencies of plants (Cui
et al. 2019). Thus, we queried whether changes in the
nutrient contents of plant leaves, litter, new branches,
and fine roots were correlated with soil nutrient con-
centrations and stoichiometry characteristics. Further,
were there differences in these correlations between
forest stands of different origins? Toward address-
ing these two issues, the RDA results revealed two
important pieces of information: (1) the soil TP in
natural forests had a higher degree of nutrient con-
tents in active vegetation organs, whereas in planta-
tions, it was TN; (2) the explanatory degree of the
soil nutrient contents, soil stoichiometric index, and
total explanatory level were much higher in planta-
tions than in natural forests.

When studying a tropical rainforest in Costa Rica,
Massmann et al. (Massmann et al. 2021) revealed
that the soil TP aligned best with the N:P ratio and P
content of plant leaves, which agreed with the results
of natural forests in this study. In general, soil char-
acteristics had little effect on the nutrient contents of
natural forest organs, and the most significant effect
was the soil P content. This may have been due to the
preference of natural forests to utilize P in the soil in
the absence of apparent nutrient limitations or dep-
rivation. Compared with those of natural forests, the
soil attributes were more explanatory for the plant
organ nutrient contents of plantation forests, with soil
N being the most powerful factor (46.57%).

We considered that because trees in plantations
grow faster than those in natural forests and that the
soil N content guarantees plant uptake and growth,
plantations require higher supplies of soil N (Proe
and Millard 1994; Emmett 1999; Solberg et al.
2004), which have a greater impact on plantation tree
organs. Additionally, the law of minimum factors and
the common restriction hypothesis may assist with
explaining these results, as restriction factors often
play a decisive role (Baar 1994). The organizer nutri-
ent contents of L. principis-rupprechtii plantations
were more affected by and had more dependence on
the soil (Maeda et al. 2018), whereas the feedback
was also more direct.
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It is acknowledged that soils exhibit particular
changes with advancing age (Barbato et al. 2020),
and the active organs of natural forests possess more
robust strategies to deal with the changes than do
plantation forests, which may operate as follows: (1)
the trees of natural forests have stronger root absorp-
tion or element storage capacities, which enables
them to cope with changes in soil nutrients without
excessively adjusting their organ element content to
achieve normal growth and balance. (2) Because of
higher element utilization efficiencies, it is difficult
for trees in natural forests to adjust their strategies
to limiting soil changes. However, these two mecha-
nisms require further confirmation. We considered
that these factors might explain why the nutrient con-
centrations and stoichiometry of the active organs
of natural forest trees better resisted the impacts of
aging, in contrast to those of plantations. This led
to further insights into a stronger dependence on
soil nutrients, more conservative nutrient utiliza-
tion strategies, and soil N requirements exhibited by
plantation forests as they age. The specific timing of
N fertilization for plantations might facilitate their
capacity to better conserve tree nutrients and stabi-
lize active organs to potentially prevent or delay their
degradation.

Conclusion

There was a general accumulation of soil SOC and TN
in L. principis-rupprechtii forests with advancing age,
whereas TP was negatively consumed. The soil C:P
and N:P ratios of both natural forests and plantations
increased with advancing age, with the relative scarcity
of P being prominent; however, the available soil P was
minimally affected. Increases in the soil C:P and N:P
ratios of natural forests were slower than those of planta-
tions; however, the fluctuations were acute. The C, P, and
litter P of mature leaves and the fine root P of plantations
exhibited a certain downward trend with age, whereas the
N content of mature leaves and the C and N contents of
litter and fine roots increased with age. The N and P of
branches decreased after attaining a peak at~30 years,
and almost all active organs exhibited a certain level of
decreased P content. With advancing age, the C, N, and P
contents of natural forest trees (except for mature leaves)
decreased significantly, whereas the C, N, and P con-
tents of other organs were much more stable than those
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of plantation forests. Plantation forests tended to store
scarce nutrients in inactive plant structures to prevent
nutrient loss, whereas natural forests appeared to have
an improved capacity to combat this age-related trend
by maintaining stable nutrient concentrations within
their active organs. To better conserve N and P, planta-
tion trees were inclined to engage relatively low and high
resorption strategies, respectively, with age, whereas the
resorption strategies of natural forests were less affected.
The consumption of nutrients in plantation forests was
more age sensitive and tended to adopt highly conserva-
tive N and P utilization strategies with advancing age.
Although natural forests are increasingly subject to con-
servation, their nutrient utilization strategies make them
more resilient against typical age-related degradation.
The organs of natural forest L. principis-rupprechtii trees
were observed to be more susceptible to the soil P con-
tent, whereas plantation trees tended to be affected by the
soil N content. The active organizer nutrient contents of
plantations were more affected by and dependent on the
soil, whereas the feedback was also more direct. It was
confirmed that soils exhibit certain changes with advanc-
ing age and that the active organs of natural forests have
more robust strategies to deal with these changes. This
may be one of the reasons why the nutrient contents and
stoichiometry of the active organs of natural forests can
resist the impacts of aging.
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