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Abstract The relationships among leaf traits often

reflect plant adaptation for coping with nutrient

resources. However, the seasonal variations in leaf

traits and their relationship with soil nutrients are not

well understood. We sampled seven major functional

traits of thirty trees and nine shrubs (sorted into

different plant functional groups, PFGs, based on their

growth form, leaf lifespan, and leaf shape) at different

seasons in a managed forest plantation of Southeastern

China. Both green leaf nitrogen and phosphorus

concentrations (Ngreen and Pgreen) decreased signifi-

cantly from spring and summer to autumn, and varied

significantly with PFGs (P \ 0.05) at different times

of the year. Across all plants, specific leaf area

correlated positively with Ngreen and Pgreen in spring,

summer, and winter, but not in autumn; N resorption

proficiency generally correlated positively with Ngreen

in each season, while P resorption efficiency corre-

lated positively with Pgreen in spring and summer, but

not in autumn and winter. Soil nitrogen availability

correlated negatively with leaf nutrient traits in some

seasons. In conclusion, leaf trait relationships varied

among the seasons and among PFGs. Seasonal

dynamics of leaf traits as well as soil nutrients’

relations must be considered when exploring plant

feedback to soil nutrients.

Keywords Garden plantation � Leaf nutrient

concentration � Mid-subtropical region � Nutrient

resorption � Plant functional group (PFG) � Specific

leaf area (SLA)
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Introduction

Leaves are the primary photosynthetic organs for the

majority of vascular plants. Consequently, their func-

tional traits have co-evolved in complex and species-

specific ways (Cunningham et al. 1999; Niklas 1999).

Among the many important leaf traits, specific leaf

area (SLA), nutrient concentrations, and nutrient

resorption play critical roles in the ability of plants to

capture and retain resources (Niinemets and Kull 2003;

Wright et al. 2004a, 2005b), and thus influence many

central ecosystem processes (Schulze et al. 1994;

Grime et al. 1997; Ackerly et al. 2000). Thus, the

relationships among SLA, leaf nutrients, and nutrient

resorption are considered the most effective (as well as

convenient) tools for evaluating nutrient use strategies

(Aerts and Chapin 2000; Chen et al. 2011) and for

understanding soil–plant interactions (Niinemets and

Kull 2003; Wright et al. 2001, 2005a, b).

Nevertheless, assessing the generality of leaf trait

relationships is a challenge because many factors

contribute to the variability observed among these

relationships (Niinemets 2001; Reich and Oleksyn

2004; Wright et al. 2005a, b; He et al. 2006; Chen et al.

2011). For example, nitrogen (N) and phosphorus

(P) concentrations of mature green leaves (Ngreen and

Pgreen) generally increase with SLA (Reich et al. 1997;

Niinemets 2001; Westoby et al. 2002; Wright et al.

2004b) presumably because larger fractions of N and

P are required simultaneously for the construction

of photosynthetic as opposed to non-photosynthetic

tissues (Sobrado and Medina 1980; Reich et al. 1992).

However, in some instances, the correlation between

SLA and Ngreen or Pgreen is weak or even negative. For

example, the SLA vs. Ngreen relationship differs across

communities growing under different water availabil-

ities (Wright et al. 2001). Based on a global observa-

tional dataset, Kobe et al. (2005) found that N

resorption efficiency (NRE) and P resorption effi-

ciency (PRE) decreased with increasing Ngreen and

Pgreen. Yet, Wright and Westoby (2003) found no such

relationship in a National Park Reserve dominated by

evergreen, sclerophyllous trees and shrubs. Because

leaf nutrient status, soil fertility, climatic conditions,

and even differences between individual trees can

influence nutrient resorption (Niinemets and Kull

2003; Kobe et al. 2005), the relationship between soil

nutrient status and leaf nutrient concentrations or

nutrient resorption remains controversial (Aerts 1996;

Niinemets and Kull 2003) particularly when consid-

ering different spatial and temporal scales of sampling.

Two other important factors are the plant functional

groups (PFGs) that characterize a particular commu-

nity and the seasonal variations of leaf traits, both of

which contribute to the variations of leaf nutrient

concentrations and resorption (e.g., Chapin and Ked-

rowski 1983). Research has shown that the selection of

PFGs influences whether statistical trends are

observed for functional traits such as SLA (Reich

et al. 1992; Santiago and Wright 2007; Chen et al.

2011). This finding is somewhat intuitive, since a

‘‘functional trait’’ must be (at least to some extent)

correlated with the ‘‘functional plant group’’ it helps to

characterize or define. For this reason, many ecolo-

gists have categorized species into discrete PFGs that

share the same biological traits and that perform

similar roles in ecosystem processes (Lavorel et al.

1997; Westoby et al. 2002) to identify and understand

central tendencies in the ecological variation of leaf

functional traits from an ecosystem to across the major

biomes on the earth (Wright et al. 2004a, 2005a). For

example, the tree vs. shrub PFGs, which are pooled to

classify two major plant growth forms, are one of the

primary axes of the ‘‘leaf economics spectrum’’

because it spans species with the potential for quick

vs. slow returns on investments of nutrient and dry

mass in leaves (Wright et al. 2004a). Likewise, the

evergreen vs. deciduous tree PFGs, which are pooled

to classify leaf lifespan (LL), are effective in identi-

fying differences in nutrient use strategies since

evergreens have longer LL, lower leaf nutrient con-

centrations, and generally reduce soil fertility, while

deciduous trees have shorter LL, higher leaf nutrient

concentrations, and generally increase soil fertility

(Aerts and Chapin 2000; Cornelissen et al. 2003;

Mueller et al. 2012). By the same token, the coniferous

vs. broadleaved tree PFGs, which are pooled to

classify leaf shape, help to identify potential differ-

ences in light and water use efficiencies (Reich et al.

1997, 1998). For these and other reasons, the analysis

of leaf functional traits is critically dependent upon

both the manner in which species are sorted into

functional groups and the manner in which the species

comprising a particular community naturally sort into

PFGs.

Although the influence of PFGs on the analysis

of leaf functional traits is widely recognized and

researched, comparatively little is known about how
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nutrient levels change over the growing season within

well-defined PFGs. By definition, the response of leaf

traits and their relations to seasonality must depend to

some degree on PFGs. For example, we might

anticipate that deciduous tree species would manifest

generally a higher nutrient resorption efficiency com-

pared to their evergreen counterparts (Wright and

Westoby 2003; Kobe et al. 2005). But, this begs the

question regarding variations in the efficiency of

nutrient resorption during the growing season of both

of these PFGs. Thus, it is likely that the average leaf N

concentrations will differ during the growing season of

deciduous broadleaved trees and evergreen broad-

leaved trees since the season schedule for nutrient

resorption in the former must adaptively anticipate

leaf fall, whereas that of the evergreen trees must

include leaf functionality during the autumn and

winter. Consequently, we hypothesize that seasonal

variations in leaf functional traits, such as nutrient

concentrations and resorption, will differ according to

seasonality as well as how species are grouped or

classified according to functional traits.

The goal of this paper was to explore seasonal

variations in foliar functional traits at different time

periods of a year. To achieve this, a managed forest

plantation in a mid-subtropical region of Southeastern

China was selected to determine the following: (1)

whether and how Ngreen, Pgreen, and Ngreen/Pgreen ratio

changed seasonally within different PFGs under the

same soil and climatic conditions and (2) whether and

how SLA, nutrient resorption efficiency, and profi-

ciency correlated with green leaf nutrient concentra-

tions in each season. We also explored the possible

existence of a ‘‘plant–soil feedback’’ in which nutri-

ents released into the soil through leaf litter could be

taken up by plants and thus change leaf-level concen-

trations of N or P at different time periods of a year.

For this purpose, seasonal patterns in leaf nutrient

traits and soil nutrient supplies (represented by C/N,

C/P, NH4
?, NO3

-, and mineral N and P availabilities)

were measured.

Materials and methods

Study area

The research site is located in the new campus of

Nanchang University (115�480E, 28�390N), Nanchang

City, Southeastern China. The soil type is a hilly red

soil belonging to the Ultisol soil order, a typical soil

type in the central subtropical region of China. The site

has a total area of approximately 240 ha and a

subtropical warm humid climate with an annual mean

air temperature of 17.5 �C and a frost-free period of

291 day year-1. Mean annual precipitation is about

1,600–1,800 mm with mean annual relative humidity

about 77 %. The average elevation is 25 m.

More than 100 plant species have been planted on

the campus since 2004. One hundred 100-m2 plots

were randomly selected and surveyed in 2007. The

average diameter at breast height (DBH) and the

height for 2,176 trees (belonging to 54 species,

42 genera, and 28 families) are 8.8 cm and 4 m,

respectively. The average height of 1,619 shrubs

(belonging to 36 species, 31 genera, and 21 families) is

1.1 m. Currently, the selected managed plantation

includes most of the typical tree and shrub species for

the subtropical region of China. The vegetation

coverage is approximately 59 % in the plantation

(Yu 2010).

Site and species selections

A total of 13 tree and shrub species in the study

plantation were selected for extensive analyses. All of

the selected species are dominant locally and were

planted between 2004 and 2005. The plants were not

managed except for irrigation shortly after planting.

The species are classified into different PFGs based on

their growth forms (tree vs. shrub species), leaf

lifespan (evergreen vs. deciduous species), and leaf

shape (scale/needle vs. broadleaved species) (Table 1).

Three representative trees or shrubs for each species

(three replicates) were selected from four different

campus sites (residential, teaching, recreational, and

lakeside areas) which were established during a

previous field investigation.

Specific leaf area and leaf nutrient concentrations

Approximately 0.5 kg of fully expanded and mature

leaves were collected in spring, summer, autumn, and

winter for the evergreen species and in spring,

summer, and autumn for the deciduous species from

different canopy positions at each of the four cardinal

directions, mixed together, stored in closed bags, and
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brought back to the laboratory for analysis. In order to

insure equivalent leaf ages, leaves were collected

from first order branches. Senesced leaves were also

collected every day using nylon mesh boxes (six

50 9 50 cm boxes in each location) placed under

plant canopies during the key periods of defoliation,

which ranged between 20 and 30 days from October to

February. The sample per individual plant was mixed

together to be analyzed for the nutrient traits.

The average leaf lifespan (LL) for species used in

this study was reported by Yu (2010) (Table 1). We

calculated SLA as the ratio of leaf area to dry mass.

About 30–50 fresh leaves from the broadleaved

species were randomly selected from each sample

bag and scanned digitally to determine leaf area. These

leaves were subsequently cleaned with deionized

water and oven dried at 70 �C to constant weight.

The total mass of all the dried leaves was measured

and divided by the total leaf number to determine the

average leaf dry mass for each sampling time

except for the coniferous trees. Because the leaves

of coniferous trees are acerose, their exact leaf

areas could not be obtained by scanning. Their SLA

therefore was not determined.

Oven-dried green and senesced leaves were ground

for analyzing nutrient concentrations. The concentra-

tions of organic C (OC), total N (TN), and total P (TP) in

green leaves (Cgreen, Ngreen, and Pgreen) and senesced

leaves (Csenescent, Nsenescent, and Psenescent) were mea-

sured by the potassium dichromate oxidation–ferrous

sulfate titrimetry method, the Kjeldahl method, and the

colorimetric method, respectively (Allen 1989). These

data were used to calculate green leaf C/N, C/P, and N/P.

Leaf-level nutrient resorption (i.e., nutrient retrans-

location from senescing leaves) is recognized as an

efficient mechanism of nutrient conservation in var-

ious plant species (Killingbeck 1996). Nutrient resorp-

tion proficiency and nutrient resorption efficiency are

two indices of nutrient conservation from the propor-

tion of nutrients resorbed (Wright and Westoby 2003).

Nutrient resorption proficiency is defined as the

concentration of the nutrient remaining in senesced

leaves (litter fall) throughout a year (Killingbeck

1996). In this study, N and P resorption proficiencies

(NRP and PRP) are the average N and P concentra-

tions of the litter fall collected between October and

February. The nutrient resorption efficiency was

calculated by means of the formulas of Aerts (1996):

Table 1 Species, geography, and species characteristics

Species Species groups Sites Diameter

(cm)a
Height

(m)

Leaf

lifespan

(months)b

Magnolia grandiflora Evergreen broadleaved tree (EBT) TA(2), RA(1) 13.4 ± 5.2 5.5 ± 1.3 26

Cinnamomum camphora Evergreen broadleaved tree (EBT) TA(1), LA(1), RA(1) 26.5 ± 2.4 8.1 ± 0.6 18

Osmanthus fragrans Evergreen broadleaved tree (EBT) LA(1), RA(1), LA(1) 9.5 ± 1.0 4.2 ± 0.3 42

Liriodendron chinese Deciduous broadleaved tree (DBT) RA(2), LA(1) 7.9 ± 0.5 7.0 ± 0.1 7

Prunus persica Deciduous broadleaved tree (DBT) TA(1), RA(2) 10.5 ± 0.6 4.8 ± 0.3 6

Salix babylonica Deciduous broadleaved tree (DBT) RA(1), LA(1), LA(1) 11.5 ± 0.7 6.0 ± 0.8 8

Pinus massoniana Evergreen coniferous tree (ECT) RA(2), TA(1) 18.5 ± 3.2 8.6 ± 1.1 23

Cedrus deodara Evergreen coniferous tree (ECT) RA(1), TA(1), LA(1) 16.4 ± 1.5 5.3 ± 0.4 62

Pseudolarix kaempferi Deciduous coniferous tree (DCT) TA(2), LA(1) 12.0 ± 0.6 6.0 ± 0.3 8

Metasequoia glyptostroboides Deciduous coniferous tree (DCT) TA(1), LA(2) 10.8 ± 0.7 7.3 ± 1.5 9

Michelia figo Evergreen broadleaved shrub (EBS) LA(2), RA(1) 5.6 ± 0.3 1.5 ± 0.1 22

Pyracantha fortuneana Evergreen broadleaved shrub (EBS) LA(1), RA(1), LA(1) 2.5 ± 0.2 1.1 ± 0.1 21

Rhododendron simsii Evergreen broadleaved shrub (EBS) TA(1), RA(1), LA(1) 1.6 ± 0.2 0.5 ± 0.1 13

Mean ± SE (n = 3) for diameter and height

LA residential area, TA teaching area, RA recreational area, LA lakeside area. The digit in parenthesis is the number of replicate

samples in this site
a Average diameter at breast height and average ground diameter refer to trees and shrubs, respectively
b Leaf lifespan data for each species are from Yu (2010)
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NRE %ð Þ ¼ Nmax�green � Nsenescent

� �
=

Nmax�green � 100
ð1Þ

PRE %ð Þ ¼ Pmax�green � Psenescent

� �
=

Pmax�green � 100
ð2Þ

where Nmax-green and Pmax-green are the observed

maximum N and P concentrations of green leaves in

a year and Nsenescent and Psenescent are the average N

and P concentrations of the senescent leaves. In this

study, the effect induced by leaf mass change on

nutrient resorption was not considered since the

change in leaf mass (varied from 5 to 10 %; Aerts

1996) during senescence was not easily measured. In

addition, it is difficult to reliably measure the area of

senesced leaves because of curling and deformations

of the laminae.

Soil nutrient levels

Between April 2008 and January 2009, soil samples

were collected seasonally at 30 locations for trees

(under tree canopies) and 9 locations for shrubs. Eight

soil cores (4.8 cm in diameter) at a depth of 0–15 cm

were collected per individual plant per season and

homogenized into a single soil sample (total of 39

samples each season). After removing visible plant

residues, the samples were sieved through a 2-mm

screen and then immediately used to measure soil

NH4
?, NO3

-, mineral N (NH4
? plus NO3

-), and

available P. We used 2 mol L-1 KCl solution to

extract NH4
?–N and NO3

-–N and the colorimetry

method to measure NH4
? and NO3

- concentrations.

We used 0.5 mol L-1 NaHCO3 solution to extract

available P and the phosphomolybdic acid blue color

method to measure its concentration (Allen 1989).

Subsamples of fresh soil samples taken in summer

were air-dried and stored at room temperature to

analyze concentrations of OC, TN, and TP. These

subsamples were oven dried and sieved with a 0.5-mm

screen before taking measurements. The potassium

dichromate oxidation–ferrous sulfate titrimetry method

was used to determine soil OC concentration. TN was

determined subsequently by the Kjeldahl method. A

colorimetric method was used to determine TP (Allen

1989). These data were used to calculate soil C/N, C/P,

and N/P.

Data processing and statistical analysis

All the data were tested for homogeneity of variance

(Brown and Forsythe’s variation of Levene’s test)

before statistical analysis. Soil variables were log10-

transformed to achieve a nearly normal distribution.

Two-way analysis of variance (ANOVA) was used to

identify the effects of functional species groupings and

season on leaf nutrient concentrations and stoichiom-

etric ratios. One-way ANOVA and least significant

difference (LSD) methods were used to compare leaf

traits among functional species groupings as well as

soil nutrient properties among different sites and

functional species groupings. Standardized major axis

tests and routines (SMATR) was used to compare the

significance of correlations among major leaf traits

and to test the soil nutrient properties vs. leaf nutrient

traits’ relations (Warton et al. 2006). All statistical

analyses were conducted by SPSS 11.0 (SPSS Inc.

2001) except the correlation analyses by SMATR

Version 2.0 (Falster et al. 2006). The standard 0.05

level of significance was used to represent a statistical

significance.

Table 2 ANOVA for effects of plant functional group (PFG) and seasonality on green leaf N and P concentrations (Ngreen and

Pgreen), and green leaf C:N:P stoichiometric ratios in the forest plantation

Factors df F value

Ngreen Pgreen C/N C/P N/P

PFG 4 52.62*** 35.04*** 51.65*** 17.44*** 5.60***

Season 3 2.74* 16.63*** 5.52** 12.35*** 10.45***

PFG 9 season 12 3.26*** 2.75** 2.13* 0.38NS 2.87**

NS not significant

* P \ 0.05, ** P \ 0.01, *** P \ 0.001
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Results

Green leaf nutrient concentrations and SLA

Green leaf nutrient concentrations and their stoichi-

ometric ratios differed significantly among seasons

within the different PFGs (Table 2; Fig. 1). Both

Ngreen and Pgreen generally decreased from spring and

summer to autumn within each PFG, but differed in

winter depending on the PFGs considered. Organic C

concentration in green leaves ranged from 380 to

520 g kg-1 and was relatively constant within each

PFG across the entire growing season. The pattern

observed for the seasonal variations in green leaf N/P

ratio differed among the PFGs in no clearly discernible

manner (Fig. 1).

During spring, summer, and autumn, the average

Ngreen was always the highest for deciduous broad-

leaved trees and the lowest for evergreen broadleaved

trees. However, no consistent ordering (e.g., from high

to low) was observed for Ngreen among the species of

deciduous coniferous trees, evergreen broadleaved

shrubs, and evergreen coniferous trees. In winter, the

average Ngreen for evergreen broadleaved shrubs was

higher than for evergreen broadleaved trees, but not

significantly different from evergreen coniferous trees

(Fig. 1). In contrast, the average Pgreen in spring and

summer was generally higher for deciduous broad-

leaved and deciduous coniferous trees compared to

evergreen broadleaved trees, evergreen coniferous

trees, and evergreen broadleaved shrubs. No signifi-

cant difference in Pgreen was observed during autumn

and winter (Fig. 1).

Although Cgreen was higher in summer for ever-

green coniferous trees compared to all of the other

PFGs, no significant difference in Cgreen was observed

among the different PFGs during spring, autumn, and

winter (Fig. 1). The annual average C/N ratio was the

highest for evergreen broadleaved trees (63.65) and

evergreen coniferous trees (41.93) followed by decid-

uous coniferous trees (34.05), evergreen broadleaved

shrubs (33.88), and deciduous broadleaved trees

(18.16). The average C/P ratio was higher in evergreen

broadleaved trees (773) and evergreen coniferous trees

(510) than in deciduous broadleaved trees (252) and

deciduous coniferous trees (320). The green leaf C/N

and C/P ratios for evergreen broadleaved shrubs (394)

were not significantly different from the other PFGs

(Table 2).

No differences were observed in the green leaf N/P

ratio among the different PFGs during spring, summer,

and winter. However, the average N/P ratio was higher

during autumn for evergreen broadleaved shrubs than

for evergreen broadleaved trees, evergreen coniferous

trees, and deciduous coniferous trees, all of which did

not differ significantly from the annual average N/P

ratio of deciduous broadleaved trees (Fig. 1).

The average SLA was the highest for deciduous

broadleaved trees followed by evergreen broadleaved

shrubs; the lowest average SLA was observed for

Fig. 1 Variations of green leaf nutrient traits within plant

functional groups (PFGs) and seasons in a forest plantation. Box
plots characterize the distribution of green leaf nutrient traits

with the bottom and top of each box indicating the 25th and 75th

percentile, respectively. The two whiskers denote the smallest

and largest values of the dataset and the horizontal line within

each box denotes the median value. Different lowercase and

capital letters indicate significant differences (P \ 0.05) of

mean values among the different seasons within a plant

functional group and among the five PFGs in a season,

respectively. EBT evergreen broadleaved trees, DBT deciduous

broadleaved trees, ECT evergreen coniferous trees, DCT
deciduous coniferous trees, EBS evergreen broadleaved shrubs

b

Table 3 Mean ± SE of specific leaf area (SLA), N and P resorption proficiency (NRP and PRP), and N and P resorption efficiency

(NRE and PRE) with different plant functional groups in the forest plantation

Groups SLA (cm2 g-1) NRP (g kg-1) NRE (%) PRP (g kg-1) PRE (%)

EBT 75.04 ± 7.21c 7.02 ± 0.50c 47 ± 2a 1.03 ± 0.11b 45 ± 4b

DBT 157.58 ± 9.12a 22.73 ± 1.54a 41 ± 4ab 1.13 ± 0.12b 73 ± 2a

ECT – 11.18 ± 0.30bc 25 ± 3b 1.81 ± 0.25a 8 ± 4c

DCT – 13.91 ± 0.58b 48 ± 3a 1.42 ± 0.05ab 55 ± 5ab

EBS 116.98 ± 5.99b 15.71 ± 2.02b 39 ± 6ab 1.29 ± 0.19ab 45 ± 7b

Different lowercase letters indicate significant differences (P \ 0.05) of mean values among the five plant functional groups

EBT evergreen broadleaved tree species grouping, DBT deciduous broadleaved tree species grouping, ECT evergreen coniferous tree

species grouping, DCT deciduous coniferous tree species grouping, EBS evergreen broadleaved shrub species grouping
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evergreen broadleaved trees (Table 3). Meanwhile,

SLA positively correlated with Ngreen and Pgreen in

spring, summer, and winter, but not in autumn across

all PFGs except SLA vs. Ngreen for evergreens in

spring, SLA vs. Pgreen for trees in winter, and for

evergreens in spring and summer (Table 4).

Nutrient resorption and its relationship with green

leaf nutrient concentrations

The N and P nutrient resorption proficiencies and

efficiencies varied among the five PFGs. NRP was the

highest for deciduous broadleaved trees (followed by

deciduous coniferous trees and evergreen broadleaved

shrubs) and the lowest for evergreen broadleaved trees

and evergreen coniferous trees. NRE was higher for

evergreen broadleaved trees and deciduous coniferous

trees than for evergreen coniferous trees, and differed

little between deciduous broadleaved trees and ever-

green broadleaved shrubs. PRP was higher for ever-

green coniferous trees than for evergreen broadleaved

trees and deciduous broadleaved trees, but did not

differ between deciduous coniferous trees and ever-

green broadleaved shrubs. PRE was the highest in

deciduous broadleaved trees and deciduous coniferous

trees followed by evergreen broadleaved trees and

Table 4 Correlation

coefficients from

standardized major axis

regressions among leaf

nutrient traits varied with

season for different plant

functional groups in the

forest plantation

NS not significant, NRP
nitrogen resorption

proficiency, NRE nitrogen

resorption efficiency, PRP
phosphorus resorption

proficiency, PRE
phosphorus resorption

efficiency

* P \ 0.05, ** P \ 0.01,

*** P \ 0.001

Correlations Season All Trees Evergreens Broadleaved

species

n 13 10 8 9

SLA vs. Ngreen Spring 0.76* 0.89* 0.55NS 0.76*

Summer 0.75* 0.79* 0.74* 0.75*

Autumn 0.49NS 0.50NS 0.52NS 0.49NS

Winter 0.85* 1.00* 0.84* 0.85*

Ngreen vs. NRP Spring 0.83*** 0.83** 0.97*** 0.88**

Summer 0.87*** 0.97*** 0.68* 0.88**

Autumn 0.59* 0.54NS 0.88** 0.57***

Winter 0.87*** 0.68NS 0.87** 0.88**

Ngreen vs. NRE Spring 0.02NS 0.20NS -0.44NS -0.37NS

Summer -0.03NS -0.08NS 0.05NS -0.35NS

Autumn 0.11NS 0.23NS -0.02NS -0.07NS

Winter -0.21NS -0.66NS -0.21NS -0.41NS

SLA vs. Pgreen Spring 0.62* 0.75* 0.24NS 0.65*

Summer 0.66* 0.75* 0.53NS 0.66*

Autumn 0.39NS 0.49NS 0.09NS 0.39NS

Winter 0.89* 0.70NS 0.88* 0.89*

Pgreen vs. PRP Spring 0.17NS 0.10NS 0.69* 0.34NS

Summer 0.17NS 0.15NS 0.58NS 0.22NS

Autumn 0.16NS 0.22NS 0.48NS 0.35NS

Winter 0.27NS 0.40NS 0.27NS 0.45NS

Pgreen vs. PRE Spring 0.55** 0.68* 0.26NS 0.50NS

Summer 0.50** 0.59* -0.30NS 0.54NS

Autumn 0.36NS 0.38NS -0.20NS 0.40NS

Winter 0.07NS -0.21NS -0.07NS 0.05NS

Ngreen vs. Pgreen Spring 0.82*** 0.89*** 0.26NS 0.86**

Summer 0.89*** 0.92*** 0.62NS 0.77*

Autumn 0.05NS 0.18NS 0.09NS 0.61NS

Winter 0.80** 0.70* 0.80* 0.81*

NRP vs. PRP – 0.26NS 0.11NS 0.50NS 0.51NS

NRE vs. PRE – 0.52** 0.66** 0.61NS 0.08NS
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evergreen broadleaved shrubs; the lowest PRE was

observed for evergreen coniferous trees (Table 3).

NRP correlated positively with Ngreen within the

tree, evergreen, and broadleaved species groupings as

well as across all of the species during each season

with the exception of the tree species grouping during

autumn and winter. In contrast, NRE did not signif-

icantly correlate with Ngreen in any season. PRP only

correlated positively with Pgreen for the evergreen

species in spring. PRE correlated positively with Pgreen

across all species and within the tree PFG during

spring and summer, but not during autumn and winter.

Finally, the Ngreen vs. Pgreen relationship varied among

the PFGs and the seasons (Table 4).

Soil nutrient properties

Soil organic C (F4,38 = 1.68, P = 0.18), total N

(F4,38 = 1.22, P = 0.32), and total P (F4,38 = 0.44,

P = 0.78) concentrations were not significantly differ-

ent among the five PFGs. Soil mineral N varied with

PFGs (F4,52 = 6.45, P \ 0.001) and was the lowest for

deciduous broadleaved trees (53.53 mg/kg) followed by

evergreen broadleaved trees (61.14 mg/kg), deciduous

coniferous trees (64.30 mg/kg), evergreen broadleaved

shrubs, and evergreen coniferous trees (102.70 mg/kg).

In contrast, there was no significant difference in

soil available P among the five PFGs (F4,52 = 1.01,

P = 0.41). Soil mineral N (F3,52 = 3.47, P = 0.02) and

soil available P (F3,52 = 3.17, P = 0.03) varied sea-

sonally with generally higher mineral N levels in spring

and summer; soil available P was the highest during

summer, decreased during spring and autumn, and

reached the lowest in winter.

In addition, soil organic carbon, total N, NH4
?,

total P, and available P were not significantly different

among the four sites (Table 5). As we anticipated, the

annual averages of NO3
- and mineral N were higher in

soils collected from residential areas than in teaching,

recreational, and lakeside areas. Consequently, the

differences reported for the functional leaf traits

measured in this study likely reflected real biological

differences among the examined species.

Discussion

Seasonal variation in leaf nutrient traits at the level of

the individual plant is well known (Chapin 1980; Aerts T
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1996; Aerts and Chapin 2000). However, how leaf

traits vary seasonally among plant functional groups

(PFGs) under relatively uniform environmental con-

ditions and soil properties is less understood. Our study

is one of the first to document significant seasonal

variations in leaf nutrient levels within well-defined

PFGs, which highlights the importance of selecting the

appropriate representative sampling season in order to

draw valid conclusions when comparing leaf func-

tional traits among different PFGs.

As expected, we found that seasonal patterns in leaf

nutrient traits were significantly different among

seasons and PFGs. Our results show that Ngreen is

significantly higher in winter than in other seasons for

evergreen coniferous trees, lower in winter than in

other seasons for evergreen broadleaved shrubs, and

unchanged between winter and other seasons for

evergreen broadleaved trees. In contrast, Pgreen is

higher in winter than in the other seasons for evergreen

coniferous trees and evergreen broadleaved shrubs and

the lowest in winter for evergreen broadleaved trees.

Additionally, the scaling relationships for SLA vs.

Ngreen, Ngreen vs. NRP, SLA vs. Pgreen, Pgreen vs. PRE,

and Ngreen vs. Pgreen also varied with season and

differed among PFGs (Table 4). Differences in nutri-

ent resorption efficiency and proficiency (Table 4) are

most likely responsible for these patterns because the

observed trends for these functional traits are consis-

tent with those for N and P concentrations. Thus,

seasonal patterns of Ngreen, Pgreen, and the Ngreen/Pgreen

ratio vary with PFGs under the same soil and climatic

conditions, resulting in different relationships among

SLA, nutrient resorption efficiency and proficiency,

and green leaf nutrients across PFGs in different

seasons.

Nevertheless, significant seasonal variations in leaf

traits do not alter the major inherent biological

differences among different PFGs (Reich et al. 1992;

Wright et al. 2004b). For example, Pgreen is greater for

trees than for shrubs (2.13 mg g-1 for trees vs.

1.73 mg g-1 for shrubs), which is the opposite of the

trend observed for the green leaf N/P ratio (10.27 for

trees vs. 14.28 for shrubs). In this context, it is worth

noting that one strategy to increase foliar nutrient

concentrations in response to nutrient deficiency is to

increase the investment in root growth (Poorter and

Nagel 2000), which can facilitate the acquisition of

relatively immobile phosphate (see, however, Sands

and Mulligan 1990; Poorter and Bergkotte 1992). It is

reasonable, therefore, to speculate that the greater root

distribution space and fine root surface area of trees

compared to shrubs may account for the observed

differences in Pgreen for the tree and shrub species

groups in our study sites (Jackson et al. 1997;

Niinemets and Kull 2003).

In addition, we found that SLA, Ngreen, Pgreen, and N

and P resorption proficiencies (NRP and PRP) were

higher in deciduous than in evergreen tree species,

whereas green leaf C/N, C/P, and NRE and PRE

manifest the reverse pattern. Negative relationships

were observed for SLA vs. LL (r = -0.93, n = 13,

P \ 0.001) and Ngreen vs. LL (r = -0.63, n = 13,

P \ 0.05). These trends resonate with previous

research showing that longer-lived leaves contain

much more carbon-rich (structural and chemical)

rather than nitrogen-rich (photosynthetic) components

(e.g., Chabot and Hicks 1982; Wright and Westoby

2003). Indeed, carbon fixed per unit nutrient invest-

ment increases with leaf lifespan with longer-lived

leaves generally yielding greater returns in C fixed per

unit N or P than shorter-lived leaves (Falster et al.

2012). Likewise, the observations that the average

PRP is higher in coniferous than in broadleaved tree

species and that the average PRE has the opposite

trend for coniferous and broadleaved trees agree with

previous observations (e.g., Aerts and Chapin 2000)

that coniferous and broadleaved trees have different P

use efficiency strategies.

Our study also explored the plant–soil nutrient

relationship since the nutrient levels of leaves may

reflect the availability of soil nutrients as well as the

ability to absorb them. This topic has been studied

extensively (Aerts and Chapin 2000; Chen et al.

2010b), but not in the context of seasonal variations in

leaf nutrient levels, which was our principal focus. Our

results show that the Ngreen vs. soil total N relationship

and the Pgreen vs. soil total P relationship differ little

seasonally (Table 6). This invariance supports previ-

ous analyses showing that leaf nutrient concentrations

are more dependent on PFGs than on seasonal changes

in nutrient availability (Chapin 1980). It is likely,

therefore, that leaf nutrient concentrations reflect both

a plant’s ability to internally store and recycle

nutrients and the potential to take up new nutrients

from the soil. Among long-lived plants, the former

may be particularly important for buffering seasonal

changes in soil nutrient availability (Chapin and

Kedrowski 1983).
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Table 6 Correlation coefficients from standardized major axis regressions (n = 39) among soil nutrient properties and leaf nutrient

traits varied with season in the forest plantation

Correlations Annual average Spring Summer Autumn Winter

Ngreen vs. soil OC -0.19NS -0.22NS -0.30NS 0.05NS 0.07NS

Pgreen vs. soil OC -0.38* -0.34* -0.30 -0.42** 0.07NS

Green leaf N/P ratio vs. soil OC 0.26NS 0.27NS 0.04NS 0.25NS -0.01NS

NRE vs. soil OC -0.04NS – – – –

PRE vs. soil OC -0.24NS – – – –

Ngreen vs. soil TN 0.02NS 0.08NS -0.01NS -0.03NS -0.18NS

Pgreen vs. soil TN 0.01NS -0.01NS 0.08NS 0.01NS -0.26NS

Green leaf N/P ratio vs. soil TN -0.03NS 0.06NS -0.09NS -0.08NS 0.07NS

NRE vs. soil TN 0.06NS – – – –

PRE vs. soil TN 0.02NS – – – –

Ngreen vs. soil TP 0.36* 0.32* 0.15NS 0.45** 0.28NS

Pgreen vs. soil TP 0.02NS 0.22NS 0.18NS 0.01NS 0.23NS

Green leaf N/P ratio vs. soil TP 0.20NS 0.05NS -0.14NS 0.33* -0.03NS

NRE vs. soil TP 0.27NS – – – –

PRE vs. soil TP 0.25NS – – – –

Ngreen vs. soil C/N -0.04NS –0.14NS -0.21NS 0.26NS 0.34NS

Pgreen vs. soil C/N -0.27NS -0.21NS -0.26NS -0.35NS 0.33NS

Green leaf N/P ratio vs. soil C/N 0.34* 0.15NS 0.05NS 0.43** -0.04NS

NRE vs. soil C/N -0.02NS – – – –

PRE vs. soil C/N -0.17NS – – – –

Ngreen vs. soil C/P -0.49** -0.53*** -0.44** -0.27NS -0.05NS

Pgreen vs. soil C/P -0.54*** -0.50** -0.48** -0.45** -0.02NS

Green leaf N/P ratio vs. soil C/P 0.11NS 0.16NS 0.17NS 0.05NS -0.03NS

NRE vs. soil C/P -0.23NS – – – –

PRE vs. soil C/P -0.49** – – – –

Ngreen vs. soil N/P -0.21NS –0.16NS -0.11NS -0.26NS -0.26NS

Pgreen vs. soil N/P -0.10NS -0.12NS -0.05NS 0.00NS -0.26NS

Green leaf N/P ratio vs. soil N/P -0.18NS -0.06NS -0.01NS -0.25NS 0.00NS

NRE vs. soil N/P -0.09NS – – – –

PRE vs. soil N/P -0.18NS – – – –

Ngreen vs. soil NH4
?–N -0.33* -0.36* -0.27NS -0.10NS -0.02NS

Pgreen vs. soil NH4
?–N -0.39* -0.38* -0.31NS -0.05NS 0.06NS

Green leaf N/P ratio vs. NH4
?–N 0.13NS 0.18NS -0.20NS 0.11NS -0.03NS

NRE vs. soil NH4
?–N -0.57*** -0.44** -0.43** -0.41** -0.03NS

PRE vs. soil NH4
?–N -0.52*** -0.52*** -0.50** -0.13NS -0.19NS

Ngreen vs. soil NO3
-–N -0.06NS -0.09NS -0.02NS -0.12NS 0.25NS

Pgreen vs. soil NO3
-–N -0.23NS -0.34* -0.09NS -0.02NS -0.16NS

Green leaf N/P ratio vs. NO3
-–N 0.31NS 0.40* 0.10NS 0.02NS 0.33NS

NRE vs. soil NO3
-–N -0.41** -0.33* -0.43** -0.41* -0.27NS

PRE vs. soil NO3
-–N -0.20NS -0.39* -0.13NS -0.17NS -0.13NS

Ngreen vs. soil mineral N -0.11NS -0.18NS -0.09NS -0.13NS 0.24NS

Pgreen vs. soil mineral N -0.28NS -0.40* -0.16NS -0.03NS -0.15NS

Green leaf N/P ratio vs. mineral N 0.30NS 0.40* 0.14NS 0.05NS 0.31NS

NRE vs. soil mineral N -0.47** -0.40* -0.52*** -0.45** -0.26NS
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Even though seasonal variations in leaf vs. soil N

concentrations and in leaf vs. soil P concentrations

were not pronounced, we observed statistically sig-

nificant negative correlations between Ngreen and soil

total P concentrations and between Pgreen and soil

organic C concentrations during spring and autumn.

Taken at face value, this suggests to us that higher soil

nutrient availabilities do not necessarily insure higher

leaf nutrient concentrations and that, in turn, the

biological attributes of a species can take precedence

over its soil nutrient availability. One such attribute

may involve species-specific plant–soil feedbacks on

nutrient cycles (Ordoñez et al. 2009). In general,

plants growing in nutrient-poor environments produce

nutrient-poor litter and conserve more nutrients in

long-lived and recalcitrant tissues to cope with infer-

tile environments. In contrast, plants growing in

nutrient-rich environments tend to produce significant

amounts of nutrient-rich litter that sustain higher

levels of soil fertility (Aerts and Chapin 2000; Chen

et al. 2010a). Certainly, these are only general trends

since there are many strategies to cope with nutrient

limitations even within the same site (Wright et al.

2004b). In our study sites, more than 100 species and

several million individuals (unpublished data) have

been planted as garden landscape specimens since

2004. Among these species, the dominants within each

of the various PFGs differ both in their responses to

and their effects on soil nutrient supply. Therefore, it is

possible that some of the correlations reported here for

functional traits in terms of soil nutrient (e.g., the

amount and quality of C soil input) reflect a spectrum

of strategies and that some of the negative correlations

we observe are not simply the result of soil nutrient

depletion and sequestration in green leaf tissues. The

plants would have a rapid and negative feedback on

soil nutrient availability as the nutrients in the dead

roots and foliar litters return to the soils (Luxmoore

1991; Ordoñez et al. 2009). This speculation is

consistent with the observations that soil organic

carbon, total N and P, and the various ratios of these

nutrients are not correlated with NRE and PRE, while

soil NH4
?, NO3

-, and mineral N within most, but not

all, seasons are negatively correlated with NRE and

PRE across all species (Table 6).

In summary, our data indicate that foliar nutrient

concentrations vary significantly with season and in a

manner that reflects different strategies for coping

with N and P resource limitations among different

species groupings. Thus, seasonal variations in leaf

functional traits, soil nutrient availability, and C, N,

and P stoichiometry should be considered which season

is the most representative of a species’ nutrient level

status and when exploring plant–soil interactions.
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