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Abstract: Leaf nutrient resorption traits are regarded as important indicators reflecting the strategy
of plant nutrient conservation, yet the mechanism underlying the variation of resorption traits in
different plant growth forms (PGFs) remains unclear. In order to untangle the phylogenetic and
environmental influences on leaf nitrogen (N) and phosphorus (P) resorption traits between woody
and herbaceous plants, we investigated N and P contents of green and senesced leaves in 53 species
along an altitudinal gradient (1374-3649 m) in the Taibai Mountain of central China and estimated
leaf N and P resorption efficiency and proficiency. Our results show that leaf N and P resorption
efficiency (NRE and PRE) had significant positive trends with altitude in both woody and herbaceous
plants (all p < 0.05); however, their altitudinal patterns of N and P resorption proficiency (NRP and
PRP) were different. For woody plants, leaf NRP and NRE:PRE first decreased and then increased
with altitude (p < 0.05), while NRP:PRP had the opposite trend (p < 0.05). In herbaceous plants,
leaf NRP and PRP decreased but NRP:PRP increased with altitude (p < 0.05). Climatic factors
exerted the major influences on the variation in leaf NRE and PRE (18.5-24.8% explained variation).
However, phylogenetic taxonomy mainly affected the variation of leaf PRP and NRP:PRP (45.2%
and 41.4% explained variation) in all species, NRP:PRP in woody plants (37.8% explained variation),
and NRE:PRE in herbaceous plants (49.7% explained variation). In addition, leaf NRP:PRP showed
a significant phylogenetic signal (Blomberg’s p < 0.05). These results highlight the importance of
taking PGFs and phylogenetic information into consideration when examining the interspecies
variation in leaf resorption under environmental changes, which can advance our knowledge of plant
nutrient utilization strategies in response to fluctuating environments and lay the groundwork for
the development of complex element biogeochemical models.

Keywords: leaf nutrient resorption; altitudinal gradient; environmental factors; phylogeny; plant
growth form

1. Instruction

Leaf nutrient resorption is a process of resorbing nutrient from senescing leaves to
other organs or issues [1,2], which is known as an important nutrient conservation strategy,
especially when root uptake become costly [3-5]. The capacity of leaf nutrient resorp-
tion is usually represented by two parameters, nutrient resorption proficiency (NuRP),
and nutrient resorption efficiency (NuRE). NuRP is estimated by the nutrient content in
senesced leaves, indicating a potential nutrient pool and the completion degree of resorp-
tion [6]. Lower NuRP shows a lower biochemical limit and a higher completion degree of
resorption [6]. In contrast, leaf NuRE is the percent reduction of nutrients between green
and senesced leaves, which indicates the proportion and efficiency of nutrient recycling [7].
Higher NuRE means a higher proportion of resorption nutrients from green leaves. These
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two kinds of resorption traits can reflect the importance and preference for nutrient recy-
cling of plants, which are associated with environmental adaptation in various species.
Nitrogen (N) and phosphorus (P) are key limiting nutrients for plant growth, and N and P
limitation could be examined by the ratios of leaf N and P resorption efficiencies (NRE:PRE)
of the dominant species in a recent study [8]. Thus, it is crucial to uncover the variation
mechanisms of leaf N and P resorption traits for a better understanding plants’ nutrient
strategies in fluctuating environments.

Leaf nutrient resorption traits are influenced by environmental gradients. At the global
and regional scales, leaf N resorption efficiency (NRE) increased, and N resorption profi-
ciency (NRP) decreased with increasing latitude [3,4,9], while leaf P resorption efficiency
(PRE) and P resorption proficiency (PRP) showed the opposite or similar trends [3,4,10,11].
Soil nutrient availability is usually regarded as the most essential environmental factor in
the variation of leaf NuRE and NuRP. Under infertile environments, plants generally tend
to improve their nutrient resorption capacity in order to reduce the dependence on root
uptake [11-14]. With regard to leaf NRE:PRE, soil N and P limitation status was the key
factor in the study of Du et al. (2020) [8]. In addition, climatic factors (temperature and
precipitation) could indirectly influence resorption traits by affecting the nutrient contents
in green and senesced leaves, soil nutrient availability, phenology, and other factors [2—4].
In studies of leaf resorption patterns, leaf NRP increased with the increasing mean annual
temperature and precipitation (MAT and MAP), while PRP had the opposite trend [4,9].
Meanwhile, leaf NRE decreased with the increasing MAT and MAP, and PRE had the
opposite trends to NRE [3,9]. In addition, some studies showed different results. For
example, both leaf NRE and PRE had negative correlation relationships with MAT [10,14]
and MAP [14]. Accordingly, further studies were needed to reveal the environmental
adaptation mechanism of resorption.

Furthermore, leaf nutrient resorption traits may be controlled by phylogenetic effects
to some extent. In previous studies, both phylogenetic and environmental factors were
proved to have considerable influences on leaf nutrient elements, especially macroele-
ments [15,16]. However, it remains unclear how plant phylogeny influences leaf resorption
traits. In the limited studies, Killingbeck (1996) [6] found that leaf NuRP had similarities
among some closely related phylogenetic taxa, and Lang et al. (2014) [17] reported that leaf
NuRE was tightly related to the evolution of conducting tissues in subarctic cryptogams
and seed plants. However, the results from Zhang et al. (2015) [18] found that the phy-
logenetic signals of leaf NuRE were insignificant in woody plants. Moreover, previous
studies found that a strong linkage occurred between nutrient content in senesced and
green leaves [19], but the relationships between NuRE and nutrients in green leaves were
uncertain, which may be negative [20] or positive [21]. Therefore, we hypothesize that the
nutrient concentration in senesced leaves, i.e., NuRP, will show phylogenetic conservatism
to some extent. However, as a trait plastic to environmental changes, NuRE would be
influenced by environmental factors more than phylogenetic information (Hypothesis 1).

In addition, plant growth form (PGF) is also an important factor of variation in leaf
nutrient resorption [1,22]. Woody plants generally have higher NRE than herbaceous
plants [23], due to the more developed nutrient transport and reserve issues of woody
plants [23]. Differently, herbaceous plants prefer to resorb P than woody plants from
the senescent leaves to reduce their dependence on the P uptake of roots [22]. So far,
however, few studies simultaneously focus on and compare the variation and spatial
pattern in leaf resorption of both woody and herbaceous species. Altitudinal gradients
include large environmental changes in a small spatial range [24], which offers a natural
laboratory for proving ecological theories. With the increased altitude, the vegetation
types gradually change from forests to shrubs and meadows [25,26]. At the same time,
the environment becomes more stressful for plants to acquire nutrients and grow with
the increased altitude, which makes the process of nutrient resorption more important.
Therefore, we hypothesize that leaf NuRP would increase and NuRE would decrease with
altitude in all species (Hypothesis 2). However, since the P element plays a key role in
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herbaceous plants” adaptation to the external environment [22], we hypothesize herbs
would resorb more P with the increasing altitude, thus leaf NRP:PRP would increase and
NRE:PRE would decrease with altitude (Hypothesis 3).

In order to test these hypotheses, we collected green and senesced leaves of 57 species
along a 2300-m altitudinal gradient in Taibai Mountain of central China and obtained
their N and P resorption traits. These selected species encompassed broad phylogenetic
lineages, which allowed the trait variation and its potential drivers to be investigated from
a phylogenetic perspective.

2. Methods
2.1. Study Site

Our study was carried out in the Taibai Mountain Nature Reserve (33°49’ N-34°10" N,
107°19' E-107°58' E, 3767 m a.s.1.), Shaanxi Province, central China. As the highest peak
of the Qinling Mountains, Taibai Mountain is the highest mountain in eastern mainland
China. With the increased altitude of the northern slope of Taibai Mountain, there are
deciduous broadleaved forest dominated by Quercus spp. (below 2300 m), temperate birch
forests dominated by Betula albosinensis and B. utilis (2300-2800 m), fir (Abies fargesii) forest
(2600-3000 m), larch (Larix potaninii var. chinensis) forest (3000-3350 m), alpine shrubland
dominated by Rhododendron capitatum (3400-3700 m), and alpine meadow dominated by
Polygonum viviparum (>3500 m) [25,26].

2.2. Field Sampling and Chemical Analyses

Our sampling sites were set at 1374 m, 2483 m, 2934 m, 3180 m, 3375 m, and 3649 m,
corresponding to the six major vegetation types on the northern slope of the Taibai Moun-
tain. Four 20 m x 20 m experimental plots were established at each site, and geographic
information such as the longitude, latitude, and altitude of each site in each plot was
recorded. Types of bedrock are mainly adamellite and mixed rocks in our sites (rock and
soil types in the six sampling sites were in Table S1). In July 2017, 30 green leaves of each
plant species were collected from more than three healthy individuals in every plot. At the
same time, soil samples were collected in five locations of each plot, which were taken in
the 0-10 cm soil layer. Senesced leaves were collected during the period of October and
November in 2017. For trees, we laid a plastic cloth on the ground to collect senesced leaves
by using a high branch scissor to tap branches. For shrubs and herbs, we picked or cut off
senesced leaves from living plant individuals directly. The herbaceous species collected are
all perennial. In total, 57 species from 13 clades, 19 orders, and 32 families were sampled.
The species lists of each site were in Table S2.

The total N concentrations of leaf and soil samples were determined by dry com-
bustion using an elemental analyser (Vario MAX CN Elemental Analyzer, Elementar,
Germany). Total P concentrations were measured by the ammonium molybdate method us-
ing a continuous-flow analyser (AutoAnalyzer3 Continuous-Flow Analyzer; Bran Luebbe,
Germany) after HySO4-HCLO, digestion for leaves and H,SO4-H,O,-HF digestion for soil.
Air-dried soil was extracted in K,SO, and analysed for NHy by the salicylate method and
for NO3 by the cadmium, soil inorganic N (SIN) is the sum of NO3 + NHjy. To measure soil
available P (SAP), fresh soil samples were extracted using 0.5 mol L~! NaHCO3, and the P
concentration of the extract was determined by the ammonium molybdate method.

2.3. Calculations of Leaf Nutrient Resorption

Nutrient resorption proficiency was expressed by nutrient element concentration of
senesced leaves on a mass basis [6]. It should be noted that a lower value of NuRP means
a higher nutrient resorption proficiency. Nutrient resorption efficiency was calculated by
using the mass loss correction factors (MLCF) of Vergutz et al. (2012) [10]. MLCF had
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been used widely to avoid underestimating NuRE for mass loss during leaf senescing in
previous studies [8,27,28].

Nutrient resorption efficiency = (1 — MLCF x Nus/Nug) x 100%

where Nug is the element concentration of senesced leaves on a mass basis; Nug—element
concentration of green leaves on a mass basis; MLCF—mass loss correction factor. Accord-
ing to the study of Vergutz et al. (2012) [10], MLCF of forbs = 0.640, MLCF of graminoids =
0.713, MLCF of conifers = 0.745, and MLCF of deciduous woody angiosperms = 0.784.

2.4. Species Phylogeny

The species names were checked using ‘The Plant List” (http://www.theplantlist.org/
(accessed on 3 August 2022)). A total of 53 species were included in the subsequent
phylogenetic analyses. Angiosperm order and family assignments were based on the
Angiosperm Phylogeny Group IV classification (APG, 2016) [29]. A phylogenetic tree
was constructed using the comprehensive species-level angiosperm phylogeny [30] in
phylomatic version 3 (http:/ /phylodiversity.net/phylomatic/ (accessed on 3 August 2022)).
The tree of life was optimized by ITOL (https://itol.embl.de/itol.cgi (accessed on 3 August
2022)) (Figure S1).

2.5. Climatic Data

We chose mean annual temperature (MAT), mean annual precipitation (MAP), and
values of aridity index (Al) as climatic variables in the subsequent analyses. Values of MAT
and MAP of each sampling site were collected from the WorldClim global database with a
spatial resolution of about 1 km? (http:/ /www.worldclim.org (accessed on 3 August 2022)).
Values of aridity index (Al) are downloaded from Global Aridity Index and Potential
Evapotranspiration (ET0) Climate Database v2 (https:/ /cgiarcsi.community/2019/01/24
/ global-aridity-index-and-potential-evapotranspiration-climate-database-v2/ (accessed
on 3 August 2022)). Lower values of Al indicate a dry climate.

2.6. Data Analysis

Differences in leaf nutrient resorption traits between herbaceous and woody plants
were assessed using the nonparametric multiple test procedure for all-pair two sample tests
(npar.t.test function in the R package of nparcomp [31], which is widely used to compare
two-independent samples whose distribution is uncertain). The altitudinal patterns of
nutrient resorption traits were performed using general linear regressions or quadratic
regressions. The higher R? and lower Akaike information criterion (AIC) was used to select
the most appropriate model.

To assess the phylogenetic conservatism of each trait, we calculated the phylogenetic
signal of all traits by performing Blomberg’s K statistic [32] in the R package ‘phytools’.
Larger values in K indicate a greater phylogenetic conservatism for the given trait. Sig-
nificance was tested via comparison of the variance of standardized contrasts to random
values obtained by shuffling trait data across the tips of the tree 999 times. Some species
occurred at more than one site among different altitudes, we used the average values of
these species uniformly.

To determine the effects of phylogenetic and environmental variables on leaf nutrient
resorption traits of all species and different PGFs, the variance components were first
partitioned into taxonomic, environmental (site), and residual components by using resid-
ual maximum likelihood (REML) procedures. The phylogenetic effect was defined as a
hierarchically nested structure ‘(clade/order/family)’. The overall random term within
the variance components model was (site + (clade/family/species)), and no fixed factors
were defined. Thus, the variation in NRP, PRP, NRE, PRE, NRP:PRP, and NRE:PRE caused
by environmental variables was assigned to the ‘site” component of the model, while the
variation resulted from sampling error was assigned to the ‘residual’ term [33].
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Due to the collinearity between environmental factors, we used Lasso regression to
the selected environmental factors (lars function in the R package of lars) (Table S3). The
relationships between selected environmental factors and nutrient resorption traits were
performed using general linear regressions or quadratic regressions. Subsequently, we
quantified the influences of the most influential environmental variables (the relatively
insignificant factor was eliminated (Table S4)) and PGF on resorption traits, using a linear
mixed effect model with the REML method in the R package ‘lme4’. In these models,
environmental factors, PGF, and their interaction were treated as fixed effects, and site
as a random effect. Due to the unbalanced data, the variance explained by the model
was calculated using type III sums of squares and conservatively partitioned among fixed
factors by calculating the variance explained by adding the focal factor after other factors
had been included in the model. The sums of squares explained by random effect and their
significance were estimated using the ‘r.squared GLMM’ function and ‘exactRLRT” function
in R package ‘MuMIn’ and ‘RLRsim’, respectively [34].

The data were analyzed by R 4.2.0 (R Core Development Team, http://www.r-project.
org/ (accessed on 16 July 2022)), and plots were made by SigmaPlot 12.5 (Systat Software
Inc., San Jose, CA, USA).

3. Results
3.1. Variation in Leaf N and P Nutrient Traits and Resorption Traits

In total data, the mean values of leaf NRP and PRP were 13.57 and 0.79 mg/g
(CV =0.36 and 0.52), respectively, and the average values of leaf NRE and PRE were
55.89% and 64.92% (CV = 0.28 and 0.26), respectively (Table S5). For the ratio values of
leaf N and P resorption traits, NRP:NRP and NRE:PRE of total species were 19.37 and 0.90
(CV =0.41 and 0.31), respectively (Table S5). Moreover, significant differences in P content
in green leaves (Pg) and PRP were found between different PGFs, with higher values in
herbaceous species (p < 0.05, Figure 1b,d).
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Figure 1. Leaf N and P nutrient traits and resorption traits of two plant growth forms (PGFs). (a) Ng
(N content of green leaves) of H (herbaceous species) and W (woody species). (b) Py (P content of
green leaves) of H and W. (c) NRP (N resorption proficiency) of H and W. (d) PRP (P resorption
proficiency) of H and W. (e) NRE (N resorption efficiency) of H and W. (f) PRE (P resorption efficiency)
of Hand W. (g) NRP:PRP of H and W. (h) NRE:PRE of H and W. The mean values of all traits are
compared between two PGFs, using a nonparametric multiple test procedure. Different lowercase
letters (a and b) mean significant difference (p < 0.05).
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3.2. Phylogenetic Effects on the Variation in Leaf Resorption Traits

Among six leaf nutrient resorption traits, only leaf NRP:PRP had a significant phylo-
genetic signal (Blomberg’s K = 0.49, p = 0.04, Table 1). Moreover, neither leaf resorption
traits had a significant correlation with the evolution times (Figure S3, p > 0.05). When
woody and herbaceous species were analyzed separately, the phylogenetic signals of six
resorption traits were all insignificant (Blomberg’s K = 0.28-0.70, all p > 0.05, Table 1).

Table 1. Blomberg’s K and P in total species and different plant growth forms.

n Ng Pg NRE PRE NRP PRP NRP:PRP NRE:PRE

Total species 53

Blomberg’s K 0.60 0.43 0.31 0.34 0.44 0.35 0.49 0.45
Blomberg's P 0.03 025 044 0.69 0.40 0.54 0.04 0.07
herbaceous
. 16
species
Blomberg’s K 085 096 0.70 0.32 0.69 0.28 0.35 0.36
Blomberg's P 0.04 0.02 0.10 0.97 0.20 0.96 0.92 0.92
woody 37
species
Blomberg’s K 043 032 033 0.39 0.37 0.48 0.57 0.53
Blomberg’s P 035 081 0.82 0.54 0.68 0.19 0.08 0.15

n, number of samples. Blomberg’s K value was bolded when Blomberg’s p < 0.05.

In phylogenetically nested random models, taxonomic effects were mostly at the clade
and order levels. Across all species, the results of the nested random model revealed
that the variation explained by taxonomy accounted for 45.2% and 41.4% (mostly at the
order level) of the variation in leaf PRP and NRP:PRP, respectively (Figure 2a). Moreover,
taxonomic effects, respectively, explained 29.1% and 26.9% of the total variation in leaf NRE
and PRE (at the clade and order levels), which were slightly smaller than the effects of the
site (31.6% and 28.1%, respectively). By contrast, phylogenetic taxonomy exerted relatively
minor effects on variation in leaf NRP and NRE:PRE, with only 4.4% and 12.2% of the total
variation explained by clade. With regard to the difference in the nested random models of
two PGFs, phylogenetic taxonomy exerted major effects on variation in the NRE:PRE of
herbaceous (49.7%, Figure 2b) and NRP:PRP of woody species (37.8%, Figure 2c).

(b) Herbaceous species (c) Woody species
100 100
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60

40

20

S <
I & &
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mmmm Family:(Order:Clade)
== Order:Clade
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Figure 2. Variance component analysis of leaf N and P resorption traits using phylogenetic nested
analysis of variance. (a) Variance component analysis of leaf N and P resorption traits in total species.
(b) Variance component analysis of leaf N and P resorption traits in herbaceous species. (c) Variance
component analysis of leaf N and P resorption traits in woody species.
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3.3. Altitudinal Patterns of Leaf N and P Resorption Traits

Different altitudinal patterns were found in leaf N and P resorption traits (all p < 0.05,
Figure 3). Across all species, NRP showed a significant concave quadratic relationship
with altitude (R? = 0.20, p < 0.001, Figure 3a), with the lowest value at 2483 m. However,
PRP decreased with altitude significantly (R? = 0.13, p < 0.01, Figure 3b). Both NRE
and PRE showed significant positive trends with altitude in total species and two PGFs

(R? = 0.14-0.46, all p < 0.05, Figure 3d,e).
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Figure 3. Altitudinal patterns of leaf N and P resorption traits. (a) Altitudinal patterns of leaf NRP.
(b) Altitudinal patterns of leaf PRP. (c) Altitudinal patterns of leaf NRP:PRP. (d) Altitudinal patterns
of leaf NRE. (e) Altitudinal patterns of leaf PRE. (f) Altitudinal patterns of leaf NRE:PRE. The value
of R? and p of all significant regressions are given in the figures.

The altitudinal patterns of NuRP, NRP:PRP, and NRE:PRE differed between different
PGFs (Figure 3). In woody species, NRP and NRP:PRP showed concave quadratic relation-
ships with altitude, first decreasing first and then increasing at a higher altitude (R? = 0.31
and 0.14, both p < 0.05, Figure 3a,c). However, in the herbaceous species, both leaf NRP and
PRP significantly decreased with altitude (R? = 0.24 and 0.42, both p <0.05, Figure 3a,b),
but NRP:PRP increased with altitude significantly (R% = 0.25, p < 0.01, Figure 3c). As
for NRE:PRE, only woody species showed a significant convex quadratic relationship
with altitude (R? = 0.14, p < 0.05, Figure 3f), which first increased and then decreased
with altitude.

3.4. Environmental Effects on the Variation in Leaf Resorption Traits

Results of mixed-effect models indicate that both fixed and random factors (i.e., R%c)
could explain 7-37% of the variation in six leaf resorption traits (Table 2). MAP, PGF, and
their interaction significantly affected the variation in leaf PRP (p < 0.01), with 10.25%,
10.23%, and 29.13% of the total variance explained (Table 2). Additionally, the variation in
leaf NRE and PRE were significantly influenced by MAT and MAP, respectively (24.75%
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and 18.54% of the total variance explained, both p < 0.01, Table 2). As for NRE:PRE, the
interaction between STN and PGF had a significant but minor influence (7.15% of the total
variance explained, p < 0.01, Table 2).

Table 2. Results of linear mixed-effects models for leaf N and P resorption traits.

NRP PRP NRE PRE NRP:PRP NRE:PRE
Estimate  SS% P Estimate  SS% P Estimate SS% 4 Estimate SS% 4 Estimate SS% 4 Estimate SS% 14
Intercept 12.67 <0.001 4.12 <0.001 64.39 <0.001 —30.89 0.28 26.29 <0.001 112 <0.001
fixed effect
MAT 037 1238 0.08 —1.27 24.75 <0.01
MAP —0.004 1025 <0.001 0.13 18.54 <0.01
SAP —~1.81 1.67 0.17
STN —0.06 0.66 03
PGF —2.56 4.40 0.14 —2.82 1023 <0.001 3.67 0.01 047 33.55 0.14 035 —348 351 0.67 —0.57 0.10 0.06
MAT:PGF —0.01 18.20 0.97 —0.45 25.27 0.43
MAP:PGF 0.01 29.13 <0.01 0.05 19.43 0.34
SAP:PGF 1.37 6.68 0.37
STN:PGF 0.15 7.15 0.04
ramdom effect
site 491 0.14 0 1 0 0.39 0 039 294 021 0 0.38
Total model
R2m 0.22 0.37 0.34 0.24 0.07 0.07
R2¢ 0.28 037 034 0.24 0.1 0.07
14 <0.01 <0.001 <0.001 <0.01 0.3 0.4

MAT, mean annual temperature. MAP, mean annual precipitation. STN, total N in soil. SAP, available P in soil.
PGF, plant growth form. S5%, percentage of sum of squares explained. Linear mixed-effects model was fit by
maximum likelihood. Random effect in model was ‘site’. Marginal R? (R>m) is concerned with variance explained
by fixed factors, and conditional R? (R%c) is concerned with variance explained by both fixed and random factors.
Bold values mean significant effect (p < 0.05).

Except for leaf NRE:PRE, significant relationships were found between selected en-
vironmental factors and leaf resorption traits (Figures 4 and 5). With respect to climatic
factors, leaf NRP first decreased and then increased with MAT in total species and woody
species, and leaf PRP decreased with MAP in total species and herbaceous species (all p
< 0.05, Figure 4a,b). In light of the soil factors, leaf PRE significantly decreased with the
increasing SAP in total species and different PGFs (Figure 5a, R? = 0.14-0.32, all p < 0.05),
and NRP:PRP in herbaceous species also significantly decreased with the increasing SAP
(R? = 0.15, p < 0.05, Figure 5c¢).
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Figure 4. Regression relationships between selected climatic factors and leaf nutrient resorption traits.
(a) Regression relationships between MAT (mean annual temperature) and NRP. (b) Regression rela-
tionships between MAP (mean annual precipitation) and PRP. (c) Regression relationships between
MAT and NRE. (d) Regression relationships between MAP and PRE. The value of R? and p of all
significant regressions are given.
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Figure 5. Regression relationships between the selected soil factors and three leaf nutrients.
(a) Regression relationships between soil available P and PRE. (b) Regression relationships between
soil total N and NRE:PRE (There’s no regression line because all regressions are insignificant).
(c) Regression relationships between soil available P and NRP:PRP. The value of R? and p of all
significant regressions are given.

4. Discussion
4.1. Phylogenetic Influence on Leaf Resorption Traits

In this study, the results show that only leaf NRP:PRP had significant phylogenetic
signals across total species (Table 1). Moreover, phylogenetic taxonomy was the dominant
factor influencing the variation in leaf PRP and NRP:PRP rather than NRE and PRE
(Figure 3), which partly supported our first hypothesis. However, leaf NRP was almost
unaffected by phylogenetic influence, which was inconsistent with our first hypothesis.

The results also indicate that leaf NRE and PRE mainly reflected the environmental
adaptability in different species. As a trait of efficiency for nutrient conservation, leaf NuRE
exhibited more environmental plasticity to relieve environmental nutrient limitations,
which may contribute to the insignificant influence of phylogeny on NuRE [18,32]. How-
ever, the results of leaf PRP and NRP:PRP indicate the considerable influence of phylogeny
and phylogenetic taxonomy. Killingbeck (1996) [6] found that it had some similarities in
leaf NuRP of species with close phylogenetic relationships, which was partly similar to the
result of PRP in our study. Significant phylogenetic influence on PRP may be associated
with the biochemical limit of resorption [6] and nutrient transport capacity [17] of different
orders. For example, we found that the PRP were low in Sapindales (Figure S2) partly
because the senesced leaves were red in species of Sapindales (e.g., Acer davidii and Cotinus
coggygria). Wang et al. (2022) [35] found similar results that red senesced leaves had the
lowest P contents among plant groups with different autumnal color leaves. In the process
of leaf senescing, anthocyanins perform better at photoinhibition than carotenoids accord-
ing to the photoprotection hypothesis [36], and the removal of chlorophyll can improve
the degradation of chlorophyll-associated proteins [37]. This mechanism may promote
the transport of P nutrients in the process of resorption, and the transitional period of
the leaf color may make leaf nutrient resorption more complete. Unexpectedly, leaf NRP
was mainly influenced by environmental gradient rather than phylogenetic taxa, which
suggested that the variation in NRP was mainly influenced by environmental factors, and
phylogenetic effects could be different among leaf NuRP of different elements.
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Phylogenetic taxonomy had different effects on leaf nutrient traits between woody
and herbaceous species, which exerted major influences on NRP:PRP of woody species
and NRE:PRE of herbaceous species, respectively. Through comparing leaf NRP:PRP of
different orders in woody species, we found that leaf NRP:PRP became stable in relatively
modern orders. For instance, NRP:PRP values were about 22 in four modern orders (in-
cluding Fagales, Dipsacales, Sapindales, and Malpighiales), whereas NRP:PRP of relatively
older orders had a large variation (Figure S3). These results demonstrate that resorption
biochemical limit became more balanced between N and P with evolutionary time in woody
species, which probably related to leaf nutrient constitution and transport capacity [17],
and woody species had more developed nutrient transport system than herbs [10]. More-
over, NRE:PRE of herbs was mainly influenced by phylogenetic taxa of the clade and
order levels rather than environmental factors, which indicates that different clades and
orders may have different N or P preferences. For example, Commelinids and Lamiids
had relatively lower and higher NRE:PRE, respectively (Figure S4), which indicated that
Commelinids preferred to resorb leaf P than N, and Lamiids had the opposite preference.
Lamiids species, e.g., Isodon amethystoides and Rubia cordifolia, grow at the warmer sites
with lower altitude (1374m), and Commelinids species, e.g., Carex taipaishanica and Carex
capilliformis, had wider altitudinal growth range (collection scope 1374-3375 m). At a higher
altitude, plants had shorter growth time, which made the growth rate more important for
environmental adaptation. Thus, herbs turned the N preference to the P preference due to
the tight association between the P element and growth rate [22,38].

4.2. Environmental Influence on the Variation in Leaf Resorption Traits

Our results show that both leaf NRE and PRE increased with increasing altitude across
total species and two PGFs, which was similar to Gerdol et al. (2019) [28]. Moreover,
MAT was the major effect on the variation in leaf NRE, whereas MAP acted as the main
environmental factors of PRE (Table 2). With the increase in altitude, MAT decrease
dramatically and growth period of plants becomes shorter, thus plants must accomplish
the development of new leaves and the corresponding nutrient uptake and transport in
a shorter time [2,39]. Additionally, plants at a higher altitude are confronted with more
stress of frost and cold (Table S6) impacting on root uptake. Therefore, the utilization of
stored nutrient is a more economic approach than root uptake, especially at the beginning
of the following spring [39]. These caused the increasing trend of leaf NRE with the
increased altitude and decreasing MAT. In contrast, leaf PRE was mainly affected by MAP.
The increasing rainfall could improve NuRE [21,40]. In addition, rainfall could increase
the leaching of soil P [41], especially in a mountain environment [42], and then lead to P
limitation in soils. It should be noted that a significant collinearity was existed between
MAT and MAP (Figure S5), because higher altitude areas have lower MAT and higher MAP
than lower altitude (Tables S6 and S7, Figure S5). Thus, MAT and MAP jointly resulted in
higher leaf NRE and PRE of plants lived at higher altitudes.

In contast to leaf NuRE, the altitudinal patterns of NuRP had differences between
woody and herbaceous species. In herbaceous species, leaf NRP and PRP decreased but
NRP:PRP increased with altitude, which partly proved our second hypothesis. Generally,
herbaceous species had faster growth rate than woody species, which demonstrated that
the P element was the key nutrient of herbs due to the close association between P demand
and growth rate [22,38,43]. Leaf NRP:PRP of herbs increased with increasing altitude,
which indicated that PRP decreased more dramatically and rapidly with altitude than NRP.
Thus, the altitudinal pattern of NRP:PRP suggested that herbs needed more P element at
a higher altitude. Accordingly, P element is crucial to the environmental adaptation of
herbaceous species, and herbs tend to have the nutrient strategy of P preference to resist
negative environmental conditions.

For woody species, the altitudinal trend of leaf PRP was insignificant in woody species
and mainly influenced by phylogenetic taxa (Figure 3), which indicated that PRP of woody
species was more conservative and less sensitive to environmental change than PRP of
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herbs. Moreover, leaf NRP of woody plants showed a U-shaped curve with the increased
altitude. In a low altitude range (1374-2483 m), NRP decreased with the increased altitude,
which was consistent with the altitudinal strategy of leaf NRE that plants increased N
conservation with increasing altitude in order to adapt lower MAT as discussed above.
However, at higher altitude, it is unexpected that NRP of woody plants increased with
the increasing altitude. The possible explanation was that higher NRP probably related to
the amounts of N immobilized in the greater amount of cell wall in order to resist lower
winter temperatures [44,45]. Therefore, the cold at high altitude forced plants to improve
the structure of cell wall, which made higher woody leaf NRP. Both the high leaf NRE and
NRP in high altitude indicate that woody plants adopted strategies of high N investment
and conservation to the harsh habitats.

In previous studies, soil nutrient was an important factor influencing NuRE. However,
we only found that SAP had significant negative effects on PRE and herbaceous leaf
NRP:PRP, which was similar to the findings of Lii et al. (2013) [46] that showed that
plants tended to improve P resorption when SAP decreased. Furthermore, the response of
PRP:NRP to SAP stressed the importance and sensibility of P nutrient in herbaceous species.
These results may result from the P limitation in this study, because the leaf NRE:PRE was
<1 in most sites (Table S5), which made the parameter of soil P a significant factor rather
than soil N.

5. Conclusions

In this study, we quantified the influences of environmental and phylogenetic fac-
tors on leaf N and P resorption traits of 57 woody and herbaceous species across an
altitudinal gradient.

Our results show that phylogeny had a considerable and dominant influence on the
variation in leaf PRP and NRP:PRP. With regard to altitudinal patterns of resorption, leaf
NuRE increased with altitude across all the species, which were mainly influenced by MAT
and MAP. However, the altitudinal patterns of leaf NuRP were affected by different PGFs,
which indicated that the nutrient strategies for environmental adaptation were different
in herbaceous and woody plants. Herbaceous plants tended to have the nutrient strategy
of P preference with environmental change, while woody plants adopted two nutrient
strategies of N conservation and N investment at different ranges of altitude.

These results highlight the influences of growth types and phylogenetic factors on the
variation in plant nutrient cycling, which is helpful to predict how nutrient status varies
among different plant species under future climate changes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f14010005/s1, Figure S1: Variation in leaf N, P resorption traits
with plant phylogeny; Figure S2: Variation in leaf PRP and NRP:PRP of all species in different orders,
ranking by evolution time; Figure S3: Variation in leaf NRP:PRP of woody species in different orders,
ranking by evolution time; Figure S4: Variation in leaf PRP and NRE:PRE of herbaceous species in
different clades and orders, ranking by evolution time; Figure S5: Relationships between altitude
and two climatic factors in sampling sites; Table S1: Information of geography, rock and soil in six
sampling sites; Table S2: Species lists of six sampling sites; Table S3: Results of LASSO regressions of
environmental factors and leaf N and P resorption traits; Table S4: Results of preliminary linear mixed-
effects model of leaf PRE and selected environmental factors; Table S5: Leaf N and P nutrient traits
and resorption traits in two plant growth forms in six sampling sites; Table S6: Average temperature
(°C) of month in sampling sites; Table S7: Average precipitation (mm) of month in sampling sites.
Ref. [47] are cited in the Supplementary Materials.
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