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Abstract

Under the increase in atmospheric CO2 during the last century, variable increases in the intrinsic water-use efficiency

(Wi), i.e., the ratio between carbon assimilation rate (A) and stomatal conductance (gs), of C3 vegetation have been

observed. Here, we ask if long-term nutrient status and especially nitrogen supply have an effect on the CO2 response

of Wi in a temperate seminatural C3 grassland. This analysis draws on the long-term trends (1915–2009) in Wi,

derived from carbon isotope analysis, of archived hay and herbage from the Park Grass Experiment at Rothamsted

(South-East England). Plant samples came from five fertilizer treatments, each with different annual nitrogen (N; 0,

48 or 96 kg ha�1), phosphorus (P; 0 or 35 kg ha�1) and potassium (K; 0 or 225 kg ha�1) applications, with lime as

required to maintain soil pH near 7. Carbon isotope discrimination (13D) increased significantly (P < 0.001) on the

Control (0.9& per 100 ppm CO2 increase). This trend differed significantly (P < 0.01) from those observed on the fer-

tilized treatments (PK only: 0.4& per 100 ppm CO2 increase, P < 0.001; Low N only, Low N+PK, High N+PK: no signif-

icant increase). The 13D trends on fertilized treatments did not differ significantly from each other. However, N

status, assessed as N fertilizer supply plus an estimate of biologically fixed N, was negatively related (r2 = 0.88;

P < 0.02) to the trend for 13D against CO2. Other indices of N status exhibited similar relationships. Accordingly, the

increase in Wi at High N+PK was twice that of the Control (+28% resp. +13% relative to 1915). In addition, the CO2

responsiveness of 13D was related to the grass content of the plant community. This may have been due to the greater

CO2 responsiveness of gs in grasses relative to forbs. Thus, the greater CO2 response of grass-rich fertilized swards

may be related to effects of nutrient supply on botanical composition.
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Introduction

Global biogeochemical carbon and water cycles are

affected by rising atmospheric CO2 and its impacts on

terrestrial plants’ gas exchange (Gedney et al., 2006;

Betts et al., 2007). Direct and compelling evidence for

changes in carbon uptake relative to potential water

loss by plants under the recent increase in atmospheric

CO2 comes from time-series analysis of the intrinsic

water-use efficiency (Wi) of forest trees and C3 grass-

land vegetation during the 20th century (Bert et al.,

1997; Duquesnay et al., 1998; Feng, 1999; Arneth et al.,

2002; Saurer et al., 2004; Barbosa et al., 2010; Köhler

et al., 2010; Andreu-Hayles et al., 2011; Peñuelas et al.,

2011). Wi is a physiological efficiency reflecting the leaf-

level relationship between plant CO2 uptake and poten-

tial transpiration i.e. transpiration at a standard vapour

pressure deficit. Thus, Wi represents the ratio of carbon

assimilation rate (A) to stomatal conductance (gs),

which determines the CO2 concentration gradient

between the atmosphere (ca) and the internal leaf gas

space (ci) (Eqn 1). Although the direct measurement of

ci is not possible, its value in C3 plants can be estimated

from the known relationship between ci/ca and carbon

isotope discrimination (13D) in C3 photosynthesis, using

the linear Farquhar model (see Eqn 2 and Farquhar

et al., 1989); ca is obtained from measurements of CO2

in free air (Keeling et al., 2009) and in gas bubbles from

ice cores for the time before CO2 measurements were

made (Friedli et al., 1986; Francey et al., 1999). Thus,

with A = gCO2 (ca � ci) (according to Fick’s law) and

with gH2O = 1.6 gCO2 we can relate 13D to Wi via Eqns 1

and 2;

Wi ¼ A

gH2O
¼ ca � ci

1:6
¼ ca � ð1� ci

ca
Þ

1:6
;with ð1Þ
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ci
ca

¼
13D � a

b � a
ð2Þ

where 1.6 is the ratio between the diffusivities of water

vapour and CO2 in air (Eqn 1), a denotes the fraction-

ation of 13CO2 (relative to
12CO2) that occurs during dif-

fusion in air (4.4&) and b is the net fractionation due to

carboxylations (27&) (Eqn 2). 13D is obtained from the

carbon isotope composition of plant material (d13Cp)

and that of the atmosphere (d13Ca; Friedli et al., 1986;

Francey et al., 1999; White & Vaughn, 2011) as

13D ¼ ðd13Ca � d13CpÞ=ð1þ d13CpÞ: ð3Þ

An increasing 13D enhances the disparity between

d13Ca and d13Cp. Using 13D (estimated by Eqn 3), carbon

isotope analysis of tree-rings (e.g., McCarroll & Loader,

2004; Peñuelas et al., 2011) or archived grassland herb-

age samples (Köhler et al., 2010) have enabled retro-

spective studies of Wi as determined by Eqns 1 and 2.

Studies of 13D in forest trees and grassland often

found increases in Wi with rising CO2 (Bert et al., 1997;

Duquesnay et al., 1998; Feng, 1999; Arneth et al., 2002;

Saurer et al., 2004; Barbosa et al., 2010; Köhler et al.,

2010; Andreu-Hayles et al., 2011; Peñuelas et al., 2011)

across a wide range of locations (e.g., the Iberian Penin-

sula, Western/Northern Europe, Siberia or North

America), tree species (e.g., from the Pinus, Quercus,

Picea or Fagus genera) and grassland types; few studies

found no change in Wi (Marshall & Monserud, 1996;

Betson et al., 2007). Others observed that the increase in

Wi has levelled off in recent decades (Waterhouse et al.,

2004; Gagen et al., 2011). In addition, others found that

the long-term change in Wi within the same tree species

or genus differed between study sites (Peñuelas et al.,

2008: Fagus sylvatica; Andreu-Hayles et al., 2011: Pinus

sp.). The great variability in the response of Wi to rising

atmospheric CO2 suggests interactions with other envi-

ronmental factors. Little is known about the actual

identity and quantitative effects of such factors. These

could include different hydrological conditions (e.g.,

plant available soil water), differences in climate (e.g.,

arid vs. humid) and nutrient status (high vs. low nutri-

ent availability). Such factors could affect Wi via

changes of A or gs or both and may thus enhance or

counteract the CO2 response of Wi. A particular diffi-

culty in the study of such interactions is the scarcity of

long-term experiments that can be used to examine the

influence of these environmental factors.

The present work is concerned with the long-term

effects of nutrient availability, especially N supply, on

Wi. Shorter term experiments and FACE studies have

demonstrated interactions between the CO2 responses

of photosynthesis and stomatal conductance with other

environmental factors, including N (Stitt & Krapp,

1999; Ainsworth & Rogers, 2007). To our knowledge

only Betson et al. (2007) have investigated the role of

nutrient supply on the long-term CO2 response of Wi.

They analysed 13D in needles of Pinus sylvestris from a

32 years long N loading experiment and found no sig-

nificant increase in Wi on the control and N fertilizer

treatments. Apart from this, very little is known about

the long-term interaction between rising atmospheric

CO2 and nutrient supply and its effects on Wi at the

ecosystem level.

Here, we analyse long-term records of 13D in

archived hay and herbage samples from five of the fer-

tilizer treatments on the Park Grass Experiment (PGE)

(Silvertown et al., 2006) at Rothamsted, England. This

experiment comprises various treatments, including

different combinations and rates of N, P and K fertiliz-

ers applied annually to the same experimental plots

since 1856. Hay or herbage samples from the plots have

been archived each year since the establishment of the

experiment. Consequently, they can be used to examine

the interactive effects of climate change and nutrient

supply on grassland community-level 13D and Wi at a

single site, avoiding the complications associated with

multi-site comparisons.

In this study we examine whether nutrient supply

(i.e., different amounts and combinations of N, P and K

fertilizers), and in particular the supply of N, affected

the long-term CO2 response of grassland between 1915

and 2009, with respect to changes in 13D, ci/ca and Wi.

Materials and methods

Experimental site and fertilizer treatments

The PGE began in 1856 at the Rothamsted agricultural

research station, located approximately 40 km north of Lon-

don in Hertfordshire, England (0°21′West, 51°49′North, 128 m

height above sea level). About 2.8 ha of old grassland was

divided into 20 experimental plots, which received different

fertilizer and manure treatments. Later, tests of lime were also

introduced on the plots. The experiment is located on a mod-

erately well-drained silty clay loam overlying clay-with-flints.

The soil pH was slightly acidic when the experiment began

(5.4–5.6) and the nutrient status was poor (Silvertown et al.,

2006). The original vegetation of the PGE has been classified

by Dodd et al. (1998) as dicotyledon-rich Cynosurus cristatus-

Centaurea nigra grassland, which is one of the mesotrophic

grassland communities in the British National Vegetation

Classification system. Since the start of the experiment the

herbage has been cut around mid June (Cut 1) and made into

hay; samples were taken from the material dried in situ until

1960. In subsequent years strips were cut with a forage har-

vester and fresh herbage samples were taken for drying and

archiving. The herbage remaining on the plot was made into

hay, as before. Originally the subsequent regrowth was grazed
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by sheep penned on individual plots, but after 1875, grazing

ceased and a second harvest cut (Cut 2) was removed green.

Dried samples from all plots and both cuts have been stored

in the Rothamsted Sample Archive since the beginning of the

experiment (Silvertown et al., 2006).

Treatments with contrasting nutrient inputs, where soil pH

was relatively stable over time and was not negatively affect-

ing plant growth, were selected for this study. The treatments

chosen include the unfertilized control together with low

(48 kg ha�1 a�1) and high (96 kg ha�1 a�1) N fertilizer with

or without additional P (35 kg ha�1 a�1 as triple superphos-

phate) and K (225 kg ha�1 a�1 as potassium sulphate), hereaf-

ter referred to as Control, PK, Low N, Low N+PK and High N

+PK treatments respectively (see details in Table 1). Most

treatments have not been replicated nor randomized. How-

ever, the meadow was reasonably uniform before the experi-

ment began (Crawley et al., 2005) and the size of the plots (450

–1910 m2) compensates to some extent for the lack of replica-

tion. Only for the Control and the PK treatment were replicate

plots available. Thus, hay and herbage samples from seven

plots (encompassing five treatments) were studied. Fertilizer

N is applied as sodium nitrate in spring; other minerals are

applied in winter. For this study we analysed only the first cut

(spring/summer growth) as it responds most to fertilizer

application. In addition to the fertilizer treatments a test of

lime was introduced on Park Grass from 1903; the main treat-

ment plots were split into unlimed (U) and limed (L) areas,

and the latter received chalk (4 t ha�1) every fourth year. Four

of the seven selected plots [plot 2 and 3 (Control), 7 (PK) and

16 (Low N+PK)] received chalk in this way from 1903 and the

three remaining plots [15 (PK), 17 (Low N) and 14 (High N

+PK)] were limed from 1920 onward. In 1965 the treatments

were further divided into ‘a’, ‘b’, ‘c’ and ‘d’ subplots, which

received different amounts of chalk to maintain the soil (0–

23 cm) at a pH (in water) of about 7, 6 and 5 on the a, b and c

subplots; the d subplots received no chalk so that the soil pH

reflects inputs from the different fertilizers and atmospheric

deposition only. The soil pH of the limed (L and a) subplots

used in this study varied between 6.0 and 7.5.

Botanical composition of the swards differed between treat-

ments, but the functional groups within treatments were rela-

tively constant: According to Silvertown et al. (2006), by 1910

the botanical composition had reached a dynamic equilibrium

at the functional group level; subsequent interannual changes

were due to yearly differences in climate. The Control treat-

ment showed a high contribution of forbs (40%), whereas the

PK treatment contained a substantial amount of legumes

(26%). The Low N, Low N+PK and High N+PK treatments were

dominated by grasses (62%, 67% and 83%); for a summary

and for dominant species see Table 1.

Sample preparation, d13C and elemental analysis

Representative subsamples of plant material, each of

2–3 g, were taken from archived hay or herbage samples from

the selected treatments (Table 1). The subsamples were dried

at 40 °C for 48 h, ball milled to a homogenous fine powder

and dried again at 60 °C for 24 h. Aliquots of 0.7 ± 0.05 mg

Table 1 Details of fertilizer application, botanical composition and dry matter production on selected treatments of the Park Grass

Experiment

Treatment*

[number of

analysed

samples]

Annual

nutrient

applications;

N, P and K

(kg ha�1)

Percent contribution of

functional groups (±SD) to

harvested herbage mass†

[number of years where

data were available]

Dominant species‡

in 1991–2000

[total number of species]

Cut 1 mean

dry matter

production§
for 1960–2009

(t ha�1 ± SD)

Control [186] Nil G: 49 ± 12 F: 40 ± 11 L: 10 ± 5 [44] Agrostis capillaris,

Festuca rubra, Leontodon

hispidus [44]

2.1 ± 0.6

PK [185] P: 35 K: 225 G: 54 ± 15 F: 20 ± 11 L: 26 ± 14 [47] Arrhenaterium elatius,

F. rubra, Lathyrus pratensis,

Trifolium pratense [30]

4.7 ± 0.8

Low N [92] N: 48 G: 62 ± 18 F: 36 ± 18 L: 2 ± 2 [21] A. capillaris, F. rubra,

L. hispidus, Plantago

lanceolata [36]

2.7 ± 0.6

Low N+PK [94] N: 48 P: 35 K: 225 G: 67 ± 15 F: 21 ± 11 L: 12 ± 10 [15] A. elatius, Alopecurus

pratensis, F. rubra [24]

5.0 ± 0.6

High N+PK [89] N: 96 P: 35 K: 225 G: 83 ± 11 F: 15 ± 11 L: 2 ± 3 [16] A. elatius, A. pratensis

[27]

5.1 ± 0.9

*Chalk was applied as required to maintain soil pH between 6.0 and 7.0.

†Mean botanical composition at the functional group level [grasses (G), nonlegume forbs (F) and legumes (L)] is calculated from

botanical separation data available for individual years in the 1915–1976 period and for each year in the 1991–2000 period from eRA

(2011).

‡Species comprising more than 10% of herbage (Cut 1) in the 1991–2000 botanical surveys (eRA, 2011).

§From forage harvester yield.
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were weighed into tin cups (IVA Analysentechnik e.K., Meer-

busch, Germany) and combusted in an elemental analyser

(NA 1110; Carlo Erba, Milan, Italy) interfaced (Conflo III; Finn-

igan MAT, Bremen, Germany) with an isotope ratio mass

spectrometer (Delta Plus; Finnigan MAT). Carbon isotope data

are presented in the conventional form as d13C, where

d13C = [(Rsample/Rstandard)�1], with R the 13C/12C ratio in the

sample or standard (V-PDB). Each sample was measured

against a laboratory working standard CO2 gas, which was

previously calibrated against a secondary isotope standard

(IAEA-CH6 for 13C, accuracy of calibration ± 0.06% SD). After

every tenth sample a solid internal laboratory standard (SILS)

with similar C/N ratio as the respective sample material (fine

ground wheat flour) was run as a control. The SILS were pre-

viously calibrated against an international standard (IAEA-

CH6). The precision for sample repeats was better than 0.11&
(SD of 190 SILS replications). Carbon and N elemental concen-

trations (%C and %N) and isotope composition (d13C and

d15N) were measured in the same sequence, but the %C and

d15N data were not needed for this study.

We also tested if the change in the harvesting method in

1960 had systematically affected d13C values. The Control, the

Low N+PK and the High N+PK treatments were harvested with

both methods in a comparative sampling in 1992, 1993 and

1994. Differences between d13C in forage and hay samples

were small and inconsistent. Thus, we assumed that d13Cp val-

ues prior to 1960 were not systematically biased by sampling

as hay and we used the original data for our analyses.

Measures of N status

The trends of 13D resp. ci/ca of botanically diverse grassland

swards were compared with several measures of N status: N

input from fertilizer and biologically fixed N, the N nutrition

index (NNI) and the Ellenberg N indicator value.

N input was determined as fertilizer N supply on the Low

N, Low N+PK and High N+PK treatment. Additional input by

biological N fixation was taken into account on the legume-

rich PK and Low N+PK treatments. Data on the percentage of

legumes in the swards were available for individual years

between 1915 and 1976 and for each year from 1991 to 2000

(eRA, 2011). The average annual N input by biological N fixa-

tion was calculated using the Høgh-Jensen model (Høgh-Jen-

sen et al., 2004) with the parameterization for cut 1–2 years

old grass-red clover systems.

The NNI was calculated according to Lemaire & Gastal

(1997) as the ratio of actual (Nact) to critical (Ncrit) N concentra-

tion in the sward, where Ncrit = 4.8(W)�0.32, and W is above-

ground biomass (t ha�1). Ncrit is the minimum N concentration

which allows maximum growth rate. NNI was calculated for

biomass harvests obtained after 1960, as prior samplings under-

estimated W to some degree (Jenkinson et al., 1994). Pre-1960

samplings were made from the material dried in situ, which is

affected by disintegration losses in the hay making process

(e.g., shattered leaves). Data for harvested aboveground bio-

mass (t ha�1) were available from the electronic Rothamsted

Archive (eRA, 2011) and actual N concentration (%) in herbage

came frommeasurements of %N in the plant samples.

Species indicator values can be used to draw conclusions

about effects of environmental factors (e.g., light, soil mois-

ture, soil pH and soil N) on the plant species composition of

communities. Commonly used indicator values for vascular

plants are the so-called Ellenberg indicator values (for a

review see Diekmann, 2003). We calculated the average Ellen-

berg N indicator values of communities (weighted by species

biomass) for each treatment. Whole-number gradation from 1

to 9 indicates increasing N availability: species with an N

value of 9 indicate excessively N-rich sites, whereas 1 indi-

cates extremely N-poor sites, with 5 indicating moderately N-

rich sites. The recalibrated Ellenberg values for British plants

were used (Hill et al., 1999). Data on the percentage contribu-

tion of separate species to the total mass of the harvested herb-

age are available for individual years during the 1915–1976

period and for each year in the 1991–2000 period (eRA, 2011).

Climatic data and calculation of plant available soil water
for the standard grass reference crop (PAWref)

Climatic data and trends were analysed in Köhler et al. (2010):

mean annual rainfall was 735 mm (± 120 mm SD) between

1857 and 2007 (no significant long-term trend was observed);

mean annual temperature has increased significantly since the

beginning of the recording in 1878 (after 1990 the increase was

more pronounced); mean annual temperature in the 1878–

1989 period was 9.1 °C (in the 1990–2007 period it was

10.2 °C) and no trend was observed in the vapour pressure

deficit (VPD) during spring growth (P = 0.4). Plant available

soil water (PAW) has been shown to explain inter- and intra-

annual variation in 13D better than single climatic factors like

VPD or precipitation (Schnyder et al., 2006; Köhler et al.,

2010). PAW was calculated as PAWi = PAWi-1 + Pi � AETi,

where PAWi�1 is the modelled plant available water of the

previous day, Pi the precipitation on day i and AETi the mod-

elled actual evapotranspiration on day i. AETi equalled PETi

as long as PAWi/PAWcapacity > 0.3. Otherwise AETi was cal-

culated as AET ¼ PET
0:3 � PAWi

PAWcapacity
(Schnyder et al., 2006). PET

was estimated with the FAO Penman–Monteith equation for a

standard grass reference crop (Allen et al., 1998). The esti-

mated PAW provides a standard measure for the overall

evaporative conditions and water availability in individual

years, but does not account for eventual treatment effects on

PAW. The parameter is therefore termed PAWref (plant avail-

able soil water for the standard grass reference crop) in the sub-

sequent text. Daily PAWref values were averaged over

different periods of time during the growing season to find

the best relationship with 13D. The maximum plant available

soil water (PAWcapacity) of the soil has not been measured

directly, but was inferred to be 135 mm (for the top 70 cm of

the soil) from measurements on similar soils at Rothamsted

(Avery & Catt, 1995). Modelling was started on the 15th of

February in 1915 when PAWi was set to 135 mm, as the soil

was most likely saturated with water at that time of the year.

For the calculation of PET, windspeed was estimated from

windforce (Beaufort scale, 1915–1947) and windrun (km per

day, 1948–1959), when windspeed measurements (m s�1, 1960

–2009) were not available. All other weather parameters neces-
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sary for the calculation were available for the 1915–2009 per-

iod (eRA, 2011).

Statistical data analysis

All statistical analysis was done with R (R Development Core

Team, 2012). Long-term trends and interannual variation in
13D were analysed using linear regression. We used a multiple

linear regression model with atmospheric CO2 concentration

[CO2] and the natural logarithm of PAWref as explanatory

variables to assess long-term trends in 13D. We used a logarith-

mic transformation of PAWref, as the increase in 13D with

increasing PAW followed closely a logarithmic relationship in

the observed range (see e.g., Schnyder et al., 2006; Köhler

et al., 2010). Furthermore, treatment (Control, Low N, PK, Low

N+PK, High N+PK) was included as a factor. The model

13D ¼ b0 þ b1 lnðPAWrefÞ þ b2Treatment½CO2� ð4Þ
was fitted to the data, where b0, b1 and b2 are fitting parame-

ters to be estimated. The multcomp package (Hothorn et al.,

2008) in R was used for multiple comparisons of model

parameters.

Results

Long-term trends in d13C

The d13C values of the hay and herbage samples (d13Cp)

are presented for the 1915–2009 period in Fig. 1,

together with the trend in d13C of atmospheric CO2

(d13Ca; for the model see Köhler et al., 2010). The

decrease in d13Cp largely reflects the decreasing d13Ca

(Suess effect), with all treatments following a similar

pattern. The d13Cp values were in the range of �26.0&
to �29.8& on the Control treatment. Similar ranges

were observed on the fertilized treatments (Low N:

�26.2& to �29.1&; PK: �25.9& to �29.6&; Low N+PK:

�26.3& to �29.4&; High N+PK: �26.1& to �29.4&).

13D values and the relationship with PAWref

13D values were estimated using Eqn 3. Differences

between minimum and maximum 13D values within

each treatment varied between 1.8& and 2.7& (Control:

2.3&; Low N: 1.8&; PK: 2.5&; Low N+PK: 1.8&; High N

+PK: 2.7&). Mean 13D values ± SD of the treatments

were 20.8 ± 0.5& (Control), 20.7 ± 0.5& (Low N),

20.6 ± 0.5& (PK), 20.7 ± 0.4& (Low N+PK) and

20.8 ± 0.5& (High N+PK).

The interannual variability was related to PAWref.

The relationship between 13D and water supply was

examined by averaging PAWref over different monthly

periods and comparing the results. The closest relation-

ship between 13D and PAWref was found when average

June PAWref was used. This explained between 39%

(Low N) and 52% (PK) of the variation (Control: 41%,

High N+PK: 44%, Low N+PK: 48%) on the individual

treatments. The slopes and intercepts of the different

treatments did not differ significantly from each other.

Therefore, the data were merged for an analysis of the

pooled data. The overall relationship between 13D and

PAWref for the pooled data [13D = 18.37 + 0.58 ln

(PAWref)], explained 44% of the variation in the entire

data set. PAWref did not show any long-term change

with increasing atmospheric CO2 (P = 0.5). Mean

PAWref was 63.6 mm.

Long-term trends in 13D, ci/ca and Wi

The analysis of long-term trends was done with the

multiple linear regression model (Eqn 4). The model

explained 53% of the total variation in 13D. The model

–30

–28

–26
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–30

–28

–26

13
C

p(
0 /

00
) Low N

–30

–28

–26
PK

–30

–28

–26
Low N+PK

1920 1960 2000

–30

–28

–26

Year

High N+PK

–10

–8

–6

13
C

a(
0 /

00
)

Fig. 1 Long-term trends in d13C of atmospheric CO2 (d
13Ca) and

harvested biomass (d13Cp) from the first hay/herbage cut taken

from selected fertilizer treatments on the Park Grass Experiment

(see Table 1).

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 3367–3376

NUTRIENTS AND GRASSLAND LONG-TERM W I RESPONSE 3371



results for 13D (13Dmod) are shown separately for each

treatment in Fig. 2a. Significant increases were

observed on the Control and the PK treatments. The

changes in 13D per 100 ppm CO2 increase were (from

highest to lowest): 0.9& for the Control (P < 0.001),

0.4& for the PK (P < 0.001), 0.3& for the Low N

(P = 0.2) and the Low N+PK (P = 0.1) and no change for

the High N+PK (P = 1) treatment. The trend lines in

Fig. 2a illustrate the estimated changes in 13D with

increasing atmospheric CO2 for each treatment.

The response of 13D resp. ci/ca can be compared with

three theoretical scenarios (Saurer et al., 2004): (i)

constant ci, (ii) constant ci/ca or (iii) constant ca � ci.

For scenarios (i) and (ii) A must increase and/or gs
must decrease, leading to increasing Wi. Scenario (i)

causes a stronger increase in Wi and requires a stronger

reaction of A and/or gs than scenario (ii) [termed

‘active response’ by McCarroll et al. (2009)]. In scenario

(iii), the increase in ca is paralleled by the same increase

in ci; thus no active response of A and/or gs is required,

[‘passive response’, McCarroll et al. (2009)] leading to

unchanged Wi. When 13D was interpreted according to

Eqn 2, the responses of ci/ca ranged between the

‘constant ci/ca’ and ‘constant ca � ci’ scenarios (grey-

shaded area in Fig. 2a). We tested if pairwise

differences between the slopes of single treatments

were significantly different from zero. Significant

differences were only found for the Control treatment

in comparison with the other treatments (adjusted

P-values for multiple comparisons < 0.01).

Wi ranged from 51.8 (High N+PK) to 53.8 lmol mol�1

(PK) in 1915 and from 60.9 (Control) to 66.4 lmol mol�1

(High N+PK) in 2009. The increases on all treatments

lay between 13% (Control) and 28% (High N+PK)

(Fig. 2b). This meant that the possible relative maxi-

mum increases in A lay between +13% (Control) and

+28% (High N+PK) and the possible relative maximum

decreases in gs lay between �22% (High N+PK) and

�12% (Control).

N measures and changes in 13D

The estimated annual rate of biological N fixation

(± SE) was 50 ± 5 kg ha�1 on the PK treatment and

31 ± 8 kg ha�1 on the Low N+PK treatment. Mean N

concentrations ± SD in plant material from the studied

treatments were 1.8 ± 0.2% (Control), 1.9 ± 0.3% (Low

N), 1.8 ± 0.3% (PK), 1.6 ± 0.2% (Low N+PK) and 1.7 ±
0.3% (High N+PK). The NNI ranged between 0.47 in the

Control and ~0.61 in the PK and High N+PK treatments.

Intermediate NNIs were observed in the other treat-

ments (0.55 at Low N and 0.56 at Low N+PK). In the

treatments with highest NNI (PK and High N+PK), NNI

decreased slightly with time and CO2 (�0.03 resp.

�0.02 per 10 ppm CO2 increase on the PK (P < 0.001)

resp. High N+PK (P < 0.05) treatment). No such effect

was noted in the other treatments. The average Ellen-

berg N indicator values of the treatments were: 4.0

(Control), 4.4 (Low N), 5.4 (PK), 5.8 (Low N+PK) and 6.5

(High N+PK), SD was < 0.3 on all treatments. The Ellen-

berg N indicator value did not change with time (or

CO2), except for the Low N treatment where a slight

decrease of 0.9 was observed over the last 100 years.

Ranking the 13D responses gave the order (from big-

gest to smallest slope): Control > PK > Low N; Low N

+PK > High N+PK (see Fig. 2a). These 13D responses

(slopes) were related to the different measures of N sta-

tus (Fig. 3). For all three measures a similar pattern was

apparent: the 13D response to CO2 decreased with

increasing N supply resp. status. This relationship was

significant (r2 = 0.88; P < 0.02) for the effect of fertilizer

N input (including biologically fixed N). For the NNI

and Ellenberg N indicator value significance of the rela-

tionship was only reached at the 10% significance level

(NNI: r² = 0.72, P = 0.07; Ellenberg N indicator value:

r² = 0.65, P = 0.10).

Discussion

This work demonstrated a significant interaction

between N supply (including N fixation by legumes)

and the long-term 13D response of the limed grassland

in the PGE under increasing atmospheric CO2. Accord-

ingly, the long-term increase in Wi on the High N+PK

treatment (+14.5 lmol mol�1) was greater than on the

unfertilized Control treatment (+7.2 lmol mol�1). The

CO2 response of 13D was also related with the NNI (an

ecophysiologically based indicator of canopy N status;

Lemaire & Gastal, 1997), and with the Ellenberg N

value (an ecological indicator value derived from obser-

vations of the occurrence of plant species along gradi-

ents of soil N availability or soil fertility; Ellenberg

et al., 1992; Diekmann, 2003; Hill et al., 1999).

The significant effect of N supply on the 13D response

of grassland to increasing atmospheric CO2 reported

here differs from that for P. sylvestris, as reported by

Betson et al. (2007), the only other investigation of

CO2 9 N interaction during recent climate change. In

their 32 years long experiment Betson et al. (2007)

found no effect of N supply on the CO2 response of 13D
(and Wi). Actually, Wi of P. sylvestris remained constant

in their study, whereas we observed increasing Wi in

all treatments. Taken together, the two studies indicate

that the effect of N fertilizer on the CO2 response of 13D
is variable, and is possibly modified by further factors.

Such factors could include interactions with other nutri-

ents or environmental variables including soil chemis-

try (such as pH) and physical conditions, climatic
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effects, biome type (boreal forest trees vs. temperate

grassland communities), the presence of particular

functional groups, initial conditions and duration of the

study.

In the present work the supply of only PK had no dif-

ferential effect on the CO2 response in comparison with

the N fertilized treatments (Low N, Low N+PK, High N

+PK). We believe that this response of the PK treatment

was related to the promotion of legumes and associated

N fixation. The amount of the estimated biologically

fixed N on the PK treatment (50 kg ha�1 a�1) was very

similar to the moderate N fertilization level

(48 kg ha�1 a�1). Accordingly, P plus K supply

enhanced yield, the Ellenberg N indicator value and

NNI of the PK treatment. It is well known from many

grassland ecosystem studies that a combination of P

and K fertilizer supply can greatly enhance the abun-

dance and N fixation rate of legumes in P and K poor

soils (e.g., Cadisch et al., 1993).

Lime was applied to the studied treatments of the

PGE as was required to maintain the soil pH near 7.

Conversely, there was no lime treatment in the Betson

et al. (2007) study. That soil pH (or calcium) could have

been a factor is indicated by the divergent CO2

response of 13D in the limed and unlimed Control treat-

ments of the PGE: in our previous study (Köhler et al.,

2010), the unlimed Control (soil pH ~5.2) did not show a

trend in 13D, whereas the present limed Control (pH

~7.2) showed significantly increasing 13D. Similarly,

unfertilized grassland at the Augstmatthorn (a moun-

tain in the Bernese calcareous Alps) exhibited a signifi-

cant (positive) 13D response (Barbosa et al., 2010).
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Fig. 2 (a) Modelled long-term trends in 13D (13Dmod) for selected fertilizer treatments on the Park Grass Experiment (PGE) and compar-

ison with the ‘constant ca � ci’ and ‘constant ci/ca’ response scenarios (Saurer et al., 2004). Filled circles represent the modelled 13D val-

ues derived from the multiple linear regression model at actual Plant available soil water (PAWref). Black lines show the estimated

changes in 13D with increasing atmospheric CO2 at mean PAWref (63.6 mm) as derived from the multiple linear regression model. The

grey-shaded areas mark the ‘constant ca � ci’ (upper limit) and ‘constant ci/ca’ (lower limit, resp. zero line) response scenarios of Saurer

et al. (2004). Asterisks mark the significance level (*** < 0.001) of the slope parameters. (b) Long-term trends of intrinsic water-use effi-

ciency (Wi) of selected limed treatments on the PGE. Open circles represent Wi as derived from measured 13D values, black lines show

the estimated trend in Wi as derived from 13Dmod at mean PAWref (63.6 mm).
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The species or functional group composition of the

community – modified by pH or nutrient availability –
could also underlie the 13D response. Liming and fertil-

izers had strong effects on species and functional group

composition on the PGE (Silvertown et al., 2006). Plant

functional groups, but also species within the same

functional group, have been found to differ in their

responses to elevated CO2 (e.g., Reich et al., 2001;

Poorter & Navas, 2003; Crous et al., 2010). For instance,

the response of gs to elevated CO2 is greater in C3

grasses than in forbs (Ainsworth & Rogers, 2007). Cor-

respondingly, we observed a significant relationship

between the 13D response and the proportion of grasses

in the sward (P < 0.05), when the unlimed Control treat-

ment from our previous study (Köhler et al., 2010) was

included (Fig. 4). This may indicate that the stronger

increase in Wi under increasing CO2 on the fertilized

treatments resulted from their greater C3 grass content

and, furthermore, that this enhancement was related to

a greater reduction in gs, rather than to a greater stimu-

lation of A by increasing CO2. This interpretation agrees

with Jenkinson et al. (1994), who found no change in

yield – a proxy of A – on different plots of the PGE from

1891 to 1992. The implied relationship between grass

content and CO2 response of 13D may also explain the

difference between the limed and unlimed Control

treatments, which differed in the mean contribution

(± SD) of grasses (49 ± 12% vs. 64 ± 16% respectively).

The duration and starting conditions of the study

could also influence the CO2 response of
13D or our abil-

ity to detect such a response. The long-term change in
13D ranged between nil and 0.7& in the different treat-

ments when CO2 concentration increased by

86 lmol mol�1 from 1915 to 2009. These changes

accounted for only 10% of the total variation in 13D
observed in this period. The greater part of the varia-

tion (~44%) was related to short-term weather effects

on 13D, generating ‘noise’ hindering the detection of the

climate change-related trend. If the analysis of the long-

term change was restricted to the same 32 years long

period as the study of Betson et al. (2007), we did not

detect any treatment effect and the 13D responses were

closer to the ‘passive response’ scenario. This empha-

sizes that very long observation series may be needed

to ascertain interactive effects of fertilizers and CO2 on
13D resp. Wi.

The starting conditions and successional stage of the

experiment also differed between this study and that of

Betson et al. (2007). Effectively, Betson et al. (2007) stud-

ied a mono-culture response in years 1–32 of altered N

fertilizer supply rates. Conversely, this study investi-

gated the CO2 response for communities that had pre-

viously adapted to different rates of fertilizer supply

since 1856, leading to different species compositions.

The fertilizer treatments were established at a time

when the atmospheric CO2 level was approximately

stable at 280 lmol mol�1. Accordingly, differences in

the successional stage, and related differences in func-

tional group composition (see Table 1 and Fig. 4) may

have modified the CO2 response of
13D resp. Wi.

Overall, our data indicate that fertilizer supply

enhanced the community-scale CO2 response of Wi,

causing greater relative water savings with high nutri-

ent supply than with no supply. This must result from

a distinct effect on the regulation of A and/or gs.

Jenkinson et al. (1994) showed that yields have not

increased at Park Grass, at least on the unlimed plots. If

we accept that yield is a proxy of A, then it seems that

A has not changed, and increasing Wi was the result of

decreasing gs. The smallest reduction in gs would then

have occurred on the limed Control treatment. A direct

causal relationship between N supply and Wi response

cannot be established, as the effect may be related

indirectly to the effect of N availability on botanical

composition, as indicated by the relationship with the

percentage contribution of grasses in the swards.
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Furthermore, soil pH may affect the botanical composi-

tion of grassland swards and recent studies also indi-

cate that not only the amount of N but also the form in

which N is supplied (nitrate or ammonium) can affect

the CO2 response (Bloom et al., 2011). This suggests that

the effect of N on the plant community response to ele-

vated CO2 can be complex, emphasizing the need for

further studies of the variation in the long-term CO2

response of Wi at ecosystem level. These would include

investigations of the interactions between nutrient

availability (taking into account nutrient type, form and

amount) and biodiversity, on CO2 responsiveness of

ecosystems.
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Köhler IH, Poulton PR, Auerswald K, Schnyder H (2010) Intrinsic water-use effi-

ciency of temperate semi-natural grassland has increased since 1857: an analysis of

carbon isotope discrimination of herbage from the Park Grass Experiment. Global

Change Biology, 16, 1531–1541.

Lemaire G, Gastal F (1997) N uptake and distribution in plant canopies. In: Diagnosis

of the Nitrogen Status in Crops (ed. Lemaire G), pp. 3–43. Springer-Verlag, Heidel-

berg.

Marshall JD, Monserud RA (1996) Homeostatic gas-exchange parameters inferred

from 13C/12C in tree rings of conifers. Oecologia, 105, 13–21.

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quaternary Science

Reviews, 23, 771–801.

McCarroll D, Gagen MH, Loader NJ et al. (2009) Correction of tree ring stable carbon

isotope chronologies for changes in the carbon dioxide content of the atmosphere.

Geochimica et Cosmochimica Acta, 73, 1539–1547.
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