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ABSTRACT

Background. Leaf nutrient resorption is a key strategy in plant conservation that
minimizes nutrient loss and enhances productivity. However, the differences of the
nutrient resorption among garden tree species in urban ecosystems were not clearly
understood, especially the differences of nitrogen resorption efficiency (NRE) and
phosphorous resorption efficiency (PRE) between evergreen and deciduous trees.
Methods. We selected 40 most generally used garden tree specie belonged two life
forms (evergreen and deciduous) and investigated the nitrogen (N) and phosphorus
(P) concentrations in green and senesced leaves and soil nutrient concentrations of
nine samples trees for each species. Then, the nutrient concentrations and resorption
efficiency were compared, and the soil nutrients utilization strategies were further
analyzed.

Results. The results showed that the N concentration was significantly higher in the
green and senesced leaves of deciduous trees than in the leaves of evergreen trees. The
two life-form trees were both N limited and evergreen trees were more sensitive to
N limitation. The NRE and PRE in the deciduous trees were significantly higher than
those in the evergreen trees. The NRE was significantly positively correlated with the
PRE in the deciduous trees. As the soil N and P concentrations increased, the nutrient
resorption efficiency (NuRE) of the evergreen trees increased, but that of the deciduous
trees decreased. Compared with the deciduous trees, the evergreen trees were more
sensitive to the feedback of soil N and P concentrations. These findings reveal the N
and P nutrient resorption mechanism of evergreen and deciduous trees and fill a gap
in the understanding of nutrient resorption in urban ecosystems.

Subjects Ecology, Plant Science, Soil Science

Keywords Garden tree species, Green and senesced leaves, Life form, Soil nutrient, Nutrient
resorption, Nutrient limitation

INTRODUCTION

Nutrient availability is important for plant productivity (Chen ¢ Chen, 2022). Nitrogen
(N) and phosphorus (P) are the most common limiting elements for woody plant growth
(Zhang et al., 2021), and their ratio can indicate the presence of a nutrient limitation (Hong
et al., 2022; Zhang et al., 2022). Before shedding leaves, a plant tissue or organ transfers

How to cite this article Hu R, Liu T, Zhang Y, Zheng R, Guo J. 2023. Leaf nutrient resorption of two life-form tree species in urban gar-
dens and their response to soil nutrient availability. Peer] 11:¢15738 http://doi.org/10.7717/peerj.15738


https://peerj.com
mailto:jinpguo@126.com
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.15738
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.7717/peerj.15738

Peer

part of its nutrients (mostly N and P) to other living tissues or organs. This process is
known as nutrient resorption (Lu et al., 2018). This technique, which is regarded as a
crucial nutrient conservation mechanism (Wang et al., 2020), can increase nutrient use
efficiency, increase the retention period of nutrients in plants and lessen their reliance on
soil nutrients (Yang ¢ Yang, 2021). Soil nutrient availability (Xie, Shan ¢ Zhang, 2022) and
stoichiometry (Tully et al., 2013) influence the nutrient resorption together. Studies have
shown that NuRE decreases with increasing available soil nutrients (Wang et al., 2014).
Nutrient transport between soil and plants heavily depends on the decomposition of leaf
litter and the supply of soil nutrients (Li et al., 2022). In addition, the rate of nutrient loss
in senesced leaves is thought to be a feedback as part of the dynamics of soil nutrition. The
nutrient concentrations remaining in senesced leaves in turn affect their decomposition
rates and soil nutrient availability (Tully et al., 2013).

There are some differences in nutrient resorption among different life forms (such
as evergreen and deciduous, conifers and broadleaved) at different scales (Leon-Sanchez
et al., 2020). At the global scale, nitrogen resorption efficiency (NRE) and phosphorous
resorption efficiency (PRE) are lower in evergreen trees than in deciduous trees (Vergutz et
al., 2012). However, NRE and PRE were shown to be higher in conifers than in broadleaved
trees in a study of 137 woody species in six different forest types in northern China (Tang
et al., 2013). Some scholars also believe that there are no differences in nutrient resorption
between deciduous and evergreen trees (Aerts ¢» Chapin, 2000). There are differences in
soil nutrient absorption during leaf nutrient resorption in different life forms. The NRE
and PRE in evergreen trees, which are usually dominant in barren environments (Yuan
et al., 2018), are similar to or even lower than those in deciduous trees in nutrient-rich
soils. Some researchers believe that plant functional types contributed more to differences
in NRE than in PRE, while climate and soil have a greater impact on differences in PRE
(Wang et al., 2020, Tang et al., 2013). However, the differences in urban garden tree species
remain unclear.

Urban garden trees are an important part of urban green spaces (Hu et al., 2022) .
According to the niche differentiation of garden trees, different life-form tree species
are planted together to reduce the intense competition among species for the same
nutrients and make full use of soil nutrients (Hu et al., 2022). This is the key to building
a conservation-minded landscape and “ecological garden city” and improving the urban
environment and ecosystem stability (Orti et al., 2022). It also serves as the basis for
achieving a “carbon emission peak and carbon neutrality” (Feng et al., 2022) and is the
only way to promote sustainable urban development (Wang et al., 2022). Due to increasing
human disturbance, the soil nutrient dynamic balance in urban ecosystems has greatly
changed or even been destroyed in recent years (Siffon et al., 2022), and the ecological
strategies of plants, especially their nutrient strategies, have changed correspondingly.
However, the strategies of different life-form tree species in urban ecosystems have not
been thoroughly studied (Leon-Sanchez et al., 2020).

Studying the nutrient utilization strategies of different life-form tree species can
contribute to understanding the relationship between nutrient utilization strategies among
different life forms and soils and exploring the adaptability of different life forms and the
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nutrient cycle in urban ecosystems. By investigating the leaves and soil of 40 typical garden
tree species in Taiyuan city and studying the relationship between green leaves, senesced
leaves, and soil nutrient concentrations and N:P, we aim to describe the nutrient cycling
mechanism from a stoichiometric perspective. We hypothesized the following:

1. The differences between the two life-form garden tree species result in N and P
utilization strategies, mainly due to the differences in the nutrient concentrations and
nutrient resorption efficiencies of evergreen and deciduous trees.

2. Evergreen and deciduous trees are limited by different nutrient types under the same
urban landscape background.

3. The nutrient utilization strategies of the leaves of evergreen trees are more sensitive
to soil nutrient concentration feedback than those of deciduous trees.

MATERIALS & METHODS
Study site

The research was performed in Taiyuan city, Shanxi Province, China, at 37.27°N and
38.25°N. Taiyuan is located in central Shanxi Province and is surrounded by mountains on
three sides(west, north and east) and the Jinzhong Basin on one side (south). The overall
topography is high in the north and low in the south, and the Fenhe River flows through
the city. With an average annual temperature of 9.5 °C and 456 mm of precipitation, the
city has a warm temperate continental monsoon climate. The zonal soil type is mainly
brown soil. Site condition differences among urban areas are mainly reflected in the limited
differences in groundwater levels and soil characteristics caused by distance to a river.

Experimental design

Based on the total number and spacial frequency of the tree species (evergreen: deciduous
= 1: 5.83) used in Taiyuan city, we selected 40 most generally used tree species belonging
to two life forms of six evergreen trees and 34 deciduous trees.

To ensure representativeness and facilitate observation and sampling, the selected sample
site was along the East Riverside Road. At the same time, the sample sites and management
conditions were consistent. Among the three selected tree species, each tree species met
the criteria of good growth, similar age, thorax/ground diameter, plant height and crown
width. Each sample site contained three sample trees belonging to the same tree species.
For each tree species, nine sample trees were selected from three sample sites. In total, 120
sample points (Fig. 1) and 360 sample trees were selected for 40 tree species (Table 1).

Sampling and measurement

Green leaf and soil samples were collected during mid-July 2021. Senesced leaf samples
were collected in November 2021. Green leaf samples were collected from the upper,
middle, and lower parts of the crown to create a mixed sample. The 0-30 cm soil samples
were taken by a soil drill after the litter removed firstly. For shrubs, soil samples were
collected from three sites at 120° angles away from the crown radius. For trees, they were
collected from three sites at 120° angles 0.5 m away from the trunk. Senesced leaf samples
were collected from the leaves remained on the stalk but fell off naturally when the trees
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Figure 1 Lacation of tree sampling point.
Full-size &l DOI: 10.7717/peerj.15738/fig-1

were gently shaken. The green leaf samples, the soil samples and the senesced leaf samples
came from three sample trees in each sample site were respectively mixed to one composite
sample. Totally, 120 green leaf samples, 120 senesced leaf samples and 120 soil samples
were collected.

The leaf samples were first dried at 105 °C before being dried at 65 °C to a constant
weight. The dried leaves and soil were then crushed and passed through a 100-mesh
sieve. The total nitrogen (TN) and total phosphorus (TP) concentrations (Table S1) were
measured with the colorimetric method. The process involved adding 5 ml H,SO,4 and
6 ml H,O, to the plants and mixing 1.85 g catalyst and 5 ml H,SO4 with the soil. Then,
the samples were digested in a deboiling furnace, filtered at a constant volume, and finally
analyzed by an automatic discontinuous chemical analyzer (Smartchem 450) (Hu et al.,
2022). The soil concentrations of NH4+—N, NOj -N, NOj; -N and available P (AP) (Table
S2) were also tested with the colorimetric method.

Data analysis

Accounting for the leaf mass loss when leaves senesce, we recalculated the senesced leaf
nutrient concentrations to compensate for the underestimation of NuRE using the mass
loss correction factor (MLCF) (Van Heerwaarden, Toet ¢ Aerts, 2003). The MLCF values
varied according to life forms: 0.745 for conifers, 0.780 for evergreen broadleaved trees and
0.784 for deciduous broadleaved trees (Vergutz et al., 2012). In this research, all the data
on nutrients in senesced leaves (Nusg, ) underwent quality correction. The calculated Nusey,
was also considered the nutrient utilization efficiency (Tang ef al., 2013). The NuRE was
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Table 1 Basic information of the sample tree species.

Life form Tree species TH/m DBH or DS/cm CD/m
Pinus tabulaeformis 7.10 £ 0.75 14.93 + 2.66 1.87 £ 0.64
Pinus bungeana 7.53 £ 1.08 13.93 £2.10 2.10 £ 0.62

Evergreen Picea meyeri 3.73 £0.64 6.93 +2.80 1.10 £ 0.35
Sabina chinensis 7.57 +£0.21 17.00 + 2.17 1.27 £0.42
Sabina procumbens 0.70 £ 0.42 448 £0.23 1.46 £ 0.39
Euonymus kiautschovicus 1.30 £ 0.26 3.98 £0.14 0.94 £0.13
Sophora japonica 11.40 £ 0.26 15.57 £3.71 2.70 £ 0.70
Robinia pseudoacacia 10.50 £ 1.10 23.50 £ 3.04 3.60 + 0.82
Euonymus maackii 2.87 £0.42 4.07 £0.12 1.13£0.35
Populus tomentosa 15.73 £ 1.10 32.67 £4.93 5.60 £ 0.53
Populus alba 14.50 £ 0.14 29.50 £ 3.54 3.75+£0.35
Ginkgo biloba 9.90 + 1.37 14.63 £ 0.32 1.80 + 0.44
Malus micromalus 3.17 £0.15 7.12 £ 0.45 1.53 £0.39
Prunus cerasifera 5.43 £ 0.60 7.10 £2.23 1.80 £ 0.44
Fraxinus chinensis 6.97 £ 0.49 14.17 +2.84 2.07 £0.46
Salix babylonica 10.43 £1.21 28.17 £ 1.26 430 £1.92
Salix matsudana 10.23 £ 0.67 27.03 +4.36 3.73 £ 0.95
Albizia julibrissin 7.85£0.64 14.60 £ 0.85 2.90 £ 0.85
Acer negundo 6.65 & 0.49 21.70 & 3.76 2.47 £0.50
Acer truncatum 10.43 +0.93 21.90 £ 3.38 3.43 £1.03
Cotinus coggygria 7.70 £0.26 5.87 £0.31 2.83+0.35
Koelreuteria paniculata 7.70 £ 0.61 13.90 +3.22 2.57 £1.03

Deciduous Morus alba 7.90 + 0.14 10.47 +£1.33 4.27 +1.80
Broussonetia papyrifera 6.60 £ 0.28 8.70 £ 0.99 3.65+£3.32
Eucommia ulmoides 9.37£0.32 19.80 + 3.60 2.73+£0.95
Rhus typhina 6.47 £0.35 8.53 +0.93 2.67 £0.67
Quercus wutaishanica 9.23 +2.80 17.40 + 1.04 3.07 £ 0.61
Crataegus pinnatifida 4.57 £0.40 14.50 + 1.65 2.70 £0.36
Armeniaca sibirica 5.47 £0.15 8.60 = 0.28 2.57 £1.31
Amygdalus davidiana 4.60 £ 0.50 7.25 £ 0.64 1.93 £0.32
Cerasus serrulata 4.50 £ 0.50 13.00 £ 1.41 1.75 +£0.35
Amygdalus triloba 2.80 £0.35 3.90 +0.78 1.90 £ 0.20
Syringa oblata 2.45 £+ 0.07 3.23£0.14 1.98 +0.46
Sophora japonica var. japonica f. pendula 2.33+£0.25 11.73 £ 3.04 1.83 £ 0.40
Forsythia suspensa 2.354+0.35 412 +0.15 1.89 +0.54
Hibiscus syriacus 2.70 £ 0.46 2.67 £0.61 1.17 £ 0.45
Sorbaria sorbifolia 1.30 +0.28 3.37 £0.12 0.31 +£0.11
Lonicera japonica 3.15£0.49 297 £0.16 1.154+0.23
Cornus alba 1.60 £ 0.36 3.45+0.92 0.39+0.14
Berberis thunbergii 0.63 £ 0.15 3.25+0.15 0.32+0.12

Notes.

TH, tree height; DBH, diameter at breast height (trees); DS, diameter of seedling (shrubs); CD, crown diameter.
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quantified as follows:

Nug — Nugen

NuRE = x 100%

Ugy
where Nug, represents the amount of nutrients in green leaves, while Nu., represents the
amount of nutrients in senesced leaves.

The N in green leaves (Ng), P in green leaves (Pg;), N in senesced leaves (Nge), P
in senesced leaves (Pgen), NRE, PRE and soil nutrient data were logl0-transformed to
meet the assumption of normality. One-way ANOVA was employed to analyse the N
and P concentrations and N:P in green and senesced leaves between the two life forms.
Additionally, the T test with Bonferroni adjustments was used to examine differences in the
characteristics of nutrient absorption between the two life forms. A linear fitting equation
was employed to analyse the correlations between soil parameters and the leaf index for
the two life forms. Redundancy analysis (RDA) was used to identify the soil factors that
explained the differences in N and P utilization between the two life-form tree species. We
calculated the sorting axis lengths, and the lengths were all less than 3. We also calculated
the variance inflation factor (VIF) for all soil factors using variance inflation factor analysis,
and all VIF values were less than 10. All data are the mean £ SD. All data analyses were
conducted in R 4.2.1 (R Core Team, 2022) and IBM SPSS Statistics 20 (SPSS, Inc., Chicago,
IL, USA).

RESULTS

N and P concentrations and N:P in green and senesced leaves between
the two life forms

The N (F =46.17, p=10.000) and P (F =29.94, p =0.000) concentrations and N:P

(F =5.20, p=0.023) were significantly higher in the green leaves than in the senesced
leaves of the 40 typical garden tree species (Table 2). There were significant differences
between the N (F =10.219, p =0.002) and P (F = 5.455, p =0.021) concentrations and
N:P (F =12.611, p=0.001) in green leaves between the two life forms (Table 2). Senesced
leaves between the two life forms exhibited significant differences in N (F = 12.802,
p=0.001) concentrations and N:P (F = 10.595, p =0.001) and nonsignificant differences
in P concentration (Table 2). Additionally, except for the P concentration in the senesced
leaves, the N and P concentrations and N:P in the evergreen trees were significantly lower
than those in the deciduous trees (Table 2).

NRE, PRE and their correlated relationship between the two life forms
The NRE and PRE of the evergreen and deciduous trees were 56.1 &= 13.1% and 41.1 +
17.0%, respectively (Fig. 2). The PRE was significantly lower than the NRE (F = 58.733,
p=1.17¢ —11). The NRE (F = 10.114, p = 0.002) and PRE (F =4.991, p = 0.015)
were significantly different between the evergreen and deciduous trees, and those of the
evergreen trees were significantly lower than those of the deciduous trees (Fig. 2). The NRE
was significantly positively correlated with the PRE among the deciduous trees (F = 10.68,
p=0.002) (Fig. 3). However, the NRE had no obvious relationship with the PRE among
the evergreen trees.
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Table2 N and P concentrations and N:P in green and senesced leaves of evergreen and deciduous

trees.

Leaf Life form n N (gkg™) P(gkg™) N:P
Evergreen 18 6.38 £ 1.60a 2.65 1 0.43a 2.45 £ 0.69a

Green R

leaf Deciduous 102 14.61 £ 6.52b 2.94 £ 0.70b 5.04 + 1.99b
All 120 13.38 £ 6.72A 2.90 £ 0.68A 4.65 +2.07A
Evergreen 18 3.18 £ 0.44a 1.75 £ 0.36a 1.88 £0.47a

Senesced .

leaf Deciduous 102 5.93 £ 2.65b 1.61 &+ 0.36a 3.78 £ 1.70b
All 120 5.51 & 2.64B 1.63 +0.37B 3.50 + 1.72B

Notes.

n, sampling point number.

Different lowercase letters in the same column showed significant differences between the evergreen and deciduous trees, and
different uppercase letters in the same column showed significant differences between the green and senesced leaves at p <

0.05.

75 i
2l L
= 50
> Il
=
g —

251 .

0 M Evergreen B Deciduous

NRE

PRE

Figure 2 NRE and PRE of evergreen and deciduous trees. *p < 0.05, **p < 0.01, ***p < 0.001.
Full-size &l DOI: 10.7717/peerj.15738/fig-2

Table 3 Soil nutrient concentrations and N:P of the evergreen and deciduous trees.

Life n  pH TN(gkg™") TP(gkg™) TN:TIP NH;-N NO;-N NO;-N AP

form (mgkg™) (mgkg™") (mgkg™") (mgkg™")
Evergreen 18 8.45 1+ 0.12 0.63 £+ 0.20 0.60 & 0.15 1.11 £ 0.40 12.45 £ 2.15 14.84 £ 8.25 0.15 £ 0.06 739+ 1.74
Deciduous 102 8.48 +0.17 0.59 £0.27 0.53 +0.16 1.26 £0.96 11.50 4 2.26 13.93 + 7.80 0.14 £ 0.05 7.19 £ 1.81

Notes.
n, sampling point number.

Soil nutrient concentrations
According to the results, there were no significant differences in the soil nutrients between

the evergreen trees and deciduous trees (Table 3).

Relationship between leaf indexes and soil nutrients in the two life

forms

The NRE and PRE in the two life forms were distinctly correlated with soil nutrient
concentrations and N:P. For the evergreen trees, the NRE (F = 5.628, p =0.031) and
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Figure 3 Correlated relationship between NRE and PRE of evergreen and deciduous trees.
Full-size &l DOI: 10.7717/peer;j.15738/fig-3

Ng: (F =6.393, p=0.022) had a positive relationship with soil N (Figs. 4A-4B). The
NRE (F = 4.529, p = 0.049), Ng (F = 6.831, p = 0.019), Py (F =5.231, p=0.036) and
Psen (F =5.673, p=0.030) had a significantly positive relationship with soil N:P (Figs.
4]-41 and 4N). For deciduous trees, the NRE had a greatly negative relationship with soil
N (F =6.307, p=0.014) (Fig. 4A), and the PRE had a similar relationship with soil P
(F=5.905, p=0.017) (Fig. 4D). Ngen had a positive relationship with soil N, NHI—N,
NOj -N, NO, -N and N:P (F =14.05, p =0.0003; F = 5.151, p =0.025; F = 43.76,
p=1.86e—09; F =4.116, p=0.045; F = 8.075, p = 0.005) (Figs. 4C, 4F, 4H, 41 and 4M).
Ng; had a distinctly positive relationship with soil NO3 -N (F =26.87, p=1.14e — 06)
(Fig. 4G). Psen had a significantly positive relationship with soil P (F =5.186, p =0.025)
(Fig. 4E).

For the evergreen trees, the amount of variation in Ng;, Py, Ngen and Pgey, in the first and
second axes explained by the RDA was 39.36% and 7.634%, respectively. The cumulative
amount of variation explained by the RDA was 46.994% (Fig. 5A). Ngr, Py, Ngen and Pyep
were significantly correlated with soil TN (F = 5.5482, p =0.002), and the RDA explained
21.4% of their variation (Fig. 5A). The variation in NRE and PRE explained by the first and
second axes of the RDA was 32.89% and 8.814%, respectively. The cumulative amount of
variation was 41.704% (Fig. 5B).

For the deciduous trees, the first and second axes of the RDA explained 22.76% and
1.058% of the variation in Ny, Py, Ngen and Pen, respectively. The cumulative amount of
variation was 23.818% (Fig. 5C). Ngy, Pgr, Ngen and Py, were substantially associated with
soil TN (F =6.9873, p=0.004), NO;—N(F =17.8502, p=10.001) and AP (F =3.0538,
p=0.040), and the RDA explained 1.3%, 20.6% and 0.09% of their variation, respectively
(Fig. 5C). The first and second axes of RDA explained 8.423% and 1.165% of the variation
in the NRE and PRE, respectively. The cumulative amount of variation was 9.588% (Fig.
5D). The PRE and NRE were distinctly related to the soil TP ( F =4.7381, p = 0.025),
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and their variation was 5.6% (Fig. 5D). All the data accurately reflected the relationship
between leaf Ny, Pgr, Neens Psen, NURE and soil nutrients.

DISCUSSION

N and P concentrations and N:P in leaves

Leaf nutrient concentration is a key indicator of plant nutritional status (Chen et al., 2021a;
Chen et al., 2021b). In our research, the green leaf N concentration (13.38 g kg™!) was
lower than the average N concentration (17.57 g kg™!) in woody plants in the north-south
transect of eastern China (NSTEC) (Ren ef al., 2007). Plants mainly obtain P and N from
the soil (Zhu et al., 2016; Zhang et al., 2018), and the leaves in urban green spaces are
removed regularly every year, resulting in serious soil N loss (Hu et al., 2022). The soil
N concentration in this area was low (TN = 0.61 g kg™ 1), so the leaves obtained less N
from the soil. Since plants in southern China are generally limited by P and the soil P
concentration in northern China is relatively sufficient, the leaf P concentration (2.90 g
kg™!) in this area was relatively higher than that in woody plants (1.39 g kg™!) in the
NSTEC (Ren et al., 2007).

In this research, the green leaf P and N concentrations in the deciduous trees were
significantly higher than those in the evergreen trees. This result might be attributed to the
fact that deciduous trees need to accumulate more N and P in a short time to complete
growth-related activities. Due to the longer leaf life cycle of evergreen trees, they take much
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Figure 5 RDA of the NuRE, leaf N and P concentrations and soil nutrient concentrations in evergreen
and deciduous plants. (A) Ny, Py, Neen, Peen and soil nutrient concentrations in evergreen trees. (B)
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concentrations in deciduous trees. (D) NuRE and soil nutrient concentrations in deciduous trees.
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more time to conserve nutrients (Yan, Zhu ¢ Yang, 2018). Compared with evergreen trees,
deciduous trees had higher levels of litter decomposition and nutrient absorption (Wu
et al., 2012). The calculated Nus., was also considered the nutrient utilization efficiency
(Tang et al., 2013). In this research, the senesced leaf N concentration in the evergreen trees
was significantly lower than that in the deciduous trees, indicating that the N utilization
efficiency was higher than the P utilization efficiency (Tang et al., 2013) in this area. They
were consistent with hypothesis 1.

In most terrestrial ecosystems, the availability of N and P limits the growth of plants.
The concentrations of N and P in green leaves and the N:P can be used as a standard of
plant nutritional limitation (Tian, Yan ¢ Fang, 2021). Plants are limited by N when N:P
<14 and when the N concentration is <20.0 mg g~' and the P concentration is >1 mg
gt (Wuetal, 2012). In this study, the leaf N:P in the two life forms was less than 14.
Additionally, the leaf N concentrations were less than 20.0 mg g~! in most trees, and the
P concentrations were more than 1 mg g~! in 40 trees. The N concentrations were lower
than those of the same tree species in other areas (Wang et al., 2013), and the N:P was lower
than that of 753 species in China (Dong et al., 2023). Combined with the field investigation,
according to the growth and physiological characteristics of the trees, we had reason to
believe that the garden trees in this area were limited by N. In addition, the N:P in the
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deciduous trees was higher than that in the evergreen trees, indicating that the evergreen

trees were more sensitive to being limited by N than the deciduous trees. The results also

showed that under the same urban garden background, N limitation was different between
the evergreen and deciduous trees and which was consistent with hypothesis 2. The reason
for the difference in N limitation between the two life forms in the same area may be the

genetic characteristics of the tree species themselves or the variation in suitable survival to
the external environment formed in the long-term evolution process.

Differences in NRE and PRE in the two life forms

Senesced leaves fall to the ground and gradually breakdown into inorganic nutrients due to
physical and microbiological processes, and these remineralized nutrients will eventually be
absorbed by plants(biogeochemical cycle) (Han et al., 2013). The NRE (56.13%) was higher
than the PRE (41.14%), indicating that plant absorption of N was higher than that of P.
However, these NRE and PRE values are lower than those (62.1% and 64.9%, respectively)
of global terrestrial forest ecosystems. This result might be due to the differences in the
trees or habitats selected for this research and how urbanization associated with N and P
inputs has altered the soil N and P status and plant N and P absorption (Hu et al., 2011).
Additionally, when plants are restricted by N, they tend to accomplish total N absorption
but inadequate P absorption (Chen ¢ Chen, 2021).

Compared with the evergreen trees, the deciduous trees had much higher NRE and
PRE, indicating that nutrient utilization in the evergreen trees was lower than that in the
deciduous trees (Chen ¢ Chen, 2021). P resorption variation is more affected by climate and
soils, while N resorption variance relates more to plant functional type (Tang et al., 2013).
Evergreen trees, a type of highly specialized plant, have developed an adaptation technique
to thrive in nutrient-poor soil (Reich, Walters ¢~ Ellsworth, 1992). In barren soil, extending
the leaf lifespans of evergreen trees can allow the growth rate to reach its maximum
(Reich, Walters & Ellsworth, 1997) and nutrient losses to reach their minimum during leaf
senescence and shedding (Aerts, 1995). During the growth season, deciduous trees produce
more leaves, and they shed their leaves annually (Reich ef al., 1997). Thus, deciduous trees
often invest more nutrients to support rapid growth during shorter growing seasons (Brant
& Chen, 2015). Thus, in this study, in comparison to evergreen trees, deciduous trees had
much higher NRE and PRE. These findings indicated that the two life-form garden tree
species have different N and P utilization strategies, which is consistent with hypothesis 1.
Additionally, the variation in the decomposability-related characteristics of the litter (such
as lignin: N and N:P) and the habitat climate (temperature/precipitation) may work in
conjunction to affect the availability of soil nutrients and, consequently, the levels of NRE
and PRE in evergreen and deciduous trees (McGroddy, Daufresne ¢ Hedin, 2004).

In addition, in the deciduous trees, the NRE was positively associated with the PRE,
indicating that N absorption increases concurrently with P absorption. This result was a
crucial premise for stoichiometry control (Chen ¢ Chen, 2021), further showing that the
deciduous trees had a synergistic effect on N and P. A meta-analysis by Aerts(Aerts, 1995)
also showed that NRE and PRE have a strong association with one another. Our result is
consistent with this finding.
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Relationship between leaf Ny, Py, Nsen, Psen, NURE and soil nutrients
in the two life forms

Soil nutrient availability and leaf nutrient status are considered important control factors
for nutrient absorption processes (Xu et al., 2020; Chen ¢ Chen, 2021). Our findings
demonstrated that soil nutrients had a considerable impact on leaf N and P concentrations
as well as on NuRE in the two life forms. The availability of N and P had a significant impact
on how soil nutrients were utilized, which had an impact on NuRE (Liu et al., 2020).

For the evergreen trees, the NRE and N were positively correlated with soil TN,
indicating that the evergreen trees did not reduce their resorption levels to adapt to the
increase in soil N concentration. The increase in the NRE was mainly due to the decrease
in the Ng,. We predicted that the evergreen trees would store a large amount of N in their
green leaves when the soil N supply was sufficient or possibly N-limited, while the N in
senesced leaves was almost unaffected, thus improving the NRE. Soil N:P can be used as
a measure of N saturation, showing the availability of nutrients for plant growth (Stark,
Ylanne & Tolvanen, 2018). The Py and Py, were positively related to soil N:P, indicating
that the evergreen trees adopted a nutrient utilization strategy with high concentration
and high return to maintain their normal physiological activities when soil P was relatively
scarce compared with N. The NRE and N, in the evergreen trees were positively associated
with soil N:P, and the RDA (Fig. 5A) showed that soil TN had the highest variation, which
indicated that soil TN supply was the key factor affecting the N and P concentrations in
the evergreen tree leaves.

For the deciduous trees, the NRE was negatively correlated with soil TN, while the PRE
was negatively associated with soil TP, indicating that the NRE and PRE decreased with
increasing soil TN and TP. We concluded that the deciduous trees did not need higher
resorption efficiency to maintain N and P concentrations when the N and P supply in the
soil was sufficient. The result is consistent with that of Kobe, Lepczyk ¢ Iyer (2005). Ngen, was
positively associated with soil N in various forms and N:P, indicating that Ny, increased
with increasing soil N concentration and availability. The deciduous trees mainly affected
the N, through the soil N concentration, which further affected the NRE. The dominant
soil factors affecting the N and P concentrations in the deciduous trees were soil TN and
NOj -N (Fig. 5C), and soil TP was the main soil factor affecting the NuRE (Fig. 5D),
indicating that soil N mainly influenced the leaf N and P concentrations; however, soil
P mainly affected the leaf NuRE in the deciduous trees. The evergreen trees experienced
more variation in soil accumulation than the deciduous trees, demonstrating that evergreen
trees were more sensitive to soil N and P concentrations than deciduous trees, which is
consistent with hypothesis 3.

CONCLUSIONS

This research presents an advanced understanding of the N and P nutrient utilization
strategies of two life-form tree species and their responses to soil nutrients in urban
ecosystems. The N concentrations of green and senesced leaves were much higher in the
deciduous trees than in the evergreen trees. The P concentration of green leaves was much
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higher in the deciduous trees than in the evergreen trees. The two life-form tree species were
both N limited, and evergreen trees were more sensitive to N limitation than deciduous
trees. The NRE and PRE of the deciduous trees were significantly higher than those of
the evergreen trees. The NRE of the deciduous trees was significantly positively correlated
with the PRE. As the soil N and P concentrations increased, the NuRE of the evergreen
trees increased, but that of the deciduous trees decreased. Soil TN mainly influenced the
leaf N and P concentrations in evergreen trees. Soil TN and NO; -N mainly influenced
the leaf N and P concentrations, while soil TP mainly influenced the NuRE in deciduous
trees. Compared with the deciduous trees, the evergreen trees were more sensitive to the
feedback of soil N and P concentrations. Our findings fill a gap in the understanding of
woody plant nutrient resorption in urban ecosystems and provide a theoretical basis for
the selection of garden tree species to some extent. Furthermore, these findings can serve
as the foundation for the construction of energy-saving ecological garden cities and can
be used to incorporate these nutrient absorption processes into future biogeochemical
models.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was financially supported by the Provincial Sci-Tech Promoting Program

of Shanxi (2018YLCX32) and the Postgraduate Innovation Project of Shanxi Province
(2021Y343). The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
Provincial Sci-Tech Promoting Program of Shanxi: 2018YLCX32.
Postgraduate Innovation Project of Shanxi Province: 2021Y343.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Ruyuan Hu conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

e Tairui Liu performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.

e Yunxiang Zhang conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.

e Rongrong Zheng performed the experiments, prepared figures and/or tables, and
approved the final draft.

e Jinping Guo conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Hu et al. (2023), PeerJ, DOI 10.7717/peerj.15738 13/17


https://peerj.com
http://dx.doi.org/10.7717/peerj.15738

Peer

Data Availability
The following information was supplied regarding data availability:
The raw data and code are in the Supplemental Files.

Supplemental Information

Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.15738#supplemental-information.

REFERENCES

Aerts R. 1995. The advantages of being evergreen. Trends in Ecology ¢ Evolution
10(10):402—407 DOT 10.1016/S0169-5347(00)89156-9.

Aerts R, Chapin FS. 2000. The mineral nutrition of wild plants revisited: a re-evaluation
of processes and patterns. Advances in Ecological Research 30:1-67.

Brant AN, Chen HYH. 2015. Patterns and mechanisms of nutrient resorption in plants.
Critical Reviews in Plant Sciences 34(5):471-486
DOI 10.1080/07352689.2015.1078611.

Chen H, Reed SC, Lu XT, Xiao KC, Wang KL, Li DJ. 2021a. Coexistence of multiple leaf
nutrient resorption strategies in a single ecosystem. Science of the Total Environment
772:144951 DOI 10.1016/j.scitotenv.2021.144951.

Chen H, Reed SC, Lu XT, Xiao KC, Wang KL, Li DJ. 2021b. Global resorption
efficiencies of trace elements in leaves of terrestrial plants. Functional Ecology
35(7):1596-1602 DOI 10.1111/1365-2435.13809.

Chen XL, Chen HYH. 2021. Plant mixture balances terrestrial ecosystem C:N:P stoi-
chiometry. Nature Communications 12(1):1-9 DOI 10.1038/s41467-021-24889-w.

Chen XL, Chen HYH. 2022. Foliar nutrient resorption dynamics of trembling aspen and
white birch during secondary succession in the boreal forest of central Canada. Forest
Ecology and Management 505:119876 DOI 10.1016/j.foreco.2021.119876.

Dong LS, Song AY, Zhang JF, Peng L, Cheng NN, Cao BH. 2023. Comparison of C,

N and P stoichiometry in different organs of Fraxinus velutina. Forests 14(1):64
DOI 10.3390/f14010064.

Feng CC, Zhao Y], Wang FH, Zeng XK, Wang ZG, Tan ZB, Dong K, Tang P. 2022.
Planning response to carbon neutrality. City Planning Review 46(2):25-31
DOI10.11819/cpr20220205s.

Han WX, Tang LY, ChenY H, Fang JY. 2013. Relationship between the relative limitation
and resorption efficiency of nitrogen vs phosphorus in woody plants. PLOS ONE
8(12):e83366 DOI 10.1371/journal.pone.0083366.

Hong DS, Gonzales KE, Fahey TJ, Yanai RD. 2022. Foliar nutrient concentrations of six
northern hardwood species responded to nitrogen and phosphorus fertilization but
did not predict tree growth. Peer] 10:¢13193 DOI 10.7717/peerj.13193.

Hu RY, Liu TR, Zheng RR, Zhang YX, Guo JP. 2022. Ecological stoichiometry and
cluster characteristics of branches and leaves of typical garden tree species. Journal
of Forest and Environment 42(6):600—606 DOI 10.13324/j.cnki.jfct.2022.06.006.

Hu et al. (2023), PeerdJ, DOI 10.7717/peerj.15738 14/17


https://peerj.com
http://dx.doi.org/10.7717/peerj.15738#supplemental-information
http://dx.doi.org/10.7717/peerj.15738#supplemental-information
http://dx.doi.org/10.7717/peerj.15738#supplemental-information
http://dx.doi.org/10.1016/S0169-5347(00)89156-9
http://dx.doi.org/10.1080/07352689.2015.1078611
http://dx.doi.org/10.1016/j.scitotenv.2021.144951
http://dx.doi.org/10.1111/1365-2435.13809
http://dx.doi.org/10.1038/s41467-021-24889-w
http://dx.doi.org/10.1016/j.foreco.2021.119876
http://dx.doi.org/10.3390/f14010064
http://dx.doi.org/10.11819/cpr20220205s
http://dx.doi.org/10.1371/journal.pone.0083366
http://dx.doi.org/10.7717/peerj.13193
http://dx.doi.org/10.13324/j.cnki.jfcf.2022.06.006
http://dx.doi.org/10.7717/peerj.15738

Peer

Hu XF, Chen FS, Nagle G, Fang YT, Yu MQ. 2011. Soil phosphorus fractions and tree
phosphorus resorption in pine forests along an urban-to-rural gradient in Nanchang,
China. Plant and Soil 346(1-2):97-106 DOI 10.1007/s11104-011-0799-6.

Kobe RK, Lepczyk CA, Iyer M. 2005. Resorption efficiency decreases with in-
creasing green leaf nutrients in a global data set. Ecology 86(10):2780-2792
DOI 10.1890/04-1830.

Leon-Sanchez L, Nicolas E, Prieto I, Nortes P, Maestre FT, Querejeta J1. 2020. Al-
tered leaf elemental composition with climate change is linked to reductions in
photosynthesis, growth and survival in a semi-arid shrubland. Journal of Ecology
108(1):47—-60 DOI 10.1111/1365-2745.13259.

Li YG, Dong XX, Yao WX, Han C, Sun S, Zhao CM. 2022. C, N, P, K stoichiometric
characteristics of the leaf-root-litter-soil system in dryland plantations. Ecological
Indicators 143:109371 DOI 10.1016/j.ecolind.2022.109371.

Liu D, ZhangJ, Bao YL, Zhao HY, Qi XX, Xie HJ, Zhang JB. 2020. Nutrient resorption
patterns of Phragmites australis leaves and its response to soil moisture in Yang-
guan wetland, Dunhuang, Northwest China. Chinese Journal of Applied Ecology
31(3):807-813 DOI 10.13287/1.1001-9332.202003.03 1.

LuJY, Duan BH, Yang M, Yang H, Yang HM. 2018. Research progress in nitrogen
and phosphorus resorption from senesced leaves and the influence of onto-
genetic and environmental factors. Acta Prataculturae Sinica 27(4):178—188
DOI 10.11686/cyxb2017223.

McGroddy ME, Daufresne T, Hedin LO. 2004. Scaling of C:N:P stoichiometry in forests
worldwide: implications of terrestrial redfield-type ratios. Ecology 85(9):2390-2401
DOI10.1890/03-0351.

Orti MA, Casanelles-Abella J, Chiron F, Deguines N, Hallikma T, Jaksi P, Kwiatkowska
PK, Moretti M, Muyshondt B, Niinemets U, Pinho P, Pinto M]J, Saar P, Samson
R, Tryjanowski P, Van Mensel A, Laanisto L. 2022. Negative relationship between
woody species density and size of urban green spaces in seven European cities. Urban
Forestry & Urban Greening 74:127650 DOI 10.1016/j.ufug.2022.127650.

R Core Team. 2022. R: a language and environment for statistical computing. Version
4.2.1. Vienna: R Foundation for Statistical Computing. Available at https://www.r-
project.org.

Reich PB, Grigal DF, Aber JD, Gower ST. 1997. Nitrogen mineralization and produc-
tivity in 50 hardwood and conifer stands on diverse soils. Ecology 78(2):335-347
DOI10.1890/0012-9658(1997)078[0335:NMAPIH]2.0.CO;2.

Reich PB, Walters MB, Ellsworth DS. 1992. Leaf life-span in relation to leaf, plant,
and stand characteristics among diverse ecosystems. Ecological Monographs
62(3):365-392 DOI 10.2307/2937116.

Reich PB, Walters MB, Ellsworth DS. 1997. From tropics to tundra: global convergence
in plant functioning. Proceedings of the National Academy of Sciences of the United
States of America 94(25):13730-13734 DOI 10.1073/pnas.94.25.13730.

Hu et al. (2023), PeerdJ, DOI 10.7717/peerj.15738 15/17


https://peerj.com
http://dx.doi.org/10.1007/s11104-011-0799-6
http://dx.doi.org/10.1890/04-1830
http://dx.doi.org/10.1111/1365-2745.13259
http://dx.doi.org/10.1016/j.ecolind.2022.109371
http://dx.doi.org/10.13287/j.1001-9332.202003.031
http://dx.doi.org/10.11686/cyxb2017223
http://dx.doi.org/10.1890/03-0351
http://dx.doi.org/10.1016/j.ufug.2022.127650
https://www.r-project.org
https://www.r-project.org
http://dx.doi.org/10.1890/0012-9658(1997)078[0335:NMAPIH]2.0.CO;2
http://dx.doi.org/10.2307/2937116
http://dx.doi.org/10.1073/pnas.94.25.13730
http://dx.doi.org/10.7717/peerj.15738

Peer

Ren SJ, Yu GR, Tao B, Wang SQ. 2007. Leaf nitrogen and phosphorus stoichiom-
etry across 654 terrestrial plant species in NSTEC. Environmental Science
28(12):2665-2673 DOI 10.13227/j.hjkx.2007.12.007.

Sifton MA, Lim P, Smith SM, Thomas SC. 2022. Interactive effects of biochar and N-
fixing companion plants on growth and physiology of Acer saccharinum. Urban
Forestry & Urban Greening 74:127652 DOI 10.1016/j.ufug.2022.127652.

Stark S, Ylanne H, Tolvanen AT. 2018. Long-term warming alters soil and enzymatic
N:P stoichiometry in subarctic tundra. Soil Biology & Biochemistry 124:184—188
DOI 10.1016/j.50ilbi0.2018.06.016.

Tang LY, Han WX, Chen YH, FangJY. 2013. Resorption proficiency and efficiency
of leaf nutrients in woody plants in eastern China. Journal of Plant Ecology
6(5):408-417 DOI 10.1093/jpe/rtt013.

Tian D, Yan ZB, Fang JY. 2021. Review on characteristics and main hypotheses of
plant ecological stoichiometry. Chinese Journal of Plant Ecology 45(7):682-713
DOI10.17521/cjpe.2020.0331.

Tully KL, Wood TE, Schwantes AM, Lawrence D. 2013. Soil nutrient availability and
reproductive effort drive patterns in nutrient resorption in Pentaclethra macroloba.
Ecology 94(4):930-940 DOT 10.1890/12-0781.1.

Van Heerwaarden LM, Toet S, Aerts R. 2003. Nitrogen and phosphorus resorption
efficiency and proficiency in six sub-arctic bog species after 4 years of nitrogen fertil-
ization. Journal of Ecology 91(6):1060-1070 DOI 10.1046/j.1365-2745.2003.00828 x.

Vergutz L, Manzoni S, Porporato A, Novais RF, Jackson RB. 2012. Global resorption
efficiencies and concentrations of carbon and nutrients in leaves of terrestrial plants.
Ecological Monographs 82(2):205-220 DOI 10.1890/11-0416.1.

Wang C, Ren Z, Dong Y, Zhang P, Guo Y, Wang W, Bao G. 2022. Efficient cooling
of cities at global scale using urban green space to mitigate urban heat island
effects in different climatic regions. Urban Forestry & Urban Greening 74:127635
DOI 10.1016/j.ufug.2022.127635.

Wang K, Wu XY, Lu H, Xu DY, Li N. 2013. Leaf stoichiometric properties of garden tree
species in Fuxin City. Arid Zone Research 30(2):236-241
DOI 10.13866/j.azr.2013.02.005.

Wang Z, Jimoh SO, Li X, Ji B, Struik PC, Sun S, Lei J, Ding Y, Zhang Y. 2020. Different
responses of plant N and P resorption to overgrazing in three dominant species in a
typical steppe of Inner Mongolia, China. Peer] 8:¢9915 DOI 10.7717/peerj.9915.

Wang ZN, LuJY, Yang HM, Zhang X, Luo CL, Zhao YX. 2014. Resorption of nitrogen,
phosphorus and potassium from leaves of lucerne stands of different ages. Plant and
Soil 383(1-2):301-312 DOI 10.1007/s11104-014-2166-x.

Wu TG, Yu MK, Wang GG, Dong Y, Cheng XR. 2012. Leaf nitrogen and phosphorus
stoichiometry across forty-two woody species in Southeast China. Biochemical
Systematics and Ecology 44:255-263 DOI 10.1016/j.bse.2012.06.002.

Xie TT, Shan LS, Zhang WT. 2022. N addition alters growth, non-structural carbohy-
drates, and C:N:P stoichiometry of Reaumuriasoongorica seedlings in Northwest
China. Scientific Reports 12(1):15390 DOT 10.1038/s41598-022-19280-8.

Hu et al. (2023), PeerdJ, DOI 10.7717/peerj.15738 16/17


https://peerj.com
http://dx.doi.org/10.13227/j.hjkx.2007.12.007
http://dx.doi.org/10.1016/j.ufug.2022.127652
http://dx.doi.org/10.1016/j.soilbio.2018.06.016
http://dx.doi.org/10.1093/jpe/rtt013
http://dx.doi.org/10.17521/cjpe.2020.0331
http://dx.doi.org/10.1890/12-0781.1
http://dx.doi.org/10.1046/j.1365-2745.2003.00828.x
http://dx.doi.org/10.1890/11-0416.1
http://dx.doi.org/10.1016/j.ufug.2022.127635
http://dx.doi.org/10.13866/j.azr.2013.02.005
http://dx.doi.org/10.7717/peerj.9915
http://dx.doi.org/10.1007/s11104-014-2166-x
http://dx.doi.org/10.1016/j.bse.2012.06.002
http://dx.doi.org/10.1038/s41598-022-19280-8
http://dx.doi.org/10.7717/peerj.15738

Peer

Xu MP, Zhang XY, Li WJ, Ren CJ, Yang GH, Han XH. 2020. Leaf nutrient resorption
characteristics of Robinia pseudoacacia at different ages and their response to
soil nutrient availability. Chinese Journal of Applied Ecology 31(10):3357-3364
DOI10.13287/5.1001-9332.202010.001.

Yan T, Zhu JJ, Yang K. 2018. Leaf nitrogen and phosphorus resorption of woody species
in response to climatic conditions and soil nutrients: a meta-analysis. Journal of
Forestry Research 29(4):905-913 DOI 10.1007/s11676-017-0519-z.

Yang M, Yang H. 2021. Utilization of soil residual phosphorus and internal reuse of
phosphorus by crops. Peer] 9:e11704 DOI 10.7717/peerj.11704.

Yuan ZY, Shi XR, Jiao F, Han FP. 2018. N and P resorption as functions of the
needle age class in two conifer trees. Journal of Plant Ecology 11(5):780-788
DOI 10.1093/jpe/rtx055.

Zhang JH, Zhao N, Liu CC, Yang H, Li ML, Yu GR, Wilcox K, Yu Q, He NP. 2018. C:N:P
stoichiometry in China’s forests: From organs to ecosystems. Functional Ecology
32(1):50-60 DOI 10.1111/1365-2435.12979.

Zhang P, Lu XT, Li MH, Wu TG, Jin GZ. 2022. N limitation increases along a temperate
forest succession: evidences from leaf stoichiometry and nutrient resorption. Journal
of Plant Ecology 15(5):1021-1035 DOI 10.1093/jpe/rtac017.

ZhangY, Cui D, Yang Y, Liu H, Yang H, Zhao Y. 2021. Ecological stoichiometric
characteristics and influenceing factors of carbon, nitrogen, and phosphorus in the
leaves of Sophora alopecuroides L. in the Yili River Valley, Xinjiang. Peer] 9:¢11701
DOI 10.7717/peerj.11701.

Zhu JX, Wang QF, He NP, Smith MD, Elser JJ, Du JQ, Yuan GF, Yu GR, Yu Q.

2016. Imbalanced atmospheric nitrogen and phosphorus depositions in China:
implications for nutrient limitation. Journal of Geophysical Research-Biogeosciences
121(6):1605-1616 DOI 10.1002/2016JG003393.

Hu et al. (2023), PeerdJ, DOI 10.7717/peerj.15738 1717


https://peerj.com
http://dx.doi.org/10.13287/j.1001-9332.202010.001
http://dx.doi.org/10.1007/s11676-017-0519-z
http://dx.doi.org/10.7717/peerj.11704
http://dx.doi.org/10.1093/jpe/rtx055
http://dx.doi.org/10.1111/1365-2435.12979
http://dx.doi.org/10.1093/jpe/rtac017
http://dx.doi.org/10.7717/peerj.11701
http://dx.doi.org/10.1002/2016JG003393
http://dx.doi.org/10.7717/peerj.15738

