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Abstract

Climate warming may alter ecosystem nitrogen (N) cycling by accelerating N transformations in the soil, and changes

may be especially pronounced in cold regions characterized by N-poor ecosystems. We investigated N dynamics

across the plant–soil continuum during 6 years of experimental soil warming (2007–2012; +4 °C) at a Swiss high-

elevation treeline site (Stillberg, Davos; 2180 m a.s.l.) featuring Larix decidua and Pinus uncinata. In the soil, we

observed considerable increases in the NHþ

4 pool size in the first years of warming (by >50%), but this effect declined

over time. In contrast, dissolved organic nitrogen (DON) concentrations in soil solutions from the organic layer

increased under warming, especially in later years (maximum of +45% in 2012), suggesting enhanced DON leaching

from the main rooting zone. Throughout the experimental period, foliar N concentrations showed species-specific but

small warming effects, whereas d15N values showed a sustained increase in warmed plots that was consistent for all

species analysed. The estimated total plant N pool size at the end of the study was greater (+17%) in warmed plots

with Pinus but not in those containing Larix, with responses driven by trees. Irrespective of plot tree species identity,

warming led to an enhanced N pool size of Vaccinium dwarf shrubs, no change in that of Empetrum hermaphroditum

(dwarf shrub) and forbs, and a reduction in that of grasses, nonvascular plants, and fine roots. In combination, higher

foliar d15N values and the transient response in soil inorganic N indicate a persistent increase in plant-available N and

greater cumulative plant N uptake in warmer soils. Overall, greater N availability and increased DON concentrations

suggest an opening of the N cycle with global warming, which might contribute to growth stimulation of some plant

species while simultaneously leading to greater N losses from treeline ecosystems and possibly other cold biomes.
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Introduction

Nitrogen (N) is considered a key nutrient limiting plant

productivity in terrestrial ecosystems at the global level

(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 ongoing climate

warming may accelerate these processes and thereby

alter ecosystem N cycling (meta-analyses by Rustad

et al., 2001; Bai et al., 2013). Warming-induced changes

in ecosystem N dynamics may be especially pro-

nounced and have clear consequences in cold regions,

such as high elevations and high latitudes, where soils

are usually poor in N and recycling from organic mat-

ter is slow compared to low-elevation ecosystems in

temperate regions (Chapin et al., 1995; Kammer et al.,

2009).

In natural ecosystems, including many in alpine and

(sub)arctic regions, where atmospheric N deposition

and biological N fixation are relatively low, dissolved

organic nitrogen (DON) typically represents a large

portion of the total soluble soil N pool (Hedin et al.,

1995). As a component of dissolved organic matter,

DON is largely composed of recalcitrant compounds

that are not readily accessible to plants and micro-

organisms, and substantial leaching of DON has been

reported even in situations of high N demand (Hedin

et al., 1995; Hagedorn et al., 2008). However, a small

fraction (low molecular weight DON) is bioavailable

(Hedin et al., 1995; Neff et al., 2003), and it has been

shown repeatedly that some plants take up N in the

form of amino acids and even short-chain peptides

without relying on microbial mineralization (Lipson &

Monson, 1998; N€asholm et al., 1998; Hill et al., 2011). In
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principle, enhanced organic matter turnover in warmed

soils (Hagedorn et al., 2010) induces increased produc-

tion and fluxes of DON. However, experimental warm-

ing studies typically focus on inorganic N forms and, to

our knowledge, only extractable organic N and leach-

ing of low molecular weight DON have been assessed

in this context (Weedon et al., 2012; Zamin et al., 2014).

Accelerated mineralization of soil N pools and

enhanced DON production with higher temperatures

could lead to an increase in plant-available N in the soil

and potentially to greater plant N uptake. In turn,

increased N availability could contribute to enhanced

growth of some plant species, resulting in enhanced

productivity, but also to altered competitive interac-

tions and community composition (Chapin et al., 1995).

Shifts in plant N status under experimental warming

have typically been demonstrated by increased leaf N

concentrations (e.g. Welker et al., 2005; Dijkstra et al.,

2010; Butler et al., 2012). Such changes in foliar N con-

centrations are important because they can impact pho-

tosynthetic rates and thus primary production (Reich

et al., 1995), herbivore forage quality (Bryant et al.,

1983), and decomposition rates of leaf litter and soil

organic matter (SOM) (Berg & McClaugherty, 2014), all

of which can ultimately feed back to rates and path-

ways of N and carbon (C) cycling. However, increased

plant N uptake is not necessarily expressed as greater

leaf N concentrations because additional N may be

invested into growth and development of new tissues,

yielding the same or even lower N concentrations but

an overall greater quantity of N per plant (Chapin et al.,

1995).

The stable isotope composition of N in plant tissues

is less influenced by plant growth than N concentra-

tion, and shifts in d
15N can indicate an altered soil N

availability and N uptake pathway by plants even with-

out changes in N concentrations. d15N values generally

increase with an opening of the ecosystem N cycle,

defined as an increase in net N inputs and losses rela-

tive to internal N cycling, due to weaker microbial N

immobilization, a larger and less 15N-depleted pool of

plant-available N in the soil, and a smaller proportion

of plant N uptake through mycorrhizal associations

(Garten & Van Miegroet, 1994; Hobbie & Colpaert,

2003; Hobbie & H€ogberg, 2012). Shifts in this direction

are expected to occur with higher soil temperatures,

and the natural abundance of 15N in plant and soil

material has in fact been observed to correlate posi-

tively with mean annual temperature on a global scale

(Amundson et al., 2003; Craine et al., 2009). However,

investigations of foliar natural 15N abundance have

rarely been applied to experimental warming studies.

In a subarctic bog, passive springtime warming using

open-top chambers (soil temperature +1 °C) led to a

greater 15N abundance in Andromeda polifolia leaves,

possibly indicating an increased use of (less 15N

depleted) inorganic N sources due to increased soil N

mineralization rates (Aerts et al., 2009). However, no

such change was observed with spring or summer

warming for any other plant species in the same

study, suggesting species-specific responses to climate

manipulations.

Most knowledge about N dynamics in the context of

climate warming comes from low-elevation systems,

and temperature manipulation experiments in cold

ecosystems have mainly been represented by (sub)arc-

tic studies (see references in Rustad et al., 2001; Bai

et al., 2013). Compared with arctic ecosystems, temper-

ate alpine environments experience contrasting day–

night solar radiation during summer, yielding greater

diurnal temperature fluctuations, and generally receive

more precipitation (K€orner, 2003), differences that

could lead to divergent biogeochemical responses to cli-

mate warming in these two cold ecosystem types.

Therefore, it is unclear how N dynamics in high-eleva-

tion ecosystems will respond to higher temperatures,

and predicting such changes is especially difficult

because little is known about N cycling and partition-

ing within the plant–soil system in alpine areas in gen-

eral (K€orner, 2003).

Understanding changes in N cycling at the alpine

treeline in particular is highly relevant in the face of cli-

mate change because enhanced growth of existing trees

and an upward shift of the treeline are expected with

climate warming in many regions (Harsch et al., 2009).

An increase in the presence and growth of trees at high

elevations could enhance the total plant N pool size, as

trees have the potential to store more N (and C) than

low-stature alpine vegetation, while simultaneously

reducing N turnover rates due to the incorporation of

N into the biomass of long-lived trees. In addition, low

nutrient availability has been linked to low rates of

photosynthesis and growth of trees at the alpine tree-

line in Alaska (McNown & Sullivan, 2013; Sullivan

et al., 2014). Warming-induced greater N availability

could therefore stimulate the growth of some tree spe-

cies in certain treeline locations, even if nutrient limita-

tion is unlikely to be responsible for the global

phenomenon of a high-elevation limit to tree growth

(Birmann & K€orner, 2009; K€orner, 2012).

The Stillberg experiment located in the Swiss Alps is

a unique experimental warming study of a temperate

alpine treeline ecosystem featuring two key high-eleva-

tion tree species, Larix decidua and Pinus uncinata. In this

experiment, 6 years of soil warming resulted in spe-

cies-specific cumulative changes in plant above- and

below-ground biomass, with a 50% increase in total bio-

mass of Pinus trees exposed to warmed soils as the
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most pronounced response (Dawes et al., 2015). Larix

trees showed no biomass response to warming, and the

biomass of individual understorey species and func-

tional groups increased, decreased, or was unaffected

by the treatment (Dawes et al., 2015). In the study pre-

sented here, we aimed to understand how soil warming

influenced N dynamics across the plant–soil continuum

in this treeline ecosystem over several years of treat-

ment. Specifically, we measured concentrations of soil

inorganic N and dissolved organic nitrogen (DON) as

well as foliar N concentrations and d
15N in major plant

species throughout the entire experimental period,

and we calculated plant N pool sizes at the end of the

experiment.

We aimed to answer the following questions: (1) Did

soil warming alter N availability and How did this

response change over time? We expected to find

increased N concentrations in the soil and plants and

increased leaf d15N values in warmed plots. However,

we hypothesized that this response would decline over

time, due to an exhausted pool of available soil N and/

or a greater N demand by plant species that showed

warming-induced growth enhancement. (2) Did soil

warming increase DON concentrations in soil solution

from the main rooting zone? We hypothesized that

accelerated SOM turnover would lead to greater DON

production. (3) How is N distributed among different

plant species and functional groups growing at the

alpine treeline and How did soil warming affect plant

N pool sizes? We expected that plants with increased

biomass under warming would have an increased N

pool size, due to greater N demand associated with

enhanced growth, but that altered N concentrations

might modify warming effects.

Materials and methods

Site and experimental setup

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

Alps, Switzerland (9° 520 E, 46° 460 N, 2180 m a.s.l.) on a NE-

exposed 25–30° slope slightly above the current treeline in the

region (Barbeito et al., 2012). The site was situated within a 5-

ha long-term afforestation research area where tree seedlings

were planted into the intact dwarf shrub community in 1975

by the Swiss Federal Institute for Forest, Snow and Landscape

Research (WSL). From 1975 to 2012, the mean annual precipi-

tation was 1165 mm and the mean annual air temperature

was 2.1 °C. For the same period, the main growing season

months (June–August) had a mean precipitation of 444 mm

and a mean air temperature of 9.2 °C (Dawes et al., 2015). Soil

types 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). N deposition at Stillberg has not

been quantified, but high-elevation sites in the Swiss Alps

receive approximately 5–10 kg N ha�1 yr�1 (OFEV, 2005, Sch-

mitt 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 Larix decidua L. (European larch) individual in

the centre and 20 with a Pinus mugo ssp. uncinata Ramond

(mountain pine; referred to as Pinus uncinata elsewhere in this

paper) individual in the centre. These trees were c. 40 years

old in 2012 with average heights of 1.5 m (Pinus) and 2.6 m

(Larix). The trees were sparsely distributed, and a dense cover

of understorey vegetation dominated by ericaceous dwarf

shrubs 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 of these groups and assigned a warmed

soil treatment, yielding a balanced design with respect to soil-

warming treatment, plot tree species, and CO2 treatment

(which was applied in combination with soil warming in

2007–2009). 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 snow melt to early

August in 2012. We did not alter the amount of snow or the

timing of snow melt in the plots to isolate the effects of soil

temperature from snow conditions.

Soil warming increased the growing season mean soil tem-

perature at 5 cm depth by an average of 3.6 °C over the six

seasons of heating (Dawes et al., 2015). Increased air tempera-

tures 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). Warming had a slight drying

effect on the soil organic layer during the first 3 years of treat-

ment, but soil conditions remained very moist in all plots

throughout the experiment (Dawes et al., 2015).

Soil inorganic N and DON

Plant-available inorganic N concentrations in the soil were

measured at 0–5 cm soil depth in August 2004, 2007, and

2009–2012. In each plot, six soil cores with a diameter of 2 cm

were taken, and the bulked sample was extracted with 0.5 M

K2SO4. Soil extracts were analysed for NHþ

4 by colorimetry

using an automated flow injection analysis (FIAS-300; Perki-

nElmer Inc., Waltham, MA, USA) and for NO�

3 by ion chro-

matography (DX-120; Dionex, Sunnyvale, CA, USA). We

converted extractable inorganic N concentrations to pool sizes

(g m�2) using soil bulk density measurements. N concentra-

tions in soil solutions from the main rooting zone were

assessed by sampling soil water at 3–7 cm soil depth approxi-

mately once per month during each vegetation period (2006–

2012), using two ceramic suction cups (SoilMoisture
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Equipment Corp., Santa Barbara, CA, USA) per plot and

applying a suction of 400 hPa overnight (Hagedorn et al.,

2008). Concentrations of total dissolved N (TDN) were mea-

sured with a TOC/TN analyzer (TOC-V, Shimadzu Corpora-

tion, Tokyo, Japan). Dissolved organic N (DON) was

calculated as the difference between TDN and inorganic N. To

understand the relative importance of DON leaching at the

site level, we multiplied DON concentrations in soil solutions

by water drainage estimates from the site to calculate rough

annual DON fluxes (methods provided in Note S1).

Ion-exchange resin bags

We used ion-exchange resin bags for an additional, more inte-

grated measure of plant-available N in the soil during the

early growing season period of the final treatment year, adapt-

ing methods used by Schleppi et al. (2012) and based on Giblin

et al. (1994). Nylon cloth bags (1 9 9 cm) with a 0.3-mm mesh

size were filled with approximately 3.5 g resin each. The resin

mixture was half cation exchanger (Dowex HCR-W2 (H+), 16–

40 mesh) and half anion exchanger (Dowex 1 9 4 (Cl�), 20–50

mesh; Sigma-Aldrich, Buchs, Switzerland). Immediately after

snow melt, four to five resin bags were inserted vertically into

the organic layer in each plot (reaching 10 cm depth) in posi-

tions evenly distributed around the tree stem base. The resin

bags were removed after 2 months of incubation, rinsed with

deionized water, and frozen until 1 day before lab processing.

Resins from each plot were thawed and extracted by shaking

them for 24 h with 100 mL 1 M KCl. The extracts were anal-

ysed for NO�

3 using the UV absorption method (Norman &

Stucki, 1981) but with CuSO4-coated zinc granules as a reduc-

ing agent (Schleppi et al., 2012). NHþ

4 concentrations were

measured by flow injection analysis (FIA). We measured the

dry mass of the resin material from all bags in each plot to

account for differences in resin amounts between plots and

expressed NO�

3 and NHþ

4 concentrations as mg per 5 g resin.

Plant N concentrations, d15N and N pools

In early August of each year of soil warming (2007–2012) and

in the prewarming year 2006, we sampled tree needles and

leaves of the two Vaccinium species for chemical analyses. To

minimize the effects of different light conditions, tree needles

were systematically sampled from different tree heights and

sides and dwarf shrub leaves were collected from throughout

the entire plot area. A 15N-tracer study conducted in 2012

meant that natural abundance 15N values were not available

for that year, whereas N concentrations were not affected by

this small N addition (<0.001 mol N m�2).

A complete harvest of the experimental plots in early

August 2012 provided material for measuring the N concentra-

tion of various plant compartments in addition to leaves (see

Dawes et al., 2015 for details of the harvest): tree wood from

the stem and coarse roots (pooled samples for the prewarming

period 2001–2006 and for the warming period 2007–2012); tree

bark from the stem; current-year shoots from the trees, V. myr-

tillus and V. gaultherioides; E. hermaphroditum current-year

shoots including leaves; above-ground material of grass and

forb functional groups (with samples representative of the

composition of individual species in a given plot); mosses and

lichens; and fine roots extracted from soil cores from 0 to 10 cm

depth (<2 mm diameter, bulked for all species).

In preparation for chemical analyses, all samples were dried

at 60 °C until a stable dry mass was achieved, weighed, and

ground to a fine powder. N concentration (per dry mass) and

stable isotopic composition (d15N) were measured using an auto-

mated elemental analyser–continuous flow isotope ratio mass

spectrometer [Euro EA 3000, HEKAtech, Germany, interfaced

with a Delta-S (Thermo Finnigan, Bremen, Germany)]. The delta

(d) notation used to express the N isotopic composition repre-

sented the ratio (in&) relative to atmospheric N2. N concentra-

tion results can be sensitive to the metric used if changes in leaf

volume or density occur (Birmann & K€orner, 2009), but we did

not observe consistent or sustained warming-induced changes

in leaf mass or morphology for the trees (M. Dawes, unpub-

lished data) or Vaccinium species (Dawes et al., 2011).

We calculated the N pool size (g N m�2) of different plant

tissues, species, and functional groups by multiplying the bio-

mass of each category (Dawes et al., 2015) by the N concentra-

tion measured in representative samples from each category.

Calculations for the N pool size of different plant compart-

ments are given in detail in Note S2.

Statistical analysis

We assessed treatment effects on plant and soil variables with

linear mixed-effects models fitted with restricted maximum

likelihood (REML). The random effects structure of all statisti-

cal models reflected the experimental design, where individ-

ual plots (each containing one tree) were nested within 20 soil-

warming treatment subgroups nested within the 10 groups

determined when the experiment was originally set up. For

variables measured only once in the final treatment year (N in

resins, plant N concentrations, plant N pool sizes), we

included soil-warming treatment (control or warmed), plot

tree species (Larix or Pinus), and the interaction between these

variables as fixed effects in statistical models and tested for

significance using Type I conditional F tests (Pinheiro & Bates,

2000). For variables measured repeatedly (soil inorganic N

pool size, DON, leaf N concentrations, leaf d15N values), we

included treatment year (categorical) and all 2- and 3-way

interactions with year as additional fixed effects. Preliminary

analyses indicated no detectable effects of elevated CO2 (ap-

plied 2001–2009) and no CO2 9 warming interactive effects

on any measured variable, consistent with previous findings

that CO2 enrichment had very little effect on N dynamics in

this treeline ecosystem (Dawes et al., 2011, 2013). Therefore,

we pooled across plots treated with ambient and elevated CO2

for all analyses in this study.

Prewarming data were available for each variable with

repeated measurements and were included as a covariate in the

respective statistical models. Likewise, prewarming (formed in

2001–2006) tree stem wood N concentration was used as a

covariate for N concentration of newer wood (2007–2012) in the

stem and coarse roots. To account for prewarming differences

in tree size that would influence biomass and therefore N pool
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size, we included tree basal area after the 2006 growing season,

immediately before the soil-warming treatment was initiated,

as a covariate in models for tree and total plant N pool size.

Similarly, we included cover estimates of understorey species

and plant functional groups assessed in the prewarming year

2005 as a covariate in analyses of these N pools (see Dawes

et al., 2015 for details of these covariates). The N pool size of

tree stem wood from 2001 to 2006 was used as a covariate in

analyses of stem and root wood N pools. No covariate was used

for the N pool size of fine roots because prewarming fine root

mass was not correlated with N pool size and there were no

prewarming differences in mass (Dawes et al., 2015). Covariates

were statistically significant in all analyses (P < 0.05).

For all statistical analyses, we log-transformed (for N con-

centrations) or square-root-transformed (for N pool sizes)

response variables where necessary to meet assumptions of

normality and homoscedasticity of the residuals. In cases

where the residual variance differed between plots with Larix

and Pinus or between years, we including a variance structure

(VarIdent) that permits different variances for individual

levels within a grouping factor (Pinheiro et al., 2008). In addi-

tion, we applied a residual autocorrelation structure (corAR1)

to account for violation of independence of residuals from

repeated measurements on a given plot (Pinheiro et al., 2008).

We considered fixed effects significant at P < 0.05. Due to rela-

tively low replication and therefore statistical power, we addi-

tionally 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

Inorganic N in soil extracts

The soil NHþ

4 pool size estimated from soil extract con-

centrations increased in warmed plots relative to pre-

warming values (+63% pooled across all years and

across plot tree species; F1,9 = 5.72, P = 0.040), but this

response varied over the 6 years of treatment and was

smallest in the final 2 years (warming 9 year interac-

tion: F4,141 = 2.45, P = 0.049; Fig. 1). The NHþ

4 pool size

varied among years in general (F4,141 = 5.55, P < 0.001)

and was lower in plots with Pinus than in plots with

Larix (�23% pooled across all years and across warming

treatments; F1,17 = 7.32, P = 0.015; Fig. 1). No 2- or 3-way

interactive effects involving tree species were significant,

although warming-induced increases in NHþ

4 pool size

tended to be more sustained in plots with Larix (Fig. 1).

Concentrations of K2SO4-extractable NO�

3 remained

below the detection limit (0.008 mg N L�1) in all years.

Ion-exchange resins yielded NHþ

4 concentrations that

were positively correlated with NHþ

4 in extracts from soil

cores sampled in the same year (R2
= 0.22, P = 0.003).

Resins in warmed plots had a marginally significantly

greater concentration of NHþ

4 than those in control plots

(+21% pooled across plot tree species; F1,9 = 4.63,

P = 0.060), whereas plot tree species and warming 9 tree

species interactive effects were not significant (Fig. 2).

NO�

3 concentrations in resins did not differ between

warming treatments, irrespective of plot tree species, but

were significantly lower in plots with Pinus than in plots

with Larix (F1,13 = 7.49, P = 0.017; Fig. 2). The NO�

3 :NHþ

4

ratio in resins was not affected by soil warming, again

irrespective of plot tree species, but was higher in plots

with Larix (1.06 � 0.07, mean � 1SE) than in plots with

Pinus (0.84 � 0.07; F1,13 = 5.26, P = 0.039).

N in soil solution

In soil solution in the organic layer (5 cm depth), DON

was the dominant N form, whereas NHþ

4 and NO�

3 con-

centrations were always below the detection limit

Fig. 1 K2SO4-extractable NHþ

4 pool size in the soil, measured in 2004, 2007, and 2009–2012. Mean values for control (open symbols)

and warmed (filled symbols) treatment groups in plots with a Larix (left) or Pinus (right) tree are shown, �1 SE (n = 10). The shaded

area indicates years before soil warming started.
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(0.012 mg N L�1 for NHþ

4 ; 0.008 mg N L�1 for NO�

3 ).

Concentrations of DON were not initially affected by

soil warming, but concentrations increased in warmed

plots relative to prewarming values in the last 4 years

of treatment, irrespective of plot tree species, with a

maximum effect size of +45% occurring in 2012 (warm-

ing 9 year interaction: F5, 711 = 3.71, P = 0.003; Fig. 3).

Plots with Pinus had lower DON concentrations than

plots with Larix (F1,17 = 4.75, P = 0.044), although this

difference varied among years (tree species 9 year

interaction: F5,711 = 2.29, P = 0.044; Fig. 3). In general,

DON concentrations varied significantly among the

years of treatment (F5,711 = 10.76, P < 0.001; Fig. 3).

Site-level estimates of annual DON fluxes from the

organic layer for 2006–2012 (calculated using DON con-

centrations in all 40 plots) ranged from 5 to

9 kg N ha�1 yr�1.

Foliar N concentrations and d
15N values throughout

6 years of warming

Accounting for prewarming differences, N concentra-

tions in tree needles did not show a significant effect

of soil warming, whereas there was a clear difference

between N concentrations of Larix and Pinus

needles (F1,14 = 16.44, P = 0.001; Fig. 4a, b). Vaccinium

myrtillus foliar N concentrations were slightly higher

in warmed plots relative to pretreatment values,

but mainly in the initial years of warming (warm-

ing 9 year interaction: F5,180 = 2.67, P = 0.024;

Fig. 4c, d), whereas warming was not significant as a

main effect or in interaction with year for V. gaultheri-

oides (Fig. 4e, f). For both Vaccinium species, foliar N

concentrations were slightly greater in plots with Larix

than in plots with Pinus (P < 0.10; Fig. 4c–f), irrespec-

tive of warming treatment, although, for V. gaultheri-

oides, this difference mostly occurred in early years of

the study (plot tree species 9 year interaction:

F5,172 = 2.46, P = 0.035; Fig. 4e, f). For the trees and for

both Vaccinium species, foliar N concentrations varied

significantly among the years of treatment (P < 0.001;

Fig. 4), whereas warming 9 plot tree species and

warming 9 plot tree species 9 year interactive effects

were never significant.

Fig. 2 Nitrogen (NHþ

4 = grey bars, NO�

3 = white bars) collected

in ion-exchange resins incubated in plot soils during 2012, the

sixth year of the soil-warming experiment. Mean values for

plots with different soil-warming treatments (control, warmed)

and tree species (Larix, Pinus) are shown, �1 SE for each N form

(n = 10).

Fig. 3 Concentrations of dissolved organic nitrogen (DON) in soil solution, measured during each summer of the experiment. For the

figure, the seasonal average DON of each plot was first calculated for each year (2–6 sampling events), and mean values for control

(open symbols) and warmed (filled symbols) treatment groups in plots with a Larix (left) or Pinus (right) tree are shown, �1 SE

(n = 10). The shaded area indicates prewarming values from 2006.
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Tree needle d
15N values showed a warming-induced

increase relative to pretreatment values (F1,9 = 8.69,

P = 0.016), a response that appeared to be driven

mainly by Pinus even though there was no significant

warming 9 tree species interaction (Fig. 5a, b). V. myr-

tillus leaf d15N values also increased with soil warming

(F1,9 = 9.39, P = 0.014), irrespective of plot tree species,

and V. gaultherioides leaf d15N values showed the same

pattern, although mainly in plots with Pinus (margin-

ally significant warming 9 plot tree species interaction:

F1,17 = 4.16, P = 0.057). For the trees and for both Vac-

cinium species, the warming response varied among

years and tended to be more pronounced near the end

of the experiment (warming 9 year interaction: trees:

F4,132 = 3.50, P = 0.009; V. myrtillus: F4,144 = 3.33,

P = 0.012; V. gaultherioides: F4,141 = 4.59, P = 0.002;

Fig. 5a–f). d15N values of Pinus needles were lower than

those of Larix needles (F1,14 = 18.38, P < 0.001;

Fig. 5a, b). Likewise, V. myrtillus leaf d
15N values

tended to be lower in plots with Pinus than in plots

with Larix, but this difference was not apparent in all

years (plot tree species 9 year interaction: F4,144 = 2.60,

P = 0.039; Fig. 5c, d). In contrast, V. gaultherioides leaf

d
15N values were similar in plots with the different

tree species (Fig. 5e, f). d
15N values varied signifi-

cantly among years of the experiment for the tree spe-

cies (F4,132 = 7.07, P < 0.001), V. myrtillus (F4,144 = 9.20,

P = 0.014), and V. gaultherioides (F4,141 = 9.69, P <

0.001; Fig. 5). Warming 9 plot tree species 9 year

interactive effects were not significant in any foliar

d
15N analysis.

Plant N concentrations and N pools after 6 years of soil
warming

After 6 years of soil warming, plant N concentrations

at the individual plant tissue, species, or functional

group level showed species-specific but overall small

effects of the treatment (Table 1; see also leaf results

above and in Fig. 4). Irrespective of plot tree species,

no significant warming effect on N concentration was

found for any tree compartment (stem wood and

coarse root wood, stem bark and current-year woody

shoots), V. gaultherioides current-year shoots, and

Fig. 4 Foliar N concentrations for Larix decidua, Pinus uncinata, Vaccinium myrtillus and Vaccinium gaultherioides, sampled in early

August in 2006–2012. For 2012, values from the final harvest are shown. Mean values for control (open symbols) and warmed (filled

symbols) treatment groups in plots with a Larix (left) or Pinus (right) tree are shown, �1 SE (n = 10 for dwarf shrubs, n = 10 for Larix,

n = 8–9 for Pinus). The shaded area indicates prewarming values from 2006.
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E. hermaphroditum current-year shoots including leaves,

forbs, or nonvascular plants (mosses and lichens;

Table 1). For grasses, there was a positive warming

effect on N concentration in plots with Larix but not

Pinus (warming 9 tree species interaction; Table 1).

Fine roots had an increased N concentration in warmed

plots, both under Larix and under Pinus trees (Table 1).

Vaccinium myrtillus current-year shoots represented the

only plant compartment where warming was associated

with a reduced N concentration (Table 1). N concentra-

tions were higher for Pinus than for Larix in stem bark

and wood in the stem and coarse roots (Table 1), in con-

trast to species differences found for needles (see multi-

year analysis and Fig. 4e, f). Plot tree species identity

influenced the N concentration in V. myrtillus current-

year shoots, fine roots, and grasses, where values were

always higher in plots with Larix than in plots with

Pinus (Table 1). All other understorey plant compart-

ments showed no detectable difference between plots

with the different tree species (Table 1).

At the end of the experiment, the estimated total

plant N pool size was enhanced by warming in plots

with Pinus (control = 25 � 2 g N m�2, warmed =

29 � 2 g N m�2), whereas there was no such warm-

ing effect in plots with Larix (control = 26 � 2 g

N m�2, warmed = 24 � 2 g N m�2; representing a

marginally significant warming 9 plot tree species

interaction: F1,14 = 3.11, P = 0.099). This overall find-

ing was due to responses of the trees, which con-

tained the vast majority of total plant N (Fig. 6a, b).

A warming 9 tree species interactive effect represent-

ing a positive warming effect on the N pool size for

Pinus trees and no effect on Larix trees occurred for:

tree needles (F1,14 = 5.23, P = 0.038), current-year

shoots (F1,14 = 7.15, P = 0.018), stem wood (margin-

ally significant; F1,14 = 3.62, P = 0.078), coarse root

wood (marginally significant; F1,14 = 3.21, P = 0.095),

and total tree N (which additionally included pre-

warming wood and estimated values for bark and

small woody branches; F1,14 = 4.91, P = 0.044;

Fig. 6a, b). For both control and warmed treatment

groups, the N pool size of stem wood was larger (ac-

counting for prewarming pool sizes) in Larix trees

compared with Pinus trees (F1,14 = 5.03, P = 0.042),

Fig. 5 Foliar natural abundance d15N values for Larix decidua, Pinus uncinata, Vaccinium myrtillus, and Vaccinium gaultherioides, sampled

in early August in 2006–2011. Mean values for control (open symbols) and warmed (filled symbols) treatment groups in plots with a

Larix (left) or Pinus (right) tree are shown, �1 SE (n = 10 for dwarf shrubs, n = 10 for Larix, n = 8–9 for Pinus). The shaded area indicates

prewarming values from 2006.
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whereas N pool sizes of other tree compartments and

total tree estimates did not differ significantly

between species.

Presented in descending order of N pool size after

the trees, fine roots (<2 mm in diameter, 0–10 cm

depth) showed a reduction in warmed plots,

Table 1 Nitrogen concentrations of plant compartments measured in 2012, expressed as a percentage of dry mass

Plant compartment Warming treatment

N concentration (%)

Mean � 1 SE (n)

N concentration (%)

Mean � 1 SE (n)

Fixed effect df F PPlots with Larix Plots with Pinus

Tree old needles Control – (0) 1.25 0.03 (7) Warming 1, 5 0.92 0.382

Warmed – (0) 1.21 0.03 (9)

Tree new shoots Control 1.22 � 0.04 (10) 1.22 � 0.04 (9) Warming 1, 9 2.98 0.118

Warmed 1.37 � 0.04 (10) 1.22 � 0.05 (9) Tree species 1, 16 3.08 0.099

Warming 9 Tree 1, 16 3.02 0.102

Tree stem bark Control 0.38 � 0.03 (6) 0.49 � 0.10 (4) Warming 1, 5 0.92 0.382

Warmed 0.31 � 0.01 (6) 0.45 � 0.03 (6) Tree species 1, 8 11.05 0.011

Warming 9 Tree 1, 8 0.68 0.435

Tree stem wood Control 0.087 � 0.002 (10) 0.142 � 0.011 (8) Warming 1, 9 3.00 0.117

Years 2001–2006 Warmed 0.086 � 0.002 (10) 0.117 � 0.006 (9) Tree species 1, 15 81.46 <0.001

Warming 9 Tree 1, 15 4.42 0.053

Tree stem wood Control 0.120 � 0.003 (10) 0.182 � 0.015 (8) Warming 1, 9 0.32 0.588

Years 2007–2012 Warmed 0.119 � 0.006 (10) 0.168 � 0.010 (9) Tree species 1, 15 55.98 <0.001

Warming 9 Tree 1, 15 0.33 0.577

Tree root wood Control 0.105 � 0.003 (3) 0.085 (1) Warming 1, 2 <0.01 0.997

Years 2001–2006 Warmed 0.098 � 0.015 (3) 0.106 � 0.009 (2) Tree species 1, 2 0.02 0.896

Tree root wood Control 0.115 � 0.007 (10) 0.177 � 0.013 (8) Warming 1, 9 2.51 0.148

Years 2007–2012 Warmed 0.115 � 0.009 (10) 0.137 � 0.009 (9) Tree species 1, 15 19.45 <0.001

Warming 9 Tree 1, 15 2.90 0.109

Vaccinium myrtillus Control 1.43 � 0.06 (10) 1.34 � 0.03 (10) Warming 1, 9 11.62 0.008

New shoots Warmed 1.28 � 0.03 (10) 1.20 � 0.02 (10) Tree species 1, 18 8.41 0.010

Warming 9 Tree 1, 18 0.04 0.838

Vaccinium

gaultherioides

Control 1.24 � 0.03 (6) 1.22 � 0.04 (10) Warming 1, 9 2.67 0.137

New shoots Warmed 1.19 � 0.04 (9) 1.14 � 0.02 (10) Tree species 1, 13 1.00 0.335

Warming 9 Tree 1, 13 1.06 0.321

Empetrum

hermaphroditum

Control 1.54 � 0.11 (3) 1.54 � 0.07 (9) Warming 1, 7 0.74 0.417

Leaves and

new shoots

Warmed 1.51 � 0.05 (4) 1.47 � 0.04 (9) Tree species 1, 5 1.36 0.297

Warming 9 Tree 1, 5 0.06 0.813

Forbs Control 2.07 � 0.08 (10) 2.04 � 0.11 (10) Warming 1, 8 1.68 0.232

Warmed 2.19 � 0.17 (10) 2.31 � 0.13 (10) Tree species 1, 16 0.18 0.676

Warming 9 Tree 1, 16 1.53 0.234

Grasses Control 1.83 � 0.07 (10) 1.77 � 0.05 (10) Warming 1, 8 2.18 0.178

Warmed 1.97 � 0.06 (10) 1.80 � 0.08 (9) Tree species 1, 15 4.58 0.048

Warming 9 Tree 1, 15 3.66 0.075

Mosses Control 1.35 � 0.11 (4) 1.52 � 0.11 (6) Warming 1, 1 0.03 0.888

Warmed 1.29 (1) 1.49 � 0.06 (2) Tree species 1, 2 1.26 0.379

Lichens Control 0.81 � 0.12 (2) 0.71 � 0.03 (6) Warming 1, 2 1.04 0.415

Warmed 0.81 � 0.01 (2) 0.74 � 0.13 (3) Tree species 1, 2 0.20 0.702

Fine roots Control 0.95 � 0.04 (10) 0.81 � 0.03 (10) Warming 1, 9 7.42 0.024

Warmed 0.99 � 0.05 (10) 0.94 � 0.03 (10) Tree species 1, 18 10.09 0.005

Warming 9

Tree species

1, 18 2.43 0.136

Mean values �1 SE are given for each combination of warming treatment (control or warmed) and plot tree species (Larix or Pinus),

with n values given in parentheses. Foliar N concentrations in 2012 for the trees and for Vaccinium myrtillus and Vaccinium gaultheri-

oides are shown in Fig. 4. Results from linear mixed-effects models are shown at the right, where P < 0.05 are in bold and

0.05 ≤ P < 0.10 are italicized.
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irrespective of plot tree species (F1,9 = 8.37, P = 0.018;

Fig. 6c, d). Accounting for prewarming differences in

cover, V. myrtillus and V. gaultherioides (leaves and cur-

rent-year shoots) each constituted a significantly larger

N pool in warmed plots compared with control plots

(V. myrtillus: F1,9 = 6.24, P = 0.034; V. gaultherioides:

F1,9 = 9.73, P = 0.012; Fig. 6e, f). Warming led to a

reduced N pool size in grasses (F1,9 = 8.86, P = 0.016;

Fig. 6g, h), had no detectable effect on the N pool size

of forbs (Fig. 6i, j) or E. hermaphroditum (Fig. 6k, l), and

had a negative effect on the nonvascular plant N pool

size (F1,9 = 7.89, P = 0.020; Fig. 6m, n). The N pool size

of all three major dwarf shrub species was larger in

plots with Pinus than in plots with Larix (V. myrtillus:

F1,17 = 10.62, P = 0.005; V. gaultherioides: F1,17 = 6.80,

P = 0.018; E. hermaphroditum: F1,17 = 3.03, P = 0.099),

whereas that of fine roots, grasses, forbs, and nonvascu-

lar plants did not differ between plots with different

tree species. For all understorey above-ground vegeta-

tion, warming effects on N pool sizes were not influ-

enced by plot tree species.

Discussion

Six years of soil warming at the alpine treeline

increased N availability in the plant and soil system

(Fig. 7). In the soil, we observed considerable increases

in the NHþ

4 pool size in the first 4 years of warming (by

50–140%), although this effect was greatly reduced later

in the study (Fig. 1). Results from ion-exchange resins,

which act as an N sink and are therefore less affected

by microbial immobilization than N concentrations in

soil extracts, indicated that a slight warming-induced

increase in NHþ

4 availability persisted in the final year

of treatment (Fig. 2).

Previous investigations of microbial C use in this

soil-warming experiment provide insight into the ori-

gin of extra N in the soil NHþ

4 pool and potential mech-

anisms behind increased N availability. The free air

CO2 enrichment experiment conducted from 2001 to

2009 (see Methods) used CO2 depleted in 13C, and this

Fig. 6 N pool size expressed per unit of land area for different

plant contributions for each warming treatment (control or

warmed) and plot tree species (Larix or Pinus) combination

(n = 8–10). Panels have different scales for different N pools to

highlight treatment differences, and panels are presented in

order of largest to smallest N pool. The figure reflects statistical

analyses by showing model estimates (�1 SE) for a standard-

ized 2006 (prewarming treatment) tree stem basal area

(947 mm, mean of all trees) for tree and fine root N pools and

model estimates for a standardized vegetative cover value (%)

of each species or functional group in the prewarming year 2005

for understorey N pools. Significant (P < 0.05) fixed effects in

statistical models included: warming for fine roots, leaves and

current-year shoots of Vaccinium myrtillus (VM, grey bars) and

Vaccinium gaultherioides (VG, white bars), grasses, and nonvas-

cular (moss and lichen) species; plot tree species for V. myrtillus,

V. gaultherioides, and Empetrum hermaphroditum; and a warm-

ing 9 plot tree species interaction for the tree species.
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label has been traced to determine the age (before, dur-

ing, or after CO2 enrichment) of substrates used by soil

micro-organisms. CO2 efflux measured in the field and

in a controlled mineralization experiment of root-free

soils both showed a lower fraction of new C in soil-

respired CO2 from warmed soils and thus increased

metabolization of old SOM (Hagedorn et al., 2010; Streit

et al., 2014). Likewise, d13C shifts in phospholipid fatty

acids from the organic layer indicated that part of the

soil microbial community used a greater fraction of old

C in warmed than in unwarmed soils (Streit et al.,

2014). These previous findings suggest that the

increased N availability under soil warming observed

here resulted primarily from accelerated decomposition

and mineralization of relatively old SOM rather than

from recent plant-derived inputs. Increased rhizodepo-

sition associated with enhanced plant growth may have

additionally stimulated microbial activity (Kuzyakov

et al., 2000) and thus N mobilization. However, such

priming effects were probably small because (1) fine

root biomass declined considerably with warming

(Dawes et al., 2015), and (2) NHþ

4 and DON concentra-

tions (Figs 1–3) increased irrespective of plot tree spe-

cies despite the fact that only plots with Pinus showed a

positive plant biomass response to the treatment.

The transient nature of the warming response

observed in the inorganic N pool size might have

resulted from enhanced microbial N immobilization in

the soil. Tracer studies with 15N have indicated that a

considerable fraction of mineral N inputs becomes

incorporated into soil, including in high-elevation sys-

tems (Jaeger et al., 1999; Gerzabek et al., 2004; Providoli

et al., 2006), probably through effective N uptake by soil

microbial communities followed by transformation of

microbial residues into SOM (Providoli et al., 2006).

The declining response might alternatively have been

caused by a depletion of the SOM pool in warmer soils

(Shaw & Harte, 2001) and/or a downregulation of

microbial activity as soil microbes acclimated to the

experimental 4 °C step increase in soil temperatures

(Bradford et al., 2008). The soil CO2 efflux, in particular

the heterotrophic component, from our experimental

plots was greatly enhanced by soil warming (+30 to

+50%) and the magnitude of this response was sus-

tained throughout the experimental duration, due to

the thick organic layer storing large amounts of labile

SOM (Streit et al., 2014; F. Hagedorn, more recent

unpublished data). Therefore, it is unlikely that these

processes played a major role in our findings. Nonethe-

less, we expect that such changes will occur eventually

in our system and with real-life gradual climate warm-

ing, which would limit increases in N availability for

plants. Finally, low soil moisture associated with warm-

ing was proposed as one explanation for a transient N

mineralization response in a dry subalpine steppe

ecosystem (Shaw & Harte, 2001), but the very moist soil

conditions and frequent summer rainfall at our treeline

site (Dawes et al., 2015) imply that this was not the case

in our study.

We are not aware of other warming studies from

temperate high-elevation locations that included mea-

surements of inorganic soil N pool sizes directly com-

parable to our findings. At high latitudes, a greenhouse

experiment (+2 °C in the soil) in the tussock tundra in

Alaska revealed increased NHþ

4 concentrations by

≥50% in soil extracts and resin bags after 9 years of

warming, indicating a longer-term increase in soil inor-

ganic N pool size (Chapin et al., 1995). On the other

hand, mid-summer inorganic and organic N concentra-

tions in soil extracts in a mesic birch hummock tundra

in the Canadian Low Arctic were not altered by green-

house warming (+2 °C in the soil) when measured after

8 years of treatment (Zamin et al., 2014). These studies

included measurements from only one season, and it is

therefore possible that relative declines in the warming

response occurred over time, as observed in our study,

in both Arctic experiments. Similar to our results, data

from in situ soil core incubations, which exclude inter-

actions with roots including plant nutrient uptake, in a

subarctic dwarf shrub heath showed a doubling of net

N mineralization in the second year of soil warming

(+5 °C with buried heating cables) that disappeared by

the fifth year (Hartley et al., 1999), and the authors pro-

posed that this temporal decline in the response was

due to greater microbial N immobilization and/or

enhanced plant N uptake.
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Fig. 7 Conceptual diagram showing changes in treeline N

dynamics in response to soil warming and how effects varied

over time. The observed warming effects observed in the plant

and soil system correspond to an opening of the N cycle.
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In contrast to soil inorganic N, DON concentrations

increased under warming in our study and the response

became more pronounced in later years (Fig. 3). This

finding provides further support that increased N uti-

lization, that is, enhanced microbial immobilization and

plant uptake (discussed below), not a depletion of

SOM, was responsible for the declining signal in the soil

inorganic N pool size. Similar to our findings, the net

production of extractable organic N in soil incubation

cores during the summer season in a subarctic Sphag-

num bog was an order of magnitude greater than that of

inorganic N and was approximately doubled by sum-

mer warming (Weedon et al., 2012). In our study, the

increased DON concentration in soil solution was prob-

ably caused by accelerated SOM transformations at

higher temperatures, as observed previously for dis-

solved organic carbon (M€uller et al., 2009).

It is possible that increased DON at our treeline site

contributed directly to greater N uptake by plant spe-

cies known to take up low molecular weight DON com-

pounds (Lipson & Monson, 1998). However, in an

altitudinal gradient study of Swiss peatlands, Gavazov

et al. (2016) demonstrated that soils at lower elevations

with a comparatively high ratio of exchangeable

organic N (compounds that are typically depleted in
15N) to inorganic N were associated with lower foliar

d
15N values in ericaceous dwarf shrubs and grami-

noids. As we observed the opposite pattern with warm-

ing, a slight but consistent enrichment in 15N for

different plant species (Fig. 5), it seems that plants did

not benefit directly from enhanced DON concentra-

tions. Instead, almost all additional DON in warmed

plots was probably leached from the rooting zone. The

estimated annual DON flux at our treeline site corre-

sponds to fluxes from the organic layer in temperate

forest ecosystems (Michalzik et al., 2001) and roughly

equals N deposition in high-elevation regions of the

Alps (5–10 kg ha�1 yr�1; OFEV, 2005). Therefore, a

small but persistent leak of DON from the rooting zone

in the face of higher soil temperatures expected for the

future could eventually lead to a marked reduction in

the accumulation of N in the ecosystem, which could in

turn have a negative impact on productivity (Neff et al.,

2003).

Our interpretation of a persistent increase in N avail-

ability but greater consumption of N is further sup-

ported by the sustained increases in foliar natural

abundance d
15N values by c. 1& (Fig. 5). Plant d

15N

values have been shown to be higher (more enriched in
15N) by <1 to 2.5& under conditions of enhanced N

availability, due to a decrease in the proportion of N

acquired by plants that is supplied by mycorrhizae

(Hobbie & Colpaert, 2003; review by Hobbie &

H€ogberg, 2012). Changes in plant d
15N values can

alternatively be caused by an enrichment of 15N in the

soil, for example due to loss of isotopically light N

through nitrification and subsequent NO�

3 leaching or

denitrification (H€ogberg & Johannisson, 1993; Schleppi

et al., 2012). However, we were unable to extract any

NO�

3 from the soil and NO�

3 concentrations in soil solu-

tions were always below the detection limit, suggesting

that there was no potential for leaching losses at our

treeline site. In addition, the ratio of NO�

3 to NHþ

4 in

resins was not affected by warming, so it is unlikely

that the shifts in plant leaf d15N we observed were due

to N losses from soil.

Our results from fine roots support the interpretation

that a shift in leaf d15N values represents enhanced N

availability: despite greater fine root N concentrations

(Table 1), the fine root N pool was reduced under warm-

ing (by c. 30%) as a result of lower fine root biomass

(Fig. 6). Less fine root biomass under warming suggests

a reduced investment by plants into nutrient acquisition

as a result of a greater nutrient supply. Similar to our

findings, root biomass decreased and root N concentra-

tions increased after 6 years of soil warming in a temper-

ate deciduous forest, and the authors linked this change

to enhanced N mineralization rates (Zhou et al., 2011).

Warming effects on N concentrations in plant tissues

were generally slight and transient (Fig. 4 and Table 1),

indicating that changes in plant N uptake under warm-

ing primarily reflected growth and cumulative biomass

responses. A slightly reduced N concentration of

V. myrtillus shoots (Table 1), which responded to soil

warming with considerable growth enhancement (Ana-

don-Rosell et al., 2014), suggests that N dilution

occurred in this case. On the other hand, the increased

N concentrations in grasses in warmed plots (Table 1)

may reflect their limited potential to invest more N into

biomass, due to the annual die-off of above-ground

structures. Overall, variability in N concentration

across different plant compartments, species, and func-

tional groups and between plants growing in plots with

Larix and plots with Pinus were greater than warming-

induced changes (Table 1). Similarly, experimental

warming had little to no effect on foliar N concentra-

tions of Vaccinium and Empetrum species in two multi-

year warming experiments in the subarctic, and effects

were small compared with interspecific differences

(Hartley et al., 1999; Aerts et al., 2009). Findings from

these studies, including our own, suggest that changes

in species composition will ultimately have a more pro-

found effect on N cycling than direct warming effects

on the N economy of existing treeline vegetation.

Nonetheless, increases in foliar N concentrations with

warming reported for some species and study sites

(Welker et al., 2005; Dijkstra et al., 2010; Butler et al.,

2012) may contribute to changes in N dynamics.
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Whereas warming-induced changes in plant N con-

centrations were slight or lacking, the N pool sizes of

plant species and functional groups experienced large

changes in some cases, primarily due to cumulative

biomass responses after 6 years of treatment (Dawes

et al., 2015). The enhanced N pool sizes of Pinus (+55%)

and the Vaccinium species (+50%) and the reduced N

pool sizes of grasses (�54%) and moss and lichen spe-

cies (�90%) could have important implications for

future N cycling in treeline ecosystems, as it means that

more N might be bound in long-lived, woody species

instead of in herbaceous species and nonvascular

plants. Similar to our results, a redistribution of N and

P from nonvascular to vascular plant pools was found

after 9 years of warming in Alaskan tussock tundra

(Chapin et al., 1995).

In a deciduous forest in New England, United States,

a persistent stimulation of N mineralization with war-

mer soils (+5 °C) over 7 years led to enhanced tree

growth, and the authors proposed that the greater C

storage in trees may offset increased respiratory C

losses from warmer soils (Melillo et al., 2011; Butler

et al., 2012). In our study, greater N availability might

have contributed to enhanced biomass production of

Pinus and the Vaccinium species, but disentangling such

indirect mechanisms from direct effects of increased

soil temperatures on plant growth was not possible

given our experimental set-up. For Pinus, which

showed the largest warming-induced increase in N

pool size in absolute terms (+7.3 g N m�2), below-

ground growth (coarse roots) was enhanced more than

above-ground growth by warming (Dawes et al., 2015).

Therefore, we suspect that growth of this species was

directly stimulated by warmer soil rather than by

greater N availability, supporting the theory that low

sink strength (growth processes) rather than the supply

of C or N is usually the primary factor limiting tree

growth at the high-elevation treeline (K€orner, 2012).

Nonetheless, an increased supply of N may have

helped to sustain the positive growth response to

warming observed for some species at the treeline. Our

warming treatment only increased soil temperatures

and air temperatures near the ground surface, that is,

within the understorey plant layer. Pinus trees might

show a larger above-ground growth response, and Larix

might also experience enhanced growth, during

real-life climate warming (Dawes et al., 2015). Such

additional biomass responses would probably lead to

further increases in tree N demand and uptake but

might also intensify competition for N among plant

species or between plants and soil microbes.

Overall, our findings from 6 years of soil warming

suggest that rising temperatures predicted for future

decades will lead to a more open N cycle in alpine

treeline ecosystems. We observed improved N avail-

ability but also greater DON concentrations in soil solu-

tion, potentially yielding enhanced DON losses from

the main rooting zone (Fig. 7). Higher foliar d
15N val-

ues under warming throughout the entire study period

suggest that there was a persistent increase in plant-

available N, whereas soil inorganic and foliar N con-

centrations showed only a transient response, reflecting

greater N demand and uptake by some plant species

growing in warmer soils (Fig. 7). Finally, species-speci-

fic plant N uptake responses indicate that increased N

availability in warmer soils could contribute to growth

stimulation of some plant species and ultimately affect

community composition, which would in turn feed

back on ecosystem N cycling.
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Note S1.  Methods for estimating site-level annual DON fluxes. 

 

We estimated site-level annual DON fluxes (kg N ha
-1

y
-1

) from the organic layer (i.e. main rooting zone) for the 

years 2006-2012 as follows: For summer periods (without snow cover), we multiplied measured DON 

concentrations in soil solutions (mean of all plots, averaged for each year) by water drainage, calculated as 

precipitation (582-911 mm y
-1

; WSL climate station c. 100 m below site) minus evapotranspiration (300 mm y
-1

; 

upper limit of lysimeter measurements from the Dischma Valley (de Jong et al., 2002)). For the winter periods 

(with snow cover), we multiplied the DON concentration at 0°C (estimated from summer DON values assuming 

a Q10 of 2 (previously used to model DOC fluxes; Michalzik et al., 2003) by precipitation (456-711 mm y
-1

) and 

assumed no evapotranspiration. The annual DON flux was the sum of fluxes estimated for the two periods. 

Estimates of annual evapotranspiration and water drainage were within the range of modelled values reported 

for the same experimental site (Hagedorn et al., 2008). 
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Note S2. Methods for calculating plant nitrogen pool sizes. 

 

In general, we calculated the N pool size (g N m
-2

) of different plant tissues, species, and functional groups by 

multiplying the biomass of each category (detailed methods and results given in Dawes et al., 2015) by the N 

concentration measured in samples from each category. N pool estimates that involved more complicated 

calculations or considerations are described below. 

 

For measuring the N concentration in tree woody tissues, we sampled one stem disc and one coarse root disc, 

each <30 cm from the ground surface, from the previously harvested and oven-dried trees. Tree-rings formed 

in 2007-2012 (warming period) and 2001-2006 (pre-warming period) were sampled from the uphill (SW-facing) 

side of each disc, creating two 6-year pooled tree-ring samples per disc. Bark tissue (dead and living combined) 

was separated from the stem disc. Tree-ring and bark samples, as well as a subsample of current-year woody 

shoots (including bark) from each tree, were re-dried (70°C for 24 h) and milled to a fine powder prior to 

chemical analyses. Due to difficulty separating very narrow tree-rings and to the potentially very large number 

of samples, the N concentration was not measured in some compartments of some trees (n = 8-10 for stem 

tree-rings; n = 4-9 for 2007-2012 coarse root tree-rings; n = 1-3 for 2001-2006 coarse root tree-rings; n = 4-6 for 

stem bark). 

 

N concentrations were significantly higher in new (2007-2012) stem and root tree-rings than in older (2001-

2006) tree-rings, and we therefore distinguished between tree-rings from the two age categories for our 

calculations of tree N pool sizes. To do so, we first used ring-width measurements (Dawes et al., 2015) from 

several heights along each tree stem to calculate the stem volume (as stacked sections combining to create an 

overall cone shape) formed before and during the experiment and therefore the proportion of the stem 

volume formed in the 2007-2012 warming period (62% averaged over all larch trees and 55% averaged over all 

pine trees). We then multiplied the total tree stem mass by the stem volume proportion of new (2007-2012) or 

old (2006 and earlier) tree-rings by the measured N concentration of new (2007-2012) or old tree-rings (2001-

2006, assumed to be representative of all tree-rings formed in 2006 and earlier), respectively. These values 

were then summed to estimate the total N pool size of each tree stem. In addition, we used the above-ground 

stem volume ratio calculated for each tree to estimate the N pool size of coarse root tree-rings from the two 

different age categories. Consequently, we did not consider possible shifts in above-ground/below-ground 

biomass allocation over time. By using this approach, we also assumed that wood density was uniform and 

therefore stem volume could be used as a proxy for mass. Given the relatively small N pool size in tree-rings 

due to very low N concentrations (Fig. 6 and Table 1 in the main article), any error associated with these 

assumptions would not have had a considerable impact on the N pool size at the whole tree level. 

 

For estimating tree stem bark mass in order to calculate the N pool size of this compartment, we separated all 

bark from two stem discs per tree, one near the base and one near the top of the stem, and measured the dry 

mass of the wood and bark separately. For each tree, the mean percent bark of the two discs (mean 25% for all 

larch trees and 23% for all pine trees) was multiplied by the total stem mass to estimate stem bark mass and 

then multiplied by the measured bark N concentration to obtain the stem bark N pool size. The mass of tree 

branches >1 year old was available, but the N concentration of this tree compartment was not measured. We 

averaged the N concentrations of stem wood (formed in 2007-2012) and current-year shoots as an estimate of 

N concentration in these older branches in order to include this compartment in estimates of total tree N pool 

size. Trees had very few (or no) cones, and we did not include them in tree N pool size estimations. 

 

Fine root N concentrations were measured in material from 0-5 cm soil depth. To estimate the total fine root N 

pool size, we assumed that N concentrations at 5-10 cm depth (containing c. 30% of all fine roots) were the 

same as those at 0-5 cm depth. Nonetheless, effects of soil warming and plot tree species on the fine root N 

pool size did not change if only fine roots from only 0-5 cm soil depth were considered. Approximately 95% of 

all fine roots were located in the top 10 cm of the soil. 
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The total plant N pool size per unit of land area was calculated by summing values from all major plant 

compartments, scaling down values from the plot area of 1.1 m
2
 to 1 m

2
 (as done for biomass in Dawes et al., 

2015). For the major dwarf shrub species, the N pool was represented by the sum of leaves and current-year 

shoots (separate N concentration and biomass measurements for the Vaccinium species; leaves and shoots 

combined for measurements of E. hermaphroditum). Therefore, our estimates of the total plant N pool size per 

unit of land area did not include older above-ground material of these dwarf shrub species or any material 

from minor dwarf shrub species (Rhododendron ferrugineum, Vaccinium vitis-idaea and Loiseleuria 

procumbens). However, this mass summed to less than 1% of total above- and below-ground plant biomass per 

plot (Dawes et al., 2015). Further, older woody dwarf shrub tissue likely had a relatively low N concentration 

compared to new growth (Chester & Oechel, 1986) and thus would contributed minimally to total plant N per 

unit of land area. Calculations of total plant N pool size that included older above-ground material of the tree 

major dwarf shrub species, made by assuming the same N concentration as current-year shoots (an 

overestimation), added a total of <2 g N m
-2

. 

 

For analyses of total tree and total plot N pool sizes, but not for analyses of individual compartments, missing 

values where material was present but not measured were estimated using correlations between different 

periods or compartments (e.g. old/new tree-ring samples, stem/root tree-ring samples) or by using the mean 

of other trees with the same treatment. The Pinus tree died in two control plots and one warmed plot before 

soil warming started. These plots were excluded from analyses of tree and total plant N pool sizes but were 

included for analyses involving understorey plants and fine roots. Results did not change if these plots were 

excluded. 
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