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Abstract

Aims

Larch is the dominant timber species in Northeast China. However,
compared with the adjacent secondary forests, soil available ni-
trogen (N) significantly declined in ~40-year-old larch plantations.
Thus, it is of great importance to determine how N use strategies in
larch change in response to declining soil N availability.

Methods

We investigated the changes in N concentration and N natural
abundance (8'°N) from 18 August to 25 October in the leaves,
stems, branches and roots of 1-year-old Larix kaempferi seedlings
under nutrient-sufficient (NSu) and nutrient-starvation (NSt) condi-
tions with a pot experiment in Northeast China.

Important Findings

Stem and branch N concentrations exhibited upward trends, and leaf
N concentration exhibited a downward trend. Root N concentration
exhibited an upward trend under NSu conditions, but a downward
trend under NSt conditions. These results suggested that stems and
branches were served as N storage organs, but roots shifted from

storage to resorption organs when switched from NSu to NSt. Leaf
nutrient resorption was intensely occurred on 11 October, as indi-
cated by the sharply decreased leaf N concentration and increased
stem, root and branch N concentrations. The §"°N of roots, branches
and leaves overlapped between NSu and NSt approximately on 11
October, which may be regulated by isotope discrimination dur-
ing N resorption. Leaf N resorption efficiency under NSt (76.33%)
was significantly higher than that of NSu (56.76%), indicating that
nutrient stress stimulates leaf N resorption. Taken together, larch
seedlings enhance leaf nutrient resorption and shift roots from nu-
trient storage to nutrient resorption to adapt to NSt conditions. These
changes might relieve the adverse effects of declining soil nutrient
availability on seedling survival and regeneration.
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INTRODUCTION

Larix spp., mainly including L. olgensis, L. principis-rupprechtii
and L. kaempferi, are the most important commercial timber
species in Northeast China (Mason and Zhu 2014; Yan et al.
2017). However, in comparison with the adjacent secondary
forests, soil available nitrogen (N) significantly declined

(~30%) in the ca. 40-year-old larch plantations (Yang et al.
2013). Thus, it would be imperative to know how nutrient
use strategies of larch seedlings response to declining soil nu-
trient availability, which will be beneficial for a better under-
standing of the survival and regeneration of larch seedlings.
Senescence process is regarded as a form of programmed
cell death that occurs in all areas of plant anatomy, and the
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immolation of organs and the well-regulated developmental
process is for the maximum benefit of the entire plant (Brant
and Chen 2015; Humbeck 2014). During the period of sen-
escence, one of the most important nutrient conservation
mechanisms is nutrient resorption, which refers to the pro-
cess that withdraws a proportion of nutrients from senes-
cing organs to storage organs (Aerts 1996; Brant and Chen
2015). Remobilization of the stored nutrients can be directly
used in the subsequent growing season, in particular the
leat regrowth in the early spring for deciduous tree species
(Martinez-Alcantara et al. 2011; Villar-Salvador et al. 2015),
which can reduce the dependence of the plant on soil nu-
trient supplies (Kobe et al. 2005). Furthermore, autumntal N
nutrition affects carbon and N storage and the architecture of
young tress (Jordan et al. 2011). However, much less is known
about resorption-related N dynamics and resorption vari-
ations in other organs (e.g. fine roots, stems or branches) than
leaves. These organs also play an essential role in the whole-
plant nutrient budget and biogeochemical cycles (Freschet
etal. 2010; Kunkle ef al. 2009; Lii et al. 2012). To better under-
stand the nutrient use strategy and nutrient economy of a
plant, it is important to use the whole-plant system during the
process of nutrient resorption.

Nitrogen is the most limiting element for temperate plan-
tation forests (LeBauer and Treseder 2008; Magnani et al.
2007), particularly for younger stands (e.g. larch plantations,
Yan et al. 2018a). Globally, 62% of leaf N is resorbed during
senescence, which could meet up to 31% of the annual plant
N demands (Cleveland et al. 2013; Vergutz et al. 2012). In add-
ition to leaves, other organs (e.g. twigs and fine roots) could
also occur different levels of resorption during senescence
(Chen et al. 2015; Freschet et al. 2010). Unfortunately, the
few studies published to date have mainly focused on non-
woody plants (LU et al. 2012; Mao et al. 2013), but little on
woody plants, and the resorption by other organs (e.g. roots)
has been largely overlooked (Freschet et al. 2010; Kunkle et al.
2009).

Changes in resource availability are expected to trigger
variations in plant functional traits (e.g. phenotypic and/or
nutrient use strategy) to mitigate the constraints caused by
the limiting resources (Freschet et al. 2015; Li et al. 2012;
Reich et al. 2014). In this case, two main nutrient strategies
(optimizing nutrient acquisition and reducing nutrient loss)
have developed for plants to grow in nutrient limitation con-
ditions (Freschet et al. 2010; Yan et al. 2018a). Plants can
respond to nutrient deficiency by internal nutrient redistri-
bution to support sink demands (Tully et al. 2013; Yan et al.
2018a). Due to the important role nutrient resorption plays
in nutrient conservation, it is generally assumed that species
in nutrient-poor sites are more proficient at resorption than
those in nutrient-rich sites (See ef al. 2015; Yan et al. 2016).
Most previous studies have investigated plant performance,
e.g. competition (Guo et al. 2016), nutrient resorption (Yuan
and Chen 2015) and remobilization (Martinez-Alcantara et al.
2011) under N fertilization treatments (Jordan ef al. 2011). To
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our knowledge, however, few studies have been conducted
on resorption-related N changes under nutrient-sufficient
and nutrient-starvation conditions. Thus, it is still not well
understood how the nutrient use strategies of larch seedling
respond to nutrient deficiency.

In this study, N dynamic changes from 18 August to 25
October of L. kaempferi seedling organs (stem, branch, root and
leaf) were investigated under nutrient-sufficient and nutrient-
starvation conditions in Northeast China. The objectives of the
present study were to identify (i) when leaf resorption was
intensively occurred, (ii) whether nutrient resorption also oc-
curred in other organs (e.g. root), and (iii) how the nutrient
use strategies of larch seedlings change in response to nu-
trient starvation. We hypothesized that larch seedlings would
change nutrient use strategies (e.g. increase leaf nutrient re-
sorption efficiency and/or shift root from nutrient storage to
nutrient resorption) under soil nutrient-starvation conditions.

MATERIALS AND METHODS

Study site

This study was conducted at the Qingyuan Forest CERN
(Chinese Ecosystem Research Network), Chinese Academy
of Sciences, located in the mountainous region of Liaoning
Province, Northeast China (124°54’E, 41°51'N, elevation
500-1100 m a.s.l.). The site is subject to a continental mon-
soon type with a monsoon spring with strong winds, a humid
and rainy summer, and a cold and dry winter. Mean annual
air temperature varies between 3.9 and 5.4°C, the minimum
temperature is —37.6°C in January, and the maximum tem-
perature is 36.5°C in July. Annual precipitation ranges from
700 to 850 mm and was mainly distributed (~80%) from June
to August. On average, the frost-free period lasts for 130 days,
with the first frost occurs in October and late frost in April
(Zhu et al. 2007). The soil in this area is typical brown forest
soil (Yang et al. 2013).

Experimental design

One-year-old L. kaempferi seedlings were acquired from a nur-
sery in April 2015. Forest soil (0-20 cm) was obtained from a
mature larch plantation (ca. 40 years old) within the study site
and passed through a 2-mm sieve (Qu ef al. 2004). The N con-
centration and C/N ratio of initial soil obtained from the mature
larch plantation were 0.35% and 10.25%, respectively. Larch
seedlings with similar initial heights (~22.1 = 0.8 cm) and root
collar diameters (~0.35 + 0.02 cm) were carefully transplanted
into plastic pots (4.5 |, per pot) filled with the forest soil. In total,
180 individual seedlings were planted (one seedling per pot)
and randomly placed outdoors. In mid-August (18 August),
when at peak biomass, all seedlings were removed from the
pots and carefully rinsed with deionized water. Then, the soil
from one half of the pots (90 pots) was replaced by washed fine
sand (treated as nutrient starvation, NSt, i.e. forest soil replaced
by washed fine sand with no nutrients, e.g. N), while the re-
maining half of the pots (90 pots) were refilled with forest soil
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(treated as nutrient sufficient, NSu). After that, the seedlings
were immediately replanted in these pots (i.e. 90 pots were
filled with soil, and the other 90 pots were filled with sand).
All the pots were transferred to a greenhouse (5 m x 12 m, 2
m high), which was covered with a transparent plastic sheet to
prevent exposure to rain and had open sides to allow free air
circulation to ensure the same temperature inside and outside
(Ueda et al. 2011; Ueda 2012). These pots were arranged in
three blocks; each block had 30 pots filled with soil and an-
other 30 pots filled with sand. All seedlings were watered daily
with deionized water to guarantee sufficient soil moisture for
survival of the seedlings (Kunkle ef al. 2009; Zhang et al. 2013).

Sample collection

In mid-August (18 August) of 2015 (taken as the mature stage,
see Yan et al. 2016), we sampled the seedlings for the first time.
Thereafter, sampling was performed every 10 days and con-
tinued until the end of the growing season (25 October). In
total, seven sampling sessions were conducted from 18 August
to 25 October. For each sampling, we collected three replicates
for both soil-pot and sand-pot treatments (representing nu-
trient sufficient and nutrient starvation, respectively) from
the three blocks, and each replicate contained four to six ran-
domly selected individual seedlings. Thus, 12-18 individuals
per treatment were destructively harvested at each sampling
time. After harvest, each seedling was divided into needles,
branches, stem, fine roots (<2 mm in diameter, hereafter re-
ferred to roots) and coarse roots (>2 mm in diameter). Thus,
all parts of each organ (e.g. all needles) were sampled at each
sampling time. The entire root system was washed with deion-
ized water to remove any remnants of soil. The biomasses of
different organs were measured (oven dried at 65°C for at least
48 h to a constant weight) at the first and last sampling time.

Laboratory experiment

All samples were immediately transferred to the laboratory
and then oven dried at 65°C for at least 48 h to a constant
weight. The samples (leaves, branches, stem and roots) were
subsequently ground to pass through a 100-mesh sieve for
leaf C, N and 8"°N analysis. Leaf C (%) and N (%) and 8'°N
(%0) were analyzed by an elementary analyzer (Elementar
vario MICRO cube, Germany) coupled to a stable isotope ratio
mass-spectrometer (IsoPrime 100, UK).

Calculation

Nitrogen resorption efficiency (NRE) was calculated as the ratio
of the difference in N content [defined as the product of organ
weight (g) and the corresponding N concentration (%)] be-
tween mature material and litter to mature material N content
during senescence (Aerts 1996; Brant and Chen 2015; Chen
et al. 2015; Freschet et al. 2010). NRE was calculated as follows:

NRE (%) = [(N,, - N,)/N_] x 100 (1)

where N, and N, represent mean N contents in mature and
senesced organs (e.g. leaves and roots), respectively.
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Leaf senescence was defined as when the color of the leaves
turned from green to yellow, while fine root senescence was de-
fined as when the color of fine roots turned from gray to dark
and/or black (Freschet et al. 2010; Kunkle et al. 2009; Yan et al.
2016). It should be noted that the concept of ‘resorption’ is not
suitable for large/coarse parts of the larch species (e.g. stem
and branches) because there are no ‘dead’ parts corresponding
to their live parts. Therefore, the calculated NRE of stems and
branches in the present study was served to explore the N storage
capacity during autumn, and was not a true measure of NRE.

The N isotope ratio (8'°N) of the plant sample was calcu-
lated as follows:

"N (%) = [(Rye / Rypnaea) — 11 X 1000 (2)

sample

where Ryymple and Ryangqra represent the isotope ratios (*°N/"N)
of samples and the standard, respectively. The overall analyt-
ical precision for 8!°N was better than 0.2%o.

Statistical analysis

Data were tested for normality by the Kolmogorov-Smirnov
test and for equality of error variances by the Levene’s test.
One-way analysis of variance (ANOVA) was used to test for
the differences in N resorption efficiency of different organs
between NSu and NSt treatments. We used one-way ANOVA
to test for the differences in N concentration, C/N ratio and
8'°N in each organ for the two soil types (NSu and NSt) before
and after senescence. Additionally, we used one-way ANOVA
to test for the differences in N concentration, C/N ratio and
8'°’N among organs under each soil type (NSu and NSt) be-
fore and after senescence; if the difference was significant,
then post hoc multiple comparisons were conducted using the
least significant difference test. Repeated-measures ANOVA
was used to assess the effects of soil type, sampling time and
their interactions on the N concentration, C/N ratio and §'°N
in the organs. Paired f-tests were used to assess the differ-
ence of N concentration, C/N ratio or 8'°N for each organ be-
tween NSu and NSt conditions after senescence. All statistical
analyses were conducted in SPSS 13.0 for Windows (SPSS
Inc., Chicago, IL) and the considered significance was set as
P < 0.05.

RESULTS

Organ N concentration, C/N ratio and 8°N
dynamics

Similar variations were observed for the N concentration in
different organs between NSu and NSt conditions (Fig. 1).
Specifically, branch and stem N concentration showed an
upward trend, while leaf N concentration showed a down-
ward trend under both NSu and NSt conditions (Fig. 1b—d),
whereas root N concentration showed an upward trend under
NSu, but a downward trend under NSt (Fig. 1a). Leaf N con-
centration sharply decreased, whereas root, branch and stem
N concentrations increased on 11 October (Fig. 1).
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Figure 1: the N concentrations of (a) roots, (b) branches, (c) leaves and (d) stems under NSu (soil) and NSt (sand) conditions. The asterisks
represent significant differences in N status of the same organ between NSu and NSt conditions on 25 October (*P < 0.05 and **P < 0.001).

Mean values are given + SE (1 = 3).

In general, the C/N ratios in different organs (i.e. root,
branch, leaf and stem) showed the opposite trends with
those of N concentrations (Fig. 2). The values of 8'°N in dif-
ferent organs tended to show downward trends under both
NSu and NSt conditions (Fig. 3). There existed overlap for
8"°N in organs (i.e. roots, branches and leaves) between NSu
and NSt conditions approximately on 11 October, whereas
the intersection for stem 8'°N was between 29 August and 9
September (Fig. 3).

Significant resorption-related variations were observed for
organ N concentrations, C/N ratios and 8'°N (Table 1). Soil
types (NSu and NSt) and sampling time had significant ef-
fects on both organ N concentrations and C/N ratios, with
the exception of the effect of soil type on root N concentra-
tion (P = 0.163). Sampling time had significant effect on §°N
in stem, leaf and root (Table 1). In addition, sampling time
significantly interacted with soil type to affect organ N con-
centrations and C/N ratios (P < 0.001) and only 8'°N in stems
(P = 0.040) (Table 1).

Organ N status after leaf senescence

After leaf senescence (on 25 October), there were significant
differences for N concentration and C/N ratio between NSu
and NSt conditions, while no remarkable differences were
observed for 8'°N (Figs 1-3). For each soil type (NSu and
NSt), significant differences were observed in N concentra-
tions, C/N ratios and 8'°N in the different organs (P < 0.05).

Organ N resorption efficiency

Leaf NRE under NSt was significantly higher than that under
NSu (76.33% and 56.76%, respectively). In addition, root
NRE was present under NSt (7.02%), whereas root N con-
centration accumulation was present under NSu (Fig. 4). By
contrast, no positive NRE (i.e. N accumulation was present)
was observed for branch and stem under either NSu or NSt
conditions (Fig. 4).

DISCUSSION

Nitrogen dynamics of organs during the process of
resorption

Nitrogen (N) redistribution and transfer among organs within
a plant reflects an adaption to environmental conditions
(Brant and Chen 2015; Martinez-Alcantara et al. 2011). In the
present study, larch seedlings exhibited significant resorption-
related N changes (from 18 August to 25 October) under both
NSu and NSt conditions (Figs 1-3, Table 1). Generally, during
the period of leaf senescence, stem and branch N concentra-
tions showed an upward trend; in contrast, leaf N concen-
trations showed a downward trend under both NSu and NSt
conditions (Fig. 1). Similar findings were found in young Salix
dasyclados that were grown under low and high nutrient avail-
abilities (von Fircks ef al. 2001). Root N concentration showed
an upward trend under NSu conditions, but a downward
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trend under NSt condition (Fig. 1). These results suggest that,
under NSu conditions, leaves were acting as a resorption
organ (nutrient source), whereas stems, branches and roots

were acting as storage organs (nutrient sinks) during leaf sen-
escence. By contrast, roots were acting as a resorption organ
under NSt conditions. This is consistent with our hypothesis.
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Table 1: results (P values) of repeated-measures ANOVA on the effects of soil type, sampling time, and their interactions on the N

concentration, C/N ratio and 8"°N of different organs

N C/N ratio SN
df F P df F P df F P
Stem
Soil type 1 202.43 <0.001 1 61.357 0.001 1 3.091 0.154
Sampling time 6 73.17 <0.001 6 34.089 <0.001 6 6.536 <0.001
Soil type x Sampling time 6 26.60 <0.001 6 9.182 <0.001 6 2.661 0.040
Branch
Soil type 1 55.34 0.002 1 71.077 0.001 1 0.312 0.606
Sampling time 6 47.614 <0.001 6 42.891 <0.001 6 0.925 0.495
Soil type x sampling time 6 9.671 <0.001 6 5.606 0.001 6 0.866 0.534
Leaf
Soil type 1 139.524 <0.001 1 170.020 <0.001 1 0.019 0.896
Sampling time 6 49.394 <0.001 6 109.759 <0.001 6 3.818 0.008
Soil type x sampling time 6 7.933 <0.001 6 8.150 <0.001 6 1.794 0.143
Root
Soil type 1 2.909 0.163 1 61.357 0.001 1 2.679 0.177
Sampling time 6 20.538 <0.001 34.089 <0.001 6 21.930 <0.001
Soil type x sampling time 6 7.820 <0.001 9.182 <0.001 6 1.769 0.148
Numbers in bold indicate significant difference at P < 0.05
R >N natural abundance (8'°N) can potentially reveal how
504 b disturbances affect N cycles (Craine etal. 2015; Yan etal. 2018b).
a Generally, larch seedlings under NSu conditions were slightly
less '°N enriched than those under NSt conditions (Fig. 3).
g The most plausible explanation for this phenomenon may
g be that seedlings grown under NSu conditions can uptake N
& b from soil via roots, and thus discrimination during this pro-
jgj 50 b b cess would cause relatively more lighter in >N or less '°N en-
g riched in plant organs (Kahmen ef al. 2008; Yan et al. 2018b).
g There existed overlap in 8'°N in roots, branches and leaves
e a between NSu and NSt conditions around 11 October (Fig. 3).
This pattern is probably because during the later stage, the
gsg:‘(‘;’;g) a more intensive occurrence of nutrient resorption (Fig. 4),
150 | I I | and thus nutrient retransfer under NSt conditions resulted
Leaf Root Branch Stem in more isotope discrimination (Yue et al. 2013). This agrees

Figure 4: nitrogen resorption efficiency of leaves, roots, branches
and stems under NSu (soil) and NSt (sand) conditions. Different let-
ters indicate significant differences between NSu and NSt (P < 0.05).
Mean values are given + SE (1 = 3).

The alteration in N concentrations also resulted in con-
comitant changes in the observed C/N ratios (Figs 1 and 2,
Table 1). The opposite trends of C/N ratios of different organs
compared with those of N concentrations were primarily me-
diated by the stable C but changed N concentrations of dif-
ferent organs. The N concentrations in branch, stem and root
sharply increased, while the leaf N concentration sharply de-
creased on 11 October (Fig. 1), suggesting that nutrient re-
sorption was intensely occurred on 11 October.

with the findings by Yue ef al. (2013), who reported remark-
able isotope discrimination associated with leaf resorption,
but differs from the findings by Kolb and Evans (2002), who
reported no detectable isotope discrimination during the pro-
cess of leaf resorption. Roots were significantly more enriched
in °N than the other organs (Fig. 3), which may be due to
a lower nitrate reduction capacity in roots and/or substan-
tial efflux of organic N from roots (Kalcsits et al. 2014; Kolb
and Evans 2002). Similar results were also obtained by Kolb
and Evans (2002) for Quercus rubra and Q. alba. In the con-
dition of NSu, significant differences were only observed for
root 8'°N before and after leaf senescence, whereas both root
and leaf 8'°N exhibited significant differences before and after
leaf senescence under NSt conditions (Fig. 3). These results
suggest that detectable isotope discrimination occurred in root

610z aunp g} uo Jasn Ausiaaiun bBuiyed Aq 269292S/S 1 9/y/Z 1 roensge-sjonte/adljwoo dnooiwepeose//:sdiy woll pepeojumod



Yan et al. | Nitrogen use strategies of different organs

under both NSu and NSt conditions, and for leaves under NSt
condition during leaf senescence. Because both roots and
leaves were resource-acquiring tissues, and they can perform
physiological and biochemical activities (e.g. the assimilation
and hydrolysis of organic materials), especially during leaf
senescence, which would cause substantial N isotope discrim-
ination (Kalcsits et al. 2014; Luo et al. 2015; Newman and Hart
2006).

Organ N resorption efficiency

In the present study, leaf NRE in NSt conditions (76.33%) was
significantly higher than that NSu conditions (56.76%) (Fig.
4). This is consistent with our hypothesis and agrees with the
general consensus, which holds that plants in nutrient-poor
sites are expected to have higher nutrient resorption effi-
ciency than those in nutrient-rich sites (See et al. 2015; Yan
et al. 2016). Roots are capable for acquiring resources from
soil and, accordingly, enabling plants to adapt to variations in
environmental conditions (Zadworny et al. 2015). Fine roots
can act as a sink as well as a source during the process of sen-
escence (Gordon and Jackson 2000; Kunkle ez al. 2009), but N
resorption from senescing roots is frequently negligible (Silla
and Escudero 2006). In the present study, larch seedlings oc-
curred N resorption in both leaves and roots in response to
NSt treatment, and the average NRE of leaves (76.33%) was
10.9 times higher than that of roots (7.02%). However, roots
displayed resorption only under NSt conditions, which im-
plied that roots have an immense positive effect on whole-
plant nutrient strategies, especially during extraordinarily
nutrient limiting conditions. This kind of nutrient redistribu-
tion is of tremendous importance in the economics, survival
and growth of plants (Freschet ef al. 2010; Kunkle et al. 2009).

The majority of the resorbed N was stored in woody tissues
(von Fircks et al. 2001; Silla and Escudero 2006). During leaf
senescence, stems are generally considered as a major sink for
resorbed nutrients, which will be used for growth in the next
growing season (Freschet ef al. 2010; Milla et al. 2005; Silla
and Escudero 2006). In our present study, leaves were pri-
ority N sources (resorption organs), whereas stems, branches
and roots were acting as sinks (storage organs) during leaf
senescence in NSu conditions (Figs 1 and 4). This is in agree-
ment with the findings of Pregitzer ef al. (1990) and Mei et al.
(2015), who found that the majority of resorbed N from leaves
were stored in roots, stems and branches following leaf fall,
and with the findings of Kolb and Evans (2002), who found
that roots and stems served as storage tissues for four woody
deciduous species. In addition to leaves, roots also exhibited N
resorption (7.02%) in the NSt condition, indicating that when
subject to nutrient-deficiency conditions, roots play a similar
role to leaves to retain more nutrients within larch individ-
uals. That is, under NSt condition, the harsh situation trig-
gered a shift of roots from nutrient sink to source during leaf
senescence and demonstrated the plasticity of larch seedling
to maximize nutrient conservation and minimize nutrient-
deficiency stress.
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Implications for seedling nutrient use strategy
and regeneration

Taken together, nutrient resorption is an efficient nutrient con-
servation strategy, and the process of nutrient resorption in
roots also plays an important role in plant economics when
they are subjected to extreme nutrient stress. Such functions
of leaf and root N use strategies reflect the buffering capacity
of larch seedlings against soil nutrient stress (at least in the
short term). Seedling establishment and first-year survival are
crucial processes to the early performance of plantation for-
ests, e.g. larch plantations (Villar-Salvador et al. 2015; Zhu
et al. 2008). The resorbed nutrients are of critical importance
for leaf regrowth and biomass growth of deciduous species in
the following spring, particularly when the soil temperature is
unfavorable for adequate N uptake by root systems (Martinez-
Alcantara et al. 2011; Tomlinson et al. 2013). The potential
implication of our present study is that larch seedlings might
improve nutrient use efficiency and strategy to respond to the
extreme stress of poor soil nutrients (at least in the short term)
to relieve adverse effects on seedling survival and regeneration.

CONCLUSION

We investigated the resorption-related N changes of larch
seedlings growing in two contrasting soil fertility conditions
(NSu and NSt). Our results indicated that stems and branches
serve as N storage organs (nutrient sinks) during leaf senes-
cence; by contrast, the roots shifted from a storage organ to a
resorption organ when switched from NSu to NSt conditions.
The contrasting responses of roots to soil nutrient supplies in-
dicated the plasticity in roots functions to adapt to nutrient
starvation. The overlap in organ (roots, branches and leaves)
8"°N between the NSu and NSt conditions around 11 October
may be regulated by more intensive isotope discrimination
under NSt condition during the process of N resorption. Leaf
NRE in NSt was significantly higher than in NSu. In summary,
our findings highlight the importance of nutrient resorption
(both by leaves and by roots) for plant nutrient economy and
could improve our understanding of the adaptation mech-
anism and nutrient strategies of L. kaempferi under nutrient-
starvation conditions. Our study supplies some clues for the
management of seedling survival and regeneration in the field.
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