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Abstract

Aims To improve our understanding of N cycle
development during primary succession after glacial
retreat, we (i) assessed the role of biological N, fixa-
tion, (i) determined gross ammonification rates to
identify the onset of mineralization, (iii) quantified
the retention of '"'NH, and '’NO;~ in various eco-
system compartments to evaluate the accumulation
of deposited N and (iv) followed the 15NH4Jr label
into the soil NO;™ pool to explore the development
of nitrification along the subtropical alpine Hailuogou
glacial retreat chronosequence, SW China.
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Methods We measured N stocks and 8'°N values in
the dominant tree species, organic layer and 0—10 cm
of the mineral soil and quantified N turnover rates
and accumulation via >N tracer experiments.

Results N accumulated in the ecosystem at a fast
mean rate of 4.5+1.0 g m™2 yr~! favored by an ini-
tially near-neutral soil pH value. The 8'°N values of
the vegetation started near 0%o and decreased to a
range of -2.7 to -4.4%o in 127 years. Gross ammoni-
fication rates were initially low but increased with
ecosystem age from 0.025 to 50.6 mg kg=' d”! N,
matching those of mature (sub)tropical forests. The
maximum accumulation of deposited N shifted from
the bryophyte via the shrub layer to the soil organic
layer. The 'SNH,* label hardly appeared in the NO;~
pool reflecting little nitrification.

Conclusions Strong initial biological N, fixation
and retention of deposited N was succeeded by a tight
N cycling between soil and vegetation at the older
sites within approximately 120 yr.

Keywords Biological N, fixation - Glacial retreat
chronosequence - Gross mineralization - Natural
isotope abundance - Primary succession - Pulse-chase
experiment

Introduction

Mountain glaciers are globally retreating since the
second half of the nineteenth century (IPCC 2023),
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leaving freshly deposited rock debris behind, on
which new ecosystems develop (Delgado-Baquer-
izo et al. 2020; Ficetola et al. 2024; Hugonnet et al.
2021). If the debris does not include fossil organic
matter, it is free of N, the quantitatively most needed
plant nutrient (Vitousek & Howarth 1991; LeBauer &
Treseder 2008). In the absence of plants in the early
stages of primary succession, N supply originates
from atmospheric deposition and free-living (non-
symbiotic) N,-fixing bacteria and archaea (Gorans-
son et al. 2016; Reed et al. 2011). Once N-containing
organic compounds are incorporated into the soil as
organic matter (SOM), mineralization releases plant-
available N (NH,* and NO;") into the soil solution
(Blevins 1989). The advancing ecosystem succes-
sion increases above- and belowground litter. The
litter accumulates if it is not decomposed within one
year after its deposition, which commonly occurs in
humid and cool climates like those in glacier fore-
fields (Hodkinson et al. 2003; Wietrzyk et al. 2018;
Vogt et al. 1983). As a consequence, an organic layer
on top of the mineral soil is formed, which serves as
a nutrient reservoir from which N is increasingly min-
eralized (Cleveland et al. 2013; Khedim et al. 2021;
Lilienfein et al. 2001). The advancing vegetation suc-
cession increasingly retains mineral N because of
larger N uptake and reduced seepage fluxes resulting
from increased evapotranspiration (Feng et al. 2016).
The associated establishment of a microbial commu-
nity further increases N retention through immobili-
zation (Jiang et al. 2019). Altogether, this contributes
to the establishment of a closed N cycle that ensures
plant nutrition over longer time scales (Perakis and
Hedin 2001; Yan et al. 2024).

The natural abundance of stable N isotopes (1°N
values) in soils and plants offers a powerful tool for
evaluating N dynamics in ecosystems. The N that
reaches the soil by biological N fixation shows a 8N
value near that of the atmospheric N,, which is by
definition 0%o. As a consequence, the 8'°N values of
soils and plants can be used to quantify the proportion
of atmospheric N, used by legumes and actinorhizal
trees (Boddey et al. 2000; Craine et al. 2015; Shearer
and Kohl 1986). Soil processes, such as N miner-
alization, nitrification, and denitrification, typically
involve incomplete chemical reactions that selectively
discriminate against >N causing kinetic isotope frac-
tionation (Mariotti et al. 1981; Blackmer and Brem-
mer 1977). Consequently, 8'°N values can reflect the
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openness of the N cycle within an ecosystem, with
higher values indicating greater losses through pro-
cesses like denitrification and leaching, which favor
the loss of "N as N,0, N, or NO,~, thereby enriching
the remaining soil N pool in '°N (Austin & Vitousek
1998; Hogberg 1990; Vitousek 2002). The distinct
8N signatures of the different soil N pools are then
reflected in the 8'°N values of plants that rely on
these pools (Amundson et al. 2003; Hogberg 1997,
Houlton et al. 2007; Robinson 2001).

In addition to the natural abundance of N iso-
topes, experiments with >N labeling provide valu-
able insights into the N cycling dynamics within
ecosystems. A common approach to determine N
transformation rates in soils are '’N-pool-dilution
experiments, where a well-defined soil volume is
labeled with highly 'N-enriched N and the dilu-
tion rate of the enriched pool by newly formed N
species is monitored (Davidson et al. 1991; Hart
et al. 1994). The retention of deposited N in eco-
systems can be determined with pulse-chase experi-
ments, during which an isotope label is introduced
and tracked across all major ecosystem compart-
ments over a specific period of time (Hart et al. 1994;
Lehmann et al. 2004). Labeling the soil with >NH,*
or SNO; allows for tracing the fate of the different
N species through the ecosystem (Braun et al. 2018).
Some previous studies reported a higher recovery
of "NH,* than 'NO; tracer in the upper mineral
soil, primarily attributed to greater NO;~ leaching
into deeper soil layers (e.g., Buchmann et al. 1996;
Groffman et al. 1996). However, Perakis and Hedin
(2001) reported a similar long-term retention of both
SNH,* and >NO,~ in a forest in southern Chile,
and Providoli et al. (2006) even found a stronger
retention of >NO;~ than of >NH,* in a coniferous
mountain forest in Switzerland, indicating that the
interplay between amended N forms and soil pro-
cesses is strongly context-dependent. Additionally, by
determining the recovery of ’NH," in the NO,™ pool
of the soil within the framework of the NH,* pulse-
chase experiment, we can assess nitrification—an
approach that, to the best of our knowledge, has not
been previously attempted.

The Hailuogou glacier in SW China has been con-
tinuously retreating since the late nineteenth century
(Li et al. 2010), developing a soil and vegetation suc-
cession that had not been strongly disturbed by human
activities at the time of our sampling between 2014
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and 2017, rendering it an ideal area to study N cycling
in the early stages of soil and vegetation development.
Recent studies at the Hailuogou glacial retreat chron-
osequence have focused on N stoichiometry and its
implication for nutrient limitation (Bing et al. 2016;
Yang et al. 2014, 2021; Zhang et al. 2021), as well as
its effects on the activity and diversity of soil micro-
bial communities (Huang et al. 2023a; Li et al. 2020;
Song et al. 2020). Despite the strong growth-limita-
tion by N (Yang et al. 2021), the Hailuogou glacial
retreat chronosequence shows a rapid vegetation suc-
cession starting with leguminous herbs and N,-fixing
shrub-microorganism symbioses, followed by half-
mature broad-leaved tree forests, to a mixed forest
dominated by conifers (Zhou et al. 2013) The oldest
succession stage reaches the estimated mean bio-
mass of mature temperate coniferous forests (307 Mg
ha™!, Cole and Rapp 1981) within 80 years (Luo et al.
2004). Because of the high energy cost, biological
N, fixation largely disappears when the soil N avail-
ability increases above a threshold value (Vitousek &
Howarth 1991; Zheng et al. 2019). In line with this,
N,-fixing plant-microbe symbioses such as Hip-
pophae tibetana Schltdl. disappeared at the Hailu-
ogou chronosequence after 40 years. Thereafter, the
primary N resources originated from the mineraliza-
tion of SOM, which progressively accumulates with
increasing site age at a mean rate of 288 g m~2 year™!
(Basdedi6s et al. 2022b). Basdedids et al. (2022b)
suggested that the initial presence of carbonates in
the glacial debris at a low concentration that buffered
the soil pH around 7 facilitated the initial succession,
because it provided near-optimum physico-chemical
soil conditions for microbial activity including bio-
logical N, fixation. Deepening our knowledge of the
processes regulating the N cycle including N fixa-
tion, mineralization, nitrification, and leaching and
particularly their rates is crucial for understanding N
dynamics in newly exposed ecosystems. This process
understanding is particularly important in view of the
mountain risks such as flooding and erosion originat-
ing from the globally increasing glacial retreat areas
in response to climate change (Hock et al. 2019).
Hence, to investigate the role of N for the veg-
etation succession along the Hailuogou chronose-
quence, we (i) assessed the extent of biological N,
fixation and the duration of the shift from predomi-
nant N, fixation to N mineralization with the help of
5N values in bulk soils and in vegetation along the

chronosequence, (ii) determined gross ammonifica-
tion rates to pinpoint the onset of mineralization with
a closed-system short-term >N labeling experiment,
(iii) located and quantified the retention of deposited
N in various ecosystem strata and (iv) followed the
'>NH,* label into the NO;™ pool to determine the role
of nitrification. We hypothesized that (i) N, fixation
is particularly high in the early stage of the chronose-
quence because of favorable initial soil conditions,
allowing for a fast shift to mineralization-driven N
supply to the vegetation as reflected by an increas-
ing N stock in the ecosystem, (ii) ammonification is
quickly established and soon dominates the N supply
of the vegetation, (iii) the main sink of the added BN
shifts from initial moss-dominated organism commu-
nities via the vegetation to the soil, and (iv) there is
little nitrification because of a rising plant N demand
as biomass increases, which reduces the availability
of NH,* for nitrification.

Materials and methods
Study area

The Hailuogou glacier is located on the eastern slope
of the Mount Gongga, in the transition zone of the
Tibetan Plateau and the Sichuan Basin, southwest
China (Fig. S1). Because of the worldwide increas-
ing temperatures (IPCC 2023), the Hailuogou glacier
has been retreating since the late nineteenth century
(Li et al. 2010), developing a 2 km-long, 50-200
m-wide chronosequence, which spans an elevational
range from 2800 to 2950 m above sea level (a.s.l.).
Along the chronosequence, a primary vegetation
succession has developed starting with leguminous
herbs (i.e., Astragalus adsurgens Pall.) and N-fixing
shrubs (i.e., Hippophae tibetana Schitdl.), followed
by half- mature broad-leaved tree forests dominated
by poplar (Populus purdomii Rehder), to a conifer-
dominated mixed forest with Faber’s fir [Abies fabri
(Mast.) Craib] and Sargent spruce [Picea brachytyla
(Franch.) E. Pritz (Table 1). The mean annual air
temperature is 4.2 °C (Zhou et al. 2013). The mean
annual precipitation is 1947 mm, with the majority of
rainfall occurring between May and September (Wu
et al. 2013).

The short time of pedogenesis (<130 years) resulted
in soils without B horizons classified from youngest to
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Table 1 Contributions of the dominating tree and bush species and mean chemical properties of the mineral topsoil soil along the
Hailuogou Glacier retreat chronosequence, sampled in 2017, except for the 24 year old site which is from 2014

Site age Elevation Dominant species (relative abundance, canopy cover) pH CO32_ Corg TN C/N

[years] [masl] [%] (H,0) [gke™ [gkg™ lgkg™]

0 2982 bare land 8.3(0.0) 25(1) <4.0 0.1(0.1) -

24 2947 H. tibetana (100%, canopy cover < 30%) 6.7 (0.2) NA NA 0.75(0.1) NA

37 2942 H. tibetana (100%, canopy cover 35%) 6.1(0.1) 2(1) 169 (2.7) 1.0(0.1) 17(0.2)

47 2922 P. purdomii (55-70%, canopy cover>50%) 5.8(0.2) ND 141(1.2) 1200.3) 12(0.3)

59 2912 A. fabri (40-50%, canopy cover 40%) 59(0.1) ND 10.8(2.8) 0.8(0.2) 14(0.4)
P. purdomii (40%, canopy cover 40%)

87 2883 A. fabri and P. brachytyla (50-65%, canopy cover 49(0.1) <05 28.9(10.4) 1.9(0.7) 15(0.5)

60% and 20%, respectively)
127 2855 P. brachytyla and A. fabri 52(0.2) <05 47.7(20.5) 3.4 (1.5) 14(0.6)

(>65%, canopy cover 60% and 40%, respectively)

The pH value of the 24 yr-old site was determined in 0.01 M CaCl, with a soil:solution ratio of 1:2.5 and converted to pH (H,O)
by adding 0.5. Only tree species with a trunk diameter >2.6 cm were included in calculating the relative abundance of each species
(data adapted to our study sites from Li & Xiong 1995). The percent canopy cover was estimated visually for each individual tree on
three replicate 20 mXx 20 m plots by Luo et al. (2004) and adapted to our study sites (Basdedi6s et al 2022b). TN and C,,, are total N
and organic C concentrations, respectively. ND is not detected. NA is not available. Values in parentheses are standard errors (n=3)

oldest as Leptic Calcaric to Folic Dystric Regosols IUSS
Working Group WRB 2022). With increasing time, the
soils have developed O and A horizons of increasing
thickness (Basdedids et al. 2022b). Soil organic matter
(SOM) accumulated more rapidly, and soil development
progressed faster than in other comparable young tem-
perate alpine recession areas (Diiming et al. 2011; Zim-
mer et al. 2024). The parent material of soil formation is
a moraine consisting mainly of granitoids with admixed
metamorphic rocks (Basdedios et al. 2022a). The miner-
als comprise mainly silicates (~90%), carbonates (<6%)
and phosphates (<2%) (Zhou et al. 2016).

Field sampling

In September/October 2014 we conducted gross min-
eralization and pulse-chase experiments at five eco-
system succession stages with the ages of 2-3, 24, 44,
84, and 124 years (Figs. S1 and S2). Three years later
(i.e., in 2017) we sampled soils and plant compart-
ments of dominating tree species from six ecosystem
succession stages, which were exposed for 0, 37, 47,
59, 87 and 127 years since glacial retreat (Fig. S1). To
prevent any cross-contamination, samples from the
same site age collected in different years were taken
from separate plots within the same site age.
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Soil profiles were hand-dug and five soil horizons
sampled: Oi (fresh litter), Oe (shredded litter), Oa (dark
layer of decomposed humus), A (surface mineral soil with
humus enrichment), and C (weathered soil parent mate-
rial). Each succession stage was sampled in triplicate,
with a minimum distance of 20 m between soil profiles,
except at the 0 yr-old site where the distance was reduced
to 10 m because of the narrower valley near the glacier.

Samples of leaves/needles, branches, bark, wood
and roots of the dominant tree species growing in the
vicinity of our soil profiles were collected between
August and October 2017, as described in Basdedi6s
et al. (2022b). Four tree species were sampled along
the chronosequence including H. tibetana (37 yr-old
site), P. purdomii (47 yr-old site), A. fabri (59 and 87
yr-old sites) and P. brachytyla (127 yr-old site). At each
replicate plot, a minimum of three trees were randomly
sampled. Additionally, we collected leaves/needles of P.
purdomii at the 59 yr-old site, and A. fabri at the 47 and
127 yr-old sites, which were the second more abundant
tree species at those sites (Basdedios et al. 2022b).

Litterfall was collected weekly from August to
October 2017 with three self-constructed collec-
tors (closed polyethylene net with a mesh-width <1
mm mounted at a wooden pale and positioned 0.5
m above the soil surface, representing a surface area
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of 1 m?) at each forested study site (i.e.,>37 yr-old).
Litterfall samples collected on the same date at the
same study site with the three collectors were bulked,
homogenized and ground.

Rainfall was sampled weekly from 14 August to
2 October 2017 with 4 Hellmann-type collectors,
placed on a vegetation-free area (i.e., sites <5 yr old),
which were combined and filtered through a 0.2-pm
filter. As the collectors were permanently open, the
collected samples represent bulk deposition (i.e., wet
deposition and the soluble fraction of coarse particu-
late dry deposition which can sediment into the open
collectors).

Litterfall, leaf, needle, branch, bark, wood and root
samples were oven-dried at 40 °C for 72 h. Mineral
and organic soil samples were air-dried to constant
weight. Aliquots of all samples were ground using a
ball mill equipped with a zirconium oxide jar.

Gross mineralization experiment

Following the pool-dilution method of Davidson et al.
(1991), 15NH4C1 tracer (Sigma Aldrich, 98 atom% BN,
25 ug N per core) was injected with a syringe to six
100-cm? stainless steel soil cores at the five study sites
of the 2014 field campaign. The cores were introduced
into the 0-5 cm layer, removed, closed at the bottom
with a metal lid and reburied at the original position.
At the <44 yr-old sites, the cores were introduced into
the mineral soil while at the >44 yr-old sites the cores
were introduced into the Oa horizon. Three cores were
exhumed 15 min after tracer injection, and another
three cores were exhumed 24 h later. At the <44 yr-
old sites, the air temperatures ranged from 10 to 14 °C
when the mineralization experiment started, while it
rained. At the>44 yr-old sites, air temperature ranged
from 12 to 14 °C and there was only slight rain dur-
ing the night. After sampling, the cores were immedi-
ately extracted with 0.5 M KCl by shaking them for 1 h
(soil:solution ratio 1:25). We chose a low KCl concen-
trations to avoid interferences during the >N concen-
tration measurements.

Pulse-chase experiment
We added 200 mg of N as '>'NH,Cl or 9.2 mg of '°N

as KlSNO3 (Sigma Aldrich, 98 atom% 15N), dissolved
in 4 L deionized water, to the 4 m? experimental plots

(at the level of the soil but on top of the ground veg-
etation). For each N species, the 15N label addition
was threefold replicated at each of the five study sites
(30 plots in total). Biomass and soil samples were
collected before and 1, 2, 4 and 8 days after labe-
ling. The samples consisted of the bryophyte layer
and mineral soil at the 2-3 yr-old site, and the shrub,
grass/herb, Oi/Oe and mineral soil/Oa layers at the
remaining sites. The shrub layer only occurred on 14
of the 24 experimental plots at the>24 yr-old sites
and was sampled at a height of 10-30 cm. We were
unable to sample the trees. The soil samples were
immediately extracted with 0.5 M KCI. Soil moisture
was determined gravimetrically on separate sample
aliquots. Extracts were stored at approximately 5 °C.
Plant samples were air-dried and ground with a ball
mill (PM 200, Retsch, Haan, Germany). In the course
of the experiment, the air temperature ranged between
6.2 and 14.4 °C during the day. The experiments on
the <44 yr-old sites were conducted under wetter
conditions (1 dry day) than those at the >44 yr-old
sites (5 dry days).

Our N additions in small quantities, but in highly
5N-enriched form have the advantage of exerting
minimal influence on the native N pool size, both in
the gross mineralization and the pulse chase experi-
ments. Assuming N concentrations near the instru-
mental detection limit of 30 ug g~' N, a mean bulk
density of ~1.00 g cm™>, and a topsoil thickness of 5
cm, the added tracer represented < 0.1% of the total N
pool in the mineralization experiment and <0.3% of
the total N pool in the pulse-chase experiment.

Chemical analyses

The pH value of the mineral soil was determined
with a glass electrode (WTW SenTix 81) in a 1:5
(v/v) soil:water suspension. To determine Mo and
V concentrations, we digested the soil samples
with HNO,;/HF/H,0, (4:1.5:1) and the plant sam-
ples with HNO;/H,0, (4:1) in a microwave oven
(MARS6Xpress, CEM, Kamp-Lintfort, Germany).
The metal concentrations were measured with
inductively-coupled plasma mass spectrometry
(ICP-MS, 7900 Agilent, Waldbronn, Germany).
Accuracy was assessed by the analysis of the cer-
tified reference materials BCR2 (Columbia River
Basalt 2) for soil samples and SRM1515 (apple
leaves) and SRM1547 (peach leaves) for organic
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samples. Mean recoveries+standard deviation
were 100+ 10% for all certified element concen-
trations. Precision determined by duplicate meas-
urements was <5%. The concentrations of NH4+,
NO;™ and total nitrogen (TN) in bulk deposition
and the extracts of the gross mineralization and
pulse-chase experiments were measured by con-
tinuous flow analysis (CFA, AutoAnalyzer 3 HR,
Seal GmbH, Norderstedt, Germany or San-++,
Skalar, Breda, the Netherlands). We determined C
concentrations with an Elemental Analyzer (Vario
EL, Elementar Analysensysteme, Langenselbold,
Germany).

Mineral soil samples, organic horizons (Oi, Oe
and Oa), litterfall and roots, bark, branches, wood
and leaves/needles of the dominant tree species
growing along the chronosequence were analyzed
for N concentrations and 8'°N values with an Ele-
mental Analyzer-Isotope Ratio Mass Spectrometer
(IRMS, Flash 2000 HT Plus/Delta V Advantage,
Thermo Scientific, Bremen, Germany). Instrumen-
tal drift was corrected using bracket measurements
of the certified isotopic reference material EMA-P2
(unknown compound, —1.57%o) as a working stand-
ard. For calibration, we used certified standards
of (NH,),SO, (USGS-25, TAEA-N-1, TAEA-N-2;
certified 8'°N values=-30.41, 0.43 and 20.41%o,
respectively), caffeine (USGS-61 and USGS-
62; —2.87 and 20.17%o, respectively) and glycine
(USGS-64, 1.76%o).

To determine the >N concentrations in NH,*, we
used the diffusion method of Brooks et al. (1989)
including the modifications of Aigner (2000), as
described in the supplementary material (Method
S1). The N isotopic composition of the labeled NH,*,
plant and soil samples was measured with an EA-
IRMS (vario EL/Isoprime 100, Elementar Analysen-
systeme). For calibration, we used the certified stand-
ards IAEA-NO3 (KNO;, certified 8N value: 4.7%0),
IAEA-N-2 and EMA-P2.

The N isotopic composition of NO;~ extracted
from the soils in the pulse chase experiment was
determined by abiotic conversion to N,O following
the method of Lachouani et al. (2010), as described in
Method S2. The N isotope ratio of the produced N,O
was measured with a trace gas-isotope ratio mass
spectrometer (TG-IRMS, Trace Gas-Isoprime 100,
Elementar-Analysensysteme).

@ Springer

Calculations

Annual total N input via bulk deposition was calculated
by multiplying our TN concentrations (mg L™') by the
mean precipitation records at the Hailuogou Meteoro-
logical Station (1947 L m~2; 2948 m a.s.l.; Wu et al.
2013). The proportion of N derived from the atmos-
phere (%Ndfa) by biological N, fixation through the
H. tibetana actinobacteria symbiosis was calculated as
described by Unkovich et al. (2008; Eq. 1).

%Ndfa = [ (6" Ny — 6" Nyge) /(8" Ny — 6Ny )| # 100

ey
where 6"°N,,; denotes the 3'°N value of the mineral
soil, 515Nveg refers to the 8'°N value of the whole veg-
etation, and 8”°N,, represents the atmospheric 8'°N
value (0%o).

The N stocks in each soil organic layer and in the
mineral horizon (up to 10 cm) were calculated con-
sidering the N concentration, the bulk density and the
thickness of the respective horizon, as described in
Basdedios et al. (2022b). A mixing model was applied
to calculate the 8'°N values of the upper 10 cm of the
mineral soil (5"°N.,,), including the A and part of the
C horizon (the A horizon was <6 cm thick along the
chronosequence) at each site age (Eq. 2).

8" Nioem = ((6"Ny # x4) + (6°Ne * xc))/ Xioem

@)
where 6/°N, and 515NC represent the N isotope com-
positions of the mineral A and C horizons, respec-
tively, and y, and y. represent the contribution of
each horizon to the total stock (g,,,), in g m~>.

The N stockS (N comparmens) 1 the different tree
compartments (leaves/needles, branches, trunk, bark, and
roots) of the dominant shrub or tree species at each site
were calculated by multiplying the corresponding com-
partment biomass (B,) with the N concentrations meas-
ured in the different compartments (Cy), as described in
Eq. 3. Total N stock in the vegetation (V, ) was cal-

vegetation
culated by summing up all individual plant compartments.

soil — soil — atm

Np]ant compartment (g m_z) = Bc (g m—2) * CN(g g_l)
3)
The 8N values of the whole vegetation
' 5Nvegem,i0n) were calculated by taking into account
the contribution (y; g m™>2) of each compartment
(leaves/needles, branches, trunk and roots) to the total

vegetation biomass (1, Xa. ;g m 2 Eq. 4).
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6" Nyegetation = (6°Ny # 1, + "Ny s o+ ... ) /(i + 12+ - “4)

The high C:N ratio in the trunk of the tree spe-
cies growing at>40 yr-old sites did not allow us to
measure the 8'5N value precisely. Therefore, we have
calculated the 8N, .0 aSSUMing a minimum
SEN value of —3%0 6 5Nvegm,i,.m m{n) ancll a maximum
8 N =12%0 (6"’ Negetation max)> 10 line with the litera-
ture (Table S1).

To calculate gross N transformation, we used the
isotope pool dilution method which assumes that
there is no isotope fractionation during the transfor-
mations and that the rate of transformation is constant
during the experiment (Kirkham and Bartholomew
1954; Davidson et al. 1991). These assumptions are
usually valid for short experiment times of up to 24 h
(Davidson et al. 1991). Gross N mineralization rates
were calculated with Eq. 5.

[APE]s
_ ey =11t log ( [APE];))

1l

C e ()
where 7 is the gross mineralization rate (mg kg~ N),
[1] the concentration of NH,* (mg kg'l), t the time
elapsed since the beginning of the experiment (days),
t, the starting time of the tracer experiment and [APE]
the atom percent excess (atom% '°N). The consump-
tion rates of NH,* were calculated with Eq. 6.

Ity — 11t
cl] =rll] - M (6)

rl1] 4)

where c¢[I] is the consumption rate (mg N kg~ soil
day™!) of ion I. The net ammonification rate was
calculated as gross mineralization minus NH,* con-
sumption rates.

At the 2-3 yr-old site, we did not detect any
NH,* in one of the 24-h cores, so that the N trans-
formation rates were calculated based on two
(instead of three) replicates. Generally, occasionally
low NH,* concentrations around the detection limit
of our EA-IRMS in the cores at the 2-3 to 44 yr-old
sites increased the uncertainty of our measures of
the transformation rates at the younger sites.

The biomass of the bryophyte layer was esti-
mated by measuring its thickness (1.25 cm) and
cover (25%) and assuming a bulk density of 0.1 g
cm™> (Yang et al. 2019). The biomass of the grass/
herb and shrubs layers was taken from Luo et al.
(2012) for the 24 yr-old site and adjusted to the
other sites with the help of the measured height of
the grass/herb and shrubs layer at each site deter-
mined by harvesting the whole 4 m? plot at the end
of the experiment. Bulk densities of the mineral
soils and Oa horizons were taken from Wang et al.
(2020) for the same study sites. For the Oi/Oe layer
we assumed a bulk density of 0.025 g cm™ (Cho-
jnacky et al. 2009). The volumetric stone content
was visually estimated in the field using reference
charts after excavation of the soil profile, and sub-
tracted from the total horizon mass.

The recovery (%) of the added 5N tracer in the
pulse-chase experiment was calculated using Eq. 7
for the soil and Eq. 8 for the biomass compartments,

ExPN % TN % p s« d % (1 —s)
15N

)

Recovery" N ;, =

Ex!°N % TN # b

15 =
Recovery "Nyiomass = 5N

)
where Ex°N represents the concentration of 1N after
subtracting the >N prior to labeling (mg >N g~! N),
TN the total N concentration (g N kg™'), p the bulk
density (kg m™), d the thickness of the horizon (m), s
the stone fraction, "°N the total tracer added (mg >N
m~2), and b the biomass of grass/herb or shrub layer
(kg m™?).

The recovery (%o) of N in the NO;™ pool after
amendment with 'SNH,* was calculated using
Eq. 9:

Ex">N # Npool

Recovery°N(%o) = —
Total " Napplied

* 1000 9)

where Npool represents the total N concentration in
the NO;™ pool (mg m~?).
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Statistical analyses

One-way analysis of variance (ANOVA) and Tukey’s
HSD post-hoc tests were applied to detect significant
differences between total N stocks and 8'°N values
among the various study sites. Differences between
the maximum and minimum calculated 8'°N values
for vegetation were tested for significant differences
using independent two-sample t-tests. Statistical anal-
yses were conducted with the statistical software R (R
Core Team 2020). Significance was set at p <0.05.

Results

Along the chronosequence, the pH decreased from
around 8, driven by the carbonic acid/ carbonate
buffer system, to around 5, driven by the strong acid/
aluminium oxide buffer system (Table 1). Total N and
organic C (C,,) in the mineral topsoil increased.

The mean N concentration of the organic hori-
zons increased with increasing depth (Oa>Oe> Oi;
Fig. 1A). Total N stocks tended to increase with
increasing site age. The mean N accumulation rate
in the organic layer (+standard error) and the upper-
most 10 cm of the mineral soil, i.e., the root zone, was
43+0.9 g m~? yr~! and that in the whole ecosystem
was 4.5+1.0 g m~2 yr~!. The fastest N accumulation
occurred between 37 and 47 years after glacial retreat,
coinciding with the transition from the N,-fixing H.
tibetana actinobacterium symbiosis, with its larger N
stock (Fig. 1B), to a P. purdommii-dominated forest.
We estimated that 81% of the N stock at the 37 yr-old
site was fixed from the atmosphere (%Ndfa, Eq. 1).
After the establishment of the conifer-dominated for-
est, the annual N accumulation tended to decrease
(Fig. 1A). The annual bulk deposition of TN was 0.9
g m~2 yr_l.

The 8'°N value in the upper 10 cm of the min-
eral soil varied between 0.0+0.4 %o (0 yr-old site)
and 1.8+0.2 %o (59 yr-old site) and was not corre-
lated with site age (Fig. 2A). The thickness-weighted
mean 8'°N values of the organic layer (Oi+Oe+ Oa)
ranged from —1.8+0.2 to —1.0+£0.3 %o along the
chronosequence and did not significantly differ
among the sites (Fig. 2A). The N concentrations and
85N values of litterfall decreased from 20+0.8 to
15+0.7 g kg~! (Table S2) and from —0.7+0.2 %o to
—3.3+0.5 %o (Fig. 2A) between the 37 and the 127
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yr-old sites, respectively. These changes paralleled
a decrease in total N stocks (Fig. 1B) and in 815N
values (Fig. 2B) in the vegetation with increasing
site age. The 8'°N value of the vegetation decreased
with increasing site age no matter if we assumed the
minimum or the maximum 8'°N value of the trunk
taken from the literature (Fig. 2B). Only if the 8'°N
of the trunk of the tree species growing on the 127
yr-old site was>35%o there would not be a nega-
tive temporal trend. Such high 8'°N values have not
been reported for vegetation compartments to date
(Table S1). The 8'°N value of the whole ecosystem
(i.e., the upper 10 cm of the mineral soil, the organic
layer and the vegetation combined) varied between
0.0+04 %o and —-2.0+0.5 %o, and tended to
decrease with increasing site age (Fig. 2C). Addition-
ally, we measured N concentrations and 8N values
of leaves/needles of the second most abundant tree
species at each site (Fig. S3). No significant differ-
ences were found between leaves/needles of tree spe-
cies of the same site age. Therefore, we present the
results based solely on the contribution of the domi-
nant tree species to the total biomass.

N transformation rates

The total concentrations of the KCl-extractable N
species in the topsoil (i.e., mineral soil at sites <44
yr and Oa horizon at sites>44 yr-old) increased
with increasing site age. Generally, KCl-extractable
organic N and NH,* contributed significantly more
than NO;~ to the total KCl-extractable N species
(Fig. S4). The gross mineralization and NH,* con-
sumption rates in the 0-5 cm soil layer paralleled
each other and showed a positive relationship with
ecosystem age (Fig. 3). Net NH,* mineralization rates
were near zero or even negative indicating net immo-
bilization during our experiment except at the old-
est site, where a small net NH4Jr mineralization was
observed.

N tracer recovery in the pulse-chase experiment

The lowest recoveries of the amended '"NH,* and
SNO,~ were recorded at the 2-3 yr-old site (<20%
for both N species, Fig. 4A and B). The cumulative
recovery increased with site age for both N species,
except for a comparatively low total recovery of
ISNH,* at the 84 yr-old site (Fig. 4G, Table S3).
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Fig. 1 Cumulative total stocks of N in the organic layer (Oa,
Oe and Oi), the upper 10 cm of the mineral soil (A and C hori-
zons) and vegetation (A) and cumulative N stocks in the differ-
ent plant compartments of the dominant tree and shrub species
(B) along the Hailuogou chronosequence. The blue circles and

At the 2-3 yr-old site, 10-15% of the amended
NH,* and 11-21% of the amended 'NO,~ were
recovered in the bryophyte layer (Fig. 4A and B),
while the tracer assimilation by the sparse vascu-
lar plant biomass played a minor role (<4% of the
amended 'PN). The N concentration in the mineral

the dashed line in (A) represent the N accumulation rate. The
green line in (B) represents the total biomass at our study sites
based on data from Luo et al. (2004). Letters indicate signifi-
cant differences according to Tukey’s HSD post-hoc test. Error
bars represent the standard error (n=3)

soil was below the instrumental detection limit (30
pg kg=!' N), making it impossible to determine the
label’s recovery in the mineral soil, which may
partly explain the overall low label recovery at this
site. At the 24 yr-old site,~70% of both '"NH,* and
15NO3_ were recovered on Day 1 largely because of
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Fig.2 Mean 8N values of the organic layer, litterfall
and mineral topsoil (0-10 cm) (A), the root zone (organic
layer +upper 10 cm of the mineral soil) and vegetation (B) and
the whole ecosystem (C) along the Hailuogou chronosequence.
To estimate the 8'5N values of the vegetation at the >40 yr-
old sites we had to assume a minimum and a maximum value
for the wood from the literature resulting in a lower and upper
boundary of the 85N value (min-max), because we were una-
ble to measure the 8'°N values in our laboratory. The youngest
ecosystem site (i.e., the 0 yr-old site) lacks both vegetation and
organic layer. Letters indicate significant differences between
sites according to Tukey’s HSD post-hoc test. Error bars rep-
resent standard errors (n=3; except for litterfall, where n=7)

its accumulation in the Oi/Oe layer, while in the vas-
cular plant and bryophyte biomass the tracer accu-
mulated more steadily with time (Fig. 4C and D). At
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both the 2-3 and 24 yr-old sites, more of the ISNH4Jr
relative to 15NO3‘ was accumulated in the biomass,
while the opposite occurred in the uppermost soil
layer. At the 84 yr-old site, the total recovery at the
end of the experiment differed strongly between
the two N species (’NH,™: 18% and '"NO,™: 60%,
Fig. 4G and H). This difference was mostly attribut-
able to the enrichment of 15NO3_ in the uppermost 5
cm layer of the mineral topsoil/Oa horizon (17%) and
the Oi/Oe horizons (20%), while the uppermost 5 cm
layer of the mineral soil/Oa horizon (0%) and the Oi/
Oe horizons (4%) played a minor role in the retention
of '>NH,". The cumulative recovery of both N spe-
cies was highest at the 124 yr-old site (Fig. 41 and J).

N recovery in the NO;™ pool of the soil

The recovery of the amended “NH,* in the
NO;™ pool of the uppermost 5 cm layer of the A or
Oa horizons, which is indicative of nitrification,
only accounted for a few permil of the added amount
(<2%o, Fig. 5). At the younger sites (<44 yr-old), the
recovery was highest on Day 1 and slightly decreased
thereafter, while at the >84 yr-old sites the recovery
did not change during the course of the experiment.
At the end of the experiment (Day 8), the recovery
was significantly higher at the 124 yr old site com-
pared to the other sites (Fig. 5).

Discussion
Nitrogen accumulation and sources

The fact that the total N stocks in the whole ecosys-
tem (0—10 cm layer of the mineral soil, organic layer
and vegetation together) increased with site age
(Fig. 1A) confirmed our first hypothesis. Nitrogen
accumulated along the chronosequence at a faster
rate (4.5 ¢ N m~2 yr~!) than at the Werenskiold
glacier (1.1 g N m=2 yr~! in the first four decades
after deglaciation, Kabala and Zapart 2012) and
the Glacier Bay chronosequence (2.8 ¢ N m™2 yr~!
at the pioneer stage, where N,-fixing species were
dominant, and 0.2 g N m~2 yr! in the later stages;
Bormann and Sidle 1990). The N accumulation rate
in the Hailuogou glacial retreat area was one order
of magnitude larger than the values reported for the
Swiss Alps (0.3-0.5 ¢ N m~2 yr~!; Egli et al. 2001)



Plant Soil

Fig. 3 Relationship
between site age and gross
mineralization (filled
circles), NH,* consump-
tion (open circles) and

net ammonification (open
triangles) in the 0-5 cm soil
layer (A horizon at the <44
yr-old sites, Oa horizons at
the > 44 yr-old sites). Error
bars show standard errors of
three replicate plots (2-3 yr-
old site only two replicates)
and are visible if larger than
the symbol. The data points
were horizontally slightly
shifted to increase clarity

60 -

10 ~

N transformation rate [mg kg d1]

@ Gross mineralization
O Ammonium consumption
A Net ammonification

0 7/ T
20
-10

or the Lake Michigan sand dunes (0.3 g N m~2 yr™/;
Lichter 1998).

The input of N via bulk deposition of 0.9 g m™>
is similar to the 0.85 g m~2 estimated by Liu et al.
(2008) for the same study region in the year 2007
based on N concentrations in moss as indicator plant,
and slightly higher than the 0.74 g m™ measured
by Song et al. (2017) between 2008 and 2013. The
bulk deposition of 0.9 g m~2 is larger than in the gla-
cier retreat areas of the Franz Josef glacier in New
Zealand or Glacier Bay in Alaska (<0.2 g m™2 yr™';
Menge and Hedin 2009, Sullivan et al. 2011), but still
slightly below the critical N load in temperate forests
(1.0-1.5 g m™2; Bobbink et al. 2010), which might
even be exceeded if the unknown dry deposition was
added. Assuming that the N input via bulk deposi-
tion has been constant since deglaciation, our young-
est studied site with a full vegetation cover (i.e., the
37 yr-old site of the 2017 sampling campaign) would
have received 35 g m~2 of N which accounts for~9%
of the total stock of N (380+180 g m~2; Fig. 1A).
Following the same assumption, the oldest site would
have received 119 g N m~2, which accounts for~ 17%
of the total N stock (700+90 g m~2; Fig. 1A), sug-
gesting that N deposition likely contributed to the
rapid N accumulation, but it was not the primary
source of N in the ecosystem.

Our estimation of %Ndfa indicated that the
N,-fixing H. tibetana-actinobacteria symbiosis at

.CD A
40 Z} 60 8& l? 100 120

Site age (yr)

the 37 yr-old site acquired >80% of its total N stock
by N, fixation. This strong initial N, fixation was
reflected by a >N value near to that of the atmos-
pheric N (i.e.,~0%o) in the vegetation (Fig. 2B). Fur-
thermore, the near-neutral pH values in the early stage
of the chronosequence (Table 1), along with the likely
sufficient availability of Mo and V in the parent mate-
rial (2.5+0.5 and 150 +30 mg kg~' compared to the
Earth’s crust mean of 1.4 and 100 mg kg~!, respec-
tively; Lang 2005, Bigalke 2012), suggest favorable
conditions for N, fixation (Robson et al. 1986), as
these trace metals are key components of the three
known nitrogenase enzymes that enable N, fixation
(Bellenger et al. 2020; Reed et al. 2011). V-nitroge-
nases, as a complement to Mo-nitrogenases, are used
by a wide range of organisms to sustain N, fixation
under challenging environmental conditions, such as
those in glacier forefields (Bellenger et al. 2020; Dar-
najoux et al. 2019). Although the influence of the V
availability on V-nitrogenase activities remains a sub-
ject of ongoing research (Cleveland et al. 2022; Wang
et al. 2023), the larger accumulation of V in the roots
at the youngest vegetated site (>40% of the total V
stock in the vegetation) compared to the other veg-
etated sites (<23%, Fig. S5) may indicate a greater
demand for V by the plants for N, fixation. The par-
ticularly high N, fixation at the 37 yr-old site pro-
moted the development of other non-fixing tree spe-
cies such as P. purdomii, which took advantage of the
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Fig. 4 Temporal course 100%
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N-rich litterfall of H. tibetana to become dominant in
the next succession stage (Wang et al. 2021).

With increasing site age, vegetation tended to
become increasingly depleted in N (Fig. 2B),
reflected by lower 85N values and N concentrations
in litterfall (Fig. 2A, Table S2). This was likely driven
by a shift from deciduous to conifer-dominated for-
est and a microbial transition from bacteria- to fungi-
dominated communities (Jiang et al. 2019), which
preferentially transfer N to the plants (Hobbie &
Hogberg 2012). Additionally, isotopically lighter
N sources, such as bulk N deposition, may further
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contribute to the decreasing 8'°N values observed in
the vegetation as site age increases (Fig. 2B).

Development of N mineralization and NH,*
consumption

The gross mineralization and NH,* consumption rates
in the soil increased with site age (Fig. 3), because of
the establishment of a microbial community (Jiang
et al. 2019) and increasing organic N concentrations
(Fig. 1A), supporting our second hypothesis. The gross
mineralization rate at the 2—-3 yr-old site was lower than
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Fig. 5 >N recovery in the NO,~ pool of the 0-5 cm layer of
the soil (A horizons at <44 yr-old sites, Oa horizons at>44 yr-
old sites) after amendment of *NH,". Per mil values refer to
the fraction of the amended 49 mg m~2 '>NH," that was found

all values reported in Table S4, which are primarily
from tropical and subtropical sites, whereas the gross
mineralization rate in the Oa horizon at the 124 yr-old
site was even an order of magnitude higher than most of
the reported values. All other gross mineralization rates
along the Hailuogou chronosequence fell within the
range of data compiled in Table S4. These findings sug-
gest that the rapid vegetation succession in the Hailu-
ogou region is closely associated with the establishment
of an intense N cycle with high transformation rates.

The NH,* consumption rates were similar to the
gross mineralization rates, indicating that the miner-
alized NH," was almost entirely taken up by micro-
organisms and plants, except at the 124 yr-old site
(Fig. 3). Similarly to the gross mineralization rates,
NH,* consumption rates at the 2-3 yr-old site fell
below the reported range in the literature, while those
at the 124 yr-old were higher (Table S4). As a conse-
quence, we only observed a positive net N ammonifi-
cation at the oldest site, while at all other sites the net
N ammonification was near to zero or even negative
indicating that the microbes immobilized all available
N which is typical of a strong N limitation (Fig. 3).
Moreover, the low KCl-extractable NO;™ concentra-
tion even at the>84 yr-old sites (Fig. S4D and E)
indicated a consistently closed N cycle, as it suggests
that available N is being efficiently taken up and used
by plants and microorganisms, with minimal losses to
leaching or gaseous emissions.

ODayl1l [@—MDay?2

@ Day 4

HDay 8

Site age (yr)

in the NO;™ pool. Different letters indicate significant differ-
ences of the recovery on different days among sites according
to Tukey’s HSD post-hoc test. Error bars indicate standard
errors (n=23)

Because the gross mineralization, NH,* consump-
tion and net mineralization rates changed little in the
first 84 years of the chronosequence, we assume that
the changes of these rates between 2014 and 2017 are
negligible. As consequence, a direct comparison of
the N accumulation rates in Fig. 1 with the N turno-
ver rates in Fig. 3 seems feasible.

Main ecosystem sinks of amended nitrogen

In our pulse-chase experiment, total >N retention
tended to increase with increasing site age (Fig. 4),
with the exception of a local decrease at the 84 yr-old
site in the lSNH4Jr treatment (Fig. 4G). Our total eco-
system recoveries at the more developed sites of the
Hailuogou chronosequence (i.e.,>44 yr old) were
comparable to those reported for a mountain P. abies
forest in Switzerland (50% of 'NH,* and 65% of
15NO3_, seven days after tracer application; Providoli
et al. 2006) and for an alpine grassland in northwest
China (49% and 48% of '>’NH,* and '>NO;~, respec-
tively, 14 days after tracer application; Wan et al.
2022). However, the recoveries of both BN species
were lower than those reported for a boreal conif-
erous forest in China (91% of '"NH,* and 85% of
15N03_, four months after tracer application; Sheng
et al. 2014). Our '>NO,~ recovery was comparable to
that observed in a subtropical evergreen broadleaved
forest in China (55%), although the 15NH4Jr recovery
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remained lower (90%; Sheng et al. 2014). Corre et al.
(2010) suggested that soil type, presence of an organic
layer and hydrological properties are more important
drivers of N retention than the vegetation. However, at
the >44 year-old sites in the Hailuogou region, most
of the amended >N was recovered in the sampled
biomass (shrub and herb layers), indicating that plant
uptake played an important role in retaining the >N
tracer. We therefore suspect that the low total recov-
ery of our tracer at the younger sites (i.e., <44 yr-old)
was partly attributable to N leaching because of lim-
ited organismic uptake. This loss appeared to decrease
progressively as the vegetation and the organic layer
developed, likely because of the increased retention of
N in plant biomass and soil organic matter.

At the < 84 yr-old sites, the total ecosystem recovery
of N was similar for both amended N forms, which
is in line with the global patterns reported by Gurmesa
et al (2022). However, after 84 years more BN O;™ than
15NH4Jr was retained in the shrub and bryophyte lay-
ers, similar to the findings of Providoli et al. (2006) for
a coniferous mountain forest in Switzerland. The latter
finding could be explained by a more comprehensive
uptake of NO;~ than of NH," by the vegetation of the
later succession stages (Gurmesa et al. 2022), differ-
ing from the findings of Huang et al (2023b). Alter-
natively, it could also be attributed to the preferential
immobilization of NH,* by soil microbes or adsorption
of NH,* on the surface of soil particles and fixation in
clay minerals such as illites and vermiculites (Puri and
Ashman 1999; Yang et al. 2015).

At six of the ten sites, total "N recovery peaked
on the first sampling date after tracer addition (Day 1,
Fig. 4), which was mainly driven by uptake into the veg-
etation. The two cases, in which some "NO;~ appeared
in the mineral soil within the first two days (Fig. 4F and
H) might have been influenced by NO;™ leaching, likely
because of the rainy conditions at the beginning of the
experiment at the <44 yr-old sites. Overall, the results
support our third hypothesis that the main N sink shifts
from initial moss-dominated organism communities via
the vegetation to the soil.

Transfer of amended '"NH,* to the soil NO,;~ pool
The result that only a small portion of the amended
ISNH,* was found in the NO;~ pool of the 0-5 cm

layer of the soil (Fig. 5) indicated a low nitrification
rate as a consequence of strong N limitation of the
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microorganism even at the oldest site (Li et al. 2020),
supporting our fourth hypothesis. This conclusion
was corroborated by a rough estimate of gross nitri-
fication rates based on the '"NO;~ concentrations in
the soil on Days 1 and 2 in the '’NO;™ treatment with
Eq. 5 (replacing NH,* by NO;"). The gross nitrifica-
tion accounted with 2.32 mg kg~' d=! N only for 4.6%
of the gross mineralization rate at the oldest site.

The highest recovery of >N in soil NO;™ at the
2-3 yr-old site is attributable to the scarce plant cover
of this site and associated small plant uptake (Zhou
et al. 2020). With increasing duration of the experi-
ment, the recovery of the label in the soil NO;™ pool
of the <44 yr-old sites tended to decrease, perhaps
indicating a small constant left-over amount of NH4+,
which may have contributed to the increasing micro-
bial biomass and enzyme activities during the first 44
years (Li et al. 2020).

At the end of the experiment (Day 8) the recov-
ery of N in soil NO;~ of the oldest site was signifi-
cantly higher than at the other sites, suggesting that a
small nitrification occurred. This was in line with the
fact that this site showed a small net ammonification
allowing for some nitrification (Fig. 3).

Conclusions

Our results showed that along the Hailuogou chron-
osequence, N accumulated at a higher rate than
in other glacial retreat areas worldwide. The ini-
tial strong N, fixation together with the retention of
deposited N facilitated the establishment of the vege-
tation. As the vegetation develops, the N cycle transi-
tions into a tight internal N cycling via organic matter
mineralization with little N losses. This is reflected
by the near 0%0 8'°N values of the whole ecosystem
(vegetation, organic layer, and 0—10 cm of the min-
eral soil) in the early stages, which decreased during
the first 60 years, stabilizing at a negative 8'°N value
in>60 yr-old ecosystems. We suggest that this fast
change from dominant N acquisition to internal N
cycling was favored by the low carbonate concentra-
tions in the glacial debris associated with a near-neu-
tral pH value and a sufficient Mo and V supply creat-
ing very good conditions for biological N, fixation at
the beginning of the vegetation succession.

Gross N mineralization, NH4Jr consumption, and
net ammonification were initially low but reached
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levels comparable to those of tropical forests in
approximately 120 years. The maximum accumula-
tion of deposited N shifted from the bryophyte via
the shrub layer to the soil, particularly the organic
layer, highlighting the important role of the organic
layer for N retention. At the end of the experiment,
more 'NO,~ tracer was recovered in older ecosys-
tems, indicating reduced leaching losses compared
to younger ones. Additionally, only a small amount
of the amended 'SNH," was recovered in the soil
NO;™ pool, demonstrating little nitrification, even in
the oldest ecosystem despite the high gross minerali-
zation rate indicating a tight N cycle.
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