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ABSTRACT

The variation in nutrient resorption has been studied at different taxonomic levels
and geographic ranges. However, the variable traits of nutrient resorption at the indi-
vidual species level across its distribution are poorly understood. We examined the
variability and environmental controls of leaf nutrient resorption of Quercus vari-
abilis, a widely distributed species of important ecological and economic value in
China. The mean resorption efficiency was highest for phosphorus (P), followed by
potassium (K), nitrogen (N), sulphur (S), magnesium (Mg) and carbon (C). Resorp-
tion efficiencies and proficiencies were strongly affected by climate and respective
nutrients concentrations in soils and green leaves, but had little association with leaf
mass per area. Climate factors, especially growing season length, were dominant dri-
vers of nutrient resorption efficiencies, except for C, which was strongly related to
green leaf C status. In contrast, green leaf nutritional status was the primary control-
ling factor of leaf nutrient proficiencies, except for C. Resorption efficiencies of N, P,
K and S increased significantly with latitude, and were negatively related to growing
season length and mean annual temperature. In turn, N, P, K and S in senesced leaves
decreased with latitude, likely due to their efficient resorption response to variation in
climate, but increased for Mg and did not change for C. Our results indicate that the
nutrient resorption efficiency and proficiency of Q. variabilis differed strongly among
nutrients, as well as growing environments. Our findings provide important insights
into understanding the nutrient conservation strategy at the individual species level
and its possible influence on nutrient cycling.

INTRODUCTION

Understanding the nutrient resorption of plants may provide
insights into plant nutrient limitations (G€usewell 2004, 2005;
Richardson et al. 2008; Reed et al. 2012), plant responses to
global climate changes (Yuan & Chen 2009a; Reed et al. 2012)
and nutrient cycling (Vitousek 1982; Vitousek & Sanford 1986;
Attiwill & Adams 1993; Aerts & Chapin 2000; Rejm�ankov�a
2005; Chapin et al. 2011). The variabilities in leaf nutrient
resorption and their possible controlling factors have been
investigated at the global (Kobe et al. 2005; Yuan & Chen
2009a; Vergutz et al. 2012), regional (Tang et al. 2013) and
local scales (Aerts 1996; Wright & Westoby 2003; Richardson
et al. 2005; L€u et al. 2012; Tully et al. 2013). However, across
large geographic scales, surprisingly little is known about the
intraspecific variability of nutrient resorption and its controls.
A study of the intraspecific variation of widely distributed spe-
cies can provide more details of environmental controls on
nutrient resorption by eliminating the confounding effects of
interspecific variation, and may also improve our understand-
ing of the nutrient resorption of plants in response to changes
in the global climate (De Frenne et al. 2013).

Many studies have explored the intraspecific variability of
leaf nutrient resorption responses to soil fertility at local or site
scales. In some studies, plants that grew in infertile soils were
more efficient at resorption (Aerts 1996; Killingbeck 1996;
Rejm�ankov�a 2005; L€u et al. 2012), whereas other studies have
found positive or no resorption efficiency response to increased
nutrient supplies (Chapin & Moilanen 1991; Aerts 1996). How-
ever, a recent meta-analysis of fertilisation experiments showed
that nutrient fertilisation may reduce plant nutrient resorption
across a wide range of global terrestrial biomes (Yuan & Chen
2015). The inconsistent results among individual studies may
be due to differences in experimental environments, such as
temperature, as well as variations in plant phenology, the tim-
ing of periods of strong nutrient demand and methodological
issues. Furthermore, green leaf nutrient status has a significant
effect on nutrient resorption (Kobe et al. 2005). Climate may
also influence nutrient resorption directly by impacting hydrol-
ysis and phloem transport, and indirectly by affecting the sol-
uble compounds and enzymolysis in senescing leaves, the
availability of soil nutrients and root nutrient uptake (Chapin
& Oechel 1983; Pugnaire & Chapin 1992). Yet, the effects of cli-
mate factors on nutrient resorption is surprisingly unclear,
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although a few studies have shown that water deficiencies and
elevated temperatures can result in low nitrogen (N) and phos-
phorus (P) resorption efficiencies (hereafter RE-N and RE-P,
respectively) (Pugnaire & Chapin 1992; Norby et al. 2000).
Further, leaf structures, such as leaf mass per area (LMA), may
vary along environmental gradients, which can affect leaf nutri-
ent resorption (Renteria & Jaramillo 2011).
Emerging meta-analyses suggest that RE-N decreases with

mean annual temperature (MAT, °C) and mean annual precip-
itation (MAP, mm) at the global (Yuan & Chen 2009a; Vergutz
et al. 2012) and regional scales (Tang et al. 2013), resulting in a
positive relationship between RE-N and latitude. On the other
hand, leaf RE-P has been reported as positively (Yuan & Chen
2009a; Tang et al. 2013) and negatively (Vergutz et al. 2012)
related to MAT and MAP, suggesting that the relationships
between leaf RE-P and climate factors were not clear. This
inconsistent relationship may arise from biological factors (e.g.
interspecific variations in nutrient resorption) and method-
ological sources (e.g. sample size, community assembly, resorp-
tion calculations and geographic distributions) of
investigations. The latitudinal patterns of RE-N:RE-P have also
been documented as decreasing with MAT and MAP, and
increasing with latitude (Reed et al. 2012). As yet, no study has
investigated the variable patterns of leaf nutrient resorption of
a widely distributed species across a broad geographic area
while simultaneously accounting for the contributions of soil
fertility and leaf traits.
Previous work has focused primarily on the N and P resorp-

tion of leaves; however, potassium (K), magnesium (Mg) and
sulphur (S) are also essential for ecosystem processes (Tripler
et al. 2006; Maathuis & Diatloff 2013). For instance, K plays a
critical role in a number of plant physiological activities (e.g.
phloem transport, osmotic balance and photosynthesis;
Maathuis & Diatloff 2013), and Mg plays a role in phloem
loading, the transport of photoassimilates into sink organs,
photosynthesis, enzyme activation and the formation and utili-
sation of ATP within plants (Cakmak & Yazici 2010). As such,
K and Mg are typically in high demand for plants. However,
there are substantially fewer data available to quantify their lati-
tudinal patterns (Vergutz et al. 2012). Additionally, carbon (C)
can also resorb from non-structural carbohydrates in senescing
leaves (Vergutz et al. 2012) to be invested in regrowth or other
nutrients resorption. Thus, knowledge about the resorption
efficiencies of these elements is essential for a better under-
standing of nutrient resorption in plants.
Nutrient resorption can be measured as efficiency or profi-

ciency. Nutrient resorption efficiency is defined as the ability of
a plant to resorb nutrients, expressed as a percentage value
(Aerts 1996). Nutrient resorption proficiency is determined
based on the absolute level to which a nutrient is reduced dur-
ing leaf senescence, and can be measured as the nutrient con-
centrations in senesced leaves (Killingbeck 1996). Nutrient
resorption efficiency measures the percentage of a nutrient that
is withdrawn from senescing leaves prior to their abscission.
Resorption proficiency, on the other hand, measures how
much of a nutrient is retained in senesced leaves, i.e. low nutri-
ent concentrations in senesced leaves indicate high nutrient
proficiencies (Killingbeck 1996).
In this study, we evaluated variations in nutrient (C, N, P, K,

Mg and S) resorption efficiency and proficiency for a widely
distributed, ecologically and economically important tree spe-

cies, Quercus variabilis Blume, in China. We collected Q. vari-
abilis leaves from the northern temperate regions to the
southern subtropical regions of China in order to evaluate how
climate, soil nutrient availability, green leaf nutritional status
and leaf traits affected nutrient resorption efficiencies and pro-
ficiencies.

MATERIAL AND METHODS

Study sites

The study area encompassed the temperate northern, warm
temperate central and subtropical southern regions of China
(24–41°N and 99–123°E; Fig. 1, Table S1). We collected leaf
samples from 22 stands in 2007, 24 stands in 2008 and 16
stands in 2009 (Table S1). The MAT and MAP across the
region ranged from 4.4 to 20 °C and from 511 to 2029 mm,
respectively. The vegetation of the northern portion of the
study area comprises temperate deciduous broadleaf forests
dominated by Q. variabilis, the typical soil types being Enti-
sols (US Soil Survey Staff 2010). In the central study area,
the climate transitions from temperate to subtropical, with
the typical vegetation comprising mixed deciduous and ever-
green broadleaf forests dominated by Q. variabilis, growing
in Inceptisols. In the south, the zonal vegetation is subtropi-
cal evergreen and broadleaved with Q. variabilis as a com-
panion species, and the soils are typically Ultisols. All of the
sampled stands were located in remote, protected mountain
forests.

Leaf and soil sampling

At each site, we choose a stand where Q. variabilis is the domi-
nant or co-dominant species, and set up a sampling plot
(20 m 9 20 m) in the southerly, mid-slope position of the
mountain for surveying the tree height and DBH (1.3 m) of all
Q. variabilis trees in the plot (Q. variabilis tree height varied
from 8 to 22 m and DBH from 10.3 to 28.1 cm; Table S1). Five
canopy trees were randomly selected (>20 cm in diameter with
distance between sampled trees >20 m) within each site. In
obtaining the green leaves, we selected eight to ten sunlit
branches from each sample tree when the leaves were fully
flushed, harvested them from the middle branch, and subse-
quently composited them to yield one sample per tree. For the
senesced leaves, at the end of the growing season, we shook the
sunlit branches of each sample tree gently using a long stick
and collected the fresh senesced leaves on the ground. We used
this collection method consistently to minimise possible influ-
ences of variation in leaf traits among trees. For each sample
tree, ten green leaves were randomly selected for leaf area mea-
surement using a scanning planimeter (SHY–150, China) in
the field and bagged separately from other leaves. All leaves
were stored in an ice-filled cooler immediately after collection
and transported to the laboratory within 2 days for pretreat-
ment.

Five plots (5 m 9 5 m) were randomly selected within each
sampling area for soil samples. Within each subplot, five sur-
face soil cores (0–10-cm depth) were collected using a 2.5-cm
diameter soil auger, and pooled to form a composite soil sam-
ple. In total, five soil samples were extracted from each sample
plot.
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Sample preparation and analysis

In the laboratory, all leaves were wiped clean with wet
absorbent cotton (wetted with double distilled water) to
remove dirt particles on the leaf surfaces, and then dried at
65 °C for 72 h (Markert 2008). The leaf samples used for
leaf area measurements were separately dried, and their dry
masses were weighed to the nearest 0.001 mg. Leaf mass per
area (LMA) was calculated as the leaf dry mass per one-
sided leaf area. The soil samples were air-dried in a shaded
and ventilated environment for ~1 month to a constant
weight. Soil and leaf samples were subsequently ground in a
20-inch mesh in a Wiley Mill and kept cool and dry for
chemical analysis.

Soil and leaf samples were analysed for total C and N
(mg�g�1) using an elemental analyser (Vario EL III, Ele-
mentar, Germany). The quantification of P, K, Ca, Mg and
S were analysed by employing an inductively coupled
plasma emission spectrometer ICP (Iris Advantage 1000,
Thermo Jarrel Ash, Franklin, MA, USA) after the samples
were digested using trace metal-grade nitric and perchloric
acid, and diluted in 100 ml distilled water (Dahlquist &
Knoll 1978). The subsamples of soil were oven dried at
65 °C in order to obtain air- to oven-dried conversion,
and elemental concentrations within the oven-dried soils
were calculated according to the transformation factor.

Calculation of leaf resorption efficiency and proficiency

A typical issue associated with the calculation of leaf resorption
efficiency is leaf mass loss or leaf area shrinkage during senes-
cence, which may result in an underestimation of leaf resorp-
tion efficiency (van Heerwaarden et al. 2003; Vergutz et al.
2012). Here, we used the mass loss correction factor for decid-
uous broadleaved species (MLCF = 0.784) according to Ver-
gutz et al. (2012) to quantify the nutrient resorption
efficiencies as follows:

Resorption efficiency ¼ 1� Xsen

Xgr
MLCF

� �
� 100

where Xgr and Xsen are concentrations of C, N, P, K, Mg or S in
green and senesced leaves, respectively. The nutrient resorption
proficiency was expressed as nutrient concentration in senesced
leaves (Killingbeck 1996).

Site-specific climate data

Geographic positions and altitudes were obtained using a glo-
bal positioning system (Thales, USA). We entered the GPS data
into a global climate database (http://www.worldclim.org/) to
obtain MAT (°C), MAP (mm), average diurnal range of tem-
perature (DRT, °C) and annual precipitation seasonality (coef-
ficient of variation in monthly mean precipitation, APS, %)
with a resolution of 1 km 9 1 km. Average growing season
length (GSL, days), defined as the number of days with diurnal
mean temperature >5 °C, was estimated from records of 756
climate stations in China, spanning 1954–2007, using a kriging
extrapolation method (Han et al. 2011).

Statistical analyses

Five sample trees were selected as replicates at each site for
1 year, whereas some sites were sampled across multiple years.
In statistical analyses, the mean value of the five trees for each
element was employed as a data point for 1 year. Nutrient
resorption efficiencies and proficiencies were log-transformed
when necessary to meet the parametric test assumptions of
normality and homogenous variances. Linear regression was
used to describe the relationships between leaf resorption (effi-
ciency and proficiency) and environmental factors (MAP,
MAT, GSL and green leaf and soil element concentrations), as
well as latitude. We assessed C, N, P, K, Mg and S resorption
efficiencies (hereafter RE-C, RE-N, RE-P, RE-K, RE-Mg and

Fig. 1. Distribution of Quercus variabilis stands sampled

across eastern China. Abbreviations and descriptions of

the locations are found in the Table S1.
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RE-S, respectively) and proficiencies (hereafter RP-C, RP-N,
RP-P, RP-K, RP-Mg and RP-S, respectively) and their correla-
tions with the climate factors and latitude using bivariate
Reduced Major Axis regression models (Bohonak & van der
Linde 2004). To examine whether the sensitivity of resorption
efficiency to climate factors differed among nutrients, we tested
the regression slopes.
The hierarchical partitioning (HP) method can reduce

collinearity problems among explanatory variables by disentan-
gling the independent contribution and joint contribution of
explanatory variables to the response variable (Heikkinen et al.
2004; Olea et al. 2010). HP analysis allows reliable ranking of
the explanatory variables where the data set consists of no more
than nine explanatory variables (Olea et al. 2010). There were
eight explanatory variables in our study, and these variables
showed significant collinearity. Therefore, we used the HP
method to explore the contribution of each explanatory vari-
able to the variability of leaf resorption efficiencies and profi-
ciencies. HP was conducted using the ‘hier.part package’
version 0.5–1 (Mac Nally & Walsh 2004). All statistical analyses
were performed using R version 2.15.3 (R Development Core
Team, available from www.r-project.org/, accessed 2013).

RESULTS

Variations in nutrient resorption and latitudinal patterns

Mean resorption efficiency was highest for P, followed by RE-
K, RE-N, RE-S, RE-Mg and RE-C; RE-P was three times more
efficient than RE-C (Table 1). There were considerable varia-
tions in nutrient resorption efficiencies across their distribu-
tion, from 4.8 to 73.2% for Mg with the highest coefficient of
variation (CV = 42%), and from 60.6 to 81.6% for N with the
lowest CV (16%; Table 1). Additionally, the nutrient resorp-
tion efficiencies of Q. variabilis, except for RE-Mg, showed sig-
nificant interrelationships (Figure S1).

The mean nutrient concentrations of senesced leaves were
lowest for P, followed by S, Mg, K, N and C (Table 1). There
were large variations in nutrient concentrations of senesced
leaves across the gradient. For example, it varied by 20.3-fold
for P with the highest coefficient of variation (CV = 108%)
compared with 1.4-fold for C with the lowest CV (5%).

The RE-N, RE-P, RE-K and RE-S increased significantly with
latitude (P = 0.001–0.022), whereas RE-C and RE-Mg showed
no significant trends with latitude (Fig. 2). There was no signif-
icant relationship between RE-N:RE-P and latitude (Fig. 3).
Furthermore, N, P, K and S in senesced leaves displayed signifi-
cant negative trends with latitude (P = 0.0018–0.029), whereas
Mg was positively related to latitude (P < 0.0001; Fig. 4).

Climate and nutritional influence on leaf nutrient resorption

Hierarchical partitioning indicated that a substantial fraction
of variation in elemental resorption efficiencies and proficien-
cies could be explained MAT, MAP, DRT, APS and GSL, green
leaves and soil nutrients (from 26% for RE-Mg to 79% for RE-
C, and from 28% for RP-N to 76% for MgR-P), whereas little
explanatory information was contributed by LMA (Tables 2
and 3). Most notably, RE-N and RE-K responded strongly to
climate factors, particularly GSL; RE-P, RE-Mg and RE-S
responded strongly to soil P, Mg and S, respectively; whereas
RE-C and RE-Mg responded strongly to green leaf C and Mg,
respectively (Table 2). The resorption proficiencies were con-
trolled largely by green leaf nutrient status, except for leaf C
proficiency, (Table 3).

Due to the relatively strong influence of MAT, MAP and
GSL on nutrient resorption in comparison with the other fac-
tors (DRT and APS), and the close relationships and multi-
collinearity among the five climate factors considered in this
study (Tables 2, 3 and S2), we focused our analysis on MAT,
MAP and GSL. RE-N decreased significantly with GSL, MAT
and MAP (P < 0.05). Similarly, RE-P and RE-S decreased sig-
nificantly with GSL (P < 0.001 for RE-P and P = 0.017 for RE-
S) and MAT (P = 0.031 for RE-P and P = 0.014 for RE-S),
while RE-K only showed a negative relationship with GSL
(P = 0.0023; Fig. 2). RE-N:RE-P was weakly correlated (nega-
tive) with MAT (P = 0.04; Fig. 3). Furthermore, the leaf Mg
proficiency decreased significantly with MAT (P = 0.0002),
MAP (P = 0.0009) and GSL (P = 0.0001), and N proficiency
increased significantly with MAT (P = 0.024) and MAP
(P = 0.024), while P and K proficiencies showed positive rela-
tionship with GSL (P = 0.0001 for P, and P = 0.0071 for K;
Fig. 4).

Leaf RE-C and RE-S showed positive relationships with the
corresponding elements in green leaves, whereas leaf RE-P, RE-
Mg and RE-S decreased with the corresponding elements in
soils (P < 0.05; Figure S2).

Differences in sensitivity of nutrient resorption efficiencies to
climate factors

The resorption of the studied elements differed in their sensi-
tivities to the gradients in climate factors, as determined by the
slope of responses to environmental gradients (Table S3,
Fig. 2). The resorption of N, P, K and S responded to shifts in
MAT with similar RMA slopes (Fig. 2). The element resorption
efficiencies also showed a similar sensitivity to shifts in MAP

Table 1. Summary statistics of leaf nutrient resorption efficiencies (%) and

proficiencies (mg�g�1) in Q. variabilis across China.

nutrient resorption mean maximum minimum SE CV %

resorption efficiencies

RE-C 20.1 36.0 5.5 0.9 33.0

RE-N 60.6 81.6 33.9 1.2 16.0

RE-P 68.5 89.9 2.1 2.7 30.0

RE-K 65.6 85.8 14.8 2.1 24.0

RE-Mg 28.6 73.2 4.8 1.6 42.0

RE-S 49.8 63.8 16.4 2.0 27.0

RE-N: RE-P 1.1 2.1 0.6 0.4 23.0

resorption proficiencies

RP-C 488.3 539.3 391.3 2.9 5.0

RP-N 9.2 17.6 4.7 0.3 27.0

PR-P 0.5 2.6 0.1 0.1 108.0

RP-K 3.0 11.3 1.1 0.2 54.0

RP-Mg 2.1 3.5 1.0 0.1 30.0

RP-S 1.1 2.1 0.8 0.0 27.0

CV % = coefficient of variation 9 100%, RE-C, RE-N, RE-P, RE-K, RE-Mg

and RE-S are resorption efficiencies for C, N, P, K, Mg and S, respectively.

RP-C, RP-N, PR-P, RP-Mg, RP-K and RP-S are resorption proficiencies for C,

N, P, K, Mg and S, respectively.
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and GSL, except for a flatter slope in RE-K than RE-N, and RE-
N than RE-P, respectively (Fig 2). Compared with leaf nutrient
resorption efficiencies in response to MAP, the leaf nutrient
resorption efficiencies were more sensitive to MAT and GSL
(Table S3).

DISCUSSION

The resorption of nutrients from senescing leaves is a critical
physiological process for plant nutrient conservation, which

is important for the survival, growth and competition of
plants in communities (Aerts 1996). This physiological pro-
cess is controlled by a variety of biological and environmen-
tal factors (Killingbeck 1996), but little is known in regard to
how a widespread species regulates its internal nutrient con-
servation in different environments. Using Q. variabilis, a
temperate–subtropical distributed species as our focal species,
we showed for the first time how nutrient resorption of mul-
tiple elements differentially vary with environmental variables
at a species level across its distribution, and the possible

Fig. 2. Trends in leaf element resorption efficiencies for Quercus variabilis with latitude (LAT) and climatic variables (mean annual temperature; MAT, mean

annual precipitation; MAP, and growing season length; GSL) in China. Broken lines indicate insignificant relationship (P > 0.05), and the lower-case letters in

the panel ‘All’ indicate significant differences between slopes.

Fig. 3. Trends in leaf N and P resorption efficiency ratio (RE-N: RE-P) of Quercus variabilis with latitude (LAT) and climatic variables (mean annual temperature,

MAT, mean annual precipitation, MAP, and growing season length, GSL) gradients at a regional scale.
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mechanisms involved. Our results contribute new insights to
understand the variable traits of nutrient resorption and the
influential factors for a widely distributed species, and exem-
plify how this species has adapted across a broad environ-
mental range.

Leaf nutrient resorption of Q. variabilis and biogeographic
patterns

The RE-N and RE-K of Q. variabilis were within 10% of the
global average reported for global flora, deciduous plants and

Fig. 4. Trends in leaf element resorption proficiency (defined as the nutrients concentrations in litter) for Quercus variabilis with latitude (LAT) and climatic

variables (mean annual temperature, MAT and mean annual precipitation, MAP) in China.

Table 2. Results of hierarchical partitioning for the effects of climate factors, green leaves and soil nutritional status on leaf element resorption efficiencies of

Q. variabilis in China.

element resorption

efficiency full model (r2)

contribution of the individual predictor (%)

climate factors

soil nutrients

leaf traits

MAT DRT MAP APS GSL nutrients LMA

RE-C 0.79 0.35 0.55 0.90 0.56 1.23 96.58a 0.00

RE-N 0.39 12.50 8.91 11.54 9.35 34.31a 13.71 3.99 5.70

RE-P 0.69 5.82 1.33 2.74 1.82 28.38a 42.74a 13.25a 3.92

RE-K 0.48 9.68 5.77 13.68a 9.95 50.47a 3.55 0.42 6.48

RE-Mg 0.26 1.83 2.63 20.52a 22.58a 4.35 38.96a 4.26 4.87

RE-S 0.59 10.20 2.95 11.33 2.81 24.51a 34.86a 13.82 1.14

RE-N:RE-P 0.46 25.48a 8.70 6.03 3.36 34.89a 12.36 6.97 2.19

Fraction of variance is explained by the full model (r2) and the respective contributions of the individual predictors to the overall model. RE-C, RE-N, RE-P, RE-K,

RE-Mg and RE-S represent the resorption efficiencies of C, N, P, K, Mg and S, respectively, REN:REP is the ratio of REN and REP, MAT is mean annual tempera-

ture, DRT is average diurnal range of temperature, MAP is mean annual precipitation, APS is annual precipitation seasonality, GSL is average growing season

length and LMA is leaf mass per area.
aIndicates significance (P < 0.05).
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Quercus spp, whereas RE-C was 22–27% lower, and RE-P was
10–20% higher than that reported for global and China-specific
cases (Table S4). The high RE-P likely reflected a possible P
limitation for plants in Chinese Q. variabilis-dominated
ecosystems, as highlighted in previous studies (Han et al. 2005;
Wu et al. 2012; Tang et al. 2013). It may also be due to the dif-
ferent RE-P measurement techniques, such as different mass
loss correction factors for deciduous and evergreen plants, or
various internal nutrient conservation strategies (Vergutz et al.
2012). The N and P concentrations in senesced leaves ranged
from 4.7 to 17.6 mg�g�1 and 0.13 to 1.2 mg�g�1 (except for
high P at three sites in Yunnan province due to the presence of
phosphorite at these sites), respectively, which were almost
identical to the range of N (4.5–12.3 mg�g�1) and P (0.1–
1.5 mg�g�1) concentrations of Quercus spp., but some of the
values were even lower than the ‘complete’ resorption of N
(7.0 mg�g�1) and P (0.5 mg�g�1) for deciduous species
reported in Killingbeck (1996). This result suggests that the
complete resorption may be dependent on soil nutrient avail-
ability.

The nutrient resorption efficiencies of Q. variabilis showed a
2.5- to 15.0-fold variation across the sampling areas, which sug-
gested that this widely distributed tree species had some degree
of flexibility in nutrient resorption so as to acclimate or adapt
to environmental changes along specific latitudes. However, we
could not exclude the fact that the variations could also be
influenced by leaching; neither could we solely attribute these
variations to species acclimation. The variabilities of RE-N, RE-
K, RE-Mg and RE-N:RE-P of Q. variabilis were 25.00–80.99%
lower than the global estimates for Quercus spp. (Table S5).
This was likely due to coupled biochemical relationships among
leaf elements, which was supported by the strong correlations
between the resorption efficiencies of elements.

The N and P resorption efficiency of Q. variabilis leaves were
positively correlated with latitude, but negatively correlated
with MAT and MAP, which is in agreement with global pat-
terns observed across species (Vergutz et al. 2012), but in con-
trast to some of the conclusions of Yuan & Chen (2009a) and
Tang et al. (2013), who found that RE-P decreased significantly
with increasing latitude. Similar to the positive relationships
between senesced leaf N, MAT and MAP observed by Yuan &
Chen (2009b), the leaf RP-N increased with MAT and MAP. In

contrast, there was no relationship between RP-P and these
two climate factors. These inconsistent results for RE-P and
RP-P may be due to the fact that we studied a single species at
a regional scale, while the previous studies (Yuan & Chen
2009a,b; Tang et al. 2013) coupled interspecific variation and
latitudes at a global scale. Alternatively, low P availability in
soils or high P homeostasis in a species relative to the commu-
nity resulted in different strengths between P resorption, latitu-
dinal and climatic relationships. In the study of Reed et al.
(2012), RE-N:RE-P increased significantly with latitude and
declined with MAT and MAP at a global scale; however, we did
not find a significant relationship between RE-N:RE-P and lati-
tude, although we observed a significantly weak relationship
between RE-N:RE-P and MAT, likely caused by coupled bio-
chemical relationships between N and P, such as the synthesis
of protein.
In agreement with the global patterns observed by Vergutz

et al. (2012), we found that K resorption efficiency increased
with latitude. However, the Mg resorption efficiency in our
study had no significant relationship with latitude or climate
factors, unlike the observations of Vergutz et al. (2012). One
possible explanation for these contrasting results was the rela-
tively narrow latitudinal scale of this study in contrast with the
global scale studied by Vergutz et al. (2012). This is supported
by the fact that when our data are integrated with the global
data set compiled by Vergutz et al. (2012), the Mg resorption
efficiencies also displayed significant trends. The similar pat-
terns implied that plants at high latitudes have similar strate-
gies for reducing nutrient loss associated with leaf turnover
and increasing internal nutrient cycling. Since trends at the glo-
bal scale reflect both changes in community composition and
physiological regulations, and those for a given species are pri-
marily a result of physiological regulation in response to envi-
ronmental changes, which are narrower due to the limited
distribution range, it is not surprising that the variation in RE-
Mg at the global scale was 64% higher than that for Q. vari-
abilis.

Potential causes of biogeographic patterns

Our results indicated that temperature-related factors, such as
MAT and GSL, are critical factors that shape the evolution of

Table 3. Results of hierarchical partitioning for the effects of climate factors, leaf and soil elements on leaf element resorption proficiencies in Q. variabilis in

China.

element resorption

proficiency full model (r2)

contribution of the individual predictor (%)

climate factors

soil nutrients

leaf traits

MAT DRT MAP APS GSL nutrients LMA

RP-C 0.07 3.98 8.76 46.03 4.97 22.50 12.11 1.65

RP-N 0.28 6.57 5.75 5.88 4.22 15.88 6.27 46.75a 8.69

RP-P 0.70 3.20 2.55 3.93 1.96 25.37a 16.13a 45.03a 1.82

RP-K 0.63 3.82 3.08 15.06a 8.42 29.87a 4.60 31.84a 3.32

RP-Mg 0.76 7.51 1.84 5.47 16.07a 8.57 15.25a 41.61a 3.68

RP-S 0.67 2.79 6.28 26.36a 4.60 13.94 1.27 39.15a 5.61

Fraction of variance is explained by the full model (r2) and the respective contributions of the individual predictors to the overall model. RP-C, RP-N, RP-P, RP-K,

RP-Mg, and RP-S represent the resorption proficiencies of C, N, P, K, Mg and S, MAT is mean annual temperature, DRT is average diurnal range of tempera-

ture, MAP is mean annual precipitation, APS is annual precipitation seasonality, GSL is average growing season length and LMA is leaf mass per area.
aIndicates significance (P < 0.05).
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plant nutrient conservation strategies, especially at the high lat-
itude regions with lower MAT and GSL. The nutrient resorp-
tion efficiencies were high and nutrient concentrations in
senesced leaves were low. Cold temperatures not only suppress
the nutrient release and root N or P uptake, but also inhibit the
metabolic activity of a plant, whereas plants at high latitude
with a short growing season tend to grow quickly to complete
development. Therefore, plants at high latitude with cold tem-
peratures and short growing seasons tend to have high nutrient
retrieval strategies to enhance metabolic activity and growth
rates, and reduce their dependence on the supply of soil nutri-
ents, resulting in low nutrient concentrations in senesced
leaves. This explanation is supported by results from a global
meta-analysis (Yuan & Chen 2009a,b; Vergutz et al. 2012) and
a common garden study (Wright & Westoby 2003).
Previous studies have shown that low nutrient availability in

soils, especially P, generally leads to high leaf resorption
(Vitousek 1982; G€usewell 2005; Rejm�ankov�a 2005; Yuan &
Chen 2015). We also found high leaf P and S resorption effi-
ciencies at high latitude with low soil-resident P and S (Fig-
ure S3), which suggested that soil P and S contribute
significantly to the positive trends of latitudinal patterns.
Although RE-Mg decreased with soil Mg, there was no trend of
RE-Mg with latitude, which was likely due to the complex
impact of climate factors and available Mg in soils. In contrast,
soil N and K did not vary with latitude. Thus, the observed lati-
tudinal gradients in N and K resorption, together with no rela-
tionships between the resorption and concentrations of these
elements in soils further suggested that leaf N and K resorption
are largely caused by differences in climate along latitude.
Some studies have demonstrated leaf nutritional controls

on element resorption (Wright & Westoby 2003; G€usewell
2005; Kobe et al. 2005). Herein, we found that higher green
leaf C and S were correlated with higher C and S resorption
efficiencies across the sampling sites. The leaf nutrient profi-
ciencies were, however, largely controlled by green leaf nutri-
tional status, which was consistent with the results at global
(Kobe et al. 2005; Vergutz et al. 2012) and regional scales
(Ratnam et al. 2008; Mayor et al. 2014). All studies revealed
that senesced leaf nutrients are positively correlated with the
status of green leaf nutrition. The latitudinal and climate vari-
ations of nutrient resorption observed here were also likely
caused by leaf nutrient loss via leaching, variabilities of leaf
traits such as leaf specific strength (Wood et al. 2011) and leaf
C sink strength, or genetic differentiation (Oleksyn et al.
2003). However, further experiments are required in order to
explore the influence of these factors on variations in nutrient
resorption.

The sensitivity of elements to climate factors

The element resorption efficiencies measured here were almost
similar in their sensitivity to shifts in climate factors, except for
RE-N, which was more sensitive to MAP than RE-N, and RE-
P, which was more sensitive to GSL than RE-P. Additionally,
Mg resorption efficiency showed no significant sensitivity to
the climate factors measured here. The high sensitivity of N
resorption efficiencies to MAP were likely caused by leaf amino
acid responses to shifts in drought conditions (Barnett & Nay-
lor 1966; Good & Zaplachinski 1994), because free amino acids
usually increase with drought. These free amino acids break

down easily, potentially facilitating plant leaf N resorption. P
resorption efficiency was more sensitive to the variability of
growing season length across the geographic range, which may
be caused by growth rate, as accelerated growth requires larger
amounts of P. The high sensitivity of leaf nutrient resorption
efficiencies to MAT and GSL, in comparison to MAP, in this
study is likely because temperature influences virtually all phys-
iological rate processes, including hydrolysis and phloem trans-
port. Future investigations are required to explore the
underlying mechanisms of climate factors on nutrient resorp-
tion.

CONCLUSIONS

To our knowledge, this is the first study to evaluate variations
in nutrient resorption and potential environmental controls
for a given widespread species across its geographic distribu-
tion. Our results show that the observed global and regional
biogeographic patterns observed via meta-analyses, to some
extent, also exist for Q. variabilis at regional scales. This sug-
gests a fundamental feature of plant nutrient conservation
strategies in response to the prevailing variabilities in environ-
mental factors induced by large latitudinal gradients. Addition-
ally, our findings offer a finer resolution of how nutrient
retrieval in plants responds to changes in climate, and also pro-
vides insights into nutrient cycling and limitation in Q. vari-
abilis-dominated ecosystems.
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Table S1. Summary of geographic location (latitude; longi-
tude, altitude), site code for sample sites and information on
stand growth in situ mature Q. variabilis populations across
eastern China.

Table S2. Correlation between five climate variables based
on climate data for all sites in this study. Values are correlation
coefficient (R).

Table S3. Reduced major axis slopes of the resorption effi-
ciencies of the studied elements in Q. variabilis.

Table S4. Comparison of global carbon (RE-C), nitrogen
(RE-N), phosphorus (RE-P), potassium (RE-K) and magne-
sium resorption efficiency (RE-Mg) in the present study and
previous findings (compiled for global flora, deciduous trees
and Quercus spp.).

Table S5. Comparison of the variation (measured as coeffi-
cient of variation, CV) in resorption efficiency in the present
study (Q. variabilis) and that of Vergutz et al. (2012) (compile
for global data, deciduous trees and Quercus spp.).The range
(minimum–maximum) of values observed in this study is
given in parentheses.

Figure S1. The relationships among element resorption effi-
ciencies in Q. variabilis leaves.
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Figure S2. Relationships between element resorption effi-
ciencies and corresponding elements in green leaves of Q. vari-
abilis (a) and soil (b). Significant relationships between RE-P
and RE-S with respective elements in soil were driven by
extreme points.

Figure S3. Trends in soil nutrient concentration (mg�g�1)
for Q. variabilis stands with climate factors (mean annual tem-

perature, MAT; mean annual precipitation, MAP; growing sea-
son length, GSL) and latitude (LAT) in China. The significant
relationships between soil P with LAT and GSL were driven by
extreme points (Anning, Yunnan).
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