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Abstract

Global change factors affect plant carbon uptake in concert. In order to investigate the response directions and

potential interactive effects, and to understand the underlying mechanisms, multifactor experiments are needed.

The focus of this study was on the photosynthetic response to elevated CO2 [CO2; free air CO2 enrichment

(FACE)], drought (D; water-excluding curtains), and night-time warming (T; infrared-reflective curtains) in

a temperate heath. A/Ci curves were measured, allowing analysis of light-saturated net photosynthesis (Pn), light-

and CO2-saturated net photosynthesis (Pmax), stomatal conductance (gs), the maximal rate of Rubisco

carboxylation (Vcmax), and the maximal rate of ribulose bisphosphate (RuBP) regeneration (Jmax) along with leaf
d13C, and carbon and nitrogen concentration on a monthly basis in the grass Deschampsia flexuosa. Seasonal

drought reduced Pn via gs, but severe (experimental) drought decreased Pn via a reduction in photosynthetic

capacity (Pmax, Jmax, and Vcmax). The effects were completely reversed by rewetting and stimulated Pn via

photosynthetic capacity stimulation. Warming increased early and late season Pn via higher Pmax and Jmax.

Elevated CO2 did not decrease gs, but stimulated Pn via increased Ci. The T3CO2 synergistically increased plant

carbon uptake via photosynthetic capacity up-regulation in early season and by better access to water after

rewetting. The effects of the combination of drought and elevated CO2 depended on soil water availability, with

additive effects when the soil water content was low and D3CO2 synergistic stimulation of Pn after rewetting. The
photosynthetic responses appeared to be highly influenced by growth pattern. The grass has opportunistic water

consumption, and a biphasic growth pattern allowing for leaf dieback at low soil water availability followed by

rapid re-growth of active leaves when rewetted and possibly a large resource allocation capability mediated by the

rhizome. This growth characteristic allowed for the photosynthetic capacity up-regulations that mediated the

T3CO2 and D3CO2 synergistic effects on photosynthesis. These are clearly advantageous characteristics when

exposed to climate changes. In conclusion, after 1 year of experimentation, the limitations by low soil water

availability and stimulation in early and late season by warming clearly structure and interact with the

photosynthetic response to elevated CO2 in this grassland species.

Key words: CLIMAITE, climate change, FACE, grassland, leaf d13C, multifactor experiment, stomatal conductance, water use

efficiency.
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Introduction

Environmental changes caused by increased emissions of

greenhouse gasses have been predicted to influence the

stability of ecosystems worldwide (IPCC, 2007). For

terrestrial plants and ecosystems, increases in the atmo-

spheric CO2 concentration and air temperature as well as
changes in precipitation patterns are expected to have

strong impacts on the carbon balance. Regional climate

models predict enhanced temperature and a change in the

pattern of precipitation in Denmark, resulting in longer

summer drought periods and the occasional incidences of

high amounts of precipitation (Christensen and Christen-

sen, 2003). Effects of environmental changes such as

elevated CO2, temperature, and precipitation on plants and

ecosystems have primarily been investigated as effects of

a single factor or two factors in combination (e.g. Beier

et al., 2004; for an overview see Rustad, 2008). Since all

environmental changes occur concurrently, in order to

investigate potential interactions between factors, it is

important to study the effects in response to the factors

alone and when combined.

Warming generally increases net primary production

(Rustad et al., 2001; Shaw et al., 2002; Dukes et al., 2005;

Penuelas et al., 2007), with the strongest responses on sites

with low aridity (Penuelas et al., 2007). On the leaf level,
increased daytime temperature may increase light-saturated

net photosynthesis (Pn), especially during cold periods (Sage

and Kubien, 2007). Plant respiration in response to warm-

ing probably affects the plant carbon uptake. During the

day, respiration increases with temperature and decreases

the plant net carbon uptake (Atkin and Tjoelker, 2003),

whereas during the night-time increased plant respiration

can stimulate carbon sink strength and daytime Pn

(Turnbull et al., 2002, 2004). Indirect effects of warming

can increase growing season length (Menzel and Fabian,

1999; Walther et al., 2002; Cleland et al., 2006), change

phenology (Harte and Shaw, 1995; Wan et al., 2005; Menzel

et al., 2006), increase soil nitrogen mineralization and

availability (Rustad et al., 2001), reduce the soil water

content (SWC) (Volk et al., 2000; Morgan et al., 2004; Wan

et al., 2005), and affect species composition and community

structure (Shaver et al., 2000; Wan et al., 2005). The indirect

effects have been argued to be more important than the

direct effects (Körner, 2000; Shaver et al., 2000; Morgan

et al., 2004; Lou et al., 2007).

In response to mild to moderate drought, stomatal

conductance (gs) reduction decreases transpiration (Tr) and

Pn. More intensive drought induces the down-regulation of

light- and CO2-saturated net photosynthesis (Pmax), the

maximal rate of Rubisco carboxylation (Vcmax), and the

maximal rate of ribulose bisphosphate (RuBP) regeneration

(Jmax); a reduced content of Rubisco decreases Pn together
with gs, and mesophyll conductance reduction dominates

during severe drought (Flexas and Medrano, 2002; Penuelas

et al., 2007).

Elevated CO2 predominantly decreases gs, stimulates Pn,

and increases plant water use efficiency (WUE) (Curtis,

1996; Curtis and Wang, 1998; Ainsworth and Long, 2005;

Ainsworth and Rogers, 2007). At elevated CO2, Vcmax is

often reduced through reduction of Rubisco content and

thereby nitrogen investment (Drake et al., 1997; Parry et al.,

2003). This response leads to a down-regulation response
with decreased leaf nitrogen, increased leaf C/N ratio, and

reduced Jmax and Pmax found in many studies (Ainsworth

and Long, 2005; Ainsworth and Rogers, 2007). The

magnitude of the response of Pn to elevated CO2 is

modulated by nitrogen supply and the constraints of the

capacity to utilize photosynthates (Ainsworth and Rogers,

2007). The importance of improved water relations via

reduced water consumption in elevated CO2, which to some

degree sustain Pn in dry periods, has been stressed in

particular in grasslands and forest exposed to elevated CO2

(Körner, 2000; Volk et al., 2000; Medlyn et al., 2001;

Morgan et al., 2004; Leuzinger and Körner, 2008). During

dry periods, the combined responses of leaf area index

(LAI) and leaf gs determine the plant water consumption.

Therefore, water status may strongly co-determine plant

biomass responses to CO2 enrichment (Acock and Allen,

1985; Gifford, 1992; Koch and Mooney, 1996; Fredeen

et al., 1997; Field et al., 1997; Niklaus et al., 1998).

This study is part of the CLIMAITE experiment

(Mikkelsen et al., 2008), where treatments of passive night-

time warming, elevated CO2, and periods of drought are

applied alone and in all combinations. To investigate the

photosynthetic responses of the dominant grass Deschamp-

sia flexuosa, monthly campaigns of leaf gas exchange

measurements (A/Ci curves) were performed, and leaf

characteristics of carbon, nitrogen, and 13C natural abun-

dance (d13C) were analysed. The values of d13C represent an

integrated measure of WUE over time (Farquhar et al.,

1982). It was assumed that the measured d13C values were

the product of gs reductions over time but that they would

also be influenced by a higher leaf Ci/Ca ratio, mediated by

reduction in photosynthetic capacity measures (Jmax, Vcmax,

and Pmax). The measurements made allowed for analysis of

the accumulated responses of carbon uptake, water status,

and nitrogen balance in the experimental system. The

impacts of the three environmental factors alone and in

combination were evaluated to elucidate possible shifts in

importance of the treatments during the growing season.

It was hypothesized that:

(i) Elevated CO2 (CO2) would increase Pn via increased Ci

despite acclimation with gs reduction and photosynthetic

capacity (probed with Pmax, Jmax, and Vcmax) down-

regulation.

(ii) Elevated CO2 would sustain Pn in dry periods via soil

water savings.

(iii) Passive night-time warming (T) would increase Pn and

decrease d13C in spring via earlier maturation of photosyn-

thetic capacity and in autumn via delayed senescence

maintaining high photosynthetic capacity.
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(iv) Summer drought (D) would decrease Pn via gs re-

duction and only decrease Pn via photosynthetic capacity

down-regulation under severe water shortage.

(v) Responses to combinations of T, D, and CO2 would

mainly be additive, but with potential for interactive effects.

Materials and methods

Site and experimental set-up

The experimental site is a dry heathland ecosystem in North
Zealand, Denmark, dominated by the C3 grass D. flexuosa (L.)
Trin and the evergreen dwarf shrub Calluna vulgaris (L.) Hull. The
experimental treatments were elevated CO2 (CO2), passive night-
time warming (T), summer drought (D), all combinations, TD,
TCO2, DCO2, and TDCO2, and unmanipulated control (A),
replicated in six blocks in a split-plot design. Each block consisted
of two 6.8 m diameter octagons, each divided into four plots. In
one octagon the CO2 concentration was elevated to 510 ppm
during the daytime with the FACE technique (free air CO2

enrichment; Miglietta et al., 2001) and in the other octagon the
CO2 level was ambient. In each octagon, automated curtains
covered one half (two plots) during the night, preserving a pro-
portion of the daily incoming radiation energy, which increased
the night air temperature by up to 4 �C, on average 1–2 �C.
Perpendicular to the infrared (IR)-reflective curtains was a rain-
excluding curtain which automatically was activated by rain
during intended drought periods. In each experimental plot the
soil temperature was measured continuously at 2 cm and 10 cm
depth, and the SWC at 0–20 cm and 0–60 cm depth. Two climatic
stations recorded precipitation, air temperature, photosynthetically
active radiation, and wind speed and direction. The CO2 and
warming treatments were initiated on 3 October 2005. A drought
period was initiated on 3 July 2006 and continued until 4 August
when the SWC reached ;5% in the top 20 cm of the soil. For
further description of the site and experimental set-up, see
Mikkelsen et al. (2008).

Leaf gas exchange

CO2 and H2O leaf gas exchange measurements were conducted in
situ by using two LI-6400s (LI-COR Biosciences, Lincoln, NE,
USA) connected to standard 233 cm chambers with light-emitting
diode (LED) light sources (6400-02B). They were carried out in the
periods 11–18 May, 12–16 June, 10–13 July, 14–21August, 11–22
September, and 9–20 October, 2006. During each campaign,
measurements were conducted on one leaf sample in each
experimental plot (48 plots) and the resulting treatment replica-
tions were n¼6. Only fully expanded, healthy leaves from the top
of the vegetation were selected. Pilot studies resulted in the
following methodology securing highly reproducible measure-
ments: 10–20 D. flexuosa leaves were positioned side by side and
gently fixed by hairgrips during each of the monthly periods of
measurements. The leaf cuvettes were fixed to the samples during
measurements using flexible arms (Magic Arm 143, Manfrotto,
Italy). During the following harvest, care was taken to ensure that
area and weight were determined on exactly the same material as
inserted in the leaf cuvette.
Samples were acclimated for 2–4 min at ambient CO2

(380 ppm), until net photosynthesis and stomatal conductance
were stabilized [61 coefficient of variation (CV) over 30 s]. The
CO2 response curves were measured by stepping CO2 down from
380 ppm to 300, 200, 100, and 50 ppm and then back to 380 ppm
for 4 min re-acclimation, until the initial state was reached again.
Then CO2 was then stepped up to saturation from 380 ppm to 450,
510, 650, 800, 1000, 1200, and 1400 ppm at the saturating light
level of 1500 lmol photons m�2 s�1. The LI-COR Auto program

‘A/Ci-curve’ was used (settings: minimum 45 s and maximum 60 s,
reference CO2 stable in 10 s with CV <1%, Ci stable in 10 s with
CV <1 %, IRGA matching performed at each step). Block
temperature was held constant at 25 �C and sample relative
humidity was stabilized at 45–55% during measurements. All
measurements were area corrected. Leak corrections was applied
with the empty chamber approach (Manter and Kerrigan, 2004).
Gas exchange parameters, such as Pn, Tr, WUE (¼Pn/Tr), gs, and
the Ci, were extracted from the CO2 response curves at the
reference CO2 level (380 ppm CO2 in non-FACE plots and
510 ppm CO2 in FACE plots). This allowed calculation of the
Ci/Ca with Ca set to 380 ppm in ambient CO2 and 510 ppm in
elevated CO2. Pmax was extracted at 1200 ppm CO2. Calculation of
Vcmax and Jmax followed the approach of Dubois et al. (2007) after
Farquhar et al. (1980).

Leaf weight, area, nitrogen, carbon, and d13C

Immediately after harvest, digital pictures were taken of the
leaves flattened by transparent acrylic plates beside a quadrant of
known area. The photographs were converted to black and white
and loaded into a pixel-counting program (Bitmap, S. Danbæk,
Department of Biology, University of Copenhagen), by which the
leaf areas were determined. Then the fresh weight was de-
termined. The dry weight was determined after oven drying at
80 �C for 48 h. The plant material was analysed for C and N
concentration and d13C with an elemental analyser (EuroVector,
Milano, Italy) coupled to an IsoPrime isotope ratio mass
spectrometer (GV Instruments, Manchester, UK). During analy-
sis, the internal reference gas was calibrated against certified
standards from the International Atomic Energy Agency, and
plant material calibrated against certified standards was used as
a working standard. From the dry weight and leaf area, the
specific leaf area (SLA) was calculated. Leaf water content was
calculated from fresh and dry weights.

Statistics

Analyses of variance were performed on linear mixed effects
models with the following fixed effects: month, T, D, and CO2,
and their interactions T3D, T3CO2, D3CO2, and T3D3CO2,
using proc mixed in SAS (Statistical Analysis Systems Institute,
2009). The split-plot design of the experiment was described by
including octagon (O), O3T, and O3D as random factors. Pre-
treatment data were initially included as covariates as fixed factors.
The full model was reduced by backward selection until factors
with P <0.1 remained. The denominator degrees of freedom were
corrected according to the Satherwaite procedure. Significance
levels are reported in the figures and tables as a tendency with y
when P <0.10 and as significant with * when P <0.05, ** when
P<0.001, and *** when P <0.0001. All data were tested for and
confirmed to be normally distributed; some response data were
transformed to fulfil the assumption of homogeneity of variance.
To interpret the direction of the significant responses, the group
least square means were compared.

Results

Environmental conditions

In 2006, the last snow melted in late March and from

early April the mean daily temperature (at 2 m height)
gradually increased from 0 �C to 25 �C in late July; 2006

was the warmest year ever recorded in Denmark, 9.4 �C
(www.DMI.dk), and mean daily air temperatures were

>11 �C in late November. The warming treatment in-

creased the 24 h mean daily temperature by 1–2 �C and
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there was a 33% higher number of accumulated growing

degree days (GDDs) from 1 April to 15 May and an

annual 7% increase in GDDs in warmed plots compared

with controls (Mikkelsen et al., 2008). The warming

treatment increased the maximum temperatures in the

late night/early morning in both the air and the soil, but

the effect was gradually reduced during the day. In the

air, this effect of the warming treatment occasionally
lasted 3–5 h after sunrise, while in the soil the warming

effect was less dynamic and some warming was sustained

throughout the day. (Mikkelsen et al., 2008). However,

the average air temperature increased in response to

warming only during the night-time, and there were no

effects on average daytime temperature (Fig. 1). The

concentrations of CO2 in the FACE octagons were close

to 510 ppm on an houly basis during the daytime
(Mikkelsen et al., 2008), but there were a large variation

on a smaller time scale just as experienced in all FACE

studies. The control plots were not affected by the CO2 in

the FACE octagons.

SWC fluctuated with incoming precipitation, ranging from

;5% to 25% at 0–20 cm and 0–60 cm depth, and the SWC

at 0–20 cm decreased from 17.2% in April to 8.8% in July in

the ambient plots (Figs 2, 3). This natural low SWC was
extended by the experimental drought period (D) in which

SWC decreased even further towards August. In this period

the non-drought plots benefitted from some incidents of

precipitations. Rewetting increased the SWC at 0–20 cm to

18% in August, 13.6% in September, and 16.5% in October in

the controls. SWCs were significantly decreased in the

warming treatments in May, June, August, and September

and in response to the experimental drought in July (Figs 2,
3). There was a significant interaction effect of D3CO2 on

SWC at 0–60 cm in the experimental drought period (Fig. 2)

and on SWC at 0–20 cm during the leaf gas exchange

campaign in July (Fig. 3). A D3CO2 interaction revealed

that the combination of elevated CO2 and experimental

drought compensated for the negative effects of drought by

keeping soil moisture levels marginally higher in TDCO2 and

DCO2 compared with the TD and D treatments (Figs 2, 3).

Seasonal changes in leaf gas exchange

Pn generally showed high levels across treatments in May

(range 8–16 lmol CO2 m�2 s�1), lower levels during June,

July, August, and September (range 4–13 lmol CO2 m
�2 s�1),

and again high levels in October (range from 6 lmol
CO2 m�2 s�1 to 11.5 lmol CO2 m�2 s�1) (Fig. 4). gs levels

in the control plots decreased during May, June, and to

July from 0.116 to 0.077 and 0.066 mmol H2O m�2 s�1. In

August the gs in the controls was again high (0.195 mmol

H2O m�2 s�1). It dropped in September to 0.090 mmol

H2O m�2 s�1 and was intermediate in October,

0.132 mmol H2O m�2 s�1 (Fig. 5). The WUE across season

varied from ;3 lmol CO2 mmol H2O
�1 to 9 lmol

CO2 mmol H2O
�1, with a seasonal low in August and the

highest values in May and October (Table 1). When

including the clear effect of month (P <0.0001), elevated

CO2 significantly increased Pn, gs, and WUE (all P <0.0001)

across seasons.

Treatment responses in leaf gas exchange

Pn was higher in the TCO2 and TDCO2 treatments, as

compared with T or CO2 alone, leading to a significant

T3CO2 interaction in May, June, and August (Fig. 4).

Elevated CO2 increased Pn in June, July, and October.

Drought decreased Pn in July and August, but after
rewetting the Pn was increased in the previously drought-

treated plots in September. In September the D and CO2 in

combination synergistically increased Pn (Fig. 4).

Fig. 1. Temperature. Daytime air temperature at 2 m height (hourly means) at the experimental site is depicted as a black line and the

0 �C reference as a dotted line. (b) Daytime temperature difference at 20 cm height for the warming minus control treatments. No

significant effects on daytime temperature appeared; thus, temperature was not directly affected when leaf gas exchange and

fluorescence measurements were conducted. (c) Night-time temperature difference at 20 cm height for warming minus control

treatments. Night-time corresponds to the period where the passive night-time warming treatment was active.
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gs was increased in response to elevated CO2 in June and

October (Fig. 5). In the TCO2 treatments, a T3CO2

interaction synergistically increased gs in June. Drought

decreased gs in July and August, but after rewetting, gs
increased in the previously drought-treated plots in Septem-

ber. WUE increased in elevated CO2 in May, July,

September, and October (Table 1). Warming increased
WUE in May and a T3CO2 interaction caused a synergistic

increase in WUE in August. Intercellular CO2 was increased

in elevated CO2 in all months, increased by warming in

May and August, and a T3CO2 effect synergistically

increased Ci in TCO2 and TDCO2 treatments in August

and October (Table 1).

Pmax was significantly increased in response to warming

in May and October (Fig. 6). Elevated CO2 decreased
Pmax in June (Fig. 6). In the TCO2 and TDCO2 treat-

ments a T3CO2 effect synergistically increased Pmax in

June, but this was reversed in July where T3CO2

synergistically decreased Pmax. Drought decreased Pmax

in the experimental drought period in July and beyond it

into August, but after rewetting in September and October

the Pmax increased in the experimental drought plots. In

DCO2 and TDCO2, a D3CO2 interaction synergistically
increased Pmax in September and October (Fig. 6).

Jmax demonstrated similar effects to Pmax, except that

elevated CO2 was not observed to reduce Jmax in September

(Table 1). The Vcmax was lowered in elevated CO2 in most

months (June, July, August, and September). Experimental

drought reduced Vcmax (August), but rewetting increased

Vcmax in the former drought plots (September). In TCO2

and TDCO2, a T3CO2 interaction synergistically decreased
Vcmax in July (Table 1).

Fig. 2. Precipitation and soil water content. Shown are: (a) the daily averages of soil water content in control plots at 0–20 cm and

0–60 cm depth and the daily accumulated precipitation. The panel is divided into pre-drought, experimental drought, and post-drought

by vertical black lines. The vertical dashed line indicates a lag phase after the end of the experimental drought period due to sparse

precipitation. (b) Change in percentage of the soil water content at 0–20 cm with treatment compared with control. The dotted line is the

zero reference line for the unmanipulated control. The treatments are: elevated CO2 (CO2); experimental drought (D); passive night-time

warming (T); and the combination of DCO2. Warming and elevated CO2 treatments were active in all periods, whereas the drought was

only active in the experimental drought period. All treatments were replicated six times, in total 48 plots. In each period the significant

effects of the experimental factors T, D, CO2, and their interactions are indicated with *** for P <0.001, ** for P <0.01, and * for

0.01<P<0.05. The timings of measurement surveys are indicated with triangles in a horizontal line at –12.5%. (c) Change in percentage of

the soil water content at 0–60 cm with treatment compared with control.
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Leaf characteristics

In all treatments the leaf characteristics of Deschampsia

were related to the biphasic growth pattern, with two peaks

of vegetative green biomass closely linked to the SWC. The

first phase (May, June, and July) was characterized by

biomass increments in May and June during ample SWC
and a large dieback in July along with declining water

availability. The second leaf phase (August, September, and

October) was initiated by rewetting and was characterized

by the leaves having a high nitrogen content and a balanced

C/N ratio in contrast to the nitrogen dilution during first

phase. The leaf C/N ratio increased in elevated CO2 in May,

June, July, and September (Fig. 7). Drought decreased the

C/N ratio in September, while the interaction detected
(D3CO2) in October meant that the increased C/N ratio in

elevated CO2 did not occur when combined with drought.

In general, the changes in the C/N ratios were governed by

differences in nitrogen concentrations (Fig. 7).

Leaf water content increased in elevated CO2 in May,

June, and September (P <0.006, P <0.009, and P <0.002,

data not shown) and decreased in drought in July and

August (P <0.04 and P <0.0001, data not shown). There
were no significant effects on SLA. Leaf d13C was de-

creased, in all months, under elevated CO2, as a result of

Fig. 3. Soil water content at 0–20 cm depth during each gas

exchange campaign. Shown are the mean 6SE (n¼6). Treatments

are: A, unmanipulated control; T, passive night-time warming;

D, experimental drought, active in July to early August; TD, warming

and drought combined; CO2, elevated CO2; TCO2, warming and

elevated CO2 combined; DCO2, drought and elevated CO2 com-

bined; and TDCO2, warming, drought, and elevated CO2 combined.

Statistically significant effects of single factors (T, D, and CO2) and

interactions (T3CO2 and D3CO2) are shown with treatment letters

(*** if P <0.0001, ** if P <0.001, * if P <0.05 and y if P <0.10).

Fig. 4. Light-saturated net photosynthesis at treatment CO2, Pn.

Shown are the mean 6SE. Treatment abbreviations and statistics

are as in Fig. 3.
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uptake of the lower d13C signature of the industrial CO2 gas

(average air d13C during the primary and secondary leaf

phase in the elevated CO2 treatment was –10.6& and

–13.8&, respectively, as opposed to –8& in ambient air)
added to the FACE plots (Fig. 8). Warming decreased the

d13C in August, September, and October, and a T3CO2

interaction was significant in May, June, and August due to

a decrease in d13C only when warming and elevated CO2

were combined. The interaction D3CO2 was significant in

July due to an increase in d13C in response to drought only

when combined with elevated CO2 (Fig. 8).

The slopes of regressions between leaf d13C and WUE
were negative in both elevated CO2 and ambient CO2

(P <0.05, Fig. 9a). Correcting d13C for the difference in air

d13C signatures between phases in elevated CO2 resulted in

similar linear regression slopes (a) for the d13C versus WUE

relationship in elevated and ambient CO2 (a¼ –0.29). Lower

soil water conditions occurred during the primary phase

compared with the secondary leaf phase, and the leaf d13C
did not vary significantly with SWC at 0–20 cm or 0–60 cm

across treatments (Fig. 9b, d). The relationships between

leaf d13C and Ci/Ca were positive, with higher a in elevated

compared with ambient CO2 (Fig. 9c).

Discussion

Responses to elevated CO2

When water availability was declining (May–July), the C/N

ratio was higher in the elevated CO2 treatment, indicating

that some of the additional assimilated carbon was allo-

cated to leaf growth without a corresponding allocation of

nitrogen. As some level of soil moisture is necessary for the

mineralization processes, this probably influenced the C/N

ratios. In the longer term, nitrogen limitation very probably

constrains the potential for increased productivity in re-
sponse to CO2 (Finzi et al., 2002; Lou et al., 2004; Hungate

et al., 2006; Reich et al., 2006), but in this dry ecosystem it

may be difficult to separate this effect from the effect of the

ample water conditions.

The Pn was higher in elevated CO2, mainly driven by

higher Ci during most of the growing season in

accordance with the first hypothesis proposed here.

Photosynthetic capacity regulations were dynamic, but
down-regulation took place with Vcmax reduction in most

months, whereas Pmax and Jmax responses were more

stable and only declined in the second leaf phase after

rewetting. These responses are consistent with most

findings on photosynthetic responses to elevated CO2

(Ainsworth and Long, 2005; Ainsworth and Rogers,

2007; Leaky et al., 2009). The WUE was higher in

elevated CO2, but not via gs reduction even in the driest
month, July, and therefore the higher WUE in this study

was caused by a higher Pn which is in contrast to several

other studies with other species (Ainsworth and Long,

2005; Ainsworth and Rogers, 2007).

In contrast to the first hypothesis proposed here, no

general reduction in gs was seen under elevated CO2.

Complex gs responses have been reported, and are pur-

ported to depend on the degree of drought and the species-
specific water demand; the gs net response can be either

positive, negative, or zero, owing to the antagonistic nature

of direct (reducing) and indirect (enhancing) CO2 effects on

gs (Knapp et al., 1996; Volk et al., 2000). In the present

study the observed gs values were actually higher in the

elevated CO2 treatment, along with Pmax and Jmax up-

regulation, which in combination increased Pn in June. This

demonstrates the dynamic capability of the photosynthetic
capacity in Deschampsia, which may be related to the peak

of the first phase of leaf growth and in combination with the

relatively high June SWC level (10–15%). Further, d13C, an
integrating measure of the response of WUE, did not vary

significantly with SWC, but instead with Ci/Ca. This indicates

Fig. 5. Leaf stomatal conductance at treatment CO2, gs. Shown are

the mean 6SE. Treatments abbreviation and statistics are as in Fig. 3.

Interactive effects of elevated CO2, warming and drought on photosynthesis. | 4259



Table 1. For each month the F-values and significance levels (*P <0.05; ** P <0.01; *** P <0.0001) for the main effects night-time

warming (T), drought (D), elevated CO2 (CO2), and their interactions on light-saturated net photosyntheis (Pn), stomatal conductance (gs),

water use efficiency (WUE), maximal light- and CO2-saturated net photosynthesis (Pmax), maximal RuBP regeneration rate (Jmax),

maximal rate of Rubisco carboxylation (Vcmax), leaf carbon to nitrogen ratio (C/N), and leaf d13C by a linear mixed model ANOVA

Degrees of freedom (df), numerator (Num), denominator (Denom), not detected (ND) increase ([), decrease (Y), synergistic increase ([[),
synergistic decrease (YY).

Deschampsia flexuosa T D CO2 T3D T3CO2 D3CO2 T3D3CO2

Num df 1 1 1 1 1 1 1

Denom df 10 10 5 10 10 10 10

Pn May 1.27 0.14 0.24 0.03 5.83 * [[ 0.05 1.37

June 0.09 0.00 12.54 ** [ 0.01 10.81 ** [[ 0.47 0.94

July 0.31 5.15 * Y 8.65 ** [ 0.98 0.56 0.01 3.80

August 2.62 4.82 * Y 2.57 0.09 5.02 * [[ 0.80 1.66

September 0.18 8.47 ** [ 6.24 * [ 2.63 0.01 13.41 ** 1.08

October 2.06 0.83 32.84 *** [ 0.29 0.72 0.96 0.01

gs May 0.00 0.03 0.04 0.03 0.07 0.08 2.37

June 0.03 0.25 19.03 ** [ 0.13 8.85 * [[ 0.21 0.79

July 0.45 5.97 * Y 0.98 1.50 0.66 0.05 1.78

August 0.79 9.79 ** Y 0.01 0.26 0.06 1.21 0.04

September 2.26 9.52 ** [ 0.14 0.01 2.19 0.01 4.83

October 0.04 0.07 18.24 ** [ 0.03 2.47 0.01 0.10

WUE May 5.46 * [ 0.45 20.05 ** [ 0.31 0.53 2.69 1.29

June 0.58 0.12 2.85 1.16 0.99 3.16 1.60

July 3.65 0.83 10.99 ** [ 2.02 0.21 0.05 2.98

August 1.83 1.48 1.34 1.23 3.90 y [[ 0.01 0.75

September 2.89 1.34 14.44 ** [ 0.52 0.01 1.83 0.79

October 1.48 0.23 30.94 *** [ 2.84 1.59 1.12 0.46

Pmax May 7.31 * [ 0.37 0.86 1.59 0.12 0.38 2.78

June 0.03 1.00 10.13 ** [ 1.51 9.85 * [[ 3.13 2.02

July 0.02 4.88 * Y 1.81 0.11 4.64 * YY 0.13 2.36

August 1.69 5.75 * Y 11.09 ** Y 0.30 0.85 1.04 0.19

September 3.91 8.69 * [ 0.68 0.64 0.44 6.87 * [[ 1.36

October 8.59 * [ 0.31 0.43 1.45 0.35 3.52 y [[ 0.13

Jmax May ND ND ND ND ND ND ND ND

June 0.45 0.01 5.56 * [ 1.16 7.00 ** [[ 2.54 0.78

July 0.36 6.96 * Y 2.10 1.00 7.89 * YY 0.32 0.25

August 0.33 6.07 * Y 9.85 * Y 0.17 0.94 0.26 2.84

September 0.15 6.19 * [ 7.13 ** Y 2.73 0.00 7.02 * [[ 0.05

October 12.00 * [ 0.63 0.10 0.27 0.23 4.15 y [[ 0.11

Vcmax May ND ND ND ND ND ND ND

June 0.24 1.38 4.86 * Y 2.43 0.86 0.34 0.00

July 0.67 1.66 6.04 * Y 2.32 7.60 * YY 2.15 3.32

August 0.01 9.73 * Y 4.76 y Y 3.07 1.12 0.95 1.10

September 0.00 9.02 * [ 9.47 * Y 0.11 0.71 0.03 0.03

October 0.64 0.96 0.39 2.53 1.49 0.76 0.04

C/N May 1.18 1.26 5.82 * [ 0.04 0.72 0.03 0.50

June 1.79 0.68 6.30 * [ 0.04 0.39 1.07 0.03

July 0.62 2.31 8.72 * [ 0.53 0.44 0.54 2.48

August 0.45 0.26 0.71 0.04 0.19 0.17 0.02

September 0.72 17.93 *** Y 15.69 *** [ 1.03 0.89 1.23 0.06

October 0.17 1.88 2.75 0.00 0.23 3.50 y YY 0.00

d13C May 0.48 1.42 74.49 *** Y 0.01 7.17 ** YY 0.80 0.04

June 1.31 0.01 152.62 *** Y 0.12 12.52 ** YY 4.39 0.82

July 1.34 0.23 364.90 *** Y 0.79 1.34 9.45 ** [[ 0.18

August 6.41 * Y 0.09 428.33 *** Y 1.00 5.59 ** YY 3.08 0.27

September 6.08 * Y 0.03 361.69 *** Y 1.96 0.63 2.49 0.41

October 15.38 ** Y 0.03 332.44 *** Y 3.25 0.71 1.34 1.47
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both opportunistic water consumption in Deschampsia and
also that the up-regulation of photosynthetic capacity was

the primary cause of the reduction of Ci/Ca.

It was hypothesized that elevated CO2 would sustain Pn

in dry periods via soil water savings; this is supported by the

data obtained. Other studies report improved water rela-

tions in elevated CO2 to originate mainly from gs reductions

in combination with LAI reductions (Körner, 2000; Volk

et al., 2000; Morgan et al., 2004). In the present study no
general gs reductions were observed; other factors such as

LAI reduction due to leaf wilting or the influence of co-

occuring species could be proposed to explain the water

savings that developed in the late part of the dry period in

elevated CO2 plots. The gs of the co-occurring C. vulgaris

decreased in response to dry conditions, but not as a general

response to elevated CO2, even when the soil water savings

developed, partly excluding this option to explain the
observed phenomenon (Albert et al., 2011).

As reported in other climate change experiments, drought
was the main factor determining grass biomass (Beier et al.,

2004; Penuelas et al., 2004, 2007; Damgaard et al., 2009;

Prieto et al., 2009a). In elevated CO2, species-specific

responses have been shown; some species increase biomass

whereas other species remain unchanged (Ainsworth and

Long, 2005; Maestre and Reynolds, 2007; Leakey et al.,

2009). This indicates that biomass reductions could have

taken place in response to drought and that biomass could
have been higher in elevated CO2. Therefore, the opportu-

nistic water consumption alone, or in combination with

Fig. 6. Light- and CO2-saturated net photosynthesis, Pmax.

Shown are the mean 6SE. Treatment abbreviations and statistics

are as in Fig. 3.

Fig. 7. Leaf carbon to nitrogen ratio, C/N. Shown are the

mean 6 SE. Treatment abbreviations and statistics are as

in Fig. 3.
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high biomass, probably led to depletion of soil water to
a threshold near the wilting point in elevated CO2 in late

July. Thereafter, in response to the very low July soil water

availability, gs was at its seasonal low and above-ground

grass biomass probably died back. Consequently, this leaf

wilting left the gs in the remaining leaves unaffected, but Pn

was stimulated. This complex balance between the opportu-

nistic water consumption and drought-induced leaf wilting

of Deschampsia caused the modest soil water savings

observed under elevated CO2. Such response patterns pro-

vide further support for the concept that limitations on

photosynthetic improvement in elevated CO2 are governed

by water relations, as shown by several other FACE

experiments (Körner, 2000; Volk et al., 2000; Morgan

et al., 2004; Leuzinger and Körner, 2007), but the opportu-

nistic water consumption and variable grass biomass
complicate the picture and need further investigation.

Responses to passive night-time warming and elevated
CO2 in combination

In accordance with the hypothesis proposed herein, warm-

ing improved photosynthetic capacity (Pmax and Jmax) in the

early and late season, although, contrary to this hypotheses,

this did not affect Pn. This could be due to higher leaf

respiration, since leaf respiration increases with temperature

(Atkin and Tjoelker, 2003). However, it does clearly in-

dicate an earlier maturation of photosynthetic capacity in

response to warming, which is in line with other studies
(Penuelas and Fiellala, 2001; Cleland et al., 2006; Menzel

et al., 2006; Prieto et al., 2009b) showing an advancement of

the growing season. Warming also appeared to shift the

timing of the second phase leaves as d13C was reduced in

warmed plots in August, September, and October. In this

period, water supply was sufficient; there were no significant

effects of warming on Pn or gs. This indicates that the effect

of warming on d13C was caused by an earlier leaf emergence
allowing for a longer period of carbon uptake and thus

discrimination against the 13C.

The effects of warming and elevated CO2 were not

additive as hypothesized; T3CO2 synergistically increased

Pn in parallel with T3CO2 synergistically decreasing d13C
(May and June). Further, T3CO2 synergistically increased

June Pmax and Jmax, but in July this reversed. These

responses clearly demonstrate that T3CO2 increases plant
carbon uptake early in the growing season and that this is

closely related to the regulation of photosynthetic capacity.

This shows that earlier maturation of photosynthetic

capacity in response to warming is a prerequisite for the

interactive stimulation of Pn when combined with elevated

CO2, early in the growing season.

After rewetting, the T3CO2 interaction synergistically

increased August Pn and decreased d13C, but this increased
plant carbon uptake was not governed by photosynthetic

capacity regulations. While the warming treatment resulted

in an extended period of carbon uptake (see above), this

cannot explain the profound short-term stimulation of Pn.

Therefore, it is suggested that the T3CO2 stimulation of Pn

could be linked to better access to soil water mediated by

extended root growth, facilitated by the previous month’s

high carbon uptake in the plots with both warming and
elevated CO2. Alternatively, it may be the result of

a complex mechanism facilitating enhanced export of

photoassimilates to sink tissues via increased night-time

respiration in response to warming (Turnbull et al., 2002,

2004) or direct stimulation of leaf respiration by elevated

Fig. 8. Natural abundance of leaf 13C, d13C. Shown are the mean

6SE. Treatment abbreviations and statistics as in Fig. 3. Note that

the CO2 gas dosed in the FACE plots had a lower d13C signature

of –10.6& d13C (May, June, and July) and of –13.8& d13C

(August, September, and October) as opposed to –8.0& in

ambient air. This caused the significantly lower d13C values in

leaves in the elevated CO2 treatment.
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CO2 (Leaky et al., 2009b). In a parallel study at the
experimental site the grass biomass was synergistically

increased in response to the combination of warming and

elevated CO2 (Andresen et al., 2009). These responses

demonstrate that T3CO2 synergistically increased plant

carbon uptake to be strongly influenced by photosynthetic

capacity up-regulation early in the season. After rewetting,

the processes are less clear, but mechanisms stimulating the

carbon sink strength in the combination of elevated CO2

and warming could be involved.

Responses of drought and elevated CO2 in combination

In accordance with the hypothesis proposed herein, the

experimental drought decreased Pn via gs reduction (July), but
also via photosynthetic capacity (Pmax, Jmax, and Vcmax)

down-regulation under severe water shortage (August). Grad-

ually drier conditions in general reduce above-ground

Deschampsia biomass, and the experimental drought treatment

also reduced the vegetation coverage (J. Kongstad et al.,

personal communication). These responses demonstrate the
intensity of the experimental drought to push the response of

Deschampsia beyond the threshold where dry conditions could

be handled solely by acclimation, and leaf wilting occurred.

During dry conditions in the combination of elevated

CO2 and drought, there were no indications of SWC being

higher than in the control. Although a D3CO2 interac-

tion did increase the SWC above what was expected from

the single factors, the resulting SWC was relatively lower
in the DCO2 plots compared with controls, but above

the level in the D plots (Figs 2, 3). The absence of

beneficial water savings was reflected in the D3CO2

interaction inducing the higher d13C in DCO2 and

TDCO2 plots. In other grassland studies, elevated CO2

has resulted in soil water savings (Bremer et al., 1996;

Niklaus et al., 1998; Morgan et al., 2004), mainly brought

about by gs reduction along with higher potential to
sustain Pn under dry conditions (Ainsworth and Long,

2005; Lauber and Körner, 1997; Robredo et al., 2007). As

discussed above, such gs reductions were not seen in

Fig. 9. Regressions with leaf carbon isotope ratio (d13C). (a) The leaf d13C versus water use efficiency. (b and d) the leaf d13C versus

the soil water content during each of the leaf gas exchange campaigns at 0–20 cm and 0–60 cm. (c) The leaf d13C versus the ratio

between the intercellular CO2 concentration and the CO2 concentration outside the leaf. Points are the averages from each

treatment per month. Leaves from the primary leaf phase (May, June, and July) are indicated by filled symbols and leaves

from the secondary leaf phase (August, September, and October) by open symbols. Circles are elevated CO2 (FACE) and

triangles ambient CO2 (non-FACE). Note the average air d13C during the primary and secondary leaf phase under elevated CO2

was –10.6& and –13.8&, respectively. In ambient CO2 the average air d13C was –8&. This caused the offsets in leaf d13C

between the leaf phases and ambient versus elevated CO2. Only significant regression lines with slope (a) different from zero are

depicted (P <0.05).
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elevated CO2 to counteract the negative influence of the

drought. Furthermore, the experimental drought caused

very strong negative effects on photosynthetic perfor-

mance, explaining why the experimental drought

responses seem to dominate the physiological responses in

the DCO2 and TDCO2 treatments.

Rewetting more than reversed all negative eco-

physiological effects induced by the drought. After the
experimental drought treatment, Pn, gs, Pmax, and Jmax

increased and the C/N ratio decreased. In addition, the

D3CO2 interaction synergistically increased the photo-

synthetic capacity (Pmax and Jmax) mediating parallel

stimulatory effects on Pn in September and October. These

responses to rewetting indicate that better nitrogen avail-

ability, perhaps in combination with pronounced re-

allocation from rhizomes, does control the magnitude of
Pn beyond the drought period. Increased nitrogen avail-

ability could also explain why the C/N ratio did not

increase in elevated CO2 in the autumn even though Pn

was increased. These variable responses show that Pn, in

the combination of drought and elevated CO2, depends

on soil water availability, with additive effects on Pn when

SWCs are low and synergistic D3CO2 effects on Pn after

rewetting.

Influence of T3CO2 and D3CO2 interactions on carbon
uptake is controlled by photosynthetic capacity and
plant available water

The heathland ecosystem investigated can be considered to

be fully developed, with the LAI and fine root renewal at

steady state, and can as such be compared with mature

forest ecosystems as conceptualized by Körner (2006). In

such a system, the stimulation of biomass production may

to a large degree result from CO2-induced improved water

relations and to a lesser degree directly from elevated CO2.

The Deschampsia responses in the present study add
complexity to this concept as the per leaf area water

consumption was opportunistic and the biphasic growth

pattern allowed for leaf dieback at low soil water

availability and rapid re-growth of new active leaves when

rewetted. This growth characteristic with an opportunistic

resource exploration allowed for photosynthetic capacity

regulations that mediated the synergistic T3CO2 and

D3CO2 interaction effects on photosynthesis. These
characteristics are advantageous when exposed to climatic

changes, and the carbon uptake of this species is likely to

be strongly influenced by changes in precipitation patterns,

such as event frequency, intensity, magnitude, and in-

terannual variability. More long-term experimentation

including years with different variability in precipitation

and the warming impact at the shoulders of the growing

season is needed to elaborate these findings. In conclusion,
after 1 year of experimentation the limitations imposed by

low soil water availability and stimulation in the early and

late season by warming clearly structure and interact with

the photosynthetic response to elevated CO2 in this

grassland species.

Acknowledgements

The work was carried out in the CLIMAITE project

financially supported by the Villum Kann Rasmussen

Foundation. Support was also received from Air Liquide

and DONG energy. The authors would like to thank

Christel Barker, Esben Vedel Nielsen, Gosha Sylvester,

Niels Bruun, Karna Heinsen, and Karin Larsen who helped
with field work and leaf chemical analyses. Svend Danbæk,

Poul T. Sørensen, and Preben Jørgensen are thanked for

their endless efforts in keeping the site running.

References

Acock B, Allen LH. 1985. Crop responses to elevated carbon dioxide

concentrations. In: Strain BR, Cure JD, eds. Direct effects of

increasing carbon dioxide on vegetation. Washington: Office of Energy

Research,Department of Energy, 53–97.

Ainsworth EA, Long S. 2005. What have we learned from 15 years

of Free-Air CO2 Enrichment (FACE)? A meta-analytic review of the

responses of photosynthesis, canopy properties and plant production

to rising CO2. New Phytologist 165, 351–372.

Ainsworth EA, Rogers A. 2007. The response of photosynthesis and

stomatal conductance to rising [CO2]: mechanisms and environmental

interactions. Plant, Cell and Environment 30, 258–270.

Albert KR, Ro-Poulsen H, Mikkelsen TN, Michelsen A, Linden L,

Beier C. 2011. Effects of elevated CO2, warming and drought

episodes on plant carbon uptake in a temperate heath ecosystem are

controlled by soil water status. Plant, Cell and Environment. (in press).

DOI: 10.1111/j.1365-3040.2011.02320.x.

Andresen LC, Michelsen A, Jonasson S, Beier C, Ambus P.

2009. Glycine uptake in heath plants and soil microbes responds to

elevated temperature, CO2 and drought. Acta Oecologia 35, 785–796.

Atkin OK, Tjoelker MG. 2003. Thermal acclimation and the dynamic

response of plant respiration to temperature. Trends in Plant Science

8, 343–351.

Beier C, Emmett B, Gundersen P, et al. 2004. Novel approaches to

study climate change effects on terrestrial ecosystems in the field:

drought and passive nighttime warming. Ecosystems 7, 583–597.

Bremer DJ, Ham JM, Owensby CE. 1996. Effect of elevated

atmospheric carbon dioxide and open top chambers on transpiration

in a tall grass prairie. Journal of Environmental Quality 20, 691–701.

Christensen JH, Christensen OB. 2003. Climate modelling: severe

summertime flooding in Europe. Nature 421, 805–806.

Cleland EE, Chiariello NR, Loarie SR, Mooney HA, Field CB.

2006. Diverse responses of phenology to global changes in

a grassland ecosystem. Proceedings of the National Academy of

Sciences, USA 103, 13740–13744.

Curtis PS. 1996. A meta-analysis of leaf gas exchange and nitrogen

in trees grown under elevated carbon dioxide. Plant, Cell and

Environment 19, 127–137.

Curtis PS, Wang X. 1998. A meta analysis of elevated CO2 effects on

woody plant mass, form and physiology. Oecologia 113, 299–313.

4264 | Albert et al.



Damgaard C, Riis-Nielsen T, Schmidt IK. 2009. Estimating plant

competition coefficients and predicting community dynamics from

non-destructive pin-point data: a case study with Calluna vulgaris and

Deschampsia flexuosa. Plant Ecology 201, 687–697.

Drake B, Gonzalez-Meler M, Long S. 1997. More efficient plants:

a consequence of rising atmospheric CO2? Annual Review of Plant

Physiology and Plant Molecular Biology 48, 609–639.

Dukes JS, Chiariello NR, Cleland EE, Moore LA, Shaw MR,

Thayer S, Tobeck T, Mooney HA, Field CB. 2005. Responses of

grassland production to single and multiple global environmental

changes. PLoS Biology 3, 1829–1837.

Dubois J-JB, Fiscus EL, Booker FL, Flowers MD, Reid CD. 2007.

Optimizing the statistical estimation of the parameters of the Farquhar–

von Caemmerer–Berry model of photosynthesis. New Phytologist 176,

402–414.

Farquhar GD, Sharkey TD. 1982. Stomatal conductance and

photosynthesis. Annual Review of Plant Physiology 33, 317–345.

Farquhar GD, von Caemmerer S, Berry JA. 1980. A biochemical

model of photosynthetic CO2 carbon dioxide assimilation in leaves of

C3 carbon pathway species. Planta 149, 78–90.

Field CB, Lund CP, Chiariello NR, Mortimer BE. 1997. CO2 effects

on the water budget of grassland microcosm communities. Global

Change Biology 3, 197–206.

Finzi AC, DeLucia EH, Hamilton JG, Richter DD,

Schlesinger WH. 2002. The nitrogen budget of a pine forest under

free air CO2 enrichment. Oecologia 132, 567–578.

Flexas J, Medrano H. 2002. Drought-inhibition of photosynthesis in

C3 plants: stomatal and non-stomatal limitations revisited. Annals of

Botany 89, 183–189.

Fredeen AL, Randerson JT, Holbrook NM, Field CB. 1997.

Elevated atmospheric CO2 increases water availability in a water

limited grassland ecosystem. Journal of the American Water Resource

Association 33, 1033–1039.

Gifford RM. 1992. Interaction of carbon dioxide with growth-limiting

environmental factors in vegetation productivity: implications for the

global carbon cycle. Advances in Bioclimatology 1, 24–58.

Harte J, Shaw R. 1995. Shifting dominance within a montane

vegetation community: results of a climate warming experiment.

Science 267, 876–880.

Hungate BA, Johnson DW, Dijkstra P, et al. 2006. Nitrogen cycling

during seven years of atmospheric CO2 enrichment in a scrub oak

woodland. Ecology 87, 26–40.

IPCC. 2007. Climatic change 2007: the physical science basis.

Geneva: Intergovermental panel on Climate Change.

Knapp AK, Hamerlynck EP, Ham JM, Owensby CE. 1996.

Responses in stomatal conductance to elevated CO2 in 12 grassland

species that differ in growth form. Vegetatio 125, 31–41.

Koch GW, Mooney HA. 1996. Response of terrestrial ecosystems to

elevated CO2: a synthesis and summary. In: Koch GW, Mooney HA,

eds. Carbon dioxide and terrestrial ecosystems. San Diego: Academic

Press, 415–429.

Körner C. 2000. Biosphere responses to CO2 enrichment. Ecological

Applications 10, 1590–1619.

Körner C. 2006. Plant CO2 responses: an issue of definition, time and

resource supply. New Phytologist 172, 393–411.

Lauber IR, Körner C. 1997. In situ stomatal response to long term

CO2 enrichment in calcareous grassland plants. Acta Oecologia 18,

221–229.

Leakey ADB, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP,

Ort DR. 2009. Elevated CO2 effects on plant carbon, nitrogen, and

water relations: six important lessons from FACE. Journal of

Experimental Botany 60, 2859–2876.

Leuzinger S, Körner C. 2007. Water savings in mature deciduous

forest trees under elevated CO2. Global Change Biology 13,

2498–2508.

Lou Y, Su B, Currie WS, et al. 2004. Progressive nitrogen limitation

of ecosystem responses to rising atmospheric carbon dioxide.

Bioscience 54, 731–739.

Maestre FT, Reynolds JF. 2007. Biomass responses to elevated

CO2, soil heterogeneity and diversity: an experimental assessment

with grassland assemblages. Oecologia 151, 512–520.

Manter DK, Kerrigan J. 2004. A/Ci curve analysis across a range of

woody plant species: influence of regression analysis parameters and

mesophyll conductance. Journal of Experimental Botany 55,

2581–2588.

Medlyn BE, Barton CVM, Broadmeadow MSJ, et al. 2001. Stomatal

conductance of forest species after long-term exposure to elevated CO2

concentration: a synthesis. New Phytologist 149, 247–264.

Menzel A, Fabian P. 1999. Growing season extended in Europe.

Nature 397, 659.

Menzel A, Sparks TH, Estrella N, et al. 2006. European

phonological response to climate change matches the warming

pattern. Global Change Biology 12, 1969–1976.

Miglietta F, Peressotti A, Vaccari FP, Zaldei A, deAngelis P,

Scarascia-Mugnozza G. 2001. Free-air CO2 enrichment (FACE) of

a poplar plantation: the POPFACE fumigation system. New Phytologist

150, 465–476.

Mikkelsen TN, Beier C, Jonasson S, et al. 2008. Experimental

design of multifactor climate change experiments with elevated CO2,

warming and drought—the CLIMAITE project. Functional Ecology 22,

185–195.

Morgan JA, Pataki DE, Körner C, et al. 2004. Water relations in

grassland and desert ecosystems exposed to elevated atmospheric

CO2. Oecologia 140, 11–25.

Niklaus PA, Spinnler D, Körner C. 1998. Soil moisture dynamics of

calcareous grassland under elevated CO2. Oecologia 117, 201–208.

Parry MAJ, Andralojc PJ, Mitchell RAC, Madgwick PJ, Keys AJ.

2003. Manipulation of Rubisco: the amount, activity, function and

regulation. Journal of Experimental Botany 54, 1321–1333.

Penuelas J, Filella I. 2001. Responses to a warming world. Science

294, 793–795.

Penuelas J, Gordon C, Llorens L, Nielsen T, Tietema A, Beier C,

Bruna P, Emmett BA, Estiarte M, Gorissen A. 2004. Nonintrusive

field experiments show different plant responses to warming and

drought among sites, seasons, and species in a north–south

European gradient. Ecosystems 7, 598–612.

Interactive effects of elevated CO2, warming and drought on photosynthesis. | 4265
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