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plants must acquire nutrients from limited soil resources 
through their roots, especially fine roots, which are defined 
as those with a diameter of less than 2 mm. Fine roots are 
responsible for nutrient and water uptake (McCormack et 
al. 2015; Freschet et al. 2021) and have high production and 
turnover rates (McCormack et al. 2015; Ding et al. 2020). 
Therefore, the field examination of fine roots is crucial for 
evaluating how alpine plants acquire nutrients in harsh 
alpine environments.

Generally, inorganic N, such as ammonium (NH4
+) and 

nitrate (NO3
−), serves as a major nutrient source for plants 

(Haynes et al. 1978). In soils, there is a physiological trade-
off between the two N forms. NO3

− is soluble in soil water 
and is highly mobile, but must be reduced using energy 
before incorporation into amino acids. NH4

+ is more rap-
idly assimilated into amino acids but tends to adhere to soil 
particles and is less mobile (Stewart et al. 1992). Because 
N is one of the primary limiting factors for plant growth 
(Vitousek and Howarth 1991), it is important to examine 
which forms of N are absorbed by fine roots and in what 

Introduction

Alpine forests are typically characterized by severe environ-
mental conditions, such as low temperatures, low nutrient 
availability, and stormy winds, which determine the upper 
limit of tree growth and distribution (Körner 2021). These 
climatic stresses can negatively affect plant nutrient avail-
ability, growth, reproduction, and ultimately population den-
sities (Jump and Woodward 2003). Soil nutrients in alpine 
regions are generally deficient due to reduced soil microbial 
activity and slow decomposition and mineralization pro-
cesses (Zhu and Zhuang 2013). Under these stresses, alpine 
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Abstract
Alpine forests are characterized by cold conditions and poor nutrient availability. Knowledge of nitrogen (N) uptake by 
fine roots is necessary to understand the survival strategies of plants in these severe environments. We aimed to char-
acterize species-specific inorganic and organic N uptake rates and their root traits in five dominant alpine woody plant 
species: the ectomycorrhizal (ECM) species Pinus pumila and Alnus maximowiczii, and the ericoid mycorrhizal (ERM) 
species Empetrum nigrum var. japonicum, Rhododendron aureum, and Vaccinium vitis-idaea. The inorganic and organic 
N uptake rates from the fine-root systems were measured directly using the solution-depletion method. Root traits, such as 
diameter, specific root length, root tissue density, and root N concentration, were also determined through morphological 
and chemical analyses of the incubated roots. Total N uptake rates were higher in ERM species, particularly in Vaccinium 
vitis-idaea. The proportion of inorganic N uptake was greater in ECM species than in ERM species, while the proportion 
of organic N uptake was generally higher in ERM species. Root diameter was the best predictor of N uptake rates, and 
specific root length and root tissue density were linked to preferences for inorganic and organic N, respectively. Thus, 
alpine woody plants altered N uptake and preference by modifying root traits, potentially promoting N niche acquisition 
in competition among species or mycorrhizal types, and enhancing plant survival in the alpine zone.
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quantities to understand the nutrient acquisition strategies 
of alpine plants.

Plants can absorb organic N as a significant resource 
(Jones et al. 2005; Näsholm et al. 2009), although they 
generally uptake inorganic N, such as NH4

+ and NO3
−. By 

directly taking up organic N, plants can acquire nutrients 
through the shortest pathway, bypassing processes such 
as mineralization or nitrification (Jones et al. 2005). Gly-
cine, an amino acid, is generally used as an N substrate for 
measuring organic N uptake because of its small molecular 
weight (Wang et al. 2012), high fluidity in soil (Raab et al. 
1999), and low contribution to microbial utilization (Lipson 
et al. 1999). Li et al. (2015) demonstrated that the uptake of 
the glycine by the fine roots of nine dominant tree species 
in a subtropical forest accounted for approximately 5–10% 
of total N uptake. Guo et al. (2021) also found that glycine 
uptake by the fine roots of spruce in alpine forests accounted 
for approximately 10–33% of the total uptake. In addition, 
the glycine uptake accounted for 6–20% of total N uptake in 
six Ecuadorian tropical montane forest species (Wittich et 
al. 2015), approximately 6% in nine dominant subtropical 
plantation species in southern China (Li et al. 2015), and 
11–43% in seedlings of Pinus koraiensis, Larix kaemp-
feri, Quercus mongolica, and Juglans mandshurica under 
greenhouse conditions (Zhu et al. 2019). A meta-analysis 
in natural ecosystems at the global scale found that amino 
acid uptake constituted 25.6% of total N uptake (Mao et al. 
2025). Given this information, it is essential to perform field 
experiments on the uptake of both inorganic and organic N 
to understand nutrient acquisition strategies of alpine plants 
better.

Another important factor influencing root N uptake is 
interspecific variation. The preference for N uptake by fine 
roots varies significantly among species, even within the 
same environment. For example, Ito et al. (2023) reported 
a clear distinction in N uptake between NH4

+ and NO3
− in 

small root segments among four cool-temperate conifer-
ous species. These differences among woody species are 
believed to be related to distinct traits of root functional 
morphology and chemistry (Comas et al. 2014; Yahara et 
al. 2019). For instance, absorptive roots are typically char-
acterized by small diameter, high specific root length (SRL, 
the ratio of root length to mass), or low root tissue den-
sity (RTD, the ratio of root mass to volume) (Hodge 2004; 
Bergmann et al. 2020). These root traits reflect resource 
availability and indicate physiology, lifespan, and foraging 
strategies (Ostonen et al. 2011; Makita et al. 2011, 2015). 
Furthermore, inherent variations in root functional traits 
among tree species are characterized by their mycorrhizal 
types (Liese et al. 2017; Caplan et al. 2019). For instance, 
arbuscular mycorrhizal (AM) species exhibit acquisi-
tive traits (e.g., high branching roots with a large surface 

area), which enable rapid nutrient uptake but typically have 
shorter lifespans (Averill et al. 2019; Weigelt et al. 2021). 
In contrast, ectomycorrhizal (ECM) and ericoid mycor-
rhizal (ERM) species exhibit conservative traits, including 
thicker, less-branched roots with longer lifespans (Ward et 
al. 2022), which favor the conservation of resources and the 
efficient use of acquired nutrients. ECM and ERM species 
thrive in high-elevation and latitude regions where organic 
matter stocks are abundant and organic N is readily avail-
able. Notably, ERM species exhibit a high capacity for envi-
ronmental acclimation, allowing for growth even in barren 
and acidic soils (Ward et al. 2022). Therefore, measuring 
inorganic and organic N uptake, as well as root traits of spe-
cies in alpine forests, is crucial for determining how each 
species approaches nutrient acquisition.

Overall, we aimed to determine the nutrient acquisition of 
alpine woody plants by measuring inorganic and organic N 
uptake rates and root traits. We directly measured the uptake 
rates of NH4

+, NO3
−, and glycine by the root systems of 

seedlings under field conditions using the depletion method. 
This net N uptake method quantifies N solution changes by 
soaking fine roots in a known N solution (Socci and Templer 
2011; Ito et al. 2023). We also assessed the morphological 
traits of root systems—such as root diameter, SRL, and root 
tissue density (RTD) and their chemical traits (N concen-
tration) using the same root systems to evaluate resource 
acquisition capacity. To conceptualize their fine-root traits 
for resource uptake, we referred to the root economic space 
proposed by Bergmann et al. (2020), which combines a fun-
gal collaboration gradient (root diameter and SRL) and a 
conservation gradient (RTD and N concentration). We also 
considered differences in soil conditions, plant traits, and 
fungal partners between ECM and ERM plants (Ward et 
al. 2022). Based on this framework, we hypothesized that 
(i) N uptake rates vary among species and between mycor-
rhizal types, with ERM species showing higher organic N 
uptake and ECM species relying more on inorganic N; and 
(ii) variation in N uptake rates is linked to root functional 
traits along the root economic space: ERM species with 
finer, high-SRL roots and lower RTD would show higher 
uptake rates, indicating an acquisition for efficient resource 
foraging, while ECM species with thicker, low-SRL roots 
and higher RTD would have lower uptake rates, consistent 
with a conservation.

Materials and methods

Study site and species selection

This study was carried out at Nishikoma research forest 
(35°80’N, 137°83’E; 2,672  m above sea level), Shinshu 
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University, Nagano, Japan (Fig.  1a). This area is located 
beyond the tree line and is dominated by shrubs, including 
Siberian dwarf pine, crowberry and cowberry (Fig. 1b). The 
mean temperature and precipitation during the study period 
from July to September 2023 was 12.1 ℃ and 1,661 mm, 
respectively (Iwata 2025).

We selected seedlings of five common woody species in 
this forest: one gymnosperm species, Pinus pumila (Siberian 
dwarf pine), and four angiosperm species, Alnus maximow-
iczii (Montane alder), Empetrum nigrum (Black crowberry), 
Rhododendron aureum (yellow-flowered rhododendron), 
and Vaccinium vitis-idaea (Lingonberry). Alnus maximo-
wiczii is a deciduous species; the others are evergreen. 
Seedlings, being highly sensitive to severe environmental 
conditions, represent a crucial stage in their growth for envi-
ronmental acclimation. P. pumila and A. maximowiczii are 
associated with ECM fungi. E. nigrum, R. aureum, and V. 
vitis-idaea are associated with ERM fungi. ERM species 
also occur in the understory and forest edge of ECM spe-
cies (Mitchell and Gibson 2006; Põlme et al. 2013; Koizumi 

and Nara 2017). The roots of Alnus maximowiczii also host 
N-fixing fine roots, in addition to forming ECM associa-
tions, which bear nodules along the root surface.

Field experiment design and N uptake 
measurement

We established an area of approximately 100 m × 100 m 
spanning the ridge and the north and south slopes, where the 
target species are distributed. N uptake by the target woody 
plant species was measured on sunny days. The N uptake 
rates by plants per unit of fine root mass (µmol g− 1 h− 1) were 
assessed using the in situ depletion method (Ito et al. 2023). 
First, we selected 18 locations within the study area where 
multiple target tree species were growing. At each location, 
we collected two seedlings from nearby: one for sampling 
organic N uptake and one for sampling inorganic N uptake. 
That is, inorganic and organic N uptake rates were mea-
sured using different seedlings, even within the same loca-
tion. NH4

+ and NO3
− were measured for inorganic N, and 

Fig. 1  a The topographic map and location of the study site, Nishi-
koma research forest. The squares on the topographic map represent 
the sampling sites for measurements of plant root nitrogen uptake. 

Elevation data was provided by the Geospatial Information Authority 
of Japan. b Photographs of the ridge and slope at the study site
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incubation; Vsolution (L) is the volume of N solution sample; 
and Time (h) is the incubation time.

Determinations of root morphological and chemical 
traits

The root samples were scanned in color at 600 dpi using a 
model GT-X980 double-lamp bed scanner (Epson, Nagano, 
Japan). The mean root diameter (mm), total length (cm), 
and total volume (cm3) of the root sample were determined 
using WinRHIZO 2013 Pro (Regent Instruments, Quebec 
City, Quebec, Canada) root system analyzer software. The 
root samples were then dried at 50 °C for 48 h and weighed. 
The SRL (m g− 1) and RTD (g cm− 3) were calculated from 
the samples’ total root volume, length, and dry mass. After 
morphological measurements, the dried root samples were 
ground with a mortar and pestle to measure the N concentra-
tion (%) using a FLASH 2000 elemental analyzer (Thermo 
Fisher Scientific, USA).

Soil sampling and measurement

Soil samples were collected at the N uptake measurement 
plot. The sampling points were evenly distributed across the 
site. A total of 12 soil sampling points were evenly distrib-
uted across the plot to reduce bias caused by spatial clus-
tering, slope aspect, or elevation. Soil traits included pH, 
electrical conductivity (EC), concentrations of NH₄-N, 
NO₃-N, dissolved organic N (DON), and total dissolved N 
(TDN), and water content. Surface soil samples (0–10 cm) 
were collected from six locations in the plot using a shovel. 
The samples were taken to the laboratory and sieved through 
a 2 mm mesh to remove debris. NH₄-N, NO₃-N, and DON 
concentrations (mg kg− 1) were measured following the 
extraction of the soil solution with 0.5 M K₂SO₄ solution 
(soil; 8 g, 0.5 M K₂SO₄; 40 mL). During extraction, the soil 
samples were shaken for 12 h and filtered using 5 C filters 
(ADVANTEC, Tokyo, Japan). The NH₄-N and NO₃-N con-
centrations of the filtered and root culture solutions were 
measured using colorimetric analysis. The remaining soil 
samples were air-dried for two weeks, and the pH and EC 
were determined in a 1:5 mixture of dried soil and dis-
tilled water using a LAQUA D-210PC-S pH and EC meter 
(Horiba, Kyoto, Japan). Fresh soil was weighed and dried at 
105 °C for over 24 h to measure water content. After deter-
mining the dry soil weight, the gravimetric soil water con-
tent (%) was calculated per unit mass of oven-dried soil.

Statistical analyses

The effect of species on both uptake rates and root traits 
was tested using a one-way analysis of variance. Tukey’s 

glycine for organic N. Eighteen replications were performed 
for each species for both inorganic and organic N uptake 
measurements. Seedlings less than 10 cm tall were carefully 
excavated to prevent damage to the roots. We focused on 
fine roots as they are the most active in nutrient acquisi-
tion (Nadelhoffer and Raich 1992). For our measurements, 
we selected seedlings with healthy and intact fine root sys-
tems. These roots were defined as roots without darkened, 
decayed areas, dry white tissues, and exhibiting abundant 
branching and an elastic structure (Ohashi et al. 2025). The 
soil was removed from the root systems by washing with 
deionized water. Subsequently, the roots were wiped with 
a paper towel. The entire root system was placed in a 5 mL 
syringe containing an N solution (200 µmol L− 1 NH4Cl 
and KNO3 and 200 µmol L− 1 glycine) and incubated for 
90 min. Each syringe was positioned vertically in a sunlit 
location, sealed with parafilm, and covered with aluminum 
during incubation to minimize evaporation and contamina-
tion. After incubation, N solutions were filtered through a 
0.45 μm syringe filter (Membrane Solutions Limited, Plano, 
TX, USA) and placed in a 5 mL tube. Control solutions 
were prepared and incubated under the same conditions in 
the field without root insertion. The incubated roots in the 
syringe were cut and stored in zip lock bags. Collected solu-
tions and root samples were placed in an icebox and quickly 
transported to the laboratory.

Measurement of N concentration

NH4
+, NO3

−, and glycine concentrations in the solution 
samples were determined by colorimetric analysis using 
microplate technology (Shand et al. 2008; Ito et al. 2023). 
NH4

+ and NO3
− in solutions were determined by color for-

mation due to the Bertholet reaction and reaction of the 
vanadium oxidizing agent and Griess reagent, respectively. 
Glycine in solution was measured using the same procedure 
as for NO3

−, following its oxidation to NO3
− by the addition 

of a persulfate-oxidizing reagent and subsequent incubation 
(Isobe et al. 2011). The concentration of each N solution 
sample was measured using a Multiskan Sky microplate 
reader (Thermo Fisher Scientific, Waltham, MA, USA). N 
uptake rate was calculated as follows:

Nuptake = (Ncontrol − Nsample) × Vsolution

Mroot × Time

where Nuptake (µmol N g− 1 h− 1) indicates uptake rates of 
NH4

+, NO3
−, and glycine by the root; Mroot (g) is the dry 

weight of the incubated root; Ncontrol (µmol L− 1) is the con-
centration of control N solution before measurement; Nsample 
(µmol L− 1) is the concentration of N solution sample after 
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Root morphological and chemical traits

There were significant differences in the measured root mor-
phological and chemical traits among the species (Table 1, 
S1). The values of mean root diameter, SRL, RTD, and 
root N concentration for each species were 0.27–0.65 mm, 
8.60–25.04  m g− 1, 0.37–1.18  g cm− 3, and 0.62–1.41%, 
respectively. The root diameter was significantly larger in 
P. pumila and A. maximowiczii (p < 0.001). SRL was sig-
nificantly higher in A. maximowiczii, R. aureum, and V. 
vitis-idaea than in the other two species (p < 0.001). RTD 
was significantly higher in E. nigrum, R. aureum, and V. 
vitis-idaea than in ECM species (p < 0.001). Root N con-
centration was significantly higher in A. maximowiczii than 
in the other four species. ECM species had roots with larger 
root diameters and smaller RTD, whereas ERM species had 
smaller root diameters and larger RTD.

Variation in N uptake and root traits among the five 
species

PCA of the uptake rates of NH4
+, NO3

−, and glycine and 
root traits (mean root diameter, SRL, RTD, and root N 
concentration) of the five species showed that the first and 
second principal component (PC1 and PC2, respectively) 
accounted for 56.0% and 20.6% of variation, respectively 
(Fig.  4). NH₄⁺, NO₃⁻, and glycine uptake rates correlated 
negatively with PC1. N uptake rates contributed slightly to 
PC2, with NH₄⁺ and NO₃⁻ uptake rates contributing posi-
tively and the glycine uptake rate contributing negatively. 
PC1 differentiated species according to their mycorrhizal 
associations, with ECM species (P. pulila and A. maximo-
wiczii) positioned towards the positive side of PC1 axis. In 
contrast, ERM species (R. aureum and V. vitis-idaea) were 
positioned towards the negative side. PC2 further distin-
guished species within each mycorrhizal type, with V. vitis-
idaea (ERM) and A. maximowiczii (ECM) positioned on 
the positive side of the PC2 axis. In root traits, the mean 
root diameter aligned positively with PC1. SRL and root N 
concentration aligned positively with PC2. RTD was con-
sidered to influence both axes, with a positive and negative 
contribution to PC1 and PC2, respectively.

Discussion

NH4
+, NO3

−, and Glycine uptake rates of alpine 
woody plants

The results provide new insights into N acquisition strate-
gies of alpine species. Among inorganic N forms, the uptake 
rate of NH4

+ was higher than that of NO3
−, possibly because 

honestly significant difference (HSD) test was employed 
to identify differences in uptake rates among the species 
(p < 0.05). It is noted that the targeted-species seedlings 
for inorganic N uptake and organic N measurements were 
placed at a distance of less than 1  m at multiple coexist-
ing locations, which we refer to as paired samples. In such 
cases, the paired measurement values would be considered 
as point-level uptake rate values for statistical comparison. 
Principal component analysis (PCA) was performed using 
the following parameters: uptake rate, root diameter, SRL, 
RTD, and N concentration. These root traits were included 
in the PCA because they are important when considering 
root economic space (Bergmann et al. 2020). All statistical 
analyses were performed using R version 4.2.2 software.

Results

Soil properties

The mean soil pH and EC (± SE: standard error) in the study 
site was 5.99 (0.12) and 17.77 (4.19) µS cm− 1, respec-
tively. The concentrations of NH4-N, NO3-N, and DON 
(± SE) were 4.24 (0.63), 0.03 (0.01), and 21.49 (3.01) mg 
N kg− 1, respectively. The soil water content per weight in 
the 0–10 cm layer was 48.8% (0.01). While our sampling 
design might minimize potential bias, microscale varia-
tion in nutrient concentrations, in particular, may still have 
existed. This variation reflects realistic soil conditions that 
roots encounter and could have subtly influenced nutrient 
uptake.

N uptake rates

The uptake rate of NH4
+, NO3

−, and glycine by fine roots 
for five woody plant species was 2.01–4.49 µmol N g− 1 h− 1, 
0.06–1.71 µmol N g− 1 h− 1, and 1.19–7.28 µmol N g− 1 h− 1, 
respectively (Fig. 2, Table S1). The NH4

+ uptake rate of V. 
vitis-idea was significantly higher than that of any other 
species (Fig.  2a; p < 0.01), as was the NO3

− uptake rate 
(Fig. 2b; p < 0.001). There were no significant differences in 
inorganic N uptake rates of other species (Fig. 2a, b). The 
glycine uptake rates of V. vitis-idea and E. nigrum were sig-
nificantly higher than those of any other species (Fig. 2c; 
p < 0.001). The total N uptake rates of ERM species were 
significantly higher than those of ECM species. (Fig.  3a; 
p < 0.001). In proportion to N uptake rates, ECM species 
absorbed more inorganic N (NH4

+ and NO3
−), whereas 

ERM species absorbed more glycine (Fig. 3b).
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Fig. 2  a NH4
+, b NO3

−, and c gly-
cine uptake rate of fine roots in 
the five species. Different letters 
above the bar indicate significant 
differences among the five spe-
cies according to Tukey’s HSD 
test (P < 0.05). Error bars indicate 
standard error
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NH4
+ can be directly incorporated into amino acids without 

the energy-intensive reduction process required for NO3
− 

assimilation. Notably, the proportion of glycine uptake in 
this study was generally higher than reported in previous 
research across various ecosystems. By comparison, the 
high glycine uptake observed in our alpine species aligns 
with findings from nutrient-limited taiga environments 
(Kielland et al. 2006) and suggests that alpine plants may be 
particularly acclimated to utilize organic N forms, such as 
glycine, more effectively than plants in lower-elevation for-
ests. This enhanced capacity for organic N uptake in alpine 
species may be attributed to the low availability of inorganic 
N in alpine soils. According to national soil metadata in 
Japan (Urakawa et al. 2015), mean NH4

+ and NO3
− con-

centrations are 6.25 mg kg⁻¹ and 4.85 mg kg⁻¹, respectively, 
indicating a relatively low supply of inorganic N (especially 
NO3

−) in our study site. Organic N compounds, such as 
amino acids, can be used more efficiently because they do 
not require further assimilation after uptake (Persson et al. 
2006). Thus, alpine woody plants may enhance their organic 
N acquisition to maximize efficiency under nutrient-limited 
conditions.

Our findings also support previous studies showing that 
plants have higher uptake capacity for abundant N type 
(Kielland et al. 2006; Wang et al. 2012; Andersen and 
Turner 2013). However, they contrast with the commonly 
reported pattern, in which dominant species preferentially 

Table 1  Mean values of (a) morphological and (b) chemical traits of 
root samples used for N uptake measurement
Species Morphological trait Chemi-

cal trait
Diameter 
(mm)

SRL (m 
g⁻¹)

RTD (g 
cm⁻³)

Root N 
(%)

Pinus pumila Mean 0.65 a 8.60 c 0.40 c 0.86 b
SE 0.02 0.69 0.01 0.04

Alnus 
maximowiczii

Mean 0.50 b 21.63 ab 0.37 c 1.41 a
SE 0.03 2.80 0.02 0.05

Empetrum 
nigrum

Mean 0.39 c 11.40 bc 0.76 b 0.62 c
SE 0.01 1.06 0.03 0.01

Rhododendron 
aureum

Mean 0.33 cd 25.04 a 1.18 a 0.83 b
SE 0.02 4.88 0.10 0.04

Vaccinium 
vitis-idea

Mean 0.27 d 20.80 ab 0.81 b 0.80 b
SE 0.01 2.11 0.03 0.02

Different letters next to the values indicate significant differences 
among the five species according to Tukey’s HSD test (P < 0.05). SRL 
stands for Specific Root Length, and RTD represents Root Tissue 
Density

Fig. 4  Principal component analysis of NH4
+, NO3

−, and glycine 
uptake rates and four root traits across the five species examined in 
this study. Black arrows indicate the uptake rates of NH4

+, NO3
−, and 

glycine. Gray arrows indicated root traits, mean root diameter, specific 
root length (SRL), root tissue density (RTD), and root N concentra-
tion. Red and blue circle symbols indicate ECM and ERM species, 
respectively

 

Fig. 3  a Total N uptake rate and b proportion of each N uptake rate for 
each N form of fine roots in the five species. Different letters above the 
bar indicate significant differences among the five species according to 
Tukey’s HSD test (P < 0.05). Error bars indicate standard error
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Relationship between N uptake rates and root traits

The results of the PCA showed that each N uptake rate, root 
diameter, and RTD contributed to PC1 (Fig. 4), while SRL, 
root N concentration, and RTD contributed to PC2. Com-
pared to the root economic space proposed by Bergmann 
et al. (2020), multidimensionality, such as collaborative or 
conservative gradients, was not observed. Our results did 
not completely support hypothesis (ii). The reason is that the 
root traits of ECM species do not fit into the conventional 
theoretical framework (Valenzuela-Estrada et al. 2008). The 
PC1 axis represents the N uptake rate and is most strongly 
influenced by root diameter. Root diameter serves as an indi-
cator of nutrient acquisition capacity, as thinner roots can 
acquire nutrients more easily due to their ability to penetrate 
the soil matrix and increase the contact area (McCormack 
et al. 2017; Ma et al. 2018; Freschet et al. 2021). ERM spe-
cies, such as V. vitis-idaea, develop very fine roots and have 
high nitrogen uptake rates. By producing the roots with high 
access potential and enhancing the uptake rate, these spe-
cies are likely to achieve high total N acquisition. In ERM 
roots, the vessel diameter is small and comparable to the 
root diameter, which makes them less susceptible to damage 
from freezing and drying (Hargrave et al. 1994; Davis et al. 
1999). These roots, with small root diameters, may enhance 
both nutrient acquisition and tolerance to freezing or drying 
stress. Although nutrient acquisition is positively correlated 
with SRL and root N concentration (Ryser 2006; Reich et 
al. 2008; Holdaway et al. 2011; McCormack et al. 2017), 
our results suggest that root diameter may be the most sig-
nificant factor influencing N uptake rates in alpine zones. In 
our study site, we found that ERM species achieved higher 
total N uptake than ECM species, indicating that fine root 
morphology enhances efficient nutrient acquisition under 
nutrient-limited conditions. However, it is important to rec-
ognize that our study was conducted at a single high-eleva-
tion site, and environmental conditions at other elevations or 
in different alpine environments may vary. Nonetheless, our 
results clearly demonstrate that root morphological traits are 
connected to N uptake rates in alpine species and emphasize 
potential functional acclimation that could be vital for plant 
performance in stressful, nutrient-poor conditions.

It is noteworthy that inorganic and organic N uptake 
contributed slightly to the positive and negative sides of 
PC2, respectively. The PC2 axis represents N preference 
and is influenced by SRL, N concentration, and RTD. In 
other words, roots with higher SRL and N concentrations 
can absorb more inorganic N, while roots with higher RTD 
can absorb more organic N. Furthermore, the relationship 
between inorganic N uptake and root traits appears to vary 
among mycorrhizal types. To enhance inorganic N uptake 
rates, ERM species like V. vitis-idea produce roots with 

use the most abundant N form (McKane et al. 2002). At 
our alpine site, the dominant species P. pumila exhibited a 
preference for NH4

+, the second most abundant form, over 
the more abundant organic N. This pattern may reflect traits 
such as root morphology or mycorrhizal associations, but it 
is important to consider that three of the five species studied 
belong to Ericaceae, and no explicit phylogenetic contrast 
was incorporated. Therefore, the observed uptake differ-
ences may partly reflect phylogenetic constraints rather 
than purely species-specific acclimation. Nonetheless, these 
results highlight potential ecological differentiation in N 
acquisition among alpine species, providing insight into 
how different species exploit available N forms under nutri-
ent-limited conditions.

Differences in N uptake among species

Uptake rates of NH4
+ and NO3

− were significantly higher 
in V. vitis-idea, with no differences observed among the 
other species (Fig. 2a,b). On the other hand, glycine uptake 
rates were elevated in ERM species, E. nigrum and V. vitis-
idea (Fig.  2c). The roots of V. vitis-idaea (ERM species) 
are characterized by a unidirectional distribution and lon-
ger soil exploration distances, while ECM species typically 
show shorter exploration distances and a more concentric 
root distribution pattern (Friggens et al. 2023). By spread-
ing their roots in N-rich areas, V. vitis-idea may enhance the 
uptake capacity of the explored roots. ERM species, such 
as V. vitis-idea, also contribute to increased soil acidity and 
microbial activity (Makarov et al. 2019). This suggests that 
V. vitis-idea may have a unique nutrient acquisition com-
pared to the studied other species in the alpine zone.

The total N uptake rate tended to be higher in ERM species 
(Fig. 3a). This result suggested that their nutrient acquisition 
capacity is particularly robust under alpine conditions. This 
elevated uptake likely reflects their high ecological flexibil-
ity, enabling them to thrive in environments with poor nutri-
ent availability. In terms of N form preference, ECM species 
favored inorganic N, while ERM species favored organic N 
(Fig. 3b). The results supported hypothesis (i). This differ-
ence in preferences may stem from the varying process of 
nutrient acquisition among mycorrhizal types. Both ECM 
and ERM species are characterized by hyphal extension on 
soil organic matter and can compete with microorganisms 
for decomposition products. However, ERM species appear 
to spread their hyphae more extensively than ECM species, 
making them more adept at utilizing organic N (Ward et 
al. 2022). Therefore, organic N is the primary N source for 
ERM species.
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derive 61–86% of their acquired N through associations 
with mycorrhizal fungi. Additionally, infection rates and 
the composition of mycorrhizal fungi have been shown to 
alter N uptake (Grelet et al. 2009; Qiao et al. 2016; Hewitt 
et al. 2024). Microtopographic variations, such as slope 
aspect and elevation, may also influence N uptake (Yu et al. 
2024). To further investigate N uptake in alpine zones, it is 
imperative to examine the effects of mycorrhizal fungi func-
tion, soil N availability, and environmental conditions on N 
uptake in greater depth. In the future, integrated approaches, 
such as phylogeography and biochemistry, may facilitate a 
deeper understanding of species-specific nutrient acquisi-
tion and ecosystem functions in alpine environments.

Conclusion

In five alpine woody plant species, the in situ N uptake rate 
by fine roots was higher in ERM species than in ECM spe-
cies. The higher N uptake in ERM species is attributed to 
their smaller root diameter, which enhances their ability to 
absorb nutrients. The N uptake rate of ECM species was 
more dependent on inorganic N, while that of ERM species 
relied more on organic N. This difference is thought to stem 
from N partitioning due to competition for resources among 
species or mycorrhizal types. Furthermore, inorganic N 
uptake was enhanced in ECM and ERM species through 
increased root N concentration and SRL, respectively. 
Higher RTD also facilitated the uptake of organic N. Thus, 
the results of this study suggest that alpine plants acquire 
nutrient niches by displaying different N preferences (inor-
ganic N or organic N) under poor nutrient conditions. Dif-
ferences in N uptake among species or mycorrhizal type are 
largely controlled by root traits, indicating that root mor-
phology and chemistry are crucial for maintaining nutrient 
acquisition strategies in alpine zones.
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higher SRL (indicating better soil nutrient exploration), 
whereas ECM species like A. maximowiczii develop roots 
with higher root N concentrations (reflecting increased root 
metabolic activity). The N uptake rate in cool-temperate 
forest conifers is positively correlated with SRL and N con-
centration (Ito et al. 2023); however, this relationship may 
be specific to inorganic N. Hong et al. (2018) demonstrated 
that root traits associated with nutrient acquisition, such as 
SRL, were significantly correlated with inorganic N uptake, 
but showed weaker correlations with glycine uptake rates. 
The relationship between organic N uptake and RTD is also 
of considerable interest. RTD, which can indicate physical 
defense and stress tolerance, has been reported to be higher 
in ERM species than in ECM species (Hewitt et al. 2024). 
The positive correlation between organic N uptake and 
RTD suggests that increasing RTD may serve as an adaptive 
trait in response to environmental conditions. RTD is posi-
tively associated with root stele diameter and root hydrau-
lic conductivity (Kong et al. 2014; Masumoto et al. 2022) 
and relates to the transport function. Given the abundance 
of organic N in the soil, the efficient transport of organic 
N from the rhizosphere into the plant body may be more 
important than enhancing root exploration capacity. These 
findings represent the first detailed exploration of the rela-
tionship between N uptake and root traits in alpine zones for 
each form of N. This understanding may be crucial for com-
prehending the strategies species use to survive in demand-
ing environments.

Overall, our study revealed that species-specific differ-
ences in N uptake arose from variations in root traits. ECM 
species exhibited lower N uptake than ERM species, likely 
due to their relatively thicker roots, which were less suit-
able for absorbing nutrients. Nevertheless, A. maximowiczii 
appears to enhance inorganic N uptake by increasing root N 
concentration. The high root N concentration in A. maximo-
wiczii suggests a potential dependence on N fixation from 
the atmosphere, in addition to N uptake from the soil. Root 
N concentrations are particularly elevated in N-fixing plants 
(Yahara et al. 2019). ERM species also absorb more N by 
possessing thinner roots. The high N uptake in V. vitis-idea 
can be attributed to their smallest root diameters. E. nigrum 
seemed to absorb N at the second-highest rate among the 
ERM species. The similarity in nutrient acquisition between 
E. nigrum and V. vitis-idea may stem from their common 
growth form as creeping shrubs. In contrast, the distinctive 
individual size and root morphology of R. aureum appeared 
different from those of the other ERM species, potentially 
influencing the variation in N uptake. However, it is chal-
lenging to fully explain species-specific differences in N 
uptake in terms of root traits. For instance, mycorrhizal fun-
gal symbiosis plays a significant role in N uptake. Hobbie 
and Hobbie (2006) reported that ECM and ERM species 

1 3

75

https://doi.org/10.1007/s00035-025-00343-1
https://doi.org/10.1007/s00035-025-00343-1


Alpine Botany (2026) 136:67–78

Hargrave KR, Kolb KJ, Ewers FW, Davis SD (1994) Conduit diam-
eter and drought-induced embolism in Salvia mellifera Greene 
(Labiatae). New Phytol 126:695–705. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​
4​6​​9​-​8​​1​3​7​.​​1​9​​9​4​.​t​b​0​2​9​6​4​.​x

Haynes BYRJ, Goh KM, Science S, College L, New C (1978) Ammo-
nium and nitrate nutrition of plants. Biol Rev 53:465–510. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​9​-​1​​8​5​X​.​​1​9​​7​8​.​t​b​0​0​8​6​2​.​x

Hewitt RE, DeVan MR, Taylor DL, Mack MC (2024) Root-associated 
fungi and acquisitive root traits facilitate permafrost nitrogen 
uptake from long-term experimentally warmed tundra. New Phy-
tol 242:1704–1716. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​9​5​2​1

Hobbie JE, Hobbie EA (2006) 15N in symbiotic fungi and plants 
estimates nitrogen and carbon flux rates in Arctic tundra. Ecol-
ogy 87:816–822. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​9​0​​/​0​0​​1​2​-​9​6​5​8​(​2​0​0​6​)​8​
7[816:NISFAP]2.0.CO;2

Hodge A (2004) The plastic plant: root responses to heterogeneous 
supplies of nutrients. New Phytol 162:9–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
1​1​1​​/​j​.​​1​4​6​​9​-​8​​1​3​7​.​​2​0​​0​4​.​0​1​0​1​5​.​x

Holdaway RJ, Richardson SJ, Dickie IA et al (2011) Species- and com-
munity-level patterns in fine root traits along a 120000-year soil 
chronosequence in temperate rain forest. J Ecol 99:954–963. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​2​​7​4​5​.​​2​0​​1​1​.​0​1​8​2​1​.​x

Hong J, Ma X, Yan Y et al (2018) Which root traits determine nitrogen 
uptake by alpine plant species on the Tibetan plateau? Plant Soil 
424:63–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​0​4​-​0​1​7​-​3​4​3​4​-​3

Isobe K, Suwa Y, Ikutani J et al (2011) Analytical techniques for quan-
tifying 15N/14N of nitrate, nitrite, total dissolved nitrogen and 
ammonium in environmental samples using a gas chromatograph 
equipped with a quadrupole mass spectrometer. Microbes Envi-
ron 26:46–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​6​4​​/​j​s​​m​e​2​.​M​E​1​0​1​5​9

Ito T, Tanaka-Oda A, Masumoto T et al (2023) Different relationships 
of fine root traits with root ammonium and nitrate uptake rates in 
conifer forests. J For Res 28:25–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​3​​4​1​
6​​9​7​9​​.​2​0​2​​2​.​​2​1​0​2​7​5​2

Iwata H (2025) JapanFlux2024 JP-Nkm Nishikoma Site, 1.00, Arctic 
Data archive System (ADS), Japan. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​7​5​9​​2​/​0​​0​1​
.​2​0​2​4​1​0​2​2​3​1

Jones DL, Healey JR, Willett VB et al (2005) Dissolved organic nitro-
gen uptake by plants - An important N uptake pathway? Soil Biol 
Biochem 37:413–423. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​o​i​​l​b​i​​o​.​2​0​​0​4​​.​0​8​.​0​
0​8

Jump AS, Woodward FI (2003) Seed production and population den-
sity decline approaching the range-edge of cirsium species. New 
Phytol 160:349–358. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​j​.​​1​4​6​​9​-​8​​1​3​7​.​​2​0​​0​3​.​0​
0​8​7​3​.​x

Kielland K, McFarland J, Olson K (2006) Amino acid uptake in decid-
uous and coniferous Taiga ecosystems. Plant Soil 288:297–307. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​0​4​-​0​0​6​-​9​1​1​7​-​0

Koizumi T, Nara K (2017) Communities of putative ericoid mycor-
rhizal fungi isolated from alpine Dwarf shrubs in japan: effects of 
host identity and microhabitat. Microbes Environ 32:147–153. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​6​4​​/​j​s​​m​e​2​.​M​E​1​6​1​8​0

Kong D, Ma C, Zhang Q et al (2014) Leading dimensions in absorp-
tive root trait variation across 96 subtropical forest species. New 
Phytol 203:863–872. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​2​8​4​2

Körner C (2021) Alpine plant life: functional plant ecology of high 
mountain ecosystems. 3rd edit, Springer Nature, Switzerland AG. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​9​7​​8​-​3​-​0​3​0​-​5​9​5​3​8​-​8

Li C, Li Q, Qiao N et al (2015) Inorganic and organic nitrogen uptake 
by nine dominant subtropical tree species. IForest 9:253–258. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​8​3​2​​/​i​f​​o​r​1​5​0​2​-​0​0​8

Liese R, Alings K, Meier IC (2017) Root branching is a leading root 
trait of the plant economics spectrum in temperate trees. Front 
Plant Sci 8:1–12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​1​7​.​0​0​3​1​5

Lipson DA, Raab TK, Schmidt SK, Monson RK (1999) Variation in 
competitive abilities of plants and microbes for specific amino 

Data availability  The datasets are available on request to the corre-
sponding author.

Declarations

Conflict of interest  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Andersen KM, Turner BL (2013) Preferences or plasticity in nitrogen 
acquisition by understory palms in a tropical montane forest. J 
Ecol 101:819–825. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​1​3​​6​5​-​2​7​4​5​.​1​2​0​7​0

Averill C, Bhatnagar JM, Dietze MC et al (2019) Global imprint of 
mycorrhizal fungi on whole-plant nutrient economics. Proc Natl 
Acad Sci USA 116:23163–23168. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​a​s​.​1​
9​0​6​6​5​5​1​1​6

Bergmann J, Weigelt A, Van Der Plas F et al (2020) The fungal col-
laboration gradient dominates the root economics space in plants. 
Sci Adv 6:1–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​a​d​v​.​a​b​a​3​7​5​6

Caplan JS, Meiners SJ, Flores-Moreno H, McCormack ML (2019) 
Fine-root traits are linked to species dynamics in a successional 
plant community. Ecology 100:1–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​c​​
y​.​2​5​8​8

Comas LH, Callahan HS, Midford PE (2014) Patterns in root traits 
of woody species hosting arbuscular and ectomycorrhizas: impli-
cations for the evolution of belowground strategies. Ecol Evol 
4:2979–2990. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​c​​e​3​.​1​1​4​7

Davis SD, Sperry JS, Hacke UG (1999) The relationship between 
xylem conduit diameter and cavitation caused by freezing. Am J 
Bot 86:1367–1372. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​0​7​​/​2​6​​5​6​9​1​9

Ding JX, Kong D, Zhang Z et al (2020) Climate and soil nutrients 
differentially drive multidimensional fine root traits in ectomy-
corrhizal-dominated alpine coniferous forests. J Ecol 108:2544–
2556. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​1​3​​6​5​-​2​7​4​5​.​1​3​4​0​7

Freschet GT, Roumet C, Comas LH et al (2021) Root traits as driv-
ers of plant and ecosystem functioning: current understanding, 
pitfalls and future research needs. New Phytol 232:1123–1158. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​7​0​7​2

Friggens NL, Hartley IP, Parker TC et al (2023) Trees out-forage 
understory shrubs for nitrogen patches in a Subarctic mountain 
Birch forest. Oikos 2023:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​o​i​​k​.​0​9​5​6​7

Grelet GA, Meharg AA, Duff EI et al (2009) Small genetic differences 
between ericoid mycorrhizal fungi affect nitrogen uptake by vac-
cinium. New Phytol 181:708–718. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​
9​-​8​​1​3​7​.​​2​0​​0​8​.​0​2​6​7​8​.​x

Guo W, Zhang Z, Liu Q et al (2021) Seasonal variations in plant nitro-
gen acquisition in an ectomycorrhizal alpine forest on the Eastern 
Tibetan Plateau, China. Plant Soil 459:79–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​s​1​​1​1​0​4​-​0​2​0​-​0​4​6​4​4​-​8

1 3

76

https://doi.org/10.1111/j.1469-8137.1994.tb02964.x
https://doi.org/10.1111/j.1469-8137.1994.tb02964.x
https://doi.org/10.1111/j.1469-185X.1978.tb00862.x
https://doi.org/10.1111/j.1469-185X.1978.tb00862.x
https://doi.org/10.1111/nph.19521
https://doi.org/10.1890/0012-9658(2006)87
https://doi.org/10.1890/0012-9658(2006)87
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1365-2745.2011.01821.x
https://doi.org/10.1111/j.1365-2745.2011.01821.x
https://doi.org/10.1007/s11104-017-3434-3
https://doi.org/10.1264/jsme2.ME10159
https://doi.org/10.1080/13416979.2022.2102752
https://doi.org/10.1080/13416979.2022.2102752
https://doi.org/10.17592/001.2024102231
https://doi.org/10.17592/001.2024102231
https://doi.org/10.1016/j.soilbio.2004.08.008
https://doi.org/10.1016/j.soilbio.2004.08.008
https://doi.org/10.1046/j.1469-8137.2003.00873.x
https://doi.org/10.1046/j.1469-8137.2003.00873.x
https://doi.org/10.1007/s11104-006-9117-0
https://doi.org/10.1007/s11104-006-9117-0
https://doi.org/10.1264/jsme2.ME16180
https://doi.org/10.1264/jsme2.ME16180
https://doi.org/10.1111/nph.12842
https://doi.org/10.1007/978-3-030-59538-8
https://doi.org/10.1007/978-3-030-59538-8
https://doi.org/10.3832/ifor1502-008
https://doi.org/10.3832/ifor1502-008
https://doi.org/10.3389/fpls.2017.00315
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/1365-2745.12070
https://doi.org/10.1073/pnas.1906655116
https://doi.org/10.1073/pnas.1906655116
https://doi.org/10.1126/sciadv.aba3756
https://doi.org/10.1002/ecy.2588
https://doi.org/10.1002/ecy.2588
https://doi.org/10.1002/ece3.1147
https://doi.org/10.2307/2656919
https://doi.org/10.1111/1365-2745.13407
https://doi.org/10.1111/nph.17072
https://doi.org/10.1111/nph.17072
https://doi.org/10.1111/oik.09567
https://doi.org/10.1111/j.1469-8137.2008.02678.x
https://doi.org/10.1111/j.1469-8137.2008.02678.x
https://doi.org/10.1007/s11104-020-04644-8
https://doi.org/10.1007/s11104-020-04644-8


Alpine Botany (2026) 136:67–78

coniferous forest. Scand J Res 31:347–354. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
8​0​​/​0​2​​8​2​7​​5​8​1​​.​2​0​1​​5​.​​1​0​8​0​2​9​5

Raab TK, Lipson DA, Monson RK (1999) Soil amino acid utilization 
among species of the cyperaceae: plant and soil processes. Ecol-
ogy 80:2408–2419. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​9​0​​/​0​0​​1​2​-​9​6​5​8​(​1​9​9​9​)​0​8​
0[2408:SAAUAS]2.0.CO;2

Reich PB, Tjoelker MG, Pregitzer KS et al (2008) Scaling of respira-
tion to nitrogen in leaves, stems and roots of higher land plants. 
Ecol Lett 11:793–801. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​1​-​0​​2​4​8​.​​2​0​​0​8​
.​0​1​1​8​5​.​x

Ryser P (2006) The mysterious root length. Plant Soil 286:1–6. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​0​4​-​0​0​6​-​9​0​9​6​-​1

Shand CA, Williams BL, Coutts G (2008) Determination of N-species 
in soil extracts using microplate techniques. Talanta 74:648–654. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​a​l​​a​n​t​​a​.​2​0​​0​7​​.​0​6​.​0​3​9

Socci AM, Templer PH (2011) Temporal patterns of inorganic nitrogen 
uptake by mature sugar maple (Acer saccharum marsh.) and red 
Spruce (Picea Rubens sarg.) trees using two common approaches. 
Plant Ecol Divers 4:141–152. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​7​​5​5​0​8​7​4​.​
2​0​1​1​.​6​2​4​5​5​7

Stewart GR, Joly CA, Smirnoff N (1992) Partitioning of inorganic 
nitrogen assimilation between the roots and shoots of Cerrado 
and forest trees of contrasting plant communities of South East 
Brasil. Oecologia 91:511–517. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​6​5​0​
3​2​4

Urakawa R, Ohte N, Shibata H et al (2015) Biogeochemical nitrogen 
properties of forest soils in the Japanese Archipelago. Ecol Res 
30:1–2. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​8​4​-​0​1​4​-​1​2​1​2​-​8

Valenzuela-Estrada LR, Vera-Caraballo V, Ruth LE, Eissenstat DM 
(2008) Root anatomy, morphology, and longevity among root 
orders in Vaccinium corymbosum (Ericaceae). Am J Bot 95:1506–
1514. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​7​3​2​​/​a​j​​b​.​0​8​0​0​0​9​2

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in 
the sea: how can it occur? Biogeochemistry 13:87–115. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​0​0​2​7​7​2

Wang WY, Ma YG, Xu J et al (2012) The uptake diversity of soil 
nitrogen nutrients by main plant species in Kobresia humilis 
alpine meadow on the Qinghai-Tibet plateau. Sci China Earth Sci 
55:1688–1695. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​4​3​0​-​0​1​2​-​4​4​6​1​-​9

Ward EB, Duguid MC, Kuebbing SE et al (2022) The functional role 
of ericoid mycorrhizal plants and fungi on carbon and nitrogen 
dynamics in forests. New Phytol 235:1701–1718. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​8​3​0​7

Weigelt A, Mommer L, Andraczek K et al (2021) An integrated frame-
work of plant form and function: the belowground perspective. 
New Phytol 232:42–59. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​7​5​9​0

Wittich B, Homeier J, Leuschner C (2015) Ammonium, nitrate and 
Glycine uptake of six Ecuadorian tropical montane forest tree 
species: an in situ pot experiment with saplings. J Trop Ecol 
31:139–152. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​2​6​6​4​6​7​4​1​4​0​0​0​6​5​0

Yahara H, Tanikawa N, Okamoto M, Makita N (2019) Characterizing 
fine-root traits by species phylogeny and microbial symbiosis in 
11 co-existing woody species. Oecologia 191:983–993. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​4​2​-​0​1​9​-​0​4​5​4​6​-​2

Yu Z, Du Z, Hong J et al (2024) Topography variations alter the nitro-
gen utilization strategies of two dominant plant species in an 
alpine steppe. J Soil Sci Plant Nutr 24:4743–4754. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​0​7​​/​s​4​​2​7​2​9​-​0​2​4​-​0​1​8​6​8​-​w

Zhu F, Dai L, Hobbie EA et al (2019) Uptake patterns of glycine, 
ammonium, and nitrate differ among four common tree species 
of Northeast China. Front Plant Sci 10:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​
3​8​9​​/​f​p​​l​s​.​2​0​1​9​.​0​0​7​9​9

acids. Biol Fertil Soils 29:257–261. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​
3​7​4​0​0​5​0​5​5​0

Makarov MI, Malysheva TI, Menyailo OV (2019) Isotopic compo-
sition of nitrogen and transformation of nitrogen compounds in 
meadow-alpine soils. Eurasian Soil Sci 52:1028–1037. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​1​3​4​​/​S​1​​0​6​4​2​2​9​3​1​9​0​9​0​0​5​9

Makita N, Hirano Y, Mizoguchi T et al (2011) Very fine roots respond 
to soil depth: biomass allocation, morphology, and physiology in 
a broad-leaved temperate forest. Ecol Res 26:95–104. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​8​4​-​0​1​0​-​0​7​6​4​-​5

Makita N, Hirano Y, Sugimoto T et al (2015) Intraspecific variation 
in fine root respiration and morphology in response to in situ soil 
nitrogen fertility in a 100-year-old Chamaecyparis obtusa forest. 
Oecologia 179:959–967. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​4​2​-​0​1​5​-​3​4​
1​3​-​4

Mao J, Wang J, Liao J et al (2025) Plant nitrogen uptake preference 
and drivers in natural ecosystems at the global scale. New Phytol 
246:972–983. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​7​0​0​3​0

Masumoto T, Ito T, Akatsuki M, Makita N (2022) Fine root hydrau-
lic conductivity relates to root functional traits in four coniferous 
species. Rhizosphere 21:100489. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​h​i​s​p​h​
.​2​0​2​2​.​1​0​0​4​8​9

Ma Z, Guo D, Xu X et al (2018) Evolutionary history resolves global 
organization of root functional traits. Nature 555:94–97. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​u​r​e​2​5​7​8​3

McCormack ML, Dickie IA, Eissenstat DM et al (2015) Redefining 
fine roots improves Understanding of below-ground contribu-
tions to terrestrial biosphere processes. New Phytol 207:505–518. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​3​3​6​3

McCormack ML, Guo D, Iversen CM et al (2017) Building a better 
foundation: improving root-trait measurements to understand and 
model plant and ecosystem processes. New Phytol 215:27–37. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​4​4​5​9

McKane RB, Johnson LC, Shaver GR et al (2002) Resource-based 
niches provide a basis for plant species diversity and dominance 
in Arctic tundra. Nature 415:68–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​4​1​​5​
0​6​8​a

Mitchell D, Gibson B (2006) Ericoid mycorrhizal association: ability 
to adapt to a broad range of habitats. Mycologist 20:2–9. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​y​c​o​l​.​2​0​0​5​.​1​1​.​0​1​5

Nadelhoffer KJ, Raich JW (1992) Fine root production estimates and 
belowground carbon allocation in forest ecosystems. Ecology 
73:1139–1147. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​0​7​​/​1​9​​4​0​6​6​4

Näsholm T, Kielland K, Ganeteg U (2009) Uptake of organic nitrogen 
by plant. New Phytol 182:31–48. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​9​-​8​​
1​3​7​.​​2​0​​0​8​.​0​2​7​5

Ohashi M, Makita N, Dannoura M, Fukuzawa K, Hirano Y (2025) 
Mission impossible? Criteria for judging dead fine roots in forest 
field studies. J For Res 30:156–164. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​3​​4​1​
6​​9​7​9​​.​2​0​2​​5​.​​2​4​6​5​8​1​8

Ostonen I, Helmisaari HS, Borken W et al (2011) Fine root foraging 
strategies in Norway Spruce forests across a European climate 
gradient. Glob Chang Biol 17:3620–3632. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​
/​j​.​​1​3​6​​5​-​2​​4​8​6​.​​2​0​​1​1​.​0​2​5​0​1​.​x

Persson J, Gardeström P, Näsholm T (2006) Uptake, metabolism and 
distribution of organic and inorganic nitrogen sources by Pinus 
sylvestris. J Exp Bot 57:2651–2659. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​x​​b​
/​e​r​l​0​2​8

Põlme S, Bahman M, Yamanaka T et al (2013) Biogeography of ecto-
mycorrhizal fungi associated with Alders (Alnus spp.) in relation 
to biotic and abiotic variables at the global scale. New Phytol 
198(4):1239–1249. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​n​p​​h​.​1​2​1​7​0

Qiao M, Zhang Z, Li Y et al (2016) Experimental warming effects on 
root nitrogen absorption and mycorrhizal infection in a subalpine 

1 3

77

https://doi.org/10.1080/02827581.2015.1080295
https://doi.org/10.1080/02827581.2015.1080295
https://doi.org/10.1890/0012-9658(1999)080
https://doi.org/10.1890/0012-9658(1999)080
https://doi.org/10.1111/j.1461-0248.2008.01185.x
https://doi.org/10.1111/j.1461-0248.2008.01185.x
https://doi.org/10.1007/s11104-006-9096-1
https://doi.org/10.1007/s11104-006-9096-1
https://doi.org/10.1016/j.talanta.2007.06.039
https://doi.org/10.1016/j.talanta.2007.06.039
https://doi.org/10.1080/17550874.2011.624557
https://doi.org/10.1080/17550874.2011.624557
https://doi.org/10.1007/BF00650324
https://doi.org/10.1007/BF00650324
https://doi.org/10.1007/s11284-014-1212-8
https://doi.org/10.3732/ajb.0800092
https://doi.org/10.1007/BF00002772
https://doi.org/10.1007/BF00002772
https://doi.org/10.1007/s11430-012-4461-9
https://doi.org/10.1111/nph.18307
https://doi.org/10.1111/nph.18307
https://doi.org/10.1111/nph.17590
https://doi.org/10.1017/S0266467414000650
https://doi.org/10.1007/s00442-019-04546-2
https://doi.org/10.1007/s00442-019-04546-2
https://doi.org/10.1007/s42729-024-01868-w
https://doi.org/10.1007/s42729-024-01868-w
https://doi.org/10.3389/fpls.2019.00799
https://doi.org/10.3389/fpls.2019.00799
https://doi.org/10.1007/s003740050550
https://doi.org/10.1007/s003740050550
https://doi.org/10.1134/S1064229319090059
https://doi.org/10.1134/S1064229319090059
https://doi.org/10.1007/s11284-010-0764-5
https://doi.org/10.1007/s11284-010-0764-5
https://doi.org/10.1007/s00442-015-3413-4
https://doi.org/10.1007/s00442-015-3413-4
https://doi.org/10.1111/nph.70030
https://doi.org/10.1016/j.rhisph.2022.100489
https://doi.org/10.1016/j.rhisph.2022.100489
https://doi.org/10.1038/nature25783
https://doi.org/10.1038/nature25783
https://doi.org/10.1111/nph.13363
https://doi.org/10.1111/nph.13363
https://doi.org/10.1111/nph.14459
https://doi.org/10.1111/nph.14459
https://doi.org/10.1038/415068a
https://doi.org/10.1038/415068a
https://doi.org/10.1016/j.mycol.2005.11.015
https://doi.org/10.1016/j.mycol.2005.11.015
https://doi.org/10.2307/1940664
https://doi.org/10.1111/j.1469-8137.2008.0275
https://doi.org/10.1111/j.1469-8137.2008.0275
https://doi.org/10.1080/13416979.2025.2465818
https://doi.org/10.1080/13416979.2025.2465818
https://doi.org/10.1111/j.1365-2486.2011.02501.x
https://doi.org/10.1111/j.1365-2486.2011.02501.x
https://doi.org/10.1093/jxb/erl028
https://doi.org/10.1093/jxb/erl028
https://doi.org/10.1111/nph.12170


Alpine Botany (2026) 136:67–78

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Zhu Q, Zhuang Q (2013) Modeling the effects of organic nitrogen 
uptake by plants on the carbon cycling of boreal forest and tundra 
ecosystems. Biogeosciences 10:7943–7955. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​5​1​​​
9​4​​​/​b​g​​-​1​0​-​​7​9​4​3​-​2​0​1​3

1 3

78

https://doi.org/10.5194/bg-10-7943-2013
https://doi.org/10.5194/bg-10-7943-2013

	﻿In situ nitrogen uptake from inorganic and organic sources by the fine root systems of five alpine woody plant species
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study site and species selection
	﻿Field experiment design and N uptake measurement
	﻿Measurement of N concentration
	﻿Determinations of root morphological and chemical traits
	﻿Soil sampling and measurement
	﻿Statistical analyses

	﻿Results
	﻿Soil properties
	﻿N uptake rates
	﻿Root morphological and chemical traits
	﻿Variation in N uptake and root traits among the five species

	﻿Discussion
	﻿NH﻿4﻿﻿+﻿, NO﻿3﻿﻿−﻿, and Glycine uptake rates of alpine woody plants
	﻿Differences in N uptake among species
	﻿Relationship between N uptake rates and root traits

	﻿Conclusion
	﻿References


