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A B S T R A C T   

In N-limited temperate regions of China, rates of atmospheric N deposition remain high during 
winter due to industrial development and energy consumption. Winter-deposited N accumulates 
and is then released after snowmelt. However, little is known about the retention dynamics of 
early-spring N input in temperate forest ecosystems. We applied 15N isotopic tracer after snow
melt, and then quantified 15N dynamics in litter, soils, microbes and vascular plants over the 
following growing season in a warm temperate forest of northern China. In early spring (7 days 
after 15N addition), approximately 80% of applied 15N was retained in the ecosystem. The 15N 
recovery was the highest in litter, followed by soils and microbes, with only trivial acquisition in 
vascular plants. After early spring, there was little change in total 15N recovery over the following 
season, which indicated that the temperate forest ecosystem had high potential for the retention 
of early-spring N input. The 15N levels gradually declined in litter and microbes, while they were 
gradually increased in the vascular plants. In late fall, substantial 15N tracer retained in litter and 
was resorbed from senescing tissues to roots. Evergreen coniferous trees presented higher 15N 
acquisition than deciduous broad-leaved trees. Our results suggest that substantial early-spring N 
input can be retained in warm temperate forest ecosystems. The findings highlight the importance 
of litter and plants in sustaining early-spring exogenous N resources, inferring the need to 
considering winter N deposition for a better understanding of N cycling in temperate ecosystems.   

1. Introduction 

During the past several decades, human activities, including industrial development and agricultural activities, have dramatically 
increased atmospheric nitrogen (N) deposition rates in N-limited ecosystems (Fowler et al., 2013; Yu et al., 2019; IPCC (Intergov
ernmental Panel on Climate Change), 2021). In the temperate regions, the annual N deposition rate is approximately 1–2 g m− 2 y-1, and 
the rate is predicted to reach 5 g N m-2 y-1 by 2050 (Galloway et al., 2004). Therefore, a huge body of recent research has assessed the 
fates of N deposition with 15N tracers in arctic, subarctic, and temperate ecosystems in the context of plant growing seasons 
(Nadelhoffer et al., 1999; Gurmesa et al., 2016; Liu et al., 2017; Li et al., 2019; Wang et al., 2021). There is evidence that wet and dry N 
deposition during winter remains high due to industrial development and substantial energy consumption (i.e., industrial production 
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and the combustion of coal, oil, and natural gas), accounting for approximately 15–20% of the annual N deposition fluxes in the 
temperate ecosystems of China (Wang et al., 2020). The ammonium and nitrate N deposited during the winter accumulate in the 
snowpack, resulting in a pulse of N release through the snowmelt process in early spring (Ma et al., 2020). The deposited N (mainly 
NOX) is vulnerable to leaching losses and volatilization, and the extent to which the early-spring N input is retained in the ecosystem 
over the following growing seasons may have important implications for plant growth in N-limited ecosystems (Du et al., 2020). 

Previous studies of ecosystem N dynamics over winter and spring have focused primarily on an arctic meadow (Jaeger et al., 1999), 
arctic and alpine tundra (Bilbrough et al., 2000; Liu et al., 2018), subarctic heaths (Grogan et al., 2004; Larsen et al., 2012), temperate 
old fields (Turner and Henry, 2009; Vankoughnett and Henry, 2014), and a temperate grassland (Ma et al., 2018). The capacity of 
ecosystems to retain early spring N resources is mainly dependent on the ecosystem type, plant functional type, mycorrhizal colo
nization rate, and soil properties, as well as the form of 15N applied. For example, the N retention was high during the snowmelt period 
in arctic and alpine meadows (Jaeger et al., 1999; Bilbrough et al., 2000; Edwards and Jefferies, 2010; Larsen et al., 2012), but very low 
during the same period in an arctic tundra (Bilbrough et al., 2000). Although studies have shown inconsistent results for the magnitude 
of early-spring N retention within these ecosystems, there is evidence that early-spring N resources play an important role in ecosystem 
functioning. 

To date, evidence for the retention dynamics of early-spring N input is limited to arctic tundra and alpine and temperate grasslands 
(Bilbrough et al., 2000; Tye et al., 2005; Ma et al., 2020). These observations have revealed that the N input retention capacity after 
snowmelt varies among ecosystems. For instance, Joseph and Henry (2009) and Ma et al. (2020) both applied 15N after snowmelt and 
found that the 15N recovery in a temperate old field was only a small fraction, and the vascular plants were found to be the major sink, 
while the 15N recovery in a temperate grassland was approximately 85% and the soil and microbes were the most important sinks over 
the following seasons. Despite strong competitive interaction between plants and microbes for exogenous N pulses, this ecological 
consequence protects ecosystems from N losses through leaching, volatilization and denitrification. However, to the best of our 
knowledge, the retention dynamics of early-spring N input within temperate forest ecosystems have not yet been investigated. 

It has been proposed that coexisting vascular plants may be able to partition the soil N pool in order to avoid competition for limited 
resources (Reynolds et al., 2003). The magnitude of N acquisition by different plant species during winter and the snowmelt period 
varies widely likely because of differences in the root traits, mycorrhizal colonization rate, and phenological period of various species 
(Andresen and Michelsen, 2005; Larsen et al., 2012; Ma et al., 2021). For example, Andresen and Michelsen (2005) demonstrated that 
evergreen shrubs had a higher potential for N uptake than deciduous shrubs and graminoids during winter and early spring due to their 
higher specific root length and mycorrhizal colonization rate in a temperate heath. However, the early-spring N retention capacity of 
different plant functional types is seldom compared in temperate forests. 

To investigate the dynamics of early-spring N input in a temperate forest ecosystem, we conducted a field experiment in which we 
artificially applied ammonium nitrate-15N2 (15NH415NO3) after snowmelt to simulate the early-spring N input. We hypothesized that 
the greatest quantity of early-spring N input would be retained in litter in the short-term, based on the assumption that the litter layer is 
very important in temperate forests for N retention due to its high absorbance capacity (Liu et al., 2016); (2) the early-spring N would 
be gradually acquired by vascular plants over the following season, based on the assumption that N often limits temperate forest 
productivity (Magill et al., 2000); and (3) the broad-leaved trees would acquire higher early-spring exogenous N than the coniferous 
trees based on the assumption that the broad-leaved trees need to rapidly acquire nutrients during growing season to ensure that they 
produce enough energy to sustain them during periods when photosynthesis is impossible (Nadelhoffer et al., 1999). 

2. Materials and methods 

2.1. Study site 

This study was conducted at the Beijing Forest Experimental Station of the Institute of Botany, Chinese Academy of Sciences 
(39.57◦N, 115.26◦E, 1248–1509 m a.s.l), situated on Dongling Mountain, northern China. The climate at this study site is a typical 
temperate continental monsoon climate with a mean annual air temperature of 11 ◦C and mean annual precipitation of 550 mm 
(http://data.cma.cn). The period from early October to mid-March of the following year is the winter (daily mean air temperatures ≤
0 ◦C) (Sang et al., 2002). In winter, most of the precipitation falls as snow, and the snowpack lasts for approximately 170 days. The 
winter precipitation accounts for approximately 12% of annual mean precipitation in the temperate forest (http://data.cma.cn). In late 
winter, the snow depth is typically 25–30 cm. The period from mid-February to mid-March is characterized as early spring (i.e. the 
snowmelt period), during which snow completely melts and frozen soils completely thaw. Soil temperatures rapidly increase after 
snowmelt, and then peak at approximately 20 ◦C from mid-July to mid-August (the peak biomass period). 

The soil is classified as a Eutric Cambisol (FAO-WRB (ISSS-ISRIC-FAO-UNESCO), 1998), with a depth of 60 cm. The soil sand, silt 
and clay content are approximately 41%, 40% and 19%, respectively. The soil bulk density is 0.9 g cm-3 and the pH is 6.8. The contents 
of soil organic carbon (C) and total N (0–15 cm) are approximately 4% and 0.3%, respectively. The zonal vegetation in the warm 
temperate forest is highly heterogeneous. We selected a 40-year-old mixed forest of planted evergreen coniferous tree species (Pinus 
tabuliformis formis Carrière) and naturally regenerated broad-leaved tree species (Quercus wutaishanica Mayr) for investigation. The 
dominant deciduous shrub is Abelia biflora Turcz. and the dominant herb is Carex duriusata C. A. Mey. Detailed information on the 
investigated vascular plant species investigated is presented in Table S1. 
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2.2. Experimental design 

On 18 September 2018, eight 8 m × 8 m plots, with at least a 6-m buffer between any two adjacent plots were established in the site, 
covering a total area of 50 m × 60 m. Each plot contained all the investigated plant species. The eight plots comprised four plots with 
the addition of 15NH4

15NO3 solution (98 atom% 15N, Shanghai Research Institute of Chemical Industry, China), while four plots were 
designated as control treatments (injected with water instead of 15N solution). The eight plots were assigned randomly in the study site 
(two treatments × four replicates). 

We added 15NH4
15NO3 solution three days (15 March 2019) after the final snowmelt and the last of the free standing water had 

drained as quickly as possible. We sprayed 80 mg 15N L-1 of 15NH4
15NO3 (corresponding to 40 mg 15N m− 2) onto the surface of the 

plots. This amount was chosen because the annual N deposition rate was approximately 2 g m− 2 y-1, and the winter N deposition 
accounted for approximately 20% of the annual deposition rate in the temperate forests of China (Wang et al., 2020). Therefore, the 
total amount of the 15N tracer sprayed onto each plot accounted for approximately 10% of the winter-deposited N, which was within 
the natural variability of the winter deposited N. The 15N solution was sprayed with a syringe guided using a 1 m × 1 m grid frame with 
100 holes and with each hole being sprayed with 5 ml of solution. It was estimated that each plot received a total of 32 L solution, 
which equaled to approximately 1.5% of the winter precipitation. Therefore, we assumed there was no significant impact caused by the 
addition of the solution. 

2.3. Sampling 

Sampling was conducted at 7 days, 53 days, 118 days, 158 days, and 214 days (on 22 March, 7 May, 11 July, 20 August, and 15 
October 2019) after the 15N addition; these. 

sampling events corresponded with early spring, early summer, mid-summer, early summer, the peak biomass point, and late fall, 
respectively, according the database of the Beijing Forest Experimental Station. Litter samples were harvested from a randomly-located 
1 m × 1 m quadrat in each plot. During each litter sampling, the litter was divided into three layers: the F-layer (fresh litter), the P-layer 
(partially decomposed litter), and the H-layer (highly decomposed litter). For soil sampling, three samples of each soil layer (0–5 cm, 
5–15 cm, or 15–30 cm) were mixed, and this composite sample was sieved through a 2-mm sieve. Two subsamples of the sieved soil 
were obtained: one was air dried for the analyses of soil properties, and the other was stored at − 80 ◦C for the analyses of microbial 
properties. 

For tree and shrub samplings, the root excavation was followed the trunk, and then a location was identified along the branch roots 
of the trunk at a 1.5 m distance. A soil core (20 length × 20 width × 30 cm deep) was excavated in each plot. Trunk samples were 
collected using an increment corer. For herb sampling, a same volume core was excavated at a random location in each plot. We 
classified the live roots of each species based on their location, colour, bark trait and branching pattern. More details of root sampling 
was presented by Ma et al. (2021). 

For all the vascular plants, the live root segments were gently separated from the soil cores and then cleaned with deionized water 
to remove 15N from the surfaces. The root samples of each plant species were divided into fine roots (diameter ≤ 2 mm) and coarse 
roots (diameter > 2 mm) (Guo et al., 2008). Each root sample of the trees was divided into two subsamples: one was fixed in 
Formalin-AcetoAlcohol solution (90 ml 50% ethanol, 5 ml 100% glacial acetic acid and 5 ml 37% methanol) and the other was 
oven-dried at 65 ℃. The aboveground tissues and roots of herbs were also oven-dried at 65 ℃ for 48 h until weights were constant. 

2.4. Measurements of abiotic and biotic factors 

Soil temperatures at 5 cm, 15 cm, and 30 cm soil depth were automatically measured every 3 h during the study period by ECH2O 
sensors (Em50, Decagon, USA). Levels of total N in the litter, soils, microbes and vascular plants were measured using an elemental 
analyser (Elementar Analyzer, Vario Max CN, Germany). Soil ammonium (NH4

+) and nitrate N (NO3
− ) were analysed using a flow 

injection auto-analyser (SANplus segmented flow analyzer, Skalar, The Netherlands). Soil microbial biomass N was analyzed using the 
fumigation-extraction method (Vance et al., 1987). Soil extracts from fumigated and unfumigated samples were obtained by shaking 
samples with 0.5 mol/L K2SO4 for 30 min within three days after each sampling. Microbial biomass N was calculated from the dif
ference between extractable N contents in the fumigated and the unfumigated samples using conversion factors of 0.45 (Lovell et al., 
1995). The allometric equations, which were obtained from the database of the Chinese National Ecosystem Research Network 
(CNERN) (http://www.cnern.cern.ac.cn/en/), were used to estimate the leaf, branch, trunk and root biomass of the investigated trees 
and shrubs (Table S2). 

Soil N mineralization rate was measured using the intact core method (Raison et al., 1987). In each plot, four PVC tubes (20 cm in 
length, 5 cm in diameter) were inserted vertically into 15 cm soil layer. Two PVC cores were covered with plastic film and incubated in 
situ for 14 days. The other two PVC cores were immediately transport to the laboratory and stored at − 20 ◦C. The cores before and 
after incubation were extracted with 2 mol/L KCl, and then NH4

+− N and NO3
− − N concentrations were determined with a flow in

jection auto-analyser (FIAstar 5000 Analyzer). Net N mineralization rate (or net nitrification rate) was calculated as the changes in 
NH4

+− N (or NO3
− − N) concentrations between the initial and incubated cores. 

The ectomycorrhizal mycorrhizal colonization rate for the trees was calculated by the number of root tips (i.e. first- and second- 
order roots) colonized by fungi divided by the total number of root segments examined (Guo et al., 2008). The mycorrhizal coloni
zation was confirmed by the presence of fungal mantle and/or Hartig net in a root segment (Brundrett and Tedersoo, 2018). 

Phospholipid fatty acids (PLFAs) have been used to quantify live soil microbial biomass (Bossio and Scow, 1998). The separation 
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and identifification of extracted PLFAs were conducted according to the standard protocol of the Sherlock Microbial Identifification 
System V4.5 (MIDI) with a Gas Chromatograph (Agilent 6850, USA). Three fatty acids (16: 1ω5c, 18: 2ω6, 9c and 18: 1ω9c) were 
chosen to represent the fungal group (Frostegård and Bååth, 1996). 

2.5. Isotopic analyses 

Levels of 15N in the litter, soils, microbes and vascular plants were measured using an elemental analyser (Elementar Analyzer, 
Vario Max CN, Germany) linked to an isotope-ratio mass spectrometer (IRMS, Finnigan DELTAplus XP, Thermo, USA). Soil microbial 
15N was determined using alkaline persulphate oxidation method (Stark and Hart, 1996; Zhou et al., 2003). The microbial 15N was 
calculated as the difference between the levels of 15N in the fumigated and unfumigated samples (Ma et al., 2018). The soil immo
bilized 15N was calculated as the 15N in dried soil minus the microbial 15N. 

2.6. Calculations and statistics 

N isotope ratios of all samples are presented using δ notation (Fry, 2006): δ15N (‰) = (Rsample/Rstandard − 1) × 1000. Rsample and 
Rstandard are the ratios between 15N and 14N of the sample and the standard, respectively. The atmospheric N2 is used as a standard with 
Rstandard = 0.003665. 15N enrichment was calculated as: 15N enrichment (‰) = [(δ15Nsample − δ15Nambient)/(δ15Nambient + 1000)] ×
1000 (Friedrich et al., 2011). δ15Nsample and δ15Nambient are the isotope enrichment in a labeled sample and in a nonlabeled sample. 

15N recovery in the labeled N pools was calculated as: 15Nrecovery = [(atom%15Nl − atom%15Na) × Nl % × Mp]/[(atom%15Nt − atom 
%15Na) × Nl % × Mt] × 100% (Providoli et al., 2006). Atom% 15Nl is the atomic percentage of 15N in the labeled sample; atom% 15Na is 
the atom% of 15N in the non-labelled sample; atom% 15Nt is the atom% of 15N in the applied tracer; Nl % is the N concentration of the 
labelled sample; Mp is the dry mass of the labeled pool (g m-2); Mt is the mass of 15N in the 15N tracer applied to a plot (g 15N m-2). 

One-way analysis of variances (ANOVAs) were used to tested the effects of sampling time on litter N pool, net N mineralization rate, 
soil total and fungal PLFAs, and microbial biomass N at a significance level of P < 0.05. Two-way ANOVAs were used to examine the 
effects of inorganic N form (or plant functional type) and sampling time on inorganic N content and mycorrhizal colonization rate. 
Two-way ANOVAs were also used to examine the effects of soil layer (or plant functional type), sampling time, and their interaction on 
soil, microbial and plant 15N recovery. Stepwise linear regression analyses were used to explore how abiotic (soil temperature, soil 
moisture, soil inorganic N content, N mineralization rate) and biotic factors (litter mass, soil microbial biomass, fungal biomass and 
mycorrhizal colonization rate) affected 15N recovery in litter, soils, microbes and plants. All statistical analyses were performed using R 
(v3.3.1). 

Fig. 1. Air temperature, soil temperature and moisture (at 5, 15 and 30 cm depth) over 18 September 2018 (mid-fall) to 15 October 2019 (late fall); 
15N tracer addition and sampling dates are also indicated. 
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3. Results 

3.1. Background environmental conditions 

In general, the air temperature, soil temperature, and soil moisture showed pronounced seasonal variations from mid-fall in 2018 to 
late fall in 2019 in the warm temperate forest (Fig. 1A, B). From mid-September to mid-February (the winter freezing period), the 
lowest daily soil temperatures decreased to − 6.5 ◦C, − 4 ◦C and − 3 ◦C at the soil depths of 5 cm, 15 cm and 30 cm, respectively. From 
mid-February to mid-March (early spring), the soil temperatures fluctuated near 0 ◦C and gradually rose to 5 ◦C, and most of the snow 
disappeared and soil thawing was completed by the end of this period. From mid-March to early May (spring), the soil temperature 
rapidly increased from 5 ◦C to 10 ◦C, and then gradually reached to 15 ◦C in mid-July (the peak biomass period) (Fig. 2A). After mid- 
February (the snowmelt period), the soil moisture increased rapidly during the following season. The soil moisture in the 0–5 cm and 
5–15 cm layers was higher than that in the 15–30 cm soil layer throughout the study period (P < 0.05; Fig. 2B). 

3.2. Soil, microbial and plant properties 

In the warm temperate forest, the litter N pool gradually declined from 1.52 g N m-2 in early spring to 0.91 g N m-2 in summer, and 
then increased to 1.72 g N m-2 in late fall (Fig. 2A). Mycorrhizal colonization rates were significantly higher in evergreen coniferous 
trees (35%) than in deciduous broad-leaved trees (27%) (P < 0.05; Fig. 2B). During the study period, the net N mineralization and 
nitrification rates (0–30 cm soil layer) gradually increased from 0.013 and 0.008 g N m− 2 day− 1 in early spring, respectively, to 0.039 
and 0.028 g N m− 2 day− 1 in the peak biomass period, respectively, and then decreased to 0.023–0.024 g N m− 2 day− 1 in late fall, 
respectively (Fig. 2C). The soil NH4

+-N pool gradually increased, while the soil NO3
− -N pool gradually decreased from early spring to 

late fall. After early spring, soil NH4
+-N dominated the soil inorganic N pools and accounted for 58–72% of the soil inorganic N pool 

(Fig. 2D). Neither total phospholipid fatty acids (PLFAs; i.e. soil microbial biomass) nor fungal PLFAs (i.e. fungal biomass) showed 
significant seasonal variation (Fig. 2E). However, the soil microbial biomass N gradually increased over the study period (Fig. 2F). 

Fig. 2. Seasonal variation of litter N pool (A), mycorrhizal colonization rates (B), N mineralization rates (net N mineralization and nitrification 
rates) (C), inorganic N (NH4

+-N and NO3
− -N) content (D), soil total and fungal PLFAs (E), and microbial biomass N (0–15 cm soil layer) (F) in a 

warm temperate forest of northern China (n = 4). The effects of sampling time on litter N pool, N mineralization rates, soil total and fungal PLFAs, 
and microbial biomass N were determined using One-way ANOVAs, respectively; the effects of sampling time and N form (or plant functional type) 
on inorganic N content (or mycorrhizal colonization rates) were determined using Two-way ANOVAs (**, P < 0.01). 
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3.3. 15N dynamics in the ecosystem 

In early spring (7 days after 15N addition), the total 15N recovery was approximately 80% in the forest ecosystem. The initial 15N 
recovery was the highest in litter (35%), followed by microbes (28%) and soils (12%), and minimal recovery in vascular plants (5%) 
(Fig. 3, Tables S3, S4; Fig. S1). After early spring, the total 15N recovery was maintained at approximately 70% in the ecosystem. 
During the peak biomass period, the 15N levels rapidly declined to 18% in litter and 9% in soil microbes, but increased to 42% in 
vascular plants (aboveground plants: 30%, roots: 12%), while the 15N level was maintained at 10% in mineral soils. In late fall, most of 
the 15N tracer was retained in litter (24%) and roots (24%). 

3.4. Plant N acquisition 

All the plant species investigated presented significant differences in 15N acquisition during the study period (Fig. 4A–D, Table S4, 
Fig. S2). During early spring to the peak biomass period, evergreen coniferous trees had the highest 15N recovery, followed by broad- 
leaved trees and deciduous shrubs, while perennial grasses had the lowest 15N recovery. During the peak biomass period, coniferous 
trees, broad-leaved trees, shrubs and herbs acquired 17%, 10%, 9%, and 6% of added 15N, respectively. Coniferous trees had higher 
15N enrichment in leaves and fine roots than broad-leaved trees during the study period (P < 0.05; Fig. 5A, B). However, herbs had the 
highest 15N enrichment in leaves (52‰) and fine roots (28‰) compared to other functional types (P < 0.05; Fig. 5A, B). 

3.5. The controlling effects of biotic and abiotic factors on ecosystem 15N recovery 

Stepwise multiple regression analysis of the environmental factors controlling ecosystem 15N recovery indicated that litter mass 
explained 74% of the spatial variation in litter 15N recovery; the soil moisture and net mineralization rate accounted for 71% of the 
spatial variation in soil 15N recovery; the microbial biomass explained 75% of the spatial variation in microbial 15N retention; and the 
mycorrhizal colonization rate and fungal biomass together explained 63% of the variation in plant 15N recovery (Table S5). 

4. Discussion 

4.1. Litter and soil microbes are the initial sinks for early-spring N input 

In this study, the initial 15N recovery within the ecosystem was approximately 80% in the early spring (Fig. 3; Table S3), indicating 
that the warm temperate forest had a considerable capability to retain early-spring exogenous N resources. Consistent with hypothesis 
1, litter was the primary sink for early-spring N input during the early growing season. This finding was consistent with the previous 
field experiments conducted during the growing season, which demonstrated that substantial N deposition was intercepted in the litter 
layer in the short-term after 15N tracer application (Providoli et al., 2005; Sheng et al., 2014; Liu et al., 2017). Templer et al. (2012) 
used a meta-analysis to assess the retention dynamics of N inputs and found that approximately 60% of applied 15N was intercepted in 
the forest litter layer at 48 sites across America and Europe. 

Soil microbes acted as a main sink for the added 15N during the early growing season in the temperate forest. This finding supported 
the previous reports that the soil microbes competed effectively with the plants for available N in heath, grassland, and forest eco
systems (Zak et al., 1990; Andresen and Turner, 2013; Ma et al., 2018). The calculated Michaelis–Menten kinetics were used to analyze 
77 studies on the uptake of NH4

+ and NO3
- by roots and microbes, revealing that soil microbes had a higher capacity for N 

Fig. 3. Recovery (%) of added 15N in litter, soils, microbial biomass and vascular plants during the study period in a temperate forest of northern 
China. Vertical bars indicate one unit of standard error of the means (n = 4). The effects of sampling time on 15N recovery in each pool were 
determined using One-way ANOVAs (**, P < 0.01). 
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immobilization compared with roots, and were especially efficient in low-N conditions across shrub, heath, tundra, grassland, and 
forest ecosystems (Kuzyakov and Xu, 2013). 

All the plant species acquired the 15N tracer in early spring, which was supported by the rapid increases in 15N recovery in their fine 
roots (Fig. 4). The finding was in accordance with previous reports that N acquisition in the temperate regions did occurred during 
periods of zero (or subzero) air and soil temperatures (Ueda et al., 2015; Ma et al., 2021). 

4.2. Plants become the important sink for early-spring N input in the long term 

There appeared to be little change in total 15N recovery over the following growing season (Fig. 3, Table S3), which suggested that 
the temperate forest ecosystem had a high potential for the retention of early-spring exogenous N in the long-term. Consistent with 

Fig. 4. Recovery (%) of added 15N in evergreen coniferous trees (Pinus tabuliformis), deciduous broad-leaved trees (Quercus liaotungensis), deciduous 
shrubs (Abelia biflora), and herbs (Carex duriusata) during the study period in a temperate forest of northern China. Vertical bars indicate standard 
errors of the means (n = 4). The effects of sampling time on 15N recovery different plant tissues were determined using One-way ANOVAs 
(**, P < 0.01). 

Fig. 5. 15N enrichment (‰) in leaves (A) and fine roots (B) at 7, 53, 118, 158 and 214 days after 15N tracer addition. Vertical bars indicate standard 
errors of the means (n = 4). The effects of sampling time on 15N recovery in leaves and fine roots were determined using One-way ANOVAs 
(**, P < 0.01). 
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hypothesis 2, the 15N levels gradually declined in the litter and soil microbes with sampling (Fig. 3). This finding indicated that litter 
and soil microbes rapidly captured early-spring N and they subsequently slowly relocated it from the litter and soils to the ecosystem, 
which was consistent with previous findings (Friedrich et al., 2011; Liu et al., 2017). Therefore, the litter layer in our study was served 
as a buffer against early-spring N input from being lost via leaching or gaseous compounds. 

It was also found that the aboveground tissues of the vascular plants gradually acquired added 15N tracer over the following 
growing season (Fig. 3). This was consistent with previous studies conducted in arctic tundra and temperate forest ecosystems that 
found high allocation of 15N tracer from the roots to aboveground tissues after early spring (Tye et al., 2005; Ueda et al., 2015), 
suggesting that early-spring N input was not only supplied to root growth, but also supplied to aboveground tissue growth. In late fall, 
it was found that the 15N originally retained in the aboveground tissues had been partly resorbed to the roots. At the individual species 
level, this finding has important implications for plant growth and competitive ability in nutrient-poor ecosystems (Aerts et al., 1992). 

It is likely that some of the applied 15N (20–30%) was lost during the study period owing to denitrification rather than leaching in 
the temperate forest because a small amount of 15N tracer (< 2%) was found in the 30–50 cm soil depth (data not shown). This suggests 
that a potential increase in winter N deposition may not lead to N enrichment or N pollution in adjacent aquatic ecosystems. We 
acknowledge the potential limitations of the 15N labelling time and the associated uncertainty in this study. To address this limitation, 
we applied 15N solution three days after the final snowmelt and the last of the free standing water had drained as quickly as possible. 
We found net N mineralization rate and microbial N immobilization were very low at early spring. Therefore, we assumed that 
although the actual early-spring N resource have already started cycling in the ecosystem, the 15N labelling time did not have a 
significant impact on our results. 

4.3. Difference in magnitude of plant N uptake 

In contrast to the third hypothesis, we found that the evergreen coniferous trees (P. tabuliformis) presented a higher 15N uptake 
capacity than the deciduous broad-leaved trees (Q. liaotungensis) in the temperate forest (Figs. 4, 5). Previous studies that added 15N 
tracers to trace N deposition during the growing seasons reported that deciduous trees had higher 15N enrichment than coniferous trees 
(Nadelhoffer et al., 1999; Liu et al., 2017). The differences in these findings are probably attributed to several possible mechanisms. 
First, the most probable reason may be higher ECM colonization rates in the coniferous trees than the broad-leaved trees in the current 
study region (Fig. 2B; Table S5). Numerous studies have suggested that higher ECM colonization rates may have a greater ability to 
promote N uptake because ECM colonization is essential to ecosystem functioning as a result of enhancing host plant N acquisition 
(Johnson et al., 2012). Second, evergreen coniferous trees require higher amounts of nutrients for survival compared to deciduous 
trees during harsh climatic conditions. During early spring, evergreen trees do not lose their leaves and need to take up more nutrients 
to ensure their growth, while deciduous trees have low energy requirements at this time. Third, interspecific divergence in 15N 
acquisition may be attributed to their phenological asynchrony. From a phenological perspective, the germination and maturation 
periods of P. tabuliformis are earlier than those of Q. liaotungensis (Sang et al., 2002); thus P. tabuliformis likely acquires more deposited 
N to meet their growing requirements. 

Compared with the trees and shrubs, the herbs had the highest 15N concentrations among the tested species (Fig. 5). This finding 
was consistent with a study in the temperate grasslands, in which perennial forbs rapidly acquired N during early spring due to their 
fast-growing traits (Ma et al., 2018, 2020). From a niche perspective, when overstory leaves are absent during winter, the understory 
receives high light availability before canopy closure in early spring (Grogan and Jonasson, 2003; Miyazawa and Kikuzawa, 2004). 
Therefore, the ecological consequence may be that herbage layers acquire more N in the short term than other tall trees and shrubs. In 
contrast, continuous N uptake during the winter may give trees and shrubs an advantage of compensation because of their slower 
growth rates during growing seasons compared to that of herbs (Das, 2012; Ma et al., 2021). Our findings confirm that early-spring N 
input is an important N source for plant N uptake (Tye et al., 2005). 

4.4. Implications for future study 

Given the findings, we identified several future efforts and research directions to assess the contribution of early-spring N input to 
ecosystem N budgets in temperate regions. First, it is projected that extreme winter warming events are likely to increase in frequency 
in the temperate regions in the future (IPCC (Intergovernmental Panel on Climate Change), 2021). Such warming events can result in 
early snowmelt and then the release of snowpack N, potentially altering the ecosystem N cycling in the following seasons (Henry, 
2007). Therefore, further field study is needed to explore the retention of increasing winter-deposited N in temperate ecosystems under 
global climatic changes. Second, the present ecosystem models only consider the effects of N deposition in the growing seasons on N 
cycling, whereas the effects of winter N deposition on ecosystem processes have not been integrated into models. Given the important 
contribution of early-spring N input to temperate ecosystems, the findings of this study should be applied to model development to 
better simulate vegetation growth. 

5. Conclusions 

We investigated the retention dynamics of early-spring N input in a temperate forest ecosystem over the following growing season 
using a 15N isotopic technique. Temperate forests have a considerable capability to immobilize early-spring exogenous N resources. 
Approximately 80% of applied 15N was initially retained in the ecosystem, and litter and soil microbes were the main sinks of the early- 
spring N input. From the peak biomass period to late fall, vascular plants and litter became the main sinks of the N input. Among the 
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different plant functional types, coniferous trees showed higher 15N acquisition than broad-leaved trees, likely due to their higher 
energy requirements and mycorrhizal colonization rate. Data on the retention dynamics of early-spring exogenous N resources within 
ecosystems adds value to the understanding and prediction of N cycling responses to climate change in temperate forests. 
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