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Temperate terrestrial ecosystems are currently exposed to climatic and air quality changes with
increased atmospheric CO2, increased temperature and prolonged droughts. The responses of natural
ecosystems to these changes are focus for research, due to the potential feedbacks to the climate. We
here present results from a field experiment in which the effects of these three climate change factors are
investigated solely and in all combinations at a temperate heath dominated by heather (Calluna vulgaris)
and wavy hair-grass (Deschampsia flexuosa).

Climate induced increases in plant production may increase plant root exudation of dissolved organic
compounds such as amino acids, and the release of amino acids during decomposition of organic matter.
Such free amino acids in soil serve as substrates for soil microorganisms and are also acquired as
nutrients directly by plants. We investigated the magnitude of the response to the potential climate
change treatments on uptake of organic nitrogen in an in situ pulse labelling experiment with
15N13C2-labelled glycine (amino acid) injected into the soil.

In situ root nitrogen acquisition by grasses responded significantly to the climate change treatments,
with larger 15N uptake in response to warming and elevated CO2 but not additively when the treatments
were combined. Also, a larger grass leaf biomass in the combined T and CO2 treatment than in individual
treatments suggest that responses to combined climate change factors cannot be predicted from the
responses to single factors treatments.

The soil microbes were superior to plants in the short-term competition for the added glycine, as
indicated by an 18 times larger 15N recovery in the microbial biomass compared to the plant biomass. The
soil microbes acquired glycine largely as an intact compound (87%), with no effects of the multi factorial
climate change treatment through one year.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Natural ecosystems respond to changes in air and soil temper-
ature, atmospheric CO2 concentration and drought, with conse-
quences for biological processes and functioning of plants and soil
microbes. According to extrapolations and models reported by
IPCC, air temperatures may increase by 0.1 �C for each future
decade, and the increase in CO2 concentration of the atmosphere
will depend on the actual stabilization scenarios achieved.
Furthermore, the precipitation patterns will change, with expected
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extended summer drought periods in Denmark (IPCC, 2007; Danish
Meteorological Institute, 2009). Investigations of the combined
effects of increased temperature, CO2 and drought are necessary to
reveal the ecosystem responses to future climate changes (Beier
et al., 2004; Finzi et al., 2006; Luo et al., 2008; Mikkelsen et al.,
2008). There are few field experiments in which the combined
effects of CO2 and warming have been studied (Hovenden et al.,
2008; Pregitzer et al., 2008; Ainsworth and Long, 2005), and none
which combine these factors with drought.

Nitrogen availability may control plant biomass responses to
climate changes, through the mechanism of increasing N demand
by the increasing biomass, leading to possible progressive nitrogen
limitation of the biomass response (Finzi et al., 2006; Hungate
et al., 2006; Norby and Iversen, 2006; Sokolov et al., 2008). To
study this, plant acquisition of N, soil nutrient availability
(Hovenden et al., 2008) and mineralisation and nitrification
(Emmett et al., 2004; Niklaus et al., 2007) must be investigated.
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The current study presents data on plant and microbial uptake of
nitrogen from the amino acid glycine, and soil microbial and plant
biomass responses to the factors warming, elevated CO2 and
drought in a temperate heathland after one year of climate treat-
ments (Mikkelsen et al., 2008).

Soil microorganisms and plants acquire nitrogen from both
inorganic (NO3

� and NH4
þ) and organic sources (amino acids), and

acquire intact amino acids (Näsholm et al., 1998; Bardgett et al.,
2003; Andresen and Michelsen, 2005; Hofmockel et al., 2007;
Bardgett et al., 2003; Hofmockel et al., 2007). The free amino
acids in the soil pore water originate partly from plant root
exudation (Lesuffleur et al., 2007; Ström and Christensen, 2007)
and partly as leachates from decomposing organic matter
(Bengtson and Bengtsson, 2007). Amino acids in the soil function
both as nitrogen sources and as labile carbon substrates for soil
microorganisms (Schimel and Bennett, 2004; Ström and Chris-
tensen, 2007; Vestergård et al., 2008). Many studies of short-term
competition for labelled nitrogen sources have shown that soil
microorganisms take up far more N than plants do, irrespective of
N-form (Schimel and Chapin, 1996; Sorensen et al., 2008;
Andresen et al., 2008).

Plant uptake of organic nitrogen has never been studied under
the full factorial combination of the climatic changes: elevated CO2,
elevated temperature and drought. Single-factor investigations
have shown highly variable responses in root nutrient uptake to
elevated CO2 reflecting differential responses in growth of the
plants (Fig. 1), while plant physiological processes such as photo-
synthetic rate consistently increase and tissue N-concentration
decrease in response to elevated CO2 (Bassirirad, 2000; Paterson
et al., 1999; Lutze and Gifford, 2000; van Heerwaarden et al., 2005;
Chen et al., 2007). Plant nitrogen uptake responses to drought has
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to our knowledge not been investigated previously, but plant
biomass and growth was reduced (Gordon et al., 1999; Peñuelas
et al., 2004) or non-responsive (Britton et al., 2003) in field scale
drought manipulations (Fig. 1).

Warming stimulates various parameters associated with root N
uptake kinetics. Increased N acquisition may be a consequence of
changed root transport properties (Clarkson and Warner, 1979), and
changed fluidity of the phospholipids in root cell plasmalemma
(Pike and Berry, 1980). Root biomass, depth distribution and
morphology respond differentially to warming (Björk et al., 2007)
and furthermore, NO3

� uptake capacity is highly modulated by the
N status of the roots or the whole plant (Bassirirad, 2000).
Consequently, the response of the plant root N uptake to warming
is a combined effect of changes in root properties, root biomass
and root growth, combined with nutrient status and seasonal
developmental stage.

Root exudation may respond to climate change in the same
direction as photosynthesis and plant production (Gill et al., 2002;
Johnson and Pregitzer, 2007; Lesuffleur et al., 2007) (Fig. 1) and soil
concentrations of amino acids (e.g. glycine, one of the most abun-
dant amino acids in heath soil (Abuarghub and Read, 1988)) may
therefore increase as a consequence of elevated temperature and
CO2. Hence, in this experiment we were motivated to investigate
the acquisition and partitioning of glycine between plants and soil
microorganisms and responses to changes in atmospheric CO2,
temperature and prolonged drought. Glycine was dual-labelled
with the stable isotopes 15N and 13C and injected into the soil in situ
in the climate change experiment, and the uptake in plants, mosses
and soil microorganisms was traced.

As direct and indirect responses to the climate change factors
we hypothesised that:
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C Soil microorganisms would in the short term acquire more of
the added glycine than plants, and microbial acquisition of
glycine would increase in response to warming and elevated
CO2 and decrease in response to drought.

C Plant biomass and N demand would increase in response to
warming and elevated CO2. This would lead to increased 15N
uptake, increased N pool in the plant and to lower concen-
tration of ammonium and nitrate in the soil. By contrast,
drought would decrease plant N acquisition. DOC would
increase in response to enhanced plant productivity caused
by warming and elevated CO2.

C Additive effects of treatment factors were expected. Hence,
we expected that there would be interactive effects with
responses in treatment combinations predictable from
single-factor responses.
2. Methods

2.1. The field site

The experiment took place at the site of the CLIMAITE experi-
ment (Mikkelsen et al., 2008) at Brandbjerg (55�530N 11�580E) c.
50 km NW of Copenhagen, Denmark. The site was a managed, dry,
temperate heath on a hilly nutrient-poor sandy deposit, with an
organic layer of c. 5 cm depth and a pH of about 5. The vegetation
was dominated by Calluna vulgaris, Deschampsia flexuosa and
Festuca ovina accompanied by heathland mosses and herbs. The
average annual precipitation was about 600 mm and the average
temperature was 8 �C (Danish Meteorological Institute, 2009).
2.2. The climate change manipulations

The climate manipulations started October 2005 (Mikkelsen et al.,
2008) and consisted of eight treatments: plots with elevated
temperature (T), extended summer drought (D), elevated atmo-
spheric CO2 concentration (CO2), all combinations of these treat-
ments (TD, TCO2, DCO2 and TDCO2) and untreated reference plots (A).
All treatments were replicated 6 times. The field site covered an area
of about 2 ha 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 drought or elevated temperature solely or in combina-
tion, and a non-warmed, non-drought plot. The temperature was
increased by passive night-time warming, by means of low automatic
curtains automatically removed during rain events. The drought was
imposed also with automatic curtains that automatically unfold
during rain events. The atmospheric CO2 was increased by a regular
FACE technique including feedback control on CO2 concentrations,
wind speed and wind direction. The temperature increase in 2 cm
soil depth averaged 1 �C, and the CO2 concentration in the FACE plots
was 510 ppm. The drought period started in late June 2006 and
continued for 5 weeks until early August when soil water reached c.
0.05 m3 m�3 water in the top 20 cm of the soil. For further infor-
mation about the experimental design see Mikkelsen et al. (2008).

Each of the 48 plots of the climate treatment experiment had
temperature probes installed at 5 cm depth in the soil, at the soil
surface, and in the vegetation canopy at 20 cm height, each recording
temperature on an hourly basis. TDR probes were also installed at
0–20 cm depth and 0–60 cm depth for registration of soil water
content on an hourly basis. In addition, the water content of the soil
samples from the depths 0–5 cm, 5–10 cm and 10–15 was measured
once, by drying the soil for two days at 80 �C. Cups for collection of
precipitation water were installed on two masts at the field site.
2.3. In situ injection

In each of the 48 plots, an area of 80� 80 cm was chosen prior to
the start of the climate treatments to contain an approximately
equal amount of C. vulgaris (evergreen dwarf shrub) and grasses
(mainly D. flexuosa). Within each of these areas, a plot of 20� 20 cm
was labelled with stable isotope 15N13C2-glycine. The labelling
solution was re-demineralised water with dual-labelled 15N and 13C
(U–13C2, 98%; 15N 98%) glycine, H2NCH2COOH. Each plot received
0.1 l of re-demineralised water with 0.027 g glycine, corresponding
to 130 mg N m�2. The label was injected into the soil just below the
soil surface with a syringe at 20 grid points within the 20 � 20 cm
plots. The glycine concentration abundant in the soil prior to
labelling was presumably close to that measured one year earlier at
the field site: 0.197 mg N g�1 SOM � 0.052. Consequently, addition
of glycine enhanced the soil concentration of glycine 200-fold, and
increased total amino acid N five-fold (total amino acid N was
25.7�4.5 g N m�2 in August 2005 at the field site (n¼ 12)), which is
unavoidable if uptake of label in plants and microbes is to be
determined with sufficient precision. For practical reasons the
experimental work was divided in two series. The first series star-
ted September 26th using block 1–3 and the second series started
October 3rd using block 4–6.

The local climate during the labelling experiment (September
23rd–October 3rd 2006) was not stable (Fig. 2). Small rain events
after both series of labelling prior to harvest ensured equal condi-
tions for label distribution in the soil, and caused a small drop in
temperature and increases in soil water content. At the days of
labelling, the warming treatment increased the canopy temperature
by 0.7 �C (n.s.) and the soil temperatures at 0 cm and 5 cm depth by:
0.8 �C (P < 0.0001) and 0.8 �C (P < 0.0001), at first labelling series,
and by: 0.3 �C (n.s.), 0.5 �C and 0.5 �C (both P< 0.0001) at the second
labelling series. The soil water (TDR) showed marginal effects
residing from the previously imposed summer drought at first
labelling series with a decrease of 0.01 m3 m�3 (P< 0.0001). The soil
water in samples from 0 to 5, 5 to 10 and 10 to 15 cm depth (Fig. 2)
was not significantly affected by the climate treatments.
2.4. Plant biomass and soil sampling

One day (24–26 h) after labelling with 15N13C-glycine, represen-
tative shoots from aboveground (down to soil surface) vegetation
was sampled within the 20 � 20 cm plots, of Calluna, Deschampsia
(including leaf meristem) and mosses (mostly: Hypnum cupressi-
forme, Pleurozium screberi and Dicranum scoparium). Additionally,
one day after labelling, soil cores were sampled from the soil surface
(including the litter layer) and down to 15 cm depth. Three soil cores
were taken from each plot and divided into three soil depths:
0–5 cm, 5–10 cm and 10–15 cm. The subsamples were mixed to
a composite sample from each depth and immediately sorted into
soil and roots. The samples were kept on ice until further processing.
All plant material (roots and shoots) was washed with 0.5 mM CaCl2,
frozen and freeze dried. 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 and another set of subsamples was vacuum-incu-
bated with chloroform for 24 h to release microbial C and N
(Joergensen and Mueller,1996; Brookes et al.,1985) before extraction
with water as above. A third subsample of the sorted and sifted soil
was freeze dried and weight difference was used for estimating soil
water content. Just before the labelling was performed, additional
soil samples and plant shoot samples were taken in adjacent
subplots within the climate treated plots to obtain d15N and d13C
natural abundances from all the investigated fractions. The same
procedures as for the labelled samples were followed a few days
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earlier, before the isotope label was brought to the site, to avoid
cross-contamination with 13C and 15N labelled samples.

One week after labelling, all the remaining aboveground plant
material was sampled from the plots in order to obtain plant
biomass. The Calluna material was sorted into green shoots with
green leaves attached, coarse (non-green) branches, coarse roots
(>0.5 mm) and fine roots (<0.5 mm) and the grasses were sorted
into leaves, coarse (>1 mm), and fine roots (<1 mm). Mosses and
aboveground litter (mainly of grasses, but also of Calluna) consti-
tuted additional fractions.

2.5. Chemical and isotopic analysis

The soil extracts were spectrophotometrically analyzed for NH4
þ

(indophenol-blue reaction) with a Hitachi U 2010 spectrophotom-
eter and for NO3

� with a Tecator FIAstar analyzer. Part of the extract
was digested with H2SeO3, H2SO4 and H2O2 and analyzed as above
to yield total dissolved N (TDN), with DON (dissolved organic
nitrogen) ¼ TDN � total mineral N. Total microbial N (MicN) was
calculated as TDN in the fumigated samples minus TDN in the non-
fumigated samples, using 0.4 as the extractability factor (Jonasson
et al., 1996; Michelsen et al., 1999; Schmidt et al., 1999). Total
microbial C (MicC) was calculated as DOC in the fumigated samples
minus DOC in the non-fumigated samples, using 0.45 as the
extractability factor (Schmidt et al., 2000).

For the 15N/14N and 13C/12C isotope ratio analysis of the fumi-
gated and non-fumigated soil extracts, the extracts were freeze-
dried in a small vial containing a quartz filter (Quartz microfiber
filters QMA Whatman, free of C and N) used to collect the freeze-
dried extract, and 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.
2.6. Calculations and statistics

The 15N enrichment of the plant material is reported as excess
mole per gN of the material and 15N and 13C enrichments of the
microbial biomass is reported as mole per m2 in excess of natural
abundance 15N and 13C (Fry, 2006). In particular the plots with
elevated CO2 exhibited a change in 13C natural abundance due to
different isotopic composition of CO2 in air and in fumigation CO2,
thus for all treatment combinations and each plant or soil fraction,
the measured 15N or 13C contents were subtracted with plot
specific values for isotope abundance for each sample component.
The 15N recovery was calculated as the percentage of total added
15N label per m2 recovered in the total dissolved N (TDN), total
microbial N (MicN), total soil N pool and in the plant biomass
per m2.

Linear mixed models were applied to analyse the treatment
responses using SAS 8.0. Random effect terms were block, treat-
ment 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
significant (0.05 < P < 0.10) terms remained. Homogeneity of
variances was investigated with residual plots but no trans-
formations were necessary (SAS Institute Inc., 2003).

3. Results

A minor part (2.3 � 0.6 to 4.5 � 1.7%) of the added 15N was
recovered in plants one day after labelling, while the large part
(44 � 7 to 120 � 67%) was recovered in soil microbes from top and
down to 15 cm depth. The recovery of 15N in the microbial biomass
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overall decreased significantly (both P < 0.0001) with depth
(Table 1). The largest 13C enrichment was in the top 0–5 cm depth,
30-fold higher than at 10–15 cm depth. The treatments did not
affect microbial 15N and 13C enrichment (Fig. 3), though tendencies
to interactions were found in 5–10 cm depth (T*D*CO2: P ¼ 0.0639
and T*D: P ¼ 0.0785, data not shown).

The overall microbial enrichment with 15N and 13C correlated
significantly in 0–5 cm depth, with 13C ¼ 1.74$15N, R2 ¼ 0.92175
and P < 0.0001 (Fig. 3), corresponding to a nitrogen uptake with
87% in form of intact glycine. Microbial C and N both decreased
with depth (both P < 0.0001) (Fig. 6d and Table 2) while microbial
C:N ratio increased with depth (P ¼ 0.0038). The microbial
biomass had a C:N ratio of 6.3 in 0–5 cm depth, 11.2 in 5–10 cm
depth and 9.2 in 10–15 cm depth. There were no significant effects
of treatment on microbial parameters, although a tendency to
a reduced microbial C in response to CO2 was observed, except
when combined with T (T*CO2: P ¼ 0.0620 in 10–15 cm depth;
Table 2).

Increased grass fine root 15N uptake in the top 5 cm soil in T and
in CO2 plots was non-additive (T*CO2: P ¼ 0.0886 and T*D*CO2:
P ¼ 0.0486; Fig. 4a). In 5–10 cm depth, 15N acquisition was larger in
the CO2 plots alone and in the plots with all three treatments
combined (T*D*CO2: P ¼ 0.0527, data not shown). The grass fine
root 15N enrichment showed no effect of depth (Fig. 6b).

Calluna fine root 15N enrichment was non-significantly reduced
by D and T in 0–5 cm depth (T*D: P ¼ 0.0578, Fig. 4c). In 5–10 cm
depth 15N enrichment showed the same pattern in CO2 plots
(T*D*CO2: P ¼ 0.0202, data not shown). 15N enrichment in Calluna
fine roots was reduced (non-significantly) with depth (Fig. 6c).

The N pool in the whole Deschampsia plant tended to decrease in
response to warming (T: P ¼ 0.0553, Table 2). Grass fine root N
concentration decreased with depth effect (P < 0.0001; Fig. 6e).
Calluna fine root N concentration decreased (P ¼ 0.0392, Fig. 4d),
and coarse root N concentration tended to decrease (P ¼ 0.0769,
data not shown) by warming in 0–5 cm depth. Grass fine root
N-concentration showed the same pattern, although the N dilution
by warming was confined to non-drought plots (T*D significant,
Table 2). At the 10–15 cm depth, however, grass fine root N
concentration increased by warming (P ¼ 0.0139, Table 2). N
concentration in moss and grass shoots was not significantly
affected by treatment (Table 2), while N concentration was reduced
in the green fraction of Calluna shoots in all CO2 plots, except when
all treatments were combined (T*CO2: P ¼ 0.0276, D*CO2:
P ¼ 0.0657 and T*D*CO2: P ¼ 0.0281; Table 2).
Table 1
15N recovery (%) in soil microbial biomass N, dissolved organic N and the whole plant (
statistical effects of treatments were found, except for moss 15N recovery which showed
indicated with asterisks: ***for P < 0.001; *for P < 0.05. The treatments are: D for dr
(control plots).

Depth Effect
of depth

Treatment

A D T
15N recovery (%)
Microbial N 0–5 cm *** 35.7 � 13.7 54.5 � 15.3 8

5–10 cm 10.7 � 5.6 10.7 � 4.6
10–15 cm 3.4 � 2.2 1.9 � 1.7

Total dissolved N 0–5 cm * 0.13 � 0.08 0.03 � 0.02 0
5–10 cm 0.00 � 0.00 0.01 � 0.01 0

10–15 cm 0.00 � 0.00 0.00 � 0.00 0
Total soil 0–5 cm *** 43.0 � 8.3 44.7 � 13.7 6

5–10 cm 5.5 � 2.3 4.8 � 1.8
10–15 cm 6.8 � 4.6 1.1 � 0.9

Deschampsia – 1.4 � 0.4 2.5 � 1.1
Calluna – 0.8 � 0.4 1.3 � 0.5
Mosses – 0.0 � 0.0 0.0 � 0.0
Total experiment (soil þ plant) – 57.6 � 15.9 54.4 � 18.0 7
The grass and Calluna root biomasses decreased significantly
(both: P < 0.0001) by depth (Table 2). The fine root biomass of
grasses summed for 0–15 cm depth was one order of magnitude
larger than the Calluna fine root biomass summed for 0–15 cm
depth, but the total (fine plus coarse, (data not shown)) root
biomasses of the two species were approximately equal (Table 2),
while the aboveground leaf biomass of Calluna in early October
generally exceeded that of grass (Table 2). There was a main
negative response in fine root biomass of grass to warming (in
0–5 cm depth, P¼ 0.0107 and P¼ 0.0305 in 0–15 cm depth), but no
responses to treatment in Calluna fine root biomass (Table 2).

Leaf biomass of grasses was reduced by warming in non-CO2

plots, while warming promoted grass leaf growth in plots with
elevated CO2 (T*CO2: P ¼ 0.0247, Fig. 5a). Calluna green shoot
biomass responded (non-significantly) in the opposite direction
than grass leaf biomass (T*CO2: P¼ 0.0578, Table 2 and Fig. 5b). The
ratio of leaf to branch in Calluna, which presumably is the most
all shoot and root fractions and depths) one day after 15N13C2-glycine labelling. No
a response to treatment (D: P ¼ 0.0006 and D*CO2: P ¼ 0.0004). Effect of depth is

ought, T for elevated temperature, CO2 for elevated CO2; A is ambient conditions

TD CO2 DCO2 TCO2 TDCO2

9.1 � 49.1 36.9 � 10.7 62.3 � 16.0 59.3 � 4.0 56.5 � 13.6 110.2 � 63.6
8.1 � 3.2 6.3 � 2.2 10.9 � 4.8 5.7 � 2.8 2.9 � 1.1 8.9 � 3.2
0.1 � 0.1 0.7 � 0.4 1.1 � 1.1 0.6 � 0.4 0.4 � 0.3 0.8 � 0.6
.03 � 0.01 0.38 � 0.37 0.10 � 0.05 0.10 � 0.09 0.05 � 0.03 0.09 � 0.05
.16 � 0.13 0.03 � 0.03 0.02 � 0.01 0.00 � 0.00 0.01 � 0.00 0.03 � 0.02
.00 � 0.00 0.00 � 0.00 0.06 � 0.04 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00
4.6 � 18.0 59.4 � 22.2 73.0 � 22.0 68.9 � 6.3 60.3 � 21.6 51.5 � 8.0
7.0 � 3.3 4.2 � 1.8 7.3 � 4.0 4.1 � 0.9 3.6 � 0.5 6.7 � 1.9
1.2 � 0.9 0.4 � 0.2 3.3 � 2.0 0.7 � 0.3 0.3 � 0.0 0.3 � 0.2
2.5 � 1.0 2.0 � 0.6 3.6 � 0.7 3.4 � 1.0 2.0 � 0.4 2.5 � 0.6
1.4 � 0.7 0.7 � 0.2 0.8 � 0.2 1.3 � 0.4 0.6 � 0.1 0.7 � 0.3
0.0 � 0.0 0.0 � 0.0 0.1 � 0.0 0.0 � 0.0 0.1 � 0.1 0.0 � 0.0
6.6 � 23.9 66.6 � 25.0 88.1 � 28.8 78.2 � 9.0 66.9 � 22.7 61.6 � 11.0



Table 2
Ecosystem properties (mean � s.e.) after one year of climate treatments. Statistical significant effects from proc mixed model analysis of variances for the main effects: D, T and CO2 and the interactions D*T, D*CO2, T*CO2 and
D*T*CO2 are indicated if P < 0.05; and in brackets if P < 0.1. Effect of depth is indicated with asterisks: ***for P < 0.001; **for P < 0.01; n.s. is non-significant. The treatments are: D for drought, T for elevated temperature, CO2 for
elevated CO2; A is ambient conditions (control plots).

Depth Effect
of depth

Treatment Main effects
and interactions

A D T TD CO2 DCO2 TCO2 TDCO2

Biomass (g m�2)
Calluna green shoot Above gr. – 286 � 75 190 � 47 378 � 131 437 � 135 305 � 60 355 � 94 290 � 66 257 � 46 (T*CO2)
Calluna coarse shoot Above gr. – 428 � 139 342 � 125 405 � 110 552 � 200 290 � 83 418 � 117 290 � 76 393 � 93
Mosses Above gr. – 196 � 51 141 � 41 124 � 65 204 � 68 329 � 144 131 � 72 94 � 82 120 � 59
Litter Above gr. – 637 � 79 1030 � 119 595 � 140 646 � 55 875 � 280 605 � 79 1149 � 466 876 � 145
Deschampsia fine root 0–5 cm *** 266.0 � 51.5 396.4 � 46.4 185.6 � 69.5 295.6 � 8.9 451.3 � 96.6 493.7 � 114.9 318.4 � 56.1 299.9 � 45.0 T

5–10 cm 11.0 � 3.7 49.1 � 17.7 47.7 � 28.1 28.2 � 4.6 36.1 � 8.2 23.8 � 4.0 53.7 � 29.5 36.0 � 8.7
10–15 cm 7.0 � 3.0 4.7 � 1.4 6.2 � 4.7 6.1 � 1.6 5.6 � 1.2 3.4 � 1.5 3.7 � 1.0 6.2 � 3.8

Calluna fine root 0–5 cm *** 32.2 � 9.7 27.8 � 11.7 32.2 � 11.2 30.0 � 10.7 29.1 � 7.4 35.7 � 13.0 29.5 � 6.9 17.8 � 6.8
5–10 cm 4.3 � 2.9 4.6 � 1.7 6.3 � 2.9 6.3 � 2.7 3.6 � 1.1 5.0 � 1.4 8.2 � 1.0 2.4 � 0.7
10–15 cm 4.3 � 2.4 0.7 � 0.4 9.8 � 8.4 1.6 � 0.7 0.5 � 0.4 1.4 � 0.9 2.3 � 1.3 0.6 � 0.2

Total plant (g N m�2)
Calluna 9.4 � 2.6 10.3 � 3.2 11.4 � 3.0 11.4 � 3.6 8.3 � 1.9 9.1 � 1.8 6.9 � 1.3 8.6 � 1.7
Deschampsia 7.3 � 2.1 9.6 � 2.0 5.5 � 1.9 6.2 � 0.7 8.9 � 2.0 10.3 � 2.4 8.4 � 1.4 7.6 � 1.2 (T)

Nitrogen (%)
Deschampsia shoot Above gr. – 1.58 � 0.16 1.81 � 0.18 1.46 � 0.13 1.47 � 0.14 1.30 � 0.12 1.64 � 0.33 1.44 � 0.06 1.55 � 0.09
Calluna green shoot Above gr. – 1.61 � 0.10 1.73 � 0.07 1.67 � 0.09 1.39 � 0.07 1.38 � 0.06 1.45 � 0.05 1.44 � 0.12 1.68 � 0.12 T*CO2 T*D*CO2 (D*CO2)
Calluna coarse shoot Above gr. – 0.78 � 0.05 0.87 � 0.10 0.78 � 0.10 0.72 � 0.05 0.68 � 0.01 0.72 � 0.08 0.72 � 0.06 0.72 � 0.05
Mosses Above gr. – 1.54 � 0.17 1.42 � 0.11 1.62 � 0.20 1.54 � 0.39 1.48 � 0.29 1.39 � 0.40 1.35 � 0.19 1.89 � 0.33
Deschampsia fine root 5–10 cm – 0.61 � 0.08 0.67 � 0.13 0.66 � 0.16 0.64 � 0.07 0.55 � 0.02 0.65 � 0.09 0.73 � 0.11 0.64 � 0.04

10–15 cm – 0.59 � 0.06 0.48 � 0.01 0.73 � 0.15 0.61 � 0.09 0.56 � 0.06 0.55 � 0.09 0.73 � 0.09 0.64 � 0.08 T
Calluna fine root 5–10 cm – 0.72 � 0.11 0.75 � 0.12 0.60 � 0.05 0.60 � 0.04 0.71 � 0.07 0.71 � 0.07 0.75 � 0.07 0.67 � 0.02

10–15 cm – 0.67 � 0.09 0.57 � 0.05 0.63 � 0.13 0.60 � 0.06 0.47 � 0.03 0.66 � 0.14 0.61 � 0.05 0.54 � 0.08 T*D*CO2 (T*CO2)

Soil properties (mg g�1 SOM)
NO3
�–N 0–5 cm n.s. 3.4 � 2.6 1.0 � 0.6 2.7 � 2.3 8.7 � 8.3 3.9 � 2.3 2.5 � 2.2 0.6 � 0.2 5.1 � 2.0 (T*D)

5–10 cm 2.4 � 1.1 2.7 � 1.3 9.8 � 5.3 7.6 � 4.9 0.8 � 0.3 1.5 � 0.7 1.9 � 0.6 2.8 � 1.0 CO2 T
10–15 cm 2.2 � 0.9 4.6 � 2.7 7.4 � 2.4 3.4 � 2.0 4.5 � 1.7 5.4 � 3.6 2.9 � 0.9 4.9 � 1.0

NH4
þ–N 0–5 cm *** 10.1 � 4.2 8.9 � 3.8 8.2 � 3.7 12.3 � 6.2 11.6 � 5.8 8.2 � 5.1 8.6 � 3.2 26.8 � 15.2

5–10 cm 31.1 � 12.5 25.3 � 6.7 25.7 � 6.3 30.7 � 9.0 22.3 � 6.7 26.1 � 5.2 22.5 � 5.3 23.4 � 5.1
10–15 cm 19.4 � 6.0 19.5 � 5.3 11.0 � 1.1 16.0 � 5.3 20.4 � 2.6 17.3 � 5.6 20.3 � 2.3 16.8 � 1.9

DON 0–5 cm *** 54.2 � 4.2 56.8 � 8.9 53.0 � 13.7 119.6 � 56.1 60.3 � 11.2 48.0 � 2.9 55.0 � 3.1 47.5 � 12.9 (D*CO2)
5–10 cm 135.7 � 25.2 277.9 � 140.8 153.0 � 39.9 171.4 � 39.5 166.0 � 32.0 202.5 � 62.5 149.6 � 26.3 135.9 � 31.0
10–15 cm 140.7 � 36.1 235.6 � 37.0 208.7 � 59.3 308.9 � 137.7 457.6 � 140.8 242.3 � 59.8 322.3 � 62.1 284.8 � 86.7

DOC 0–5 cm ** 934 � 53 994 � 165 820 � 55 1073 � 143 1034 � 87 907 � 68 1038 � 65 1003 � 83 D*CO2

5–10 cm 1602 � 273 1519 � 163 1146 � 208 1289 � 130 1469 � 129 1525 � 171 1582 � 110 1513 � 143 (T*CO2)
10–15 cm 2033 � 485 7126 � 5128 1483 � 196 1879 � 184 2321 � 358 4239 � 2157 1187 � 126 1909 � 218

Microbial N 0–5 cm *** 675 � 186 842 � 66 1147 � 407 844 � 162 1084 � 236 950 � 169 896 � 92 1085 � 263
5–10 cm 571 � 156 348 � 104 494 � 114 484 � 79 396 � 76 597 � 251 516 � 120 463 � 82
10–15 cm 355 � 81 298 � 139 207 � 99 227 � 80 121 � 81 244 � 64 150 � 97 96 � 68

Microbial C 0–5 cm *** 6109 � 1065 6009 � 480 5210 � 696 6435 � 658 5635 � 1004 4198 � 674 6340 � 771 4944 � 499 (D*CO2)
5–10 cm 4116 � 1257 3788 � 1159 4887 � 698 4840 � 654 4108 � 663 4235 � 625 4243 � 1013 4178 � 675
10–15 cm 1977 � 491 3583 � 635 2372 � 350 1567 � 361 1284 � 575 2747 � 990 3283 � 1213 3245 � 943 (T*CO2) (D*CO2)
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Fig. 4. a: Grass fine root 15N enrichment (mmol 15N g�1 N), b: grass fine root N (%), c: Calluna fine root 15N enrichment (mmol 15N g�1 N), d: Calluna fine root N (%) in 0–5 cm soil
depth in the climate change treatments: A is ambient (no treatment), D is drought, CO2 is elevated atmospheric CO2 and T is warming. Statistical significant effects from proc mixed
model analysis of variances for the main effects: D, T and CO2 and the interactions D*T, D*CO2, T*CO2 and D*T*CO2 is indicated as follows: *: P < 0.05; y: P < 0.1.
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response-sensitive variable for Calluna biomass, as it normalizes
recent plant production relative to pre-treatment biomass, signif-
icantly showed larger production in warmed and in elevated CO2

plots (T*CO2: P ¼ 0.0038), but not an additive response in the
combined T and CO2 treatment (Fig. 5b).

Only moss 15N recovery showed a response to treatment
(D: P ¼ 0.0006 and D*CO2: P ¼ 0.0004; Table 1), with most 15N in
non-drought plots, perhaps because the mosses died during the
imposed summer drought which caused a 25% lower moss biomass
in drought than non-drought plots. Plant shoot and root samples
also showed 13C enrichment from the dual-labelled glycine, but
overall this was non-significant and the 13C results for plants are
not presented.

Dissolved organic C (DOC) and N (DON) increased with depth
and NH4

þ–N peaked in 5–10 cm depth (all P < 0.05; Table 2). DOC
was significantly (and DON by tendency) increased by elevated
CO2 in 0–5 cm depth, except when CO2 was combined with
drought (DOC: D*CO2: P ¼ 0.0333; DON: P ¼ 0.0710). In 5–10 cm
depth, there was a tendency to more DOC in CO2 treatments
when CO2 was combined with T (T*CO2: P ¼ 0.0938; Table 2). In
0–5 cm depth NO3

�–N concentration was by tendency lower in
response to D and T but larger when these treatments were
combined and combined with CO2 (T*D: P ¼ 0.0929, Table 2). In
5–10 cm depth NO3

�–N concentration was lower in response
to CO2 (CO2: P ¼ 0.0173) and larger in response to warming
(T: P ¼ 0.0490; Table 2).

4. Discussion

The larger recovery of 15N from the glycine label in soil micro-
organisms (36–110% 15N recovery in 0–5 cm depth) compared to
the low recovery in plants (2.4–4.7%) did indicate that the soil
microorganisms in the short term acquired the added glycine more
rapidly than the plants did. Similar results have been achieved in
arctic heaths (Hobbie and Chapin, 1998; Andresen et al., 2008;
Sorensen et al., 2008) and confirms our hypothesis that superior
microbial N uptake also would be the case in temperate heaths. The
13C and 15N enrichment in microorganisms with the average ratio of
1.74 (Fig. 3), is close to the ratio of the labelled C and N in the
injected glycine (which is 2) and corresponded to an 87% intact
uptake. Hence, we conclude that soil microorganisms in this heath
ecosystem acquire glycine as intact compounds, similar to findings
in other ecosystem types (Nordin et al., 2004; Näsholm and
Persson, 2001; Harrison et al., 2008).

The non-responsive microbial acquisition of the glycine label
across treatments (Fig. 3), suggests that microbial glycine acquisi-
tion in this temperate heathland ecosystem was not affected by the
climate change factors, and we could not confirm our hypothesis.
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This lack of microbe response to warming was also found in
microbial uptake of 15N13C-glycine in a subarctic heath (Sorensen
et al., 2008), while microbial incorporation of leucine increased in
warmed plots (Rinnan et al., 2007). However, the tendencies to
decreasing microbial biomass C in response to elevated CO2 in our
study shows that the soil microorganisms did respond to the
treatments, as has previously been observed in temperate soils
exposed to drought and warming (Bottner,1985; Jensen et al., 2003;
Sowerby et al., 2005) and elevated CO2 (Hu et al., 2001). Previously,
no generality has been found for soil microbial biomass when
exposed to elevated CO2 alone (Zak et al., 2000; Finzi and Schle-
singer, 2003; de Graaff et al., 2006; Gill et al., 2006; Johnson et al.,
2004), but effects on community composition were suggested based
on PLFA and DGGE assays (Chung et al., 2007; Drissner et al., 2007).

In contrast to microbes, there were no significant 15N:13C linear
relation in grass and Calluna roots, suggesting that glycine was not
acquired as an intact compound by plants, or that 13C was so quickly
respired that intact uptake could not be proven.

The Calluna aboveground biomass (Table 2) was within the
range for Calluna in the mature phase in England and Wales (Milne
et al., 2002). The observed increase in production in response to
warming (Fig. 5b and Table 2) corresponded to observations of
increased Calluna shoot length (Gordon et al., 1999) and Calluna
growth in an investigation using the same methodological
approach for warming and drought as in the current study
(Peñuelas et al., 2004). In tundra ecosystems differential plant
biomass responses to warming was found (van Wijk et al., 2003).
For instance, in N. Sweden an increase of dwarf-shrub biomass, but
not herb biomass, was observed in response to warming
(Jonasson et al., 1999), while no such changes were observed in the
Alaskan tundra (Hobbie and Chapin, 1998). Increased root biomass
has previously been found in response to warming and to elevated
CO2 in temperate forests and grasslands (Volder et al., 2007;
Pregitzer et al., 2008), leading to increased belowground carbon
sequestration. Decreasing N concentration in leaves in response to
warming was found in subarctic evergreen shrubs (Jonasson et al.,
1999; Hansen et al., 2006), but in Calluna (Gordon et al., 1999;
Peñuelas et al., 2004) an increase in shoot N concentration along
with increased growth was found, this suggests an increased plant
N demand. In the present study, the tendency to a decreased N pool
in Deschampsia plants in response to warming may be a conse-
quence of such an advancement of the inter-specific competition
with Calluna. The larger nitrogen uptake potential by Deschampsia
roots, traced by 15N, in response to warming may then be
a response to this directional competition (Britton et al., 2003)
causing compensatory adjustments (Bassirirad, 2000).

The tendency to decreased Calluna root 15N acquisition in
response to drought reflects a decreased plant N demand (Gordon
et al., 1999; Peñuelas et al., 2004), which was not reflected by
biomass or N concentration. However, the absence of responses in
biomass and nitrogen content may simply rely on the short dura-
tion of the climate change experiment.

C. vulgaris and D. flexuosa has not to our knowledge been
investigated in field studies with elevated CO2. The decrease in
Calluna leaf N concentration in response to elevated CO2 (Table 2)
is probably a dilution effect (Paterson et al., 1999; Lutze and
Gifford, 2000; van Heerwaarden et al., 2005; Chen et al., 2007),
caused by increased photosynthetic carbon assimilation, as also
suggested by the increase in Calluna leaf biomass and leaf to
branch ratio in response to elevated CO2. The observed soil NO3

�–N
decrease in response to CO2 (Table 2) could reflect increased plant
nitrogen N demand (Finzi et al., 2006; Hovenden et al., 2008),
which is suggested by the large grass 15N root acquisition in CO2

plots (Fig. 4a). With the 15N acquisition normalized to per gN in
the root, the larger acquisition truly reflects a positive physio-
logical response to warming and to elevated CO2. In a pine forest
ecosystem experiment, elevated CO2 reduced the plant uptake
of the amino acid alanine (Hofmockel et al., 2007), while in
a mesocosm experiment with a grass, elevated CO2 increased
plant acquisition of ammonium 15N (Barnard et al., 2006). Hence,
elevated CO2 may cause opposite and species specific changes in
plant root nitrogen acquisition, dependent on plant nutrient status
(Bassirirad, 2000).

The species specific plant biomass and N concentration
responses to the climate change treatments may also reflect that
the plants were in different stages of seasonal development at the
end of the growing season, due to effects of the climate treatments.
For instance, the autumnal decline in normalized difference vege-
tation index (NDVI) was delayed for poplar and aspen under
elevated CO2 (Taylor et al., 2008). The decrease in green leaf and
root biomass and total plant N pool (Fig. 5a and Table 2) and the
increase in deep root N concentration (Table 2) in grasses in
response to warming, suggest such an advanced seasonal allocation
and storage of N in the grass in response to warming. Consequently,
the decrease in grass fine root biomass caused a displacement of
functional rooting depth between the treatments.
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The soil water content was stable over the period, and even
over the different treated plots. Hence, it is reasonable to assume
that the distribution and adsorption of the glycine label was even
over all plots. The decreasing 15N enrichment of plant roots with
greater depth was accompanied by decreasing 13C and 15N
enrichment of the microbial biomass and decreasing total soil 15N
recovery (Table 1), all indicating a lower concentration of the
added label downwards, below the surface injection points.
Furthermore, the decreasing plant root and soil microbial biomass,
and the increasing microbial C:N ratio downwards, together with
increasing dissolved organic C and N and NH4

þ–N concentration
with greater depth, suggest a downwards decrease in live biomass
and altered function of biota with decreased utilization of the
labile substrates and nutrients (Andresen et al., 2008; Kemmitt
et al., 2008).

The unavoidable dilution of the added isotope labelled glycine
with abundant glycine in the soil solution may have distorted the
responses, had these differed in the plots. Our hypothesis, that
belowground carbon allocation in form of root exudation increased
in response to elevated CO2 (Johnson and Pregitzer, 2007), was
supported by the increased DOC concentrations (Table 2). This, and
the rapid and large microbial acquisition of the labelled glycine,
supports that DOC is rapidly cycled under elevated CO2 (Bengtson
and Bengtsson, 2007).

5. Conclusions

The climate change factors caused changes in plant N concen-
tration, biomass and plant N uptake patterns in the temperate
heathland ecosystem.

C Soil microorganisms acquired the largest part of the added
15N13C2-glycine, largely as intact compounds (87%), with no
significant effects of treatment.

C Calluna aboveground production increased in warmed plots
and in elevated CO2 plots, which caused a dilution of tissue
nitrogen concentration.

C Grass fine root biomass, green leaf biomass and nitrogen pool
decreased in warmed plots (without elevated CO2).

C Increased plant N demand seen as larger grass fine root 15N
acquisition in warmed and in elevated CO2 plots was non-
additive in the combined treatment.

C The combined treatments in many cases responded in
opposite directions to the single treatments: warming, CO2
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and drought. Hence, realistic climate change effects on
important ecosystem properties are not predictable from
single-factor experiments.
Acknowledgements

We wish to thank Teis Mikkelsen, Niels Bruun, Gosha Sylvester,
Esben Vedel Nielsen, Karna Heinsen, Karin Larsen, Leon Linden and
Torben Martinussen for help with the climate change treatments,
chemical analysis, baseline climate data treatments and help with
the proc mixed statistical analysis. The Villum Kann Rasmussen
fond, Air Liquide, DONG Energy and SMC Pneumatic A/S are
thanked for supporting the CLIMAITE field site. The Villum Kann
Rasmussen fond and WWFnovozymes research grant are thanked
for supporting LCA. Three anonymous reviewers are thanked for
constructive comments on an earlier version of the paper.
References

Abuarghub, S.M., Read, D.J., 1988. The biology of mycorrhizal in the Ericaceae XI. The
distribution of nitrogen in soil of a typical upland Callunetum with special
reference to the ‘free’ amino acids. New Phytologist 108, 425–431.

Ainsworth, E.A., Long, S.P., 2005. What have we learned from 15 years of free-air
CO2 enrichment (FACE)? A meta-analytic review of the responses of photo-
synthesis, canopy properties and plant production to rising CO2. New Phytol-
ogist 165, 351–372.

Andresen, L.C., Jonasson, S., Ström, L., Michelsen, A., 2008. Uptake of pulse injected
nitrogen by soil microbes and mycorrhizal and non-mycorrhizal plants in
a species-diverse subarctic heath ecosystem. Plant and Soil 313, 283–295.

Andresen, L.C., Michelsen, A., 2005. Off-season uptake of nitrogen in temperate
heath vegetation. Oecologia 144, 585–597.

Bardgett, R.D., Streeter, T.C., Bol, R., 2003. Soil microbes compete effectively with
plants for organic-nitrogen inputs to temperate grasslands. Ecology 84,
1277–1287.

Barnard, R., Barthes, L., Leadley, P.W., 2006. Short-term uptake of 15N by a grass and
soil micro-organisms after long-term exposure to elevated CO2. Plant and Soil
280, 91–99.

Bassirirad, H., 2000. Kinetics of nutrient uptake by roots: responses to global
change. New Phytologist 147, 155–169.

Beier, C., Emmett, B., Gundersen, P., Tietema, A., Penuelas, J., Estiare, M., Gordon, C.,
Gorissen, A., Llorens, L., Roda, F., Williams, D., 2004. Novel approaches to study
climate change effects on terrestrial ecosystems in the field: drought and
passive nighttime warming. Ecosystems 7, 583–597.

Bengtson, P., Bengtsson, G., 2007. Rapid turnover of DOC in temperate forests
accounts for increased CO2 production at elevated temperatures. Ecology
Letters 10, 1–8.

Björk, R.G., Majdi, H., Klemedtsson, L., Lewis-Jonsson, L., Molau, U., 2007. Long-term
warming effects on root morphology, root mass distribution, and microbial
activity in two dry tundra plant communities in Northern Sweden. New Phy-
tologist 176, 862–873.

Bottner, P., 1985. Response of microbial biomass to alternative moist and dry
conditions in a soil incubated with 14C and 15N labelled plant material. Soil
Biology & Biochemistry 17, 329–337.

Britton, A., Marrs, R., Pakeman, R., Carey, P., 2003. The influence of soil-type,
drought and nitrogen addition on interactions between Calluna vulgaris and
Deschampsia flexuosa: implications for heathland regeneration. Plant Ecology
166, 93–105.

Brookes, P.C., Landman, A., Pruden, G., Jenkinson, D.S., 1985. Chloroform fumiga-
tion and the release of soil nitrogen: a rapid direct extraction method to
measure microbial biomass nitrogen in soil. Soil Biology & Biochemistry 17,
827–842.

Chen, X., Tu, C., Burton, M.G., Watson, D.M., Burkeys, K.O., Hu, S., 2007. Plant
nitrogen acquisition and interactions under elevated carbon dioxide: impact of
endophytes and mycorrhizae. Global Change Biology 13, 1–12.

Chung, H., Zak, D.R., Reich, P.B., Ellsworth, D.S., 2007. Plant species richness,
elevated CO2, and atmospheric nitrogen deposition alter soil microbial
community composition and function. Global Change Biology 13, 1–10.

Clarkson, D.T., Warner, A.J., 1979. Relationships between root temperature and the
transport of ammonium and nitrate ions by Italian and Perennial Ryegrass.
Plant Physiology 64, 557–561.

Clemmensen, K.E., Michelsen, A., Jonasson, S., Shaver, G.R., 2006. Increased ecto-
mycorrhizal fungal abundance after long-term fertilization and warming of two
arctic tundra ecosystems. New Phytologist 171, 391–404.

Danish Meteorological Institute, 2009. http://www.dmi.dk Ref Type: Internet
Communication.

de Graaff, M.-A., van Groenigen, K.-J., Six, J., Hungate, B., van Kessel, C., 2006.
Interactions between plant growth and soil nutrient cycling under elevated
CO2: a meta-analysis. Global Change Biology 12, 2091.
Drissner, D., Blum, H., Tscherko, D., Kandeler, E., 2007. Nine years of enriched CO2
changes the function and structural diversity of soil microorganisms in
a grassland. European Journal of Soil Science 58, 260–269.

Emmett, B.A., Beier, C., Estiarte, M., Tietema, A., Kristensen, H.L., Williams, D.,
Penuelas, J., Schmidt, I., Sowerby, A., 2004. The response of soil processes to
climate change: results from manipulation studies of shrublands across an
environmental gradient. Ecosystems 7, 625–637.

Finzi, A.C., Moore, C.J.P., DeLucia, E.H., Lichter, J., Hofmockel, K.S., Jackson, R.B.,
Kim, H.-S., Matamala, R., McCarthy, H.R., Oren, R., Pippen, J.S., Schlesinger, W.H.,
2006. Progressive nitrogen limitation of ecosystem processes under elevated
CO2 in a warm-temperate forest. Ecology 87, 15–25.

Finzi, A.C., Schlesinger, W.H., 2003. Soil-nitrogen cycling in a pine forest exposed to
5 years of elevated carbon dioxide. Ecosystems 6, 444–456.

Fry, B., 2006. Stable Isotope Ecology. Springer, New York.
Gill, R.A., Polley, H.W., Johnson, H.B., Anderson, L.J., Maherali, H., Jackson, R.B., 2002.

Nonlinear grassland responses to past and future atmospheric CO2. Nature 417,
279–282.

Gill, R.A., Anderson, L.J., Polley, H.W., Johnson, H.B., Jackson, R.B., 2006. Potential
nitrogen constraints on soil carbon sequestration under low and elevated
atmospheric CO2. Ecology 87, 41–52.

Gordon, C., Woodin, J.S., Alexander, I.J., Mullins, C.E., 1999. Effects of increased
temperature, drought and nitrogen supply in two upland perennials of con-
trasting functional type: Calluna vulgaris and Pteridium aquilinum. New Phy-
tologist 142, 243–258.

Hansen, A.H., Jonasson, S., Michelsen, A., Julkunun-Tiitto, R., 2006. Long-term
experimental warming, shading and nutrient addition affect the concentration
of phenolic compounds in deciduous and evergreen dwarf shrubs. Oecologia
147, 1–11.

Harrison, K.A., Bol, R., Bardgett, R.D., 2008. Do plant species with different growth
strategies vary in their ability to compete with soil microbes for chemical forms
of nitrogen? Soil Biology & Biochemistry 40, 228–237.

Hobbie, S.E., Chapin III, F.S., 1998. The response of tundra plant biomass, above-
ground production, nitrogen, and CO2 flux to experimental warming. Ecology
79, 1526–1544.

Hofmockel, K.S., Schlesinger, W.H., Jackson, R.B., 2007. Effects of elevated atmo-
spheric carbon dioxide on amino acid and NH4

þ–N cycling in a temperate pine
ecosystem. Global Change Biology 13, 1950–1959.

Hovenden, M.J., Newton, P.C.D., Carran, R.A., Theobald, P., Wills, K.E., Vander
Schoor, J.K., Williams, A.L., Osanai, Y., 2008. Warming prevents the elevated
CO2-induced reduction in available soil nitrogen in a temperate, perennial
grassland. Global Change Biology 14, 1018–1024.

Hu, S., Chapin III, F.S., Firestone, M.K., Field, C.B., Chiariello, N.R., 2001. Nitrogen
limitation of decomposition in a grassland under elevated CO2. Nature 409,
188–191.

Hungate, B.A., Johnson, D.W., Dijkstra, P., Hymus, G., Stiling, P., Megonigal, J.P.,
Pagel, A.L., Moan, J.L., Day, F., Li, J., Hinkle, C.R., Drake, B.G., 2006. Nitrogen
cycling during seven years of atmospheric CO2 enrichment in a shrub oak
woodland. Ecology 87, 26–40.

IPCC CWT. 2007 IPCC, 2007. IPCC 2007: Climate Change 2007: Synthesis Report.
Contribution of Working Groups I, II and III to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. IPCC, Geneva, Swizerland, 104 pp.

Jensen, K.D., Beier, C., Michelsen, A., Emmett, B.A., 2003. Effects of experimental
drought on microbial processes in two temperate heathlands at contrasting
water conditions. Applied Soil Ecology 24, 165–176.

Joergensen, R.G., Mueller, T., 1996. The fumigation-extraction method to estimate
soil microbial biomass: calibration of the ken value. Soil Biology & Biochemistry
28, 33–37.

Johnson, D.W., Cheng, W., Joslin, J.D., Norby, R.J., Edwards, N.T., Todd Jr., D.E., 2004.
Effects of elevated CO2 on nutrient cycling in a sweetgum plantation. Biogeo-
chemistry 69, 379–403.

Johnson, R.M., Pregitzer, K.S., 2007. Concentration of sugars, phenolic acids, and
amino acids in forest soils exposed to elevated atmospheric CO2 and O3. Soil
Biology & Biochemistry 39, 3159–3166.

Jonasson, S., Michelsen, A., Schmidt, I.K., Nielsen, E.V., Callaghan, T.V., 1996. Microbial
biomass C, N and P in two arctic soils and responses to addition of NPK fertilizer
and sugar: implications for plant nutrient uptake. Oecologia 106, 507–515.

Jonasson, S., Michelsen, A., Schmidt, I.K., Nielsen, E.V., 1999. Responses in microbes
and plants to changed temperature, nutrient, and light regimes in the arctic.
Ecology 80, 1828–1843.

Kemmitt, S.J., Wright, D., Murphy, D.V., Jones, D.L., 2008. Regulation of amino acid
biodegradation in soil as affected by depth. Biology and Fertility of Soils 44,
933–941.
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