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ABSTRACT

Climate change may affect ecosystem functioning
through increased temperatures or changes in pre-
cipitation patterns. Temperature and water avail-
ability are important drivers for ecosystem pro-
cesses such as photosynthesis, carbon translocation,
and organic matter decomposition. These climate
changes may affect the supply of carbon and energy
to the soil microbial population and subsequently
alter decomposition and mineralization, important
ecosystem processes in carbon and nutrient cycling.
In this study, carried out within the cross-European
research project CLIMOOR, the effect of climate
change, resulting from imposed manipulations, on
carbon dynamics in shrubland ecosystems was ex-
amined. We performed a '*C-labeling experiment
to probe changes in net carbon uptake and alloca-
tion to the roots and soil compartments as affected
by a higher temperature during the year and a
drought period in the growing season. Differences
in climate, soil, and plant characteristics resulted in
a gradient in the severity of the drought effects on
net carbon uptake by plants with the impact being
most severe in Spain, followed by Denmark, with

the UK showing few negative effects at significance
levels of p = 0.10. Drought clearly reduced carbon
flow from the roots to the soil compartments. The
fraction of the '*C fixed by the plants and allocated
into the soluble carbon fraction in the soil and to
soil microbial biomass in Denmark and the UK de-
creased by more than 60%. The effects of warming
were not significant, but, as with the drought treat-
ment, a negative effect on carbon allocation to soil
microbial biomass was found. The changes in car-
bon allocation to soil microbial biomass at the
northern sites in this study indicate that soil micro-
bial biomass is a sensitive, early indicator of
drought- or temperature-initiated changes in these
shrubland ecosystems. The reduced supply of sub-
strate to the soil and the response of the soil micro-
bial biomass may help to explain the observed ac-
climation of CO, exchange in other ecosystems.

Key words: drought; increased temperature; '*C-
pulse-labeling; Calluna vulgaris; Erica multiflora; soil
microbial biomass.

INTRODUCTION

Shrubland ecosystems are often natural or semi-
natural by nature and constitute large areas of Eu-
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rope. Nutrient-poor shrubland ecosystems are vul-
nerable to multiple environmental pressures such
as climate change, eutrophication by nitrogen dep-
osition, changes in the water table, as well as on-
going fragmentation by changes in land use and
because of the limited lifespan of the shrub vegeta-
tion. Its size, both aboveground and belowground,
makes it susceptible to shading and water and nu-
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trient shortages. Thus, although a shrubland ap-
pears rather stable and often accommodates a large
biodiversity, it can quickly change to other ecosys-
tems or states.

The increased anthropogenic emission of CO, has
led to a continually rising atmospheric CO, concen-
tration (Keeling and others 1995), which poses an
additional threat through a predicted increase in
temperature and altered rainfall patterns.

Temperature and water availability are important
drivers for ecosystem processes such as photosynthe-
sis, carbon translocation, and organic matter decom-
position; therefore, climatic changes are likely to affect
ecosystem functioning (Meharg and Killham 1989,
Meharg and Killham 1990; Bardgett and others 1999;
Gordon and others 1999; Oechel and others 2000;
Shaver and others 2000; Luo and others 2001).

The carbon flow through the terrestrial system
(that is, photosynthesis — carbon input into soil — decom-
position) will be directly and indirectly affected by in-
creased temperature and changes in water availabil-
ity. A small increase in temperature will be expected
to result in few changes in rates of photosynthesis and
carbon fixation, especially when temperatures are
close to optimum (Llorens and others 2004); how-
ever, water deficiency may strongly affect photosyn-
thesis and carbon translocation (Deng and others
1990). Decomposition and mineralization play a key
role in ecosystem functioning and are mainly con-
ducted by soil microorganisms (Grayston and others
1996). It is expected that these processes will increase
with increasing temperature (Kirschbaum 1995), al-
though feedback mechanisms may cause acclimation
of these processes (Oechel and others 2000; Luo and
others 2001). The impact of changes in soil moisture
will be dependent on the existing moisture conditions
in the soil and could either stimulate or depress mi-
crobial processes. The activity of the soil microbial
population also strongly depends on the input of eas-
ily decomposable substrates (for example, exudates
and lysates) released from roots (Regsberg and others
1981; Helal and Sauerbeck 1989; Van Ginkel and
others 1997, Van Ginkel and others 2000). It has been
shown that rhizodeposition has a major effect on de-
composition, mineralization, and nutrient cycling
(Hogberg and others 2001; Whipps and Lynch 1985,
Whipps and Lynch 1986), yet, despite this, it is often
an overlooked aspect of terrestrial ecosystems.

Potentially, increased nitrogen availability due to
temperature-stimulated mineralization, supple-
mented by atmospheric nitrogen deposition and
changes in water availability, may subsequently af-
fect plant growth. It also may be expected that
changes will be seen in carbon uptake, carbon allo-
cation patterns (for example, shoot-to-root ratios),

and quantity and quality (for example, C:N ratio) of
leaf litter and root deposits (Simmons and others
1996). Such quantitative and qualitative changes in
litter quality and rhizodeposition could ultimately
be reflected in plant species composition (Berendse
1994; Grime and Hunt 1975; Wedin and Tilman
1996; Van der Krift and others 2001).

From this perspective, we performed a '*C-label-
ing experiment carried out within the cross-Euro-
pean research project CLIMOOR (climate-driven
changes in the functioning of heathland and moor-
land ecosystems). CLIMOOR was initiated in 1998
and involved experimental field-scale manipulation
of the temperature and water input at four shrub-
land ecosystems in Spain, UK, Denmark, and The
Netherlands (Beier and others 2004). The aim of
the '*C-labeling experiment was to probe changes
in net carbon uptake and allocation to the roots and
soil compartment under field conditions as affected
by a higher temperature during the whole year and
a drought period in the growing season. The hy-
potheses tested were (1) summer drought will de-
crease net carbon uptake from photosynthesis and
will decrease the amount of carbon allocated to
roots and carbon supply to the soil microbial bio-
mass, and (2) a higher temperature will increase net
carbon uptake from photosynthesis as a result of
stimulated nutrient mineralization and will increase
carbon allocation to roots and soil, thus further
stimulating microbial activity.

MATERIALS AND METHODS

Sites and Manipulations

Manipulations were carried out in shrubland eco-
systems at four sites (UK, Denmark, The Nether-
lands, Spain) spanning a gradient in temperature
and precipitation (Table 1). The four sites were
seminatural ecosystems dominated by Ericacea
plants with no management activities conducted for
at least the last ten years prior to the experiment. At
each site, field-scale warming and drought treat-
ments were conducted in three replicated 20-m?
plots per treatment and treatment effects were
compared with three untreated control plots.

Warming Treatment

Warming was applied as nighttime warming. This
was chosen because the temperature increase of
0.6°C experienced so far over land has mainly been
due to an increase in the daily minimum tempera-
tures (Tp,;,), Which have increased twice as much as
maximum temperatures (7,,,,), primarily because
of increased cloudiness (IPCC 2001). Solar energy
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Table 1. Main Characteristics of the CLIMOOR Sites

Country: DK UK NL ES
Site name Mols Clocaenog Oldebroek Garraf
Location 56° 23'N 53° 03'N 52° 24'N 41° 18'N
10° 57'E 3° 28'W 5° 55'E 1° 49'E

Altitude (m) 58 490 25 210
Air temperature (°C)

Year 9.4 8.2 10.1 15.1

January 1.6 4.3 2.0 7.4

July 18.1 12.4 17.8 22.5
Precipitation 1998-2000 (mm y ') 758 1741 1042 455
Soil Sandy podzol Peaty podzol Sandy podzol Petrocalcic

calcixerepts
Dominant species” C. vulgaris C. vulgaris C. vulgaris E. multiflora
D. flexuosa D. flexuosa D. flexuosa G. alypum
V. myrtillus M. caerulea
E. nigrum

Plant cover (%) 100 100 95 57
Columns installed (1999) September 28-29 October 5-6 October 19-20
Start warming Direct Direct Direct
Start Drought (2000) May 23 July 11 April 18
Labeling date (2000) July 7 August 16 May 24
Harvest date (2000) July 10 August 19 May 27

“Calluna vulgaris (L.) Hull, Deschampsia flexuosa (L.) Trin., Vaccinium myrtillus L., Empetrum nigrum L., Molinia caerulea (L.) Moench, Erica multiflora L., Globularia

alypum L.

accumulates in the ecosystem during the day and a
fraction of the energy is radiated back to the atmo-
sphere at night as long-wave infrared (IR) radia-
tion. Nighttime warming was done by covering the
vegetation at night by reflective aluminum curtains
to reduce the loss of IR radiation. The plot cover
system was activated automatically according to
preset light (less than 200 lux) conditions. To avoid
influencing the hydrological cycle, the covers were
automatically removed during rain events, trig-
gered by rain sensors. However, registration of
these rain events caused a small delay from the start
of the rain until the curtains were opened. Overall,
the warming treatment reduced water input to the
heathlands by 10%-22% (Beier and others 2004).
The warming treatment began in March 1999 with
an average temperature increase to the soil and
plants on the order of 0.5-2°C during the day and
night (Beier and others 2004).

Drought Treatment

The drought treatment was performed for a
2-month period in the spring/summer growing sea-
son of 2000. The time of the growing season differs
across Europe, peaking in the dry, warm midsum-
mer in the northern UK, Danish, and Dutch sites.

The peak growing season in Spain, however, is in
the spring and autumn when most of the precipi-
tation occurs. Covering the vegetation with water-
proof, transparent covers served as the drought
treatment. The drought plots were constructed sim-
ilar to the warming plots except that the curtain
material consisted of transparent plastic and that
curtain movement was governed by rain. During
the drought period, the rain sensors activated the
curtain to cover the plots whenever it rained and
removed the curtains after the rain stopped. For the
part of the year without drought treatment, the
drought plots were run parallel to the control plots.

Untreated Control

The treatment effects were assessed by comparison
with three untreated control plots with similar scaf-
folding as for the warming and drought treatments
but without a curtain. More details on the experi-
mental setup and the treatments are given by Beier
and others (2004).

'*C-Labeling Experiment

A '"C-pulse-labeling experiment was performed
with one of the dominant species on each site. In
the UK (UK), Denmark (DK), and The Netherlands
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(NL) this was Calluna vulgaris (L.) and in Spain (ES)
it was Erica multiflora (L.). The Dutch site had to be
discarded from the experiment before the '*C-la-
beling was performed because the plants selected
for labeling were severely damaged by rabbits dur-
ing the winter period. Nine individual plants of the
same size were selected outside the plots for trans-
plantation into the nine plots (3 control, 3 drought,
and 3 warming plots). The plants were about 5-7
years old. To avoid damage to the root systems as
much as possible, the plants were carefully dug out
using a PVC column with an open bottom (internal
diameter 24 cm; height 20 cm). The columns were
placed around the selected plants and the column
was pushed downwards while the soil was removed
around the outside of the columns. Subsequently,
the plants were transferred to similar PVC columns,
which were closed at the bottom with a small-mesh
polyamide netting (31.5 Mm; Stokvis & Smits BV,
IUmuiden). This netting was used to prevent out-
growth of roots without restricting water move-
ment in and out the column. The height of the
columns at the Spanish site had to be reduced to 15
cm because of the rocky subsoil. The upper part of
the column included a closed-cell foam band on the
outside to enable an airtight fastening of a plastic
bag during the '*C-labeling.

Inside the nine experimental plots, a hole was
carefully prepared in which the columns fitted. The
nine columns with plants were placed in the plots
during autumn 1999 (DK: September 28-29; UK,
October 5-6, and ES: October 19-20).

The plants in the control (C) treatment were
exposed to ambient temperature and precipitation.
The plants in the warming (W) treatment were
continually exposed to this treatment from instal-
lation in autumn 1999 until labeling and harvesting
in summer 2000. The plants in the drought (D)
treatment were exposed to a severe drought before
pulse-labeling in summer 2000.

A heather beetle attack (Lochmaea suturalis
Thompson) occurred in the DK site during 1999/
2000, which to some extent damaged the plants.
Only two of the three replicates per treatment in
this site survived and were analyzed.

Because of a severe natural drought in winter
2000, all plants at the Spanish site were irrigated on
February 9 (4 mm), February 11 (4 mm), February
16 (20 mm), and February 25 (20 mm).

The drought period in 2000 at the different sites
started in ES on April 18, in DK on May 23, and in
UK on July 11. The '*C-pulse-labeling was carried
out when plants had reached the same phenological
growing stage in all treatments, that is, 4—6 weeks

after starting the imposed drought treatment (ES:
May 24, DK: July 12, UK: August 16).

%C-Labeling

At labeling, a glass vial with a solution containing
4.9 MBq of '*C-labeled Na,CO; (2.0 GBq mmol })
was placed on top of the column. The shoot was
subsequently enclosed in a polythene cover and
fixed airtight around the foam band at the top of
the column. '*C-CO, was released by injecting 20
mL of 5 N HCl into the glass vial through a septum
in the plastic cover. The CO, concentration in the
chamber was increased by about 30 ML L™'. After
200 min, the plastic cover was flushed and the air
was forced through 75 mL of 0.5 M NaOH solution
to trap the remaining '*CO, in the atmosphere.
Labeling took place between 8 and 11 a.m. to pre-
vent high temperatures in the plastic bag. Temper-
atures during labeling were measured using a Tiny-
tagPlus thermometer (Intab Benelux, Cuijk, The
Netherlands). Temperature increased from 17 to
37°C at the Spanish site, from 17 to 31°C at the
Danish site, and from 12 to 21°C at the UK site. The
plastic bags (chambers) were removed and the
plants were left in the plots for 72 h to allow the
'%C0, taken up by the plants to be allocated to the
different compartments of the plant/soil system.
After 72 h, the columns were lifted from the soil,
the shoots were clipped at the base, and the soil
columns and the plants were transported to the
laboratory where they were kept at 2°C until fur-
ther processing.

Measurements

Soil in the columns was divided into an upper layer
of 10 cm and a lower layer of 5 cm (ES) or 10 cm
(DK, UK). Stones and roots were removed by siev-
ing (5 mm) and handpicking, and part of the soil
was oven-dried at 70°C until constant weight for
'*C determination and soil moisture measurement.
Soil microbial biomass was determined in fresh soil
using the fumigation—extraction method (Vance
and others 1987). Duplicate soil samples were chlo-
roform-fumigated for 24 h. Twenty-five grams of
unfumigated and fumigated soil were shaken with
100 mL of 0.5 M K,SO, for 1 h. One-half milliliter
of the extracts was mixed with 3 mL of UltimaGold
scintillation liquid (Packard) and counted (Tri-Carb
2100, Packard). Solutions of the unfumigated soil
samples were used to determine the soluble '*C
fraction. The difference ('*C flush) between the
fumigated and unfumigated soil samples was used
to calculate soil microbial biomass '*C (see below).

Roots were carefully washed and dried at 70°C
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until constant weight. Shoots were divided into
leaves and stems and also dried at 70°C. Total car-
bon and total '*C content in dried shoots, roots, and
soil were determined after wet digestion (Dalal
1979). Plant material (30 mg) and soil (1 g) were
digested with 5 mL of a 10% (w/v) K,Cr,0, solu-
tion in H,SO, and H;PO, (3:2 v/v) at 160°C for 2 h.
Released CO, was trapped in 10 mL of a 0.5 N
NaOH solution. *C was determined in 0.5 mL of
NaOH as described above. A carbon budget was
calculated including total net '*C uptake and distri-
bution of '*C among shoots, roots, and soil.

Calculations

A conversion factor (K. factor) of 0.45 was used to
calculate soil microbial '*C from the '*C flush
(Vance and others 1987). The measured total '*C
content in soil consists of soluble '*C, microbial
biomass '*C, and residual '*C. This soil residue was
calculated by subtracting soluble '*C in the unfu-
migated soil extracts and microbial biomass '*C
from total soil '*C. This residue fraction will mainly
consist of insoluble secretions and lysates, including
root hairs and small roots.

Statistics

The experiment consisted of three treatments (con-
trol, warming, and drought) and three sites (ES,
UK, and DK). Each treatment consisted of three
replicates, except for Denmark with two replicates
per treatment. The effects of drought and warming
within sites were separately analyzed against the
control treatment by ANOVA (Genstat 5, version
4.2). Differences are considered significant for p =
0.10.

RESULTS

Soil Water and Plant Biomass

Nighttime warming increased the mean daily soil
temperature during the period just before labeling
by 1.3°C (UK), 0.2°C (DK), and 0.8°C (ES) com-
pared with the controls (Figure 1). Table 2 shows
the accumulated rainfall before the '*C-labeling in-
side the plots. The results show that the roofs of the
drought plots reduced the cumulative rain input
during about eight weeks before labeling by 52%,
97%, and 41% in UK, DK, and ES, respectively,
compared with the control. At all sites a large de-
crease in rainfall was created in the drought plots.
In Spain and Denmark, the reduced rain input re-
sulted in a relative decrease of over 65% in soil
water content (in both soil layers; Table 3). No
difference was found in the soil moisture content in
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Figure 1. Soil temperature in the warming treatment
compared with the control at the different sites during
the last 50 days before '*C-labeling. More details in Beier
and others (2004).

the columns at harvest time at the UK site (Table 3),
a measurement that we can not explain. However,
four days before labeling, probes measured a 50%
reduction in soil moisture in the drought treatment
compared with the control, confirming the reduced
cumulative rainfall in the drought plots. More de-
tailed information about temperatures and rainfall
is given by Beier and others (2004).

Dry weights of the plant fractions were not sig-
nificantly affected by any of the treatments (Table
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Table 2. Accumulated Rainfall (mm) in the Plots before the '*C-Labeling at Three Sites (UK, DK, ES)

UK DK ES

Control Drought Warming Control Drought Warming Control Drought Warming

Days before harvest 60 57 53
Rainfall (mm) 252 120 232 153 5 137 78 46 76
Reduction compared 0 52 8 0 97 10 0 41 2

with control (%)

4). The dry weight of the leaves at the Danish site
was low as a result of the heather beetle (Lochmaea
suturalis Thompson) attack at the site in 1999.

At each of the sites most of the root biomass
(85%-95%) was found in the upper 10 cm of the
soil profile. Root mass was not significantly affected
by the treatments and was comparable for all sites
(Table 4).

Net '*C Uptake and Absolute "*C Allocation

Total net '*C uptake was lowest in Spain and high-
est in Denmark and the UK (Table 4). The low net
uptake at the Spanish site resulted in '*C amounts
allocated to the soil compartments that were too
low for accurate measurements (Tables 4 and 5).
An interaction was found between drought and site
(D X S) for the '*C uptake. In Spain, total net '*C
uptake by the plants was significantly reduced by
96% in the drought treatment compared with 39%
in Denmark. The reduction in net '*C uptake in the
warming treatment in Spain and Denmark was not
significant. In contrast, at the UK site the drought
resulted in a slight (13%) but not significant in-
crease in net '*C uptake, whereas the warming
treatment resulted in no change. This was also ob-
served in '*C uptake per unit leaf (Figure 2).

By far the most significant result from the '*C
labeling of the plant and soil cores was the reduced
4C allocation to the soil compartment as a result of
the drought treatment. For the warming treatment,
the same tendencies (p values between 0.10 and
0.20) were observed in all soil fractions. At the
Danish site total '*C translocated belowground was
reduced by 80% for the drought treatment and
74% as a result of the warming treatment (Table 4).
This decrease was also observed at the UK site (39%
by drought and 27% by warming). Within the soil
compartments at both these sites the drought treat-
ment also significantly reduced '“C allocation to
soluble soil *C and soil microbial biomass (Table 4).
Reductions observed in the warming treatment
were not significant. '*C allocation to the soil com-

partment at the Spanish site was undetectable in
any of the treatments (including the control).

Relative *C Allocation

When expressed as a percentage of total net '*C
uptake, relative '*C allocation showed that overall
more than 97% of the '*C was found in the plants
and less than 3% in the soil compartments, in Spain
even less than 1% (Table 5). Drought and warming
did not significantly effect relative '*C allocation
within the plant compartments at any of the sites
(Table 5).

Within the soil compartments, drought signifi-
cantly reduced the relative *C allocation to the soil
microbial biomass in Denmark and the UK. As with
the absolute '*C allocation, drought decreased the
relative '*C allocation to the soil soluble fraction
and the soil microbial biomass at the Danish and UK
sites (Figure 3) Reductions observed in the warm-
ing treatment were significant only for the soluble
fraction in Denmark.

DiscussioNn

Climate change, caused by increasing atmospheric
levels of CO, and other greenhouse gasses, poses an
additional threat to already vulnerable European
shrublands. Warming of the atmosphere and the
earth’s surface may invoke changes in precipitation
patterns, evapotranspiration, and water availability
in soils. Shrubland-like ecosystems may be sensitive
to these changes because, in contrast to forest eco-
systems growing on comparable soils, shrubs are
less capable of exploring deeper soil layers for wa-
ter. In many areas this will exacerbate existing
problems caused by altered water tables. This is
directly applicable for the CLIMOOR sites with the
majority of root biomass (85%-95%) found in the
upper 10 cm of the soil profile. In the longer term,
root biomass may be a good indicator of changes in
carbon allocation to the soil compartment. In the
short term, small changes are difficult to observe
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Soil Water Content (% of fresh weight) at Harvest in Two Layers at Three Sites (UK, DK, ES) as Affected by Drought and Warming

Table 3.

Treatments

P values”

ES

DK

UK

Warming Control Drought Warming C-D C- W

Drought

Warming Control

Drought

Control

DXS W WXS

(n=3)

= 3)

(n =2) (n = (n

=2)

(n = (n

(n =3)

= 3)

(n

(n =

0.17

0.06

0.01
0.07

4.8 15.7

14.9

66.6 67.8 69.6 11.5 3.8 6.5
2.7

5

Upper layer (0—-10 cm)

0.008

12.7

4.8

13.2

7.9

58.0 10.3

56.9

Lower layer (10-20 cm)

“C — D: analysis of control versus drought; C — W: analysis of control versus warming; C: control; D: drought; W: warming; S: site; D X S and W X S: interactions; p values greater than 0.2 are not mentioned.

and the apparent differences in this study were
probably already present at the start of the experi-
ment.

This study shows that drought reduces total net
carbon uptake of these shrubland ecosystems and
the subsequent allocation of carbon to soil compart-
ments. The release of carbon compounds by roots
decreased not only because of reduced net carbon
uptake by plants, but also as a result of a change in
the carbon allocation to root exudates; the percent-
age of '*C found in the soluble fraction and in
microbial biomass decreased by more than 60%,
whereas there was no observed change in the rel-
ative allocation pattern within the plant. Generally,
the relative amount of carbon allocated to the soil
through the release by roots is usually small, but a
prolonged reduction in the supply of easily decom-
posable carbon compounds and energy as seen in
this study may alter soil microbial activity.

Carbon Uptake

General net carbon uptake was lower in Spain than
in the UK and Denmark, indicating a low photo-
synthetic activity probably caused by the dry con-
ditions at this site. This low net uptake at the Span-
ish site resulted in '*C amounts allocated to the soil
compartments that were very low and not reliable
(Tables 4 and 5).

Drought. In the experiment, not all sites reacted
equally to the drought treatment. Beforehand, one
would expect the strongest effect of drought on
carbon dynamics at the warmest and drier site with
the highest evapotranspiration, Spain, and the
weakest effect in the colder and wetter site, the UK.
The drought treatment at the Spanish site was se-
vere and caused a strong reduction in the already
low net carbon uptake. This lower CO, uptake re-
sulted from a reduced photosynthetic area (as indi-
cated by the lower dry leaf mass) and a reduced
uptake per unit leaf. Dry and warm conditions gen-
erally force plants to close their stomata to control
transpiration, causing an accompanying reduction
in photosynthesis (Schulze and others 1987). The
lower plant activity in Erica multiflora at the Spanish
site compared with Calluna vulgaris at the Danish
and the UK sites was reflected in measurements on
the photosynthetic rates that were less than 25% of
the rates measured in the UK and Denmark
(Llorens and others 2004).

In contrast, the peaty soil in the UK had a much
higher water-holding capacity, and, although soil
moisture was affected by the drought treatment,
the soil still contained much more water compared
with the sandy soils at the Spanish site and at the
Danish site. The differences in soil, climate, and



657

Climate and Carbon Allocation in Shrublands

"POUOIUIUL 10U 24D 7°() UDY) 1a]DaF SaNIvA d ‘SUOLIDIAIUL IS X M PUD § X ( ‘2118 :S BUTUIDM M “JybBnodp :q {1041U00 ;D ‘BUluLIpm sNSIaA [041U0D fo SISAIpuv M — D ‘Jybnoip snsioa 1043u0d Jo sishjpuv :q — D,

€< 4 (43 796 86¢1 781 76¢T 8¢¢ <6¢C jeor 1un 12d oxeidn
10°0 <000 68¢ 143 €8L 6¢61 6¢ST 6CST L6ET S09¢ €9¢T ayeidn D, , 19U [e10L
ST0 9¥V1 SIt 979 T8¢ 6'¢hy 1°LS INPISAIL [IOS Dy
60°'0 0T0 S0°0 'L 19 0'9C 6'LE ¥'0C 1'8% SSBWOL] [BIqQOIIUL Dy
80°0 <TI0 €00 10°0 6'¢ S'C 66 [ 74 0'¢C L'e uomnoely a[qn[os Dy,
010 60°0 > > > 9T 0cC 66 08 929 601 [T0S Dy,
LT°0 (44 I L 6¢1 6L (44| 9¢C 91¢ 19C S1001 Dy,
9CI1 6 9LT 0¢s 10L CIL 16¢ L99 99 SWIdIS Dy ¢
€000 €000 18747 44 9¢¢ 444! 6¢L 96S1 0L¥1 9¢¢G1 ovel SIABI] Dy
8000 9000 685 143 €8L €l61 6151 (544 L1€T 6£5T 96TT syuerd D,
(bgyy) wonnquusip D,
[ 'S 9'¥ 09 'S (47 €9 (a)e 19 un 0Z-0T1 s100y9
710 z's9 ¢S 1¥L 'Ly 6'SS 0'1¥ 0'¥8 7'¢8 8'CL un O1-0 s100yY
€10 7L 6'8¢ L'8L 1°¢s €19 (4957 €06 6'88 6°18 s100yg
91'0 1°9¢C cee (943 6'LT L'LT cee 0°scT $'9C €8¢ wa1s
LT0 ST0 691 9°¢1 9T 07¢ 'l 0C 9'8 06 6’8 $9ABIT
(3) s1y8rom A1
SXM M Sxd a =u) (g=u) (¢=u) (t=u) (z=u) (z=u (c=u) (c=u) (¢c=uw
M =D d - D Summrepm Iysnorig [onuo) Juruuep  Jy3noig [onuo) Sururep  Jy3noiq [onuo)d
LSon[eA d sq SIa SN

SJUWIIBAIL, SUTWIIEAA PUe 143NoIJ 2yl Aq Pawdaffv se (SH S ‘SN) SIS
21yl 1e (,_8 bay) ssew jea1 A1 1un 1ad oxerdn pue (bgy) oyerdn D, 1N [er0L (bgy) uonnquusia D, ‘(3) siydom A1q jueld “p d[qelL



658 A. Gorissen and others

plant characteristics caused a gradient in the
drought effect on net carbon uptake by the plants
with the effect in Spain greater than in Denmark
which is greater than in the UK, a gradient also
found for photosynthetic rates (Llorens and others
2004). Carbon uptake at the UK site was not clearly
affected; if anything, a trend for higher net '*C
fixation was observed in the plants in the drought
plots. This contradicts previous findings by Gordon
and others (1999), who found a clear decrease in
potential photosynthetic activity in Calluna vulgaris
during a summer drought in the UK. However,
their drought treatment was apparently more se-
vere than in the CLIMOOR experiment as heather
shoots were wilting, a symptom that was not ob-
served in our experiment.

Warming. The warming treatment did not in-
crease net '*C uptake as had been hypothesized.
The expected stimulating effect of increased miner-
alization on plant growth was also not observed in
leaf dry weights.

C-WW

C—-DDXS XS
0.08
0.01

p values”
0.08
0.08
0.02

0.03
0.005

3.6

Warming
(n=3)
>99
76
20
<1
12

Drought
(n=3)
54
42
3.7
<1

>99

3)

ES
(n =
>99
70
22

7.3
<1
16

Carbon Allocation

Drought. The amount of '*C allocated below-
ground in Spain was so small that subsequent trans-
fer of the '*C to the soil compartments could not be
detected. At the Danish site and the UK site,
drought reduced absolute carbon allocation to the
soluble fraction and the residue fraction. The
amounts recovered in solubles (probably mainly
consisting of exudates) and in the residue (three
days after labeling probably mainly containing in-
soluble secretions and lysates, including root hairs
and small roots) serve as substrate for the microbial
biomass and a differential response of these soil
fractions (soluble — insoluble) to drought treatment
could affect the soil microbial community differ-
ently. In this study, the decrease in '*C transfer into
both fractions resulted in an overall reduction of the
14C microbial biomass. Also, the relative amount of
carbon (that is, the fraction of the total '*C fixed)
that was allocated to soil microbial biomass was
strongly depressed by the drought treatment, sug-
gesting that microbial biomass may be a sensitive,
early indicator of drought-initiated changesin shrub-
land ecosystems.

Warming. The warming treatment also affected
*C allocation to the soil. Given the drier conditions
in the warming treatment at the Danish site, this
reduction is to some extent comparable with the
drought treatment. Certainly at this site carbon up-
take and distribution seemed to be related to soil
moisture conditions. The warming treatment did
not significantly reduce '*C allocation to the soil
fractions at either the Danish or the UK site. In

3)

Warming Control
(n=
98
61
26
10.5
2.06
0.32
0.58
1.16
40

1.09
0.14
0.33
0.62

Drought
(n=3)
99
46
48

4.6
31

(n =
96
28
4.8
3.79
0.39
1.02
2.38

DK
63

52

Warming Control
97
62
24
11.0
3.45
0.18
1.62
1.65
49

Drought

(n=3)

98

60

12.2
2.52
0.08
0.79
1.65

26
53

4.51
0.15
1.95
241

Relative '*C Distribution (% of Total '*C Recovered in Plants and Soil) and '*C Recovery (% of Applied '*C), at Three Sites (UK, DK,

UK

Control

(n=3)

96

57

28

11.2

48

ES) as Affected by the Drought and Warming Treatments

14C leaves
14C stems
14¢C roots

14C soil
14C soluble fraction
14C microbial biomass
14C soil residue

14C recovery (%)

14¢C distribution (%)
14¢C plants

“C — D: analysis of control versus drought; C — W: analysis of control versus warming; C: control; D: drought; W: warming; S: site; D X S and W X S: interactions; p values greater than 0.2 are not mentioned.

Table 5.
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Effect of drought on '*C uptake per gram of Effect of warming on "C uptake per gram of
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Figure 2. Relative effect of drought and warming on '*C uptake per unit of leaf as compared with the control (*p < 0.10;
n.s. = not significant).

Figure 3. Relative effect of
the drought and warming on
'“C translocation into soil
compartments (*p = 0.10;
n.s. = not significant).

Effect of drought on the net "C
translocated into the soil.

UK DK ES

Effect of drought on relative allocation
of ¥C within the soil fractions

Soluble Microbial
biomass

fraction Residue

relative change (% of control)
&

relative change (% of control)

Effect of warming on net '*C
translocated into the soil

UK DK ES

Effect of warming on relative
allocation of "C within the soil
fractions

Soluble Microbial

fraction biomass Residue

relative change (% of control)
)

relative change (% of control)

theory, a reduction in carbon allocation may follow
an increased availability of soil nutrients as a result
of increased mineralization (Emmett and others
2004) that enables plants to invest relatively less
carbon and energy in the root system.

In conclusion, this field study shows that soil
microbial biomass seems to be an early indicator of
changes in soil carbon dynamics induced by
drought in the shrubland ecosystems studied in
CLIMOOR. The results of the warming treatment
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showed similar, but not significant, effects. Re-
peated analyses and a time-integrated assessment
are certainly warranted in future research of these
shrublands and would give us a better judgment of
the changes in '*C fixation and '*C allocation
caused by warming and especially drought. We
have confidence that such an assessment would
reinforce the '*C results because results on biomass
accumulation and net primary productivity after
the whole growing period point in the same direc-
tion as the '*C fixation response (Pefiuelas and
others 2004). The climate manipulations, especially
drought and to a lesser extent warming, within the
CLIMOOR project are significantly reducing carbon
allocation to the soil. These observations on a re-
duced supply of substrate may play a significant role
in explaining the observed acclimation of CO, ex-
change in tundra (Oechel and others 2000) and tall
grass prairie (Luo and others 2001) ecosystems. At
present we cannot extrapolate how the reduced
carbon allocation to the microbial population, and
subsequent effects on carbon and nutrient cycles,
will accumulate over the years. However, as micro-
bial decomposition processes play a central role in
soil nutrient cycles (Van Veen and others 1989), it
could be predicted that altering microbial activity
may affect ecosystem functioning in the longer
term.
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