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Abstract Terrestrial ecosystems are exposed to

atmospheric and climatic changes including increases

in atmospheric CO2 concentration, temperature and

alterations of precipitation patterns, which are pre-

dicted to continue with consequences for ecosystem

services and functioning in the future. In a field scale

experiment on temperate heathland, manipulation of

precipitation and temperature was performed with

retractable curtains, and atmospheric CO2 concentra-

tion was increased by FACE. The combination of

elevated CO2 and warming was expected to affect

belowground processes additively, through increased

belowground sequestration of labile carbohydrates

due to elevated CO2 in combination with temperature

increased process rates. Together, these changes

might increase microbial activity and availability of

plant nutrients. Two years after the start of the

experiment, belowground processes responded sig-

nificantly to the treatments. In the combined temper-

ature and CO2 treatment the dissolved organic

nitrogen concentration decreased and the ammonium

concentration increased, but this release of nutrients

was not mirrored by plant parameters. Microbial

biomass carbon and microbial enrichment with 13C

and 15N (1 year after 13C2
15N-glycine was injected

into the soil) increased in warmed plots and in

elevated CO2 plots, but not when these treatments

were combined. Furthermore, drought led to an

increase in Calluna biomass and total plant nitrogen

pool. The full combination of warming, elevated CO2

and periodic drought did not unambiguously express

the ecosystem responses of single factors additively,

which complicates predictions of ecosystem

responses to multifactor climate change.

Keywords 13C � Climate change � Microbial
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Introduction

Terrestrial ecosystems are exposed to atmospheric

and climatic changes including increases in atmo-

spheric CO2 concentration, temperature and altera-

tions of precipitation patterns, which are predicted to
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continue with consequences for ecosystem services

and functioning in the future (Luo et al. 2006; IPCC

2007). Biotic responses to climate forcing may

appear as suppression or increase of the abundance

and functioning of specific organisms, and the

direction of the response depends e.g. upon whether

the ecological networks are in dynamic steady state

and balanced regarding demographic flow and com-

petition (Ims et al. 2007; Ings et al. 2009). Other

factors which influence the outcome are the potential

limitations on primary production and its consumers

caused by low supply of nutrient element or water

(Finzi et al. 2006; Hungate et al. 2006; Sokolov et al.

2008), and the initial position of key species along

their ecological amplitude regarding optimal climatic

conditions (Sætersdal and Birks 1997; Gornall et al.

2007; Willis et al. 2007). A forced change in any of

these conditions may affect the magnitude and time

scale of the responses at ecosystem level.

On a short-term time scale, an increased primary

production caused by CO2 may, together with

warming lead to increased acquisition of nitrogen

(N) and phosphorus (P) by plants. On a longer time

scale, this may result in a progressive limitation of

primary production (Finzi et al. 2006; Hungate et al.

2006; Sokolov et al. 2008) and the associated

consumers and symbionts (Olsrud et al. 2004;

Briones et al. 2009). Stimulated primary production,

root longevity (Eissenstat et al. 2000) and root

biomass (Runion et al. 1994; Iversen et al. 2008)

under elevated CO2, have been found in a number of

field studies (Mauney et al. 1994; Niklaus and Körner

2004; Dijkstra et al. 2008; Liberloo et al. 2009).

Depending on site and vegetation type, this was

controlled and limited by nutrient availability (e.g.

nitrogen or phosphorus) (Niklaus and Körner 2004;

Luo et al. 2006). The resulting effect with lower

nutrient concentration in the plant, when carbon

assimilation is faster than nitrogen uptake and

transport (Taub and Wang 2008), may regulate the

quality of the food source for herbivores (Osler and

Sommerkorn 2007). Consequently, it is suggested

that cascade effects of elevated CO2 through the

rhizosphere food-web may be controlled by plant root

exudation (Giesler et al. 2007) and plant litter

deposition, though this has not been consistently

observed (Zak et al. 2000; Arnone et al. 2000;

Woodward and Osborne 2000; Ostle et al. 2007;

Handa et al. 2008).

Increased allocation of carbon (C) and nitrogen

(N) into root biomass in response to warming and to

elevated CO2 is found in temperate forests and

grasslands (Volder et al. 2007; Pregitzer et al. 2008).

Warming may consequently initiate a belowground

shift in the primary producer controlled food-chain,

based on plant litter amount and chemical composi-

tion (Graglia et al. 2001; Hansen et al. 2006; Briones

et al. 2009; Niklaus et al. 2007). Due to changes in

these substrates, shifts in soil microbial communities

may occur (Hamer and Marschner 2002; Chung et al.

2007). For instance, 12 years of chronic soil warming

reduced microbial biomass, the utilization of a suite

of carbohydrate substrates and the abundance of

fungal biomarkers (FAMEs) in a temperate deciduous

forest (Frey et al. 2008). The possibility that soils

become depleted of readily decomposable substrates

has been suggested as a confounding factor of the

microbial responses to long-term warming of heath-

lands (Biasi et al. 2005; Hartley et al. 2008). Hence,

availability of labile carbohydrates may be limiting

factors for soil microorganisms.

Droughts influence carbon sequestration in terres-

trial ecosystems through inhibited plant growth

(Peñuelas et al. 2004; Zavalloni et al. 2009), and

altered decomposition of soil organic matter. For

instance, terrestrial ecosystems in North America

shifted from being a weak to a normal carbon sink

with the return of rains after 5 years of heavy

droughts, as inferred from remote observations of

the normalized differential vegetation index and CO2

concentrations in the air (Buermann et al. 2007).

Likewise, the 2003 climate anomaly in Europe with

increased temperature (?6�C) and reduced precipi-

tation (-50%) was predicted to induce an anomalous

net loss of CO2, roughly undoing 4 years of net

ecosystem C sequestration (Ciais et al. 2005). The

normal moisture status of an ecosystem is critical for

the impact of drought on belowground carbon storage

and sequestration. By induced repeated summer

drought treatments at three temperate heathland sites,

a sustained reduction in soil moisture was found

during winter due to hydrophobicity of soil organic

matter and cracking of the soil (Beier et al. 2004;

Sowerby et al. 2008). As response, site specific

mineralization and litter decomposition correlated

with soil water content (Emmett et al. 2004; Schmidt

et al. 2004), and decreased enzyme activity under dry

conditions was suggested as a possible controlling
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factor (Sardans et al. 2008). Furthermore, soil

microorganisms were inhibited by droughts that

constrain microbial immobilization of nutrients and

carbon dioxide release (Jensen et al. 2003). For the

grasslands of North America, lignin content and

mean annual precipitation were the best predictors of

belowground litter decomposition, while temperature

did not correlate with decomposition (Bontti et al.

2009), hence, it is suggested from various investiga-

tions that elevated temperature only increase decom-

position when soil moisture is not limiting.

Although effects of enhanced CO2, elevated tem-

perature and incidents of drought clearly interact on

ecosystem processes, field studies combining all

these factors are scarce. In the present study, a

temperate heathland was exposed to manipulations of

CO2, temperature and precipitation in order to study

how belowground ecosystem processes respond to

single- and multifactorial climate change treatments.

We expected that after 2 years, the treatments

would lead to:

• Higher turnover and mineralization of substrates

in response to warming.

• Enhanced nutrient demand by plants in warmed

and elevated CO2 treatments.

• Inhibited microbial nutrient cycling in response to

drought.

• Possible additive responses by combined warm-

ing, CO2 and drought.

Methods

The field site

The experiment took place at the site of the

CLIMAITE experiment (Mikkelsen et al. 2008) at

Brandbjerg (55�530N 11�580E) approximately 50 km

NW of Copenhagen, Denmark. The site was a dry,

temperate heath on a hilly nutrient-poor sandy

deposit, with an organic layer of approximately

5 cm depth and a pH of around five. The vegetation

was dominated by Calluna vulgaris (an evergreen

dwarf shrub of the Ericaceae) and Deschampsia

flexuosa (a grass) and also included small proportions

of the grass Festuca ovina and other heathland herbs

and mosses. The average precipitation per year was

approximately 600 mm and the average annual

temperature was 8�C (Danish Meteorological Insti-

tute 2008).

The climate change treatments

The climate manipulations started in October 2005

(Mikkelsen et al. 2008) and consisted of eight

treatments: plots with elevated temperature (T),

extended summer drought (D), elevated atmospheric

CO2 concentration (CO2), all combinations of these

treatments (TD, TCO2, DCO2 and TDCO2) and

untreated reference plots (A). All treatments were

replicated six times. The field site covered an area of

about two hectares and the experimental plots were

distributed in 12 seven meter diameter octagons

arranged pair-wise in six blocks, one octagon

exposed to elevated CO2 and one octagon at ambient

CO2 in each of the six blocks. Each octagon

comprised four plots with the treatments D or T

solely or in combination, and a non-warmed, non-

drought plot, giving a total of 48 plots. The temper-

ature was increased by passive night-time warming,

by means of low curtains (blinds) which were

automatically removed during rain events. This gave

rise to an average 1�C temperature increase in two cm

soil depth. The drought was imposed also with

curtains that automatically unfold during rain events.

The atmospheric CO2 was increased to 510 ppm by a

FACE technique including automated feed-back

control on CO2 concentrations driven by wind speed

and wind direction (Mikkelsen et al. 2008). The

drought treatment period was initiated in late June

2006 and was continued for 5 weeks until early

August when soil water reached approximately

0.05 m3m-3 in the top 20 cm of the soil. In 2007,

the drought treatment period started in late May and

was ended after 5 weeks in late June.

All of the 48 experimental plots had temperature

probes installed at 5 cm depth in the soil, at the soil

surface, and in the vegetation canopy at 20 cm

height, recording temperature on an hourly basis.

TDR probes were installed at 0–20 cm depth and

0–60 cm depth for registration of soil water content

on an hourly basis. In addition, the gravimetric water

content of the soil samples from 0 to 5, 5 to 10 and 10

to 15 cm was measured after soil sampling in August

2007 (80�C for 48 h). Cups for collection of precip-

itation water were installed on two masts at the field

site.
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15N13C2-glycine labelling of the soil

In each of the 48 plots an area of 80 9 80 cm was

chosen prior to the start of the climate treatments to

contain an approximately equal amount of Calluna

vulgaris and grasses (mainly Deschampsia flexuosa).

Within each of these areas, a subplot of 20 9 20 cm

was amended with 15N13C2-labelled glycine on

26th September 2006 (Andresen et al. 2009). Each

subplot received 100 ml of re-demineralised water

with 0.027 g glycine (U–13C2, 98%; 15N 98%;

H2NCH2COOH), corresponding to 130 mg N m-2.

The glycine solution was injected into the soil just

below the soil surface with a syringe at 20 evenly

distributed points within the 20 9 20 cm plots. The

glycine concentration in the soil prior to labelling was

0.197 lgN g-1 SOM ± 0.052. Consequently, addi-

tion of glycine enhanced the soil concentration of

glycine 100-fold, which is unavoidable if uptake of

label in plants and microbes is to be determined with

sufficient precision.

Sampling of plant biomass and soil

In late August 2007, 1 year after labelling with
15N13C2-glycine and 2 years after the start of the

climate change treatments, aboveground vegetation

of the undisturbed 20 9 20 cm subplots was sampled

down to soil surface. The vegetation was separated

into fractions: Calluna, grasses (mostly Deschampsia

but also Festuca ovina; including leaf meristem) and

mosses (mostly: Hypnum cupressiforme, Pleurozium

schreberi and Dicranum scoparium). Additionally,

soil cores were sampled in the subplots from the soil

surface (including the litter layer) down to 15 cm

depth. Three soil cores (4.5 cm diam.) were taken

from each plot and divided into three soil depths: 0–5,

5–10 and 10–15 cm. These were mixed depth wise

into a composite sample from each depth and

immediately sorted by hand into soil and roots. The

Calluna material was divided into: green shoots with

green leaves attached, flowers, coarse (non-green)

branches, coarse roots ([0.5 mm in diameter) and

fine roots (\0.5 mm). The grasses were sorted into

leaves, coarse roots ([1 mm), and fine roots

(\1 mm). Mosses and aboveground litter (mainly of

grasses, but also of Calluna) constituted additional

fractions. All plant material (roots and shoots) was

washed with 0.5 mM CaCl2, frozen and freeze dried.

The soil samples were kept on ice until further

processing. Within 48 h, a subsample of the fresh soil

from each plot was extracted with re-demineralised

water (1:5) on a shaker for 1 h. Another set of

subsamples was vacuum-incubated with chloroform

for 24 h to release microbial carbon and nitrogen

(Joergensen and Mueller 1996; Brookes et al. 1985)

before extraction with water as above. A third

subsample of the sorted soil was freeze dried and

weight loss was used for estimating soil water

content. Additional soil samples and plant shoot

samples from non-labelled plants, microbes and soil

within the climate treated plots, were required for

d15N and d13C natural abundance from all the

investigated fractions. The same procedures as for

the labelled samples were followed, with caution not

to cross-contaminate with 13C and 15N labelled

samples.

Pot incubations for net mineralization rates

Seven weeks after the isotope label was injected into

the soil (November 2006, 1 year after treatments

were initiated) separate blocks of soil (20 9 20 cm,

adjacent to the isotope labelled area) from below

Calluna plants and below Deschampsia plants

respectively, were cut down to 5 cm depth without

removal of any litter or roots. One subsample from

each block was directly used for analysis of initial

soil properties. Two other subsamples were carefully

cut down to sizes of 4 9 4.5 cm and cut in two

vertically. A small plant of Calluna or Deschampsia

was sandwiched in, and the whole sample was

slipped into PVC incubation pots with no compres-

sion. A lid of Parafilm sealed the pot, but a small slit

allowed for plant growth and additionally allowed

for water vapour exchange (Andresen et al. 2010).

The pot incubations were placed in holes at the field

site in level with the surrounding soil. A 10 cm tall

wire mesh was tightened around the pots to exclude

mice. During summer (June, July and August), all

pots were kept humid with de-mineralized water by

adding one ml of water four times to all pots.

Furthermore, germinating plants were weeded from

the pots. After 1 year (November 2007) the pots

were sampled for analysis. The small plants were

carefully removed, and roots and litter was sorted

manually from the samples. The fresh soil from the

pots (kept cold for max. 2 weeks) was extracted with
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0.1 M K2SO4 (1:5 soil:water) for analysis of nitrate

(NO3
-), ammonium (NH4

?), dissolved organic car-

bon (DOC) and phosphate (PO4
?). The same

procedure was conducted for the initial subsamples.

The incubation plants were washed and dried at

80�C for 3 days and weighed, and then digested with

H2O2, H2SeO3 and H2SO4 for 1 h at 400�C (Nielsen

et al. 2009).

Chemical and isotope ratio analysis

The soil water extracts were analyzed for NH4
? and

total dissolved nitrogen (TDN) with a Hitachi U 2010

spectrophotometer, and for NO3
- with a Tecator

FIAstar analyzer. Total mineral N was subtracted

from TDN to determine DON. Microbial nitrogen

(MicN) was calculated as the subtraction of TDN in

the non-fumigated samples from TDN in the fumi-

gated samples, and 0.4 was used as extractability

factor. Dissolved organic carbon (DOC) was mea-

sured with a Shimadzu TOC 5000A analyzer.

Microbial carbon (MicC) was calculated as DOC in

the fumigated samples subtracted DOC in the non-

fumigated samples, with 0.45 as extractability factor.

N and P in extracted and digested plant samples were

measured with Hitachi U 2010 Spectrophotometer

(Jensen et al. 2003; Nielsen et al. 2009).

For the 15N/14N and 13C/12C isotope ratio analysis

of the fumigated and non-fumigated soil extracts, the

extracts were freeze dried in a small vial containing a

quartz filter (Quartz microfiber filters QMA What-

man) with a parafilm lid with a small hole. Filters,

dried ground soil and plant material were analyzed

with a Eurovector CN analyzer coupled to an

Isoprime isotope ratio mass spectrometer. Plant

material calibrated against certified IAEA standards

was used as working standards.

Calculations and statistics

The atomic percentage was calculated from d15N

values: atom% = 100% * 0.003676 * ((d15N/1000)

? 1)/(1 ? 0.003676 * (d15N/1000 ? 1)) or d13C val-

ues: atom% = 100% * 0.011237 * ((d13C/1000) ?

1)/(1 ? 0.011237 * (d13C/1000 ? 1)).

The measured 15N or 13C natural abundance

atomic percentage of the material was then sub-

tracted. In particular, the plots with elevated CO2

exhibited a change in initial 13C natural abundance

due to different isotopic composition of CO2 in air

and in FACE fumigation CO2. Thus, for all treatment

combinations and each plant or soil fraction, the

measured 15N or 13C contents were adjusted using

plot specific values for isotope natural abundance for

each sample component (Fry 2006). 15N and 13C

enrichments of the microbial biomass are reported as

millimole per m2 in excess of natural abundance 15N

and 13C. The linear regression of these excesses

(13C = b ? a 9 15N), expressed the relative content

of each stable isotope from the original glycine. The

maximum potential intactness of acquired glycine

molecules, assuming that all 15N and 13C enrichment

was potentially still glycine in the microbes, was

calculated based on ‘2’ as the C:N ratio of glycine,

and based on the slope of the linear regression:

a/2 9 100% = intact%.

The 15N recovery in the subplots was calculated as

the percentage of total added 15N label per m2 units,

which was recovered in the TDN, MicN and total soil

N pools and in the total plant biomass per m2 units:

15N recovery ¼ mg15N m�2 measuredð Þ
=mg15N m�2 addedð Þ � 100%

Net nitrification and mineralization rates and

dissolved phosphate (P) and carbon (C) production

rates were calculated as the difference between the

concentration of the incubated sample (sampled at the

end) and the initial value (Eno 1960; Emmett et al.

2004). Hence, for nitrate, ammonium, DOC and

phosphate the net element (E) production rate was

calculated as:
�
incubated sample lgE g�1 SOM

� �

� initial lgE g�1SOM
�� �
=days of incubation:

Linear mixed models were applied to analyse the

responses using SAS 9.1. Random effect terms were

block, treatment plot and octagons, respecting the

nested structure of the design. Main effects terms

were the treatment factors: CO2, T, and D. All

interaction terms between the factors CO2, D and T

were included. Soil water content was included as a

covariate in all proc mixed analysis of soil variables.

The models were gradually simplified, starting with

the third order interaction, taking out non-significant

terms until only significant (P \ 0.05) or close to
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significant (0.05 \ P \ 0.10) terms remained.

Homogeneity of variances was investigated with

residual plots and appropriate transformations done if

necessary (SAS Institute Inc. 2003).

Results

The soil NH4
? concentration decreased in response to

drought and strongly increased in the combined

temperature and CO2 treatment (TCO2 treatment)

(Fig. 1a), while DON correspondingly decreased in

the TCO2 treatment (Fig. 1b). Microbial biomass

carbon pool summed over 0–15 cm depth, increased

in response to warming and elevated CO2 alone but

not when these treatments were combined (Fig. 1c).

The microbial turnover during the year of incuba-

tion was assessed by the remaining enrichment of the

microbial biomass with 15N and 13C, which was added

as dual labelled 15N13C2-glycine 1 year earlier. There

were significant treatment effects on microbial 13C

enrichment and 15N enrichment, with higher 13C and
15N enrichment in warmed and elevated CO2 plots, but

not when these treatments were combined, leading to

significant T * CO2 interactions (Fig. 2). 13C and 15N

enrichment in the microbial biomass were signifi-

cantly correlated (13C = 0.1366 ? 1.299 * 15N, P \
0.0001, R2 = 0.548) (Fig. 2), indicating a potential

65% intactness of acquired glycine molecules 1 year

after addition, compared to a potential 79% intactness

of microbial acquired glycine 1 day after addition

(Andresen et al. 2009).

The recovery of 15N in the total Calluna plant

increased significantly in response to drought

(Fig. 3a), mainly as a consequence of the increased

Calluna biomass. All main factors interacted on the

recovery of 15N in the Deschampsia total plant

biomass (Fig. 3b). In the microbes the recovery of

15N from the glycine label almost doubled in T,

CO2 and DCO2 treatments (Table 1; Fig. 3c).

Summed for 0–15 cm depth there were significant

effects of treatment on the microbial 15N recovery

Fig. 1 a Mean soil ammonium concentration (NH4
?–N in

lgN g-1 soil organic matter (SOM)) and b mean soil dissolved

organic nitrogen concentration (DON in lgN g-1SOM) in the

top 5 cm soil and c mean microbial biomass carbon (C)

(lgC m-2) in the top 15 cm soil. Observations were made in

late August 2007, after 2 years of treatment with the climate

change treatments: warming (T), elevated atmospheric CO2

concentration (CO2) and summer drought (D) and those

treatments in all combinations. A is ambient conditions

(control). Error bars represent standard error (n = 6). P values

of significant main effects and the interactions are presented
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(T * CO2: 0.0004 (P-value)), the 15N recovery in

the dissolved nitrogen pool (T * CO2: 0.0157 and

T * D: 0.0113) and 15N recovery in the soil

(T * CO2: 0.0091). A third order interaction was

also found for recovery of 15N in mosses

(D * T * CO2: 0.0492; Table 1).

Total above- plus belowground plant biomass of

Calluna increased in response to drought, while

Deschampsia total plant biomass was unaffected

(Fig. 4a, d). The green biomass, flower biomass and

fine root fractions of Calluna all increased under

drought (Fig. 4c, e, f). The green biomass fraction of

Deschampsia (Fig. 4b) and moss biomass responded

with no main effect but with interactions between

main factors (mosses; T * D * CO2: 0.0216; data not

shown). Deschampsia fine root biomass tended to

decrease in response to warming (T: 0.0689; data not

shown), while Calluna fine root biomass increased in

response to warming in non-CO2 plots (Fig. 4c). The

total Calluna nitrogen pool increased in response to

drought (Fig. 5a), while the Deschampsia N pool

remained unchanged (Fig. 5b).

The Calluna flower N concentration decreased in

response to elevated CO2 (Fig. 6a). The Deschampsia

green leaf fraction had a tendency to a lower N

concentration in response to elevated CO2, except

when CO2 was combined with warming (T * CO2:

0.0717, Fig. 6f). In the top soil a third order

interaction was found for Deschampsia and Calluna

fine root N concentration (Fig. 6b, c).

In the soil incubated with plants, warming reversed

the direction of NO3
- turnover from an average net

production of: 0.008 lgNO3–N g-1 SOM day-1,

without warming, to a net consumption of:

-0.024 lgNO3–N g-1 SOM day-1, with warming

(Table 2). Furthermore, elevated CO2 significantly

increased the net DOC production rates from a mean

of 7.61 lgDOC g-1 SOM day-1 with ambient CO2

to 9.76 lgDOC g-1 SOM day-1 with elevated CO2.

Drought treatments decreased NO3
- consumption

from -0.049 lgNO3–N g-1 SOM day-1 without

drought, to -0.027 lgNO3–N g-1 SOM day-1 with

drought, and increased the plant N to P ratio from 8.5

without drought to 9.2 with drought (Table 2). There

was no effect of treatments on ammonification rate

(mean: -0.073 lgNH4–N g-1 SOM day-1) and

phosphate production rate (mean: -0.022 lgPO4–

P g-1 SOM day-1).

Discussion

Two years of treatment with warming, elevated

atmospheric CO2 and summer drought affected the

belowground processes at the temperate Calluna–

Deschampsia heathland. The concentrations of
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Fig. 2 Microbial biomass

enrichment with 13C

(second axis in mmol
13C m-2) versus microbial

biomass enrichment with
15N (first axis in mmol
15N m-2) in the top 5 cm

soil. Observations were

made in late August 2007,

1 year after in situ labelling

with 15N13C2-glycine, and

after 2 years of treatment

with the climate change

factors (see Fig. 1 for

legend)
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ammonium and DON (Fig. 1a, b) responded strongly

and in opposite directions in the combined warming

and elevated CO2 treatment. This may be a conse-

quence of a rapid microbial mineralization, supporting

our hypothesis of higher turnover and mineralization in

warmed plots (Emmett et al. 2004; Andresen et al.

2010). In combination with an altered process rate, we

suggest that a change in the composition of the

microbial community (Habekost et al. 2008; Frey

et al. 2008), e.g. via a seasonal dieback of microor-

ganisms, may have released ammonium. When addi-

tionally the drought treatment was combined with

warming plus elevated CO2, no increase in ammonium

concentration occurred, which may be because the

drought treatment inhibited the microbial ammonifi-

cation processes, as hypothesized based on earlier

studies (Emmett et al. 2004; van Meeteren et al. 2008;

Andresen et al. 2010). Furthermore, the decreased

nitrification rate in response to warming (Table 2)

suggests that less ammonium was lost through this

pathway in warmed plots. In a mesocosm study of

nitrogen availability at a grassland treated with warm-

ing, there were no effects on soil ammonium and nitrate

concentrations, N leaching or plant N, and this was

attributed to a concurrent drought (Verburg et al.

2009). Contrastingly, in a study at a Mediterranean

shrubland, nitrate concentration increased and ammo-

nium concentration decreased in response to warming

in seasonal patterns (Sardans et al. 2008). Hence, the

imposed environmental stress factors may affect soil

inorganic nitrogen concentration through controls at

many different steps in the cascade of processes during

microbial decomposition, mineralization, nitrification

and denitrification, and the rates are limited by water

and substrate availability and by the timing with the

growing season. At a temperate grassland, Hovenden

et al. (2008a, b) showed reduced soil concentrations of

inorganic nitrogen in elevated CO2 plots, but this effect

disappeared when combined with warming (Hovenden

et al. 2008a). These findings contrast with results from

our study, which however confirms the general idea

that warming counteracts the effects of elevated CO2

on nutrient availability.

The recovery of 15N in soil microbes was one

order of magnitude smaller than 1 year earlier in

similar labelled adjacent plots (Andresen et al. 2009),

yet the ratio of 15N to 13C enrichment in microbes
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2 years of treatment with the climate change factors (see

legend Fig. 1)
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(Fig. 2) suggest that 65% of the glycine acquired

1 year earlier possibly remained as intact compounds

in the microbes, however since this was not con-

firmed by compound specific analysis, other mole-

cules could contain the acquired 15N and 13C (Jones

et al. 2005). The microbial pool of carbon (Fig. 1c),

the microbial enrichment with 13C and 15N, the

recovery of 15N label in microbes and the total soil
15N were all larger in response to warming and CO2,

but non-additively (Figs. 2, 3c; Table 1). This sug-

gests that treatments with warming and elevated CO2

removed one or several limiting factors for soil

microbial activity and growth. We suggest, that an

important limiting factor for the microbes was ready

available labile carbohydrates (Hartley et al. 2008),

and when elevated CO2 and warming were combined,

a new limiting factor was introduced, possibly low

availability of water. In parallel, Hu et al. (2001)

observed increased microbial biomass (N and C) in

response to elevated CO2 over grassland but with

changes by seasons (Hu et al. 2001). Furthermore,

Ross et al. (2006) found more microbial biomass in

response to 6 years of elevated CO2 over a (fertilized)

Pinus/Nothofagus plantation (Ross et al. 2006). The

increased microbial carbon pool we found as short-

term response to warming and elevated CO2, may

indicate an increased amount of ericoid mycorrhiza

associated with Calluna vulgaris (Read and Perez-

Moreno 2003; Treseder 2004). In parallel, in

subarctic heaths, fungal biomarkers (ergosterol)

increased in response to warming and to elevated

CO2 (Olsrud et al. 2004; Clemmensen et al. 2006),

suggesting that increased photosynthesis may stimu-

late soil microbial biomass, mycorrhization and

belowground carbon sequestration. Furthermore,

assessed from molecular biomarkers, fungal abun-

dance increased in a perennial C3–C4 grassland in

response to elevated CO2 (Chung et al. 2007). It has

been suggested, that readily decomposable substrates

(labile carbohydrates) are gradually depleted from

soil through long-term warming, which consequently

reduces the microbial responses to warming as the

low molecular carbohydrates becomes a limiting

factor (Hartley et al. 2008). The increased DOC

production under elevated CO2 found in this study

(Table 2) and elsewhere (Lagomarsino et al. 2009),

may suggest that the combination of warming with

elevated CO2 could counterbalance a DOC depletion

of the soil. However, if warming and elevated CO2

remove a carbohydrate limitation of soil microbes

only when these treatments are applied alone but not

in combination, the soil moisture regulated by a

higher evapotranspiration (Bontti et al. 2009)

becomes limiting for the soil microbes, when ele-

vated temperature and CO2 are combined.

The large release of NH4
? in the combined

warming and CO2 was a response pattern with

additive effects of warming and elevated CO2 were

like we hypothesized, though no effect was observed

of the factor alone. The combined treatment did not,

however, lead to increased plant biomass or N-uptake

which was not a supporting evidence of our hypoth-

esis of enhanced nutrient demand by plants in warmed

and elevated CO2 treatments. This could be the

consequence of a shift in timing of plant phenology in

this treatment, as shown by Shaw et al. (2002),

who found decreased grass NPP in response to

elevated CO2 (Shaw et al. 2002). However, as the N

Table 1 Percentage (%) recovery of 15N from glycine label added 1 year earlier, in mosses and in 0–15 cm soil depth for: dried soil,

soil microbes and dissolved nitrogen

A D T TD CO2 DCO2 TCO2 DTCO2 Proc mixed

ANOVA

Mosses 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.4 ± 0.2 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 D * T * CO2

Soil 26.2 ± 3.1 29.0 ± 5.7 48.1 ± 6.8 31.2 ± 4.8 67.9 ± 28.6 68.4 ± 11.1 33.5 ± 7.9 42.7 ± 8.6 T * CO2

Microbes 3.6 ± 0.6 3.7 ± 0.6 7.1 ± 1.1 4.4 ± 0.6 6.4 ± 1.3 9.8 ± 2.8 3.7 ± 1.6 3.9 ± 0.8 T * CO2

Dissolv. N 0.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.5 ± 0.2 0.8 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 T * CO2 T * D

Significant effects of 2 years of climate change treatments for mean values over six replicates and standard error. The treatments are:

no treatment (A), drought (D), warming (T), elevated CO2 (CO2) and their combinations TD, DCO2, TCO2 and DTCO2. Significant

(P \ 0.05) effects by proc mixed ANOVA of main treatments are indicated with D, T and CO2 and the interactions indicated as

T * D, T * CO2, D * CO2 and T * D * CO2
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concentration decreased in fine roots of both Des-

champsia and Calluna and in Calluna flowers (Fig. 6)

in response to elevated CO2, a growth dilution of

nitrogen in the plant tissue was caused by a relatively

larger carbon assimilation, as hypothesized (Taub and

Wang 2008; Hyvönen et al. 2009).

Drought led to a strong increase in Calluna

biomass and nitrogen pool (Figs. 4, 5a). The

increased flower biomass in Calluna in response to

drought (Fig. 4f) contrasts with previous observations

of flowering responses in plants belonging to the

Ericaceae family. In a Mediterranean shrubland,

Erica multiflora was unaffected by drought (Prieto

et al. 2008), and in cultivated Vaccinium corymbo-

sum, drought reduced the number of flowers (Min-

geau et al. 2001). Flowering of grasses in a temperate

C4–C3 grassland was not affected by elevated CO2,

but was accelerated by warming, also when combined

with elevated CO2 (Hovenden et al. 2008b). The

drought-increased Calluna biomass in our experiment

was accompanied by a larger uptake of nitrogen in

the last year, as shown by the enhanced recovery of
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20 9 20 cm plots. For

further details, see Fig. 1
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added 15N in Calluna (Fig. 3a). This 15N recovery

was six- to tenfold larger than 1 year earlier with

respect to Calluna, but was similar or smaller for

Deschampsia in other labelled adjacent plots (And-

resen et al. 2009). Especially, in the treatment with

combined drought and CO2, Calluna biomass and
15N recovery was increased (Figs. 3a, 4d). This

suggests that Calluna benefits from both elevated

CO2, which increased growth, and from a drought

inhibition of the production of exoenzymes by

saprotrophs (Sardans et al. 2008; Ebersberger et al.

2003), easing the competition for nutrients in favour

of Calluna. Furthermore, the drought treated plants

from the incubations had a larger N to P ratio

(Table 2), as was also found in situ for several

drought and warming treated heathland species across

Europe (Peñuelas et al. 2004). This indicates a larger

plant uptake of nitrogen in drought plots, possibly

combined with a lower mobility of phosphates

(Blackwell et al. 2009; Butterly et al. 2009; Andresen

et al. 2010). Due to the association with ericoid

mycorrhizal fungi, Calluna is able to access nitrogen

on organic form (Read and Perez-Moreno 2003;

Andresen and Michelsen 2005), however, the smaller

concentration of ammonium in drought treated plots

(Fig. 1) supported that a sink, such as plant uptake of

ammonium, was increased.

Previous investigations have shown that plant

biomass and growth of dwarf shrubs (Calluna and

Erica) was reduced (Gordon et al. 1999; Peñuelas et al.

2004) or non-responsive (Britton et al. 2003) in field

scale drought manipulations, depending on the posi-

tion of the ecosystem along an aridity gradient and on

stand age (Berendse 1990). The diversity of the

responses in different ecosystem types with feed-back

control of primary production and release of nutrients

suggest that the controlling parameters are site specific

and not general across soil types and vegetation types,

but may indeed be related to the dynamics and limiting

factors of the organisms (Niklaus et al. 2007; Briones

et al. 2009). We suggest that drought was beneficial for

Calluna by inhibiting the competition from microbes

for nutrients and when subject to elevated CO2,

Calluna was a strong competitor for the available

nitrogen. However, this is a short-term response after

only 2 years with removal of precipitation during

summer. A further prolongation of this environmental

stressor may reveal inter-annual variability and that

water at some point becomes limiting for Calluna

biomass production.

Conclusions

The concentrations of DON and ammonium

responded strongly and in opposite directions in the

combined warming and elevated CO2 treatment, as a

possible consequence of a rapid microbial mineral-

ization, supporting our hypothesis of higher turnover

and mineralization in warmed plots. The large,

additive release of NH4
? in the combined warming

and CO2 corresponded to our hypothesis, although no

effect was observed of the factors alone. The

combined treatment did not, however, lead to
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increased plant biomass or N-uptake, which did not

support our hypothesis of enhanced nutrient demand

by plants in warmed and elevated CO2 treatments.

A smaller concentration of ammonium in drought

treated plots suggested that a sink, such as plant

uptake of ammonium, was increased. We suggest

that drought promoted Calluna by periodically

reducing competition from saprotrophic microbes

for nutrients. When subject to drought and elevated

CO2, Calluna was a strong competitor for the

available nitrogen. The recovery of 15N in soil

microbes was tenfold smaller than 1 year earlier in

similar labelled adjacent plots, yet the ratio of 15N

to 13C enrichment in microbes suggest that most of

the carbon acquired as glycine 1 year earlier

remained in the microbes. The microbial pool of

carbon, the microbial enrichment with 13C and 15N,

the recovery of 15N label in microbes and the total
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soil 15N were all larger in response to warming and

CO2, but non-additively.

The future climate change scenario with the full

combination of warming, elevated CO2 and drought

periods did not lead to additive responses of single

factors, or more factors. The ecosystem seemed to

counteract the changes with an inbuilt capacity for

buffering environmental stress factors, although the

effects of individual treatments indicate that all

treatments were stressors for the ecosystem.
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