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Abstract

Background
Plant stoichiometry displayed �exible over age sequences in previous studies, but effect of stand age on
stoichiometry showed large uncertainties for different plantations at the global scale. In this study, we
want to obtain the general pattern of leaf N:P ratio for global plantations across age gradients through
the compilation and analysis of published data from the individual studies.

Results
Stand age, together with life forms, and climatic variables strongly affected leaf N:P ratio. This result
indicates that the stand age is an indispensable underlying mechanism on stoichiometry. Leaf N:P ratio
increased with stand age for all plantations pooled together, revealing the existence of the general pattern
in leaf stoichiometry for plantations across age gradients. Leaf N:P ratio exhibited no trend in evergreen
trees, but an increasing trend was obtained in deciduous trees along age sequences. Meanwhile, leaf N:P
ratio rose with stand age for plantations in humid subtropical regions, but it did not vary in dry temperate
regions.

Conclusions
Our results reveal the effects of age on tree stoichiometry cannot be neglected. These age-related
patterns of stoichiometry veri�ed that global plantations changed from N limitation to P limitation with
increasing stand age, particularly for deciduous plantations and in plantations in humid regions. The
study highlights the importance of considering stand age when exploring nutrient patterns in plantations,
which contributes to improving the plant stoichiometry theory and offers a guidance for the nutrient
management of plantations at regional to global scales.

Introduction
N:P ratio re�ects the balance of N (nitrogen) and P (phosphorus) for plant growth and development, and
it is often used to infer potential nutrient limitations on the primary productivity (Güsewell, 2004; Jiang et
al., 2017). Studies conducted during the past two decades con�rmed that leaf N:P ratio was signi�cantly
impacted by abiotic factors, such as geography, climate, and soil (Reich & Oleksyn, 2004; Tian et al.,
2019; Long et al., 2020; Zhang et al., 2020; Luo et al., 2021). Climates are the most important abiotic
factor (Reich & Oleksyn, 2004; Yue et al., 2017; Tian et al., 2019; Yang et al., 2019; Long et al., 2020;
Zhang et al., 2020), and latitudinal, longitudinal, and altitudinal patterns of tree N:P ratio are clari�ed
based on the temperature, moisture, and heat distribution (Reich & Oleksyn, 2004; Han et al., 2005; Du et
al., 2017; Zhang et al., 2018a, c; Hu et al., 2020).
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In addition to abiotic factors, the effects of biotic factors on leaf N:P ratio were also widely reported (Chen
et al., 2013; Zhang et al., 2016; Hu et al., 2018; Li et al., 2019). These biotic factors included growth forms,
taxonomy, species, and organs (Yang et al., 2015; Zhang et al., 2018c; Urbina et al., 2017). However, in
most of these studies, age was not considered. Photosynthetic capacity (Zheng et al., 2011) and nutrient
requirements (Zhang et al., 2018b) generally vary with plant growth, especially for woody plants or trees.
Trees at different growth stages have huge differences in physiological processes and nutrition
requirements, resulting in tree nutrient stoichiometry changes along an age sequence (Yan et al., 2018;
Zhang et al., 2018b). However, it remains unclear whether age variables should be introduced to analyze
the patterns of tree stoichiometry across a large scale.

In the early stage as seedling and saplings, trees grow slowly with small biomass production but have a
potent ability to undergo cell division, and thus requires a large amount of protein, resulting in relatively
high nitrogen (N) concentration in tree leaves (Gorokhova & Kyle, 2002; Liu et al., 2016). In the middle
stage as young adults, trees grow rapidly with high biomass productions, and need more RNA, DNA, and
ATP to participate in photosynthetic assimilation (Agren et al., 2012), and produce the high phosphorus
(P) concentration (Li et al., 2017). In the stages of maturity and senility, trees degrade gradually due to the
change of physiological function from active to passive (Wang et al., 2015), generating the low tree P
concentrations (Zhang et al., 2018b). Therefore, it would be expected that changes in physiological
process and nutrition requirement would induce the variation in tree stoichiometry along age sequences.

During the past decades, numerous studies have been conducted to examine the patterns of tree
(especially for leaves, the metabolically active organ) N:P ratio along age sequences of pure plantations
(Liu et al., 2016; Cao & Chen, 2017; Chang et al., 2017; Chen et al., 2018; Zhang et al., 2018b), but the
results from these studies are highly variable. For example, leaf N:P ratio signi�cantly increased with age
for Larix kaempferi (Yan et al., 2018), but it showed a �rst downward, then upward trend for Pinus
massoniana (Liu et al., 2016). Yet, leaf N:P ratio remained constant from the young to the over-mature
stage for Cunninghamia lanceolata (Zhou et al., 2016). These inconsistent results indicate that a
comprehensive understanding of leaf N:P pattern over age sequences remains elusive.

Forest plantations now cover about 291 million hectares globally (FAO, 2020). These plantations often
encounter the unbalance between nutrient supplies and requirements for tree growth (Peri et al., 2006;
Sun et al., 2016). As described above, previous analyses were conducted for individual species, which
showed relatively large uncertainties on the trends of leaf N:P ratio with stand age, and a synthesis for
global plantations has not yet been attempted. In this study, we explored the general pattern of leaf N:P
ratio for global plantations across age gradients through the compilation and analysis of published data
from the individual studies. Speci�cally, we want to determine whether stand age is a nonnegligible factor
on leaf N:P ratio for global plantations. By clarifying the effect of age on tree stoichiometry, the study
would contribute to improve the plant stoichiometry theory and provide a theoretical direction in the
nutrient management of global plantations in the future.

Materials And Methods
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Data collection
We compiled a database of published papers from the literature that reported N and P dynamics during
forest stand development (Appendix S1). To avoid bias in reference selection, we collected data on N and
P concentrations and N:P ratio based on the following three criteria: (1) plantations across world; (2) leaf
N and P concentrations or N:P during plantation development; (3) quantitative information on stand age.
Based on these standards, a total of 192 observations of 31 species (16 for evergreen trees and 15 for
deciduous trees) related to leaf N:P ratio was taken from 32 papers (see the database).

The raw data were either extracted from published tables or obtained by digitizing published graphs
using Engauge Digitizer (Free Software Foundation, Inc., Boston, MA, USA). The entire database was
comprised of geographic locations (longitude and latitude), climatic information (mean annual
temperature (MAT), mean annual precipitation (MAP) and aridity index (AI)), life forms (evergreen or
deciduous trees), stand age, and six target variables that described N, P concentrations, and N:P in leaves
and soils. All original data on N and P concentrations were converted to standard units (g kg−1). To
increase the comparability of data derived from different studies, the original soil N and P data were
converted to the soil N and P concentrations in the top 30 cm. For the threshold data about geographic
and climatic information, we used the median value.

The humid or arid conditions were sorted out based on the generalized climate classi�cation scheme for
Global-Aridity values. The aridity index value (AI) > 0.65 represents humid climates, and AI < 0.65 reports
the climate class from dry sub-humid to hyper-arid (Trabucco & Zomer, 2009). AI values were extracted
from a global climate dataset with a resolution of 0.0083 × 0.0083 (ca. 1 km × 1 km) obtained from
http://www.csi.cgiar.org. Both MAT and MAP values were originated from published papers.

Statistical analysis
Data were processed in the following two steps. Firstly, by synthesizing diverse data from individual
studies, we analyzed the patterns of leaf N:P ratio with stand age. Standardized Major Axis (SMA) was
used to test for statistical differences in regression lines among life forms and climates. Secondly, the
structural equation model (SEM) was used to investigate the relative importance and the direct and
indirect effects of stand age, life forms, climatic factors, soil N:P ratio on leaf N:P ratio. All statistical
analyses were conducted using the software R 3.5.1 (R Development Core Team).

Results

Variations of leaf N:P ratio across stand age
Leaf N:P ratio increased with stand age for all plantations pooled together (P < 0.05, Fig. 1). SEM had an
adequate �t (Chi-square/df = 0.98, P = 0.43, RMSEA = 0.00) for leaf N:P ratio for all plantations (Fig. 2).
Overall, stand age, as well as life forms, climates strongly affected leaf N:P ratio (P < 0.05).

Effects of life forms on leaf N:P ratio across stand age
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Leaf N:P ratio also increased in deciduous trees across stand age (P < 0.05, Fig. 3a), and the resulted
SMA slope of 0.50 did not differ (P = 0.46) from that of all plantations (slope = 0.58). However, no trend
was found in evergreen plantations (P > 0.05, Fig. 3b).

Effects of climates on leaf N:P ratio across stand age
Leaf N:P ratio distinctly rose with stand age for plantations in humid regions (P < 0.05, Fig. 4a), but it did
not vary in dry sub-humid and hyper-arid regions (P > 0.05, Fig. 4b). SMA slope was 0.52 for plantations
in humid regions, which was not signi�cantly different from 0.58 for all plantations (P = 0.36).

Discussion
To our knowledge, this study provided the most comprehensive evaluation to date for the pattern of leaf
N:P ratio for global plantations across ages. In this study, stand age was introduced into the analysis
together with life forms, climatic variables, and soil nutrients, we found that stand age had a strong
positive effect on leaf N:P ratio. The result proved that tree development affected leaf N:P ratio, thus
con�rming that the age variable should be considered in the study on tree stoichiometry. This study is an
extension of control factors for the variations in tree stoichiometry.

Leaf N:P ratio increased over age sequences for all plantations pooled together, revealing that there exists
a generalized pattern of tree stoichiometry over age sequences for global plantations. The pattern
revealed in our study may be explained by different nutrient requirements during different developmental
stage. Young trees required more allocation to P-rich ribosomal RNA in support of faster growth rates and
high biomass productions (Elser et al., 2010; Agren et al., 2012; Li et al., 2017), which resulted in low N:P
ratio due to high P concentration. While mature or older trees may have an intrinsic ability to decline P
acquisition and prevent progressive P limitation during long-term stand development (Zhang et al.,
2018b). This also veri�ed that mature and older trees characterized by lower growth rates tend to be more
conservative nutrient requirements comparing to young trees. Thereby, the result revealed leaf N:P ratio
was constrained by physiological processes that appeared to correlate with tree growth that is dependent
on tree age.

Meanwhile, the increasing leaf N:P ratio suggests that P limitation increases with stand age. In this study,
we found that soil N:P ratio increased across age gradients (Appendix S2), re�ecting a decrease of soil P
concentration with the increasing stand age. This suggests a transition from N limitation to P limitation
during stand development. The result veri�ed that insu�cient soil P supply was the limitation on leaf N:P
ratio, supported by the signi�cant relationships between soil and leaf P concentration (Appendix S3). The
insu�cient soil P supply was caused in part by the P source, which was the input of P to the soils mainly
comes from rock weathering with an extremely slow rate (Yan et al., 2018), and in part by N nutrient
dilution due to more N return relying on the increasing proportion of litter productions during stand
development (Zhang et al., 2018b). Taken together, our results indicate that the nutrient limitation of
global plantations changed from N limitation to P limitation with the increasing stand age.
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Plantations were categorized into evergreen and deciduous groups, we found that leaf N:P ratio exhibited
different trends across age gradients between the two groups. No trend was found in evergreen
plantations, whereas an increasing trend was obtained in deciduous plantations. The discrepancies may
be due to deciduous trees generally have higher growth rates despite relative shorter growth duration than
evergreen trees in juvenile periods (Qi et al., 2020). High growth rates of deciduous trees relate to their
higher photosynthesis rates and nutrient-use e�ciencies (Field & Mooney, 1986; Qi et al., 2020). This
produces luxury N and P nutrients consumptions (Aerts, 1990; Curtis & Ackerly, 2008; Silva et al., 2015).
With stand aging, the shortage of nutrients supply emerges (Appendix S2), and then affecting leaf N:P
ratio of deciduous plantations (Appendix S3). The result shows deciduous trees will be subjected to P
limitation over age sequences, furthermore, it implies that deciduous plantations may degrade faster and
have shorter longevity than evergreen plantations due to the worse P-restricted situation. This also
suggests age index cannot be neglect in these studies of variations in nutrients stoichiometry for
deciduous trees.

Besides, the SEM analysis showed that climate variables strongly affected leaf N:P ratio. To suppress the
interference of climates, the plantation locations were divided into humid and dry regions based on the
aridity index, because aridity is usually expressed as a generalized function of precipitation and
temperature (Trabucco & Zomer, 2009). In our data, the humid regions represent the subtropical sites, and
the dry region was in the temperate areas (see the Database). We observed that leaf N:P ratio distinctly
rose with stand age for plantations in humid/subtropical regions, but a clear pattern in dry/temperate
regions was not detected. This indicates that plantations are solely subjected to P limitation over age
sequences in subtropical areas with plentiful rainfall. The result is consistent with the view that P nutrient
resources restricted plant growth in humid regions with abundant water supplies (Du et al., 2020).
Therefore, our study con�rms that stand age is liable for plant stoichiometry in humid but not in dry
regions.

Beyond to the contribution towards the stoichiometry theory, our results should also provide practical
guidance to nutrient management. Because our study revealed that global plantations suffered from P
de�ciency during stand development, especially for deciduous plantations or plantations in humid
subtropical regions, P fertilizer should be an appropriate way to cope with the nutrient limitation for
mature and over-mature plantations in humid subtropical regions. In the future, afforestation should also
select the proper species that are able to cope with P shortage with the advance of stand development,
such as planting more evergreen species.

Conclusion
In summary, our analyses indicate the existence of the general pattern in leaf N:P ratio for plantations
across the age gradient. Stand age was the underlying mechanism affecting this stoichiometry. These
results have important implications for our understanding of age-patterns in plant stoichiometry and
offer a promise for the nutrient management of plantations at global scales.
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Figure 1

Variations of leaf N:P ratio over age sequences for all trees pooled together.
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Figure 2

Structural equation model �tted to leaf N:P ratio. Solid, black dashed, and gray dashed arrows represent
the signi�cant positive, negative, and unapparent effects, respectively. Line thickness indicates the
strength of the causal relationship. Numbers on the arrows are standardized path coe�cients and
indicative of the effect size of the relationship. Climates, composite variable including latitude, longitude,
mean annual temperature and precipitation, aridity index; Life forms, composite variable including
evergreen and deciduous trees.
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Figure 3

Variations of leaf N:P ratio over age sequences for deciduous (a) and evergreen (b) trees.

Figure 4
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Variations of leaf N:P ratio over age sequences in humid (a, AI > 0.65) and dry (b, AI ≤ 0.65), regions. AI,
aridity index.
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