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Research paper

Dynamics of Foliar Nutrients in Major Species
of a Broadleaf Forest in the Fushan Experimental Forest,

Northeastern Taiwan

Erh-Yang Lu,””  Yu-YenLiu,” Chiang-Her Yen”
[ Summary ]

This study was carried out in a subtropical rainforest of the Fushan Experimental Forest, one
of the long-term ecological study sites in Taiwan. The forest is mainly composed of hardwood
species of Lauraceae, Fagaceae, and other families, including 8 major species investigated in this
study, Phoebe formosana (Phfo), Litsea acuminata (Liac), Machilus thunbergii (Math), Castanop-
sis cuspidata var. carlesii f. sessilis (Cacu), Pasania hancei var. ternaticupula f. ternaticupula
(Paha), Oreocnide pedunculata (Orpe), Meliosma squamulata (Mesq), and Pyrenaria shinkoensis
(Pysh). Orpe, the only shrub in this study, was mainly found in the valley along with Phfo. The
other 6 tree species grow on the hillsides and hilltops. This study investigated the concentrations
and seasonal patterns of foliar nutrients in these species and the relationship between foliar nutri-
ents and soil properties. The concentrations of N and P in 1-yr-old leaves were also used to esti-
mate the resorption rates of N and P.

Foliar nutrient concentrations significantly differed among the 8 species. Orpe, the valley
shrub, had higher foliar nutrient concentrations than the other species. Among the 3 species of
Lauraceae, Phfo, a valley tree, also had higher foliar N, P, and K levels than Liac and Math. The
significant differences in soil properties between the hillside/hilltop and the valley may have con-
tributed to differences in the foliar nutrient composition among species from different topographic
locations.

Foliar concentrations of N, P, and K usually decreased and foliar Ca increased as the leaves
aged. The seasonal patterns of foliar Mg concentrations differed among species. The foliar concen-
trations of N, P, K, Ca, and Mg consistently dropped 1 mo after leaf emergence, suggesting the di-
lution effect of leaf expansion. Nitrogen concentrations in 1-yr-old leaves ranged between 1.12 and
3.02%, and P concentrations between 0.05 and 0.06%. Comparisons with the general thresholds of
resorption proficiency suggested that within 1 yr, P was resorbed more completely than N. There-
fore, P is probably more limited in the Fushan forest.

Key words: Fushan experimental forest, foliar nutrients, seasonal pattern, topography, nutrient re-
sorption.
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INTRODUCTION

Nutrients are essential to the health and
productivity of plants in forest ecosystems.
Foliar nutrient dynamics is a topic of special
interest since foliar nutrient concentrations
often change with time. Mobile nutrients like
N, P, and K can be resorbed through phloem
and thus decrease in aging leaves, whereas
immobile nutrient like Ca often accumulate
with time (Chapin et al. 1980, Chapin and
Kedrowski 1983, Ralhan and Singh 1987, Or-
geas et al. 2002, Lopez-Serrano et al. 2005).

In addition to nutrient resorption, dilution
and leaching also contribute to reductions
in nutrient concentrations of aging leaves
(Chapin 1980, Hagen-Thorn 2006). However,
nutrient resorption has been considered the
most important mechanism in nutrient con-
servation, and thus has been investigated and
discussed in many recent studies (Aerts 1996,
Killingbeck 1996, Aerts and Chapin 2000,
Wright and Westoby 2003, Milla et al. 2005,
Singh et al. 2005, Yuan et al. 2005a, Hagen-
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Thorn 2006). Nutrient resorption appears to
vary, depending on characteristics of species
(Ralhan and Singh 1987, Aerts 1996, Yuan et
al. 2005a) and soil fertility (Ralhan and Singh
1987, Pensa and Sellin 2003, Wright and
Westoby 2003, Martinez-Sanchez 2005, Rich-
ardson et al. 2005, Singh et al. 2005, Yuan et
al. 2005Db).

In this study, we investigated 8 major
plant species at the Fushan Experimental For-
est to determine (1) differences in foliar nutri-
ent compositions among species, (2) seasonal
patterns of foliar nutrients for each species, (3)
differences in nutrient resorption among spe-
cies, and (4) the correlation between resorp-
tion and soil fertility in different topographic
locations. In addition, we provide suggestions
regarding the timing of leaf sampling for fo-
liar nutrient analysis of tree species in north-
eastern Taiwan.

MATERIALS AND METHODS

Study site

The study site is located in the Fushan
Experimental Forest, a Long-Term Ecological
Research (LTER) site in northeastern Taiwan
(24°45°N, 121°35’E). The elevations range
between 500 and 1400 m. Fushan belongs
to an everwet climate without apparent dry
periods (Su 1985). From 1993 to 2000, the
average annual temperature was 18.2°C, the
average monthly temperature ranged from
12.0°C in January to 24.0°C in July, and the
average annual precipitation was 4225 mm.
According to Lin et al. (1996), in Fushan, the
soil of the hillsides and hilltops was classi-
fied as Hapludults and the soil of the valley as
Udipsamments.

Soil sampling
The surface soil (0~10 cm, humus ex-
cluded) was sampled from 3 topographic
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locations (valley, hillside, and hilltop). At
each topographic location, 3 plots of 25X25
m were established. Within each plot, 3 sub-
samples were randomly taken to make a com-
posite sample. Subsamples were taken at least
3 m from the edge of the plot and at least 5 m
apart.

Plant sampling

This study included 8 major species of
the Fushan Experimental Forest, Oreocnide
pedunculata (Shirai) Masamune (Orpe),
Phoebe formosana (Hayata) Hayata (Phfo),
Machilus thunbergii Sieb. & Zucc. (Math),
Litsea acuminata (Bl.) Kurata (Liac), Cas-
tanopsis cuspidata (Thunb. ex Murray)
Schottky var. carlesii (Hemsl.) Yamazaki f.
sessilis (Nakai) Liao (Cacu), Pasania hancei
(Benth.) Schottky var. ternaticupula (Hayata)
Liao f. ternaticupula (Paha), Pyrenaria
shinkoensis (Hayata) Keng (Pysh), and Meli-
osma squamulata Hance (Mesq). Orpe is the
only shrub in the study and the other 7 are
trees. Orpe and Phfo are found in the valley,
and the other species are on the hillsides and
hilltops. We sampled leaves from individual
trees with DBH (diameter at breast height)
larger than 10 cm with the exception of Orpe.
Being a shrub, Orpe’s DBH rarely reached 10
cm. Generally 2 to 3 shoots were taken from
each tree to make a leaf sample for nutrient
analysis. On each sampling date, 7 to 18 in-
dividual trees were sampled for each species,
and these individuals were not always the
same to avoid over-sampling some smaller
trees.

Leaves were sampled 4 times from April
2005 to November 2005. The first sampling
was done on 29 April, when young leaves
had begun to expand on the new shoots. The
current year’s shoots were then sampled
again on 3 June, 11 August, and 6 November.
The leaves sampled on these 4 dates were
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sequentially aged, roughly 1, 2, 4, and 7 mo
old, since they had all emerged from breaking
buds in the spring (late March to early April)
of 2005. On 29 April, we also sampled 1-yr-
old leaves which had emerged from breaking
buds in the spring of the previous year (2004).

Chemical analyses of soil and leaf sam-
ples

Soil samples were thoroughly air-dried
and then sieved through 2-mm meshes. The
air-dried soil samples were analyzed for soil
texture (Gee and Bauder 1986), pH (McLean
1982), total nitrogen (Bremner and Mulvaney
1982), organic matter (SOM) (Nelson and
Sommers 1982), available-P (Olsen and Som-
mers 1982), exchangeable K, Na, Ca, and Mg,
and cation exchange capacity (CEC) (Rhoades
1982); base saturation (BS) was estimated us-
ing exchangeable cations and CEC.

Leaf samples were rinsed with distilled
water and then oven-dried at 80°C until a
constant weight was reached. The oven-dried
samples were analyzed for nitrogen (N) using
the total Kjeldahl method, and for phosphorus
(P), potassium (K), calcium (Ca), and magne-
sium (Mg) using inductively coupled plasma
spectrometry (ICPS) (Moore and Chapman
1986).

Data analysis

Data were analyzed by analysis of vari-
ance (ANOVA) to determine whether soil
properties significantly differed among the
topographic locations and whether the nutri-
ent foliar concentrations significantly differed
among species and sampling dates. When a
significant difference was detected (p < 0.05,
by the F-test) among the means of 1 param-
eter, multiple comparisons using the protected
least significant difference (a0 = 0.05) were
performed to compare and rank the means of
this parameter.
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RESULTS

Soil properties

Table 1 lists the soil properties of the
surface soil (0~10 cm) at 3 topographic loca-
tions. Most soil properties significantly dif-
fered among topographic locations (p < 0.05).
Compared to the soil in the valley, those on
the hillside and hilltop had lower sand per-
centage, pH, available-P, exchangeable K,
Ca, Mg, and BS, and higher clay percentage,
SOM, total N, and CEC.

Foliar nutrient concentrations
Specific variations

Foliar nutrient concentrations signifi-
cantly differed among species (Table 2). The
data of mature leaves collected in June, Au-
gust, and November were combined in the
comparison of foliar nutrient concentrations
among species (Table 3). The data collected
in April was excluded from the comparison
because newly emerged leaves had not yet
expanded and thus had exceptionally high
nutrient concentrations. Among the 8 species,
Orpe had significantly higher foliar N con-
centration, followed by Paha and Phfo (Table
3). Orpe and Phfo had similar foliar concen-
trations of P and K, which were significantly
higher than those of the other 6 species. Orpe
also had significant higher concentrations of
Ca and Mg than those of the other 7 species.
Seasonal patterns

The foliar nutrient concentrations also
significantly differed among sampling dates
(Table 2). The seasonal patterns of foliar N,
P, K, Ca, and Mg for the 8 species are shown
in Figs. 1~5. Foliar concentrations of N were
highest on 29 April, had dropped sharply by 3
June, and remained somewhat constant there-
after. Foliar concentrations of P were also
highest on 29 April and had dropped sharply
by 3 June. However, in most species, foliar P
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Table 1. Soil properties (0~10 cm) of 3 topographic locations at the study site"”

Treatment Particle size (%) DH.. pHe SOM Total N
Sand Silt Clay e %

Valley 63.7° 23.9° 12.4° 547" 420" 2.49° 0.09"
(0.9) (1.5) (0.9) (0.13) (0.19) (0.85) (0.03)

Hillside 46.0° 24.7* 29.4° 451° 3.57° 5.09° 0.30°
(18.9) (11.6) (7.6) (0.16) (0.12) (0.53) (0.03)

Hilltop 22.0° 38.1° 39.9° 4.52° 3.67° 6.05" 0.39°
(6.4) (0.8) (7.2) (0.18) (0.09) (0.60) (0.07)

p>F 0.0127 0.0719 0.0041 0.0004 0.0028 0.0016 0.0006

" Data are presented as the mean with standard deviation in parenthesis. Means in a column followed

by different letters significantly differ at o= 0.05.

Table 1. Soil properties (0~10 cm) of 3 topographic types at the study site” (continued)

Available-P  Exch. K Exch.Na Exch.Ca Exch. Mg CEC BS
Treatment B 5
mg kg cmol (+) kg %
Valley 7.19* 0.10°* 0.15* 1.99° 0.56 9.65" 29.91°
(0.62) (0.03) (0.15) (0.31) (0.07) (1.57) (8.28)
Hillside 1.20° 0.04° 0.08° 0.02° 0.09° 20.65° 1.13°
(0.25) (0.01) (0.11) (0.02) (0.02) (1.56) (0.53)
Hilltop 1.70° 0.06%° 0.10° 0.06 0.11° 21.85° 1.54°
(0.10) (0.02) (0.05) (0.07) (0.03) (2.55) (0.25)
p>F <0.0001  0.0335 0.7414  <0.0001  <0.0001  0.0005 0.0005

" Data are presented as the mean with standard deviation in parenthesis. Means in a column followed
by different letters significantly differ at a = 0.05. Exch., exchangeable; CEC, cation exchange ca-
pacity; BS, base saturation; SOM, soil organic matter.

continued to decrease afterwards.

For all but 1 species (Phfo), foliar con-
centrations of K were highest on 29 April,
and then decreased with time. For Phfo, foliar
K differed little among sampling dates. Foliar
concentrations of Ca generally increased with
time. For Phfo, Liac Cacu, and Paha, how-
ever, foliar Ca concentrations were slightly
lower on 3 June than on 29 April.

For most species, foliar concentrations
of Mg were lower on 3 June than on 29 April.
After 3 June, foliar Mg concentrations either
went up (Phfo, Liac, Math, and Mesq) or re-
mained constant (Cacu, Paha, and Pysh). By

contrast, Orpe was the only species with a
continual increase in foliar Mg concentration
after 29 April.

For most species, nutrient concentrations
in 1-yr-old leaves (from the previous year’s
buds) were quite similar to those in the cur-
rent year’s leaves sampled on 6 November.

DISCUSSION

Specific variations

This study found significant differences
in nutrient compositions among the 8 species
(Table 2). Similar results of species differences



312 Lu et al.—Dynamic of foliar nutrients of trees in Fushan

Table 2. Analysis of variance on the effects of species and sampling dates on foliar elemental
concentrations

Element Factor df F p value
N Species 6 419 <0.0001
Date 3 202 <0.0001

Species x Date 27 13 <0.0001

P Species 6 165 <0.0001
Date 3 417 <0.0001

Species x Date 27 6 <0.0001

K Species 6 142 <0.0001
Date 3 140 <0.0001

Species x Date 27 4 <0.0001

Ca Species 6 771 <0.0001
Date 3 100 <0.0001

Species x Date 27 6 <0.0001

Mg Species 6 1157 <0.0001
Date 3 20 <0.0001

Species x Date 27 9 <0.0001

df, degrees of freedom.

Table 3. Foliar nutrient concentrations (% dry weight) of 8 species with combined data from
June, August, and November"

Species n N P K Ca Mg
Phfo 27 2.05°+0.19 021°+0.04  1.60°+0.40  0.54°+0.27  0.12°°+0.03
Liac 54 1.70°+0.16  0.08°+0.02  0.88°+0.25  0.28'+0.15  0.10°+0.03
Math 54 1.33'+0.15 0.07°+0.02  0.72°+026  0.35°%0.12  0.13°+0.03
Cacu 54 147°4£0.12  0.06%+0.02  0.59°+0.19  036°+0.12  0.20°+0.04
Paha 21 216°+022  0.09°+£0.03  0.59°+021  028°+0.11  0.11%°+0.02
Orpe 27 3.05°+028  020°+0.03  1.84°+0.40  1.85°+027  0.77°+0.10
Mesq 27 1.232+0.09  0.06°+0.01  0.89°+0.17  0.51°+£0.14  0.20°+0.04
Pysh 53 1.42°40.16  0.06°+0.01 0.61“+021  047°+0.13  0.10°*+0.03
p>F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

" Data are presented as the mean & standard deviation. Means in a column followed by different
letters significantly differ at o = 0.05. Phfo, Phoebe formosana; Liac, Litsea acuminata; Math,
Machilus thunbergii; Cacu, Castanopsis cuspidata var. carlesii f. sessilis; Paha, Pasania hancei var.
ternaticupula f. ternaticupula; Orpe, Oreocnide pedunculata; Mesq, Meliosma squamulata; Pysh,
Pyrenaria shinkoensis.

in foliar nutrient concentrations have been N, P, K, Ca, and Mg than the other species
well documented in earlier studies (Marschner which were all trees. Similarly, Yuan et al.
1995, Masunaga et al. 1998). Orpe, a shrub, (2005a) reported that foliar N concentration

generally had higher foliar concentrations of was greater in shrubs than in trees. Phfo, Liac,
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and Math all belong to the same family, the
Lauraceae, but Phfo had significantly higher
foliar concentrations of N, P, and K than Liac
and Math (Figs. 1~3). Similarly, Cacu and
Paha are in the same family, the Fagaceae, but
the latter had significantly higher foliar con-
centrations of N, P, and lower foliar Mg than
the former (Figs. 1, 2, 5).

Many studies have reported that foliar
nutrient concentrations are influenced by soil
fertility (Burke and Raynal 1998, Pensa and
Sellin 2003, Richardson et al. 2005). Howev-
er, we found inconsistent results regarding the
effect of soil fertility on foliar nutrient con-
centrations. Compared to soils on the hillside
and hilltop, the soil in the valley was lower in
N and richer in P (Table 1). The higher foliar
P concentrations in Orpe and Phfo reflected
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Fig. 1. Seasonal changes in foliar N
concentrations (% dry weight) of 8 tree
species. Seasonal differences were signifi-
cant (p < 0.05) for all species. For each
species, each point represents the mean
of 7~18 individuals sampled on each date.
Abbreviations for plant species are given
in the footnotes to Table 3.
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the higher P availability in valley soil. By
contrast, the higher foliar N concentrations
in these 2 species did not support the general
idea of positive relationships between foliar
nutrients and soil fertility. The possible ex-
planation for this discrepancy is the different
physiological properties among species re-
gardless of nutrient availability.

Seasonal patterns
Nitrogen, phosphorous, and potassium

In all 8 species, foliar concentrations of
N, P, and K usually decreased in aging leaves
(Figs. 1~3). The same results were found in
earlier studies (Ralhan and Singh 1987, Or-
geas et al. 2002, Roca-Pérez et al. 2005). In
most species, foliar concentrations of N, P,
and K decreased sharply from 29 April to 3

0.367

—e— Cacu
—o— Math

0.324

0.284

0.244

0.204

0.16

0.124

Foliar P concentration (% dry weight)

0.04 w ‘ ‘ : ‘
Apr29 Jun03 Augll Nov06 1 yrold

Fig. 2. Seasonal changes in foliar P
concentrations (% dry weight) of 8 tree
species. Seasonal differences were signifi-
cant (p < 0.05) for all species. For each
species, each point represents the mean
of 7~18 individuals sampled on each date.
Abbreviations for plant species are given
in the footnotes to Table 3.
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Fig. 3. Seasonal changes in foliar K
concentrations (% dry weight) of 8

tree species. Seasonal differences were
significant (p < 0.05) for all species. For
each species, each point represents the
mean of 7~18 individuals sampled on each
date. Abbreviations for plant species are
given in the footnotes to Table 3.

June. A dilution effect might have been the
major factor responsible for the sharp de-
creases in foliar nutrient concentrations at the
expansion stage of leaf life, as pointed out by
some other studies (Chapin 1980, Chapin and
Kedrowski 1983, Bauer et al. 1997, Media-
villa and Escudero 2003). The foliar concen-
trations of P and K in most species and N in
a few species tended to decline further after 3
June. This continuous decrease in foliar nutri-
ent concentrations could have been caused
by resorption and/or leaching. Chapin and
Kedrowski (1983) found that leaching played
an insignificant role in the decline of foliar
N and P for 4 Alaskan tree species. In addi-
tion, K was found to be more readily leached
out of leaves than N and P (Tukey 1970,
Bernhard-Reversat 1975, Ryan and Bormann

Lu et al.—Dynamic of foliar nutrients of trees in Fushan

1982, Hagen-Thorn et al. 2006). The higher
rainfall in Fushan could have caused great
loss of foliar K by leaching. By contrast, re-
sorption might be the major factor causing
the decline in foliar concentrations of N and P
after 3 June. On the other hand, the resorption
of N, P, and K might be underestimated due
to leaf mass (weight) loss often observed dur-
ing senescence (Heerwaarden et al. 2003).

Niinemets and Tamm (2005) found that
foliar concentrations of N, P, and K in decidu-
ous trees dropped dramatically in the short
period of time right before leaf-fall. In this
study, we traced the foliar nutrient concentra-
tions for less than 1 yr, and did not see a drop
in the nutrient concentrations of senescing
leaves (Figs. 1~3). We cannot be sure whether
such a drop would occur eventually in the
later stage of leaf life for evergreen species
until more information can be gathered in
future studies. However, we will use the data
at hand to evaluate the possibility of the drop
in foliar nutrient concentrations in a later sec-
tion.

Calcium and magnesium

In all 8 species, the foliar Ca concentra-
tion usually increased in aging leaves (Fig. 4).
The same trend had also been shown by other
studies (Orgeas et al. 2002, Roca-Pérez et al.
2005). The higher Ca concentration in older
leaves mainly results from Ca accumulation
with time because the low mobility in phloem
prevents Ca from being retranslocated out of
leaves (Marschner 1995). Although the higher
concentration of foliar Ca could also have re-
sulted from mass loss during leaf senescence,
the extent of leaf mass loss, reportedly rang-
ing between 3 and 36% (Heerwaarden et al.
2003), could not account for the increase in
Ca concentrations of aging leaves found in
this study (Fig. 4).

A dilution effect might also have been
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Fig. 4. Seasonal changes in foliar Ca
concentrations (% dry weight) of 8 tree
species. Seasonal differences were signifi-
cant (p < 0.05) for all species. For each
species, each point represents the mean
of 7~18 individuals sampled on each date.
Abbreviations for plant species are given
in the footnotes to Table 3.

responsible for the decrease in foliar Mg
concentrations of most species (with the ex-
ception of Orpe and Pysh) from 29 April to
3 June (Fig. 5). With intermediate mobility
in phloem (Marschner 1995), Mg had differ-
ent seasonal patterns of foliar concentration
among species. Magnesium accumulated in
aging leaves of Phfo, Liac, Math, Mesq, and
Orpe. In Cacu, Paha, and Pysh, foliar Mg
concentrations were rather constant after 3
June. It is worth noting that all 3 species of
Lauraceae (Phfo, Liac, and Math) had a ten-
dency to accumulate Mg in aging leaves, but
2 species of Fagaceae (Cacu and Paha) had
rather constant foliar Mg concentrations after
3 June.

Nutrient conservation

315
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Fig. 5. Seasonal changes in foliar Mg
concentrations (% dry weight) of 8 tree
species. Seasonal differences were signifi-
cant (p < 0.05) for all species except Pysh
(p > 0.05). For each species, each point
represents the mean of 7~18 individuals
sampled on each date. Abbreviations for
plant species are given in the footnotes to
Table 3.

Killingbeck (1996) introduced the concept
of resorption proficiency (RP) for woody
plants and proposed proficiency values de-
fined by the ultimate concentration in se-
nescent leaves before leaf-fall. The lower
nutrient concentration in senescent leaves
indicates a higher RP. For evergreen species,
the resorption is considered “complete” in
senescent leaves with N and P concentrations
lower than 0.7 and 0.04%, respectively, and
the resorption is “incomplete” in senescent
leaves with N and P concentrations higher
than 1.0 and 0.05%, respectively (Killingbeck
1996).

For 7 species in this study (no data for
Phfo), N concentrations of 1-yr-old leaves
ranged between 1.12 and 3.02%, and P con-
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centrations between 0.05 and 0.15% (Figs.
1, 2). Compared to the thresholds proposed
by Killingbeck (1996), none of the species in
this study had reached complete N resorption
in 1-yr-old leaves. By contrast, 2 of 7 species,
Mesq and Pysh, came close to complete P re-
sorption in 1-yr-old leaves. Phosphorus con-
centrations in 1-yr-old leaves ranged between
0.06 and 0.15% for the remaining 5 species,
certainly indicating incomplete P proficiency.
It appeared that we had not witnessed the end
of N and P resorption for most species in the
duration of this study. The leaves of evergreen
tree species generally have life spans extend-
ing from 1 to 5 yr (Aerts and Chapin 2000,
Pensa and Sellin 2003), and those of some
species can even live up to 10 yr (Reich et al.
1992). From our observations, we can safely
assume the leaves of the evergreen species
in this study had life spans of longer than 1
yr. Therefore, lower foliar concentrations of
N and P may be observed in leaves sampled
on later dates. Results also suggested that the
evergreen species in this study had potentially
lower concentrations of N and P in senescent
leaves.

If we compared our data with those from
evergreen tree species of hardwood forests in
central Taiwan (Chu 2005), we could come
to somewhat different conclusions. The con-
centrations of N and P in the fallen leaves that
were shed naturally (not prematurely due to
mechanic forces such as rain or wind) were
presumably the results of complete resorp-
tion. Chu (2005) found in the study over 2 yr
that N concentrations ranged between 0.9 and
1.1% and P between 0.05 and 0.06% in leaves
falling naturally during major peaks of leaf-
fall. The ranges seemed to be higher than the
thresholds of resorption proficiency proposed
by Killingbeck (1996). If we used the average
concentrations of N and P (1.0 and 0.06%)
in fallen leaves of major peaks reported by

Lu et al.—Dynamic of foliar nutrients of trees in Fushan

Chu (2005) instead of the thresholds values
for evergreen trees in Taiwan, most tree spe-
cies (except for Paha and Orpe) in this study
had reached complete P resorption in 1 yr, but
only 2 species (Math and Mesq) had come
“close” to complete N resorption (Figs. 1,
2). If plants indeed make greater efforts to
conserve limited elements by greater resorp-
tion (Aerts and Chapin 2000), in Fushan, P is
probably an element more limited than N.

Many reports found that plants growing
in soils of higher fertility had lower nutrient
resorption (Ralhan and Singh 1987, Aerts
and Chapin 2000, Pensa and Sellin 2003,
Singh et al. 2005, Yuan et al. 2005b). Older
leaves, sampled on 6 November and at 1 yr
old, had higher P concentrations in Orpe and
Phfo than in the other 6 tree species (Fig. 2).
This suggests that Orpe and Phfo might have
less-complete P resorption in the valley with
higher P availability. While P is a limited ele-
ment at Fushan, it was even more limited on
hillsides and hilltops.

However, the higher foliar N concentra-
tions in older leaves of Orpe and Phfo (Fig.
1) were in conflict with the generally ac-
cepted relationship between soil fertility and
resorption. It was reported that N concentra-
tions in senescent leaves were related to the
concentrations in green leaves (Kobe et al.
2005, Yuan et al. 2005b). Similarly, N con-
centrations in both young and old leaves were
higher in Orpe and Phfo than in other spe-
cies. As discussed above, physiological traits
rather than soil nutrient availability might be
the main cause for the higher foliar N concen-
trations in Orpe and Phfo.

Sampling time

In this study, the foliar concentrations of
N, P, and K were rather stable after June (Figs.
1~3). For valid comparisons in future studies
on foliar nutrients, we propose that the cur-
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rent year’s leaves should be sampled during
this period of time (from June to November)
to avoid issues of dilution in immature leaves
and dramatic decline in senescent leaves.
Bauer et al. (1997) reported that foliar N of
Norway spruce (Picea abies (L.) Karst.) was
constant after the end of the growing season
(autumn). Kim and Wetzstein (2005) found
that foliar nutrients of pecan (Carya illinoi-
nensis Wangenh. K. Koch.) remained relative-
ly stable after leaf maturation. Based on our
observation and the study by Lin et al. (1997),
leaf expansion of most tree species in Fushan
occurred form April to May, and leaves had
matured by August. Therefore, we suggest
that the best time for leaf sampling for N, P,
and K analyses is from August to October.
Two species of the Fagaceae had constant fo-
liar Mg concentration from June to November
and could also be sampled in this period (Fig.
5). As for Ca and Mg of most species (Figs.
4, 5), continuous changes in foliar concentra-
tions make it difficult to determine an optimal
sampling time. For consistent sampling times,
however, we still propose to sample leaf tis-
sues for analyses of Ca and Mg at the same
time as for N, P, and K.
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