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Abstract

Background and Objectives: Nitrogen (N) and phosphorous (P) are driving elements in
ecosystem development as they are important plant nutrients playing an essential part in
the photosynthetic apparatus determining and limiting plant growth. N and P cycles are
linked in the soil, where microorganisms and plants produce enzymes mineralizing
organically bound nutrients. Species are competing for these resources and developed
different mechanisms to uptake, store and recycle N and P to promote survival at different
phenological stages. In general, before leaf senescence, N and P are reabsorbed from leaves
and stored in the tree woody tissues with soil uptaken N and P during winter. After
reabsorption is concluded, leaves will be abscised and litter quality will influence soil N and P
composition. In spring, stored N and P are remobilized to support shoot growth. Yet, there is
a need for quantifying the extent of N and P reabsorption and the contribution to whole-tree
storage of each plant tissue as it is species dependent. To meet plant demand for N and P,
many tree species formed a symbiosis with soil fungi that pass nutrients on to the host
plants with ectomycorrhizal fungi playing a key role. However, for many tree species the
fungal communities have not been identified. Analysing the effect of fungi on the host tree
species and the movement of nutrients within hosts’ plant tissues would provide insights
into the mechanisms controlling plant nutrient cycling. The most common approach to study
N cycling is through stable isotope analysis (6*°N). However, the actual transport of N
remains a black box. By quantifying free amino acids content, we are able to open this box
and identify the compounds transporting N. Unfortunately, tracking movement of P is more
elaborate, as P is transported by proteins and only occurs in one stable isotopic composition
in nature. Measuring P content instead of proteins would be more economical and may shed
light on the P cycling of tree species. A detailed species dependent understanding of soil
nutritional status, fungal community composition, nutrient uptake with the help of soil fungi,
reabsorption, storage and remobilization along all phenological in major plant tissues at
whole-tree level is necessary to improve our understanding of N and P cycling in adult trees
in order to improve forest management practices.

Materials and Methods: We measured total and available N and P content, N isotope ratio
and amino acids content in fine roots, coarse roots, sapwood, leaves and litter and analysed
soil fungi community composition in four tree species typical of the cold-temperate forest

zone in Japan: Cryptomeria japonica (n=9), Larix kaempferi (n=8), Fagus crenata (n=9) and



Robinia pseudoacacia (n=5). Plant tissues were sampled in four phenological stages (shoot
growth, green leaf, pre- and post-abscission stage) and values upscaled to whole-tree level.
Results: All tree species resorbed N and P in significant amounts from leaves. N was mainly
stored in coarse roots during the pre-abscission stage and during the post-abscission stage in
lower amounts in sapwood. P was stored in significant amounts in sapwood of Robinia
pseudoacacia during the post-abscission period while all other species P was stored in
insignificant amounts in coarse roots and/or sapwood. Growth of all plants was limited by N.
Cryptomeria japonica seemed followed a nutrient conserving strategy as revealed by its N
and P resorption and storage, making it more tolerant towards nutrient availability changes
than the other species. Additionally to coarse roots and sapwood, N was stored in remaining
leaves during the post-abscission stage, with younger leaves having a significantly higher N
content than older leaves. Changes in isotopic composition of remaining winter leaves
exposed that soil uptaken N was stored during winter in all plant tissues. In addition, free
amino acids movement could explain internal N movement. In contrast, P seemed to be
stored exclusively in roots and sapwood, as P was reabsorbed from abscised and remaining
living leaves. The fungal communities of these plots where characterized by a divers fungal
community with an absence of ectomycorrhizal fungi. 51 % of the fungal taxa remained
unknown stressing the need for studies focusing on soil fungal identification to improve our

understanding of this tree species nutrient cycling.

Larix kaempferi was the least N and P demanding tree species and highly N and P efficient.
The movement of N could not be traced by 6°N, as no fractionation was found, while free
amino acids proved to be valuable to unveil N transport compounds. This species was more
efficient in recycling P than N and significant amounts of soil P were uptaken during times of
P storage. This species was associated with a divers fungal community and an abundance of

ectomycorrhizal fungi supporting the tree species nutrient uptake.

Fagus crenata had high N and P contents in plant tissues, which where most efficiently
recycled. This species was rather N than P efficient as leaves N : P ratio to shifted from N to P
limited conditions during time of leaf abscission. We found three phases of N storage
revealed by 8'°N fractionation during leaf senescence: (1) reabsorption of leaf 1°N-depleted
N to coarse roots, followed by (2) reabsorption of leaf 1>N-enriched N to sapwood and (3)

soil °N-depleted N uptake stored in coarse roots. Further, changes in free amino acids



partially explained 6°N fractionation in plant tissues. This tree species showed the lowest
fungal species richness and diversity as well as a high reliance on ectomycorrhizal fungi
suggesting a high specialization making this tree species more vulnerable to environmental
changes.

Leguminous Robinia pseudoacacia was independent from soil N uptake and richer in N and P
in all plant tissues with the lowest N and P reabsorption efficiency and proficiency displaying
a nutrient exploitative strategy. Nevertheless, this species was N limited during the shoot
growth stage shifting gradually towards N and P co-limitation during the green leaf and pre-
abscission stage. The N : P ratio of litter demonstrated the dependence of this species on
conserving P rather than N. Leaf reabsorbed P exceeded the storage capability of roots and
sapwood, thus other plant tissues must act as an additional P storage. This tree species

fungal community was very homogeneous with a high abundance of saprotrophs.

Conclusions: This study revealed new insights into the nutrient cycling of four tree species
and proved that a combination of measurements of N, P, §'°N, and free amino acids on
whole-tree level along four phenological stages with fungal community analysis is a valuable
approach to improve our understanding of each tree species nutrient cycling. By linking the
movement of free amino acids with N stable isotope measurements, we might have found a
powerful tool to track intra-plant N movement and transformation more reliably in trees
species that show significant variation in isotopic composition in plant tissues among the
phenological stages. The most beneficial timing of fertilization to promote tree growth and
thus C fixation from the atmosphere could be inferred from the data and was species and
nutrient dependent. Based on these results we recommend the planting of Cryptomeria
japonica in order to reduce atmospheric C as Cryptomeria japonica seemed to bind C more
efficiently in forest soils than any other tree species. Robinia pseudoacacia showed similar C
sequestration capabilities as Cryptomeria japonica, but as it is an invasive species and
reduces biodiversity considerably, we do not recommend planting it. Additionally,
Cryptomeria japonica seemed to be the most promising tree species to cope with changes in
nutrient supply caused by anthropogenic influences and global change. The next steps are to
identify the large number of unknown fungal species found in this study, especially for
Cryptomeria japonica and further, analysing interactions between mycorrhizal fungi
community structure with host plants internal nutrient status, in order to shed light on this

symbiosis.



Chapter 1
General Introduction

Forests are the dominant terrestrial ecosystem and cover one third of its surface, having the
strongest influence on the global climate, after oceans ( ). They
are highly biodiverse and complex systems where soil, plants and atmosphere are in
constant exchange of nutrients creating the most productive terrestrial ecosystem (

). Forests provide diverse ecosystem goods and services that are
valued highly around the world. There is a long history of managing forests to create an
ecosystem, which can serve our demands more efficiently (

), e.g., the provision of wood products for heating and construction or the protection
from hydrogeomorphic hazards (e.g. snow avalanches, rockfall, landslides). However, these
ecosystems are very sensitive to changes in nitrogen (N) supply (

) and in times of global warming, they may undergo changes due to possibly
increasing atmospheric N deposition (

). Thus, foresters try i.a., to keep forests ecosystems intact and additionally
promote tree growth to increase wood production. With the arising challenges of global
warming, forests were discovered to provide another valuable ecosystem service: They are
highly efficient carbon (C) sinks ( ) as they absorb more carbon
than they do release, stored in soil and plants (called carbon sequestration). The C-stock in
the world’s forests is estimated to be 44% bound in the forest soil, 42% in the living biomass,
8% in deadwood and 5% in litter accounting in total for 861 Pentagrams of carbon with a net
increase of 1.1 Pg C each year ( ). Sustainable management practices would
keep forests growing at a higher rate over a potentially longer period, thus providing net C
sequestration benefits in comparison to unmanaged forests ( ). Thus,
increased tree growth is desired even more, as more carbon can be bound in tree tissues,
forest floor and soil. However, increased growth is only possible if sufficient nutrients are
available in the soil, either naturally or artificially supplied with fertilizers. As nutrients are
naturally limited, uptake, reabsorption and efficient utilization of these are crucial for the

survival of the species ( ).

N and phosphorous (P) are among the most important plant nutrients and are driving

elements in ecosystem development (



). N and P play an essential part in the
photosynthetic apparatus determining and limiting plant growth. N is part of all living cells
and indispensable for the synthesis of proteins and enzymes, supporting plant seed and fruit
production ( ).
Phosphorous is involved in the formation of sugars, starches and oils making the tree more

resilient to stress, increasing root growth and blooming ( ).

N and P cycles are linked in the soil, where microorganisms and plants produce enzymes
mineralizing organically bound nutrients ( ). When
the nutrient supply of N or P in the soil is low, enzymes are triggered mineralizing nutrients
that subsequently become plant available. However, when nutrient supply is high, thse
enzymes are suppressed and mineralization of P ceases while mineralization of N may
continue. These linked processes will limit the uptake of N and P by trees thus determining
their plant tissue N and P content and subsequently during the leaf abscission stage, the leaf
reabsorption efficiency and proficiency. Furthermore, with the leaf N to P ratio, we can
accurately predict whether an ecosystem is N or P limited (

). As species are competing for these resources, they have
developed different mechanisms to uptake, store and recycle N and P to promote their

survival.

In general, before leaf senescence, N and P is reabsorbed from leaves and stored in the tree
woody tissues with N and P uptaken from soil. This is of great adaptive significance, as these
nutrients are directly available, making the trees less dependent on current nutrient
availability (

). After reabsorption concluded, leaves will be abscised and
litter quality will in turn influence soil N and P composition ( ). In
spring, stored N and P is remobilized from storage tissues to support shoot growth (

). Yet, there is a need for quantifying the extent of N and P
reabsorption and the contribution to whole-tree storage of each plant tissue as it is species

dependent and unknown for even major plant species ( ).

However, to meet the plant demand for N and P and allow them to store “excess” N and P,
many tree species formed a symbiosis between their roots and soil fungi. These fungi called

mycorrhiza accumulate N and P, which they pass on to the host plants, while receiving



carbon in return (

). These fungi built a forest wide network between plants (“wood wide web”)
exchanging nutrients, water and other compounds ( ).
Different tree species are associated with different types of mycorrhiza helping them e.g. to
support growth in younger or sick trees by providing nutrients to the same species (

). However, for many tree species the mycorrhizal communities have not been

identified, especially in Japan (

Tracing the uptake of nutrients from the soil through mycorrhiza and the movement of
nutrients within plant tissues would provide insights into the mechanisms controlling plant
nutrient cycling. One way of tracing this movement is following the compounds transporting
them: A major form of plant internal N transport is with free amino acids, which are moving
with plant water from roots to leaves and back ( ). However, only
few studies have focused on free amino acids content in adult trees and even fewer on
temporal changes in plant tissues ( ). Further, these mobile compounds can
transform e.g. by synthesis to proteins and thus, using only free amino acids to track N is

inconclusive as these transformations are not detected (

These N transformations can be unveiled by stable isotope analysis ( ). N
has naturally two stable isotopes: *N and *°N. The ratio of these indicates N quality and is
called 8*°N. With this tool, we can determine the N source of plants as well as draw
conclusions about intra-plant N transformation and translocation processes, as many

processes discriminate against either N or N (

). N isotopic discrimination in trees is not fully understood since species composition
as well as biotic and abiotic factors influence physiological processes transforming N within a
forest ecosystem ( ). However, by linking the movement of
free amino acids with N stable isotope measurements, we might find a powerful tool to track
N movement and transformation more reliably. Unfortunately, the application of stable
isotope analysis is unsuitable for tracking movement of P, as there is only one stable P

isotope. There is the possibility to use an instable radioactive form of P to get insights into P



cycling but this method is highly restricted and forbidden in many countries due to human

health risks ( ).

A systematic understanding of the N and P cycling of tree species would enable us to
improve forest management practices towards increased growth and C sequestration.
Nevertheless, N and P cycling patterns are species depended ( ) making
sampling and analysis of each species time consuming and costly. Therefore, to allow
assumptions about overlooked tree species, measurements of species belonging to different
functional groups would be advisable: (1) evergreen trees seem to reabsorb N and P from
shedding leaves rather to remaining leaves than to stem or roots. Additionally, leaf age
influences storage and reabsorption capability (

). Then again, (2) deciduous trees have to resorb nutrients
from all leaves and store them in the woody tissues as all leaves will be abscised (

). Lastly, (3) leguminous species can fix N from the

atmosphere, thus N is always available and they may rely less on leaf N reabsorption making

effective P reabsorption more significant ( ).

In conclusion, a detailed species dependent understanding of nutrient uptake with the help
of fungal communities, nutrient reabsorption, storage and remobilization along different
phenological stages in major plant tissues and soil is necessary to improve our understanding
of N and P cycling in adult trees. This will enable us to adjust forest management techniques
to improve their ecosystem services by promotion of forest ecosystem survival, tree growth

and C fixation from the atmosphere in a world of climate change.

The aim of this work was therefore to investigate the differences in N and P cycling at four
phenological stages of four typical tree species found in north eastern Japan representative

for all three functional groups:

(1) Evergreen coniferous Japanese cedar (Cryptomeria japonica, D. Don) representing the
most commercially important tree species in Japan ( ). (2) Deciduous coniferous
Japanese larch (Larix kaempferi, Sarg.), representative of Larix species making up more than
one-third of the Eurasian boreal forest ( ) and deciduous broad-leaved
Japanese beech (Fagus crenata, Blume) being the most common and widely distributed
deciduous broad-leaved tree species in Japan ( ).

Finally, (3) leguminous broad-leaved black locust (Robinia pseudoacacia, L.) which is a



nitrogen fixing invasive species and the second most abundant deciduous tree species in the

world ( ).
The objectives were:
(1) to quantify seasonal N and P partitioning and cycling on whole-tree level,
(2) to trace the source and sink of N intra-plant mobilization by means of §'°N at
whole-plant level,
(3) to find a relationship between free amino acids movement and plant tissues
seasonal N isotopic composition and lastly,
(4) to identify the mycorrhizal communities and evaluate their effect on the

selected species and soils.



Chapter 2

Seasonal nitrogen partitioning in Japanese cedar (Cryptomeria japonica, D. Don) tissues

Felix Seidel!, M. Larry Lopez C., Akira Oikawa?, Toshiro Yamanaka?
IFaculty of Agriculture, Yamagata University, Tsuruoka, Japan

2Tokyo University of Marine Science and Technology, Tokyo, Japan

Abstract

Background and Objectives: Nitrogen withdrawal from senescing leaves in evergreen trees is
assumed to be stored mainly in the remaining leaves at the end of the growing season.
However, there is evidence that roots as well as stem tissues play a significant role in
nitrogen and other nutrients storage. Therefore, the objective of this study is to clarify the
seasonal nitrogen cycle in Japanese cedar trees in order to elucidate its N storage strategy.

Materials and Methods: N content, isotope ratio and amino acids content were measured in
coarse roots, sapwood, leaves (separated by age), litter and buds along the growing season.

Results: Nitrogen content increased from the shoot growth to the post-abscission period
with younger leaves storing more N than older ones. N from senescent leaves was
reabsorbed to roots in October and to sapwood and the remaining leaves in November
accounting for only 5% of whole-tree stored N. No temporal N isotopic fractionation was
observed in plant tissues except for leaf enrichment during storage. The variation of amino
acids in leaf tissues explained internal N transport.

Conclusions: Japanese cedar trees reabsorbed leaf N and soil N in the pre-abscission period
and stored most N in roots (54%) and sapwood (20%) followed by leaves (18%) and branches
(8%), respectively.

Keywords: Amino acids, Leaf age, Nitrogen recycling, Nitrogen storage, Stable isotopes,
Whole-tree N



1 Introduction

Nitrogen (N) is a key element in every ecosystem controlling plant growth and productivity
( ). Plant demand for nutrients is generally met
through the uptake by roots and remobilization from storage tissues after translocation of
nutrients from senescing leaves promoting resilience and survival (

). Nitrogen recycling
controls new shoot growth after winter as well as litter quality and thus indirectly soil
chemical composition (e.g.

).
The most common method to study natural abundance of N transformation and cycling is
through stable isotope analysis (
) in plant tissues and/or in soil to trace N movements within

the soil-plant interface (e.g.

). Isotopic fractionation provides information about and is influenced by the N source,
physiological transformations in the plant (
), rooting depth and mycorrhizal associations (
). There are multiple physical, chemical and biological
processes varying widely among species that discriminate against either **N or *°N during

uptake (e.g. mycorrhiza), transport and/or storage of nitrogen in plant tissues (

Mixing of N pools, temporal variation in N content and N source utilization complicates the
interpretation of N isotope values (

). Thus, N isotope discrimination in trees is
still not fully understood since species composition as well as biotic and abiotic factors
influence physiological processes transforming N within a forest ecosystem (

).
In general, ecosystems are very sensitive to changes in N supply (
) and the increasing anthropogenic N deposition is an additional factor possibly
leading to N saturated forest ecosystems as it has been already observed in Europe and

America ( ), as well as in Asia (

10



). Although, recent studies
showed that the N input might have stabilized ( ) or
even decreased ( ).

Based on these considerations, it is necessary to understand the efficient use of N by forest
ecosystems and what will their response be when they are subjected to alterations in the N
cycle ( ).

The biggest fraction of leaf N is bound in the form of photosynthetic active proteins followed
by other major N pools like cell walls ( ), free amino
acids and other N-based compounds ( ). The proportions of N stored
in free amino acids vary depending on needle age with older leaves containing fewer amino
acids ( ). At the end of the photosynthetic active phase, shortly before
senescence, N is released via protein hydrolysis and reabsorbed to storage tissues (

). This leads to an increase in certain amino acids, which
are then stored in other plant tissues ( ) and remobilised in the next
spring for protein synthesis and future growth (

). Thus, the intra-movement of free amino acids in trees can possibly influence
8'°N due to their abundance in N or *N. It has been shown that amino acids have different
8%5N values that were measured in different organisms to reveal food-web structures where
particularly glutamic acid and phenylalanine have been proven most useful (

). ( ) revealed a relationship between intra-plant N movement in
the form of free amino acids and a change in nitrogen isotopic composition in leaves of
several tree species, while ( ) showed the same relationship in leaves, stem
and roots along the growing season ( ).

There have been numerous studies on N cycling in controlled environments in particular with
seedlings of deciduous species. In agreement with and

it is necessary to verify laboratory findings with in situ studies of adult trees. In
evergreen trees, it is commonly accepted that the N reabsorbed from senescing leaves is
stored in the remaining leaves giving them a dual role as a photosynthetic and N storage
organ, minimizing the function of roots and stem in nutrient storage (

). The fractionation
of 8 °N of N moving from a source to a sink tissue determines their level of **N enrichment

and provides information of where and when N is being stored because of its enrichment in

11



one of the storage tissue. Many studies focused on pine N cycling (e.g.

) showed that reabsorbed N from
senescing leaves was stored in younger needles and translocated to emerging ones in the
next year ( ). Older leaves of Picea abies were enriched in
15N in comparison to younger leaves suggesting that there is discrimination with catabolic
breakdown and reallocation of N depending on leaf age (

). Fractionation of 8%°N during reabsorption from senescing
leaves did not occur in Quercus rubra and Quercus alba but reallocation in spring seemed to
affect stem and roots’ §*°N ratio ( . However, and

found that evergreen Quercus ilex stored N in the older leaf cohorts
as well as in the stem. Even though these studies did not take storage of N in roots into
account, their findings led to the reassessment of N reabsorption strategies in other
evergreen tree species.
In Japan, the most commercially important tree species is Japanese cedar (Cryptomeria
japonica D. Don). These plantations cover an area of about 4.5 million hectares ( )
and a change in N availability is expected to affect their productivity ( ).
Japanese cedars root system, soil respiration and leaf N content have been studied in detail
(

) but only little is known about the N storage capability of leaves, stem
and roots, N composition and isotopic fractionation. We hypothesised that N concentration
in roots, stem and remaining leaves increases as they store reabsorbed N from abscising
leaves or from root uptake and this increase is reflected in changes in §*°N and amino acids
in each of the plant tissues involved, especially under the premise that changes in amino
acids concentration directly influence 8§%°N values. Therefore, the objectives of this study are
(1) to assess the role that roots and stem play in N storage; (2) to assess N reabsorption in
different leaf age groups; (3) to trace the movement of N and its transformation during

storage and reallocation.
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2 Materials and Methods

2.1 Study site
The study site is located at the Yamagata University Research Forest (N38° 32', E139° 51'; 265
m a.s.l.) in north-eastern Japan along the Japanese Sea side in Yamagata Prefecture with
humid climate with an annual mean temperature of 9.7°C (Fig. 1). This area is dominated by
heavy precipitation (3000 mm/a) with June being the driest month (90 mm) and December
being the wettest (600 mm). Approximately 50% of the total precipitation falls as snow
resulting in an average annual snow depth of about 3 m. The forest is characterized by sharp-
sloped mountains with mean slope angles of 20° to 44° in our plots. The plots
(100 m x 100 m) are located in three 50-year old plantations composed of exclusively
Japanese cedar. The understory vegetation consists exclusively of broad-leaf bamboo (Sasa
veitchii). The sites are between 300 m and 400 m a.s.l., distributed within a distance of
approximately 3 km, and chosen by stand age, accessibility throughout the year and prior soil
samplings to ensure comparability of the sites in terms of soil type and nutrient status. Soil
profile and texture analysis indicated that in all three sites, the soils are brown forest soils
(Cambisol) developed over granite with an average depth of 80 cm and a sandy-loamy (two

sites) or silty-loamy texture (one site).

Altitude: 265 m a.s.l. Ta: 9.7 Precipitation: 3064 mm
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Figure 1: Meteorological conditions at the Yamagata University Research Forest. Dashed lines
indicate sampling times: SG = shoot growth period, GL = green leaf period, PrA = pre-abscission

period, PA = post-abscission period.
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2.2 Sample collection and treatment
In 2017, three representative trees in three different slopes were sampled making a total of
nine sampled trees (Table 1). Coarse roots (> 2 mm), sapwood and leaf samples were taken
on May 18 (shoot growth period), August 1 (green leaf period), October 19 (pre-abscission
period), and November 29 (post-abscission period). Coarse roots of single trees were dug
out, identified and cut from the trunk up to a depth of 30 cm. Three samples surrounding
each tree were taken and pooled. Sapwood was sampled by using an increment borer (10
mm). Assuming that there was no variation in N content, heartwood was not sampled

throughout the growing season (

Seasonal climate variability produces phenological changes in Cryptomeria japonica leaves,
which is formed by a set of 0 to 3 years old leaves growing in leaf cohorts, with the 0 years
ones belonging to the present year. Leaf samples were taken from the lower and middle
canopy from different leaf cohorts and separated by leaf age groups (0-year old, 1-year old,
2-year old and 3-year old). Leaf samples could not be obtained from the top due to
restrictions in reach. During leaf senescence, leaf cohorts consisting of leaves of all age
classes (0- to 3-year old leaves) change in colour from green to brown. Samples of these
brown (to-be-abscised) leaf cohorts still attached to the tree, were taken on October 19, as
they would eventually fall as litter later. On November 2, fresh litter samples were taken from
litter traps (size: 1 m?), which were set on May 15, 2017. Most of the litter fell in November.

Finally, bud samples were taken on February 20, 2018.

Table 1: Characteristics of sampled Cryptomeria japonica D. Don.

Site Coordinates m a.s.l. Tree DBH Height Age
A 41.3 21.1 54

N38° 32.987'
Sl Eizeesigor 2P B 39.9 27.7 54
C 44.6 225 54
A 32.2 229 47

N38° 33.702'
S2  E139°50965 o0 B 44.5 27.3 47
C 38.4 25.7 47
A 423 21.4 47

N38° 33.645'
S3  E139°50885 3% B 30.6 213 47
C 34.8 17.8 47

DBH= diameter at breast height
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All samples were transported in plastic bags and directly oven dried in the laboratory. Coarse
roots, leaves and litter were dried at 70°C, sapwood samples at 40°C for at least 48 hrs until
they were completely dry following ( ), ( ) and
( ). Subsequently, they were ground and stored in a dark and cool place

until analysis.
In August 2018, whole-tree harvest of three Japanese cedar trees was conducted to
destructively collect biomass data of leaves, branches and sapwood. Before cutting the trees,
branches were cut off to reduce needle loss through the falling stem. Three branches of four
typical sizes (short, medium, long and very long from 120-150 cm, 150-160 cm, 200-230 cm
and 300-360 cm, respectively) were selected and leaves removed and separated by age.
Branches and leaves were dried at 50°C before weighing to estimate whole-tree branch and
leaf (separated by years) weight. Every two meters a tree disc was cut from stems and dried
at 50°C. They were separated into heart- and sapwood sections and based on the disks
characteristics the volume and weight of the sapwood was calculated for all trees.
Soil samples were collected on August 24, 2017. Soil horizons were identified and
characterized by colour, grain size and substrate to classify soil features (

) in open soil pits. For soil identification and basic soil properties, samples were
taken via diagnostic horizons, while samples for nitrogen analysis were taken via increment
from 0-5 cm, 5-15 cm and 15-30 cm from three increment pits surrounding each tree. They

were air-dried, sieved (< 2 mm), powdered and stored until analysis.

2.3 Analytical methods
2.3.1 Soil analysis
Soil texture was measured with a laser diffraction particle size analyzer (Coulter LS200 with
an attached Fluid Module, Beckman Coulter GmbH, Germany), after treating the samples
with H20; and NasP;05. The analyses were triplicated. The pH was determined
potentiometrically in a 1:2.5 soil:water suspension. The carbon (C) and N contents were
analysed by dry combustion using the SUMIGRAPH NC-220F automatic high sensitive NC

analyzer SCAS (Japan). The results were expressed on a dry-weight (105 °C) basis.

Total soluble N (TNb) was extracted from the soil samples by shaking them with 50 ml of 1M
KCI. The supernatant was centrifuged, filtered (0.45 um), stored in a refrigerator and

analysed with a TOC/TNb analyser (vario TOC cube, elementar, Germany) for TNb
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determination. Ammonium content was determined using the method of Crooke et al. [28],
whereas nitrate content was determined by using the method of Mulvaney [29] modified by
Miranda et al. [30]. The colorimetric determination of ammonium and nitrate content was

conducted with a U-2000 Spectrophotometer (Hitachi, Japan).

2.3.2 Total Nitrogen and §°N Isotope analysis
For the determination of total N content and 8'°N in plant tissues, a Thermo Quest EA1110
Elemental Analyzer (Italy) which was connected to an IsoPrime (GV Instruments, UK) was used.
The isotopic compositions of samples were expressed relative to atmospheric N2 (6*°N = 0%o)
on scales normalized to the known 8N values of laboratory working standards for glycine
(6%°N = -0.3), which was normalized to L-glutamic acid distributed as USGS-40 (6*°N = -0.2%o)
by Sl Science Inc., Japan. Additionally a tertiary reference material was used, namely the in-
house laboratory standard acetanilide (-0.89%o0). The three working standards were analysed
after every eight to ten samples during CF-IRMS runs to assess the replicability of the isotope
measurements and normalization. One pulse of pure N; reference gas from a tank reservoir
(6N = -2.5%0) was discharged into the IRMS at the beginning of each chromatogram for both
standards and samples. The accuracy obtained for standards and samples during the overall

analytical procedure was better than +0.2%e..

The results of §'°N were expressed as %o deviation, relative to atmospheric N2 (6°N= 0 %s.):

815N _ < (15N/14N)sample _ 1)
(15N/14N)standard

2.3.3 Amino acid analysis
Dried plant samples were weighed and extracted with methanol and prepared by
liquid/liquid extraction and ultracentrifugation. Nineteen amino acids (Ala, Arg, Asn, Asp,
Glu, GIn, Gly, His, lle, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val) were quantified by
capillary electrophoresis mass spectrometry (CE-MS). The detail conditions of sample

extraction, preparation, and CE-MS analysis followed ( ).
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2.3.4 Whole-tree N calculations
With the data of the whole-tree sampling, total N content for sapwood, branches and leaves
separated by age during the green leaf period was calculated.
For estimation of the root weight an allometric equation for Japanese cedar ( )
was used:

W = aD?HC®

Where W is the biomass of roots (g), a, b and c are constants obtained from simple
regression analysis (30.248, 1.352 and 1.097, respectively), D is the diameter at breast height
(cm) and H is the height (m) of the tree.
Further, estimated weights of whole stem and branches were verified with the equations
used by ( ). This equation shows values for the green leaf period. Therefore, in
order to estimate leaf weight in the shoot growth period, the fresh year (0-year) leaf weight
was subtracted from the total leaf weight of the green leaf period. For the pre-abscission
period, the leaf weight of the green leaf period was used because we assumed that there
was no significant change in leaf biomass during these two periods. However, for the N
content calculation we separated the biomass into living leaf tissues and brown to-be-
abscised leaf tissues to account for the differences in N content. The weight of the brown
leaves was assumed equal to litter weight measured in the post-abscission period. For the
post-abscission period, the litter weight was subtracted from the green leaf weight (Table 2).
For sapwood and roots, no adjustments were done since change in weight would be
negligible within one year.
Litter loss of the whole tree [kg] was estimated by upscaling the values obtained from litter
traps (1 m?) with the canopy projected area [m?]. Canopy projected area was calculated by
measuring the canopy base in four directions for each tree.
We assumed that in the post-abscission period all N is found in the respective storage tissues
(roots, sapwood, and leaves) and relocated during green leaf period to growing tissues. Thus,

the whole-tree nitrogen storage was calculated as follows:

NStorage = WNpost — Ngreen

Where Nsiorage is the amount of N stored in a certain tissue, Nyost is the N content during the

post-abscission period and Ngreen is the N content during green leaf period. This value was
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calculated for all plant tissues as relative amounts (g N kg?) and as whole-tree absolute N

storage (g N).

Table 2: Seasonal change in tissue weight [kg] of Cryptomeria japonica D. Don (n=3) with *

denoting SD.
Tissue Shoot growth period Green leaf period Pre-abscission period Post-abscission period

coarse roots 128 +17° 128 +17° 128 +17° 128 +17°
sapwood 321 +68° 321+ 68" 321 + 68° 321 +68°
branches 120 + 32° 120 + 322 120 + 32° 120 + 32°

living leaves 58 + 8° 102 + 152 95+1° 95+1°

to-be abscised leaves - - 6+ 1¢ -
litter - - - 6+1°

a = Measured with destructive whole-tree harvest.
b = Calculated with allometric equations from Lim et al. (2013).
¢ = Estimated. A significant change in coarse roots, sapwood and branch weight was not expected within one growing
season. Shoot growth period leaf weight equaled green leaf period leaf weight minus 0-year old leaves weight. From pre-
and post-abscission period leaf weight the weight of to-be-abscised leaves and litter was substracted, respectively.
d= To-be-abscised leaves weight was assumed to equal litter weight.

Nitrogen reabsorption efficiency (NRE) was calculated as:

mass of N in senesced leaves

NRE = (1 — - > x 100
mass of N in greeen leaves

Nitrogen was expressed as nitrogen mass per leaf dry mass (mg g1). Litter, represents the

senesced leaves in November, while green leaf is the matured August leaf.

As litter consists of leaves of all age groups, RE was calculated for 0-year old and 3-year old
leaves. We scaled this value up to whole-tree total reabsorbed leaf N. Further, we calculated
NRE* to account for leaf mass loss during N reabsorption (Factor 0.754 for conifers) following
( ), which could lead to an underestimation of 10% (
)
Finally, nitrogen resorption proficiency (NRP) is used as a more stable indicator of plant

ability to recycle nutrients than NRE. N content per leaf mass in senescing leaves was used as
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NRP ( ). Leaves that reduce N
concentration to a lower level are more proficient in resorbing N. The NRP is expressed in %
dry mass.

NRP = mass of N in senesced leaves

2.4 Statistical analysis
One-way ANOVA was applied to determine the statistical significance of differences in
nitrogen content, 8°N, and amino acids content. If significant differences were found, a post-
hoc multiple comparison was subsequently conducted, using the Tukey-Kramer test at the

significance levels of 0.05 and 0.01.

3 Results

3.1 Total nitrogen content in soil and tissues
Bulk density increased from the Ah horizon (0.5 £ 0.2 g/cm?) to the Bv horizon (0.9 £ 0.1
g/cm3), while total nitrogen, total soluble nitrogen (TNb), ammonium, nitrate and dissolved
organic nitrogen (DON) decreased significantly (P < 0.01) from top to bottom in the soil
profiles (Table 3). Throughout the whole profile, ammonium formed 19 + 16 % of all soluble

N, nitrate 4 + 2 % and DON 76 + 17 %.

Table 3: Soil characteristics with + denoting SD. DON stands for dissolved organic nitrogen.

Depth pH  TotalN TNb Ammonium Nitrate DON _ 3N
eml [ [gNkg'] [ONkg¥l  [gNkg'l  [gNkgl  [gNkg?] (%o)

0-5 42+0555+16 0.39+0.09 0.14+0.01 0.02+<0.001 0.23+0.09 11+3 09=*13

5-15 44+04 28+18 0.21+0.04 0.03 £+<0.01 0.01+<0.001 0.16+0.06 13+2 2912

15-30 44+0.3 1.3+04 0.13+0.02 <0.01+<0.01 0.01+<0.001 0.12 £0.01 14+x2 41+12

From shoot growth to green leaf period coarse roots N content decreased by 50 % (P < 0.01)
from9.8+1.6gNkg'to4.8+1.1gN kg followed by an increase of 33 % (P < 0.05) in the
pre-abscission period (6.3 + 1.5 g N kg'!) and another slight increase (ns) in the post-

abscission period (7.3 + 0.6 g N kg!) (Fig. 2b).
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N content of sapwood decreased by one-third from shoot growth (1.5 + 0.3 g N kg™!) to green
leaf period (1 £ 0.4 g N kg). After the pre-abscission period (1 +0.4gN kg?),a37 %
increase (P < 0.01) of N content (1.37 £ 0.2 g N kg!) was observed (Fig. 2a).
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Figure 2: Seasonal pattern of N content and 6*°N in sapwood (a) and coarse roots (b) of
Cryptomeria japonica D. Don. The error bars denote SD (n=9), values followed by the same

letter are not significantly different (P > 0.05).

The overall leaf N content throughout the growing season was the highest in 0-year leaves
(11.2 +1.7 g N kg'!) and about 25 % lower (P < 0.05) in 3-year old leaves (8.6 +1.1 g N kg)
(Fig. 3a). The differences in N content throughout the growing season (all ages of leaves

bulked) increased (P < 0.01) by 24% from the shoot growth (8.0 + 0.6 g N kg!) to the green
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leaf period (9.9 + 1.2 g N kg'). The leaf N content remained stable through the pre-abscission
period (9.8 + 1.3 g N kg!) to finally increase again (P < 0.01) by 18% in the post-abscission
period (11.6 + 1.2 g N kg'!) in remaining leaves. The N content in brown to-be-abscised leaf
cohorts decreased (P < 0.01) in the pre-abscission period (5.6 + 1.0 g N kg!) as well as in litter
samples (5.7 £ 0.9 g N kg'!), which were made of abscised 3-year old leaves and whole leaf
cohorts in the post-abscission period. Brown to-be-abscised leaves and litter contained 32%
less N (P < 0.01) than remaining 3-year old leaves (8.4 + 1.1 g N kg'!) and 49% less (P < 0.01)
in comparison to remaining O-year leaves (11.6 + 3.1 g N kg!) in the post-abscission period.
The NRE of 3-year old leaves was 34% and 49% in 0-year old leaves (P > 0.01) while NRE* was
51 % and 63 % for 3-year and O-year old leaves respectively. NRP of leaves (bulk) was 0.6 %N

with no difference among leave age.
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Figure 3: Seasonal pattern of N content (a) and 8°N (b) in leaves divided by age from fresh leaf (Year
0) to old leaf (Year 3), litter and buds of Cryptomeria japonica D. Don. Capital letters show significant
differences among periods while lower case letters show significant differences caused by leaf age
within one period. The 8°N values among leaf age did not show any significant difference thus, the
depicted values are a mean of all leaf ages. The error bars denote SD (n=9), values followed by the
same letter are not significantly different (P > 0.05).
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The total increase of leaf N content from the shoot growth to the post-abscission period is
45%. Furthermore, buds produced in February (9.1 £ 2.2 g N kg?) contained similar amounts
of N content compared to 0-year old leaves in the shoot growth period (8.8 + 1.2 g N kg?)

closing the N cycle of one year.

The highest relative N storage was in coarse roots (2.5 + 1 g N kg!) (P > 0.01), followed by
leaves (1.7 +0.5 g N kg?). Sapwood (0.4 + 0.2 g N kg!) and branches (0.4 + 0.2 g N kg!) relative
N storage was low (P > 0.01). Among leaf age groups, the 2-year old leaves stored the highest
proportion (P> 0.01) of leaf N (2.3 + 0.5 g N kg!) followed by 1-year (1.8 + 0.5 g N kg ), O-
year (1.3 £0.5 g N kg'!) and 3-year old leaves (1.2 + 0.5 g N kg'!) (Fig. 4).

Ns!orage [g N kg1 DW]

ad
acd
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Coarse Sapwood Branches O0-yearold 1-yearold 2-yearold 3-year old
roots leaf leaf leaf leaf

Figure 4: Relative N storage of coarse roots, sapwood, branches and leaves (separated by age
group) of Cryptomeria japonica D. Don. The error bars denote SD (n=3), values followed by

the same letter are not significantly different (P > 0.05).

3.2 5'°N Isotope analysis
Soil 6*°N became four-fold heavier (P < 0.01) with increasing depth from 0.9 %o + 1.3 (0-5 cm
increment) to 4.1 %o + 1.2 (15-30 cm increment). Along the season, coarse roots showed no
change in 8°N (-2.0 %o + 0.1) (Table 3 and Fig. 1b & 2b). Similarly, sapwood §*°N showed no
fractionation throughout the seasons (-2.4 %o + 0.3) and was similar to coarse roots (Fig. 2a).
Leaf 8'°N among different age groups did not show any significant difference but within each
age group 8'°N showed temporal variation; the shoot growth (-3.3 %o + 0.1), the green leaf (-
2.8 %o + 0.3) and the pre-abscission period (-3.6 %o + 0.1) as well as the litter (-3.3 %o + 0.8)

had similar values. However, in the post-abscission period a significantly heavier (P < 0.01)
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8N (-2.0 %o *+ 0.2) was found in remaining leaves compared to other sampling periods. The
buds produced in February showed the heaviest (P < 0.01) 6*°N (-1.2 %o *+ 0.1) (Fig. 3b).
Leaf 8'°N was significantly lighter (P < 0.01) than coarse roots and sapwood throughout the

growing period.

3.3 Amino acid analysis in plant tissues
Free amino acids were grouped, as they together represent the mobile amino acids N pool
facilitating a discussion of changes throughout the seasons. However, single amino acids in
certain seasons need to be stressed in comparison to the total N pool because of its
relevance on particular physiological processes as shown by ( ).
Free amino acids content in coarse roots increased two-fold (P < 0.05) from the shoot growth
(0.19 +0.06 g N kg!) to the post-abscission period (0.41 +0.23 g N kg?) (Fig. 5a).
Predominant free amino acids were alanine (Ala), asparagine (Asn), glutamic acid (Glu),
glutamine (GlIn), proline (Pro) and serin (Table 4). Ala, Asn, Glu and GIn contents did not
change from the shoot growth to the pre-abscission period but showed a 3-fold increase (P <
0.05) in the post-abscission period, while no other free amino acid varied significantly over
time.
The amino acids content in sapwood showed a similar pattern. There was a decrease (ns)
from the shoot growth (0.06 + 0.03 g N kg DW) to the green leaf period (0.03 + 0.02 g N kg
1 DW) followed by two fold increase (P < 0.05) of free amino acids in the post-abscission
period (0.07 +0.04 g N kg!) (Fig. 5b). Predominant free amino acids were Ala, Glu, Gln and
Ser. Ala increased significantly (P < 0.05) from the pre-abscission to the post-abscission
period while Glu and GIn decreased by 40 % and 60 % (P < 0.05) from the shoot growth to
the post-abscission period.
Total free amino acids content decreased 3-fold (P < 0.01) for 0-, 1-, and 2-year-old leaves
from the shoot growth (0.78 + 0.14 g N kg!) to the post-abscission period (0.27 + 0.07 g N kg
1) while 3-year old leaves showed a 2-fold decrease (0.56 + 0.26 g N kg* and 0.26 +0.16 g N
kg respectively) (Fig. 5¢). The most abundant free amino acids were Ala (0.13 +0.05 g N kg’
1) and Pro (0.17 £ 0.22 g N kg!). Among all measured periods in all leaves Ala contents did
not vary significantly while Pro decreased by 96 % (P < 0.01) from the shoot growth (0.50 +
0.19 g N kg!) to the post-abscission period (0.02 + 0.01 g N kg™?). The main decrease occurred
between green leaf (0.38 + 0.25 g N kg!) and pre-abscission period (0.03 + 0.01 g N kg™').
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Table 4: Amino acid content in different tissues of Cryptomeria japonica D. Don (n=3) in

[g N kg™]. Only amino acids discussed in the text are displayed. SD is < 0.008.

Tissue Period Ala Asn Glu GIn Pro Ser
shoot growth 0.04 0.03 0.01 0.01 0.03 0.01
Perennial green leaf 0.05 0.01 0.02 0.01 0.01 0.02
roots pre-abscission 007  0.02 002 003 003 002
post abscission 0.13 0.05 0.05 0.03 0.02 0.03
shoot growth 0.03 0.00 0.00 0.00 0.00 0.01
green leaf 0.01 0.00 0.01 0.01 0.00 0.00

Sapwood
pre-abscission 0.02 0.00 0.00 0.00 0.00 0.01
post abscission 0.03 0.00 0.00 0.01 0.00 0.01
shoot growth 0.11 0.01 0.01 0.00 0.64 0.01
O-year-old green leaf 0.12 0.03 0.01 0.00 0.11 0.01
leaf pre-abscission 0.18 0.01 0.01 0.01 0.03 0.01
post abscission 0.09 0.00 0.01 0.00 0.02 0.01
shoot growth 0.13 0.01 0.01 0.00 0.55 0.01
1-year-old green leaf 0.14 0.02 0.01 0.00 0.10 0.01
leaf pre-abscission 017 00l 001 001 003 001
post abscission 0.14 0.00 0.01 0.00 0.02 0.01
shoot growth 0.13 0.01 0.02 0.00 0.46 0.01
2-year-old green leaf 0.13 0.02 0.01 0.00 0.10 0.01
leaf pre-abscission 0.14 0.01 0.01 0.01 0.03 0.00
post abscission 0.10 0.00 0.01 0.00 0.02 0.01
shoot growth 0.11 0.01 0.02 0.00 0.35 0.01
3year-old green leaf 0.10 0.02 0.01 0.00 0.23 0.01
leaf pre-abscission 011 000 003 001 003 001
post abscission 0.12 0.00 0.01 0.00 0.02 0.01
Litter post abscission 0.01 0.00 0.02 0.01 0.01 0.01
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Other free amino acids that were found in very low concentrations also vary over time, e.g.

Glu content was low during the green leaf and high during the pre-abscission period (min.

P <0.05).
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Figure 5: Seasonal pattern of free amino acids content of coarse roots (a) sapwood (b) and
leaves divided by age (c) of Cryptomeria japonica D. Don. The error bars denote SD (n=3

values followed by the same letter are not significantly different (P > 0.05).

In the pre-abscission period only Ala, Phe and tyramine (Tyr) decreased until the post-
abscission period leading to a loss of 25 % in free amino acid content with Ala accounting for
70 % of this decrease, Phe for 25 % and Tyr for 5 %.

3-year old leaves had 25 % lower concentrations of free amino acids (P < 0.05) in comparison
to O-year old leaves. Further, 0- and 1-year-old leaves had a higher seasonal change in
abundance of 5 to 7 different free amino acids (P < 0.01) while in 2- and 3-year-old leaves the
seasonal variation was observed for only 1 to 3 amino acids.

Total free amino acid content was low in litter (P < 0.01) (0.14 + 0.03 g N kg) in comparison
to the remaining leaves.

Buds in February (0.35 + 0.1 g N kg'!) mainly contained Ala (0.10 + 0.03 g N kg™!), Pro (0.06 +
0.03 g N kg!). In comparison to O-year-old leaves, buds have 3 times less Pro (P < 0.01) while

all other free amino acids had similar values as the 0-year old leaves.
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Finally, in the green leaf period, leaves contained twice as much (P < 0.05) free amino acids
(0.41 £0.1 g N kg?) in comparison with coarse roots (0.18 + 0.07 g N kg!) and 14 times (P <
0.01) as much in sapwood (0.03 + 0.02 g N kg™?). In the pre-abscission period, leaves had 1.4
times more (ns) free amino acids (0.37 + 0.05 g N kg!) than coarse roots (0.27 £ 0.1 g N kg?)
and 6 times more (P < 0.01) than sapwood (0.06 + 0.02 g N kg'). In the post-abscission
period, leaves have 65 % less free amino acids (0.27 £ 0.05 g N kg!) than coarse roots (0.41 +
0.24 g N kg') (P <0.05) and 4 times (P < 0.05) more than sapwood (0.07 £ 0.04 g N kg1). In
the shoot growth period, leaves contained the highest amount of free amino acids (0.73

0.13 g N kgl).

3.4 Whole-tree harvest
During the green leaf period, the average root, sapwood, branch and leaves weight for the
three trees was 128 + 17 kg, 321 + 68 kg, 120 £ 32 kg, and 101 £ 15 kg, respectively. In the

pre-abscission period brown to-be-abscised leaves weight was 6.3 £ 1.1 kg (Table 2).

N content of coarse roots halved from shoot growth (1254 + 105 g N) to green leaf period
(609 £ 58 g N) followed by an increase of 33 % (P < 0.05) in the pre-abscission period (807 +
81 g N)and by 52 % (P < 0.01) in comparison to the post-abscission period (929 + 175 g N)
(Fig. 6).
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Figure 6: Seasonal pattern of total N content of coarse roots, sapwood, branches and leaves
of Cryptomeria japonica D. Don. The error bars denote SD (n=3), values followed by the same

letter are not significantly different (P > 0.05).
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N content of sapwood decreased by 32% from shoot growth (475 + 82 g N) to green leaf
period (322 + 70 g N) followed by an increase of 4 % (ns) to the pre-abscission period (335
73 g N) and another by 31 % (P < 0.05) in the post-abscission period (440 + 94 g N).

The separation of leaves by age showed that on average 43 % of all leaves are 0-year old
leaves, 33 % are 1-year-old leaves, 13 % are 2-year-old leaves and 11 % are 3-year-old leaves.
Taking leaf age groups and loss of N with litter into consideration, N content more than
doubles (P < 0.01) from the shoot growth (473 + 65 g N) to the green leaf period (1054 + 155
g N) while it was slightly lower in the pre-abscission period (1012 £ 153 g N) followed by an
increase (ns) in the post-abscission period (1158 + 163 g N). If we do not separate the leaves
by age, we would underestimate total leaf nitrogen content of whole-tree by <5 % (ns).

Whole-tree reabsorbed on average 29 + 5 g N.

Branches N content was not analyzed, since we assumed that branches have a similar N
content as the sapwood ( ). Thus, with data calculated from whole-tree
harvest, we found a decrease (P < 0.05) in branches N content from the shoot growth (178 £
37 g N) to the green leaf period (120 + 33 g N) followed by a slight increase (ns) in N content
in the pre-abscission period (125 + 34 g N) and an increase (P < 0.05) in the post-abscission

period of 32 % (165 £ 45 g N).

Roots stored more than twice (P < 0.01) as much N (320 £ 38 g N) as sapwood (118 + 25 g N)
and leaves (104 + 21 g N), accounting for loss of N with litter. Branches stored significantly

less (P <0.01) N during the post-abscission period (44 + 8 g N ) (Fig. 7).
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Figure 7: Total N storage of coarse roots, sapwood, branches and leaves of Cryptomeria
japonica D. Don. The error bars denote SD (n=3), values followed by the same letter are not

significantly different (P > 0.05).
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Whole-tree stored N was 586 + 63 g N with 54 % stored in roots, 20 % in sapwood, 18 % in

leaves and 8 % in branches.

The total N content of all the measured tissues (roots, sapwood, branches and leaves)
increased (P < 0.05) by 8 % from the green leaf period (2106 £ 33 g N) to the pre-abscission
(2280 * 45 g N) followed by an increase of 18 % (P < 0.05) to the post-abscission period (2691
+100 g N).

In the shoot growth period 20 % of N was in leaves, 20 % in sapwood, 53 % in coarse roots
and 7 % in branches. In the green leaf period, 50 % of N was in leaves, 15 % in sapwood, 29 %
in coarse roots and 6 % in branches. In the pre-abscission period, 43 % of N was in living
leaves and 1 % in brown to-be-abscised leaves. 15 % was in sapwood, 35 % in coarse roots
and 6 % in branches. In the post-abscission period, 43 % of N was found in leaves, 16 % in
sapwood, 35 % in coarse roots and 6 % in branches (Fig. 6). Figure 8 shows a summary of
whole tree N movement in all four periods with N content, isotopic composition and free

amino acids content.

N
0 year-old 8.8 { 0 year-ald
X 4 "

leaves 4 leaves
1 year-old '
leaves 82 {
=t

2 year-old 7.7 {”7

leaves

1 year-old
leaves

2 year-old

leaves

JUBLIBAOW N
USWIAOW N

Jyearold 74 {

3yearold g
leaves

leaves

Shoot growth period Green leaf period

(2ye1dn N |105)
JUSWSAOW N

N &N FAAC
Leaf (bulk) 80 -33 0.73
Ssapwood 15 -26 006

N &N  FAAC
Leaf (bulk} 10.0 -28 041
Sapwood 10 -23 003

{uonezijiqowsas N paiols g axexdn p |1os)
JUBLIBAOLL

Root 9.8 -20 0.9 — Root 48 -21 0.18
N N
0 year-ald 0 year-old
leaves ”‘6{_ eaves 12.9{_

1 year-old
leaves

1.9

JUSLLDACW N
3|qea3en oy

z
[+°]
g 2yearold g3
>
2

leaves leaves

uawsAcW N
”

2 year-old 117 {

= —

=] 3

= =

= .

5 =

g ]

= o

= o S

E - ]

3 year-old 8.5{ 2 3yearod 10,0 [
leaves | '2" = leaves % =
brown to-be-abscised green remaining leaf cohorts 3 é E g
leaf cohort =4 g z
(leaves of all ages) Pre-abscission period 'g* E: Post-abscission period <2
3 Q2

> S

N &°N  FAAC Pl N &°N  FAAC 8

Leaf(bulk) 98 -36 037 s Leaf (bulk} 116 -20 027 &

Leaf (brown) 56 -33  0.15 2 Litter 57 -33 014 2

Sapwood 1.0 25 006 E) Sapwoed 14 -20 007 &

Raot 63 -20 027 g Root 73 20 041 ®

i o

Figure 8: Summary of all measured parameters along the growing season with arrows
indicating the movement of N of Cryptomeria japonica D. Don. N represents the amount of
nitrogen [g N kg], 6*°N the isotopic composition [%o] and FAAC the free amino acid content
[g N kg™].
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4 Discussion

4.1 Soil conditions

The decrease in soil N content and enrichment of 62°N with depth are caused by input of N
via precipitation and litter as well as its decomposition by microorganisms (
). The soil type is

typical of this region and was discussed in more detail by

DON represents a major soluble N pool in our soils followed by
Thus, the trees in our plots
seemed to rely heavily on these sources. During uptake of soil nitrogen by coarse roots, 6°N
fractionation occurred due to mycorrhizal fungi selectively accumulating °N and passing on
rather depleted N to the host plants (
) causing a difference of 5 %o between soil and root

SBN.

4.2 N content, reabsorption, storage & remobilization

Nitrogen content increased for all leave age groups from the shoot growth to the post-
abscission period while N decreased in brown to-be-abscised leaves as well as in fresh litter.
First, focussing on leaves remaining on the tree over winter, the highest N in living leaves was
found in 0-year old leaves and the lowest in 3-year old leaves. This implies that older leaves
relocated N to younger leaves as they aged. These results contradict previous studies (

) showing that coniferous
evergreen trees stored N in older leaves. However, ( ) showed higher N
concentration in Scots pine 0- and 1-year-old leaves in comparison to the 2-year-old leaves.
This is in agreement with our results, concluding that leaf age may be an important factor in
active N storage processes to varying degrees of storage capability. However,
( ) stated that sufficiently dense seasonal samplings have been scarce. In our study, the
percentage of 3-year old leaves formed 11% of the total leaf biomass, which was comparably
small. On whole-tree level, by not taking leaf age into consideration an error of > 5 % occurs,
thus separation of leaf age groups becomes unnecessary for whole-tree studies but remains

important for on leaf level.
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When shifting the focus to the leaf cohorts that changed to a brown colour and thus will be
abscised, we found that reabsorbed leaf N in the pre- and the post-abscission period led to a
significant N decrease in litter. The values for NRE, NRE* and NRP found in this study are
similar to values found by ( ) in a larch stand nearby. As the whole leaf cohort
including part of the branch fell as litter, we assumed that leaf N was reabsorbed to
remaining woody tissues (branch, stem, roots). This was supported by the finding of a
synchrony between N stored in coarse roots and the occurrence of brown to-be-abscised
leaves in the pre-abscission period implying that reabsorbed leaf N contributed to coarse
roots N storage. A similar synchrony was observed between N stored in sapwood and
continuous N reabsorption from senescing leaves before abscission, which was completed in
November. In previous studies (

), N storage in roots and sapwood
of deciduous trees has been described, but not the synchrony. Furthermore, studies on other
evergreen trees focused on the increase of N content in the remaining leaves, after leaf
senescence, because they have been considered as the main storage of N without
accounting for coarse roots and sapwood (

). Further, differences in drying temperatures might cause a difference in water content
and we cannot exclude the possibility of votalization of N-containing molecules during the
drying process as some samples were dried at 70°C ( ). However, we
considered these issues to be insignificant, as suggested by other studies that used similar

drying temperatures (

)

Nevertheless, our results suggest that for Japanese cedar, coarse roots and sapwood were
the main storage with 74 % of whole-tree N while leaves only accounted for 18%, followed
by branches (8 %). This takes into account N loss with litter fall. Only 29 g N + 5 of whole-tree
N storage (586 g N + 63) was reabsorbed leaf N (5 %), implying that the rest of the N stored
was made of soil N taken up in autumn (

) forming 95 % of total N storage in all measured tree tissues.

The increase in N in coarse roots from post-abscission to shoot growth period suggests that
uptake and storage of soil N continued throughout winter ending in remobilisation of stored
N in the transition from shoot growth to green leaf period. ( )

found that in colder regions, the NRE and nitrogen resorption proficiency of evergreen
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species leaves are lower, as more N is needed to reinforce leaf cell walls as a protection
against low temperature stress. This means a greater amount of N needs to be uptaken in

comparison to deciduous species resulting in a higher reliance on soil N.

4.3 Amino acids

In agreement with previous studies, the highest free amino acids content was found in
leaves during the shoot growth period (

) while the lowest was found in litter.

Among all plant tissues, proline was the most abundant free amino acid in leaves while
alanine was most abundant in sapwood and coarse roots. Since proline is usually abundant
in organisms that are under biotic or abiotic stress ( ) the
increase of proline in leaves during the shoot growth period could be related to temperature
stress in our plots, which are characterized by starting their growth in April when snow
depth is nearly 2 m and soil temperature is close to 0 °C ( ). During the
winter months (min. temperatures of -8.4°C) and the snowmelt period (March and April),
low temperature stress ( ) possibly triggered the biosynthesis of proline from
glutamic acid in leaves in the shoot growth period. This was confirmed by the significant
decrease of proline in coarse roots from post-abscission to green leaf period as it was also
found by ( ). Once the temperature stress decreased, proline partly degraded to
glutamic acid, which increased in the green leaf period or was synthesised with other
compounds into proteins ( ). This glutamic acids
and proline dynamic seemed to take part in N remobilization from previously stored N to
fresh O-year old leaves after bud break in the shoot growth period. Their function as

important transport forms of N has been also been found for Scots pine (
).

Alanine is closely connected with the N metabolism ( ) by (among
others) controlling ion transport and membrane permeability ( ). This proposed
function was supported by our results during the pre-and post-abscission period with peaks
in alanine and N content in woody plant tissues. Further, it appeared to act as the primary
form of N storage due to its stable amounts in the leaves during the whole year and its sharp

increase in coarse roots and sapwood in the pre- and post-abscission period. This was in
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disagreement with ( ) and ( ) who found that
arginine was an important form of N storage in conifers. Furthermore, the increase of
alanine in coarse roots and sapwood from the green leaf to the post-abscission period and
its decrease in leaves from pre-abscission to post-abscission period, confirmed the
reabsorption of N from leaves to coarse roots and sapwood during leaf senescence.
Moreover, the increase in alanine and total free amino acids during the pre-abscission
period supports the observation of the sequential storing of N first in the coarse roots in the
pre-abscission and afterwards in sapwood in the post-abscission period. Thus, in the post-

abscission period, Ala content is high in coarse roots and sapwood.

The significant increase of Glutamic acid and Glutamine in coarse roots in synchrony with a
decrease of these amino acids in leaves and sapwood from the pre-abscission to the post-
abscission period revealed the transport of N from leaves to coarse roots as it has been

found for other conifers and apple trees (Malus domestica Borkh.) (
).

This sharp increase in total free amino acids in the roots during the pre-abscission period
could also partially be attributed to enhanced uptake of soil N from the large DON pool

( ) finally making up 95% of the overall stored N in trees.

There was no significant difference in free amino acids between leaf age groups throughout
the growing season. N storage capacity of leaves was low in comparison to other tissues,
thus, N remobilized during the shoot growth period appeared to derive mainly from coarse
roots and sapwood rather than from leaves. This contradicts the findings of
( ) for Picea abies and ( ) for Pinus massoniana (Lamb.) who suggested
that leaves were the main source of remobilized N. Further, an increase of Gln in roots and
sapwood in the pre-abscission period in Pinus sylvestris, Fagus sylvatica and Picea abies was
recognized as a signal of a decrease in N uptake from the soil (

). However in our study, glutamine
decreased, which suggests uptake of fresh soil inorganic N. This inorganic N was most likely

made up of soil DON and ammonium.
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4.4 6N of all plant tissues

There was no change in coarse roots and sapwood 8'°N throughout the growing season as
well as in leaves and litter from the shoot growth to the pre-abscission period suggesting
that there was no discrimination of N during reabsorption and storage as found in earlier
studies for deciduous trees (e.g. ). However, in the post-abscission period,
remaining leaves 8'°N was significantly heavier in comparison to leaves in other periods and
similar to sapwood and coarse root §%°N. The lighter §*°N signal originating from reabsorbed
leaf N was dampened in roots and sapwood considering that soil N made up 95 % of N stored

while reabsorbed leaf N made up only 5 %.

Further, sapwood could act as a proxy for coarse roots 8§°N ratio throughout the growing
season and for leaves in the post-abscission period. Other studies (e.g.

) have shown that 6%°N is not affected by the change of sapwood to
heartwood, which allows us to use tree-ring chronologies to create §'°N isotope
chronologies and infer long-term values of coarse roots and post-abscission period leaf §°N.
This constitutes valuable information of the quality of tree N absorbed temporally, which can

be used to understand the impact of anthropogenic N depositions on forest ecosystems.

5 Conclusions

This study showed the timing of N and free amino acids reabsorption & storage during pre-
and post-abscission period, as well as remobilization in the shoot growth period in coarse
roots, sapwood and leaves. The quantification of N at whole-tree level revealed that coarse
roots and sapwood were the most significant N storage tissues and not leaves as it is
commonly accepted. It also showed that reabsorbed leaf N makes up only 5 % of all stored N.
Additionally, whole-tree N measurements explained clearly the temporal variation of tree
tissues 81°N. Future studies on evergreen trees N cycling need to evaluate all possible N
storage tissues and not just remaining leaves and elucidate the importance of reabsorbed
leaf N. Finally, leaf age separation is recommended when working at leaf level with
coniferous evergreen adult trees. However, for whole-tree studies, leaf separation by age
group seems irrelevant. Free amino acids content helped to explain intra-plant movement of
N throughout the growing season by revealing movement of reabsorbed and remobilized leaf

N to roots and sapwood and back to leaves.
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Abstract:

Background and Objectives: Nitrogen content in tissues of Fagus crenata Blume is key for
flowering and seed production. However, there is a lack of information on seasonal intra-
plant nitrogen partitioning in this representative tree species typical of heavy snowfall
regions in Japan. Therefore, the objective of this study was to elucidate Fagus crenata intra-
plant nitrogen movement by means of nitrogen content, nitrogen isotope analysis, and
amino acids temporal variability.

Materials and Methods: Nitrogen content, isotope ratio, and free amino acids content were
measured in coarse roots, sapwood, leaves, and litter in four phenological stages in nine adult
Fagus crenata trees and upscaled to the whole-tree level.

Results: Nitrogen was reabsorbed to and stored in coarse roots during the pre-abscission
stage, as was revealed by the depletion of the 6°N ratio of coarse roots, which coincided
with an enrichment of >N found in leaves. During the post-abscission stage, N was stored in
the sapwood, where an enrichment in >N was found coinciding with the depletion of the
8N ratio in leaves. It seemed that >N-enriched nitrogen was initially reabsorbed from
leaves to coarse roots during the pre-abscission period, followed by the reabsorption of >N-
enriched nitrogen from leaves to sapwood shortly before leaf abscission. Free amino acids
content and their dynamics could mostly explain seasonal §*°N fractionation in leaves, coarse
roots, and partially in sapwood. At the whole-tree level, N content stored in coarse roots and
sapwood was similar. Furthermore, reabsorbed leaf N accounted for 32% of all nitrogen
stored during leaf senescence.

Conclusion: We found three phases of nitrogen storage revealed by §'°N fractionation during
leaf senescence: (1) reabsorption of leaf 1>N-depleted nitrogen to coarse roots, followed by
(2) reabsorption of leaf 1>N-enriched nitrogen to sapwood and (3) soil °>N-depleted nitrogen
uptake to coarse roots. Further, changes in free amino acids, which are the result of enzyme
activities involved in amino acids synthesis, partially explained 6'°N fractionation in plant
tissues.

Keywords: Amino acids; Nitrogen recycling; Nitrogen storage; Stable isotopes; Whole-tree N
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1 Introduction

Japanese beech (Fagus crenata Blume) is the most common and widely distributed
deciduous broad-leaved tree species in Japan, growing in the cool-temperate zone as a late-
successional and climax species ( ). It usually grows in
pure stands or mixed with Quercus mongolica Fisch. Ex Ledeb. and has an important
ecological function, protecting soils from erosion and maintaining biodiversity. Additionally,
Fagus crenata is used for afforestation and ceremonial plantations ( ).
The importance of these forests is reflected in the UNESCO World Natural Heritage site of
the Shirakami mountains in north-eastern Japan, consisting of a natural Fagus crenata forest
covering an area of nearly 17,000 ha. Fagus crenata is found in areas with deep snow,
regenerating constantly and producing more seedlings and juveniles than Fagus japonica
Maxim. ( ). This is related to snow cover protecting the seeds from
rodents and winter desiccation, as well as representing an important source of water in the

shoot growth stage ( ).

Japanese beech has developed a system of accumulating N over several years before using
this storage for a controlled synchronized flowering and seed production for masting events.
These events deplete the N storage of the following year, as shown in many studies (

). This adaptation to N-
limited conditions is common in most forests and the availability of mineral N rarely matches
the demand of plants ( ). To
allocate N for masting events, an efficient uptake of N and reabsorption of N from senescing
leaves ( ) is crucial. Reabsorption takes place in the
autumn during leave senescence, when N is returned to woody tissues for storage, followed
by remobilization after the break of dormancy during the shoot growth stage in spring (

). Remobilized leaf N greatly contributes to the growth of new tissues in spring
( ). There are numerous descriptive studies on N cycling
in deciduous trees, but as of now, it is still elusive how internal N sources fluctuate throughout
the season in Fagus crenata in non-masting years ( ). Furthermore, there
is little quantitative knowledge of seasonal allocation patterns and reabsorption efficiency
( ). Most studies have been conducted in controlled environments

with seedlings ( ). However,
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these findings need to be validated in situ with adult trees, including the effect of soil N
availability, mycorrhizae, aging of trees, and other environmental variables (

). ( ) that the position on the slope influenced
mineralization and nitrification rates, with the bottom of the slopes showing higher
nitrification and lower mineralization rates than the top, which in turn influenced ammonium
and nitrate distribution along the slope. Nitrate generally has a lower §*°N than ammonium,
thus, a higher availability in nitrate will cause lower 6N values in mycorrhizal tissues in
comparison to an abundance of ammonium in the soil ( ). Subsequently,
mycorrhizal 8'°N will influence the host plants’ 6%°N. It has been shown that mycorrhizae
allocate N and rather pass on N N ( ) depleting the isotopic
composition of plant tissues. This provides valuable information about the N source and
internal pathways of N ( ). Soil sampling combined with seasonal samplings
and N fractionation of different plant tissues could provide insights into anabolic and catabolic
processes of the nitrogen metabolism of plants ( ). ( )
hypothesized that 6*°N could change due to protein hydrolysis, causing fractionation within
the leaf before abscission. During protein hydrolysis, soluble amino compounds are released
by the degradation of proteins. These free amino acids are known to be indicators of the N
status of plants ( ). Therefore, emerging free amino acids from protein
hydrolysis moving to different plant tissues may be linked to this possible isotopic fractionation.
Amino acids measured in different aquatic and terrestrial organisms have shown different §°N
values, and glutamic acid and phenylalanine have been proven particularly useful to reveal
food-web structures ( ).

The overall aim of this study is to qualitatively and quantitatively determine the temporal N
partitioning of Fagus crenata during leaf N reabsorption in a non-masting year.

Thus, the specific objectives of this study are (1) to quantify the contribution of resorbed leaf
N to the storage of the stem and roots, (2) to trace the source and sink of N intra-plant
mobilization by means of §%°N at the whole-plant level, and (3) to find a relation between the

release of free amino acids and the seasonal N isotopic composition of plant tissues.
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2 Materials and Methods

2.1 Study Site

The study site is located in north-eastern Japan in the Yamagata prefecture at the Japanese
seaside. The climate is humid, with annual precipitation of 3000 mm, and approximately half
corresponds to snow, which covers the sampling sites from December to May at an elevation
of ~700 m above sea level. The driest month is June, with approximately 70 mm of rain and
the wettest is December, with 500 mm. Nitrogen deposition with precipitation is relatively
low, with 10-15 kg total N ha™! year™ (e.g. Kanto region 30-38.5 kg total N ha™! year™)
( ). The mean annual temperature is 9.7 °C.

The sampling sites were distributed within a distance of 2 km on three slopes and selected by
stand purity and accessibility in every season at the Research Forest of Yamagata University.
To ensure comparability of the sites, soils and basic parameters were identified prior to tree

sampling.

2.2 Sample Collection and Treatments

Soil samples were collected on August the 3rd in 2017 from three soil pits. Soil horizons were
identified in the field following the FAO guidelines ( ). Genetic horizons were
sampled for soil characterization, while samples for nitrogen and 8'°N analysis were taken at
fixed depths from 0-5 cm, 5 -15 cm, and 15-30 cm from three pits as replicates surrounding
each individual tree. All the samples were transported in plastic bags after collection in the
field, air-dried, sieved (< 2 mm), powdered, and stored until analysis. The samples used for
the determination of inorganic N were frozen after transport and stored in the dark. Before
analysis, they were thawed overnight in a refrigerator and sieved (< 2 mm).

Nine Fagus crenata trees of a similar age (70-80 years old) in the selected sites were chosen
for sampling (Table 1). Coarse roots (> 2 mm), stem, and leaf samples were taken on May 20
(shoot growth stage), August 2 (green leaf stage), October 19 (pre-abscission stage), and
November 29 (post-abscission stage), with fresh litter collected from litter traps (size: 1 m2).
Sapwood was sampled by using an increment borer (10 mm) and not heartwood, assuming
that there was no variation in N content in heartwood throughout the growing season
( ). Leaf samples were taken from the lower canopy from different leaf

clusters. The position in the canopy has no significant impact on the reabsorption efficiency
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( ) and by sampling different leaf clusters, we covered possible variations
in N content as leaf clusters’ N content is regulated independently for this species (

).
All samples were transported in plastic bags and oven-dried in the laboratory. Coarse roots,
leaves, and litter were dried at 70 °C, and sapwood samples at 40 °C, for at least 48 hrs until

they were dried. Subsequently, the samples were ground and stored until analysis.

Table 1. Characteristics of sampled Fagus crenata Blume (n =9).

Site Coordinates ma.s.l. Tree DBH Height Age
i N38° 33.390 . A 30.7 25.4 71
E139° 52.630" B 30.2 24.4 71

C 17.0 27.5 73

N38° 33.260" A 25.8 35.2 75

B2 E139° 52.570' 730 B 31.4 29.1 78
C 29.9 43.2 73

N38° 33.310' A 17.0 28.1 80

B3 E139° 52.600' 740 B 25.8 23.0 78
C 26.0 31.8 76

DBH= diameter at breast height

2.3 Soil Analysis

Soil texture was measured with a laser diffraction particle size analyzer (Coulter LS200 with an
attached Fluid Module, Beckman Coulter GmbH, Germany), after treating the samples with
H202 and NasP;05. The analyses were triplicated. The pH was determined potentiometrically
in a 1:2.5 soil:water suspension. The carbon (C) and N contents were analysed by dry
combustion using the SUMIGRAPH NC-220F automatic high sensitive NC analyzer SCAS
(Japan). The results were expressed on a dry-weight (105 °C) basis.

Total soluble N (TNb) was extracted from the soil samples by shaking them with 50 ml of 1M
KCl. The supernatant was centrifuged, filtered (0.45 pum), stored in a refrigerator and analysed

with a TOC/TNb analyser (vario TOC cube, elementar, Germany) for TNb determination.

Ammonium content was determined using the method of ( ), whereas
nitrate content was determined by using the method of ( ) modified by
( ). The colorimetric determination of ammonium and nitrate content was

conducted with a U-2000 Spectrophotometer (Hitachi, Japan).
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2.3.1 Total Nitrogen and 8*°N Isotope Analysis

For the determination of total N content and 8'°N in plant tissues, a Thermo Quest EA1110
Elemental Analyzer (Italy) which was connected to an IsoPrime (GV Instruments, UK) was used.
The isotopic compositions of samples were expressed relative to atmospheric N2 (6*°N = 0%so)
on scales normalized to the known 8N values of laboratory working standards for glycine
(6%°N =-0.3), which was normalized to L-glutamic acid distributed as USGS-40 (6*°N = -0.2%o)
by Sl Science Inc., Japan. Additionally a tertiary reference material was used, namely the in-
house laboratory standard acetanilide (-0.89%o). The three working standards were analysed
after every eight to ten samples during CF-IRMS runs to assess the replicability of the isotope
measurements and normalization. One pulse of pure N; reference gas from a tank reservoir
(6%°N = -2.5%0) was discharged into the IRMS at the beginning of each chromatogram for both
standards and samples. The accuracy obtained for standards and samples during the overall

analytical procedure was better than £0.2%o.

2.3.2 Amino Acid Analysis

Amino acids were extracted from the dried powders of plant materials with methanol and
separated by liquid/liquid extraction with ultracentrifugation. Nineteen amino acids (Ala, Arg,
Asn, Asp, Glu, GIn, Gly, His, lle, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val) were quantified
by capillary electrophoresis mass spectrometry (CE-MS). The preparation, conditions during

sample extraction, and CE-MS analysis followed ( ).

2.3.3 Whole-Tree N Calculations

Whole-tree biomass was calculated as follows:
For root, stem, and branch weight, the allometric equation by ( ) for Fagus
crenata was used.

Y = a* DBH" (1)
Where, Y is the biomass [kg], a is a normalization coefficient (roots = 0.0147, stem = 0.0946,

branch = 0.0049), DBH is the tree diameter at breast height [cm], and b is a scaling exponent
(roots = 2.62, stem = 2.44, branch = 2.78).
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( ) reported that for smaller trees (DBH < 30 cm), such as those found in our
study sites, leaf biomass was underestimated. Thus, for leaf biomass, the equation reported

by ( ) for Fagus sylvatica was used.
In(ML) = p + q In(DBH) (2)

Where, (ML) is the leaf mass [g], p is a normalization coefficient, g is a scaling exponent (2.9
and 1.7, respectively), and DBH is expressed as [cm] for Fagus crenata.

Fresh litter collected with litter traps verified the estimation of leaf biomass with equation (2).
Lastly, for the determination of the sapwood weight, an equation by ( )

developed for Fagus sylvatica was used and verified by tree core sampling.
Ag = ax DBHY (3)

Where, A; is the sapwood area (cm?), a and b are species-specific coefficients determined by
regression techniques (0.778 and 1.917, respectively), and DBH is in [cm].

Furthermore, we assumed that in the post-abscission stage, all N was in the respective storage
tissues (coarse roots and sapwood), while storage was considered empty during the green leaf
stage as N is needed in the growing tissues. Thus, the whole-tree N storage was calculated as
follows:

Nstorage post — Ngreen (4)

Where, Nstorage is the amount of N stored in a certain tissue, Npost is the N content during the
post-abscission stage, and Ngreen is the N content during green leaf stage. This value was
calculated for all plant tissues as relative amounts (g N kg™) and as whole-tree absolute N
storage (g N).

Reabsorption efficiency (RE) was calculated as
N;:
RE = 100 — | 100 <%> (5)
Ngreen leaf
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Nitrogen was expressed as nitrogen mass per leaf dry mass (mg g™1). Litter represents the
senesced leaves in November, while the green leaf is the matured August leaf. We used this
value to calculate whole-tree total reabsorbed leaf N by considering the total tree leaf

weight.

2.4 Statistical Analysis

One-way ANOVA was applied to determine the statistical significance of differences in
nitrogen content, §'°N, and amino acids content. If significant differences were found, and a
post-hoc multiple comparison was subsequently conducted, using the Tukey-Kramer test at
the significance levels of 0.05 and 0.01. Furthermore, multiple linear regression analysis was
conducted with RStudio (Version 1.1.463 — © 2009-2018 RStudio, Inc.) in order to evaluate
the effect of the dependent variable (§'°N) on the independent variable (free amino acids

content).

3. Results

3.1 Soil Characteristics

In all three sites, the soils were identified as brown forest soils (Cambisols), with an average
depth of 80 cm and a silty-loamy texture. In the first 30 cm, we found a pH of 3.7 and a

carbon to nitrogen ratio of 18 (Table 2).

Table 2: Soil characteristics with £ denoting SD. DON stands for dissolved organic

nitrogen.
Depth pH Total N TNb Ammonium Nitrate DON
[eml [ [gNke'l [gNkell [gNkgl  [gNkell  [gNkg]

0-5 36+01 78+21 0.29+0.08 0.25+0.05 0.004+0.006 0.04+0.03 20*2

5-15 3.7+03 3.6%+09 0.17+0.03 0.10+0.07 0.003+0.005 0.07+0.07 19%1

15-30 3.8+0.2 1.0+0.2 0.14+0.05 0.10+x0.08 0.003+0.004 0.03+0.03 15*1
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3.2 Total Nitrogen Content in Soil and Tissues

Soil N content significantly decreased (min. p < 0.05) with depth from the top to deeper soil
layers by 87% (Table 2, Figure 1a).

Inorganic plant available N decreased similarly (p < 0.01) from top to bottom by 60% and was
exclusively formed of ammonium. Nitrate content accounted for less than 1% of the soil total
inorganic N. Total soluble N decreased by 50% (p < 0.01) from top to bottom, while dissolved
organic nitrogen (DON) accounted for about 25% of that with no clear distribution pattern
(Table 2).

N content of coarse roots significantly decreased (p < 0.01) from shoot growth to the green
leaf stage by 32%, followed by an increase (p < 0.01) of 28% during the pre-abscission stage.
Finally, during the post-abscission stage, no change in N content was observed (Figure 2a).
Sapwood N content decreased by 50% (p < 0.01) from shoot growth to the green leaf stage,
as well as in the pre-abscission stage. However, a significant increase (p < 0.05) in N content
of 62% was observed during the post-abscission stage. However, it was 39% lower (p < 0.01)
than the value found during the shoot growth stage (Figure 2b).

Leaves’ N content significantly decreased (p < 0.01) from the shoot growth to the pre-
abscission stage by 35%. Finally, the N content in litter was significantly (p < 0.05) lower in the

post-abscission stage (Figure 2c), with an RE of 66%.

3.3 6N Isotope Analysis

Soil 6N increased five-fold (p < 0.01) within the top 30 cm (Figure 1b). Coarse roots’ §*°N
ratio depleted significantly from pre-abscission to the post-abscission stage (Figure 2a), while
at the same time, sapwood 8°N was significantly enriched (Figure 2b).

Leaf 8N enriched significantly during the pre-abscission stage, followed by a significant
depletion in litter during the post-abscission stage (Figure 2c).

Soil 6°N was the most enriched of all measured plant tissues during any given phenological
stage. During the growing season, coarse roots in terms of 81°N were the most depleted plant
tissue, while leaves and sapwood showed similar §'°N values from the shoot growth to the
pre-abscission stage. Only during the post-abscission stage was leaf litter significantly more

depleted in °N than sapwood.
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Figure 1: Total N content (a) and 6*°N (b) in soil layers under Fagus crenata Blume.

The error bars denote SD (n =9), p < 0.05.
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3.4 Amino Acid Analysis in Plant Tissues

Total free amino acids content (FAAC) in coarse roots decreased dramatically (300%, p < 0.01)
from the shoot growth to the green leaf stage and decreased another 60% (p < 0.05) in the
pre-abscission stage. However, it increased again during the post-abscission stage by 300%
(p < 0.05) (Figure 3).

Sapwood FAAC only showed a significant increase (p < 0.05) of 50% from the green leaf stage
to the post-abscission stage (Figure 3).

Leaf total FAAC decreased (p < 0.05) by 90% from the shoot growth to the green leaf stage.
We observed a 15-fold increase (p < 0.01) during the pre-abscission stage and an equally sharp

decrease (p < 0.01) in fresh litter during the post-abscission stage (Figure 3).
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Figure 3: Seasonal pattern of free amino acids content of coarse roots, sapwood, and
leaves of Fagus crenata Blume. Leaves post-abscission stage value represents fresh

litter. The error bars denote SD (n = 3), p < 0.05.

The most abundant free amino acid in coarse roots was asparagine, which accounted for 60
to 80% of total FAAC along the growing season, with the highest content (p < 0.05) in the
shoot growth and post-abscission stage (Table 3). Other free amino acids of minor
concentration were alanine and arginine, showing a similar distribution along the growing
season as asparagine. Other amino acids were found in negligible concentrations. The results
of the multiple linear regression analysis showed that roots’ asparagine content alone could
not explain roots’ 81°N. However, the total pool of all amino acids revealed that asparagine
content has an increasing effect (p = 0.01) on the 8'°N value, while all the others have a

decreasing effect (p < 0.01) (Table 4).
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Table 3: Amino acid content in different tissues of Fagus crenata Blume (n = 3). Only

amino acids found in significant amounts were reported with + denoting SD.

. . Alanine Arginine Asparagine
Tissue Period N kg] 8 gN ke'!] e [gpN k:l]
shoot growth 0.34 +0.06 0.15+0.10 2.2+0.03
Perennial green leaf 0.06 +0.02 0.06 +0.03 0.76 £ 0.09
roots pre-abscission  0.05:<0.01 0.03+0.01 0.24+0.10
post abscission  0.18+0.05 0.13+0.08 0.88+0.021
shoot growth 0.03+£0.10 0.00+ 0.00 0.02 = 0.01
green leaf 0.02 +0.01 0.00 +£0.00 0.03+0.01
Sapwood
pre-abscission 0.06 £0.01 0.00 £0.00 0.04 +0.02
post abscission  0.06+0.01 0.01+<0.01 0.07%0.02
shoot growth 0.63+0.28 0.00+0.00 0.00 £0.00
leaf green leaf 0.05+0.02 0.00+0.00 0.00+0.00
pre-abscission  1.02+<0.01 0.01+<0.01 0.14%0.01
Litter post abscission  0.02+<0.01 0.01+<0.01 0.090.05

Table 4: Summary statistics of the multiple regression analysis of the effect of 19 free

amino acid contents on 6%°N in plant tissues of Fagus Crenata Blume (n = 3).

Tissue Amino acid Estimate R2  adjusted R?
Asparagine 1.52 0.002%**
roots 0.67 0.60
Other? -2.90 0.003**
Alanine -14.53 0.026*
sapwood Asparagine 37.18 0.53 0.36 0.349
Other? 0.38 0.976
Alanine 1.56 0.013*
leaves 0.76 0.73
Other? 0.87 0.001%*

1 sum of all other measured free amino acids

Significant values are highlighted in bold (*P < 0.05. **P < 0.01)



Asparagine was also predominant in sapwood samples, with an increasing concentration
(p <0.01) from shoot growth to the post-abscission stage. Along with asparagine, alanine was
found in high concentrations with similar amounts and increased (p < 0.05) throughout the
growing season. Together, they accounted for at least 50% of all free amino acids found in
sapwood during any given time. Further amino acids detected in minor concentrations were
glutamic acid, glutamine, aspartic acid, proline, and serine. All other amino acids were found
in negligible concentrations. The results of the multiple linear regression analysis showed that
sapwood asparagine content had an increasing effect (p < 0.05) on sapwood 8°N (Table 4).

In leaves, alanine was the most abundant free amino acid, with peak concentrations (p < 0.05)
in the shoot growth and pre-abscission stage. All other amino acids were found in negligible
concentrations, except during the pre-abscission stage, where asparagine, glutamic acid,
glutamine, isoleucine, leucine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine,
and valine were detected. In fresh litter, during the post-abscission stage, mainly tyrosine,
valine, proline, threonine, isoleucine, asparagine, leucine, phenylalanine, and tryptophan
remained, while other free amino acids were depleted. The results of the multiple linear
regression analysis showed that leaf alanine has the strongest control (p < 0.05) on leaf §°N

than all the other free amino acids (Table 4).

3.5 Whole-Tree Level

The total biomass of all plant tissues was calculated for four trees of similar DBH in the green
leaf stage (Table 5). We assumed that root, sapwood, and branch biomass did not change
significantly during one growing season. Furthermore, leaf biomass was assumed not to
change significantly during the pre-abscission stage and to equal the litter biomass in the post-
abscission stage. We could not make any assumption on the leaf biomass during the shoot
growth stage, thus it was not calculated for this stage (Table 5).

In the green leaf stage, the whole-tree roots’ N content was 688 + 67 g N, while sapwood,
branches’, and leaves’ total N content was 290 £ 35 g N, 54 + 8 g N, and 193 £ 20 g N,
respectively (Table 5). In the pre-abscission stage, N content in roots increased by 25% (p <
0.05), while sapwood and branches showed no variation. Furthermore, we observed a 25%
decrease (p < 0.05) of N in leaves. Finally, in the post-abscission stage, roots’ N content did
not change, while we found a 60% increase (p < 0.01) in sapwood and branches and another

55% decrease (p < 0.01) in litter.
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Roots’ N storage was 23% higher (ns) than sapwood, while N stored in branches was the lowest
(Figure 4). At the whole-tree level, N stored in all measured tissues was 402 + 93 g, of which

32% were reabsorbed from senescing leaves during leaf abscission.

Table 5: Biomass during the green leaf stage and seasonal changes in whole-tree N

content per plant tissue of Fagus crenata Blume (n = 4) with * denoting SD.

N [g N]
Tissue Biomass [ke] Pre-abscission Post-abscission
Green leaf stage
stage stage

roots 117 £ 92 679 +53 862 +119* 893 + 106*
sapwood 362 + 20° 24570 208 + 84 339 +126*
branches 68 £ 5° 54+8 52+5 83 +10*

leaves 8.7+0.1° 193+ 20 144 + 26* 64 + 6*

a = Calculated following Ono et al. (2013)
b = stem weight calculated following Ono et al. (2013). Then, from stem weight,
sapwood weight was calculated following Gebauer et al. (2008).
¢ = Calculated following Tateishi et al. (2010).
* = significant differences among same tissues in comparison to green leaf stage
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Figure 4: Total N storage of coarse roots, sapwood, and branches of Fagus crenata

Blume. The error bars denote SD (n =9), p < 0.01.

4 Discussion

4.1 Reabsorption, Storage, and Remobilization of N in Plant Tissues

The N cycle in Fagus crenata followed a well-established pattern: in the green leaf stage,
most N was bound in leaves’ photosynthetic apparatus ( ). Inthe pre-
abscission stage, leaf N was reabsorbed until leaf abscission. Subsequently, fresh litter in the
post-abscission stage was depleted in N content (RE 66%). ( ) and

( ) reported a similar value (RE 68-71%) for this species. Subsequently, N was
stored in a sequential temporal pattern: first, it was stored in coarse roots during the pre-
abscission stage, followed by N storage in the sapwood in the post-abscission stage. In
previous studies (

), this temporal pattern of N storage in coarse roots and sapwood of deciduous trees
has not been shown. In the post-abscission stage, when most N was stored, roots tended to
store more N (ns) than sapwood. N reabsorption from leaves contributed 32% to overall N
storage in the post-abscission stage.

During the shoot growth stage, N contents peaked in roots (ns) and sapwood (p < 0.01).
Together with soil N taken up in late April, stored N supported shoot growth in the shoot
growth stage ( ) despite heavy snow cover, as is typical for this region. The
continuous uptake of soil N during the dormant phase of the tree in the post-abscission

stage could also contribute to the high N content found in the shoot growth stage. However,
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N uptake during dormancy has been reported to be minimal and only few studies have
found it for boreal species during warm periods of the winter season season (

Tree internal N storage strongly determines the beech
masting period ( ), and thus, the quantification of N
uptake during the dormant period of this species needs to be explored in more detail. In the
green leaf stage, after stored N was remobilized to support new shoot and leaf growth,
coarse roots and sapwood were left depleted ( ). We did
not quantify the contribution of stored N to new growth, but ( )

reported that previous-year N contributes to leaf N with about 15% in Fagus sylvatica.

4.2 Effect of Soil N Uptake on Plant 6*°N

Soil total N content, as well as inorganic N content, decreased with depth as §°N became
heavier due to the input of fresh N on the soil surface: precipitation and microbial turnover
of litter, as well as illuviation of **N-rich materials to deeper soil layers, are the main
mechanisms ( ). ( )
found that foliar 6*°N of the green leaf stage depends on ammonium and nitrate availability.
In this latter study, Fagus crenata trees on upper slopes took up ammonium due to a lack of
nitrate, leading to higher foliar 62°N values (-1.0%o) than at the bottom of the slope, where
nitrate was more abundant, leading to >N depletion in leaves (-2.0 %o). In our study, we
found a high availability of ammonium and a negligible amount of nitrate, which explained
the 6°N value of 1.2 + 0.6%o in agreement with ( ) findings for trees in
upper slope positions. Additionally, we measured low potential mineralization rates (1mg
kg™* soil in 30 days, data not published) in a nearby Cryptomeria japonica stand being similar
to ( ) results. Thus, we concluded that our trees rather relied on
ammonium rather than nitrate, although under different conditions, they would preferably
acquire nitrate ( ), but climatic
conditions and the acidic pH strongly limited the nitrification process.
The inorganic soil N taken up by tree roots and mycorrhiza undergoes isotopic fractionation
as mycorrhizal fungi selectively accumulate *°N and thus, a rather depleted *°N fraction
passes to the host plants (

). ( ) demonstrated that the ectomycorrhizal

fungi (EMF) associated with Fagus sylvatica preferably uptake ammonium from the soil,
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resulting in a more enriched >N accumulation in the EMF in comparison to EMF acquiring
nitrate. In both cases, §*°N values of the host plants will be lower, but the depletion in >N
will be less pronounced for N deriving from ammonium. This suggests a stronger control of N
supply to the host tree by the EMF acquiring ammonium than would be the case with EMF
taking up nitrate. Soil 6°N was 5%o greater than root 6*°N, revealing the effect of microbial

turn over and uptake of inorganic N via mycorrhiza ( ).

4.2 Effect of Intra-Plant N Movement on 6%°N

In general, leaves’ 8N ratio falls in line with the findings of ( ), who found
similar values for Fagus crenata in lower slope positions under similar soil conditions. In the
pre-abscission stage, leaves were significantly enriched in °N by 0.5%o. At the same time,
coarse roots’ §%°N tended to decrease (ns) by 0.5%o. Depleted reabsorbed leaf N seemed to
be transported and stored in coarse roots during the pre-abscission stage, possibly together
with taken up soil N, forming the bulk of coarse roots’ N storage. During the post-abscission
stage, N storage only increased marginally (ns); however, a significant decrease in coarse
roots’ §%°N suggests that only °N-depleted soil N was stored, since the reabsorption of leaf
N was already concluded.
After leaf abscission, N content significantly decreased in litter, depleting the §%°N value by
1.5%o. Thus, shortly before leaf senescence, 1°N-enriched N was reabsorbed and
subsequently stored in sapwood, increasing it by 1.5%o. In contrast to the results of
( ),we found N isotope fractionation during reabsorption in leaves.

Thus, three phases of N storage could be observed:
(1) *>°N-depleted N was reabsorbed from leaves to coarse roots in the pre-abscission stage,
which was followed by (2) *°N-enriched leaf N reabsorption, significantly enriching sapwood
in the heavier isotope during the post-abscission stage. (3) At the same time, coarse roots’
8N decreased, suggesting a strong N isotope fractionation in the EMF during the uptake
and storage of soil N, as it occurs under ammonium-rich soil conditions (

). In the transition from the post-abscission to the shoot growth stage, coarse roots
were enriched in °N, while sapwood was depleted. This suggests a movement of depleted N
from coarse roots to sapwood, which eventually would be used for new shoot growth and

leaf production. Only during the green leaf stage did all measured tissues show similar §1°N
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values. Further analysis is necessary to confirm whether foliar >N during the green leaf
stage could be used as a proxy for whole-tree 6*°N in other tree species, as has been

suggested in previous studies ( ).

4.3 Plant Tissues Free Amino Acids

During the green leaf stage, free amino acid content (FAAC) was generally low in all tissues.
However, coarse roots’ FAAC was the highest among all tissues, possibly because of soil N
uptake ( ). DON represents a major soluble N pool in the soil and is
mostly composed of amino acids, which can be directly taken up by roots (

). In our study, DON made up 21% of all soluble N of the top 30 cm.
( ) reported that DON made up about 40% of all plant available N in a eutric cambisol,
with free amino acids accounting for 10%. The low amino acid concentration in the soil
solution contributed to the extremely fast rate at which these are removed from the soil,
thus explaining the high values found in coarse roots of our study.
During the pre-abscission stage, FAAC increased sharply in leaves as a result of protein
hydrolysis ( ). During the post-abscission stage, as leaf N reabsorption
ended, a sharp decrease in total N and FAAC content in the fresh litter was observed,
corresponding with significant increases in sapwood and coarse roots. This was likely linked
to the continuous uptake of soil N ( ) and further storage during the
dormant phase of trees in the post-abscission stage. FAAC was high in all plant tissues during
the shoot growth stage, suggesting that in coarse roots, N was internally remobilized within
the tree and also absorbed from the soil. N is transported via sapwood to the emerging
leaves to synthesize proteins for building cell walls and the photosynthetic apparatus (

).
In coarse roots, the most abundant free amino acid throughout the phenological stages was
asparagine. Asparagine is known to act as a transport and storage form of N in plants (
) and its peak in the shoot growth stage revealed its high importance for N

remobilization in spring, as has also been found in the case of apple trees (

). Other major compounds were alanine and arginine. Alanine is closely connected with
N metabolism ( ) and is commonly found under stress conditions (e.g.
temperature stress), yet its precise function is unclear. As alanine is high in all tissues in the

shoot growth, as well as in the pre- and post-abscission stage, it might be linked not only to
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temperature stress caused by the long snow cover in our plots, but also to the transport of
N. Arginine seemed to be linked to stress and transport as well, as it contributes to building
and degrading proteins ( ), which coincides with its occurrence during the
shoot growth and pre-abscission stage.

Similar patterns were found in the sapwood for asparagine and alanine being linked to N
transport during remobilization and storage. Although only low contents of glutamic acid
and glutamine were found, these two amino acids are also associated with the transport and
storage of N ( ). The occurrence of proline in the shoot growth stage was
likely linked to snow-related temperature stress ( ). Finally,
leaves predominantly contained alanine, which largely occurred during the shoot growth and
pre-abscission stage, supporting our findings of its transport function linked to N storage and

remobilization.

4.4 Correlation between Free Amino Acid Content and Plant Tissues 6°N

We observed four synchronized events between FAAC variation and 8'°N fractionation in
leaves. (1) In the pre-abscission stage, free amino acids are released after protein hydrolysis
( ) and fractionation of >N occurred. (2) In the post-abscission stage, as all
the released amino acids were reabsorbed from leaves, 6*°N significantly decreased. (3)
During the shoot growth stage, °N increased in leaves and leaf FAAC increased in
comparison to litter. (4) During the green leaf stage, FAAC was low, as free amino acids were
synthesized into proteins ( ), and leaf 6°N showed no variation.

Therefore, the seasonal increase in leaf FAAC appears to be the reason for the seasonal
enrichment of leaf 1°N. However, a decrease in FAAC, as observed during the green leaf and
post-abscission stage, does not automatically mean a depletion in leaf 1>N. A decrease in leaf
8%N in the green leaf stage was not observed because the free amino acids were bound in
proteins and are present in the leaf ( ). In contrast, in the post-abscission
stage, the small leaf FAAC reflects their absence because they have been reabsorbed to
storage tissues. The single most abundant free amino acid in leaves was alanine, which
suggests that the seasonal variability of this amino acid is mainly responsible for leaf §°N
fractionation. Singling out seasonal measurements of alanine 6'°N during the pre-abscission
stage could clarify its contribution to leaf >N fractionation ( ). We

found a less clear connection between FAAC and 6*°N in sapwood and coarse roots, since
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the source of stored N originates from leaf N reabsorption and soil N uptake, as reflected by
the difference in free amino acids’ composition in these tissues ( )
resulting in a lower adjusted R? in the linear regression analysis. However, we could link root
and sapwood asparagine content to cause an enrichment in §*°N. In contrast to leaves and
roots where FAAC were found in abundance, sapwood seemed to be dominated by other N-
containing compounds, e.g., linked to the incomplete breakdown of leaf N storage to free
amino acids ( ). Future studies should include

measurements of protein in order to increase the R?, especially in the case of sapwood.

5 Conclusions

The results obtained in this study showed that, on average, adult Fagus crenata trees had an
N reabsorption efficiency of 66%. The reabsorbed foliar N was sequentially stored in coarse
roots during the pre-abscission stage and in the sapwood in the post-abscission stage, from
where it was remobilized to growing tissues during the shoot growth stage. Leaf N made up
32% of the total storage in roots and sapwood, making leaf N reabsorption vital for the
species’ survival. Nitrogen was evenly stored between coarse roots and sapwood. N isotope
fractionation occurred when N reabsorption took place before leaf abscission. First, *°N-
depleted N from leaves was traced to °N-depleted N stored in coarse roots, followed by the
reabsorption of °N-enriched N that was traced to *°N-enriched N stored in sapwood. Free

amino acids’ dynamics could partially explain changes in §*°N in all measured tissues.

© 2019 by the authors. Submitted for possible open access publication under the terms
@ @ and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).
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Abstract

Background and Objectives: Larix species distribute extensively in boreal and temperate
regions and leguminous Robinia pseudoacacia is usually an invasive species commonly found
in temperate forests in the northern hemisphere. Recent studies of leaf N isotopic
composition for these two species have shown similar values and seasonal variability despite
their taxonomically contrasting characteristics. The objective of this study was to clarify the
reasons for this similarity by tracing and quantifying N movement linking free amino acids

with 81°N fractionation at the whole tree level in both species.

Materials and Methods: N content, isotope ratio and free amino acids content were
measured in fine roots, coarse roots, sapwood, leaves, and litter along the growing season in

eight adult Larix kaempferi and five Robinia pseudoacacia trees.

Results: Nitrogen was released from storage tissues during the shoot growth stage, which
was correlated with changes in free amino acids content. Shortly before leaf senescence,
nitrogen was reabsorbed and stored in the woody parts of both species. Larix predominantly
stored soil N, while Robinia mainly stored reabsorbed leaf N as suggested by whole-tree
measurements and 8'°N. Robinia reabsorbed leaf N earlier than Larix. During resorption, N
was stored first in the coarse roots and then in the sapwood, which is an agreement with

free amino acids transport and storage

Conclusions: We concluded that the temporal storage pattern of N first in the coarse roots
followed by the sapwood might be a general pattern for trees of the cold temperate zone.
Further, stable isotopic analysis in combination with free amino acid content and whole-tree
measurements proved to be useful tools to efficiently trace movement of N additionally
elucidating the reasons why leaf 8§°N of both species was similar although their N sources
differ. It was not possible to link changes in free amino acids content with 8§*°N fractionation
due to either the lack of fractionation (Larix) or the lack of changes in amino acids content

(Robinia).

Keywords: Amino acids, Leguminous, Nitrogen recycling, Nitrogen storage, Nitrogen stable

isotopes, Whole-tree N
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1 Introduction

Larch species are broadly distributed in the northern hemisphere, making up more than one-
third of the Eurasian boreal forest being most common in East Asia (Choi et al., 2008). Larix
is a genus planted in many parts of the world as these trees are appreciated for their good
mechanical properties and high natural durability of the heartwood forming about 60 - 80%
of the total stem diameter depending on tree age. The formation of heartwood is
determined by biotic and abiotic factors influencing canopy size (e.g. competition, thinning,
pruning) or soil conditions promoting or limiting growth (e.g. irrigation, fertilization) (Paques,
2000). Heartwood shows no temporal variation in nitrogen (N) content throughout the
growing season, as N is relocated with the flow of water which moves in the sapwood
(Tomlinson et al., 2014). Thus, sapwood is the only part of the stem being able to store and
remobilize N. Prior to leaf abscission, N is reabsorbed and stored in sapwood and roots. This
N will be remobilized in the shoot growth stage of the next year contributing greatly to
growth of new tissues (Millard & Grelet, 2010; Han et al., 2014). So far, in situ studies of
temporal N partitioning and movement in adult trees throughout all four seasons on whole
tree level have been scarce. Even more so for Larix kaempferi as it is a tree growing under
deep snow cover during winter months (Fukushima et al, 1995) limiting access to the sites

especially and making sampling elaborate.

The standard method of tracing the intra-plant movement of N is the analysis of N stable
isotope (8'°N) allowing the identification of N sources-sink intra-plant N transformations
(Kolb & Evans, 2002; Tateno et al, 2005; Lopez et al. 2010, 2014). A study by Enta et al.
(2019), found that deciduous coniferous Larix kaempferi and deciduous broad-leaved
leguminous Robinia pseudoacacia showed similar leaf 6*°N values. This was peculiar as their
N source and thus most likely their §*°N value is poles apart: Larix kaempferi uptakes N from
the soil and Robinia pseudoacacia fixes it from the atmosphere. The reason for these
findings could not identified in that study, as only measurements of leaves during different
phenological stages were analysed. Robinia pseudoacacia is a nitrogen fixing invasive species
and the second most abundant deciduous tree species in the world (Malcom et al., 2008)
elevating soil N concentrations and increasing the speed of soil N cycling and soil 6*°N values
(Rice et al. 2004; Malcom et al., 2008; Lopez et al., 2014). Analysing different plant tissues of

both species along different phenological stages and the soil of these stands could shed light
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on the reasons of the similarity in leaf §*°N values of Larix kaempferi and Robinia

pseudoacacia.

In addition, N movement can be detected by changes in free amino acids content in plant
tissues, as they transport N within the tree (Nasholm & Ericsson, 1990; Pietila et al., 1991;
Warren et al., 2003; Nordin et al., 2001; Xu & Xiao, 2016). By combining 61°N measurements
with the quantification of free amino acids content, it may be possible to gain a deeper
understanding of the N cycling of Larix kaempferi and Robinia pseudoacacia. These tools
have already been proven useful in food webs of marine and terrestrial organisms
(Chikaraishi et al, 2009 and 2011), as well as in plant tissues of Cryptomeria japonica (Seidel
et al., 2019a) and Fagus crenata (Seidel et al., 2019b). In the latter study, movement of free
amino acids could be directly linked to a change in the isotopic composition of senescing
leaves. Additionally, a distinct temporal pattern of N storage first in the roots during the pre-
abscission stage, followed by storage of N in the sapwood during the post-abscission stage
was revealed for evergreen coniferous Cryptomeria japonica and broad-leaved Fagus
crenata, which has not been shown in previous studies (Millard et al., 2001; Warren et al.,

2003; Millard & Grelet, 2010; Ueda et al., 2011).

Thus, in this study, we hypothesized that N movement could be tracked with §'°N and its
fractionation could be explained by changes in tissues free amino acids content
subsequently explaining why leaf tissues of both species showed similar 6'°N values. It
would provide additional insights into two of the most distributed and planted tree species

around the world and contribute to the interpretation of leave §'°N for large scale studies.

Our objectives were (1) to assess whole tree N partitioning in four phenological stages (shoot
growth, green leaf, pre- and post-abscission), (2) to determine plant tissues fractionation of
8N pattern in both species that lead to the similarities in leaf §'°N of these two species and

finally, (3) if changes in free amino acid content affect 6'°N.
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2 Materials and Methods

2.1 Study site

The study site is situated in north-eastern Japan in Yamagata prefecture on the Japanese seaside.
The climate is humid, with an annual precipitation of 3000 mm: approximately half of it
corresponds to snow, covering the sampling sites from December to the end of April at an
elevation between 400 m and 650 m above sea level. The driest month is June with
approximately 90 mm of rain and the wettest is December with 600 mm. Nitrogen deposition
with precipitation is low, i.e. 10-15 kg TN ha?* year?! (e.g. Kanto region 30-38.5 kg TN ha!
year) (Watanabe et al., 2012).

For Fagus crenata, eight trees in three sampling sites (two sites with three trees, one site with two
trees) were chosen, distributing within a distance of 1.5 km in the Research Forest of Yamagata
University. The sites were selected by accessibility throughout the year, stand age and purity. The
three sites were in a mixed forest, which was dominated by Larix kaempferi (~80-90%). For Robinia
pseudoacacia, five trees were sampled in a single stand, as it was the only location in the Yamagata
University Research Forest where it grows in a species uniformity stand. To ensure comparability of
the sites, prior soil samplings were conducted to ensure comparability of the sites in terms of soil

type and nutrient status.

2.2 Sample collection and treatments

Eight Larix kaempferi (Lamb.) trees of similar age (40-50 years old) as well as five Robinia p
Soil samples were collected on August the 7, 2017 from soil pits close to the selected trees.
Soil horizons were identified in the field following the FAO guidelines (FAO, 2006). Genetic
horizons were sampled for soil characterization, while samples for nitrogen and 8'°N analysis
were taken at fixed depths from 0-5 cm, 5 -15 cm and 15-30 cm from three pits as replicates,
surrounding each individual tree. seudoacacia (L.) (7 years old) were chosen for sampling
(Table 1). All samples were transported in plastic bags after collection in the field, air-dried,
sieved (< 2 mm), and stored until analysis. The samples used for the determination of
inorganic N were frozen after transport, and stored in the dark. Before analysis, they were

thawed overnight in a refrigerator and sieved (< 2 mm).
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Table 1: Characteristics of sampled Larix kaempferi Lamb. (n = 8) and Robinia pseudoacacia

L. (n=5).
Site Coordinates m a.s.l. Tree DBH Height Age
A 42.3 25.9 48
. N38° 33.427'
Larix 1 E139° 52 560" 650 B 38.9 211 45
C 35.6 24.8 41
A 38.1 274 40
. N38° 33.433'
Larix 2 E139° 52 513" 610 B 36.3 23.7 43
C 33.7 20.4 40
. N38° 33.469' A 49.3 31.8 50
Larx 3 E139050433 40 B 34.6 24.5 45
A 10.7 10.1 7
B 10.9 12.5 7
- N38° 33.560'
Robinia E139° 52 125' 400 C 13.2 12.9 7
D 15.7 14.2 7
E 20.1 13.0 7

DBH= diameter at breast height

In 2017, coarse roots (> 2 mm), fine roots (< 2 mm), sapwood and leaf samples were taken
on May 16 (shoot growth stage), August 3 (green leaf stage), October 19 (pre-abscission
stage), and all except fine roots (as they die during winter) on November 29 (post-abscission
stage) with fresh litter collected from litter traps (size: 1 m?, placed on September 4). Fine
and coarse roots of single trees were dug out, identified and cut from the trunk up to a
depth of 30 cm. Three samples surrounding each tree were taken and pooled. Sapwood was
sampled by using a 10 mm increment borer. Heartwood was not sampled, assuming that
there was no variation in N content throughout the growing season. This was confirmed by
three test samples of heartwood taken in summer 2018. Leaf samples were taken from the
lower canopy as there seems to be no significant difference in leaf N content depending on
canopy position (Son & Gower, 1992). By sampling different leaf clusters, we included

possible variations in N content.

All samples were transported in plastic bags and oven dried in the laboratory. All samples
were dried at 40°C for at least 48 hrs. Subsequently, the samples were ground and stored

until analysis.
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2.3 Soil analysis

Soil texture was measured with a laser diffraction particle size analyzer (Coulter LS200 with
an attached Fluid Module, Beckman Coulter GmbH, Germany), after treating the samples
with H202 and NasP;05. The analyses were triplicated. The pH was determined
potentiometrically in a 1:2.5 soil : water suspension. The carbon (C) and N contents were
analysed by dry combustion using SUMIGRAPH NC-220F automatic high sensitive NC

analyzer SCAS (Japan). The results were expressed on a dry-weight (105°C) basis.

Total soluble N (TNp) was extracted from the soil samples by shaking them with 50 ml of 1M
KCl. The supernatant was centrifuged, filtered (0.45 um), stored in a refrigerator and
analysed with a TOC/TNy, analyser (vario TOC cube, elementar, Germany) for TNb
determination. Ammonium content was determined using the method of Crooke et al.
(1971), whereas nitrate content was determined by using the method of Mulvaney (1996)
modified by Miranda et al. (2001). The colorimetric determination of ammonium and nitrate
content was conducted with a U-2000 Spectrophotometer (Hitachi, Japan). Dissolved organic

nitrogen (DON) expressed in g kg™* was calculated as follows:
DON =TN, — (NH;lIr + NO3)
2.3.1 Total Nitrogen and 8'°N Isotope analysis

For the determination of total N content and 8N in plant tissues, a Thermo Quest EA1110
Elemental Analyzer (Italy) connected to an IsoPrime (GV Instruments, UK) was used. The
isotopic compositions of samples were expressed relative to atmospheric N2 (6°N = 0%o) on
scales normalized to the known 8'°N values of laboratory working standards for glycine (6*°N
=-0.3), which was normalized to L-glutamic acid distributed as USGS-40 (§*°N = -0.2%o) by S|
Science Inc., Japan. Additionally a tertiary reference material was used, namely the in-house
laboratory standard acetanilide (-0.89%o). The three working standards were analysed after
every eight to ten samples during CF-IRMS runs to assess the replicability of the isotope
measurements and normalization. One pulse of pure N; reference gas from a tank reservoir

(6%°N =-2.5%0) was discharged into the IRMS at the beginning of each chromatogram for both
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standards and samples. The accuracy obtained for standards and samples during the overall

analytical procedure was better than £0.2%eo.

The results of 81°N were expressed as %o deviation, relative to atmospheric N2 (6*°N= 0 %o):

815N — ( (15N/14N)sample . 1)

(15N/14N)standard

2.3.2 Amino acid analysis

Amino acids were extracted from the dried powders of plant materials with methanol and
separated by liquid/liquid extraction with ultracentrifugation. Nineteen amino acids (Ala,
Arg, Asn, Asp, Glu, GIn, Gly, His, lle, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val) were
qguantified by capillary electrophoresis mass spectrometry (CE-MS). The preparation
conditions during sample extraction and CE-MS analysis followed Oikawa et al. (2015). Only

values over the detection limit were presented (Appendix 1).
2.3.3 Whole-tree N calculations

For Larix kaempferi, whole-tree biomass was calculated as follows:

For stem and branch weight, the allometric equation by Hosoda & lehara (2010) for Larix

kaempferi was used.

W =ax*D? x HC

Where W is the biomass [kg], D the tree diameter at breast height (DBH) [cm], and H the
height of a tree [m]. Further, a, b, and c are coefficients gained from linear regression (a=
0.017872, b=1.801722 and c=1.171699 for stem and a= 0.092742, b= 2.905918 and c= -
1.288063 for branches).

Further, from the calculated stem weight, sapwood weight was estimated assuming that
22% of all stem weight is sapwood as reported by Paques (2001) for Japanese larch and

verified with tree core sampling on all measured trees.
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For roots no allometric equations could be found but Sakai et al. (2007) reported that for
Larix kaempferi the trunk/root ratio is 4:1 thus, we used the total stem weight obtained from
equation (1) and divided it by 4. Further, we did not estimate fine root biomass, as its weight

seems negligible in comparison to coarse roots (Chenlemuge et al., 2013).

Hosoda & lehara (2010) reported that leaf biomass determination had a low precision thus,
for leaf biomass estimation the values obtained from litter traps [1 m?] were scaled up to
whole-tree canopy area by measuring whole tree stand size [m?]. Stand size was calculated

by measuring canopy base diameter in four directions for each tree.

For Robinia pseudoacacia, three whole trees were cut in the green leaf period of 2018, to
destructively collect biomass data of leaves and sapwood. Before cutting the trees, branches
were cut off to reduce leaf loss through the falling stem. Leaves were dried at 50°C before
weighing to estimate whole-tree leaf weight. Every two meters a tree disc was cut from
stems, dried at 50°C and separated into heart- and sapwood sections. Based on the disks
characteristics, the volume and weight of the sapwood was calculated. For the root weight, a
general biomass equation model based on tree diameter a by Blujdea et al. (2012) for

Robinia pseudoacacia was applied.
InM =Ilna+blnx

Where M is the biomass [kg], a and b are coefficients gained from linear regression (a=
3.6264, b=2.0413) and x is the DBH [cm]. We confirmed the reliability of this equation by
comparing our results from the stem and leaf measurements with the results generated by
the equation above for these plant tissues and found comparable results. For litter weight,
we followed the same methodology described for Larix kaempferi using litter traps and

scaling up to whole-tree canopy area.

Furthermore, we assumed that in the post-abscission stage all N was in the respective
storage tissues (coarse roots and sapwood) while storage was considered empty during the
green leaf stage since N is needed in the growing tissues of both tree species. Thus, whole-

tree N storage was calculated as follows:

Nstorage = Npost - Ngreen
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Where Nstorage is the N stored in a certain tissue, Npost is the N content during the post-
abscission stage and Ngreen is the N content during green leaf stage. We calculated this value

for all plant tissues as relative amounts (g N kg™!) and as whole-tree absolute N storage (g N).

Finally, reabsorption efficiency (NRE) was calculated as:

mass of N in senesced leaves

NRE=(1— >X100

mass of N in greeen leaves

Nitrogen was expressed as mass per leaf dry mass (mg g™1). Litter, represents the senesced
leaves in November, while green leaf is the matured leaf in August. We calculated whole-
tree total reabsorbed leaf N by considering the total tree leaf weight scaled up from litter
trap measurements. Further, we calculated NRE* to account for leaf mass loss during N
reabsorption (Factor 0.754 for conifers) following Vergutz et al. (2012), which could lead to
an underestimation of 10% (van Heerwaarden et al., 2003). Finally, nitrogen resorption
proficiency (NRP) was calculated. It represents a more stable indicator of plant ability to
recycle nutrients than NRE. Nitrogen content per leaf mass in senescing leaves was used as
NRP (Killingbeck, 1996; Yasumura et al. 2005; Yuan et al. 2005). Leaves that can reduce N
concentration to a lower level are more proficient in resorbing N. The NRP is expressed in %

dry mass.

2.3.4 Statistical analysis

One-way ANOVA was applied to determine the statistical significance of differences in
nitrogen content, 8°N and amino acids content. If significant differences were found, post-
hoc multiple comparison was subsequently conducted, using Tukey-Kramer test at the

significance levels of 0.05 and 0.01.
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3 Results
3.1 Soil characteristics

The soils in all sites were identified as brown forest soils (Cambisols) with an average depth
of 70 cm and a sandy-loamy texture. In the top 30 cm of the Larix kaempferi sites, we found
a pH of 4.3 and a C:N ratio of 15, on average. Soil total N content decreased with depth by
60% as well as total soluble N content, which accounted for approximately 5% of the total N.
The majority of soluble N was made by organic compounds (DON, ca. 90%), and the
concentration of ammonium was 10-fold that of nitrate. 6°N was instead 3 times higher in
the bottom layer than in the top one (P < 0.01) (Table 2). The pH in the Robinia pseudoacacia
site was significantly higher (5.5) as well as the total N content, while the C:N ratio, isotopic
composition and soluble N were similar between sites. Soil total N content decreased with
depth by 80%, soluble N decreased by 50% and was made by organic compounds (DON, ca.
70 %).The concentration of nitrate was 4-fold that of ammonium in the soil of the Robinia

pseudoacacia site.

Table 2: Soil characteristics with £ denoting SD. Significant differences among same

parameters are highlighted in bold.

Depth pH Total N CN 55N [ TNb Ammonium Nitrate DON
eml  H  gNkgy ol gNKkg]  [gNKg) gNkg'l  [gNkg']

05 42+06 35+26 177 0915 0.14+0.06 0.01+<0.01 0.001+0.001 0.13+0.05

5-15 44+04 18+09 155 20%+15 009+<0.01 <001 £<0.01 0.001+<0.001 0.08+0.01

15-30 44+02 1404 14+6 31177 0.07+<0.01* <0.01+<0.01 <0.001+<0.001 0.08 +0.01

*P<0.05 **=pP<0.01

3.2 Total nitrogen content & 6*°N Isotope analysis in tree tissues

Fine roots N content of Larix kaempferi did not vary along the phenological stages and
contained twice as much N in comparison to coarse roots (P < 0.01). Coarse roots N content
decreased (P < 0.01) from the shoot growth to the green leaf stage by 40% followed by an
increase (P < 0.01) of 50% during the pre-abscission stage. There was no change in coarse

roots N content in the post-abscission or shoot growth stage (Fig.1a). Fine roots N content of
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Robinia pseudoacacia decreased (P < 0.05) by 30% from the shoot growth to the green leaf
stage and was 20% to 50% higher (P < 0.01) than coarse roots N content (Fig.2a). Robinia
pseudoacacia coarse roots N content followed the same pattern as Larix kaempferi with a
more pronounced decrease from the shoot growth to the green leaf stage (50%). Generally,

root N content of Robinia pseudoacacia was 80% higher than that of Larix kaempferi roots.

Sapwood N content of Larix kaempferi was the highest in the shoot growth stage (P < 0.01)
and decreased (P < 0.01) by 50% at the green leaf stage with no change during the pre-
abscission stage. In the post-abscission stage, sapwood N content increased (P < 0.01) by
45% (Fig.1b). Sapwood N content of Robinia pseudoacacia did not change significantly from
the shoot growth to the pre-abscission stage but increased (P < 0.01) during the post-

abscission stage by 30% and was 75% higher (P < 0.01) than in Larix kaempferi (Fig.2b).

Leaf N content of Larix kaempferi was highest in the shoot growth stage (P < 0.01) and
decreased by 30% from the shoot growth to the green leaf stage followed by another
decrease of 40% from the pre-abscission to the post-abscission stage (Fig.1c). The NRE was
36% while NRE* was 52% and NRP 0.9. Leaf N content of Robinia pseudoacacia was also the
highest in the shoot growth stage and decreased (P < 0.05) by 20% during the pre-abscission
period, followed by an additional decrease (P < 0.01) of 20% after leaf abscission (Fig.2c).
Generally, leaf N content of Robinia pseudoacacia was 98% higher (P < 0.01) than leaves of
Larix kaempferi. Similar to Larix kaempferi, the NRE was 32% while NRE* was 47% while the

NRP of 2.6 was considerably lower in Robinia pseudoacacia.

For Larix kaempferi roots biomass was the heaviest of all the plant tissues followed by
sapwood, branches and leaves (Table 3). N stored in coarse roots stored nearly 80% of all
stored N, while sapwood and branches stored 15% and 5% respectively. Whole-tree
reabsorbed leaf N made up 7 % of all stored N. For Robinia pseudoacacia, sapwood was the
heaviest plant tissue followed by roots, branches and leaves (Table 3). Coarse roots stored
about 90% of all stored N, while sapwood and branches stored in total 10%. Whole-tree

reabsorbed leaf N made up 75% percent of all stored N.

All measured plant tissues of Larix kaempferi showed no variation in 8*°N throughout the
four phenological stages with coarse roots as the exception. During the green leaf stage
coarse roots were significantly lighter than in all other phenological stages. Leaf §'°N values

were the lightest followed by sapwood, fine roots and coarse roots (Fig.1). Plant tissues of
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Robinia pseudoacacia displayed variation in §'°N in coarse roots and leaves but not in
sapwood and fine roots (Fig. 2). Coarse roots 6§°N became 1%o lighter (P < 0.01) from shoot
growth to the pre-and post-abscission stage. On the other hand, leaves isotopic composition
became gradually heavier from the green leaf (P < 0.05) to the post-abscission stage (P <

0.01).

Along all phenological stages, §'°N values of fine roots, sapwood and leaves of both tree
species were similar, while the §%°N of coarse roots differed (P < 0.05) with Larix kaempferi
showing generally heavier 6%°N values. During the green leaf stage, both species §'°N values

were similar.

Table 3: Biomass during the green leaf stage and seasonal change in whole-tree N content
and storage per plant tissue of Larix kaempferi Lamb. (n=8) with + denoting SD. Significant

differences among same plant tissues are highlighted in bold.

N[g N]
Tissue Biomass [kg] Pre-abscission Post-abscission Stored N [g N]
Green leaf stage
stage stage

roots 133 + 382 500 + 150 720 + 183* 759 £ 127* 260 + 91
sapwood 112 +31° 222 + 61 264 + 68 392 + 116** 48 +18

branches 55 + 9° 31+6 37 +6 54 + 11** 23+6
24+5¢

leaves 4+1° 64 +15 65+12 40 + 10** leaf N

reabsorbed

a = Calculated following Sakai et al. (2007)
b = stem weight calculated following Hosoda & lehara (2010). Then, from stem weight, sapwood weight was
calculated following Paques et al. (2000).
¢ = Calculated following Hosoda & lehara (2010).
*P=0.05 ** p=0.01
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Figure 1 (left) and 2 (right): Seasonal pattern of N content and 6%°N in fine roots (light grey,
circles) & coarse roots (dark grey, squares) (a), sapwood (b) and leaves (c) of Larix Kaempferi
Lamb. (n=8) (Figure 1, left) and Robinia pseudoacacia L. (n=5) (Figure 2, right) The error bars
denote SD, letters indicate differences in nitrogen content, italic letters indicate differences

in isotopic composition (min. P < 0.05).
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3.3 Amino acid analysis in plant tissues

For Larix kaempferi total free amino acid content (FAAC) in fine roots did not change
throughout the phenological stages while single amino acids did change significantly (Fig.
3a). High concentrations of only alanine and glutamine were found, while other amino acids
were found in minor concentrations most of which showed higher values during the shoot
growth and pre-abscission stage and lower values during the green leaf stage (Appendix I).
For Robinia pseudoacacia, fine roots showed the lowest (P < 0.01) FAAC during the green
leaf period and was in general five to ten times higher than in Larix kaempferi depending on
the phenological stage (Appendix Il). Major constituents were proline followed by
asparagine and alanine while the content of all measured amino acids generally was high in

the shoot growth and pre-abscission stage and lowest in the green leaf stage (Figure 3b).

Coarse roots FAAC of Larix kaempferi did not show significant variation throughout the year.
Major amounts of alanine, asparagine and glutamine were found, while other amino acids
were found in minor concentrations generally being higher during the shoot growth stage
and lower during the green leaf stage. Similarly, along the phenological stages, coarse roots
FAAC of Robinia pseudoacacia did not vary significantly and was ten times higher than in

Larix kaempferi. Like in fine roots, mainly proline, asparagine and alanine were found.

FAAC of the sapwood of Larix kaempferi did not vary in FAAC along the phenological stages
and was made up mostly of arginine, glutamine and alanine, but the concentrations were
extremely low. Similarly, sapwood FAAC of Robinia pseudoacacia did not vary along the
phenological stages with contents ten times higher than the sapwood of Larix kaempferi and

made up mostly of proline, asparagine and alanine.

Leaf FAAC of Larix kaempferi decreased (P < 0.01) from the shoot growth to the green leaf
stage by 60% followed by a drastic increase of 430% during the pre-abscission stage. In the
post-abscission stage, FAAC decreased by 65%. This final amount during the post-abscission
stage was 50% of that found during the shoot growth stage. Throughout the phenological
stages, alanine was the most abundant free amino acid with the highest content during the
pre-abscission stage. Other free amino acids were found in low, varying concentrations
throughout the year with generally higher amounts found in the pre-abscission and/or post-
abscission stage. Leaves FAAC of Robinia pseudoacacia tended to decrease during the post-

abscission stage and was mostly formed by Proline, alanine, asparagine, valine, isoleucine
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and leucine with no clear pattern throughout the phenological stages except for alanine,
which decreased significantly (P < 0.05). FAAC was two to ten times higher than in Larix

kaempferi.

On average, for plant tissues of Larix kaempferi and Robinia pseudoacacia, FAAC was the

highest in leaves and fine roots, followed by coarse roots and sapwood.
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Figure 3: Seasonal pattern of total free amino acids content in fine roots, coarse roots,
sapwood and leaves of (a) Larix Kaempferi Lamb. (n=8) and (b) Robinia pseudoacacia L.
(n=5). The error bars denote SD, letters indicate differences in free amino acid content (P <

0.01).
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4 Discussion

The N cycle in Larix kaempferi and Robinia pseudoacacia followed a well-established pattern:
in the green leaf stage, N was bound in leaves photosynthetic apparatus (Ueda e al., 2011).
During the pre-abscission stage, leaf N was reabsorbed and stored. Subsequently, in the
post-abscission stage, leaves were abscised and became fresh litter that was depleted in N
content (NRE* 52% and NRE* 47%, respectively). The value for Larix kaempferi was slightly
lower than that found by Enta, et al. (2019) (NRE* = 63%) in a stand nearby, possibly due to
lower reabsorption of N found in their study as revealed by the NRP (0.8 %N) (Enta et al.,
2019) vs 1.0 %N in our study). Further, they found for Robinia pseudoacacia a slightly lower
value NRE (NRE* 35%), which was in agreement with the lower NRP (3.2). Both differences
could be linked to a difference in sampling time before leaf abscission and differences in
annual climatic conditions, as the study by ( ) was conducted in the same area
in 2016 which was significantly less snowy (February 2016: 2.5m, February 2017: 4.5m, data
from the meteorological station at the site) affecting all forest processes due to a longer
snow melting period. Further, during the shoot growth stage, stored N was remobilized and
soil N uptaken to be transported upwards to support shoot growth in both species (Gessler

et al., 1998).

N content and FAAC of all plant tissues was considerably higher in Robinia pseudoacacia
because of its inherent characteristics of fixing high amounts of N from the atmosphere (Rice

et al. 2004; Malcom et al., 2008; Lopez et al, 2014).

In both species, we found a temporal change in N isotopic composition between plant
tissues, due to plant internal N transformations (Kolb & Evans, 2002; Millard & Grelet, 2010)

with roots being the most depleted.

As hypothesized, we found a temporal pattern of N storage, first in the coarse roots in the
pre-abscission stage followed by the sapwood in the post-abscission stage in both species.
This is in agreement with findings for evergreen Japanese cedar and deciduous Japanese

beech in this area ( ) indicating that this may be a general pattern for

tree species of the cold temperate zone.

Further, whole tree measurements revealed, that both species predominantly stored N in

coarse roots during the pre-abscission stage. Further, Larix kaempferi stored primarily soil
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uptaken N, while Robinia pseudoacacia stored largely leaf reabsorbed N demonstrating its

reliance on this internal N source.

4.1 Shoot growth stage

During this stage, FAAC and N content were high in all tissues for both species. N
remobilization from storage tissues and uptake from soil sources started in Larix kaempferi
while Robinia pseudoacacia up took N from the atmosphere and remobilized N from storage

tissues (Millard & Grelet, 2010).

For Larix kaempferi the abundance of alanine in all tissues and arginine and glutamine in the
woody tissues indicated their significant role during N transport to leaves where free amino
acids are synthesised to proteins to support photosynthesis as found also for Japanese cedar
and Japanese beech (Seidel et al., 2019a; b). Arginine and glutamine appeared to be the
predominant amino acids for transport of N, as it has also been shown by Bi et al. (2004) and
Seidel et al. (2019a) for arginine in young almond trees and Japanese beech respectively and
for glutamine for Japanese cedar (Seidel et al. 2019b) and for cherry and poplar trees

(Millard et al. 2006).

Growth of new leaves started already before the snow-melting season has concluded when
N root uptake was still limited, demonstrating the importance of remobilization of stored N
(Grassi et al., 2002; Millard et al., 2006). Grassi et al. (2002) found that glutamine mainly
transported remobilized N, while asparagine and aspartic acid transported soil uptaken N.
Their results are in agreement with our findings for Larix kaempferi where glutamine content
was higher in sapwood and roots in the shoot growth stage and lower during the other
phenological stages, indicating transport of remobilized N. Meanwhile, asparagine and
aspartic acid tended to show increasing concentrations in roots from the shoot growth to
the pre-abscission stage and stable values in the sapwood throughout the sampling period.
This may indicate that as stored N content decreased and soil temperatures increased at the

end of the tree dormancy period, soil N uptake and transport from the roots increased.

Proline, asparagine and alanine were the dominant free amino acids in all plant tissues of
Robinia pseudoacacia with proline being the most abundant. Proline is usually abundant in
organisms under biotic or abiotic stress (Verbruggen & Hermans, 2008). The high amounts of

proline in leaves during the shoot growth stage could be related to temperature stress in the
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analysed trees, which start growing in April when snow depth is still 2 m and soil
temperature was close to 0 °C (data not published). During the winter months (min.
temperatures of -8.4°C) and the snowmelt period (March to May), low temperature stress
(Kai & Iba, 2014) possibly triggered the biosynthesis of proline in leaves in the shoot growth
period. This was also found by Seidel at al. (2019a) for Japanese cedar. Once the
temperature stress decreased, proline partly degraded or synthesised with other
compounds into proteins as shown by the low proline content in the green leaf stage (Heuer,
1999; Verbruggen & Hermans, 2008). Similar to Larix kaempferi, asparagine and alanine
seemed to transport N from the woody storage tissues to leaf tissues (Grassi et al., 2002;
Seidel et al., 2019a; b). Moreover, fine roots FAAC was exceptionally high, indicating uptake
of N from the soil from the available N and DON pool possibly influencing the tree species
8N composition (Jones et al., 2004; Finzi & Berthrong, 2005). This soil N uptake and
interactions with possibly comparable mycorrhizal fungi communities in combination with
plant internal N transformations (Kolb & Evans, 2002; Millard & Grelet, 2010) may cause the
woody plant tissues overall 62°N value to shift away from the atmospheric 8°N value, closer
towards soil 8°N value causing plant tissues of Robinia pseudoacacia to be similar to Larix
kaempferi plant tissues in their 61°N value. This could be validated by mycorrhizal
identification, as both species soil §°N value is similar and only fungi could cause a
difference in coarse roots 8'°N value from the soil as a N source (Hobbie & Hogberg, 2012).
However, leaves 6N value of Robinia pseudoacacia would most likely not be influenced
strongly by this, as they are constantly uptaking atmospheric N, dampening any effect of soil
8N influencing leaf tissues 8'°N. Thus, similar mycorrhizal communities and/or plant
internal N transformations in Larix kaempferi must be causing §*°N values close to

atmospheric 8°N.

4.2 Green ledf stage

During this stage, all tissues of Larix kaempferi showed reduced N content indicating that
stored N in coarse roots and sapwood was mostly remobilized (Grassi et al., 2002; Millard et
al., 2006), while leaf N content decreased due to an increase in biomass in comparison to the
shoot growth period. There was a reduction of roots N content in Robinia pseudoacacia
similar to the reduction observed for Larix kaempferi and since N was predominantly stored

in roots and not in sapwood, sapwood content did not change during remobilization of
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stored N. Leaves N content did not decrease possibly due to continuous uptake of

atmospheric N (Malcom et al., 2008).

For both species, FAAC was low in all tissues in comparison to all other phenological stages
as most of them are bound in leaves (Ueda et al., 2011) indicating that the need for N
transport was lower, as N storage was depleted and only soil derived N needed to be passed
on (Millard et al., 2006). The exception was for leaves of Robinia pseudoacacia, showing no

change in FAAC which may be linked to the constant uptake of N from the atmosphere.

Other studies measuring N concentration in different tissues of Larix trees are scarce. The N
content of all plant tissues in our site was lower than those observed for Larix sibirica in
Mongolia during the green leaf stage (Hayashi et al., 2018), we discovered that N content of
all plant tissues was lower in our samples especially in woody tissues (~¥50% lower). This may
be linked to higher ammonium and nitrate content found in the Mongolian soils of that
study, as well as to a stronger link between ectomycorrhizal fungi (ECM) and the tree roots
(Bi et al., 2004; Millard & Grelet, 2010). Further, a higher litter N content in Larix sibirica may
be explained by the harsh Mongolian winter temperatures (mean annual temperature (MAT)
-3.6°Cto 1.7°C, which are much lower than in our plots (MAT 9.7°C). To protect leaves from
freezing, Larix sibirica might have thicker cell walls than the Larix kaempferi trees in our plots
causing them to have a greater immobile leaf N content as suggested by Gonzalez-Zurdo et
al. (2015). They found, that evergreen tree species (Pinus pinaster, Quercus suber, Quercus
ilex ssp. Ballota) along decreasing temperature gradients did not change in leaf N content.
However, greater amounts of N were bound in the cell walls to thicken them as a protection

against temperature stress causing litter to have a higher N content.

Further, due to the soil conditions, the ECM reliance of Larix sibirica and the differences in
MAT, mean annual precipitation and elevation, a comparison of the isotopic composition of
plant tissues of Larix sibirica and Larix kaempferi is difficult (Vergutz et al., 2012). Yet, the
isotopic composition of litter and stem samples were similar (Hayashi et al., 2018) to the
ones found in the present study, showing a strong control of the intra-plant N

transformation processes on the isotopic composition in these plant tissues.

Additionally, we found fractionation of E'°N in coarse roots of Larix kaempferi during the
green leaf stage temporally coinciding with a decrease in N content, indicating that during N

transport from roots to leaves and depletion of roots N storage, discrimination of *°N
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occurred. This could not be attributed to a single amino acid, as the SD of single free amino
acids was high. However, the change in coarse roots 8'°N had no effect on sapwood or leaf
8%5N as both tissues already had a lighter §%°N value being similar to coarse roots §*°N during

the green leaf stage.

N content and isotopic composition of tissues of Robinia pseudoacacia however, were in the
typical range of this species (Rice et al. 2004; Malcom et al., 2008; Lopez et al, 2014; Enta et
al. 2019), closer to the atmospheric 6°N (0 %o).

4.3 Pre-abscission stage

Our data showed that during the pre-abscission stage for Larix kaempferi, the content of
free amino acids in leaves peaked, where 9 out of 19 measured amino acids increased and 7
tended to increase in content, which were released via protein hydrolysis (Warren et al.,
2003) with alanine being the most abundant. This had no effect on leaf 6*°N or total N
content of the leaves showing that N remained in the leaves in the form of free amino acids
at the time of sampling. At the same time, coarse roots N content significantly increased
showing that N was stored in this tissue possibly in the form of proteins synthesised from
alanine and asparagine uptaken by fine roots which were significantly increased in alanine
and asparagine content. Further, coarse roots 6§*°N decreased back to shoot growth stage
levels, most likely influenced by freshly soil uptaken N on this plant tissue. This was further
supported by whole-tree measurements showing, that most stored N is made up of soil N.
During this stage, we found no change in N or amino acids content in the sapwood. This
dataset indicated clearly that during the pre-abscission period, N was not yet reabsorbed
from leaves and thus, the storage of N observed in the coarse roots may be the result of soil

N uptake.

In general, fine and coarse roots showed high FAAC which was likely derived from soil
uptake. The soil soluble N pool was mostly made up of DON representing a major plant
available N pool being largely composed of amino acids, which can be rapidly uptaken by
roots (Jones et al., 2004). In this study, we found that 70% of soluble N consisted of DON,
which is in the range found for other cambisols in the same research area (Seidel et al.,

2019a), possibly influenced by vegetation and climate affecting microorganisms and the N
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cycle (Michalzik & Matzner, 1999; Neff & Hooper, 2002), explaining the high FAAC found in

fine and coarse roots in all phenological stages.

In comparison, at the time of sampling, Robinia pseudoacacia already had started leaf N
reabsorption as indicated by reduced leaf N content and FAAC temporally coinciding with
increased FAAC in the sapwood transporting N to the roots for N storage. Additionally, leaf
8%°N decreased while coarse root 6°N increased, indicating that reabsorbed leaf N was
stored in coarse roots. This was further supported by the results of whole-tree
measurements suggesting that most stored N was composed of reabsorbed leaf N while this

could not be attributed to a single free amino acid.

4.4 Post-abscission stage

Shortly before leaves were abscised, leaf N was reabsorbed, as litter N and amino acids
decreased significantly in Larix kaempferi and slightly in Robinia pseudoacacia. This indicated
that mobile forms of N have been partially removed and mainly structural N (e.g. N bound in
cell walls) remained in the leaves (Warren & Adams, 2004; Ueda e al., 2011). No
fractionation of *°N took place in Larix kaempferi during reabsorption, which was in
agreement with Kolb & Evans (2010). On the other hand, Robinia pseudoacacia did
fractionate during leaf N reabsorption showing that fractionation with leaf N reabsorption is

species depended (Seidel et al., 2019b).

As N was reabsorbed from leaves, N content in the sapwood significantly increased in both
tree species, indicating that leaf reabsorbed N might be partially stored in this tissue.
However, as there was no change in isotopic composition of any tissue during this
phenological stage, we could not determine whether reabsorbed leaf N was stored only in
coarse roots or also in sapwood. Further, the leaf N contribution to the overall tree N
storage in Larix kaempferi was small (7%), suggesting that the remaining 93% of the stored N
was most likely made up of N uptaken from the soil, thus dampening any possible change in
isotopic composition that may be caused by storage of reabsorbed leaf N. In addition, FAAC
could not help to elucidate this issue either. During the post-abscission stage, coarse roots
stored 80% N making it the major N storage tissue for Larix kaempferi. Alanine, glutamine
and arginine were the most abundant free amino acids in coarse roots and sapwood

indicating their function as storage forms of N (Bi et al., 2005) as found for Japanese cedar
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(Myashita et al., 2007; Seidel et al, 2019a) and Scots pine (Ndsholm & Ericsson, 1990; Nordin
et al. 2001). Further, asparagine content in coarse roots peaked during the pre-abscission
stage but dramatically decreased in the post-abscission period, indicating, that it is not an N
form for storage. This is in agreement with previous studies (Bi et al, 2004; Bencur et al.
2005; Lea et al., 2007; Seidel et al., 2019b) reporting that the main function of asparagine is
to transport N after which it will be synthesised with other compounds into proteins for

storage of N.

FAAC of Robinia pseudoacacia was still predominantly made up of proline possibly triggered
by temperature stress and alanine as a form of N storage as described above. Further,
asparagine also remained in coarse roots and sapwood, contradicting its previously assumed
function as a transport and not storage form of N in Larix kaempferi (Bi et al, 2004; Bencur et
al. 2005; Lea et al., 2007; Seidel et al., 2019b). The reason for this remained unclear but may
be linked to the leguminous nature of this tree species as it exudates asparagine from the

roots (Smith, 1969).

5 Conclusion

Based on the results obtained in this study, we concluded that the temporal storage pattern
of N first occurs in the coarse roots followed by storage in the sapwood, which appears to be
a general pattern for trees of the cold temperate zone with Robinia pseudoacacia reabsorbing
leaf N earlier than Larix kaempferi. Future studies should investigate if this temporal pattern
of N storage is also found in other areas and tree species to confirm our findings. Stable
isotopic analysis in combination with free amino acid content and whole-tree measurements
proved to be useful tools to efficiently trace movement of N in Larix kaempferi and Robinia
pseudoacacia. These tools helped to further elucidate the reasons why §*°N in plant tissues of
both species was similar although their N sources differ by revealing soil N uptake and minor
contribution to N storage in Robinia pseudoacacia. Additionally, our results hinted towards
possible similarities in mycorrhizal communities’ composition and plant internal processes
causing similarities in 8'°N in plant tissues of these two tree species which needs to be
addressed in future studies. Larix kaempferi showed no fractionation during leaf N
reabsorption and no changes in free amino acid content of N storage tissues while Robinia
pseudoacacia showed no significant changes of FAAC in leaves or N storage tissues. Thus, we

were not able to link changes in single amino acids content to changes in 6*°N.
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Appendix I: Amino acid content in different tissues of Larix kaempferi Lamb. (n=3). Only amino acids found in significant amounts were reported with +
denoting SD. Significant differences among same plant tissues are highlighted in bold.

i : - : .. Glutamic : ,
T Period total.;ree atm"tm Alanine Arginine Asparagine Aspartic acid | Glutamine  Isoleucine
issue erio acid conten 1 1 1 1 1 1
- mg N k m[g N ki mg N k mg N k ) mg N k mg N ki
mgNkgy (MINKeTT migNkgT  [mgNkg™] [IMgNkgT oy yqy [MINKGT [mgNkg]
shoot growth 812 £ 511 138 + 88 42 + 34 32+25 26 +£31 42 + 35 219 + 100 41 + 16
Fine roots green leaf 484 + 222 73 £34 17 £ 10 60 +0.22 16 +9 52 + 37 78 + 58 25 +19
pre-abscission 989 + 221 214 + 26* 71 £ 56 104 + 89* 22+7 92 +14 155 + 85 32+t4
shoot growth 404 + 188 153 + 83 59 £ 70 48 + 38 14 £ 10 27 £ 23 145 + 100 20+9
Coarse green leaf 267 + 133* 74 £4 13+3 76 +111 76 12+ 4 15+7 6 + 2*
roots  pre-abscission 366 + 96 83 + 15 32 +25 96 + 138 8+4 13 +2 17 + 8 11+4
post abscission 296 + 122** 85+ 24 37 +0.23 6+1 5+4 34 +18 39 + 38 9+1*
shoot growth 70+ 9 7+3 1+0 2+1 2+0 3+2 22 +4 3+0
green leaf 46 + 16 8+5 5+2 1+0 2+2 2+1 12+1 2+0
Sapwood
pre-abscission 55+ 13 6+6 7+4 1+0 2+2 1+1 9+ 4* 2+2
post abscission 101 + 30 9+3 4+1 2+2 2+1 4+1 5 +2% 3+1
shoot growth 1020 + 187 183 + 56 15+6 28 +£18 6+2 14 +7 25 +16 68 +22
Leaf green leaf 392 +79* 116 + 13* 9+5 4 + 4% 2+1* 10£3 23+4 4 + 6*
pre-abscission 1687 + 479* 315 + 30** 17 +9 33 6 4+1 21 £12 72+ 24** 205 + 21**
Litter ~ post abscission 573 + 234** 46 + 9** 11 +5 11+6 4+1 39 + 12** 80 + 24** 48 + 21
*P=0.05 **P=0.01
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Appendix | (continued): Amino acid content in different tissues of Larix kaempferi Lamb. (n=3). Only amino acids found in significant amounts were reported
with + denoting SD. Significant differences among same plant tissues are highlighted in bold.

Tissue Period Leucine Phenylanine Proline Serine Threonine Tryptophane  Tyrosine Valine
[mgNkg™]  [mgNkg'] [mgNkg'] [mgNkg'] [mgNkg™] [mgNkg'] [mgNkg'] [mgNkg?]
shoot growth 36+ 12 21 +8 40 + 14 18+9 27 +8 45 + 56 115 65 + 25
Fine roots green leaf 17 £ 9* 16 +8 11+ 3* 23 +16 21+11 12+0.1 15+7 40 + 28
pre-abscission 40+ 7 29+9 19 + 6* 36 + 10 56 + 39 37 £0.37 18+1 45 + 4
shoot growth 19 + 10 18+4 57 +35 15+6 14 +5 45 + 40 10+ 4 35+ 14
Coarse green leaf 6+ 3* 6 + 1% 10 + 3* 11+3 7+2 2+1 5+1 13 + 5*
footS  pre-abscission 14+3 10 + 3* 18 + 11* 14 + 6 12 £5 10 £ 4 6+3 18 £ 6
post abscission 104 7 2% 12 + 4* 12 +2 8+2 10+7 4+ 2% 14 + 2*
shoot growth 3+0 1+1 8+7 6+3 2+1 2+0 2+0 5+1
green leaf 2 +1 1+0 1+1 4+£2 1+0 0+ 0* 1+0 3+1
Sapwood
pre-abscission 2 +2 1+1 2+2 3+3 1+1 0+0* 1+0 3+3
post abscission 3+2 2+1 4+2 5+1 2+1 2+1 2+1 4+2
shoot growth 7 %1 79 +28 285 + 11 40 + 17 23 +14 23 +8 31+11 112 + 32
Leaf green leaf 2 £1* 25 + 10* 129 + 24** 10 + 10* 11 +11 11 +10 8+4 19 + 10*
pre-abscission 23 + 5% 119 +11 101 + 18** 73+ 7% 116 + 8 38 + O** 22+ 3* 216 + 22*
Litter ~ post abscission 7 +6 19 + 11* 29 + 18* 20 +7* 24 +8 21 +9 8.00 + 3 57 + 22*
*P=0.05 **p =0.01
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Appendix II: Amino acid content in different tissues of Robinia pseudoacacia L. (n=3). Only amino acids found in significant amounts were reported with +
denoting SD. Significant differences among same plant tissues are highlighted in bold.

Tissue Period to:zligiir?tz:;o Alanine_1 Arginin(?1 Asparagirle Aspartic agid GI:?}TC Glutamin_le Isoleucinj
mgNkgy [MINke] migNkg] [mgNkg™] [mgNkgT] 0N gy [MINKGT]  [mgNkg]
shoot growth 7008 + 1706 526 + 189 1334 + 52 1334 + 655 277 £ 42 270 £ 31 146 + 10 339 +45
Fine roots green leaf 2372 + 1166** 194 + 56* 840 + 10* 840 + 779 151 + 69* 109 + 29** 74 + 37* 72 + 29%*
pre-abscission 4121 + 748 367 + 23 944 + 22 945 + 437 178 + 17 214 + 35* 68 + 22* 68 + 14**
shoot growth 4950 + 2124 333 + 106 144 + 137 1458 + 695 133 + 54 90 + 47 67 + 12 171 + 81
Coarse green leaf 2325 + 1702 141 + 68* 23 +34 909 + 111 87 + 45 44 +9 49 + 52 47 + 37*
rootS  re-abscission 4052 + 2166 301 + 77 152 221 1498 +142 122 +34 84 + 27 63 = 40 36 + 5*
post abscission 5228 + 169 339 £ 52 135 + 118 1290 + 134 132 + 39 64 + 16 63 + 24 53 +25
shoot growth 610 + 177 85+ 35 16 + 12 180 + 83 18+6 8+1 11+5 26 +8
green leaf 679 + 531 127 + 102 11 +15 279 + 212 67 + 56 14 +5 26 + 24 16 + 11
Sapwood
pre-abscission 1075 + 565 219 +101 5+5 261 + 186 76 + 62 40 + 31 39 +32 11 +4
post abscission 1097 + 421 150 + 61 11 + 10 180 + 116 31 +18 26 + 20 19 + 18 19 +12
shoot growth 3600 + 1108 802 + 126 21 +7 195 + 130 89 + 15 55 + 7 25 +3 157 +22
Leaf green leaf 4029 + 1188 893 + 113 28+7 556 + 88* 198 + 171 50 + 33 51 + 40 330 + 136
pre-abscission 3068 + 670 1052 + 389 6+2 170 + 47 23+ 7* 65 + 11 39 + 26 140 + 73
Litter ~ post abscission 2028 + 764 196 * 60* 14 £3 285 + 177 9 +4* 58 +8 79 + 16 215 + 75
*P=0.05 **P =0.01
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Appendix Il (continued): Amino acid content in different tissues of Robinia pseudoacacia L. (n=3). Only amino acids found in significant amounts were reported
with + denoting SD. Significant differences among same plant tissues are highlighted in bold.

Tissue Period Leucine Phenylanine Proline Serine Threonine Tryptophane  Tyrosine Valine
[mgNkg'] [mgNkg'] [mgNkg'] [mgNkg’] [mgNkg'] [mgNkg'] [mgNkg'] [mgNkg™]
shoot growth 218 £ 22 208 + 90 2050 + 505 233 £43 223 £ 70 133 £ 48 90 + 30 526 + 91
Fine roots green leaf 52 + 22* 64 + 19* 396 + 154** 52 + 25% 68 + 31* 82 +17 34 + 26* 132 + 55**
pre-abscission 52 + 5* 60 + 5* 1555 + 170** 69 + 6** 94 + 10* 92 +35 25+ 1* 91 + 12**
shoot growth 101 + 36 130 £ 60 1238 + 363 142 £ 71 106 + 54 79 + 33 57 + 28 309 + 186
Coarse green leaf 30 + 26* 35 + 26* 596 + 102* 40 + 18* 84 +75 93 + 42 24 +18 71 + 29*
roots  pre-abscission 34 + 6+ 41 + 2¢ 1263 + 407 53 + 18 66 + 27 80 + 114 23 £15 61 + 10*
post abscission 32+ 10* 69 + 25 2527 + 198** 79 £29 73 £38 27 t4 22 £11 111 +50
shoot growth 16+4 81 134 + 22 20+8 12 £ 4 102 82 45 + 17
green leaf 8+6 2+0* 31 +6* 25+24 12+8 18 + 2* 7+7 23 +20
Sapwood
pre-abscission 9+3 5+1 320 + 98* 28 + 16 15 + 10 7+5 3+2 22 +13
post abscission 12+7 11+6 543 + 137** 24 +11 12+6 5+4 3z+1 36 + 22
shoot growth 128 £ 25 76 +12 1227 + 565 234 £ 53 100 £ 20 81 +31 84 +15 257 =48
Leaf green leaf 170 + 23 78 +9 556 + 197 126 + 11* 219 £ 23 118 + 108 103 £ 56 461 £ 52*
pre-abscission 108 £ 52 49 + 28 837 £ 132 139 + 33* 73 + 27 67 +19 239 220 £ 114
Litter ~ post abscission 160 + 60 121 +43* 364 + 181* 82 + 31** 71+ 20 38 +29 9 +1* 282 + 112
*P=0.05 P =0,01
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Abstract

Background and Objectives: In soil-plant systems the P dynamics during the whole annual
cycle in leaves, stem and root tissues, the allocation of P in the different tissues and the
significance of P availability in soil for P allocation remain largely unknown, especially as
related to N dynamics. Thus, our objectives were (1) to evaluate P reabsorption efficiency
and proficiency among different tree species, (2) to correlate plant tissues N content with P
content, and (3) to identify P storage tissues and their respective contribution to whole-tree

P storage.

Materials and Methods: Three trees of four tree species were selected and coarse roots,
sapwood, leaves, litter and soil samples were collected. Plant tissues were sampled during
four phenological stages. Total and available N and P contents were measured and upscaled

to whole-tree level.

Results: All species reabsorbed N and P in significant amounts. Cryptomeria japonica was
most nutrient proficient and stored the largest amounts of N and P, while Larix kaempferi
was highly N and P proficient but focused more on conserving P than N. Fagus crenata was
highly efficient in N and P resorption but least proficient conserving N and P. Robinia
pseudoacacia exhibited generally poor N and P reabsorption but was more efficient

conserving P than N.

Conclusions: This study showed different tree species patterns of P resorption and storage,
with evergreen Cryptomeria japonica storing large amounts of N and P making this species
more resilient towards changes in soil N and P availability. Deciduous Larix kaempferi was
low N and P demanding and able to grow well in nutrient poor soils. In contrast, broad-
leaved Fagus crenata was highly N and P demanding and most efficient in absorbing N and P.
Finally, leguminous Robinia pseudoacacia demonstrated clearly the effect of soil N
independence on plant tissues P content, enabling it to acquire the highest amounts of N
and P. The results of this study showed the particular interaction of N and P inherent to each
tree species and shed new lights on different tree species nutrient budgets for forest

management practices.

Keywords: Cryptomeria japonica, Fagus crenata, Larix kaempferi, Robinia pseudoacacia, N

and P dynamics, N:P ratio
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1 Introduction

The availability of nitrogen (N) and phosphorous (P) in ecosystems is a driving force of plant
community composition as N and P are essential macronutrients supporting plant growth
and development (Aerts & Chapin, 2000; Kolb & Evans, 2002; Gusewell & Gessner, 2009).
Their limitation or imbalance in forest ecosystems can reduce plant growth and
photosynthetic activity (Glsewell & Gessner, 2009; Zhang et al., 2014; Luo et al., 2015). N is
vital for the formation of proteins, nucleic acids and chlorophylls (Warren & Adams, 2004;
Ueda et al., 2011) affecting photosynthetic processes (Glsewell, 2004), while P is a vital
component of RNA, DNA, phospholipids and sugar phosphates and involved in cellular
energy transfer (Marschner, 1995; Rennenberg & Herschbach, 2013; Li et al., 2017). Based
on soil P budget and availability, plants may develop highly efficient strategies for P uptake
and utilization, P storage and mobilization and high resorption efficiencies (Rennenberg &

Herschbach, 2013), leading to P cycling through the ecosystem.

However, there is only very limited information available regarding plant P cycling
(Rennenberg & Herschbach, 2013; Li et al, 2017), while plant N cycling during the growing
season has been extensively studied (Millard & Grelet, 2010). Further, many studies have
been conducted on N and P fertilization in laboratory experiments in N-limited or P-limited
conditions often with saplings (De Groot et al., 2003; Wright et al., 2005; Wright et al., 2011;
Yavitt et al., 2011; Santiago et al., 2012; Mori et al., 2013), but studies with adult trees in
forest ecosystems are scarce (Li et al., 2017). Information on P dynamics during the whole
annual cycle in leaves, stem and root tissues, the contribution of those plant tissues to P
storage, P mobilisation processes, and the significance of soil P availability in the soil on P
plant allocation have so far not been shown (Rennenberg & Herschbach, 2013; Li et al.,

2017).

Therefore, the present study aims to elucidate P cycling of four tree species to explore the
seasonal changes of P, as related to N dynamics. This work builds up on the results described
in Seidel et al. (20193, b, c) presenting comprehensively the N cycling of Cryptomeria
japonica, Fagus crenata, Larix kaempferi and Robinia pseudoacacia. These tree species are of
four different functional groups: evergreen conifer (Cryptomeria japonica), deciduous
conifer (Larix kaempferi), deciduous broad-leaved (Fagus crenata), and deciduous

leguminous (Robinia pseudoacacia) exhibiting different nutrient demands. Larix kaempferi
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took up very low amounts of N, followed by Cryptomeria japonica, while Fagus crenata
absorbed significantly more N. Robinia pseudoacacia took up the largest N amount (Seidel et
al. 2019a, b, c¢). Li et al. (2017) stated, that a higher N content leads to an increased P
demand as higher N content enables plants to increase their leaf area index, extend
photosynthesis duration and improve nutrient uptake with all of these processes requiring P.
This was supported by Kang et al. (2010), presenting a significant positive correlation
between N and P content. Thus, based on the N cycling of the four tree species (Seidel et al.
20193, b, c), we aim to clarify the P cycle by means of seasonal measurements of coarse

roots, sapwood and leaves.

We hypothesized that all four tree species belonging to different functional groups will
reabsorb leaf P that is subsequently stored in sapwood and roots after leaf abscission and
further, that these tree species will exhibit different P storage strategies depending on their
species and soil P availability. Our objectives were (1) to evaluate P reabsorption efficiency
and proficiency among species, (2) to correlate plant tissue P to N content and soil P
availability, and (3) to identify P storage tissues and their respective contribution to whole-

tree P storage.

2 Materials and Methods

2.1 Study site

The research site is located in north-eastern Japan in the Research Forest of Yamagata
University on the Japanese Sea side. The humid climate is characterized by an annual
precipitation of 3000 mm, with approximately half falling in the form of snow, covering the
sampling sites from December to May at an elevation of 300 to 700 m above sea level (Fig. 1).
The sampling sites distributed within a radius of 3 km and were selected by accessibility,
stand age and stand purity. Three Japanese cedar trees (Cryptomeria japonica D. Don.) were
sampled in a 50-year old plantation composed of exclusively Cryptomeria japonica with an
understory vegetation of broad-leaf bamboo (Sasa veitchii) growing at an elevation of
~300m above sea level. Three 40-50-year old Japanese larch trees (Larix kaempferi Lamb.) in
a mixed forest dominated by Larix kaempferi (~80-90%) were chosen, as there were no pure

stands in the Yamagata University Research Forest. Finally, three 70-80 years old Japanese
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beech trees (Fagus crenata Blume) growing in a pure stand at the highest elevation (~700 m

above sea level) were selected. Three 7-year old Black locust trees (Robinia pseudoacacia)

growing in a pure stand were sampled. Prior to the colonization of the area by Black locust, a

Cryptomeria japonica plantation was present, which was harvested and subsequently

burned. After the fire, Robinia pseudoacacia quickly invaded the plot (Table 1).

Temperature [°C]

Figure 1: Meteorological conditions at the Yamagata University Research Forest. Dashed

lines indicate sampling times: SG = shoot growth period, GL = green leaf period, PrA = pre-

Altitude: 265 m a.s.l. Ta: 9.7 Precipitation: 3064 mm
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abscission period, PA = post-abscission period (from Seidel et al., 2019a).

Table 1: Characteristics of sampled tree species (n = 9).

Site Coordinates m a.s.l. Tree DBH Height Age
Cryptomeria N38° 32.987 295 g g;g ;; :i
japonica E139° 51.801" ' '
C 44.6 22.5 54
o , A 42.3 25.9 48
Larix kaempferi N38 033'427 \ 650 B 35.0 211 45
E139° 52.560
C 35.6 24.8 47
A 30.7 25.4 71
N38° 33.390
Fagus crenata E139° 52 630 690 B 30.2 24.4 71
C 29.9 43.2 73
robiia Napesasso A 107 1017
pseudoacacia E139° 52.125' ' '
C 13.2 12.9 7

DBH= diameter at breast height
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2.2 Plant and soil sample collection and treatments

Coarse roots (> 2 mm), sapwood and leaf samples were collected from May 16 to 18 (shoot
growth stage), August 1 to 3 (green leaf stage), October 19 (pre-abscission stage), and on
November 29 (post-abscission stage) with fresh litter collected from litter traps (size: 1 m?,
placed on May 15 for Cryptomeria japonica and on September 4 for the other species).
Coarse roots of single trees were dug out, identified and cut from the trunk up to a depth of
30 cm. Three samples surrounding each tree were taken and pooled. Whole tree cores were
collected by using an increment borer with a 10 mm diameter for Larix kaempferi and
Cryptomeria japonica while a 5 mm borer was chosen for the hard woods Fagus crenata and
Robinia pseudoacacia. Sapwood and heartwood were identified and separated by colour.
Heartwood was sampled only once, assuming that there was no variation in P content
throughout the growing season as P moves with water in the sapwood (Rennenberg &
Herschbach, 2013). Three samples of heartwood were taken in the green leaf period of 2017
on August 3. Leaves without insect attacks were sampled from the middle of the canopy to
avoid effects of crown position and by sampling different leaf clusters, we included possible
variations in P content (Rosecrance et al., 1998; Ozbucak et al., 2008). Further, leaves of
evergreen Cryptomeria japonica were separated and analysed by year, which has been
described in more detail in Seidel et al. (2019a). All plant samples were transported in plastic
bags and directly oven dried in the laboratory. All plant material was dried to a constant
weight at 60°C for at least 48 hrs, following Rosecrance et al. (1998). Subsequently, they

were ground and stored in a dark and cool place until further analysis.

Soil horizons were identified in the field following the FAO guidelines (FAO, 2006) and
genetic horizons were sampled for soil characterization as described in Seidel et al. (2019a,

b, c).

The humus layer was removed and only mineral soil samples were taken from three depths
(0-5c¢m, 5-15cm and 15-30cm) from August 1 to 3, 2017. Within 30 cm distance around each
tree, three small pits were sampled. All samples were taken from the field in a cooler box
and air dried for at least 48 h and then sieved (<2 mm). Subsequently, the samples from the
three small pits around each individual tree were pooled according to their depth, ground

and stored in a freezer until further analysis.
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2.3 Total and available P analysis

For plant and soil materials, total phosphorous (TP) was determined by digesting the
samples with potassium peroxydisulfate. All samples were weighed and burned at 550°C for
2 hours. Potassium peroxydisulfate was added and samples positioned in an autoclave (LSX-
300 High pressure steam sterilizer, TOMY, Japan) for 1 hour at 121°C and then centrifuged
(3000 rpm, 5min). The concentration of TP was determined colorimetrically with a

microplate reader (Multiscan GO, Thermo Scientific, USA).

Available P was determined on soil samples using both Bray and Olsen methods (Olsen et al.,

1954).

2.4 Whole tree measurements

In August 2018, whole-tree harvest of three Cryptomeria japonica trees and three Robinia
pseudoacacia trees was conducted to destructively collect biomass data of leaves and
sapwood. Before cutting the trees, branches were cut off to reduce leaf loss through the
falling stem. In the case of Cryptomeria japonica, three branches of four typical sizes (120-
150 cm, 150-160 cm, 200-230 cm and 300-360 cm, respectively) were selected and leaves
were removed and separated by age. For both species, leaves were dried at 50°C before
weighing to estimate whole-tree leaf (separated by years for Cryptomeria japonica) weight.
Every two meters a tree disc was cut from stems and dried at 50°C. They were separated
into heart- and sapwood sections and based on the disk characteristics the volume and
weight of the sapwood was calculated for these two species. For the coarse root weight,
power equations by Lim et al. (2013) for Cryptomeria japonica and Blujdea et al. (2012) for
Robinia pseudoacacia were used. For Fagus crenata and Larix kaempferi, leaf, sapwood and
coarse roots weigh was estimated by power equations (Gebauer et al., 2008; Tateishi et al.,
2010; Ono et al., 2013 and Paques, 2001; Sakai et al., 2007; Hosoda & lehara, 2010,
respectively), which are described in detail by Seidel et al. (2019b,c). Tissue weight was
calculated for the green leaf period and a change in tissue weight due to growth was
assumed negligible from the green leaf stage until the post-abscission stage. We calculated
changes in P content for all phenological stages except for the shoot growth stage, as we

could not estimate whole-tree leaf weight during that time.
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Furthermore, we assumed that in the post-abscission stage all P was in the expected storage
tissues (coarse roots and sapwood) while storage was considered empty during the green
leaf stage as P is needed in the growing tissues (Rennenberg & Herschbach, 2013). Thus, the

whole-tree P storage was calculated as follows:

Pstorage = Ppost - Pgreen

Where Pstorage is the P stored in a certain tissue, Ppost is the P content during the post-abscission
stage and Pyreen is the P content during green leaf stage. We calculated this value for all plant

tissues as whole-tree absolute P storage (g P).

Finally, reabsorption efficiency (PRE) was calculated as:

mass of P in senesced leaves

PRE=(1— >><100

mass of P in greeen leaves
P was expressed as mass per leaf dry mass (mg g2). Litter represents the senesced leaves in
November, while green leaf is the matured leaf in August. We calculated whole-tree total
reabsorbed leaf P by considering the total tree leaf weight scaled up from litter trap
measurements. Further, we calculated PRE* to account for leaf mass loss during P
reabsorption (Correction Factor (CF) for conifers 0.754) following Vergutz et al. (2012), which

could lead to an underestimation of 10% (van Heerwaarden et al., 2003).

PRE* =

mass of P in senesced leaves
1-— - * CF ) X100
mass of P in greeen leaves
Subsequently, P resorption proficiency (PRP) was calculated, since it represents a more
stable indicator of plant ability to recycle nutrients than PRE. Total P content per leaf mass in
senescing leaves was used as PRP (Killingbeck, 1996; Richardson et al. 2005). Leaves that can

reduce P concentration in senescing leaves to a lower level are more proficient in resorbing

P. The PRP is expressed in (%) dry mass.

Finally, reabsorbed leaf P on whole-tree level was calculated as follows:

(Lp* L )
Pwhole—tree reabsorbed — 100 — T;;SZ' * PRE
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Pwhole-tree reabsorbed Was expressed as [g P], Lp was P content of litter [g/kg] and Lmass was the
litter weight [kg] representing the whole tree loss of P [g P] with litter and finally PRE [%] as
the P resorption efficiency. With the Pwhole-tree reabsorbed Value we could calculate leaf P

reabsorption contribution to whole-tree P storage [%].

2.5 Statistical analysis

One-way ANOVA was applied to determine the statistical significance of differences in P and
available P content of all measured plant tissues and soil samples. If significant differences
were found, post-hoc multiple comparison was conducted, using a Tukey-Kramer test at the
significance levels of 0.05 and 0.01. Furthermore, simple linear regression analysis was
conducted with RStudio (Version 1.1.463 — © 2009-2018 RStudio, Inc.) in order to evaluate

the effect of the dependent variable (P content) on the independent variable (N content).

3 Results
3.1 Soil characteristics

The soils in all sampled plots were identified as brown forest soils (Cambisol) and P content
did not change significantly with depth in the top 30 cm (Table 2). Available P decreased in
all plots from top to bottom (P < 0.05) by at least 60%.

The results of our study showed that Cryptomeria japonica and Robinia pseudoacacia grew
in plots with moderate total and available P content, Larix kaempferi grew on plots with the
highest total P content but the lowest P availability (P < 0.05), Fagus crenata grew on soils

with the lowest total P content but the highest available P content.

3.2 P content and reabsorption in plant tissues

All species showed no significant changes in coarse roots P content throughout the season
(Fig. 2). The coarse roots of Robinia pseudoacacia showed the highest P content followed by
Cryptomeria japonica (P < 0.01) having 30% lower P content. The coarse roots of Larix
kaempferi and Fagus crenata had the lowest values (P < 0.01) being 50% lower than

Cryptomeria japonica.

There was no significant change in sapwood P content throughout the seasons for Larix

kaempferi and Cryptomeria japonica (Fig. 2). Fagus crenata sapwood P content decreased
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Table 2: Mean %SD of soil parameters under Cryptomeria japonica, Larix kaempferi, Fagus
crenata and Robinia pseudoacacia. Significant differences among same parameters are

highlighted in bold.

total N available N toFaIN: Ammonium  Nitrate DON
available N

mgkg"]  [mgkg™l ~ . [mgNkg'l [mgNkg™ [mgNkg™]

total P :
available P
ratio

Depth  total P available P

Species
P [em] [mgkg'l  [mgkg]

0-5 1988 +1106 41.3+20.9 48 9236 £3944 390111 24 137+113 20+21 230+88 14+4

r
Cryptomeria o o a3c6 41677 2154163 156 5172+ 1360 208+42% 25  348+41% 10+12% 163456 14+3

japonica
15-30 2376+984 14.4+11.9 165  3706+834** 132+18* 28  48+<1# 8+8* 12010 1442
0-5 35322231 16.0+85 221  3502+2644 138+58 25 8+3 141 129449 1946
L . r
aX 515 4658+1459 10050 466 1782+908  88+8 20 5+1 1+<1  82+8 18+3
kaempferi
15-30 3313+2386 6.7+ 15 404  1438+436* 78+ 6* 18 5+1  1+<1 79415 146
0-5 937+311 358+160 26 779542105 293+91 26 253+54  4+6  30+38 20+2
r
Cﬁ:ﬁ;fa 515 1850+979 20.8+8.6* 89  3501+906 173+36% 21 100+74* 345 70481 20+3
1530 1473+631 12.6+4.0% 117 1044214 14151 7 104£77%  3+4 33435 16+3
05 1794+697 340+52 53  6063+2290 1431 42 12+<1  48+6  83+5 202
binia
Robinia ¢ 15 537041465 126+ 60" 263  2877+1600* 100+<1¥ 29 i<l 18+<1 77+7 12%3*
pseudoacacia
1530 2417+ 1530 9.6+32% 252  1982%576% 76 <1 26 3+<1 11+<l 58+9 112
“P <0.05 P < 0,01

Total N, available N, total N : available N ratio, ammonium, nitrate, dissolved organic nitrogen (DON) and C:N values are taken from Seidel et al.
(2019a,b,c)

(P <0.01) from the shoot growth to the green leaf period by 55% and remained low the rest
of the year. Sapwood of Robinia pseudoacacia showed an increase of 40% in P content from
the green leaf period to the post-abscission period (P < 0.01). On average, Robinia
pseudoacacia had the highest amount of P in the sapwood, followed by Cryptomeria
japonica and Fagus crenata having 30% and 60% lower P content respectively (P < 0.01).
Larix kaempferi had the lowest (P < 0.01) with a 70% lower P content in comparison with
Robinia pseudoacacia. Heartwood P content was lower (P < 0.05) in Larix kaempferi and
Robinia pseudoacacia in comparison to their respective sapwood P content during all
phenological stages (Table 3). For Fagus crenata heartwood P content was significantly
higher than the sapwood during the shoot growth stage while it was similar to the sapwood
P content during all other phenological stages. There were no differences between

heartwood and sapwood found for Cryptomeria japonica.
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Figure 2: Seasonal pattern of P content in coarse roots, sapwood and leaves of Cryptomeria
japonica, Larix kaempferi, Fagus crenata and Robinia pseudoacacia. The error bars denote
SD (n=3 per species), letters indicate significant differences (min P < 0.05) among the same

tissue.

Regardless of tree species, P content in leaves decreased significantly, before leaves were

abscised (Fig. 2). Leaf P content was highest in Robinia pseudoacacia and Larix kaempferi,

while Fagus crenata and Cryptomeria japonica had the lowest P content (P < 0.05) during the

whole year. Furthermore, Cryptomeria japonica leaves showed no significant differences in
content among age groups (Fig. 3). In general, Larix kaempferi was most efficient in
reabsorbing P, followed by the broad-leaved species, while Cryptomeria japonica was least
efficient, which is reflected in their PRE (Table 4). However, both coniferous tree species

were more proficient in reabsorbing P than the broad-leaved species.

When comparing all plant tissues, we can observe a common pattern across all species at
any phenological stage, where the lowest P content was found in the sapwood followed by

coarse roots and the highest P content was found in leaves.

P
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Figure 3: Seasonal pattern of P content in leaves of Cryptomeria japonica separated by leaf

age (n=3 per leaf age class). Asterisks indicate significant differences (P < 0.05).

Table 4: N and P resorption efficiency (NRE and PRE, respectively), their corrected value to
leaf weight loss during reabsorption (NRE* and PRE*, respectively) and N and P proficiency
NRP and PRP, respectively) of Cryptomeria japonica, Larix kaempferi, Fagus crenata and
Robinia pseudoacacia with + denoting SD. N related values are based on n=9 trees per

species, P values are based on n= 3 trees per species.

Species NRE NRE* NRP PRE PRE* PRP
P [%] [%] [%dry mass]  [%] [%]  [% dry mass]
Ovear oig g3re
Cryptomeria old leaf
japonica 0.6+0.1° 55%4° 66+3° 0.05%0.01°
3-year
Oldyl oqf 343" 517
Larix
kaempferi 36+13™ 52410  0.9+0.1° 68+7% 76+5°™  0.05+0.01°
Fagus
cregata 67+4" 74+3°  07%01° 81+5° 85+4° 0.03+0.01°
Robinia

pseudoacacia 32+12° 4710  2.6+0.2° 52+16° 63+11° 0.13+0.01°

Letters indicate significant differences (P <0.05)
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3.3 P cycling on whole-tree level

In general, coarse roots and sapwood of all tree species did not change significantly
throughout the phenological stages with the exception of the sapwood of Robinia
pseudoacacia increasing (P < 0.05) in P content from the pre- to the post-abscission stage
(Table 5). Based on the non-significant changes of P content in coarse roots and sapwood,
we calculated on whole-tree level that Fagus crenata and Robinia pseudoacacia reabsorbed
more (P < 0.05) P than Larix kaempferi and Cryptomeria japonica. The amounts of
reabsorbed leaf P stored in plant tissues formed 27% of P storage in Larix kaempferi, while
73% came from another source. For Fagus crenata, we found that P stored in coarse roots
was similar to P released from sapwood while leaf P reabsorption was 16.8g P. Robinia
pseudoacacia stored almost 40% of reabsorbed leaf P in coarse roots and sapwood leaving
60% unaccounted for. Evergreen Cryptomeria japonica resorbed the lowest amount of P
from to-be-abscised leaves on whole-tree level. However, considering the remaining living
leaves, we observed P reabsorption towards woody storage tissues as well. Sapwood and
roots together seemed to store 25.8 g P at whole tree level, possibly made up of 4.3 g P
reabsorbed from leaves falling as litter and 20 g P from remaining living leaves. Thus, total
leaf P reabsorption from dead and living leaves added up to 24.3 g P making this evergreen
species resorbing the highest P amounts from leaves compared to the deciduous species,
forming 74% of whole-tree P storage and consequently 26% must have derived from another

source.
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Table 5: Biomass during the green leaf stage and seasonal change in whole-tree P content, total leaf P reabsorption and P storage per plant tissue
of Cryptomeria japonica, Larix kaempferi, Fagus crenata and Robinia pseudoacacia (n=3 per species) with + denoting SD. Significant differences

among same plant tissues of the same species are highlighted in bold.

PlgP
l9 Pl P reabsorbed

Species Tissue Biomass [kd]  Greenleaf Pre-abscission o from leaves Stored P [g P]
Post-abscission stage [g P]
stage stage
roots 128.3+17.1 94.0+36.7 92.9+10.7 104.9+23.9 - 15.3+214
Cryptomeria
yp . sapwood 321.0+68.6 60.9+45.33 44,0+ 15.0 71.4+445 - 10.5+5.0
Japonica
leaves / litter 101.4+20.7 113.7+13.1 99.3+15.4 93.7+3.4 [/3.410.6** 43+0.8 -20+12.6
roots 129.0+37.7 45.1+16.6 57.1+235 62.8+14.6 - 17.7+8.2
Larix
. sapwood 105.0+23.9 85141 6.0£2.9 7.4+18 - -1.0+4.2
kaempferi
leaves / litter 40+0.8 6.6+1.9 57+16 - /2.110.6%* 45+1.3 -
roots 111.6+3.9 38.2+9.6 53.0+£20.3 50.4+6.4 - 12.5+10.6
Fagus crenata  sapwood 349.1+8.9 35.1+11.2 21.5+7.2 21.0+2.6 - -14.1+13.7
leaves / litter  8.7+0.2 11.3+0.5 9.6+0.8 - [22+0.7¥*  9.2+29 -
roots 6.0+£0.2 7.7+3 8.0+28 9.6%+29 - 1.9+29
Robinia
. sapwood 8.0+0.4 1.2+0.2 19+£1.0 2.7+1.0* - 1.5+1.2
pseudoacacia
leaves / litter  4.8+0.9 18+8.8 9.6+2.5 - /5.8+£0.3* 8.8+0.4 -
*P < 0.05 **pP < 0.01



3.4 N and P cycles interaction in leaves

All species reabsorbed N and P from leaves (Table 6), with the highest NRE observed for
Fagus crenata (P < 0.05), followed by Cryptomeria japonica and Larix kaempferi, while
Robinia pseudoacacia showed the lowest efficiency. Similar to NRE, Fagus crenata showed
the highest PRE (P < 0.05), followed by Larix kaempferi, Cryptomeria japonica and Robinia
pseudoacacia being least efficient (Table 4). Further, the non-leguminous tree species were
the most N and P proficient with similar values, while Robinia pseudoacacia was the least
proficient (P < 0.01). If the N : P ratio is lower than 14, plants are assumed to grow under N
limited conditions, while values over 16 mean that they grow under P limited conditions. If
the values are between 14 and 16, plants are co-limited in both N and P (Koerselman &
Meuleman, 1996). During the shoot growth stage, all species were under N limited
conditions with values lower than 14(Table 6). Throughout all phenological stages, leaves of
Cryptomeria japonica remained P limited even after abscission. Larix kaempferi became
gradually less limited by N but was never N and P co-limited. Only after leaf abscission, litter
was P limited reflecting this species difference in NRE and PRE. Leaves of Fagus crenata
shifted from the shoot growth to the green leaf stage towards N and P co-limitation but
during the pre-abscission period leaves were N limited again. After leaf abscission, litter of
Fagus crenata was most P limited following their NRE and PRE. Finally, leaves of Robinia
pseudoacacia showed clear shift of the N : P ratio from N limitation to first N and P co-
limitation during the green leaf phase and increasing towards P limitation along the
remaining phenological stages. Only Cryptomeria japonica reabsorbed N and P in similar

proportions.

Simple linear regression analysis of leaf N and P content of all phenological stages revealed
more details about the relationship between N and P in the four tree species: Larix
kaempferi, and Robinia pseudoacacia had a similar proportion of N to P increase, while

Fagus crenata and Cryptomeria japonica increased more in N than P (Fig. 4).

Further, looking at each individual species the R? was highest in Fagus crenata followed by

Larix kaempferi and Cryptomeria japonica, and Robinia pseudoacacia.
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Table 6: Mean * SD of leaf phosphorus and nitrogen content and N : P ratio of Cryptomeria
japonica, Larix kaempferi, Fagus crenata and Robinia pseudoacacia (n=3 per species).

Significant differences among same tree species are highlighted in bold.

. Phenological 1 1 . .
Species stage P[mgkg™] N[mgkg~] N:Pratio
shoot growth 857 +15 8348 +238 9.7+0.1

green leaf 1150 +191* 11760 + 225* 10.5+2.0

Cryptomeria pre-abscission  986+208  11151+1184* 11.4+1.7

Japonica living leaf / litter

post-abscission 1919175/ 11372+1726*/ 11.2+0.6/

512+140**  5606+541*  10.0%+1.5

shootgrowth  2410+284  18174+2999  7.6+1.3

L arix green leaf  1471+152** 14440+1610%* 9.8+0.8
kaempferi oo apscission 1286+ 114%* 16122 +921%* 12,6+ 1.8
post-abscission 468 +87** 9370+ 1030** 20.2+1.8**

shoot growth  2310+451** 23713£3535  10.3%0.7

Fagus green leaf 1307467  21614+2554  16.6+2.4
crenata pre-abscission  1105+87 13748 +3243** 12.3+1.9
post-abscission 253 +82** 6634 +713** 27.7+7.5%*

shoot growth 3930+468  38371+4139 9.9+21

Robinia green leaf  3174+1494 4267244152 14.9%4.5

pseudoacacia pre apscission  1986+194* 31834+2680  16.2+2.8

post-abscission 1250+ 198** 26820 +2704* 21.6+2.2**
*P <0.05 **P < 0.01
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Figure 4: Results of simple linear regression analysis of nitrogen and phosphorus content in
Cryptomeria japonica, Larix kaempferi, Fagus crenata and Robinia pseudoacacia (n=3 per

species).

4 Discussion

4.1 N & P cycling in the soil

One main difference between N and P in forest ecosystems is their source: various forms of
N (e.g. ammonium, nitrate, dissolved organic N) can be soil-derived or uptaken from the
atmosphere by N-fixing bacteria (Tian et al., 2003), while P originates exclusively from the
base rock and is taken up in the form of inorganic phosphate (Plassard & Dell, 2010; Chiou &
Lin, 2011; Rennenberg & Herschbach, 2013). In general, the N and P cycles are linked in the
soil, where microorganisms and plants produce enzymes that mineralize organically bound
nutrients (Olander & Vitousek, 2000; Turner, 2008). P demand and P mineralization form a
strongly regulated cycle by production of these enzymes when P demand exceeds P
mineralization resulting in a higher P mineralization. If sufficient organic P is available in the
soil, plant P demand will be mostly met by P mineralization but never exceed it. In contrast,

N mineralization may exceed plant demand ultimately leading to N saturation, as the

99



regulatory cycle between plant N demand and N mineralization is weaker than the one for P,
as incidental mineralization of N occurs during decomposition processes (C mineralization)
(Olander & Vitousek, 2000). The soil total and available P content of our study combined
with the total and available N characteristics of the same samples taken from Seidel et al.
(20193, b, c) showed that Larix kaempferi grew on the N poorest soils with the lowest
available P among all species. This indicated poorer N & P mineralization rates in the Larix

kaempferi stands in comparison to the other tree species (Pastor et al, 1984).

4.2 N & P cycling of Cryptomeria japonica

Figure 2 showed that the evergreen Cryptomeria japonica had on average throughout the
seasons the highest P content in coarse roots and sapwood and low P content in leaves in
comparison to the same plant tissues of the other non-leguminous species in this study. This
indicated that this evergreen species seemed to have a greater need for P in its woody
tissues in comparison to deciduous trees, which has also been found for evergreen Quercus
oleoides (Waring et al., 2015). At the same time, N content of coarse roots and sapwood was
similar to Larix kaempferi and Fagus crenata while having the lowest leaf N content among
all species (Fig. 5). Considering that this species had a low PRE and a modest NRE as well as a
low PRP and the lowest NRP with a N : P ratio of around 10 along the season, as this tree
maintains a stable N and P content and was the least N limited non-leguminous species in
this study. The whole-tree analysis revealed that roots and sapwood tended to store P and
that this storage might be mostly made up of leaf reabsorbed P indicating that only minor
amounts of soil P were stored in these tissues. Additionally, P may be stored in buds, twigs,
branches and bark (Chapin & Kedrowski, 1983; Rosecarnce, 1998; Son et al., 2000), which
would suggest a higher soil P uptake and storage during the pre-abscission stage which
should be addressed in future studies. On whole-tree level, this species has allocated the
highest amounts of P as well as N (Seidel et al., 2019a) in its tissues during all phenological
stages even if compared to Fagus crenata trees of similar age (Seidel et al., 2019b). Further,
our NRE and PRP values are in agreement with Son et al. (2000) for the evergreen Pinus
rigida and for NRE with Enta et al. (2019) and Kobayashi & Tashiro (2003) for Cryptomeria
japonica. Being an evergreen, P was not only reabsorbed from shedding leaves, but also

from the large amount of remaining living leaves, increasing the total amounts of P
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reabsorbed from leaf tissues making it essentially the tree species resorbing the most P from
leaves to storage tissues among the studied tree species. However, this is in contrast to
Chapin & Kedrowski (1983) who found that evergreen spruce (Picea mariana) stored P
mainly in leaves of different taiga trees. Linear regression showed that Cryptomeria japonica
increased less in P content per increase in N content than Larix kaempferi and Robinia
pseudoacacia suggesting a possibly higher photosynthetic P-use efficiency as it is typical for
fast growing tree species like Cryptomeria japonica (Son et al., 2000; Gan et al., 2015). Thus,
with expected anthropogenically increased N deposition as it has been observed in urban
areas around the world (Templer et al., 2007; Fukushima et al., 2011; Schmitz et al., 2019),
this tree might tolerate P limitation longer than the other tree species. Cryptomeria japonica
appeared to allocate nutrients and follow a more nutrient conservative strategy, which
makes it less sensitive to nutrient availability changes than the other species. In forests
prone to N saturation, it would be advisable to promote the planting of Cryptomeria
japonica as it seemed to have a high P use efficiency and was very N and P proficient.
Further, application of N fertilizer in autumn might be beneficial to increase N storage in

roots and sapwood.
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Figure 5: Seasonal pattern of N content in coarse roots, sapwood and leaves of Cryptomeria
japonica, Larix kaempferi, Fagus crenata and Robinia pseudoacacia. The error bars denote
SD (n=9 per species), letters indicate significant differences (min P < 0.05) among the same
tissue. Taken from Seidel et al. (20193, b, c).
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4.3 N & P cycling of Larix kaempferi

This species showed low N and P contents in all plant tissues throughout all phenological
stages among the species of this study while growing in the nutrient poorest soil. Further,
this tree exhibited a high PRE and a low PRP while having a low NRE and a middling NRP,
suggesting that this tree rather conserves P over N. This is supported by the shift of the N: P
ratio from N limited conditions during the shoot growth stage to P limitation during leaf N
and P reabsorption. The values found for leaf P content in our study were in agreement with
Li et al. (2016) and Son et al. (2000) reported similar NRE and PRE values for Larix leptolepsis.
The NRE of Larix kaempferi reported by Enta et al (2019) was higher (50.9 %) than ours but
they did not investigate the soil conditions, which may be a reason for this difference
(Olander & Vitousek, 2000). The whole-tree measurements demonstrated that roots tended
to act as P storage with no contribution of the sapwood. As leaf P reabsorption was not
sufficient to fill this storage, substantial amounts of P uptaken during the pre-abscission
stage may have contributed significantly to P storage. This value might be even higher, as
buds, twigs and bark may be possible P storage tissues as well (Chapin & Kedrowski, 1983;
Rosecarnce, 1998; Son et al., 2000). On whole-tree level this species P content is middling
but its N content is lowest among these species (Seidel et al, 2019b). These insights
presented Larix kaempferi as a rather low nutrient demanding tree that is able to grow well
in poor soil nutrient conditions. In forests, characterized by very poor N and P availability,
Larix kaempferi can thrive and as it is a fast growing species like Cryptomeria japonica,
planting of this tree could increase C fixation better than the other species of this study.
Application of N or P fertilizer to this species seems unnecessary as it grows well in low
nutrient environments. However, if fertilization is conducted, we recommend adding rather

P than N.

4.4 N & P cycling of Fagus crenata

Fagus crenata plant tissues showed low P and N content in coarse roots and sapwood while
leaf N was high in comparison to the non-leguminous species and P was rather low in
comparison to Larix kaempferi and Robinia pseudoacacia with the highest PRE and NRE. Enta
et al. (2019) and Yasumura et al. (2005) reported a similar NRE value for Fagus crenata.

Additionally, PRP and NRP were low and the leaf N : P ratio along the gradient of N limitation
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and N and P co-limitation throughout the phenological stages where finally the abscised
leaves were P limited. This suggested that a) P was better plant internally recycled than N
and b) N was most limiting during the shoot growth stage among all species c) a decrease in
P supply may cause N and P co-limitation throughout all phenological stages.. Further,
whole-tree measurements revealed that P was reabsorbed from leaves and sapwood and
stored in coarse roots. The net balance of these values exposed that there must be another
major N storing plant tissue which might be twigs and/or branches and/or bark as shown for
Pistacia vera (Rosecarnce 1998), Pinus rigida and Larix leptolepis (Son et al., 2000).
Additionally, the biomass data of this tree species indicated on whole-tree level a
concentration of nutrients rather in the roots than aboveground plant tissues especially for
N (Seidel et al., 2019b). The results suggested that this tree species is N and P demanding
but the same time highly efficient reabsorbing N and especially P, with the latter being
reported for deciduous trees in general in comparison to evergreen coniferous species
(Ishida et al., 2006; Kang et al., 2010). Higher N deposition in Fagus crenata forests might
initially lead to enhanced growth, photosynthetic activity and P mineralization. However,
these forests may become P limited, as this species was already close to N and P co-

limitation during the growing season.

4.5 N & P cycling of Robinia pseudoacacia

Robinia pseudoacacia was the only leguminous species in this study, and thus it was
independent from soil N uptake and richer in N and P in all plant tissues. Due to this
abundance of N, this species showed the lowest NRE and NRP as well as the highest NRP and
PRP in comparison to the other species. All the same, this species was still N limited during
the shoot growth stage as the other species were. Yet, throughout the phenological stages,
this N limitation shifted gradually towards N and P co-limitation during the green leaf and
pre-abscission stage. The N : P ratio of the litter demonstrated the dependence of this
species on recycling P more efficiently. Whole-tree measurements revealed that P was
stored in roots and sapwood but leaf reabsorbed P exceeded the storage capability of these
tissues, thus other plant tissues must act as an additional plant storage, such as twigs and/or
branches and/or bark (Chapin & Kedrowski, 1983; Rosecarnce, 1998; Son et al., 2000). The

whole-tree comparison of these still very young trees with the other species is not ideal, as
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these were adult trees, thus measurements of adult Robinia pseudoacacia trees in the future
are necessary to confirm our findings as especially the asymmetrical growth of coarse roots
and sapwood may shift their respective importance for P storage (Blujdea et al., 2011).
Further, Enta et al. (2019) reported a lower NRE (18%) for the same research plot and a
similar NRP while the values found in our study are similar to those found by Lima et al.
(2006), Singh (2014 and 2015). This difference might be linked to differences in climatic
conditions of the sampling years as well as differences in sampling time. However, our study
showed clearly the strong effect of soil N independency on P content in this leguminous tree
species following an exploitative nutrient strategy, enabling it to acquire the highest
amounts of N and P, supporting rapid growth and being a soil N and P fertilizer due to its low
PRP and NRP (Lopez et al, 2014). In order to promote its growth, N fertilizer applied in spring
and P fertilizer applied in autumn could be beneficial, as throughout the season, this species
shifts from N limitation to P limitation. As this tree usually is an invasive species, we do not
recommend promoting its growth with fertilizer as it reduces biodiversity strongly (Vitkova
et al., 2017). If atmospheric N increases, Robinia pseudoacacias growth and photosynthetic
activity may increase during the shoot growth and green leaf stage but the moment of P

limitation along the seasons might shift to an earlier phenological stage.

4.6 General remarks about tree species P cycling

As plants require P-rich ribosomal RNA to initiate growth, we could observe the highest leaf
P concentrations in the early growing season (Li et al., 2017) with Cryptomeria japonica as
the exception. This may be linked to the timing of sampling, while the other tree species
needed to start their leaf growth from a bare crown, evergreen Cryptomeria japonica had
already leaves and thus this initial growing phase with a peak in leaf P content may have
already concluded. Furthermore, compared with deciduous trees, evergreen trees tended to
have lower leaf N & P concentrations, as their photosynthetic rates per mass are generally
lower (Ishida et al., 2006). The next step to further clarify the P cycle is to gain insights of
other tree species to identify distinct traits and patterns besides the four species that were
presented here. Additionally, analysis of bark, branches and twigs is needed to clarify their
role as possible P storage tissues and consequently identify the different processes involved

in P storage.
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5 Conclusion

To our knowledge, the present study was the first to try to quantify P storage pools in leaf,
root and sapwood and related them to N dynamics along four phenological stages in typical
Japanese forest ecosystems. Based on the results obtained in this study, we concluded that
evergreen Cryptomeria japonica seemed to follow a nutrient conservative strategy that may
enable this tree species to be more tolerant towards nutrient availability changes than the
other studied species. Deciduous Larix kaempferi was a low N and P demanding tree that
was able to grow well in poor nutrient conditions while broad-leaved Fagus crenata was
highly N and P demanding, while highly efficient reabsorbing N and P. Finally, leguminous
Robinia pseudoacacia followed and a nutrient exploitative strategy demonstrating clearly
the effect of soil N independence on plant tissues P content, enabling it to acquire the
highest amounts of N and P. The results of this study showed the particular interaction of N
and P inherent to each tree species and shed new lights on different tree species nutrient

cycles that we can use to improve forest management practices.
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Abstract

Background and Objectives: Over 70% of Japan is covered by forest and the understanding of
nutrient cycling and carbon sequestration is crucial in order to manage these forests
efficiently. Soil nutrients in forests and associated fungal communities are key drivers of
vegetation structure. However, information on soil fungal diversity and composition in
Japanese forests is scarce. The aim of this study was to describe the soil fungal communities

and their relationship with soil nutrient status across different forest types.

Materials and Methods: Four different forest types: Cryptomeria japonica, Larix kaempferi,
Fagus crenata and Robinia pseudoacacia were selected to study the soil fungal communities.
31 soil samples were taken at two different depths, and fungal communities were identified
by DNA sequencing of the ITS2 region. We studied the correlation between soil fungal
community structure and composition with soil variables, and how this relates to vegetation

composition.

Results: Soil fungal communities were tree species dependent, varying slightly with soil
depth. Mycorrhizal fungi were abundant under Larix kaempferi and Fagus crenata plots,
while almost no presence of these taxa was detected in Cryptomeria japonica and Robinia
pseudoacacia plots. However, taxonomy of many species remained unknown, especially in
Cryptomeria japonica plots (51%). pH, nitrate content and C/N ratio significantly were
related to (34%) the fungal community structure. Our data suggested that C-sequestration
was possibly higher in Cryptomeria japonica and Robinia pseudoacacia plots than in the

other tree species.

Conclusions: We suggest favouring the planting Cryptomeria japonica over Fagus crenata
and Larix kaempferi in order to reduce atmospheric C by binding C more efficiently in forest
soils. Robinia pseudoacacia showed similar C sequestration capabilities as Cryptomeria
japonica, but as it is an invasive species and reduces biodiversity considerably, we do not
recommend planting it. The next steps consist in taxonomically identify the large number of
unknown fungal species found in this study, especially for Cryptomeria japonica, in order to
improve our understanding of the nutrient cycling of these typical tree species. This in turn

will allow us to adjust best management practices.

Keywords: Cryptomeria japonica, Ectomycorrhiza, Fagus crenata, Larix kaempferi, Robinia
pseudoacacia, DNA, Fungi.
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1 Introduction

The understanding of nutrient dynamics and carbon sequestration are crucial in order to
manage forests ecosystems efficiently and maintaining the ecosystem services that they
provide. Nutrient dynamics of forest are highly affected by soil bacteria, fungi and other soil
microorganisms (De Bellis et al., 2007). Among soil biota, soil fungi, which account for the
majority of the soil microbial biomass, are essential drivers of many ecosystem processes
(Lin et al., 2016; Castaio et al., 2018a). Soil fungi decompose tree litter, break its
components down into plant available nutrients (Dighton, 2003) and indirectly regulate
carbon sequestration and nutrient dynamics (Fontaine et al., 2010). Among fungi,
mycorrhizal species are one of the most important soil microbiome functional groups
helping their host plants to uptake water and nutrients (Smith & Read, 2008; Cairney, 2012).
Especially, nitrogen (N) has strong effects on ectomycorrhizal fungi (EMF) formation, as EMF
are considered as an adaptation to nutrient limited conditions (Hobbie & Agerer, 2010) and
changes in soil N availability can alter the EMF community. Under increased N deposition,
reliance of host trees on EMF for nutrient supply decreased for fungi that form a symbiosis
with a wide range of tree species. However, these generalist species seemed to be less
affected by increased N deposition than more specialised EMF species (Wallenda & Kottke,
1998). Many industrialised countries experience an increase in atmospheric N deposition
possibly leading to N saturated forest ecosystems, as it has been already observed in Europe
and America (Templer et al., 2007; Peri et al., 2012; Schmitz et al., 2019), as well as in Asia
(Fang et al. 2009; Takebayashi et al., 2010; Fukushima et al., 2011) but the implications of

this are far from complete.

Another important fungal functional group are saprotrophs, which are crucial for litter
decomposition (Baldrian et al., 2011). The soil fungal community composition and
abundance of both EMF and saprotrophs have important consequences for nutrient cycling,
determining plant community structure (Sardans et al., 2013). However, while soil fungal
communities may be the major drivers of plant community structures and forest
biodiversity, plant species diversity is also strongly influencing fungal community structures
(Windler & Shamoun, 2006; De Bellis et al., 2007), representing a feed-back mechanism
(Clemmensen et al., 2015). De Bellis et al. (2007) found that most variation in micro fungal

communities was explained rather by plant species composition than by differences in soil
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chemistry demonstrating the importance of litter supply and quality subsequently
influencing e.g. the structure of decomposer communities (Conn & Dighton, 2000). However,
fungal community structure is also affected by other biotic and abiotic factors such as
climate (O’Dell et al.,1999), soil type (Moser et al., 2005; Walker et al., 2005), soil nutrient
status (Nantel & Neumann, 1992), EMF succession (Nara et al., 2003) and interspecific
integration of EMF (Koide et al., 2005). Further, decreases of soil fungal species richness and
fungal biomass with soil depth have been reported previously in boreal and temperate
forest ecosystems (Jumpponen et al., 2010; Andreetta et al., 2011; Vofriskova et al., 2014),
which are related to changes in nutrient quality and abundance. However, most of the
studies are only focused on the humus and top soil layer, thus information about changes

with deeper mineral horizons is still lacking.

In general, information on soil fungal communities in Japanese forests is scarce and limited
to the Kanto region (Nara, 2006; Taniguchi et al., 2007; Ochimaru & Fukuda, 2007; An et al.,
2008; Miyamoto et al., 2014) and studies conducted in cool temperate forests of Japan are

exiguous (Ishida et al., 2007; Fukasawa et al, 2009).

Therefore, a thorough identification of fungal communities and their changes in composition
with soil depth among different host species within the same environmental conditions is
the first step to elucidate effects of hosts on fungal communities of Japanese cold temperate
forests (Ishida et al., 2007). The aim of this study was to describe the fungal community
composition in two soil depths and their relationships with soil nutrient status across four
different host species. We hypothesized that changes in fungal composition with host
species and fungal species richness and abundance decreases with increasing soil depth,
following the pattern found between humus and top soil layer (Jumpponen et al., 2010;
Andreetta et al., 2011; Voriskova et al., 2014). The aims were (1) to identify soil fungal
compositional differences between host species, (2) to correlate fungal community structure
with soil nutrient status and (3) thus, to get indirectly insights into the carbon sequestration

capabilities of these different forest types.
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2 Materials and Methods

2.1 Study site

The sampling sites are located in north-eastern Japan in the Research Forest of Yamagata
University (N38° 32.889' E139° 51.706'). The sites elevation ranged from 300 to 700 m above
sea level. The climate is humid with an annual precipitation of 3000 mm, and approximately
half of the precipitation falling in form of snow, covering permanently the sampling sites from
December to May.

The sampling sites were the same as in Seidel et al. (20193, b, c) and chosen by accessibility,
stand age and purity within a maximum distance of 3 km to guaranteeing comparability of
the measured soil parameters and the soil sampling of this study. In total 10 plots were

established over four forest types.

Three plots of Japanese cedar (Cryptomeria japonica D. Don.) were established in 50-year
old pure plantations with an understory vegetation consisting of broad-leaf bamboo (Sasa
veitchii) at the lowest elevation of 300 m above sea level. For Japanese larch (Larix kaempferi
Lamb.), since there were no pure stands in the Yamagata University research forest, we
chose three plots from a mixed forest (two species cohabiting), but dominated by 40-50-year
old Larix trees (~80-90%). Three pure stands of 70-80 year old Japanese beech (Fagus
crenata Blume) growing at the highest elevation (~700 m above sea level) were selected as
well as a single plot of 7-year old Black locust (Robinia pseudoacacia), as it is the only site in
the Yamagata University forest where it grows in a pure stand. This area was once covered
by a Japanese cedar plantation, which was harvested and subsequently burned. After the

fire, Robinia pseudoacacia colonized the plot.

2.2 Sample collection and treatments

Soil pits in each plot near the sampled trees were dug and soil horizons identified in the field
following the FAO guidelines (FAO, 2006) and genetic horizons were sampled for soil

characterization as described in Seidel et al. (2019a, 2019b, 2019c).

For soil fungal community analysis, we sampled soil around 31 tree individuals on May 2018.
Four tree species were sampled: i) three individuals per site for Cryptomeria japonica and
Fagus crenata were sampled (n= 9 per species) ; ii) eight individuals were sampled for Larix
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kaempferi (total n= 8), as we were not able to find nine accessible trees of same age, and iii)
5 individuals of Robinia pseudoacacia were sampled in one site (n=5).Around each tree, 4
opposite points were sampled at two different depths: 0-5 cm (Ah horizon) and 5-15cm (Bv
horizon). All soil samples were taken from the field in a cooler box and freeze dried for at
least 48h and then sieved (<2 mm). Subsequently, the samples of each individual tree were

pooled (4 samples, each 3.5g), homogenized and stored in a freezer until DNA extraction.

2.3 DNA extraction & amplification

Genomic fungal DNA was extracted with the NucleoSpin® soil kit (Macherey-Nagel, Duren,
Germany) following the manufacturers protocol. DNA was extracted from 0.350 mg of soil
with 900ul lysis buffer (SL1) due to the dryness of the samples.

The ITS2 region was amplified with a Mastercycler® nexus X2 (Eppendorf, Germany). gITS7
and ITS4 primers (Castafio et al., 2018) were used. They have been fitted with unique 8-bp
tags, differing in at least three positions. Each individual sample was tested in the PCR to
determine the optimum number of cycles for amplification. Most samples amplified well
between 26 and 28 cycles. Samples were amplified in triplicates with negative controls of DNA
extraction and PCR. Final concentrations in the 50 ul PCR samples were: 25ng template, 200
UM of each nucleotide, 2,75 mM MgCl,, Primers, at 200 nM, 0.025 U pL?! polymerase
(DreamTaq, Thermo Scientific, USA) in 1X buffer PCR. PCR conditions were as follows: 5 min
at 95°C, followed by 26-28 cycles 30 s at 95°C, 30 s at 57°C, 30 s at 72°C. Finally, 7 min at 72°C
before storage at 4°C. These samples were purified with the AMPure kit (Beckman Coulter
Inc., USA) and quantified using a Qubit fluorometer (Life technologies, USA). From each
sample, equal amounts of DNA were pooled and purified using the ENZA Cycle Pure kit (Omega
Biotek). Quality control of the purified samples was conducted using a BioAnalyzer 2100
(Agilent Technologies, USA) and a 7500 DNA chip. The DNA library was sequenced using the

Illumina MiSeq platform, with 300-bp paired-end read lengths, generating 1.5 M sequences.

111



2.4 Bioinformatic analyses

The library was screened for quality control and sequence clustering using the SCATA

pipeline (https://scata.mykopat.slu.se/). Internal Transcribed Spacer (ITS) sequences with

<200 bp were removed, and remaining sequences were screened for primers (requiring 90%
primer match) and sample tags. Sequences were also quality filtered, removing data with an
average quality score < 20 or with a score < 10 at any position, using the amplicon quality
option. Sequences were pair-wise compared using ‘usearch’ (Edgar, 2011) after collapsing
homopolymers to 3 bp. Pairwise alignments were scored using a mismatch penalty of 1, gap
open penalty 0 and a gap extension penalty 1. We used the species hypothesis (SH) concept
to cluster the sequences (Koljalg et al., 2013) using single linkage clustering method, with a
requiring maximum distance of 1.5% to the closest neighbour to enter clusters. SHs found in
negative controls were excluded from further analysis, together with singletons and

sequences with tag jumps.

2.5 Taxonomic and functional identification

We identified the 600 most abundant species hypothesis found at the soil fungal community,
which represented more than 90% of the total sequences. The most abundant sequences
from each OTU was selected for taxonomic identification, using the massBLASTer
implemented in PlutoF against the UNITE (Abarenkov et al., 2010). Taxonomic identities at
species level were assigned using > 98.5% similarity. Functional identification was done by

using FUNGuild (Nguyen et al. 2016).

2.6 Soil analysis for multivariate analysis

Soil texture was measured with a laser diffraction particle size analyzer (Coulter LS200 with
an attached Fluid Module, Beckman Coulter GmbH, Germany), after treating the samples
with H,02 and NasP,05. The analyses were triplicated. The pH was determined
potentiometrically in a 1:2.5 soil : water suspension. The carbon (C) and N contents were
analysed by dry combustion using SUMIGRAPH NC-220F automatic highly sensitive NC

analyzer SCAS (Japan). The results were expressed on a dry-weight (105°C) basis.
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For the determination of total N content and 8'°N in plant tissues, a Thermo Quest EA1110
Elemental Analyzer (Italy) connected to an IsoPrime (GV Instruments, UK) was used. The
isotopic composition of samples was expressed relative to atmospheric N2 (§°N = 0%o) on
scales normalized to the known 6°N values of laboratory working standards for glycine (6'°N
=-0.3), which was normalized to L-glutamic acid distributed as USGS-40 (8*°N = -0.2%o) by SI
Science Inc., Japan. Additionally a tertiary reference material was used, the in-house
laboratory standard acetanilide (—0.89%.). The three working standards were analysed after
every eight to ten samples during CF-IRMS runs to assess the replicability of the isotope
measurements and normalization. One pulse of pure N; reference gas from a tank reservoir
(6N = -2.5%0) was discharged into the IRMS at the beginning of each chromatogram for both
standards and samples. The accuracy obtained for standards and samples during the overall

analytical procedure was better than +0.2%eo.

The results of 81°N were expressed as %o deviation, relative to atmospheric N2 (6°N= 0 %o):

SISN = < (15N/14N)sample _ 1)
(ISN/MN)standard

Total dissolved N (TNp) was extracted from the soil samples by shaking them with 50 ml of
1M KCI. The supernatant was centrifuged, filtered (0.45 um) and stored in a refrigerator and
analysed with a TOC/TNy, analyser (vario TOC cube, elementar, Germany) for TNb
determination. Ammonium content was determined using the method of Crooke et al.
(1971), whereas nitrate content was determined by using the method of Mulvaney (1996)
modified by Miranda et al. (2001). The colorimetric determination of ammonium and nitrate
content was conducted with a U-2000 Spectrophotometer (Hitachi, Japan). Dissolved organic

nitrogen (DON) expressed in g kg™* was calculated as follows:
DON = TN, — (NH} + NO3)

For plant materials, total phosphorous (TP) was extracted by the potassium peroxydisulfate
degradation method. All samples were weighed out and burned at 550°C for 2 hours.
Potassium peroxydisulfate was added followed by disintegration of all samples and
standards in an autoclave (LSX-300 High pressure steam sterilizer, TOMY, Japan) for 1 hour

at 121°C. The colour regent was added and after centrifugation (3000rpmm, 5min),
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colourimetric determination of TP content was conducted with a microplate reader

(Multiscan GO, Thermo Scientific, USA) measuring 300 uml of each sample and standard.

For soil samples, TP content was measured using the Bray extraction for exchangeable
phosphate with detection by molybdate colorimetry. Samples were weighed out, the bray
extraction solution was added and samples were shaking for 5 minutes followed by
centrifugation (3000 rpm, 5 min) and filtration (Whatman filter 42, GE Healthcare Life
Sciences, UK). Subsequently, Phenolphthalein, NaOH and the working reagent were added
and after 12 min. the colourimetric determination of TP content of 300 uml of each sample
and standard was conducted with a microplate reader (Multiscan GO, Thermo Scientific,

USA).

Available phosphorus in soil samples was determined with the colourimetric P Olsen method
(Olsen et al., 1954). 20 ml of Olsen extract was added to 1 g of dry soil (< 2 mm) and shaken
with a horizontal shaking stirrer for 30 min followed by 5min of centrifugation at 3000 rpm.
The supernatant was separated and 0.8ml of this solution were added to 0.2 ml of H,SO42N
and 0.4 ml of R1 and R2, respectively. The samples were then measured with a U-2000

Spectrophotometer (Hitachi, Japan).

All soil data has been previously published in Seidel et al. (20193, b, c).

2.7 Statistical analyses

Statistical analyses were performed in the R software environment (v.3.4.2; R Development
Core Team 2019), using the vegan package for multivariate and diversity analyses (Oksanen
et al., 2018), and nlme package for linear and generalized mixed models (Pinheiro et al.,

2013).

Soil fungi data was analysed using both multivariate and univariate methods. First, previous
to any analysis, data was Hellinger-transformed. Second, the significance of soil community
compositional differences between hosts (Cryptomeria japonica, Larix kaempferi, Fagus
crenata, Robinia pseudoacacia) was tested using Permutational Multivariate Analysis of
Variance (PMAYV, ‘adonis’ function using Bray—Curtis distance). Here, an overall analysis was

conducted with depth included as random factor, and after that, soil data was split in the
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two soil layers (top vs. bottom). Similar results were obtained for both depths, thus, we
decided do not split the depths in the rest of analyses. Third, nonmetric multidimensional
scaling (NMDS, ‘metaMDS’ function with Bray—Curtis distance) was used to identify the
understory compositional differences between the four host. The outputs from the centroids
for each host were overlaid in the ordination space (‘envfit’ function), with their standard

deviational ellipses (‘ordiellipse’ function).

Four, to identify whether compositional differences were also related with soil
environmental parameters (pH, bulk density, total N, 8'°N, total available N, ammonium,
nitrate, dissolved organic nitrogen (DON), total P, available P, total organic carbon, total
carbon, C/N ratio) all non-correlated variables were fitted onto the overall NMDS ordination
plot using the ‘envfit’ function and 999 permutations. In addition, the significant soil
parameter response surface models were fitted over NMDS ordination results by general

additive models (GAM) using ‘ordisurf’ function to identify the linearity of the trends.

Five, we did not rarefy the fungal community due to the potential information loss. Instead,
we included square-root transformed read counts as an explaining variable (Balint et al.,
2015), to account for variation in sequencing depth. LME models were used to test
significant changes in diversity between host and two soil layers. In the overall analysis, plot
identity was defined as a random factor while host was defined as fixed factors. Finally,
indicator species analysis was used to identify the species related with each host using

indcspecies package (De Caceres et al., 2010).

3 Results

3.1 Correlation of fungal communities and tree host species

The host species identity influenced species soil fungal composition significantly (PMAV all
data: 999 permutations; P < 0.001), and accounted for 46% of the variance in the species
data.. By splitting the communities in two depths, we observed the same significant patterns
in each layer independently (PMAV Top and Bottom data: 999 permutations; P < 0.001). The
multiple comparisons showed the existence of significant differences between each host soil
composition. Splitting the communities in two depths, we observed the same significant

patterns in each layer independently (PMAV Top and Bottom data: 999 permutations; P <
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0.001). In both cases, the host accounted for 53 and 54% of the compositional variance of

the data. Based on these results we decided to analyse the both layers together.

The nmds ordination (stress 0.12) for the first two axes showed clearly that the HOST fit on
the ordination was significant (P < 0.001). The sites plot (Fig. 1) showed that the overall
distribution of sites reflected the Host differences. The Host SD-ellipses (Fig. 1) indicated that
the four Host were located in different regions of the ordination space. The Fagus crenata
plots were located on the central right side of the ordination, the Robinia pseudoacacia plots
occupied the lower left hand quadrant; the Cryptomeria japonica plots were located in the

upper left hand quadrant; while Larix kaempferi was located at lower central position.

L]
L]
O
o‘ =1 L]
°
. -
g - RN
1 =\ ® @
Cryptomeria japonica . =
" - ot * \ ° °
8 ° o ! : - . % s F
= \\ / i X .
=z & | N s . = - Fagus cre‘hata .
o L] ™ o L] N - P
" ; 4 \1 L ; i - B - \‘ . = " &
= Robinizli pseupoac.acia . Il_érix kaempfe/r?
| n
.\\ ./I e Ve i ® ¢ = o
'Q: L B -
7] s .
I I I I I
-1.0 -0.5 0.0 0.5 1.0
NMDS1

Figure 1: The nmds ordination (stress 0.12) for the two axes showed clearly that the host fit
on the ordination was significant (P < 0.001). The plot showed that the overall distribution of
sites reflected the host differences. The host SD-ellipses indicated that the four host were

located in different regions of the ordination space.

3.2 Correlation of fungal communities and soil parameters

The soil parameters are taken from Seidel et al. (20193, b, c) (Table 1).

From the set of soil environmental parameters the fit onto species ordination space was

significant (P < 0.05; Fig.2a) only for 3 variables named: nitrate, CN and pH, explaining a
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great proportion of the variance (35%). The remainder of variables tested explained an

insignificant proportion of the variance.

(@) : v
a1 \\

06
1

04

0.2

NMDS2

-0.2 0.0

-04
1
.

Nitrate

NMDS1T

- \
ds \\\\

NMDS1 NMDS1

NMDS2
NMDS2

Figure 2: Correlation of fungal community structure with soil parameters (a), pH (b), nitrate
content (c) and C/N ratio (d).

The pH increased significantly towards the lower left hand of the ordination, showing that
Fagus crenata plots are located around a pH of 3.6 and moving toward values of 4.6-4.8 at
Robinia pseudoacacia and Cryptomeria japonica plots (Fig. 2b). Surprisingly, the nitrate
isolines showed a nonlinear pattern increasing from the lower left side to the upper side
were the nitrate values are around 0. It is interesting to mention that Fagus crenata plots
were covered by Nitrate fit, suggesting low values (Fig. 2c). The C/N fit showed a nonlinear
trend with greatest values in Larix kaempferi and Fagus crenata plots (around 21) and lower
values in Cryptomeria japonica and Robinia pseudoacacia plots (around 14) (Fig. 2d). There
were significant differences in soil fungi richness between hosts (F(3,171=5.62, P =0.010). The
differences were clearly produced by Fagus crenata plots that showed a significantly lower
richness (107 + 15) than the other hosts, sharing similar richness values (Larix kaempferi:
148 + 14, Robinia pseudoacacia: 119 + 8, Cryptomeria japonica: 132 + 12 (Fig. 3a). There was
no significant difference in richness with soil depth. Further, there were no differences in

species evenness suggesting that fungal composition was evenly distributed between hosts.
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At the same time, values were higher than 0.9 for all hosts indicating that there was no
species dominance among the fungal communities (Fig. 3b). However, the top soil layer
showed significantly greater evenness (P < 0.01) than the bottom, but in both cases, the
values are higher (Fig. 3c). When considering soil fungi communities’ B-diversity, our results
demonstrated significant differences in soil communities’ B-diversity between hosts (Fig. 4).
Larix kaempferi and Cryptomeria japonica showed a higher B-diversity than Robinia
pseudoacacia and Fagus crenata. These results indicated that the soil communities are more
similar in Robinia pseudoacacia and Fagus crenata plots compared with Cryptomeria
japonica and Larix kaempferi plots, which have more heterogeneity in species composition.
Finally, indicator species analysis showed that seven species were related with Fagus crenata
and Larix kaempferi plots, while the Robinia pseudoacacia plots showed the highest number
of indicator species (14). In contrast, a native species like Cryptomeria japonica only showed

four species associated.
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Table 1: Soil characteristics

Bulk 1 . ) :
. Total N Ammonium Nitrate DON total P available P Total org.C Total C 2 )
Species  Depth pH  density Total ’\_Il 55N (%q) pound ) ! . N i 9_11 . Total '\_ll CIN ratio
g cm™] [mg kg?] [mgkg?] [mgkg™] [mgkg~] [mgkg™] [mgkg™] [mgkg™] [mgkg~] [mg kg™] [mg kg™
Top 45+0.2 05+0.2 8057+3611 08x13 407+100 140+126 20+19 252+78 1988+1106 35+13 407+100 76991 +43635 5591 +2454 13.8+4.2
Cryptomeria
japonica
Bottom 4.6+0.1 0.8+0.1* 2877 +1600** 2.9+ 1.2** 208 +38** 35+42* 11+ 12* 163+56 3823+2060 22+15 208 +38* 48006+28941 3276+ 1708* 14.2+2.7
Top 42+0.6 0.8+0.1 3501+2644 09+15 138+52 8+3 1+1 129+49 35909+2145 16+8 174+91 43022+13532 2249+397 19.3+5.8
Larix
kaempferi
Bottom 4.4+0.4 1.0+0.1* 1442+908* 20+15 88+8 5+1 1+1 82+8 4659+1460 10+5 106 +30 20978 +11931** 1160 + 743** 18.3+3.1
Top 3.6+0.1 03+0.1 9975+4351 0.7+17 295+78 251+57 4+6 39+38 937+311 36+15 500+213 176922+52017 8527 +1975 20.5+2.2
Fagus
crenata
Bottom 3.7+0.3 0.6 + 0.1** 4268 + 1486** 2.9+ 1.8* 173+33** 100+74* 3+5 70+82 1859+979 21+9* 318+44 50693+ 24241* 2513 + 1271** 20.2 + 3.0
Top 47+14 03+0.1 6063+2290 05+09 143+10 12+2 48+4 83+4 1794+697 3414 145+6 162275+14806 8098 +943 20.1+0.9
Robinia
pseudoacacia
Bottom 4.6+1.0 0.9+ 0.1** 2877 + 1600* 2.2+ 0.6** 100 + 4** 5+1 18+1 77+5 3320+1465 13+1*  64+5* 27366 +4549** 2209 + 620** 12.7 + 1.9*

'measured together with 5N “measured together with total C
*P<0.05 ** = P<0.01
All values taken from Seidel et al. (20193, b, c)
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Figure 3: Differences in fungal species richness (a), evenness (b) and evenness with soil
depth (c) among host species. There was no significant difference in richness with soil depth.

Asterisks indicate significant differences (P < 0.01).
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Figure 4: Fungal B-diversity of the host species indicating that the soil community
composition is more similar between Robinia pseudoacacia and Fagus crenata plots
compared with Cryptomeria japonica and Larix kaempferi.

3.3 Soil fungal communities’ species composition

A total of 690,248 out of 1,526,648 sequences (45%) passed quality filtering. Single-linkage
clustering resulted in 3111 OTUs, of which 550 (93% of the high-quality sequences) were
assessed for identification to species level and functional guild. We obtained an average of
10,774 reads per sample. This corresponded to 172,562 reads per plot (69,024 reads per
site). Overall, Ascomycota dominated the fungal community (57% of the identified
sequences), followed by Basidiomycota (22%) and six other fungal divisions forming 5%
while 16% remained unknown.

The ascomycota was represented by Letiomycetes (31%), Sordariomycetes (17 %),
Eruotiomycetes (10%) and Dothiedomycetes (8%). 12% of remaining reads were represented
by up of 18 different classes while 22% remained unknown. Among Basidiomycota, 86%
belonged to Agaricomycetes and 7% to seven other classes while another 7% remained

unknown.

For Cryptomeria japonica, we found that saprotrophs dominated the community (23 £ 1 %),

followed by moulds (10 + 1 %), root associated fungi (10 + 3 %) and Plant pathogens (4 + 5 %)
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forming the majority of identified Fungi species (Fig. 5). With depth, Plant pathogens
increased (P < 0.01). The functional guilds of Larix kaempferi consisted mainly of EMF (25 +

8 %), Saprotrophs (21 + 4 %), and moulds (12 £ 2 %). Plant pathogens (1 + <1 %) decreased
significantly (P < 0.05). Functional guilds of Fagus crenata consisted predominantly of EMF
(39 + 8 %), followed by Saprotrophs (15 + <1 %) and mould (14 + <1 %). Only plant pathogens
(1 £ <1 %) increased significantly (P < 0.05) with soil depth. The functional guilds of Robinia
pseudoacacia were made of Saprotrophs (42 + 9 %), mould (13 £ 1 %), and root associated
fungi (8 £ 8 %) and plant pathogens (4 + 1 %). Root associated fungi increased (P < 0.05) with
soil depth. Reads for taxa with unknown or non-determined function accounted for 51 +4 %
for Cryptomeria japonica, 32 + 3 % for Larix kaempferi, 30 + 7 % for Fagus crenata and 25 *

2 % for Robinia pseudoacacia.

Fagus crenata and Larix kaempferi showed the greatest abundance of EMF (P< 0.01)
followed by Robinia pseudoacacia with a small amount of EMF (P< 0.01), while EMF were
effectively absent in Cryptomeria japonica. The most abundant mycorrhizal genera were
belonging to the genera Russula and to the family Telephoraceae. Most Saprotrophs were
found in Robinia pseudoacacia (P< 0.01) followed by Cryptomeria japonica and Larix
kaempferi, while Fagus crenata showed the lowest abundance (P< 0.05). Cryptomeria
japonica showed the highest abundance in root-associated fungi while Fagus crenata

showed the lowest (P < 0.01).
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Figure 5: Fungal community structure among host species.

4 Discussion

4.1 Soil fungal communities’ species composition between hosts

The fungal community was dominated by Ascomycetes, most of them being decomposers of
organic material, and to a less extension forming ectomycorrhizal associations with plants
thus playing an important role in nutrient cycling (Baldrian et al., 2011; Sardans et al., 2013).
Larix kaempferi and Fagus crenata showed a high abundance of EMF showing their reliance
on these fungi for nutrient uptake (Hobbie & Agerer, 2010; Wallenda & Kottke, 1998) while
Robinia pseudoacacia and Cryptomeria japonica were not, as also found by other studies for
these species (Zhou & Hogetsu, 2002; Taniguchi et al, 2006; Lang et al, 2013; Chiwa et al.,
2015). This was supported by the abundance of root-associated fungi, being high in

Cryptomeria japonica and low in Fagus crenata. Further, EMF were found in the Robinia
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pseudoacacia, formerly covered by Cryptomeria japonica which is known to have arbuscular
mycorrhiza. This suggested that the fungal communities changed possibly due to clear
cutting and the change of host tree species within 7 years of colonization (Hartmann et al.,
2012; Lin et al., 2016; Kyaschenko et al., 2017; Castafio et al., 2018). Further, differences
found in Saprotrophs abundance seemed be host dependent suggesting higher rates of
nutrient turnover in Robinia pseudoacacia plots due to the high abundance in Saprotrophs.
However, this could also be linked to differences in understory vegetation composition and
not to the tree species of the plots as found in mixed-boreal forests (DeBellis et al. 2007).
Changes of soil fungal communities with depth were found for EMF, plant pathogens and
root associated fungi, however especially changes of EMF in Larix kaempferi, Fagus crenata
and Robinia pseudoacacia remained insignificant. Differences in fungal composition with
depth have been observed to be very clear when including the litter layer (Jumpponen et al.,
2010; Andreetta et al., 2011; Voriskova et al., 2014), however in our study the litter layer
was very thin in all sites indicating efficient degradation of fresh litter, causing a more evenly
distributed nutrient pattern with depth than in areas with thicker litter layers (Fierer et al.,
2003; Heat etl al., 2005). Thus, fungal composition was affected by this distribution and
showed only trends but rarely significant changes with depth. This could be confirmed with a
more extensive sampling to clarify distribution patterns with depth. While EMF, Saprotrophs
and moulds represented most of the fungal communities for all tree species, many taxa that
remained unknown, especially in Cryptomeria japonica plots, which stresses the importance
of future studies aiming at identifying these taxa. In this study, 22% of Ascomycota remained
unknown accounting for 12% of all fungi found in this study. Therefore, identifying such taxa
may facilitate the understanding of soil processes and nutrient dynamics occurring in these
ecosystems. Cryptomeria japonica is commercially the most important tree species in Japan
(Seidel et al, 2019a) and a better understanding of the soil fungi associated with it may
enable us to improve this tree species productivity. Additionally, further research may reveal
new substances, as ascomycetes already brought important benefits for humanity (e.g.

medical substances) (Marx, 2004; Johnson, 2013).

It is worth mentioning that although they belong to different functional groups, all tree
species showed an even distribution of fungal species without domination of certain fungal
communities independent of soil depth with Fagus crenata having the lowest fungal species

richness. Fagus crenata is an exceptional tree, as it often acted differently from the other
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species e.g. changes in N isotopic composition, free amino acid composition (Seidel et al.,
2019a), water uptake patterns (data unpublished) and fungal community species richness.
When looking at B-diversity, describing the dissimilarity in species composition among
different sites (Whittaker, 1960), we could see that Fagus crenata and Robinia pseudoacacia
were associated with more homogeneous fungal communities than the other tree species. In
our study, this could be attributed to the differences in pH, nitrate and C/N ratio, as B-
diversity has been shown to be mainly affected by environmental factors (i.e., climate, soil
pH and nutrients) on a local scale (Wu et al., 2013; Prober et al., 2014; Chen et al., 2017) but
also by fungal species turnover (rather than nestedness) (Wang et al., 2017). This implies
that the fungi associated with these tree species are more specialized and thus may be more
affected by increased N deposition than tree species with a more divers fungal community
(Wallenda & Kottke, 1998) making these communities more vulnerable in times of increasing
atmospheric N deposition (Lopez et al., 2010; Fukushima et al., 2011; Peri et al., 2012).
Further, we found that Robinia pseudoacacia was associated with the highest number of
indicator species (14), followed by Fagus crenata (7) and Larix kaempferi (7), while
Cryptomeria japonica had the lowest (4). To our knowledge, this is the first study to examine
fungal communities’ structure within the same research area among different hosts, as

other studies exclusively focused on EMF (Ishida et al., 2007).

The soil fungi sampling being conducted exclusively in May limited the study, as it did not
allow us to observe seasonal changes in soil fungal composition as found in other studies for
boreal and temperate forest ecosystems (Wallander et al., 2001; Jumpponen et al., 2010;
Andreetta et al., 2011; VoriSkova et al., 2014; Lin et al., 2016). They are showing a higher
relative abundance of EMF species and total fungal biomass during summer and autumn and
free-living fungi, such as yeasts, litter saprotrophs or moulds were found to increase under
wetter conditions from an intra-annual perspective or under snow cover (Santalahti et al.,
2016). However, Castano et al. (2018b) indicated for Mediterranean forest ecosystems, that
spatial variation at a local scale (< 3 km) might be larger than seasonal variability as higher
temperatures and water availability may stimulate nutrient cycling and plant production.
Seasonal measurements of soil fungal communities in the tree species of this study would
elucidate this issue, as our plots were in an extremely humid environment with heavy snow

cover.
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4.2 Analysis of soil fungal communities and soil nutritional status

Soil fungal community structure was strongly influenced by pH as fungal growth is
accelerated with decreasing pH, while increasing pH favours bacterial growth making Larix
kaempferi and Fagus crenata possibly more reliant on fungal communities for nutrient
turnover than Robinia pseudoacacia and Cryptomeria japonica (Blagodatskaya & Anderson,
1998; Rousk et al., 2009,). However, there is a narrow pH range between 4 and 4.5 where
fungi growth peaks and rapidly reduces with pH levels below 4. Nevertheless, fungal growth
rates are significantly higher, as bacterial growth nearly ceases at pH levels below 4,
elevating the relative importance of fungi (Rousk et al., 2009, 2010). This phenomenon could
also explain the lower species richness of Fagus crenata, which exhibited the lowest pH
values around 3.7, as the pH may be lower than optimal growth ranges of certain fungi
(Rousk et al., 2011).

Another significant correlation between soil fungal community structure and soil nitrate
content was found. Increases in soil N, especially in nitrate, causes microbial groups to be
supressed in activity and abundance (DeForest et al., 2004) while fungal growth is stimulated
(Rousk & Baath, 2007). This indicated that in Robinia pseudoacacia plots, microbial activity
could be high due to the higher pH in comparison to the other species; however, the high
nitrate concentrations found might dampen this effect making fungal communities relatively
more important. In contrast, nitrate content was low in Cryptomeria japonica plots, but pH
high, which may cause microbial activity to be higher in these plots reducing the relative
importance of soil fungi for this tree species. An analysis of these two species plots could
elucidate the effect of pH and nitrate content on microbial activity and thus fungal
community importance. In general, the microbial dynamics and ecosystem functioning
among tree species seem to differ significantly as a result of pH and nitrate distribution, as
microbial nitrogen demands can be met at relatively low levels of nitrate. This suggests that
even minor differences in nitrogen may cause significant shifts in microbial and fungal
dynamics and ecosystem functioning (Ferreira et al., 2006) between the four species of this
study.

Soil fungal community structure correlated with the soil C/N gradient among tree species
where Larix kaempferi and Fagus crenata showed higher C/N ratios than Cryptomeria
japonica and Robinia pseudoacacia. The soil communities of Larix kaempferi and Fagus

crenata were characterized by a high abundance in EMF suggesting they were mining for N,
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while lower abundances in Saprotrophs than in Cryptomeria japonica and Robinia
pseudoacacia were found. This may partially be linked to the litter quality and litter quantity
of these trees. Shifts in substrate quality (high vs low C:N) and availability (nitrogen
fertilization) have previously been linked to shifts in fungal abundance (Frey et al., 2004;
Allison et al., 2007). Further, it has been shown in agroecosystems, that the two main
groups of decomposers, bacteria and fungi, have different efficiencies of sequestering C on
the soil with fungi being more efficient (Six et al., 2006) as fungi require less N for biomass
accumulation in addition to a higher growth efficiency (Rousk & Baath, 2007). This would
make plots with a higher abundance of fungi in comparison to bacteria more efficient in C
sequestration suggesting that due to the optimal pH and the high nitrate content allowing
high fungi abundance, Robinia pseudoacacia plots would be the most efficient soils for C-
sequestration followed by Cryptomeria japonica, while Fagus crenata plots would be least
efficient. Fontaine et al. (2010) found the existence of a bank mechanism that regulates
nutrient and carbon sequestration in soil. Soil microbes can decompose old recalcitrant soil
organic matter (SOM) by using fresh carbon as a source of energy, which is called the
priming effect (PE). PE is low when nutrient availability is high, allowing sequestration of
nutrients and carbon; in contrast, microbes release nutrients from SOM when nutrient
availability is low. In our plots, nutrient availability was highest in Cryptomeria japonica and
Fagus crenata plots suggesting that Cryptomeria japonica plots may be more efficient in C-
sequestration than Robinia pseudoacacia plots as well as Fagus crenata plots may be more
efficient than Larix kaempferi plots. C content was highest in Fagus crenata, followed by
Robinia pseudoacacia and Cryptomeria japonica. Deeper soil layers of the Robinia
pseudoacacia plot were poorer in C content indicating that C sequestration might enhance
due to Robinia pseudoacacia possibly causing higher C sequestration in time. However, at
the time of sampling, Fagus crenata and Cryptomeria japonica are more efficiently
sequestering C. Measurements of fungal abundance are needed to quantify the effect of pH,
nitrate content and C/N ratio on soil fungal abundance in order to expose which forest type
creates soils more efficient in C sequestration. Further, measurements in plots with adult
Robinia pseudoacacia are necessary in order to assess the long-time effect of Robinia
pseudoacacias nutrient rich litter possibly making its soils more effective C sinks than
Cryptomeria japonica plots. This would allow us to improve forest management practices

towards increased C sequestration and in turn combat climate change.
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5 Conclusion

To our knowledge, this is the first study to examine fungal communities’ structure within the
same research area among different hosts of four typical Japanese tree species of the cold-
temperate zone. Based on the results obtained in this study, we concluded that fungal
communities were highly dependent on tree species and controlled significantly (34%) by
three factors in the soil: pH value, nitrate content and C/N ratio while soil depth only
influenced the evenness of the soil fungal community. Fagus crenata showed a high degree of
specialization in a small number of fungi, followed by Robinia pseudoacacia. Fungal
communities of Cryptomeria japonica and Larix kaempferi were more divers making these tree
species less vulnerable to changes in environmental conditions. Furthermore, Robinia
pseudoacacia and Cryptomeria japonica plots seemed to be more efficiently sequestering C
than Fagus crenata and Larix kaempferi plots. As Robinia pseudoacacia is an invasive tree
species strongly reducing biodiversity, we suggest favouring the planting of Cryptomeria
japonica over Fagus crenata and Larix kaempferi in order to reduce atmospheric C by binding
C more efficiently in forest soils. The next steps are to identify the large number of unknown
fungal species found in this study, especially for Cryptomeria japonica and further, analysing
interactions between mycorrhizal fungi community structure with host plants internal nutrient

status, in order to shed light on this symbiosis.
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Chapter 7

Conclusion

The aim of this work was to investigate the differences in N and P cycling of four typical tree
species found in north eastern Japan, representative for three functional groups, at four
phenological stages in order to improve management practices to promote their ecosystem
functions in a world of climate change.

By linking the movement of free amino acids with N stable isotope measurements, we might
have found a powerful tool to track intra plant N movement and transformation more
reliably in trees species that show significant variation in isotopic composition in plant
tissues among the phenological stages. The next step is to analyse compound specific N
isotopic composition of free amino acids especially in Fagus crenata to confirm the link
between free amino acids and N isotope ratio found of this study. This would enable us to

improve fertilizer composition of this widely distributed tree species to promote its growth.

Among the studied species, we found that Cryptomeria japonica seemed to be a rather
nutrient efficient tree that may be the most resilient tree species towards nutrient
availability changes, especially, if anthropogenic atmospheric deposition of N will increase as
a result of human activities. In forests prone to N saturation, it would be advisable to
promote the planting of Cryptomeria japonica as it has a high P use efficiency and is highly N
and P proficient. Further, in forests not prone to N saturation, application of N fertilizer in
autumn might be beneficial to increase N storage in roots and sapwood to support shoot
growth in the following spring subsequently increasing C sequestration. Future studies
should identify the large number of fungal communities associated with Cryptomeria

japonica that remained unknown in order to understand their function.

Larix kaempferi was the least N and P demanding tree species. Similar to Cryptomeria
japonica, this species was recycling N & P efficiently while it was more effective in recycling
P. In forests, characterized by very poor N and P availability, Larix kaempferi can thrive and
as it is a fast growing species like Cryptomeria japonica, planting of this tree species could
increase C fixation better than the other species of this study. Application of N fertilizer
should be conducted in spring to promote shoot growth, while application of P fertilizer in
autumn may increase nutrient storage of this species. However, it seems unnecessary as it

grows well in low nutrient environments with the support of ectomycorrhizal fungi.
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Fagus crenata was N and P demanding, but these nutrients were efficiently recycled. Due to
high litter production, Fagus crenata seemed to support soil microbial processes and soil
development better than the coniferous species. Higher atmospheric N deposition or N
fertilization during the shoot growth stage in Fagus crenata forests may initially lead to
enhanced growth, photosynthetic activity and P mineralization. However, these forests
might become P limited more rapidly than the other species, as this species is very nutrient
demanding and on the edge between N and P co-limitation during the growing season.
Further, this tree species fungal community was highly specialized and homogeneous with
an abundance of ectomycorrhizal fungi possibly making it more vulnerable than the other
tree species towards changes in nutrient supply, which will affect the fungal community

structure.

Robinia pseudoacacia was the only leguminous species studied and thus, independent from
soil N uptake. This was displayed with its high N and P content of all plant tissues but the
lowest N and P efficiency and proficiency. This will lead to a fertilization effect of the soil, as
this species litter is nutrient rich. Its fungal community was homogeneous and the high
abundance of saprotrophs suggested higher nutrient turnover in this plot in comparison to
the other tree species. In order to promote its growth, N fertilizer applied in spring to
support shoot growth and P fertilizer applied in autumn to increase P storage could be
beneficial, as throughout the season, this species shifts from N to P limitation. If atmospheric
N increases, Robinia pseudoacacias growth and photosynthetic activity may increase during
the shoot growth and green leaf stage but the timing of P limitation along the seasons might
shift to an earlier phenological stage. Additionally, this species is most suitable to increase
soil fertility in a relatively short time and planting it in combination with other species will be
beneficial for increased C fixation in woody plant tissues caused by increased growth and
lead to improved soil development stimulated through amplified litter production. However,
as this tree species is invasive and significantly reduces biodiversity, we do not recommend

planting and fertilization of this species, especially in unmanaged forests.

In the future, conducting similar studies on other globally important tree species would
enable us to improve forest management practices towards increased C sequestration in a

world of climate change.
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Abstract in Japanese

HAEERELR : FF N) LU P) BREEELEYREZTHY, LERDEEIC
b1 BHLES THY, EBYLERERTE LRI BHERABEEICH ) TEZLRENEREL T
Bo NEP DIALTNIGE, MEY PIEYEBERIIC L EFDREEILZTNIETEEFLY
LTV G, BRI, EYFEHHICELEAT-IICHNTEEHEYEEHETSED, ENERE
BRDEDICEHEFEL N PP DEA - F7EE - BRI FDIEDDELG XN AN ERZESETIE, —
BAIIC, BDENLDFIICN EP BEDSFRREN, XDRIICLEDNSRIIRSINIEN EP &
RICAEEGICITEINE, BRIRPETIEE, BB EHAEL, BELEFLEDN LP
DHEEICEET S, ELTEICIE, FTEREINIENEP BFDEREZAEEDICEETE, LD
L. ENLIREMLTF THBEH, ENENDEYHEBNDN ELDP DFERRDEE P, X2
EOITBNDE S ETENTEBLENDE, BEYDN EP DEKEFH LI EDIC, ZLDEE
DEEEYICREEEA TKNELEREERLLELTHY, COLIGNERIREIEZELR
BIZRELTNE, LU, ZLDEIFEILH ) THEEEIRAESN TG, HEEL TLEDS
DREFZEDRYAHD, EBEEYHGADREFZDBEEELEHTEEIL, EBEYREZEDIE
REHNHT EXNZIAANDAREE5T THB3I, N V1 ITNEHBEDIC, BE—RATG T
Zlk ZERMEERT (6°N) THB, LA, N DEBEDE FFEDLI LS >TLIEDD
WEEILDDo2TNGL, BRET S/ BETETEET N DEBDE XDXHZIALEHLDIC
L N ZE XTI BEDDEAETETENATGEE Ho/e — TP BT/ E TEESIN, %
RICFHETS L DDLEATHEDEE TLIETELIEDIC, P DE)EFZEH TSI EH
THole IV/NIEICADYIC. P EECZHETEEIE, BEFLHITHY, BIETDP Y17/
BHICESTEIELINGL, TEDRERRE, HEHEMME, LERICLEREFDRTA,
BRIR, F7TE BEBLELEYTHHIZEIC1E>T, BADELN TOEEEYHEH D
FEFIDFEMGCIERED, KK TDON EP V1IN EEETE/ED, RMEEEHZETSEDHICT
AR THB,

BRIET L H< R (BEE2 mK#E) « XOR (BEE2mXK L) D EELL
BEADEELOFIFAEELGN P EFE N AL BELELI T/ BEEEENE, +1E
FHEME AT EAETD R EHSICESNE L DDA LR - X+ (Cryptomeria
japonica, D. Don, n=9) , 77V (Larix kaempferi, Sarg, n=8) , 7+ (Fagus

crenata, Blume, n=9) , Z-¢7/4>7 (Robinia pseudoacacia, L, n=5) AL T%
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WLk, BRI 4 DDEYFHHIRE (Z1-FER, FiR, BEFEDIAT-) T
YTV IEN, EAEEEH KL EDEELTTYTIT-NLE,

R INTCDEHENENENDEDS, DEYDEDN EP FRIRLIECEEFELZLEN /4,
BEFDIAT-IHTEILXNIRIC, BEBIT-IHTIICLENFTEINE, P [XEE
BOHRIT, BFH>T TaAMHIZZSDEDNFTEBEIN TUVED, MDINTDE TR
ELNEEBARICOIDEEDNFTBEIN T E, 2 TDEYDFERE N ICL>THIRINT
Lo XAFIE N EP DRIREFTREICL > THILDICENIELDIC, HDIESLY R E F FI AT 5E
EDEGICH L THEDNS Y, RERIFITESHBEEIF>TBLITH /e RELVIHICH
AC CDRBTRBEEEILEHEOTIBEILN EAABLTHY, ZEICHN, EETHEEILAEL
NEZELTNE, ZHICHESTOBEILHISAILEMBEDEDS, COBENZE TDIEY
I TLEDERILLIEN EEBL TLBTEN DD 0/, 3510, BEET S/ BDEE DS, N
DABBEEHT TSN TEE, IEHIC, P [AEETSEEL, Ho T BENSHRIRS
NTUOEEDIC, REL VDI LRI BN TNELITHo /1, CNEDY > TY>IT0Y
MEHEDBREEEIG NEFRAVGFELG ) ZELEFEEFF#MEL T, BESEEHD
51% (XVE/EICKIMTHY, COBBEDREFZFERICETSHEEERDSIEDICIX, LEFFE
DEEICEREL TEREDL EEEZFINE,

HIVVIE N EP DEKIRELLVBET, N EP DFIFIENZD 2/, 6N IEIEL
BHOEEDN DBBEEHTEE I TELD /D, BEET I/ BIXN B EEH DTS
DICEHTHESEDNFTHEINIE, CDRETIE, P LB HICHEYDLEP DEAZH TS
Y P HLINDIEIN PAINLYESIER)THEENTRENTEe CORBIZZBRLREEL L
VBRBDREBREZASES LN ERRE LT EL TLE,

TH k. REXNFERICEFFITTHONSEYRHEBICHNTENN ELD'P EFEEEFL T
Fo ZDNP DEEMRICNDEP NERDIRESNSRMHFICZTIFLIEED, COBIEP T
<. ELBN THEFITH o/, <1 ZDZILFD SN S EICL>T, (1) EDN -
KZENDEXNBANDN BRI, #0T 2) THNDN -EEN DFERRK, HLF (3)
KVIRICITBESNELE N -RZDN BIKD 3 BREDEZFIBEHLDICLE, 3510, &
BT/ BEDEIL L, EYEBICEITS N D EEBHAICHBLE, COREIL, FED
EES ZHETREES, HEFREINDE VWKFIEEZTL, IHEDEEILIL TLYHESS
LHETEETBELTLIS,
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BAZCTHITIE LEDPSDN RREFFELRT, INTOEYHEBICE TN, P I EZT
BY N, P DERREYEMEIRCIES, REFRBBEETRL TV, LU, COREE>1-
FOBERERE TIEN D HIREN TLED, CDON DHIRIZFTARAL & OEFEF TlEN HELDP
DRICHIRENSIKEICIR 2 ICZTRLIE, SBEDN (P DS, COBIFELETN LYE
LBP EIETEIEETRLIE, BRIRENEEDP (F, RELV L DETEFE EBA S
D, HDEYHEFENDP FTEEL TIEALE NG5G0 076, COBDEFERHE
LB T, ZLDLEREMETRLIE,

Haam - AL A BDEBICEL TRET 1 INDFTELIARER D ICL, BEEEDITE
—HEIC, 4 DDEYEETAIXA T~V ICE 2 TREELNILTDN, P, 55N, FEBET /B E D
HMAEDER, ENENDEHETDRET1TINDEBEERDEEDICHELGET TO-FTHES
CERLIE, BEETI/BDEEE N OLERLEINEEY > I3EETE T, HBICHIISHE
HAEEDN DB EL S G RESYIEHEMEEE > TEJ TE, EYFTHAILX T~ DR THE
B TOLEFAREDEGEEEIC AT BELTZERZ DI EBIEL NG, BIAD
BREEEL, WRICARDEDKFEEEESEBEDIC, HEDRERBLI(IIITET
~IDLHTETE, ENEEABEREMFIETH o/, AFIXMDEIELY ELYZIFRIIC 1k F
BEIEENE, ARHRKFERCTEDICAFEEBHTELE. CNEDEREICEDIT,
FAIIHELET B, BTN TIBAFEAFEDRKFBRHEGEERLIED, CHEIEANFKETSH
U DBEYDZEEERADIETNBEN 6, BZCTHTDERIZED G, 3510, XF/E
N BRIEEP IR EDE B L BREBRIGDEN LT EDIC, REBLIEBETHEL
IICEBEDNe KBEEHFFE Tl FFICAFICE N TERBFZH THLD Lo/ Z D DK DE
BERTEL, REILCEL TLYFNEBEERREEDIC, BIREHEEEELFEEBYDAZBR
EREEDIFZEFESTLTNSTEEHIESLL TS,
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