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Abstract In northeastern Japan, an area of high precipita-
tion and mountains, beech (Fagus creanata Blume), larch
(Larix kaempferi Lamb.), cedar (Cryptomeria japonica D.
Don) and black locust (Robinia pseudoacacia L..) were eval-
uated for N resorption and N isotope fractionation in pre-
and post-abscission leaves in comparison to green leaves.
The highest leaf N concentration in summer corresponded to
the N-fixing black locust, followed in decreasing order by the
deciduous beech and larch and evergreen cedar. On the other
hand, the lowest N resorption efficiency corresponded to
black locust and the highest to beech, in increasing order by
larch and cedar. All tree species returned significant amounts
of N before leaf abscission; however, N isotope fractionation
during leaf N resorption was only found for beech, with a
depleted N isotope value from green to pre-abscission leaf.
The most N, however, was resorbed from pre-abscission to
post-abscission. This result may indicate that 8'°N fractiona-
tion took place during N transformation processes, such as
protein hydrolysis, when the concentration of free amino
acids increased sharply. The difference in the type of amino
acid produced by each species could have influenced the N
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isotope ratio in beech but not in the other tree species. The
results of this study showed that it is possible to infer the
type and timing of processes relevant to N resorption by
analyzing leaf !N variation during senescence.

Keywords Amino acids - Cool temperate forest - Fresh
litter - N resorption - §'°N

Introduction

Nitrogen is one of the main elements necessary for forest
ecosystem growth. However, its acquisition is limited by N
mineralization and N loss through processes such as leach-
ing and volatilization (Vergutz et al. 2012). Therefore, a key
function for plants is the retention of nutrients via resorp-
tion from senescing leaves at the end of the growing season.
Plants generally reabsorb half of their total leaf N, yet there
is large interspecific variation in the extent of N resorption
(Aerts 1996; Yuan and Chen 2009). The stored N is reallo-
cated mainly to the stem and roots for new growing tissues
the next spring (Millard 1994; van Heerwaarden et al. 2003;
Singh 2014, 2015).

N resorption reflects plant dependence on soil N supply,
with leguminous species having a lower N resorption effi-
ciency (NRE) (Singh 2014, 2015). The resorbed N is stored
in plant tissues after leaf senescence (van Heerwaarden
et al. 2003; Vergutz et al. 2012; Chavez-Vergara et al. 2015);
thus, deciduous trees having a significantly higher NRE than
evergreen trees (Aerts 1996; Yuan and Chen 2009). Previous
studies have also shown that N resorption proficiency (NRP)
(N content per dry leaf mass in senescing leaves) is a useful
parameter for quantifying the amount of actual N that returns
to storage tissues (Wright and Westoby 2003; Lima et al.
2006; Ozbucak et al. 2008; Chavez-Vergara et al. 2015). In
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mixed forests, tree species with lower NRE contribute more
N in the leaf litter, which thus increases N availability in
the soil (Lopez et al. 2014; Chavez-Vergara et al. 2015) and
provides N to neighboring plants. Even though many studies
have dealt with the process of resorption, very few studies
have used isotope analysis to examine N isotope discrimi-
nation during this process (Kolb and Evans 2002; Templer
et al. 2007), especially in the context of the duration of
resorption. The use of stable isotopes is relevant because of
the effect of free amino acids release during protein hydroly-
sis (Chapin and Kedrowski 1983; Vitousek et al. 1989) on
foliar 89N as the concentration of free amino acids in leaves
increase (Killingbeck 2004; Mae 2004) during the first stage
of N withdrawal.

Foliar 8'°N varies by over 32%c among plants found in
natural ecosystems (Yoneyama et al. 1993; Aranibar et al.
2004; Codron et al. 2005; Hobbie et al. 2005) and system-
atically along gradients of climate and nutrient cycling
(Amundson et al. 2003; Pardo et al. 2006; Craine et al.
2009) and among species (Michelsen et al. 1996; Hobbie
et al. 2005; Templer et al. 2007; Kahmen et al. 2008). Dif-
ferences during the growing season have been reported
(Handley et al. 1999), but other studies found no difference
during that period (Pardo et al. 2006, 2013). Discrimination
of >N could potentially occur during either the biochemical
processes involved in N resorption from senescing leaves
and thus cloud interpretations of community-wide patterns
of foliar 8'°N. Amino acids are the primary transport form
of N, but as N mostly occurs in proteins and chlorophylls,
biochemical processes are needed to convert the N to trans-
portable forms (Fotelli et al. 2002; Ueda et al. 2011). Protein
hydrolysis, like many biochemical reactions, may involve
discrimination against 5N, which could lead to variation in
the isotopic composition of different plant tissues (Shearer
and Kohl 1989; Babst and Coleman 2018), which would be
also expected during chlorophyll degradation.

The present study addresses whether N discrimination
occurs during leaf N resorption by examining patterns of
8"N prior and during leaf senescence in four types of func-
tional groups of trees that are typical for Japan: deciduous
(Fagus crenata Blume; Fagaceae), deciduous—coniferous
(Larix kaempferi Lamb.; Laraceae), evergreen (Cryptomeria
Jjaponica D. Don) and invasive legume (Robinia pseudoaca-
cia L.; Leguminosae).

Many of the studies on N resorption have focused on
comparing the leaf N concentration between mature and
abscised leaves (Negi and Singh 1993; Ozbucak et al. 2008;
Chavez-Vergara et al. 2015), but very few have focused on
the duration of this resorption (Chapin and Kedrowski 1983;
Wang et al. 2013). This study aimed to clarify the response
of the N cycle in representative species in a heavy rainfall
area, such as northeastern Japan, by focusing on the amount
of N being returned to trees or input in the soil as litter
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and by tracing stable isotopes in the N fraction that is recy-
cled within the forest ecosystem. We, thus compared the
NRE of the four tree species and evaluated the effects of N
transformation processes on N isotope discrimination dur-
ing resorption.

Materials and methods
Study area

This study was conducted at the Yamagata University
Research Forest, Japan (38° 33’ N, 139° 51" E) (Fig. 1)
in the northernmost area of the Asahi Mountains, a cool
temperate deciduous broad-leaved forest zone. The annual
mean air temperature is 13.4°C, mean annual precipitation
is 2500 mm, and mean snow depth is approximately 3 m.
Four types of functional groups typical in this region were
investigated: black locust (R. pseudoacacia; Leguminosae),
deciduous beech (F. crenata; Fagaceae), larch (L. kaempferi,
Pinaceae) and cedar (C. japonica; Cupressaceae) were sam-
pled in forest stands that were close to each other (Fig. 1);
each species was dominant in its stand. The invasive black
locust stand invaded a former cedar forest site that was cut
and cleared by slash and burn in 2011. The beech stand is
natural for this area and most common, followed by the
cedar plantations. The age of the sampled larch and cedar
plantations was around 60 years, similar to the beech stand,
while the black locust stand was the youngest at 7 years.

Meteorological conditions

The meteorological station in the Yamagata University
Research Forest is located near the sampled sites (Fig. 1).
During each month from June to November in 2016, at least
100 mm precipitation fell, with 47% of the precipitation in
July and August, when air temperatures (7},) was the high-
est. Precipitation then decreased until January 2017 (Fig. 2).

Sampling

The leaf and needle samples for the selected tree species
were collected three times between August and Novem-
ber 2016. The first sampling took place during the first
week of August when maximum growth was reached,
as indicated by installed dendrometers, and the maxi-
mum mass N pool sizes are expected (Chapin and Ked-
rowski 1983). This period is defined as green leaf, while
the second sampling period, defined as pre-abscission,
took place in mid-October when more than 10% of the
deciduous trees leaves were starting to change colors. The
post-abscission samples were collected by mid-Novem-
ber, assuming that leaching between leaf fall and leaf
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Fig. 1 Study sites with beech, larch, cedar and black locust stands in the Yamagata University Research Forest, Japan
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Fig. 2 Meteorological conditions
Research Forest in 2016

at the Yamagata University

collection was negligible (Vergutz et al. 2012). The leaf
samples in August and October were collected randomly
from eight cedar and eight black locust trees and from six
larch and six beech trees. All leaf samples were selected
to avoid leaves that were damaged by insects (Ozbucak
et al. 2008) and taken from branches that were at a reach-
able height. To collect the post-abscission leaf samples,
three 80 x 80 cm litter traps were set up in each of the
four stands from the second week of September until the
second week of November. Leaf samples of cedar were not

divided by leaf age groups because N concentrations were
previously found not to differ among ages (Kobayashi and
Tashiro 2003).

Analysis
N concentration (%N) and 5"°N (%o)

All leaf samples were oven dried at 70°C for 48 h, ground,
then N concentration and §'°N were measured with a CF-
IRMS (continuous-flow type mass spectrometer: Iso Prime
mass spectrometer, GV Instruments, Withenshave, UK). The
evolved gas was first passed through a column of packed solid
CaO-NaOH (soda lime) to eliminate excess CO, and then
introduced into a gas chromatograph to separate N,, '"N/"*N
ratios were determined with the mass spectrometer. Analytical
errors associated with the overall procedure for 8'°N measure-
ment are less than 0.2%o. The results of !N were expressed
as %o deviation, relative to atmospheric N, (8N =0%o):

SISN _ (15N/14N)sample _1
(15N/14N)

standard
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Nitrogen resorption efficiency (NRE) and resorption
proficiency (NRP)

NRE is calculated as the difference between the N concen-
tration in the green leaves and the N concentration in leaves
after abscission divided by the N concentration in green
leaves, and is expressed as a percentage:

NRE = <1 _ mass of N in senesced leaves> % 100.

mass of N in greeen leaves

In addition, N resorption efficiency was corrected accord-
ing to method of Vergutz et al. (2012) (NRE*) by multiply-
ing NRE by the mass loss correction factor of 0.754 for
conifers and 0.784 for deciduous angiosperms (Vergutz et al.
2012), because loss in leaf mass during senescence can lead
to an underestimation of 10% (van Heerwaarden et al. 2003).

NRP, that is, N concentration per leaf mass in senescing
leaves (in % dry mass), is used as a more stable indicator
of plant ability to recycle nutrients than NRE (Killingbeck
2004; Yasumura et al. 2005; Yuan et al. 2005). Leaves that
can reduce N concentration to a lower level are more profi-
cient in resorbing N.

Amino acid content

All samples were oven dried at 70 °C for 48 h, ground, and
analyzed for amino acid content by capillary electrophore-
sis and mass spectrometry (CE-TOFMS, CE type, TOF/MS
6224, Agilent Technologies). The sample extraction, prepa-
ration and CE/MS analysis were done using the methods of
Oikawa et al. (2015). Three samples for each period (green
leaf, pre-abscission and post-abscission) were analyzed.

Statistical analyses

The data were subjected to analysis of variance (ANOVA)
and a two-way ANOVA (Statcel 2.0, OMS, Tokyo, Japan) to
compare the effects of different sample periods and tree spe-
cies. Changes of all measured parameters in leaves and nee-
dles along the three sampling times within one species were
compared first (n=38 for cedar and black locust, n=6 for
larch and beech) followed by a comparison of leaf and nee-
dle values along sampling times between species. The sig-
nificant difference was determined with the Tukey—Kramer
test (p <0.05).

@ Springer

Results
Nitrogen concentration, NRE and NRP

All investigated species exhibited different trends in %N
from green leaf to post-abscission, with the %N response
of a species affected by a significant species by phenologi-
cal date interaction (Fg 3,=6.75; p<0.001). First, %N in
beech had a significant decreasing trend across the pheno-
logical stages, from green to pre-abscission (19.8%) and
from pre- to post-abscission (48.8%). Larch and cedar had
a similar pattern but with no significant decrease from
green leaf (1.7 +£0.3%N and 1.4 + 01%N) to pre-abscission
(1.4+0.3%N and 1.3 +0.2%N). However, the %N was sig-
nificantly lower in the post-abscission period (0.8 +0.0%N
and 0.8 £ 0.2%N). Finally, black locust had greater % N
than in the other species; although the level remained
higher across the phenological stages, it had non-signifi-
cant decreases from green to pre-abscission and from pre-
to post-abscission leaves (10.3% and 7.7%, respectively).

All investigated species had a continuous decrease in
%N from green leaf to post-abscission. Beech and larch N
concentration had no significant difference in mean %N
for the overall period, while the leaf N concentration in
black locust was more than double the concentration in
larch and cedar (Fig. 3).

The %N in beech decreased significantly among the
sampling periods and was the only tree species with a
significant decrease in N concentration for each period
(19.8% decrease from green to pre-abscission, 48.8% from
pre- to post-abscission). Larch and cedar had a similar
pattern but the decrease was not significant from green
leaf (1.7 £0.3%N and 1.4 +01%N) to pre-abscission
(1.4 +£0.3%N and 1.3 £0.2%N), but %N was signifi-
cantly lower in the post-abscission period (0.8 +£0.0%N
and 0.8 +0.2%N). For black locust, N concentration from
green to pre-abscission decreased by 10.3% and from pre-
to post-abscission leaves by 7.7%.

Beech leaves had the highest NRE (68.7%) among the
four species, black locust the lowest (18.0%). The NRE of
larch (50.9%) was slightly higher than cedar (42.6%) and
in-between the values for beech and black locust. Corre-
spondingly, the NRP was the highest (=least proficient)
for black locust followed by larch and cedar trees and
low values for beech trees (Table 1). The NRE and NRE*
showed the same significant differences between beech
and locust and the other species, while no difference was
found between larch and cedar. In the case of NRP there
was no significant difference among beech, larch and cedar
but black locust was significantly different to all the other
tree species.
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Table 1 Nitrogen resorption efficiency (NRE), corrected nitrogen
resorption efficiency (NRE*) and nitrogen resorption proficiency
(NRP) for the four tree species

NRE (%) NRE* (%) NRP (%
dry mass)
Beech 68.7* 75.4* 0.7%
Larch 50.9° 63.4° 0.8
Cedar 42.6° 57.3" 0.8°
Black locust 18.0° 35.0° 3.2°

Lower case letters indicate significant differences between species
(a<0.05)

Leaf amino acids

The total amino acid content in beech, larch and black locust
significantly increased from green leaves (0.8 +0.3 mg g~ !,
0.2+0.1 mg g~' and 0.2+0.1 mg g~! respectively) to pre-
abscission leaves (3.2+0.4 mg g~!, 2.1+0.3 mg g~! and
3.24+0.9 mg g7!, respectively), then decreased significantly
in post abscission leaves (1.1 +£0.5mg g~!,0.1+0.0 mg g~
and 0.7 +0.3 mg g~! respectively). The main amino acids
that increased, but to a different extent for these three spe-
cies, were alanine (Ala), asparagine (Asn), glutamine (Gln),
isoleucine (Ile), leucine (Leu) and valine (Val). The level of
most amino acids in cedar leaves did not differ significantly
during the growing season; only arginine (Arg), Asn, glu-
tamic acid (Glu) and tryptophan (Trp) varied significantly
(Fig. 4).

Leaf 5'°N at different growth periods
Beech was the only species in which leaf 8'°N was sig-

nificantly higher at the green leaf period (— 1.5 £0.5%o)
than at the pre- (—2.6 +0.3%0) and at the post-abscission

Green Leaf I — =
E™)
w
|_|.¢ ©

Green Leaf IS — ©
Pre-abscission ©
Post-abscission il( c

Green Leaf (IR >
Pre-abscission ®
Post-abscission E|—< o
Pre-abscission
Post-abscission

Larch

Species

Cedar Black Locust

(=2.7+0.4%o0) periods, but did not differ significantly
between the pre- and post-abscission. Although larch leaf
8N was lower at each consecutive sampling (0.5 + 1.0%o
t0 0.0+ 1.1%0 to — 0.9 +0.1%0), differences among peri-
ods were not significant. Cedar and black locust each only
changed slightly in leaf 8'°N among the periods (cedar was
slightly depleted: —0.4%o from green leaf [—2.2 +0.5%0]
to post-abscission stage [— 2.6 +0.5%0]; black locust was
slightly enriched: 0.2%o from green leaf [0.0 +0.3%o] to
pre-abscission [0.2 +0.5%0]) (Fig. 5). The statistical analysis
showed that !N response was species specific with a sig-
nificant species by sampling date interaction (Fg 3,=7.75;
p<0.0001).

Leaf 8'>N for all non-leguminous tree species decreased
with time, and was slightly enriched in black locust. The
average value for the whole period in beech and cedar were
depleted and in a similar range, while larch and black locust
leaves were significantly enriched.

Discussion
N concentration, NRE and NRP

The decrease in N concentration from green to pre-abscis-
sion leaves was greatest in beech trees. In our study, NRE for
beech was 68.7%, higher than that for beech trees in Spain
(59.4%) (Santa Regina and Tarazona 2001), but agreed with
findings of Vergutz et al. (2012) who reported a decrease
in NRE with latitude, mean annual temperature (MAT)
and mean annual precipitation (MAP). Beech NRE* in our
study was 11.2% higher than in deciduous angiosperms in a
global comparison of different species in different climate
zones (Vergutz et al. 2012), which could be due to the high
MAP (3000 mm) in our study area. Similarly, Yasumura
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Fig. 4 Mean (+SD) concen-
tration of amino acids in the
four tree species at the three
sampling times. Asterisks indi-
cate a significant difference in
a given amino acid among the
three times
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et al. (2005) found NRE values of nearly 70% for beech (F.
crenata) in northern Japan. The green leaf N concentration
in beech in our study was similar to that found by Tateno and
Takeda (2010) for beech in Japan (20.7 mg g™ ).

The green leaf N concentration for larch was not signifi-
cantly different from that of beech, but N resorption took
place over a shorter period than for beech, mainly from
October to November. NRE* of larch was in the same range
for conifers (Vergutz et al. 2012), while for the evergreen
coniferous cedar, the leaf N concentration decrease was sim-
ilar to that found in larch leaves, but the NRE* was lower. A
reason might be that cedar needles were not separated by age
and were pooled together; however, Kobayashi and Tashiro
(2003) reported values (N content: 16.7 mg g~! for, NRE:
49.1%) for cedar in Japan that were similar to those in our
study. Despite the high differences in the NRE for the three
non-leguminous species, NRP values did not differ signifi-
cantly. Therefore, the combined use of NRE and NRP gives
a better overall understanding of foliar N movement during
the growing season.

Black locust had significantly higher foliar N concentra-
tion than the other tree species throughout the growing sea-
son. The N concentration in black locust of green, pre- and
post-abscission leaves was also high compared to results for
pre- (1.9-2.3%N) and post-abscission (1.1-1.5%N) (Singh
2014, 2015) and the global average for N-fixing deciduous
angiosperms for green (2.4%N) and post-abscission leaf
(1.5%N) (Vergutz et al. 2012). In comparison to the other
non-leguminous tree species, the NRE was lower, which
agrees with previous studies (Lima et al. 2006; Singh 2014).
However, the NRE found in our study was lower than in
previous studies, which could be due to the tropical envi-
ronment of the trees in the other studies. In addition, the
same species has a lower potential for N resorption in colder

environment than in warmer ones (Gonzalez-Zurdo et al.
2015; Sun et al. 2016). The establishment of black locust in
this site, with its low NRE, changed the soil N characteristics
by increasing soil fertility in comparison to the other tree
species, as found previously (Chavez-Vergara et al. 2014).

815N values and amino acids
Comparison among tree species

Leaf 8'°N values differed among the four tree species, with
leaf §'°N depleted most in beech, and enriched most in larch.
The significant enrichment in larch, compared to the other
non-leguminous tree species, may originate from the pref-
erential type of N uptake from the soil, which is generally
enriched in ammonium compared to nitrate. In this study,
the main form of inorganic N is ammonium (Seidel et al.
2017), which is also the preferred N type for larch (Malagoli
et al. 2000). Another influence on the 8'°N value in the
leaves could be mycorrhizal associations of the tree species;
plants associated with ectomycorrhizal fungi (ECM) such
as beech and larch have depleted 8'°N compared to those
with arbuscular mycorrhizal fungi (AM) (Michelsen et al.
1996; Schmidt and Stewart 2003) such as cedar. However,
larch leaves were in general substantially more enriched in
8'N compared to the other two species, which could indi-
cate a lower reliance on ECM during N uptake (Hayashi
et al. 2018). Differences in leaf 5'°N among tree species
could also be due to differences in rooting depth, although
beech and larch are characterized by shallower rooting, or
physiological factors such as different leaf-out dates, which
might give one species access to a different N pool, but
that seems unlikely. Therefore, the enriched 8N values
for larch seemed to be due mainly to preferential uptake of
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ammonium and physiological differences in transport, and
assimilation of N between these species (Pardo et al. 2006,
2013), because leaf 5!°N values in the present study agree
with values found in larch forests of Mongolia (Hayashi
et al. 2018). Leaf 8"°N in black locust and cedar were simi-
lar to tree-ring 8'°N values of black locust (close to atmos-
pheric 8'>N =0) and black pine in coastal areas (ranging
from —2.0 to —4.0%o) of the Shonai Region (Lopez et al.
2014), respectively.

8N during the growing season

The non-N-fixing tree species showed a decreasing trend in
8'°N during the growing season, but except for beech, there
were no significant differences during N mobilization from
senescent leaves to storage organs, despite significant leaf N
resorption before leaf abscission in all of the tree species. In
previous studies, no fractionation of 8'°N was found during
resorption for various deciduous species (Kolb and Evans
2002; Templer et al. 2007), although these studies did not
disprove that this result might be species dependent. Pardo
et al. (2013) also found no significant difference between
leaf 8'°N during the growing season and fresh litter 5'°N,
while Handley et al. (1999) and Nisholm (1994) reported
variation in foliar 8'°N during the growing season.

In the two early periods, the highest percentage of N was
lost in beech, with N fractionation from the green to the pre-
abscission leaf 8'°N, but not from the pre- to the post-abscis-
sion leaves. In Scots pine, Ndasholm (1994) also found a sig-
nificant enrichment from green needle to senescent needle,
which he hypothesized was due to ammonia volatilization
during senescence. This possibility seems unlikely in the
present study because leaf §'°N decreased from green leaf
to pre-abscission, and not during the main period of senes-
cence. Adriaenssens et al. (2012) found for beech the highest
uptake of N via the air (8N =0%0) in August, which could
contribute to an enriched leaf 8'°N values compared to the
following months.

For our study, asparagine was the amino acid that
increased most from green to pre-abscission leaves in beech
(140 times), and thus may have contributed to the lower
isotopic values in pre-abscised leaves because it has less
8!°N compared to other primary amino acids (Gauthier
et al. 2013). Gauthier et al. (2013) found for rapeseed leaves
that the free amino acids exhibited high fractionation dur-
ing enzymatic reactions in primary N metabolism. Thus,
the N isotope fractionation in beech leaves could be the
result of one or more of the above mentioned processes
because N uptake from the air via leaf assimilation during
the green leaf period enriched N in the leaves (Adriaenssens
et al. 2012), while the increase in asparagine via protein
hydrolysis depleted N in pre-abscission leaves. Resorption,
for deciduous species, is mainly in the form of amino acids

@ Springer

(Babst and Coleman 2018), when no significant N isotope
discrimination was found.

Conclusions

In this study, the NRE and NRP values for beech, larch and
cedar were in a similar range compared to values in previous
regional studies and to worldwide averages, while for black
locust the NRE was substantially lower than previously
found in leguminous species. N isotope fractionation was
only found during leaf N resorption of beech trees, but only
from the green leaf to the pre-abscission period, inferring
that it is not due to leaf N resorption but instead is the result
of internal N metabolic processes. However, these processes
did not induce significant N fractionation in the other spe-
cies, probably due to variations in the type and amount of
free amino acids or the amount of N that is transported as
proteins, although this possibility needs further study.
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