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Summary

1. Global warming may accelerate nitrogen (N) transformations in the soil, with potentially large

effects in N-poor high-elevation ecosystems. To gain insight into the partitioning of inorganic and

organic N inputs within the plant–soil system and how warming influences these patterns, we

applied a 15N label (15NH4Cl or
15N-glycine) shortly after snowmelt during the sixth year of experi-

mental soil warming (+4 °C) at treeline in the Swiss Alps.

2. Seven weeks after labelling, approximately 60% of the applied label remained in the soil organic

layer to 10 cm depth, whereas label recovery summed over all measured plant pools was <10% of

the added label. Soil warming led to a weaker D15N signal in plants and no change in the amount

of added label recovered in plants. This 15N dilution resulted from a greater N pool size of some

plant species in warmed plots as well as enhanced availability of (unlabelled) N under warming.

Temporal dynamics of foliar D15N in dominant dwarf shrub species suggested that these plants pri-

marily take up N early in the season. In a subset of plots labelled with 13C-enriched glycine

(U-13C2-
15N-glycine), the labelled glycine was mineralized rapidly, with approximately 50% of the

applied 13C respired as CO2 during the first 99 h, suggesting that effects of warmer soils on N

dynamics in this treeline system are only slightly modulated by the preferences of different plant

species for inorganic and organic N forms.

3. Synthesis. Plants growing in warmer soils acquired more unlabelled, soil-derived N in the sixth

year of treatment, implying a sustained increase in N mineralization and availability in alpine

treeline ecosystems with higher soil temperatures predicted for the future. Wide variation in the abil-

ity of plant species and functional groups to compete for early-summer N inputs means that there is

a feedback between plant community shifts and N dynamics under environmental change at the

treeline.
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Introduction

Nitrogen (N) is a key nutrient that limits plant productivity in

many natural ecosystems (Vitousek & Howarth 1991;

LeBauer & Treseder 2008). Rates of decomposition and N

transformations in the soil are closely linked to temperature

(Nadelhoffer et al. 1991; Melillo et al. 2002), and the ongo-

ing global warming may accelerate these processes, with

consequences in many aspects of ecosystem N cycling (meta-

analyses by Rustad et al. 2001; Bai et al. 2013). In particular,

warmer conditions may lead to enhanced N availability in the

soil and potentially greater N uptake and productivity of some

plant species, which in turn may influence the distribution of

N between soil and plants and the turnover rate of N within

an ecosystem (Chapin et al. 1995; Dawes et al. 2017). How-

ever, soil microbes are strong competitors for N (Jaeger et al.

1999; Providoli et al. 2006), and any extra N that becomes

available in warmer soils may be rapidly (re)immobilized by

the soil microbial community and transformed into soil

organic matter (SOM), resulting in little benefit to plants.

Altered ecosystem N dynamics, including changes resulting

from warming, may be especially pronounced and have clear

consequences in cold regions, such as high elevations and

high latitudes, where soils are usually poor in N and mineral-

ization of organic matter is slow compared to low-elevation

ecosystems in temperate regions (Chapin et al. 1995; Kammer

et al. 2009; McNown & Sullivan 2013). The current under-

standing of how N dynamics in cold ecosystems will respond
*Correspondence author. E-mail: melissa.dawes@wsl.ch

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society

Journal of Ecology 2017, 105, 1723–1737 doi: 10.1111/1365-2745.12780

http://orcid.org/0000-0003-4919-0151
http://orcid.org/0000-0003-4919-0151


to increasing temperatures is almost entirely based on studies

in (sub)arctic regions. High-elevation systems differ from

those located at high latitudes in light, temperature and pre-

cipitation patterns, all of which can influence N cycling, and

therefore responses of N dynamics to warming in alpine areas

remain largely unknown (but see Ma et al. 2015; Dawes

et al. 2017).

Climate warming can lead to altered competitive interac-

tions within plant communities, through species-specific direct

growth responses to higher temperatures and/or through dif-

ferences in the ability and tendency of individual species to

take up additional N in warmer soils and use it for growth

(Chapin et al. 1995; Hartley et al. 1999). Shifts in plant spe-

cies composition can in turn influence ecosystem N cycling,

via changes in the quantity and quality of litter and effects on

the microclimate and soil environment (Grogan & Jonasson

2003). Therefore, it is important to have a firm understanding

of plant species differences relating to N dynamics, particu-

larly in areas predicted to undergo major shifts in species

composition in the future, such as high-elevation treeline

ecosystems bridging mountain forests and alpine tundra

(K€orner 2012). An upward shift in treeline position is already

occurring in many regions with ongoing climate change (Pay-

ette & Filion 1985; Harsch et al. 2009; Hagedorn et al.

2014), and an experimental study conducted at treeline in the

Swiss Alps indicated species-specific growth stimulation in

response to elevated atmospheric CO2 concentrations and

warmer soil (Dawes et al. 2011, 2015). Predicting how shifts

in the plant community will influence N dynamics, and vice

versa, in alpine treeline ecosystems is difficult because knowl-

edge about N partitioning among plant species and within the

entire plant–soil system in treeline ecosystems and other high-

elevation areas is limited (K€orner 2012).

The uptake of amino acids or short-chain peptides by

plants, either directly or through mycorrhizal fungi, has been

proposed as an explanation for how the N demand of plants

is satisfied despite an insufficient supply of inorganic N (Schi-

mel & Bennett 2004; N€asholm, Kielland & Ganeteg 2009).

Organic N sources are thought to be especially important for

many plants growing at high elevations (Miller & Bowman

2002) and high latitudes (N€asholm et al. 1998; Hill et al.

2011) where the availability of mineral N to plants is rela-

tively low. Despite the potentially critical role of organic N in

plant nutrition, particularly in cold ecosystems, most studies

of N dynamics in the context of climate warming have

focused on inorganic N forms and changes in the rate of N

mineralization (Rustad et al. 2001; Bai et al. 2013). There-

fore, it is unclear whether effects of warmer conditions on N

uptake patterns and partitioning within the plant–soil system

differ between inorganic and organic N forms.

The Stillberg experiment located in the Swiss Alps is a

unique experimental soil warming study of an alpine treeline

ecosystem featuring two key high-elevation tree species, Larix

decidua and Pinus uncinata. In this 6-year experiment, warm-

ing was associated with higher foliar natural abundance 15N

values, greater concentrations of inorganic N in the soil (mean

+63% relative to pre-warming values), and enhanced N pool

sizes of some plants (Pinus and Vaccinium spp.) relative to

pre-warming values, all of which indicated increased N avail-

ability (Dawes et al. 2017). However, subtler aspects of N

dynamics and potential warming effects could not be detected

by monitoring treatment effects throughout the study period,

presumably because the main N pools are large relative to

rates of changes in these pools (Hobbie & Chapin 1998). In

particular, it remained unclear how, and how rapidly, N

inputs in both inorganic and organic form are allocated within

the treeline ecosystem and how warmer soil conditions might

influence these patterns.

During the sixth (final) year of soil warming, we aimed to

address this knowledge gap by applying a 15N label shortly

after snowmelt, thought to be a critical period for plant annual

nutrition (Miller et al. 2009), and tracing these N inputs in

the plant–soil system for 2 months. To acknowledge the

potential importance of organic N sources in this high-eleva-

tion system, we added 15N in both inorganic (15NH4Cl) and

organic (15N-glycine) form. Further, we applied double, uni-

versally labelled (U) glycine (U-13C2-
15N-glycine) to a subset

of the experimental plots to follow dynamics of glycine-

derived CO2 efflux from the soil. We pursued the following

questions: (i) How did soil warming affect the fate of 15N

inputs and the overall N dynamics in the plant–soil system?

(ii) Which treeline plant and soil pools were the most impor-

tant sinks for N applied in the early growing season, and how

did 15N uptake differ between plots with Larix and Pinus?

(iii) How did the uptake and distribution of N derived from

glycine in the plant–soil system compare to that of N derived

from ammonium, and did warming affect dynamics of the

two N forms differently?

Materials and methods

SITE AND EXPERIMENTAL SETUP

The study site was located at Stillberg, Davos in the Central Alps,

Switzerland (9°520E, 46°460N) on a NE-exposed 25–30° slope within

an afforestation where tree seedlings were planted into the intact

dwarf shrub community in 1975. Experimental plots were situated at

approximately 2180 m a.s.l., slightly above the current treeline in the

region (Barbeito et al. 2012). Soil types at Stillberg are sandy Ranker

and Podzols (Lithic Cryumbrepts and Typic Cryorthods), derived

from siliceous Paragneis parent material and dominated by a 5–20 cm

thick organic humimor layer (Bednorz et al. 2000). From 1975 to

2012, the mean annual precipitation was 1165 mm and the mean

annual air temperature was 2�1 °C (WSL climate station approxi-

mately 100 m below the study site; Dawes et al. 2015). Nitrogen

deposition at Stillberg has not been quantified, but high-elevation sites

in the Swiss Alps receive approximately 5–10 kg N ha�1 year�1

(OFEV 2005; Schmitt et al. 2005).

Experimental plots for the study were established in spring 2001 as

part of a free air CO2 enrichment (FACE) experiment that ran from

2001 to 2009 (H€attenschwiler et al. 2002; Dawes et al. 2013). A total

of 40 plots were created, each 1�1 m2 in area, 20 with a L. decidua

L. (European larch) individual in the centre and 20 with a Pinus

mugo ssp. uncinata Ramond (mountain pine; referred to hereafter as

P. uncinata) individual in the centre. These trees were approximately
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40 years old in 2012, with average heights of 2�6 m (Larix) and

1�5 m (Pinus). The trees were sparsely distributed, and a dense cover

of understorey vegetation dominated by the ericaceous dwarf shrubs

Vaccinium myrtillus L., Vaccinium gaultherioides Bigelow (group

V. uliginosum agg.) and Empetrum nigrum ssp. hermaphroditum

(Hagerup) B€ocher (referred to hereafter as Empetrum hermaphrodi-

tum) surrounded the tree stem in each plot. The 40 plots were initially

assigned to 10 groups of four neighbouring plots (two plots with each

tree species per group) in order to facilitate the logistics of the FACE

system.

In spring 2007, one plot of each tree species was randomly

selected from each group and assigned a warmed soil treatment,

yielding a balanced design with respect to soil warming treatment,

plot tree species and CO2 treatment. Warming was accomplished

using 420-W heating cables laid on the ground surface underneath the

dwarf shrub layer, with a distance of 5 cm between neighbouring

cables (details about the heating system are given in Hagedorn et al.

2010). The warming treatment was applied during the entire snow-

free period in 2007–2011 and from snowmelt to the beginning of

August in 2012. Soil warming increased the growing season mean

soil temperature at 5 cm depth by an average of 3�6 °C over the six

seasons of heating (Dawes et al. 2015) and by 3�5 °C in 2012 (see

Fig. S1, Supporting Information). Increased air temperatures were

detected within the dwarf shrub canopy (0�9 °C at 20 cm above-

ground) but not within the tree canopy at 50 cm height (Hagedorn

et al. 2010). Soil warming had a slight drying effect on the soil

organic layer, mostly during the first 3 years of treatment, but condi-

tions were always moist in the rooting zone of all plots (Dawes et al.

2015). For this study, we pooled across plots with different CO2 treat-

ment histories for all analyses because preliminary analyses showed

no CO2 enrichment or CO2 9 warming interactive effects and, more

generally, previous investigations indicated minimal influence of ele-

vated CO2 on N dynamics in this treeline experiment (Dawes et al.

2013).

1 5
N LABEL APPLICATION

We applied the 15N label on 14 June 2012, when leaves of the domi-

nant dwarf shrubs V. myrtillus and V. gaultherioides were starting to

expand (Anadon-Rosell et al. 2014). Snow was completely melted

from the experimental plots between 21 and 31 May, 2–3 weeks

before label application, and there were no differences in snowmelt

timing between warming treatments or plot tree species (Larix or

Pinus). All 40 plots in the experiment received a total of

<0�02 g m�2 N, which is <5% of total N deposition rates reported

for similar elevations in the Swiss Alps (Schmitt et al. 2005). Each

plot received both 0�05 g m�2 NH4Cl and 0�05 g m�2 glycine, in

either labelled or unlabelled form. We applied 15NH4Cl (98 atom %;

0�835 mmol 15N m�2) to 16 plots; 15N-glycine (98 atom %;

0�598 mmol 15N m�2) to eight plots; and U-13C2-
15N-glycine (99

atom % 13C; 98 atom % 15N; 0�583 mmol 15N m�2 and 1�166 mmol
13C m�2) to eight plots. In the remaining eight plots, neither NH4Cl

nor glycine was labelled. All chemicals were purchased from Sigma-

Aldrich (Buchs, Switzerland). A water-only treatment was applied to

vegetation under two Larix and two Pinus trees in the area surround-

ing the experimental plots. Nitrogen concentrations of plant samples

from plots where N was added did not differ from those in the water-

only treatment, indicating that there was no detectable fertilization

effect of our N application.

We prepared stock solutions (236 mg N L�1) of the four different

N combinations by adding NH4Cl and glycine to snowmelt water

collected from the site. For each experimental plot, 100 mL of this

concentrated solution was put in a PE-plastic watering can, mixed

with another 3 L of snowmelt water, and spread evenly over the

1�1 m2 plot area, on top of the understorey vegetation but below all

tree branches. An additional 4 L of water was then applied to each

plot to thoroughly rinse the label from the leaves of vascular plants.

For plots treated with U-13C2-
15N-glycine, we used a syringe to

spread the correct amount of label over the small area within two per-

manently installed PVC rings (each 10 cm in diameter) per plot used

for soil respiration measurements, and the label amount applied by

watering can to the rest of the plot was adjusted accordingly. Each

plot received a total of 7�1 L (6�5 mm) of solute, which is less than

the mean weekly summertime precipitation at the site of 21 mm

(Dawes et al. 2015). Springtime snowmelt and heavy rainfall in the

week before the label was applied meant that soil and mosses in the

plots were saturated at the time of labelling, whereas no precipitation

occurred for 5 days afterwards (Fig. S1). From 14 June to 8 August,

the entire sampling period after label application, the mean air tem-

perature was 11�2 °C (min = 0�5 °C, max = 21�9 °C) and there was

a total of 303 mm rain (Fig. S1).

PLANT AND SOIL SAMPLING AND ISOTOPE

MEASUREMENTS

For isotope analyses, we sampled leaves of V. myrtillus and

V. gaultherioides from the upper branches of ramets at 1 day (15

June), 1 week (21 June), 2 weeks (28 June), 4 weeks (11 July) and

7 weeks (1 August) after the 15N label was applied. By 2 weeks after

label application, leaves of both species were fully expanded (Ana-

don-Rosell et al. 2014) and new shoots were >80% of their final

length (A. Anadon-Rosell, unpublished data). Vaccinium myrtillus

leaves were additionally sampled 2 h after label application; these

samples did not show a detectable 15N signal, indicating that there

was negligible direct foliar uptake of the label by vascular plants, at

least by this species. For E. hermaphroditum, we sampled new shoots

including leaves from each plot at 3 and 7 weeks after labelling. Shoot

expansion of this species started in the season and was >80% com-

plete at 4 weeks after label application (Anadon-Rosell et al. 2014).

A complete harvest of the experimental plots at the beginning of

August (7 weeks after labelling) enabled more intensive sampling of

plant material for chemical analyses and provided biomass data of all

vegetation (details in Dawes et al. 2015). Additional samples from

this time point included: current-year shoots of V. myrtillus and

V. gaultherioides; tree needles and current-year shoots from sun-

exposed branches at mid-canopy height; tree wood from the stem and

coarse roots (pooled samples for the pre-warming period 2001–2006

and for the warming period 2007–2012); tree bark from the stem;

above-ground material of grass and forb functional groups; and

mosses and lichens. We additionally measured the isotopic composi-

tion in fine roots (<2 mm in diameter, all plant species bulked)

extracted from soil cores taken from 0 to 5 cm depth at 4 weeks after

labelling and at 8 weeks as part of the complete harvest (see below).

All plant samples were dried at 60 °C for 48 h, weighed (including

mass per leaf or new shoot for all dwarf shrub samples) and ground

to a fine powder prior to isotope analysis.

Eight weeks after labelling, eight soil cores were taken from each

plot and separated into litter (L) horizon, fermentation (F) horizon,

0–5 cm depth (H horizon) and 5–10 cm depth (H horizon) (details in

Dawes et al. 2015). Samples from each horizon were bulked at the

plot level, and all fine roots were separated from the soil samples

using a 4-mm and a 2-mm sieve. Subsamples of soils and fine roots
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were dried at 40 °C and subsequently ground with a ball mill. The

remaining sampled soil was kept below 4 °C and, within 24 h after

sampling, microbial N and 15N were determined by chloroform-fumi-

gation extraction of the soil from 0 to 5 cm depth, using 0�5 M

K2SO4 in a soil:solution ratio of 1 : 5 (Vance, Brookes & Jenkinson

1987). Concentrations of N in the K2SO4 extracts were measured with

a TOC-V 500 total organic carbon analyser equipped with an

ASI-502 autosampler (Shimadzu, Kyoto, Japan). Aliquots of the

extracts were freeze-dried for isotopic measurements. Microbial N

(mg N g�1 dry soil) was calculated as the difference between the

mass of N in the fumigated sample (Nfum) and that in the unfumi-

gated sample (Nunfum), divided by 0�54 (Brookes et al. 1985).

The isotopic composition in all samples and the concentrations of

N and C in plant and soil samples were measured using an automated

elemental analyser-continuous flow isotope ratio mass spectrometer

(Euro EA 3000; HEKAtech, Wegberg, Germany, interfaced with

Delta-S; Thermo Finnigan, Bremen, Germany). Isotopic compositions

were initially expressed in delta (d) notation, representing & relative

to atmospheric N2 for d15N and & relative to the Pee Dee Belemnite

standard for d
13C. d

15N values of soil microbial biomass were

calculated as:

d
15Nmicrobes ¼ ðNfum�d

15NfumÞ�ðNunfum�d
15NunfumÞ=ðNfum�NunfumÞ

eqn 1

where Nfum and Nunfum represent N concentrations in fumigated and

unfumigated samples, respectively, and d
15Nfum and d

15Nunfum repre-

sent the corresponding isotopic compositions.

For analysis of the 15N signal, we calculated the shift in d
15N of

labelled samples relative to that of unlabelled samples:

D
15N ¼ d

15Nsample � d
15Nunlabelled eqn 2

d
15N values of samples from the eight unlabelled plots did not differ

significantly between warming treatments or plot tree species. For

d
15Nunlabelled, we therefore used values averaged over all unlabelled

plots where samples were available. D
15N values in plots labelled

with 15N-glycine were multiplied by a fixed factor (1�414), which

accounted for the lower 15N application rate in these plots than in

those labelled with 15NH4Cl and thus allowed us to directly compare

D
15N from plots labelled with the different N forms. The 13C signal

in plant samples from plots labelled with U-13C2-
15N-glycine was

likewise expressed as D13C, with all other plots as a reference.

MINERALIZAT ION OF
13

C-LABELLED GLYCINE

In plots labelled with U-13C2-
15N-glycine, glycine mineralization was

estimated by measuring soil respiration and determining d
13C values

of soil-respired CO2. Soil respiration was measured using the PVC

rings mentioned above (10 cm diameter, 5 cm height; pressed to a

depth of 2 cm into the organic layer). Respiration rates were deter-

mined by measuring the increase in CO2 concentrations in a LI-COR

6400-09 soil chamber connected to a LI-COR-820 portable data col-

lection system (LI-COR, Lincoln, NE, USA), as in Hagedorn et al.

(2010). For 13CO2 measurements, we closed the chambers with PVC-

lids for 20–30 min, sampled 15 mL of air with a syringe, and

injected it into pre-evacuated glass vials (12 mL volume, Exetainer

gas testing vials; Labco Limited, High Wycombe, UK). We sampled

ambient air before closing the chambers. The d
13C values of soil-

respired CO2 were measured by connecting the pressurized vials to a

GasBench II (Delta PlusXL; Thermo Finnigan) linked to the mass

spectrometer (Joos et al. 2008). We measured soil respiration and

sampled soil-respired air immediately before label application (T0)

and during the first 99 h after labelling starting at 1 h (three time

points for soil respiration and six time points for CO2 samples; n = 4

plots per warming treatment). The d
13C values of soil-respired CO2

(d13Crespired) were calculated as a mixture of ambient and soil-respired

CO2 sampled in the chamber, according to Subke et al. (2004) (see

Note S1). For analysis of the 13C signal in respired CO2, we calcu-

lated the shift in d
13C relative to the d

13C value measured in the same

plot at T0:

D
13C ¼ d

13Crespired � d
13CT0 eqn 3

The total amount of 13C respired from the soil during the first 99 h

after labelling was estimated by expressing the isotopic composition

as the fractional abundance (Ft, in atom%) and then calculating the

fluxes of respired 13C considering the soil CO2 efflux, as described

by Ruehr et al. (2009) (see Note S1).

LABEL RECOVERY

The percent of the total applied 15N label recovered in a given N pool

was determined for all pools sampled 7–8 weeks after label applica-

tion, using the following calculations from Providoli et al. (2005):

15N label recovery ¼ Xsample � Npool=Nlabel eqn 4

Npool is the size of a particular N pool, calculated by multiplying

the N concentration of the pool by the mass of the pool (details in

Dawes et al. 2017). Nlabel is the amount of label applied. For calculat-

ing label recovery, both Npool and Nlabel were expressed in mol m�2.

Xsample is the molar ratio of labelled N to total N in a given pool,

calculated as:

Xsample ¼ ðFsample � FreferenceÞ=ðFlabel � FreferenceÞ eqn 5

where F is the fractional abundance (atom%) of 15N in a particular

labelled sample (Fsample), in the unlabelled samples (Freference; mean

of all unlabelled plots) and in the label itself (Flabel). The total 15N

label recovery in each plot was calculated as the sum of the label

recovered in plant above-ground material, fine roots and soil. Label

recovery in microbial biomass was calculated separately but was not

included in the total recovery because it was included the value for

soil. In all cases, label recovery is reported as percent of added 15N.

STAT IST ICAL ANALYS IS

We assessed treatment effects with linear mixed-effects models fitted

with Restricted Maximum Likelihood and tested for significance using

Type I conditional F tests (Pinheiro & Bates 2000). The random

effects structure of all statistical models reflected the experimental

design, where individual plots (each containing one tree) were nested

within 20 soil warming treatment sub-groups nested within the 10

groups determined when the experiment was originally set up. As

fixed effects, we considered: label form [15N analysis: 15NH4Cl vs.
15N-glycine (pooled across 15N-glycine and U-13C2-

15N-glycine

because response variables did not differ significantly between these

two treatment groups); 13C analysis: U-13C2-
15N-glycine vs. no 13C

label]; soil warming treatment (control or warmed); plant species or

functional group (for analyses of D15N and N pool size in understorey

plants); plot tree species (Larix or Pinus); time after label application,

when relevant (days as a categorical variable for dwarf shrub and fine

root D15N, hours as a continuous variable for in soil-respired CO2);

and all interactions between variables. To specifically investigate tem-

poral patterns of D
15N and N pool size of dwarf shrub new leaves

(Vaccinium spp.) or shoots (E. hermaphroditum), we additionally fit

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 1723–1737

1726 M. A. Dawes, P. Schleppi & F. Hagedorn



models with sample date as a continuous variable for the period when

values showed a trend over time. Preliminary analyses indicated that

plot tree species and associated interactions contributed minimally to

model fits for all plant D15N variables and for D13C in soil-respired

CO2, and we therefore pooled across plot tree species in final analy-

ses of these variables. Conversely, we pooled across 15N label forms

in analyses of N pool sizes.

Residual variance differed among plant species and sample times,

and in some cases between plots with Larix and Pinus, and we there-

fore included a variance structure (VarIdent) that permits different

variances for individual levels within a grouping factor (Pinheiro

et al. 2008). In addition, for relevant models, we applied a residual

autocorrelation structure (corAR1) to account for violation of inde-

pendence of residuals from repeated measurements from a given plot

(Pinheiro et al. 2008). We log-transformed D
13C values in soil-

respired CO2 to meet assumptions of normality and homoscedasticity

of the residuals. For all statistical analyses, we considered fixed

effects significant at P < 0�05. Due to relatively low replication and

therefore statistical power, we designated P-values ≥0�05 but <0�10 as

marginally significant. All analyses were performed using R version

3.1.1 (R Development Core Team 2014) and mixed-effects models

were fitted using the NLME package (Pinheiro et al. 2008).

Results

D
1 5

N AND N POOL SIZES IN PLANT SAMPLES FROM

7 WEEKS AFTER LABEL APPLICATION

Seven weeks after labelling, understorey plants in plots

labelled with 15NH4Cl generally had greater D15N values than

those in plots labelled with 15N-glycine, and a significant

interaction between 15N label form and plant group indicated

that this effect was mainly caused by differences in the grass,

forb, moss and lichen functional groups (Fig. 1a,b and

Table 1). There was a significantly weaker label signal in

warmed plots than in control plots, although a marginally sig-

nificant warming 9 15N label form interaction demonstrated

that this effect primarily occurred in plots labelled with
15NH4Cl (Fig. 1a,b and Table 1). Interactive effects between

species or functional group and warming treatment were not

significant. Needles and current-year shoots of the tree species

sampled 7 weeks after labelling (tested separately from under-

storey plants) did not show a significant shift in 15N associ-

ated with labelling, irrespective of 15N label form and

warming treatment, although a slight signal was found in

some samples (Figs 1a,b and S3). Likewise, wood from tree

stems and coarse roots, stem bark and previous-year needles

(Pinus only) did not show a significant D
15N label signal

(data not shown).

In the labelled plots, the N pool sizes of understorey plant

species and functional groups were overall greater in warmed

than in control plots, while a significant warming 9 species

interaction reflected a larger N pool size in warmed plots for

the Vaccinium species, a smaller N pool size for

E. hermaphroditum, grasses, mosses and lichens, and no

change for forbs (Fig. 1c,d and Table S1). Soil warming did

not significantly affect the N pool size of tree needles and

current-year shoots or of fine roots (Fig. 1c,d and Table S1).

D
15

N AND N POOL SIZES IN PLANT SAMPLES WITH

REPEATED MEASUREMENTS

The D
15N signal of V. gaultherioides, V. myrtillus and

E. hermaphroditum varied significantly over the 7-week

sampling period (Fig. 2 and Table 1). D
15N values of both

Vaccinium species increased from 1 day to 2 weeks after

labelling but then remained more or less stable (Fig. 2a,b,d,

e). Analysis of weeks 2–7 after labelling indicated no

significant increase or decrease in D
15N values of V. gaulthe-

rioides over time (Fig. 1a,d), whereas values of V. myrtillus

showed a slight decrease over time in plots labelled with

NH4Cl and a slight increase in plots labelled with 15N-glycine

(sample date 9 label form interaction: F1,53 = 8�76,

P = 0�005; Fig. 1b,e). Empetrum hermaphroditum D
15N val-

ues declined from 3 to 7 weeks after labelling, but mainly in

control plots labelled with 15NH4Cl (sample date 9 label

form interaction: F1,16 = 25�47, P < 0�001; Fig. 2c,f). For all

three dwarf shrub species, D15N values of samples taken after

7 weeks were significantly correlated with values from

earlier sampling dates (V. gaultherioides: R2
> 0�4,

P < 0�001; V. myrtillus: R2
> 0�2, P < 0�01; E. hermaphrodi-

tum: R2
= 0�5, P < 0�001).

Foliar D
15N values of V. gaultherioides were smaller in

warmed plots than in control plots, irrespective of 15N label

form, and this pattern was more pronounced on later sampling

dates (marginally significant warming effect and significant

warming x time interaction; Fig. 2a,d and Table 1). Vac-

cinium myrtillus leaves showed a similar, though not signifi-

cant, trend only in plots labelled with 15NH4Cl (Fig. 2b,e and

Table 1). For both Vaccinium species, warming effects on the

D
15N values of new shoots sampled 7 weeks after labelling

mirrored those for leaves (see Fig. S3). Empetrum

hermaphroditum (shoots and new leaves combined) likewise

had smaller D15N values in warmed plots than in control plots

when labelled with 15NH4Cl, but in this case the effect was

more pronounced at 3 weeks than at 7 weeks after labelling

(warming 9 15N label form 9 sample time interaction;

Fig. 2c,f and Table 1).

For the Vaccinium species, the amount of N per leaf

increased during the first 2 weeks after labelling, during leaf

expansion (Anadon-Rosell et al. 2014), and then decreased

slightly from 2 to 7 weeks (V. gaultherioides: F1,54 = 6�98,

P = 0�011; V. myrtillus: F1,62 = 4�31, P = 0�042; Fig. 2g,h).

Warming and 15N label form did not significantly affect N

per leaf of either Vaccinium species. Seven weeks after label-

ling, the amount of N per new shoot of V. gaultherioides did

not differ significantly between warming treatments, plot tree

species or 15N label forms. For V. myrtillus, N per new shoot

was greater in warmed than in control plots (F1,6 = 10�20,

P = 0�019) and greater in plots with Larix than in those with

Pinus (F1,12 = 17�82, P = 0�001), largely due to differences

in biomass rather than in N concentration. For

E. hermaphroditum, N per new shoot declined from 3 to

7 weeks after labelling (F1,18 = 6�82, P = 0�018; Fig. 2i) and

was not significantly affected by warming, 15N label form or

plot tree species.
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For fine roots (<2 mm diameter, 0–5 cm soil depth, all spe-

cies bulked) sampled 4 and 8 weeks after labelling, the D
15N

signal was stronger in plots labelled with 15NH4Cl than in

those labelled with 15N-glycine (Figs 1a and S2; Table 1).

There was no detectable difference between D
15N values from

4 and 8 weeks after labelling (see Fig. S2), and values from

the two sampling dates were significantly correlated

(R2
= 0�34, P < 0�001). Soil warming did not significantly

affect fine root D15N values.

D
15

N AND N POOL SIZES IN SOIL

D
15N values of soil sampled 8 weeks after labelling declined

with increasing depth (litter to 5–10 cm in the humified

Fig. 1. D15N values (a, b), N pool sizes (c, d), and 15N label recovery (% of added label; e, f), for plant species and functional groups sampled

7 weeks after label application (8 weeks for fine roots, FR). Mean values � 1 SE are shown for control (open bars) and warmed (filled bars)

plots labelled with 15NH4Cl (a, c, e; n = 8) or 15N-glycine (b, d, f; 15N- and U-13C2-
15N-labelled plots combined; n = 8), pooled across plots

with a Larix or Pinus tree. 15N label recovery data were analysed separately for each plant pool shown. D15N and N pool size data for Empetrum

hermaphroditum (EH), Vaccinium gaultherioides (VG; foliar values), Vaccinium myrtillus (VM; foliar values), forbs, grasses, lichen and moss

were analysed together, whereas these data for trees and for fine roots were analysed separately. For trees, a slight (not significant) shift in N iso-

topic composition was found for labelled needles and new shoots but not for other compartments; the figure shows D15N values for new tree nee-

dles (a, b) and the N pool size (c, d) and 15N label recovery (e, f) for the sum of all tree needles and new shoots. N pool size data from this soil

warming experiment were presented in detail in Dawes et al. (2017). Values expressed as 15N atom excess (%) are given along the right-hand

axis in (a).
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horizon; Fig. 3a). In the L horizon, values were significantly

greater in plots with Pinus than in those with Larix (Fig. 3a

and Table 1). In the F horizon, a significant warming 9 plot

tree species interaction represented smaller D
15N values in

warmed than in control plots, but only when Larix was pre-

sent (Fig. 3a and Table 1). In the organic layer (H horizon),

there was a significant warming 9 15N label form 9 plot tree

species interaction at 0–5 cm depth, indicating a weaker D15N

signal in warmed plots than in control plots where 15NH4Cl

was applied and Larix was present but the opposite pattern in

plots with Pinus (Fig. 3a and Table 1). Samples from 5 to

10 cm depth in the organic layer showed no significant

effects of warming, 15N label form or plot tree species

(Fig. 3a). The label signal was significantly stronger for
15NH4Cl than for 15N-glycine in the L and F horizons but not

deeper in the soil profile (Fig. 3a and Table 1). For microbial

biomass, warming and plot tree species did not significantly

affect D15N values (Fig. 3a and Table 1). In contrast to other

N pools, D15N values in microbial biomass were significantly

greater in plots labelled with 15N-glycine than in plots

labelled with 15NH4Cl (Fig. 3a and Table 1).

The N pool size varied widely among soil horizons, with

much larger values in the organic horizons (approximately

150 g N m�2) than in the L or F horizons (<10 g N m�2; see

Table S2 for soil N pool sizes and statistical results). Plots

with Larix had a larger litter N pool than plots with Pinus,

owing to both a greater mass and a higher N concentration,

whereas there was no effect of warming on soil N pool sizes

(Table S2).

15
N LABEL RECOVERY

Total 15N recovery ranged from 36% to 116% [mean

67 � 6% (�1 SE)] of the total added label for plots labelled

with 15NH4Cl and from 33% to 116% (mean 72 � 5%) for

plots labelled with 15N-glycine. Most of the label remained in

the soil organic layer for the duration of the study (Figs 1e,f

and 3b), with 56 � 6% of the total added 15NH4Cl and

Table 1. Results of linear mixed-effects model analyses for D
15N values. N label form indicates 15N applied as 15NH4Cl or 15N-glycine.

P < 0�05 are in bold and 0�05 ≤ P < 0�10 are in italics

N label form Warming Plant species

Label 9

warming Label 9 species

Warming 9

species

Label 9

warming 9 species

D
15N all

understorey

plants

d.f. 1,6 1,6 6,103 1,6 6,103 6,103 6,103

F 11�42 9�74 33�26 4�33 11�02 0�98 1�38
P 0�015 0�021 <0�001 0�082 <0�001 0�445 0�231

N label form Sample date Warming Label 9 date Label 9 warming Date 9 warming

Label 9 date 9

warming

D
15N Vaccinium

gaultherioides

d.f. 1,6 4,80 1,6 4,80 1,6 4,80 4,80

F 2�07 16�85 4�2 1�31 0�48 3�7 1�17
P 0�201 <0�001 0�086 0�274 0�514 0�008 0�330

D
15N Vaccinium

myrtillus

d.f. 1,6 4,104 1,6 4,104 1,6 4,104 4,104

F 7�19 17�42 2 3�28 2�56 0�65 0�6

P 0�037 <0�001 0�207 0�014 0�161 0�631 0�663
D
15N Empetrum

hermaphroditum

d.f. 1,6 1,16 1,5 1,16 1,5 1,16 1,16

F 3�45 17�64 1�02 25�47 4�04 2�45 8�13

P 0�113 <0�001 0�359 <0�001 0�101 0�137 0�012

D
15N fine roots d.f. 1,6 1,25 1,6 1,25 1,6 1,25 1,25

F 14�96 0�70 2�88 0�05 <0�01 1�73 1�11

P 0�008 0�412 0�142 0�827 0�962 0�200 0�301

N label form Warming Tree

Label 9

warming Label 9 tree Warming 9 tree

Label 9

warming 9 tree

d.f. 1,6 1,6 1,12 1,6 1,12 1,12 1,12

D
15N soil L layer F 87�34 2�89 11�69 1�86 2�17 1�98 0�13

P <0�001 0�140 0�005 0�221 0�167 0�185 0�728

D
15N soil F layer F 26�48 1�69 2�25 1�88 0�16 9�15 1�28

P 0�002 0�241 0�160 0�219 0�700 0�011 0�279
D
15N soil H layer

(0–5 cm depth)

F 2�39 0�06 0�69 3�53 0�05 1�93 5�25

P 0�173 0�811 0�422 0�109 0�829 0�190 0�041

D
15N soil H layer

(5–10 cm depth)

F 0�41 0�26 1�74 1�34 4�26 0�02 0�59

P 0�548 0�627 0�211 0�292 0�061 0�884 0�456
d.f. 1,6 1,6 1,11 1,6 1,11 1,11 1,11

D
15N microbial

biomass

(0–5 cm depth)

F 18�79 0�27 0�27 0�28 1�49 0�03 2�99

P 0�005 0�624 0�612 0�618 0�248 0�859 0�112
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62 � 5% of the total added 15N-glycine recovered in the L, F

and H (0–10 cm depth) horizons combined (n = 16). In com-

parison, label recovery summed for all measured plant N

pools was 9�4 � 1�1% of the total added 15NH4Cl and

7�2 � 0�6% of the total added 15N-glycine (Fig. 1e,f;

n = 16). Recovery in different plant pools generally reflected

differences in N pool sizes more than differences in label

fraction (Xsample) and was greatest in fine roots (Fig. 1).

Soil warming did not have a significant effect on total 15N

label recovery or recovery in individual plant and soil pools,

irrespective of plot tree species and 15N label form (Figs 1e,f

and 3b; Table 2). Significantly more label was recovered in

grasses in plots with Larix than in plots with Pinus and from
15NH4Cl than from 15N-glycine in plots with Larix (signifi-

cant 15N label form x plot tree species interaction; Table 2).

For all other plant N pools, there were no significant differ-

ences in label recovery between plot tree species or 15N label

forms (Fig. 1e,f and Table 2). Recovery summed over all

measured soil horizons did not differ between plot tree spe-

cies or 15N label forms. Analysed separately, recovery in the

L horizon was greater in plots with Larix than in plots with

Pinus (Fig. 3b and Table 2), largely due to an approximately

50% greater N pool size of the litter horizon associated with

the deciduous tree species (Table S2). Recovery in the L and

F horizons was greater from 15NH4Cl than from 15N-glycine,

but mainly in plots with Larix (Fig. 3b and Table 2). At

0–5 cm soil depth (H horizon), no effects of plot tree species

or label form on recovery were found, whereas differences in

recovery between plot tree species depended on label form at

5–10 cm depth (15N label form 9 plot tree species interac-

tion: Fig. 3b and Table 2). Recovery in microbial biomass at

0–5 cm soil depth was greater in plots labelled with 15N-gly-

cine (15�7 � 1�3%) than in plots labelled with 15NH4Cl

(7�1 � 1�3%), irrespective of plot tree species and warming

Fig. 2. D15N values of Vaccinium gaultherioides (a, d) and Vaccinium myrtillus (b, e) leaves and Empetrum hermaphroditum new shoots includ-

ing leaves (c, f) during the 2 months after 15N label application on 14 June 2012 (day of year 166). Circles represent plots labelled with 15NH4Cl

(n = 8) and squares represent plots labelled with 15N-glycine (pooled across 15N-labelled plots and U-13C2-
15N-labelled plots; n = 8). Values

expressed as 15N atom excess (%) are given along the right-hand axis. The amount of N per leaf (Vaccinium spp.) or new shoot (E. hermaphrodi-

tum) is shown with triangles (g–i), pooled across plots labelled with the different N forms (n = 16). For each species, the N pool size of all new

leaves and shoots (g N m�2) at 7 weeks after labelling is displayed in Fig. 1c,d. In all panels, mean values � 1 SE of plots with different warm-

ing treatments (open symbols = control, filled symbols = warmed) are shown, pooled across plots with a Larix or Pinus tree.
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Fig. 3. (a) Mean D
15N values � 1 SE in soil

(upper panels) and microbial biomass (lower

panels) sampled 8 weeks after label

application for plots with different warming

treatments (open symbols = control, filled

symbols = warmed) and plot tree species (left

panels = Larix, right panels = Pinus). Circles

represent plots labelled with 15NH4Cl

(n = 4), and squares represent plots labelled

with 15N-glycine (pooled across 15N- and

U-13C2-
15N-labelled plots; n = 4). Soil results

are separated by horizon (L = litter;

F = fermentation; H = humified, separated

into 0–5 and 5–10 cm depths), and microbial

biomass was measured in the H horizon at 0–

5 cm soil depth. Values expressed as 15N

atom excess (%) are given along the top axis.
15N label recovery (b) and N pool size (c) for

each soil horizon (upper panels) and for

microbial biomass (lower panels). Mean

values are shown for plots labelled with
15NH4Cl (shaded bars) and 15N-glycine (open

bars) in plots with Larix (left) and Pinus

(right). Soil warming did not affect 15N label

recovery or N pool sizes, and mean values

are pooled across control and warmed plots

in these panels (n = 8).
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treatment (Fig. 3b and Table 2). For each pool, effects of soil

warming, plot tree species and N form did not change if

recovery (% of added label) was expressed as a proportion of

the total label recovery in a given plot.

D
1 3

C AND RECOVERY OF
1 3

C DERIVED FROM

U-
1 3

C 2 -
1 5

N-GLYCINE

A strong D
13C signal was detected in CO2 respired from the

soil, where D
13C values were greatest 1 h after label applica-

tion, the first sampling time, and declined exponentially until

the last sampling time at 99 h (significant time effect; Fig. 4

and Table 3). There were no significant effects of warming or

plot tree species on D
13C values of respired CO2 and no inter-

active effects. After 99 h, 51 � 6% of the added U-13C2-
15N-

glycine C was respired from the soil (mean � 1 SE of all

plots labelled with U-13C2-
15N-glycine, pooled across control

and warmed plots; n = 8). 13C label recovery in respired CO2

was not significantly influenced by warming or plot tree spe-

cies (Fig. 4 left inset), although total CO2 efflux from the soil

during the same 99 h period was significantly greater (by

approximately 50%) in warmed plots than in control plots

(Fig. 4 right inset and Table 3).

We did not detect a significant D13C signal in plant mate-

rial, including fine roots sampled after 4 and 8 weeks and

above-ground tissues sampled as early as 2 h after labelling

in the case of V. myrtillus leaves. By setting the recovery rate

of 13C to the same value as that of 15N in the double-labelled

plots, we back-calculated 13C values that would have been

expected in plant samples if the plants had taken up all gly-

cine in intact form. This calculation resulted in a potential

increase in d
13C values that was always less than the standard

deviation of d13C values of the corresponding plant pool (SD

averaged across all plant compartments was 0�7& for plots

labelled with U-13C2-
15N-glycine and 0�9& for all other

plots), demonstrating that any potential 13C signal in plants

would have been undetectable.

Discussion

EFFECTS OF SOIL WARMING ON THE FATE OF
1 5

N

INPUTS

Soil warming at the alpine treeline led to a weaker D15N sig-

nal in understorey plants but a similar 15N recovery from

labelled N inputs. These findings reflect a dilution of the 15N

signal in the ecosystem, which could have been caused by

either enhanced uptake of unlabelled, soil-derived N or from

a larger plant N pool under warming. The N pools repre-

sented by leaves and new shoots of the two Vaccinium spe-

cies were larger in warmed than in control plots, by

approximately +50% for V. gaultherioides and +20% for

V. myrtillus (Fig. 1e,f; see also Dawes et al. 2017). For these

species, dilution of the 15N label in plant tissues contributed

to lower D15N values in warmed plots labelled with 15NH4Cl

(Fig. 1a). However, the N pool sizes of grasses and

E. hermaphroditum were smaller by approximately 30% in

warmed plots (Fig. 1e,f; see also Dawes et al. 2017), yet both

grasses and E. hermaphroditum still showed a weaker D
15N

signal in warmed plots labelled with 15NH4Cl (Fig. 1a). This

result suggests that 15N dilution in the available N pool in the

soil occurred, supporting longer term evidence from the same

experiment of a larger (unlabelled) inorganic N pool size in

the soil and enhanced N availability for plants in warmed

Table 2. Results of linear mixed-effects model analyses for 15N label recovery (percent of total amount of 15N label applied) in various N pools.

N label form indicates 15N applied as 15NH4Cl or
15N-glycine. P < 0�05 are in bold and 0�05 ≤ P < 0�10 are in italics. Analyses of label recov-

ery for individual plant species and functional groups other than grasses indicated no significant effects and results are not shown

N label form Warming

Plot tree

species

Label 9

warming

Label 9

tree

Warming 9

tree

Label 9

warming 9

tree

d.f. 1,6 1,6 1,12 1,6 1,12 1,12 1,12

Total (plants and soil) F 0�20 0�19 0�00 0�34 3�90 0�68 1�60
P 0�671 0�681 0�977 0�583 0�072 0�427 0�230

Total plants F 1�59 3�70 4�75 1�85 0�07 0�15 0�23

P 0�254 0�103 0�050 0�223 0�801 0�705 0�643

Grass F 3�31 3�15 12�94 2�84 6�56 0�48 0�22
P 0�119 0�126 0�004 0�143 0�025 0�502 0�650

Total soil F 0�41 0�03 0�07 0�62 4�57 1�04 2�39

P 0�544 0�879 0�790 0�460 0�054 0�328 0�148
Soil L horizon F 25�132 2�177 11�431 1�700 0�508 0�554 0�285

P 0�002 0�191 0�006 0�240 0�490 0�471 0�603

Soil F horizon F 10�787 1�763 1�004 3�185 6�685 1�784 1�203

P 0�017 0�233 0�336 0�125 0�024 0�207 0�294
Soil H horizon (0–5 cm depth) F 2�89 0�25 0�03 1�43 0�77 1�80 0�97

P 0�140 0�637 0�876 0�277 0�396 0�204 0�344

Soil H horizon (5–10 cm depth) F 0�13 0�26 2�13 0�29 6�05 0�01 2�52

P 0�731 0�631 0�170 0�609 0�030 0�906 0�138
Microbial biomass (0–5 cm depth) d.f. 1,6 1,6 6,11 1,6 6,11 6,11 6,11

F 16�19 2�72 0�11 2�14 0�05 2�34 <0�01

P 0�007 0�150 0�742 0�194 0�819 0�154 0�975
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plots (Dawes et al. 2017), resulting from enhanced N miner-

alization associated with increased SOM decomposition

(Fig. 4; see Streit et al. 2014 for earlier years). The lack of a

warming effect on label recovery in plant pools indicates that

dilution of the D
15N signal in plant tissues was offset by

enhanced total plant N uptake due to greater N demand asso-

ciated with enhanced growth of some species (Dawes et al.

2015).

Tracing 15N in this treeline ecosystem additionally showed

that the competitiveness for N by plants in relation to N

immobilization in the soil was not enhanced by warming,

which would have resulted in increased 15N recovery in

plants in warmed plots. Similar to our findings, warming by

open-top chambers (soil temperature +1�2 to +1�8 °C) during

the snow-free season in a subarctic heath ecosystem did not

affect recovery of a 15N-glycine label (applied in the 12th

treatment year) in total plant, soil or microbial N pools

(Sorensen, Michelsen & Jonasson 2008). Moreover, there was

no species-specific response to warming in 15N acquisition by

plants in our study, even though 6 years of soil warming

resulted in growth stimulation of Pinus and V. myrtillus but a

decline in the biomass of grasses, forbs and non-vascular

plants (Dawes et al. 2015). Unlike our findings, 3�5 years of

higher air but unchanged soil temperatures in an arctic tundra

greenhouse experiment did not influence inorganic N avail-

ability in the soil but altered acquisition of 15N (applied as

(15NH4)2SO4) by different plant species, with increased

uptake by the shrub Betula nana under warming and reduced

uptake by Vaccinium vitis-idaea, suggesting a warming-

induced shift in competition for N between these species

(Hobbie & Chapin 1998). Air warming in the arctic study

only enhanced N demand by plants, resulting from an almost

doubled above-ground biomass of B. nana, whereas soil

warming in our alpine treeline investigation led to more mod-

erate increases in biomass (Dawes et al. 2015) as well as

greater N availability in the soil (Dawes et al. 2017), which

may explain the contrasting findings.

Whereas the overall strength of the D
15N signal and the N

pool size in some plant tissues was affected by soil warming,

we did not detect a clear effect of warming on the seasonal

dynamics of N uptake in plant material sampled repeatedly

after label application (Fig. 2). Our 15N tracing started shortly

after snowmelt and ended in early August, after most vegeta-

tive growth is complete at this treeline site but 2–3 months

before the end of the snow-free season (Rixen et al. 2012;

Anadon-Rosell et al. 2014). Therefore, it is possible that soil

warming affected retranslocation of existing plant N into new

tissues at the onset of the growing season (Nambiar & Fife

1991), as well as N uptake and redistribution among plant tis-

sues that may occur later in the season (Grogan & Jonasson

2003). Nevertheless, D
15N values of fine roots and dwarf

shrub leaves sampled at different time points were highly cor-

related and generally showed little decline over time. In com-

bination with a slight decline in N pool sizes over time (N

per leaf or shoot, Fig. 2g,h,i), these results indicate that the

initial 15N signal was only minimally diluted by subsequent

uptake of unlabelled N, suggesting that N taken up early in

the snow-free season contributed considerably to seasonal

nutrient uptake from the soil. In line with these findings, 15N

labelling studies of seasonal N uptake dynamics of plants in

alpine meadows (Jaeger et al. 1999; Bilbrough, Welker &

Fig. 4. Change over time in the D
13C of

soil-respired CO2 in plots labelled with

U-13C2-
15N-glycine. Inset panels show 13C

respired (% of added C) during the first 99 h

after label application (left) and total CO2

efflux from the plots, averaged over

measurements conducted during the 99 h

period (right). For all panels, mean values �

1 SE are shown for control (open symbols)

and warmed (filled symbols) plots where

U-13C2-
15N-glycine was applied, pooled

across plots with different tree species

(n = 4).

Table 3. Results of linear mixed-effects model analyses for D13C val-

ues of soil-respired CO2 and for 13C respired (% of added C) from

plots labelled with U-13C2-
15N-glycine during the first 99 h after label

application. P < 0�05 are in bold

Time Warming

Time 9

warming

D
13C of soil-respired CO2 d.f. 1,38 1,6 1,38

F 547�32 0�11 0�24
P <0.001 0�750 0�630

Warming Tree

Warming 9

tree

d.f. 1,4 1,4 1,4
13C respired (% of added C) F <0�01 0�68 0�52

P 0�956 0�455 0�513

Total soil respiration F 14�40 3�99 3�37

P 0�019 0�116 0�140
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Bowman 2000; Miller et al. 2009) and subarctic heath (Gro-

gan & Jonasson 2003; Larsen et al. 2012) have demonstrated

that the period during and soon after snowmelt is key in the

seasonal N uptake of some species. Further, concentrations of

extractable mineral N in alpine soils are often highest during

springtime snowmelt, due to N deposition as snow (Hiltbrun-

ner, Schwikowski & K€orner 2005), wintertime microbial

activity under snow (Schimel, Bilbrough & Welker 2004;

Sturm et al. 2005), and considerable microbial dieback during

spring (Lipson, Schmidt & Monson 1999). Consequently, ear-

lier snowmelt, as already observed at our treeline site (Rixen

et al. 2012), and altered patterns of snow accumulation in

winter can be expected to influence the amount and timing of

N mineralization, with potentially large effects on plant

nutrient acquisition.

1 5
N RECOVERY IN DIFFERENT POOLS AND IN PLOTS

WITH DIFFERENT TREE SPECIES

For both 15NH4Cl and
15N-glycine applications, most of the

label remained in organic soil horizons for the 2-month dura-

tion of our study (Fig. 3b). Likewise, a large proportion of

applied 15N (NO3
� or NH4

+) was recovered in SOM in alpine

heath during the first 3 years after labelling (Ackermann,

Amelung & L€offler 2015) and in alpine grassland more than

25 years after a strong 15NH4
+ pulse was applied (Gerzabek

et al. 2004). Similar results have been reported for labelling

studies conducted in a subalpine Picea abies forest and grass-

land in the Swiss Alps (Providoli et al. 2006) and in arctic

and subarctic tundra (Hobbie & Chapin 1998; Clemmensen

et al. 2008; Sorensen, Michelsen & Jonasson 2008). In our

study, the finding that a large proportion of N was rapidly

immobilized in the soil suggests that microbes access extra N

inputs into this treeline ecosystem at a much higher rate than

plants and/or that abiotic immobilization is considerable.

Based on similar results from a 15N labelling study in arctic

tussock tundra, Hobbie & Chapin (1998) concluded that

microbial immobilization over the season may limit N avail-

ability to plants, which may also apply to the treeline system

studied here.

We observed wide variability in D
15N values and in label

recovery among plant species and functional groups, reflect-

ing differences in the ability to compete for N inputs shortly

after snowmelt as well as differences in plant N pool sizes.

For example, recovery values for trees were similar to those

for understorey species and functional groups (Fig. 1e,f),

mainly because tree needles and current-year shoots contained

almost five times as much N (mean 7�8 g N m�2 for all plots)

as that in new above-ground tissues of all understorey species

combined (1�7 g N m�2) (Fig. 1c,d: see also Dawes et al.

2017), which compensated for the fact that tree needles

(Fig. 1a,b) and current-year shoots (Fig. S3) carried only a

small D15N signal during the 2 months after labelling. Similar

to our results, in a plantation in Bavaria, Germany, 15-year-

old P. abies trees were a weaker sink for 15NH4
+ and 15NO3

�

than the ericaceous dwarf shrubs V. myrtillus and Calluna

vulgaris and the perennial grass Deschampsia flexuosa during

8 months after springtime labelling, despite the much larger

biomass and N pool of trees (Buchmann, Gebauer & Schulze

1996). The low 15N uptake by trees in our study may repre-

sent a phenological effect: tree vegetative phenology generally

progresses later than that of dwarf shrubs at this treeline site

(Rixen et al. 2012), and trees might not have had as much

demand for uptake of early-season N inputs. In addition, a

major fraction of N in new tree tissues comes from internal N

reserves (Nambiar & Fife 1991), and this retranslocation pro-

cess may have contributed to low demand by trees for N from

the soil shortly after snowmelt. The small 15N uptake by trees

might explain why we detected almost no differences in D
15N

values of understorey plant material between plots with Larix

and those with Pinus. The finding that warming but not plot

tree species affected understorey plant D15N values suggests

that effects of 6 years of soil warming on understorey plant N

uptake were more influential than the effects of different tree

species growing on the plots for approximately 40 years.

In our study, mosses and lichens were at the other end of

the spectrum from trees: they generally had the largest D15N

values, and hence a high 15N uptake per unit biomass, but had

low recovery values due to their small N pool sizes (Fig. 1).

We applied the 15N label to the surface of the understorey veg-

etation, and high N uptake by mosses and lichens was proba-

bly at least partially caused by considerable above-ground N

absorption by these plants (Proctor 2008). Consequently, we

consider this result more representative of moss and lichen

uptake of new N inputs, for example from atmospheric deposi-

tion, than of uptake of N already present in the plant–soil sys-

tem. Nevertheless, moss and lichen constituted a very low

percentage of total plant biomass in the plots (<0�1%; Dawes

et al. 2015), and thus absorption by these plants did not have

a large impact on the overall fate of the label.

UPTAKE AND DISTRIBUT ION OF N DERIVED FROM

GLYCINE

We found that treeline plants, particularly understorey species,

were able to acquire 15N derived from the amino acid glycine.

In plots labelled with 15N-glycine, we observed a weaker

D
15N signal than in plots labelled with 15NH4Cl but a similar

partitioning among different plant and soil compartments

(Fig. 1). Our findings are consistent with results from a study

in subarctic heath tundra, where less uptake of N added as
15N-glycine than as 15NH4Cl was found for 10 plant species

during the first 3 weeks after label application (Andresen

et al. 2008). Greater microbial immobilization of glycine than

of ammonium was probably a major reason for the lower

plant uptake of 15N derived from glycine. Tracing the 13C

signal of added U-13C2-
15N-glycine indicated that a large frac-

tion of the added glycine was rapidly mineralized or metabo-

lized by the soil microbial community (Fig. 4), demonstrating

that glycine is an energetically favourable substrate. A rapid

and large decline in 13C in respired CO2 during the initial

hours and days after labelling with U-13C2-
15N-glycine was

also found in a boreal forest (N€asholm et al. 1998), similarly

pointing to rapid uptake and initial decarboxylation of glycine

© 2017 The Authors. Journal of Ecology © 2017 British Ecological Society, Journal of Ecology, 105, 1723–1737

1734 M. A. Dawes, P. Schleppi & F. Hagedorn



by the microbial community. In our study, this interpretation

is supported by greater D15N values and Z of microbial bio-

mass in plots labelled with glycine (Fig. 3). Lower D15N val-

ues in plant tissues labelled with glycine may additionally

have been caused by different concentrations, sorption tenden-

cies and turnover rates of glycine and ammonium in the soil

(Buchmann, Gebauer & Schulze 1996; Jones et al. 2005) and

different within-plant allocation of the two N forms

(N€asholm, Kielland & Ganeteg 2009). The large and rapid

mineralization of added 13C glycine, and the implied associ-

ated incorporation into microbial biomass, also provides a

strong indication that most glycine was not taken up directly

by plants but indirectly after mineralization.

TREEL INE N CYCLING IN A WARMER WORLD

1. Results of this labelling experiment demonstrate that plants

growing in warmer soils acquired more unlabelled, soil-

derived N in the sixth year of treatment, indicating a sus-

tained increase in N availability with warming. This finding

suggests that higher soil temperatures under global warming

will have longer term effects on N dynamics in treeline

ecosystems, which in turn may affect plant competitive inter-

actions and diversity, soil microbial communities and overall

ecosystem functioning.

2. Temporal dynamics of dwarf shrub foliar D
15N suggest

that these plants primarily take up N from the soil early in

the season. Changes in the amount and timing of N mineral-

ization caused by an altered snow pack and earlier springtime

snowmelt could therefore affect competitive interactions

among plants regarding N acquisition, due to differences in

whether and how rapidly the phenology of individual species

responds to changes in snow cover.

3. Interspecies comparisons of D
15N values and label recov-

ery suggest that, in this treeline ecosystem, understorey vege-

tation is more effective than trees at accessing springtime N

inputs. If tree presence and size increase at treeline in the

future, at the expense of low stature vegetation, plant total N

uptake and seasonal N uptake patterns could be affected.

4. Extremely rapid microbial mineralization of glycine, in

both control and warmed plots, implies that the ability to

access organic N forms is not a major advantage for plants in

this treeline ecosystem. Consequently, effects of warmer soils

on N dynamics will probably be only slightly modulated by

the preferences of different plant species for different N

forms.
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Fig. S2. D15N values of fine roots sampled 4 and 8 weeks after label

application.

Fig. S3. D15N values of plants sampled 7 weeks after label applica-

tion.

Table S1. Linear mixed-effects model results for plant N pool sizes.

Table S2. N pool sizes and associated statistical results for soil hori-

zons and microbial biomass.

Note S1. Method for estimating d
13C values of soil-respired CO2 and

13C respired (% of added C).

Data S1. Data and R scripts for all analyses presented in the paper.
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The fate of N inputs in a warmer alpine treeline ecosystem: a 
15
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Figure S1.  Soil temperature (black line = mean of control plots, red line = mean of warmed plots; n = 10) at 5 

cm depth and precipitation (WSL climate station located approximately 100 m below the study site) during the 

early growing season of 2012 when sampling for isotope analysis occurred. Notable events are indicated with 

letters: (a) date when snow was completely melted from the experimental plots (mean of all plots, n = 40); (b) 

start of soil warming treatment; (c) 
15

N label application; (d) three-day period with extra heating, followed by 

(e) three-day period with no heating (not considered important for this study). Plots were harvested completely 

at the beginning of August. 
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Figure S2.  Δ15
N values of fine roots sampled four and eight weeks after label application. Mean values ± 1 SE 

are shown for plots with different warming treatments (control = open bars, warmed = filled bars), pooled 

across plots with a Larix or Pinus tree (n = 6-8). 
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Figure S3.  Δ15
N values of plant tissues formed in the study year, sampled seven weeks after label application (n 

= 3-4 for tree species and n= 5-8 for other plant species and groups (pooled across plots with Larix and plots 

with Pinus). Mean values ± 1 SE are shown for plots with different warming treatments (control = open bars, 

warmed = filled bars). Scales differ among panel rows to account for the large range of Δ15
N values. For V. 

myrtillus and V. gaultherioides, Δ15
N values of new shoots were significantly correlated with Δ15

N values of 

leaves sampled on the same date; foliar Δ15
N values were used in the main analysis. 
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Table S1. Results of linear mixed-effects model analyses for N pool sizes in plants (all understorey species  

tested together, tree needles and new shoots, fine roots) sampled seven weeks (eight weeks for fine roots)  

after 
15

N label application.  

 

 

    warming 
plant 

species 

plot tree 

species 

warming 

x species  

warming 

x tree 

species x 

tree 

warming 

x species 

x tree 

Understorey plants DF 1,7 6,112 1,14 6,112 1,14 6,112 6,112 

 
F 102.70 88.79 0.24 2.58 0.06 2.01 0.07 

 
P <0.001 <0.001 0.633 0.022 0.804 0.070 0.998 

         

  warming 
plot tree 

species 

warming 

x tree 
    

Tree needles and new shoots DF 1,6 1,6 1,6     

 F 0.55 8.99 1.58     

 P 0.485 0.024 0.256     

Fine roots (0-5 cm soil depth) DF 1,7 1,14 1,14     

 F 3.37 0.07 0.02     

 P 0.110 0.800 0.884     
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Table S2. N pool sizes (g m
-2

) and associated linear mixed-effects model results for different soil horizons (a)  

and for microbial biomass (b), sampled eight weeks after 
15

N label application. Mean values ± 1 SE are shown  

for plots with different warming treatments and plot tree species (Larix decidua or Pinus uncinata). 

 

 

(a)  SOIL 

 

 

N pool size (g m
-2

) 

Plots with Larix 

N pool size (g m
-2

) 

Plots with Pinus 

Horizon Control Warmed Control Warmed 

L 8.5 ± 0.8 10.2 ± 1.0 5.9 ± 0.6 5.0 ± 0.4 

F 3.6 ± 0.4 4.0 ± 0.5 3.4 ± 0.5 2.9 ± 0.5 

H (0-5 cm depth) 143.5 ± 5.4 143.0 ± 8.3 130.3 ± 9.1 139.7 ± 10.0 

H (5-10 cm depth) 148.6 ± 20.6 158.4 ± 24.9 153.9 ± 15.8 148.5 ± 19.5 

     
     

 
DF F P 

 
horizon 3,84 444.20 <0.001 

 
warming 1,7 0.02 0.890 

 
plot tree species 1,14 16.94 0.001 

 
horizon x warming 3,84 0.19 0.900 

 
horizon x tree 3,84 5.40 0.002 

 
warming x tree 1,14 3.09 0.101 

 
horizon x warming x tree 3,84 0.62 0.606 

 
 

 

 

(b)  MICROBIAL BIOMASS 

 

Microbial N (g m
-2

) 

Plots with Larix 

Microbial N (g m
-2

) 

Plots with Pinus 

Control Warmed Control Warmed 

5.9 ± 0.8 4.6 ± 0.4 5.7 ± 0.8 5.5 ± 0.5 

    

    

 
DF F P 

warming 1,7 1.41 0.275 

plot tree species 1,13 0.22 0.646 

warming x tree 1,13 0.81 0.384 
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Note S1.  Method for estimating (a) δ13
C values of soil-respired CO2 and (b) the total amount of 

13
C respired 

from the soil during the first 99 h after labelling. 

 

 

(a) The δ13
C values of soil-respired CO2 (δ13

Crespired) were calculated as a mixture of ambient and soil-respired 

CO2 sampled in the chamber, according to Subke et al. (2004): 

 �13��������� =
��13��ℎ����� × ��2−�ℎ�����−�13�������� × ��2−��������

(��2−�ℎ�����−��2−�������)
   (1) 

 

where δ13
Cchamber and δ13

Cambient are the measured isotopic ratios of CO2 in the soil chamber and in ambient 

air, respectively, and CO2-chamber and CO2-ambient are the corresponding CO2 concentrations. 

 

 

(b) The total amount of 
13

C respired from the soil during the first 99 h after labelling was estimated following 

methods described by (Ruehr et al., 2009). We first fitted δ13
C values from each experimental plot to a 

power function to estimate the δ13
C  for hourly time steps. For each 1 h time period, we then expressed the 

fitted δ13
C value as the fractional abundance of 

13
C (Ft, in atom%). Next, we calculated respired 

13
Ct, the 

amount of 
13

C in the soil CO2 efflux originating from the added glycine at hour t: 

 

respired 
13

Ct = (Ft – F0) × Bt      (2) 

     

where Ft is the fractional abundance of 
13

C in a sample taken at hour t; F0 is the fractional abundance of 
13

C 

in the chamber before labelling; and Bt is the (linearly interpolated) CO2 efflux (μmol CO2-C m
-2 

s
-1

) for the 

hour t. Finally, the total amount of 
13

C respired from the soil during the 99 hours following the addition of U-
13

C2-
15

N-glycine was estimated by summing the hourly estimates of respired 
13

Ct. 
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