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1.  INTRODUCTION

A steady increase of the atmospheric CO2 concen-

tration ([CO2]) has been manifested since the indus-

trial revolution and will continue in the coming de -

cades. The Intergovernmental Panel on Climate

Change (IPCC) expects a rise in the [CO2] of ~2 µmol

mol−1 yr−1 for the next decade, which can bring the

[CO2] in 2100 near to 550 µmol mol−1 if no mitigation

strategies are applied (IPCC 2007). Since elevated

[CO2] stimulates plant growth (Drake et al. 1997,

Kimball et al. 2002, Ainsworth & Long 2005), it has

the potential to contribute to crop productivity

increases that will be required to feed an increasing

global population. It is therefore essential to estimate

the extent of this effect.

Two basic kinds of models are used to assess crop

productivity: (1) mechanistic models, which incorpo-

rate detailed physiological processes, and (2) func-

tional models, which simplify complex processes,

 focusing on macro-growth processes. Functional

models are most suitable for providing information

about yield production at field- or larger scales

(Benbi & Nieder 2003). To make predictions in line

with climate change, not only do shifts in climatic

conditions (e.g. rainfall pattern, air temperature and

evaporative demand) need to be considered, but also

certain calculations need to be adjusted to account

for the effect of [CO2] (Tubiello & Ewert 2002). Parry

et al. (2004) compared yield predictions for scenarios

of climate change with and without effects of ele-

vated [CO2]. While yields generally declined under
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future weather conditions without taking into account

elevated [CO2], considering [CO2] led to more posi-

tive predictions of yield production and water use

than when elevated [CO2] was not considered (Parry

et al. 2004). Tubiello & Ewert (2002) give an overview

of agricultural models that incorporate the CO2 effect.

There is a danger that models that have been para-

meterized and validated against enclosure ex peri -

ments overestimate the CO2 effect (Long et al. 2006),

and such models therefore need re-evaluating. 

A clear understanding of the effect of CO2 on key

growth processes and crop production is necessary

when adjusting models. Knowledge can be gained

in individual experiments with CO2 enrichment, but

a broader general understanding can be achieved

through meta-study (Cooper & Hedges 1994). Meta-

analytic methods offer good prospects to quantita-

tively synthesize research results from independent

experiments (Hedges & Olkin 1985, Cooper & Hedges

1994, Osenberg et al. 1999). They have been widely

applied in ecological research and more specifically

in the exploration of crop responses to environmental

change (e.g. Curtis & Wang 1998, Wand et al. 1999).

In contrast with common reviews or meta-studies,

meta-analyses allow estimation of confidence inter-

vals (CIs) in addition to the quantification of means,

and also facilitate exploration of underlying patterns

of variation in the responses to environmental change

(Curtis & Wang 1998, Borenstein et al. 2009). Existing

reviews and meta-analyses are valuable as a basis for

understanding plant res ponses to elevated [CO2].

How ever, these studies often discuss specific phy sio -

logical processes (e.g. photosynthesis) and do not

summarize information on macro-structural processes

from emergence to maturity on a field-scale (e.g.

canopy and phenological development) that are es-

sential for functional models (e.g. Long et al. 2006,

Ainsworth & Rogers 2007). Some meta-analyses

 consider only a single crop and are therefore un -

suitable for multi-crop models (e.g. Ains worth et al.

2002, Ainsworth 2008), whilst other studies lump to-

gether woody species, herbaceous plants or wild

 species with field crops and do not consider specific

aspects of plants with agricultural importance (e.g.

Ains worth & Long 2005). Various studies combine

chamber and free air conditions in the analysis (e.g.

Wang 2007, Ainsworth 2008) although it is now be -

lieved that crop responses in chamber studies over -

estimate realistic responses and confuse predictions

by models that have been evaluated against these

data (Long et al. 2006, Ainsworth et al. 2008a). A num-

ber of meta-studies do not offer a statistical  summary

(Drake et al. 1997, McLeod & Long 1999, Kimball et al.

2002) and are thus less suitable for drawing quan -

titative conclusions. A further justification for a new

meta-analysis is that scientific knowledge on global

change is quickly evolving, and meta-analytic knowl-

edge should be updated regularly. The present ana -

lysis includes among others recent free air CO2 en-

richment (FACE) experiments on rice in China and

Japan, and on barley in Europe. Both crops have been

under-addressed in previous research in compari-

son with their significance as food crops worldwide

(Leakey 2009).

To avoid possible effects of enclosures and rely on

experiments mimicking natural conditions, only FACE

experiments were selected for the present study. The

FACE technique avoids the potential limitations of

(semi-) closed systems by studying the influence of

 elevated [CO2] on crop growth in the field without

chamber enclosure. An experiment consists of several

uncovered plots (8 to 30 m diameter) where CO2 is re-

leased in and above the crop surface (McLeod & Long

1999). The CO2 release is automatically ad justed in

accordance with the monitored [CO2], wind direction

and wind velocity at the site. Advantages often attrib-

uted to FACE experiments are the minimal perturba-

tions to the natural environment that they impose, and

their large-scale nature. Drawbacks are the relatively

high operational costs, the isolation of the CO2 effect

from other environmental changes, and possible side-

effects caused by blower systems. Control plots serve

to compare growth responses to elevated [CO2] with

ambient conditions (McLeod & Long 1999).

The present study offers a quantitative overview of

the effect of elevated [CO2] on key macro-scale

growth processes, parameters and variables of agri-

cultural crops as observed in FACE experiments, the

understanding of which is essential for the adapta-

tion of functional models for a broad range of crops.

The objectives of this study are (1) to quantify a

 general effect for different variables involved in

crop development and production, and (2) to discover

 differences between subgroups (according to [CO2]

level, crop photosynthetic type and environmental

stresses) and the pattern of variation in the mean

effect. The findings should offer a basis for crop

 modellers to adapt functional models in order to

assess crop productivity at elevated [CO2].

2.  MATERIALS & METHODS

2.1.  Database compilation

Peer-reviewed publications of primary FACE re -

search were collected via searches in the ISI Web of
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Science citation database (ISI, Thomson) and the

 ScienceDirect citation database (Elsevier BV). The

literature survey included all published studies con-

ducted on key agricultural crops that were available

in November 2011, and that provide information on

one or more response variables listed in Table 1. The

crops were as follows: wheat Tri ti cum aesti vum L.,

barley Hordeum vulgare L., rice Oryza sa tiva L., soy-

bean Glycine max (L.) Merr., potato Sola num tubero-

sum L., sugar beet Beta vulga ris L., cotton Gossyp-

ium hirsutum L., maize Zea mays L. and sorghum

Sorghum bicolor (L.) Moench; and in addition 2

major pasture species: perennial rye grass Lolium

perenne L. and white clover Trifo li um repens L.

The search was intended to be comprehensive and

yielded 53 papers (details and full references in the

supplement at www.int-res.com/articles/suppl/c054

p035_ supp. pdf) that presented relevant data, either

in graphical or numerical format. Within an individ-

ual study, different crop species or cultivars, nutrient

or water stress treatments, experimental years, or dif-

ferent [CO2] were assumed to be independent, which

is a prerequisite to apply meta-analytic techniques

(Curtis & Wang 1998). If successive observations of a

response variable throughout the growth cycle were

available, one average value was calculated for the

canopy growth coefficient (CGC) (see Section 2.3), or

only the final value was considered for biomass (B)

production and root:shoot ratio (R:S) to accomplish

the prerequisite of independence (Curtis & Wang

1998). This resulted in 529 independent observations

suitable for meta-analysis. Mean values of response

variables at elevated [CO2] and in reference condi-

tions, along with standard deviations (SDs) and sam-

ple sizes if available, were recorded directly from

tables or digitized from figures using the Engauge

Digitizer software (Free Software Foundation). If

blower control plots were used, data for these plots

were considered representative for reference condi-

tions. Res ponses were never scaled to the level of

elevated [CO2], but differences in responses ac cord -

ing to elevated [CO2] were considered by comparison

of different [CO2] level categories (i.e. heterogeneity

tests; see below).

The records in the database were grouped by cate-

gorical variables to allow investigation of the pattern

of variation in effect size among groups of studies

(Curtis & Wang 1998, Osenberg et al. 1999). The cat-

egorical variables considered were elevated [CO2]

level (continuous values were arbitrarily classified in

discrete levels of ≤540, 541–580, 581–620, >620 µmol

mol−1), water stress (rainfed versus well-watered),

nitro gen stress (sufficient nitrogen versus nitrogen

de ficiency), and crop photosynthetic type (C3 versus

C4). If categorization tests indicated a difference in

response magnitude according to elevated [CO2]

level, the database was first subdivided before other

sources of heterogeneity were investigated. Differ-

ences in elevated [CO2] of <40 µmol mol−1 were con-

sidered negligible as the variation in [CO2] in the

FACE systems is of the same magnitude. Water and

nitrogen stresses can be key aspects in the expres-

sion of the response to elevated [CO2]; therefore, it

was considered compulsory to stratify for this aspect

(Korner 2003). If publications did not provide unam-

biguous information on water or nitrogen stress, these

categories were interpreted subjectively. Compari-

son of categories according to crop photosynthetic

type can reveal different responses of crop subgroups.

2.2.  Statistical meta-analysis

Statistical analysis was performed with MetaWin

software (Rosenberg et al. 2000), following the

approach of Curtis & Wang (1998). The choice for a

metric to describe the CO2 effect was guided by the

characteristics of each response variable (Osenberg

et al. 1999). For response variables describing pheno -

logy (anthesis, A and maturity, M, expressed in d),

the raw mean difference between means in elevated

and control conditions (D = response at elevated

[CO2] – response at ambient [CO2], in d), was judged

the proper metric for analyses (Borenstein et al.

2009). Hence, negative values of D represent an ac -

celeration of phenological development, while posi-

tive values indicate a delay. For all other variables,

the CO2 effect was estimated by means of a response

ratio (R = response at elevated [CO2] / response at

ambient [CO2], unitless). The natural log of R was

used to provide a normal distribution centred on the

true mean value (Hedges et al. 1999). R allows ex -

pression of the mean percentage change of effect

size due to elevated [CO2] as: (R – 1) × 100.

If sample variances or standard errors with sample

size for all independent observations of a particular

variable were available, a weighted parametric ana -

lysis for mixed-models was preferred. Prior to the

analysis, normality was checked as a precondition for

applying parametric tests. Mixed-models were con-

sidered to be most appropriate as true effect sizes can

exhibit small variations due to differences inherent to

each individual study (Hedges et al. 1999). In fact,

proper estimation of the mixed-model variance as

weighting factor (Hedges et al. 1999) was only possi-

ble for one variable, the CGC, which was deduced

www.int-res.com/articles/suppl/c054p035_supp.pdf
www.int-res.com/articles/suppl/c054p035_supp.pdf
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from primary data (see Section 2.3). For other vari-

ables, missing sample variances were common and

prompted use of un weighted techniques for which

the variance of the ef fect size was calculated as a

95% CI by resampling (Adams et al. 1997, Gurevitch

& Hedges 1999). In contrast with a weighted ap -

proach, unweighted randomization tests allowed in -

clusion of all available studies and avoided possible

violation of the normality assumption. They were ex -

pected to yield reliable results since the statistical

precision (i.e. the number of replications) of the vari-

ous field experiments was comparable. The number

of iterations used for the resampling technique was

4999, following suggestions by Adams & Anthony

(1996) and Adams et al. (1997). Estimates of the effect

size were considered significant if the 95% CI did

not include zero (Curtis & Wang 1998, Morgan et

al. 2003).

To examine whether different categories respond

differently to elevated [CO2], the heterogeneity (Q) of

the effect sizes was checked. The Q test statistic has

an approximate χ2-distribution and tests the null

hypo thesis that all of the effect sizes are equal (Gure-

vitch & Hedges 1999). The larger Q is, the greater the

heterogeneity. Total heterogeneity (QT) was parti-

tioned in within (Qw) and between (Qb) categorical

heterogeneity — analogously to the exa mination of

variance in analysis of variance — and distinguishes

Qw and Qb, such that QT = Qw + Qb. Qb for each cat-

egorical variable was first evaluated across all data,

then the dataset was partitioned according to levels

of those categorical variables with significant Qb, and

the first step was repeated (Hedges & Olkin 1985,

Curtis & Wang 1998). The Q statistic was tested

against a χ2-distribution for weighted analyses (Hed -

ges & Olkin 1985) and with randomization tests for

unweighted analyses (Adams et al. 1997). If the ob -

tained value of Q ex ceeded a (1 – α) critical value, the

null hypothesis of homogeneity was rejected. Differ-

ences between categorical variables were as sumed

significant if the 95% CI did not overlap (Curtis &

Wang 1998), but in cases where the 95% CI did over-

lap, comparisons be tween categories were consid-

ered in the discussion to indicate notable trends.

2.3.  Response variables

The analysis focused on 10 key factors describing

macro-scale processes (Table 1). The CGC refers to

the canopy growth rate before maximum canopy

cover is reached (Steduto et al. 2009). It is an alterna-

tive measure to express the time to maximum canopy

cover and describes early crop development better

than leaf area index (LAI) or maximum LAI, variables

that are addressed in other meta-studies. If LAI was

reported, it was converted to canopy cover (CC) via

Eq. (1), which was elaborated by Hsiao et al. (2009)

and assumed applicable for all crops:

CC = 1.005 × [1 − exp (–0.6 × LAI)]1.2 (1)

CGC was calculated for each field observation of

canopy cover or LAI before maximum canopy cover

via Eqs. (2 & 3) (Raes et al. 2009):

38

Symbol            Response variable                                                    Definition

Crop water relations
ET                  Evapotranspiration                                                  Actual evapotranspiration at field level throughout total

growing cycle (mm)

WPB-ET            Water productivity for biomass production           Ratio B:ET (kg m−2 mm−1)

WPY-ET           Water productivity for yield production                Ratio Y:ET (kg m−2 mm−1)

Biomass production and yield formation
R:S                 Root:shoot ratio                                                        Ratio of belowground biomass over aboveground biomass

at maturity 

B                     Biomass                                                                    Dry aboveground biomass produced at maturity (kg m−2)

HI                   Harvest index                                                           Ratio Y:B

Y                     Yield                                                                         Yield produced at maturity (kg m−2)

Crop development
CGC              Canopy growth coefficient                                     Increase of green canopy ground cover during canopy

expansion (% d–1)

A                    Crop anthesis                                                           Time from sowing to start of flowering (d)

M                   Crop maturity                                                           Time from sowing to start of physiological maturity (d)

Table 1. Key response variables considered in the meta-analysis
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CC = CCo × exp (t × CGC), if CC ≤ CCx/2 (2)

CC = CCx − 0.25 × (CCx
2/CCo) × exp (–t × CGC), 

if CC > CCx/2 (3)

where CC is the canopy cover at time t (fraction);

CCo is the initial canopy size at t = 0 (fraction), equal

to soil surface covered by an individual seedling

times the planting density; CCx is the maximum

canopy cover under optimal conditions (fraction);

CGC is the in crease of fraction ground cover per day;

and t is time (d).

The average CGC was determined and used for

analysis. SDs around the calculated mean value rep-

resented the variance over the course of the early

season. The statistical precision of the original exper-

iments was considered, since the number of replica-

tions was similar for all experiments.

For the variables A, M, actual evapotranspiration

(ET), biomass (B) and yield production (Y), original

values given in the primary publications were ana-

lyzed. Water productivity (WPB-ET and WPY-ET), R:S

ratio, and harvest index (HI) were analyzed directly if

publications provided original values, or calculated

as the ratios of B:ET, Y:ET, below ground biomass:B,

and Y:B, respectively. Given the different morpholo-

gies of tuber and root crops, B and WPB-ET for potato

and sugar beet in cluded belowground biomass. The

term water productivity was preferred to water use

efficiency to avoid confusion with engineering termi-

nology often referring to the efficiency of application

systems.

3.  RESULTS

3.1.  Overall effect of elevated [CO2]

Except for A and M, the variable response is repre-

sented as the mean percentage change due to ele-

vated [CO2] (541 to 620 µmol mol−1) with reference to

ambient [CO2] (Fig. 1). Averaged across all studies,

crops reached maximum canopy earlier as CGC in -

creased by 4%. Most notable was the improvement

in water productivity (WPB-ET +23% and WPY-ET

+27%) and the increase in R:S ratio (R:S +24%).

Above ground biomass increased substantially (+15%)

and the effect on yield stimulation (+16%) was

 similar. HI did not change significantly. Crop ET

decreased by 5%. All effect sizes are summarized in

Table S2 in the Supplement at www.int-res. com/

articles/ suppl/  c054 p035_ supp. pdf.

The effect of elevated [CO2] on phenological devel-

opment is represented as the mean difference in days

between elevated [CO2] and ambient [CO2] conditions

(Fig. 2). Negative values indicate an acceleration of

development at elevated [CO2]. Although statistically

 significant, the responses were small: –1.9 d for A

(for [CO2] = 468 to 662 µmol mol−1) and –1.6 d for M

(for [CO2] = 541 to 620 µmol mol−1) (Fig. 2).

The general findings present a useful image of the

overall impact of elevated [CO2] on crop develop-

ment and production. However, they do not reveal

underlying patterns of variation in the effect size. 

3.2.  The influence of [CO2] level

For CGC, ET and WPET all the observations fell in

the elevated [CO2] range of 541 to 580 µmol mol−1,

and partitioning the datasets according to different

CGC (33)

ET (23)

WP
B-ET

 (21)

B (132)

R:S (25)

HI (57)

Y (77)

R:S (28)

WP
Y-ET

 (21)

–10 0 10 20 30 40 50 60

Response to elevated [CO2] (%)

Fig. 1. Percentage change (±95% CI) of different variables

at elevated [CO2]: (f) 541–620 µmol mol–1; (j) 541–

580 µmol mol–1; (m) 581–620 µmol mol–1. Parentheses: no.

of observations contributing to each response variable. 

Abbreviations in Table 1

A (52)

M (49)

A (7)

–7 –6 –5 –4 –3 –2 –1 0 1 2

Response to elevated [CO2] (d)

Fig. 2. Phenological response (anthesis, A; maturity, M) to

elevated [CO2]. Mean difference (±95% CI) between ele-

vated and ambient [CO2]: (f) 541−620 µmol mol–1; (j) 541−

580 µmol mol–1; (m) 581−620 µmol mol–1. Parentheses: no. of

observations for each response variable. Abbreviations in 

Table 1
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[CO2] levels was not necessary. Of the remaining

variables, the increase in response magnitude with

rising [CO2] level was only significant for R:S and A

(Table 2). R:S increased by 14% for elevated [CO2]

between 541 and 580 µmol mol−1. The response grew

to 35% when [CO2] was as high as 581 to 620 µmol

mol−1 (Fig. 1). A shifted earlier by 1.5 d for elevated

[CO2] values between 541 and 580 µmol mol−1.

Higher [CO2] (581 to 620 µmol mol−1) increased the

earlier occurrence to 3.7 d (Fig. 2).

3.3.  The influence of environmental stress

A few responses showed significant differences

according to environmental conditions, i.e. water and

nitrogen availability. Water stress was only a source

of variation in the response of the maturity date

(Table 3). M shifted forward by 2.6 d for well-

watered crops under elevated [CO2] (541 to 620 µmol

mol−1), but no effect was detected for water stressed

crops (Fig. 3). Soil nitrogen availability caused differ-

ences in biomass responses (B) to elevated [CO2]

(Fig. 4). Crops provided with sufficient nitrogen ben-

efitted more (+18%) from elevated [CO2] (541 to

620 µmol mol−1) than crops that experienced nitrogen

deficiency (+9%).

3.4.  The influence of crop photosynthetic type

Effect sizes of CGC, ET, WP, B and HI did not dif-

fer significantly between photosynthetic type sub-

40

Variable                                         [CO2] level

                                   Qb                       QT                        k

ET                              n.a.                     n.a.                        –

WPB-ET                       n.a.                     n.a.                        –

WPY-ET                       n.a.                     n.a.                        –

R:S                           0.40*                   3.38                      53

B                                0.00                     2.29                     132

HI                              0.00                     0.19                      57

Y                               0.00                     0.88                      77

CGC                          n.a.                     n.a.                        –

A                              6.62*                  67.79                     59

M                              0.18                    45.19                     48

Table 2. Between-group (Qb) and total (QT) heterogeneity

for CO2 effect size for [CO2] level categories. Response

variables were represented by k observations. *p ≤ 0.05.

n.a.: absence of data in certain categories. See Table 1 for 

definitions

Variable                                                Water stress                                  Nitrogen stress                                    Crop type

                                                     Qb            QT             k                      Qb            QT            k                      Qb             QT            k

ET                                                0.00         0.07          23                    0.00         0.07         23                    0.00           0.07         23

WPB-ET                                          0.00         0.24          21                    0.03         0.24         21                    0.01           0.24         21

WPY-ET                                         0.00         0.45          21                    0.04         0.45         21                    0.03           0.45         21

R:S (541–580 µmol mol−1)          0.01         0.82          25                    0.00         0.82         25                    n.a.           n.a.           –

R:S (581–620 µmol mol−1)          n.a.          n.a.            –                    0.01         2.15         28                    n.a.            n.a.           –

B                                                   0.00         2.29         132                   0.18**      2.29        132                   0.02           2.29        132

HI                                                 0.00         0.19          57                    0.00         0.19         57                    0.00           0.19         57

Y                                                  0.00         0.90          79                    0.00         0.90         79                    0.04*         0.90         79

CGC                                            0.59         7.18          33                    1.72         7.18         33                    0.26           7.18         33

A (541–580 µmol mol−1)             0.02       51.2            52                    0.20       51.6           52                  13.29**     66.03         52

A (581–620 µmol mol−1)             0.88         6.52           7                     0.02         5.56          7                     n.a.           n.a.           –

M                                               16.19**    62.85          49                    1.86       48.32         49                  17.39**     64.88         49

Table 3. Between group (Qb) and total (QT) heterogeneity for CO2 effect size for water stress, nitrogen stress and crop type cate-

gories. Response variables were represented by k observations. *p ≤ 0.05, **p ≤ 0.01; n.a.: absence of data in certain categories. 

See Table 1 for definitions

Well watered (36) 

C
3
 (34)

C
4
 (2) 

Rainfed (13)
C

3
 & C

4

C
3
 (47)

C
4
 (5)

C
3
 (7)

–8 –6 –4 –2 0 2 4 6

ANTHESIS

MATURITY

Response to elevated [CO2] (d)

Fig. 3. Effect of crop type and water stress on phenological

responses to elevated [CO2]. Mean difference (±95% CI) be-

tween elevated [CO2] and ambient [CO2]: (f) 541−620 µmol

mol–1; (j) 541−580 µmol mol–1; (m) 581−620 µmol mol–1.

Parentheses: no. of observations for each response variable
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groups. But significant differences existed between

the subgroups for phenological parameters and yield

(Table 3). Whilst C3 crops shifted A and M earlier in

well-watered conditions, C4 crops always postponed

their phenological development (Fig. 3). In water

 limiting conditions, water stress masked the effect

of elevated [CO2] on M of C3 crops. Yield increased

substantially for C3 crops (+18%), but C4 crops did

not significantly benefit from the CO2 fertilization

(Fig. 4).

4.  DISCUSSION

The present meta-analysis quantified the positive

CO2 effect on above-ground biomass and yield pro-

duction that will have an impact on global food pro-

duction. Yet, most notable was the improvement in

water productivity and the increase in R:S ratio.

4.1.  Crop water relations

4.1.1.  Water productivity

The most critical result of this meta-analysis was

the robust and strong response of the water produc-

tivity to elevated [CO2]. This has major implications

for crop production in water-scarce areas and can be

a positive prospect considering possible deteriora-

tions in water availability related to global change.

Crop modellers that use water-driven models should

consider this major effect.

The improvement for C3 crops found in the present

study corresponded with reported meta-analytical

results for the increase in leaf-level water use effi-

ciency (instantaneous transpiration efficiency, ITE)

by Ainsworth & Long (2005). However, ITE does not

take into account potential feedback mechanisms on

a field-scale due to in creased leaf area or canopy

structure. Results for ITE are thus not directly com -

parable with the water productivity on field-scale.

ITE increased for C3 crops by 68% at  elevated [CO2]

(550 to 600 µmol mol−1) (Ainsworth & Long 2005),

more than proportionally in comparison to responses

on the canopy-scale found in the present study. The

positive response de monstrated in the present ana -

lysis was consistent with individual experiments

and the findings of Leakey et al. (2009) regarding

reduced water use (see Section 4.1.2), and was ap -

parent in both well-watered and rainfed conditions.

In the present meta-study, no differences were

found between the water productivity responses of

the C4 crop sorghum and the responses of C3 crops.

The data on sorghum originate from a study per-

formed by Conley et al. (2001) who reported a water-

saving effect with no extra production in well-

watered conditions against a water use status-quo in

combination with a prolonged crop cycle in dry con-

ditions. Leakey (2009) confirmed the hypothesis of

improved water productivity at macro-scale of C4

species by a conceptual model that linked the de -

crease in stomatal conductance at elevated [CO2]

with the reduction of whole-plant water use. At the

smaller leaf-scale, similar results were found by

Wand et al. (1999) on the increase of the ITE of C4

grasses at elevated [CO2]. Conversely, Ainsworth &

Long (2005) did not detect an increase in leaf-level

water use efficiency for C4 crops but ascribed this to

the possible inadequacy of the data considered.

4.1.2.  Evapotranspiration

The overall evapotranspiration response to ele-

vated [CO2] was smaller than the water productivity

response but also robust for crop type and environ-

mental stress. The 5% decrease reflected several

effects. Elevated [CO2] decreased crop transpiration

via reductions in stomatal conductance (e.g. Kimball

et al. 2002, Ainsworth & Long 2005, Ainsworth &

Rogers 2007, Leakey et al. 2009), thus decreasing the

transpiration on a leaf area basis. This mechanism

reduces the cooling effect of the transpiration pro-

cess, augments leaf temperature and triggers more

transpiration, hence offsetting part of the transpira-

tion reduction. Moreover, increased biomass produc-

tion and leaf area can increase the total crop transpi-

ration on the field-scale (Kimball et al. 1999, 2002).

Wand et al. (1999) considered the transpiration

reduction as ‘the most ubiquitous response for almost

all plant types’ (Wand et al. 1999, p 731) and stressed
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the positive effect on the water balance on a larger

scale. The results of their meta-analysis show that re -

duced stomatal conductance at the leaf level, which

has been subject of several field experiments and

meta-analyses, was not translated to a proportional

reduction in evapotranspiration on a larger scale.

However, the reduction effect, although small, was

statistically significant, which was corroborated by

the findings of the present meta-analysis. All this is

also in line with the conclusions of Leakey et al.

(2009) about the improvement of the soil moisture

availability when plants grow at elevated [CO2].

4.2.  Biomass and yield production

Crops benefit from elevated [CO2] for the produc-

tion of above- and belowground biomass and yield.

This results from the direct stimulating effect of CO2

on photosynthesis of C3 crops through acceleration

of carboxylation and suppression of respiration (Long

et al. 2004, Ainsworth & Rogers 2007). Indirect effects

through improved water relations and nutrient rela-

tions, provided that enough nutrients are available,

can stimulate growth of both C3 and C4 species

(Wand et al. 1999, Kimball et al. 2002, Long et al.

2006, Wall et al. 2006, Leakey et al. 2009).

4.2.1.  Biomass production

The general increase in biomass between 12 and

17% at elevated [CO2] in FACE (541 to 620 µmol

mol−1) found in the present study was consistent with

the results for rice (12%) and wheat (13%), but some-

what smaller than the average biomass increase of

24% for legumes as de termined by Long et al. (2006)

for elevated [CO2] of 550 µmol mol−1. Ainsworth &

Long (2005) reported a similar increase of 10% for C3

grasses and mentioned a higher increase for legumes

for [CO2] be tween 475 and 600 µmol mol−1. Our

study did not differentiate between leguminous and

others species since both have the same carbon-fix-

ing mechanism, and should theoretically respond

similarly to elevated [CO2]. The ability of legumes to

fix nitrogen led them to be grouped in the category

of crops grown with sufficient nitrogen resources.

The present analysis revealed differences in bio-

mass production responses between subgroups formed

according to nitrogen availability. When nitro  gen is

not limiting, crops benefit fully from elevated [CO2]

for biomass production. Yet, due to en hanced growth

at elevated [CO2], crops may face an acute nitrogen

limitation if the nitrogen availability is not tailored to

the increased demand for nitrogen. If the crops expe-

rience nitrogen deficiency, the total protein concen-

tration within the plant reduces and the activity of

ribulose-1,5-bisphosphate carbo xylase oxygenase

(Rubisco) and other enzymes in volved in the photo-

synthesis process decreases, resulting in a lower pho-

tosynthesis rate (Stitt & Krapp 1999). Thus, nitrogen

deficiency that can be exacerbated by effects from

elevated [CO2] can annul the beneficial direct effect

of this [CO2] increase on photosynthesis. This inhibit-

ing effect of nutrient deficiency is often more im -

portant than a potential positive effect of improved

nitrogen use efficiency. The improved nitrogen use

efficiency re sults from the reduced investment of

nitrogen in the processes of photosynthesis at ele-

vated [CO2], at which a certain photosynthesis rate

can be achieved with lower activities of Rubisco (Stitt

& Krapp 1999). Simultaneously, nitrogen deficiency

induces a sugar mediated repression of enzymes

affecting the crop’s sink metabolism, i.e. the capacity

to generate new sinks for carbon storage (Stitt &

Krapp 1999). The differences between categories of

nitrogen availability were not reported in prior meta-

analyses but corroborate with results for grass spe-

cies grown in low nutrient conditions (Wand et al.

1999, Ainsworth & Long 2005).

The present analysis showed no differences in bio-

mass production response between categories made

according to water availability. Rainfed crops were

equally well stimulated at elevated [CO2], and stom-

atal closure diminished the adverse effect of limited

water resources. Yet, the mechanism behind the

stimulatory effect can be different. Whilst in condi-

tions without water stress, increased photosynthesis

is the main mechanism of increased production, in

water limiting conditions the (partial) elimination of

water stress due to decreased evapotranspiration and

increased water productivity is an important factor.

The absence of differences in biomass responses

related to photosynthetic type was notable. Prior

meta-studies (e.g. Ainsworth & Long 2005, Long et

al. 2006, Ainsworth & Rogers 2007) found that C4

species do not respond to elevated [CO2] with regard

to aboveground biomass production. Potential differ-

ences in responses of C3 and C4 crops originate from

differences in photosynthetic characteristics. In C3

plants, elevated [CO2] will increase the rate and effi-

ciency of photosynthesis because the plants operate

below their optimum CO2 level at current [CO2]. In

contrast, elevated [CO2] is not expected to have a

strong direct impact on the photosynthesis process of

C4 plants because they are considered to be CO2 sat-
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urated at current [CO2] when other resources are

adequately present (Bowes 1993). The potential

responsiveness of C4 plants to elevated [CO2] is pre-

sumed to arise primarily through improved water

relations (Leakey 2009). Elevated [CO2] in combina-

tion with limited water availability can stimulate bio-

mass production indirectly via the mitigation of

drought stress, as photosynthesis can be maintained

longer into a drought period due to water conserva-

tion. If root growth is stimulated, this facilitates the

exploitation of water and nutrients in deeper soil lay-

ers, and mitigates against moisture stress in rainfed

conditions (Kimball et al. 2002). Leakey et al. (2006)

questioned whether the indirect drought alleviating

effect of elevated [CO2] can negate negative effects

of increasing temperatures and drought in the future,

without direct photosynthetic stimulation effect. In

the present study, no significant differences could be

detected between C3 and C4 species categories, and

between categories of water stress level for C4 crops.

Yet, the underrepresentation of C4 crops in the data-

base might have confounded the results (for a more

thorough discussion see Section 4.4).

Belowground biomass production was also stimu-

lated by elevated [CO2] and disproportionately so

relative to aboveground biomass. The R:S ratio in -

creased, and the stimulation increased with increas-

ing [CO2]. Rogers et al. (1996) reviewed the response

of the R:S ratio of crops grown under elevated [CO2]

under different fumigation methods and concluded

that in majority of the cases the R:S ratio increased,

but responses were highly variable among crop spe-

cies and environmental conditions. Elevated [CO2]

can lead to a shift in carbon allocation within differ-

ent plant organs and to enhanced carbon storage in

the soil, but detailed mechanisms for the dispropor-

tionately large stimulation of belowground biomass

remain unclear (Rogers et al. 1996). The changed R:S

ratio may be a direct effect of elevated [CO2], but also

the indirect effect through altered resource availabil-

ity (both water and nitrogen) may lead to changes in

R:S ratio (Rogers et al. 1996). The present study sup-

ported the hypothesis that the R:S ratio increases on

average, and heterogeneity tests could not reveal

major differences between crop type or environ -

mental conditions.

4.2.2.  Yield

Mean yield increases for C3 crops (+17%) in FACE

environments (541 to 620 µmol mol−1) were slightly

higher than results reported by Long et al. (2006) (12

to 14% at 550 µmol mol−1) and similar to the results of

Ainsworth & Long (2005) (17% at 475 to 600 µmol

mol−1). The average yield stimulation in the present

study in cluded a number of FACE experiments on

hybrid rice cultivars (Liu et al. 2008, Yang et al.

2009a,b) that exhibited a much larger yield response

to CO2 compared with prior studies on japonica rice

cultivars. This invites further experimentation to clar-

ify the characteristics of crops or environments with

higher responses to CO2 fertilization. The absence of

a significant yield increase for C4 crops agreed with

findings reported elsewhere (Long et al. 2006),

although the average effect found in the present

study (+7%) was higher. The broad confidence inter-

val could be explained by the low number of obser-

vations for C4 species (for a more thorough discus-

sion see Section 4.4) and the high variability of

responses due to differences in water availability,

although the latter was not strong enough to detect

statistically significant differences between categories

formed according to water stress level.

In contrast with the differences in biomass res -

ponse found for different categories of nitrogen avail-

ability, no heterogeneity in yield response could be

detected. This contrasts with conclusions of Ains -

worth & Long (2005) who found that limited nitrogen

resources reduced the response to CO2. Some recent

studies (Liu et al. 2008, Yang et al. 2009b, Mander-

scheid et al. 2009, 2010) that are part of the database

of the present meta-analysis examined crop responses

under low nitrogen availability and reported a stimu-

lation  of yield by elevated [CO2] that was similar to

that for fertile conditions.

HI was not affected by elevated [CO2] up to

620 µmol mol−1. This result held for both crop types,

with or without environmental stress. HI was not

studied explicitly for a broad range of crops in prior

meta-analyses in FACE conditions, but the similarity

between the stimulation magnitude of biomass and

yield production suggested no significant harvest

index response.

4.3.  Crop development

4.3.1.  Canopy development

Although lesser than responses of crop water rela-

tions and production, the CGC during early develop-

ment increased at elevated [CO2] (541 to 580 µmol

mol−1) as a result of photosynthesis stimulation. This

enables crops to close the canopy earlier, is beneficial

for light capture, and reduces soil evaporation. Nutri-
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ent or water status of the soil did not affect the res -

ponse to CO2 in this early stage when resources may

not yet be seriously limiting.

The increase of CGC of the C4 crop sorghum was

noteworthy for its similarity with the trend for C3

crops. Data came from 4 independent observations of

Ottman et al. (2001) who did not discuss the stimula-

tion of early C4 development. Cousins et al. (2003)

showed that in very young sorghum leaves, photo-

synthesis occurs as in C3 plants and can thus be

responsive to [CO2]. However by the time the young

leaves emerge from the whorl, C4 photosynthesis is

fully expressed.

A consistency check of our results with prior analy-

ses was difficult to make because most analyses in -

vestigated the full course of canopy development,

including later growth stages. Ainsworth & Long

(2005) analyzed LAI response and detected no in -

crease of LAI for C3 grasses, but did not mention the

effect on crops. Meta-analyses on soybean (Ains -

worth et al. 2002) and rice (Ainsworth 2008), on the

other hand, detected increases in LAI (>10%) of the

respective crops but included chamber experiments

in the analysis, which are assumed to overestimate

the CO2 effect (Ainsworth et al. 2008b, Leakey et al.

2009).

4.3.2.  Phenological development

Parallel to accelerated canopy development, phe-

nological development (A and M) of C3 crops was

accelerated. The shift in phenology might be directly

linked to accelerated growth per se (Wery 2005), or to

an alternate mechanism of increased leaf tempera-

ture due to reduced evapotranspiration (Blum 1996).

In contrast with the response magnitude of CGC

and A, for which severe stress could not develop,

water stress affected maturity responses and thus

cycle length. Well-watered C3 crops shifted M earlier

in analogy with advanced canopy closure and earlier

A. In water limiting conditions however, the response

might be masked by water stress. Strategies used by

plants to avoid negative effects of moisture stress by

shifting maturity earlier (McMaster et al. 2008) were

not enhanced by elevated [CO2]. C4 crops did not

translate accelerated canopy development into ac -

celerated phenological development. C4 crops tend

to postpone anthesis and maturity, thus prolonging

the growing cycle. Also in case of C4 crops, the shift

in phenological development may be re lated to inter-

actions with water stress. Because elevated [CO2]

improves the crop water productivity, water stress

may occur later in the season and crops may survive

longer. No difference could be detected between the

responses of well-watered and water stressed C4

crops, but the low number of observations may have

prevented the detection of differences between the

categories.

The present study provides for the first time an

overview of the developmental responses of crops to

elevated [CO2] after individual studies mentioned

variable effects. Although significant, the changes

were minor and less important than the effect on crop

water relations. However, some authors (e.g. Pinter

et al. 2000) caution that confounding micro-climate

effects in FACE experiments with blowers may

induce artificial developmental acceleration.

4.4.  Data limitations

The above results should be understood within

the context of meta-analyses. A recognized problem

related to meta-analysis is publication bias, which

refers to the gap between published research

results and ‘real’ research results, i.e. the results of

all the conducted research in a certain area, pub-

lished or not (Rothstein et al. 2005). Publication bias

was evaluated for all the datasets using normal

quantile plots as suggested by Wang & Bushman

(1998) instead of funnel plots because of easier

interpretation. Most of the normal quantile plots did

not show serious evidence of publication bias,

except for the variable WPB-ET (data not shown). Not

a single study reported a change equal or close to

zero for WPB-ET. This may make the set question-

able. Does it indicate that the variable is highly sus-

ceptible to CO2? Or have non-significant results

been omitted? Future FACE studies focusing on

water productivity, thereby controlling against non-

publication of potential non-significant results, may

confirm or adjust the results of our study. There was

no evidence for potential publication bias associated

with phenology, but since changes are more likely

to be reported than a status-quo, one has to be on

the alert for the risk of publication bias.

The power to draw statistical conclusions after data

categorization may be restricted by the limited num-

ber of observations in certain categories. This was

particularly true for categorization according to crop

type. Results may be biased by the fact that studies

on C4 crops were underrepresented as compared to

C3 crops. Because researchers expect C4 crops to

benefit less from elevated [CO2], experiments on C4

crops are less common. For some variables, no data
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were available for C4 crops. Leakey (2009) estimated

that the proportion of the research output on C4

responses to elevated [CO2] was <20%, while C4

crops are responsible for 40% of the global grain har-

vest and make even a higher contribution to agricul-

tural production in particular countries. Future FACE

experiments on C4 species are desirable to draw

robust conclusions about responses of staple crops

like maize and sorghum to elevated [CO2]. Within the

group of C3 crops, wheat and rice are disproportion-

ately overrepresented compared to other C3 species.

Although all C3 species follow the same photosyn-

thetic pathway—which exhibits a considerable re -

sponse to elevated [CO2], and thus the general C3

responses can be assumed to be representative for

different C3 species—better representation of other

C3 species in FACE experiments and future meta-

analyses is desirable to verify the former assumption

and identify potential underlying species-specific

effects.

The process of categorization also entailed other

complications. Data were grouped according to

water stress level. Based on irrigation management

reported in primary studies, a distinction was made

between rainfed and irrigated treatments, as such at -

tempting to discriminate between stressed and non-

stressed crops. The validity of this reasoning depends

for rainfed crops on soil and weather characteristics,

and for irrigated crops on the appropriateness of the

experimental irrigation management. Both may be

problematic to evaluate by meta-analysts. From the

primary data it could be deduced that all rainfed

crops that were part of the study experienced a cer-

tain level of water stress at least during part of the

growing season. The (full) irrigation treatments were

de signed in the primary experiments to avoid water

stress. An analogous argument applies to nitrogen

stress levels.

Although higher CO2 stimulation with higher

[CO2] is presumed, be it up to a certain level (Ains -

worth & Long 2005, Long et al. 2005, Ainsworth &

Rogers 2007), no consistent variation in effect size

due to [CO2] level could be detected in our study.

Prior meta-analyses for one crop, including studies

with different fumigation methods, reported consis-

tent trends towards higher CO2 effects with higher

treatment concentrations for above- and below-

ground biomass or yield production (e.g. Ainsworth

et al. 2002, Ainsworth 2008). The absence of variation

in effect size in our meta-analysis may be con-

founded by the features of the FACE studies included

in the analysis. Most experiments were conducted at

elevated [CO2] between 540 and 580 µmol mol−1. The

absolute difference between discrete classes of [CO2]

was smaller than in other meta-analyses, where

[CO2] up to 700 µmol mol−1 were more common and

thus variation in effect size could be more easily

detected.

5.  CONCLUSION

This meta-analysis corroborates that elevated

[CO2] substantially affects various macro-growth

processes of agricultural crops and has a beneficial

impact on water productivity and crop yield. The

specific effects on individual variables involved in

structural growth processes were quantified in this

meta-analysis and can serve as a guideline for crop

modellers to tune modelling tools. Modellers should

consider the positive yield and biomass responses to

elevated [CO2], mainly for C3 crops. Equally impor-

tant, but hitherto given less emphasis in models, was

the change in R:S ratio under influence of elevated

[CO2]. As the mechanisms behind this effect are not

completely understood, more FACE experiments un -

raveling the response of R:S ratio and belowground

biomass production are required to translate this

effect into model equations. A change in the R:S ratio

can change the water and nutrient uptake. In relation

to water resources, the field-scale ET response —

which was smaller than proportional to stomatal clo-

sure but nonetheless demonstrated to be significant

— and the substantial increase of water productivity

of both C3 and C4 crops are important outcomes for

modellers. An additional advance brought by this

meta-analysis is the overview it provides of the

change in timing of A and M as influenced by ele-

vated [CO2].

More field work that can serve as a basis to opti-

mize models is still desirable. With this, it is essen-

tial to examine firstly the isolated effect of elevated

[CO2] and secondly the interactions with other envi-

ronmental factors, thereby carefully identifying the

water, nutrient and other potential stress levels.

With optimized and carefully validated models, the

effect of interactions of elevated [CO2] with other

climatic factors (e.g. temperature, rainfall, evapora-

tive de mand of the atmosphere) on agricultural

crops can be further explored and lead to pro -

jections of global food production. Some of the pre-

dominantly positive effects of elevated [CO2] alone,

including improved water productivity and in creased

yield, may then be counteracted by negative effects

of elevated temperatures and modifications of other

weather variables.
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