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Figure 1: Simulations of 

leaf area index over time 

in high and low [CO
2
] 

based on a simple growth 

model, showing leaf area 

index (a) and the biomass 

enhancement ratio, BER (b). 

Simulations were based on 

average values reported by 

Poorter & Navas (2003) for 

experimental observations.
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Figure 6: ΔRERC plotted against 

relative nutrient limitation of 

growth. Symbols and data 

calculations as for Fig. 5.

Figure 3: Observed enhancement 

of RGR versus calculated 

enhancement of photosynthesis. 

Shown are all observations 

by small symbols and mean 

growth enhancement in large 

symbols with 95% confi dence 

intervals over defi ned intervals 

of photosynthetic enhancement. 

A fi tted line forced through the 

origin is given by Genh = 0.49 Penh 

(r2 = 0.94). 

Figure 4: (a) Relative 

enhancement of RGR, RERC, 

and (b) mean enhancement over 

different temperature intervals 

(with 95% CI). Mean RERC was 

0.14±0.02. The blue line in (b) is 

the theoretical RERC, based on 

the calculated enhancement of 

photosynthesis and the empirical 

term 0.49 obtained from the 

slope of the line in Fig. 3.

Figure 5: Difference in growth 

enhancement, ΔRERC, versus 

relative PAR limitation of growth. 

Each experiment is represented 

by one point at high PAR (large 

black symbol), and one or 

more points (smaller coloured 

symbols) with lower growth and 

a RERC difference between that 

observed in high and low PAR. 

Figure 7: ΔRERC plotted against 

relative water-stress limitation 

of growth. Symbols and data 

calculations as for Fig. 5.

• The photosynthetic response to [CO2] is well 
understood, but growth is more complex as 
photosynthesis interacts with other plant processes to 
determine ultimate growth. 

• Many short-term experiments expressed their results 
as biomass enhancement ratios, the ratio of plant sizes 
under elevated and control [CO2].

• However, in exponentially growing plants, biomass 
enhancement ratios increase over time simply because 

INTRODUCTION
the positive feedback during exponential growth can 
further amplify the physiological enhancement of 
relative growth rate (RGR) into a much larger biomass 
enhancement (Fig. 1). 

• We re-analysed 78 reports of CO2 responses during 
exponential growth in combination with temperature, 
PAR, nutrient or water limitations by calculating RGRs 
under ambient and elevated CO2 and the relative 
enhancement of RGR by elevated CO2. 

RESULTS
• Photosynthetic enhancements were calculated from 

daytime temperature and low and high [CO2], but 
used no photosynthesis measurements. Growth 
enhancement was calculated from experimental 
observations. Observed growth enhancements 
were tightly and linearly correlated with calculated 
photosynthetic enhancements (Fig. 3).

• Growth enhancement was only 49% of calculated 
photosynthetic enhancement. Other plants factors (e.g. 
changes in specifi c leaf area) or negative feedback 
factors (e.g. in response to excess carbohydrate) must 
have reduced the ultimate growth response to half of 
the underlying photosynthetic enhancement.

• Figure 4 shows CO2 enhancement observed at different 
temperatures. Mean growth response to doubling 
CO2 was 14±2%, with no signifi cant change over 
temperatures from 12° to 40°C. This did not conform 
to the theoretical relationship that showed a strong 
interaction with temperature.

• The temperature-invariant growth response is diffi cult to 
reconcile with the theoretical expectation of increasing 
growth response with increasing temperature based on 
the well-established interaction between temperature 
and photosynthetic CO2 responses (e.g. Farquhar & von 
Caemmerer, 1982).

• Figure 5 shows differences in CO2 responsiveness 
between plants grown at limiting and adequate PAR. 
Values on the x-axis show the extent to which RGR350 
was reduced under low PAR, and values on the y-axis 
show the difference in CO2 response between plants 
grown under high and low PAR in the same experiment. 

• Plants grown under limiting PAR displayed stronger 
CO2 responsiveness than under higher PAR levels. 
PAR-limited plants could be more responsive to 
[CO2] because plants operate closer to their light-
compensation point, and because PAR-limited plants 
are more likely to be carbohydrate limited. 

• Severely nutrient-stressed plants showed reduced CO2 
responsiveness, but the trend was only readily apparent 
in studies with severe limitations (Fig. 6). 

• CO2 responsiveness increased strongly with increasing 
water stress (Fig. 7). The CO2 responsiveness under 
well-water conditions (14%) was increased up to 
3-fold when plants were strongly water stressed. In 
water-stressed plants, growth limitations shift from 
photosynthesis with moderate CO2 sensitivity to 
limitation by water-use effi ciency with greater CO2 
responsiveness.

DISCUSSION
• FACE experiments are ideal for studying CO2 responses 

without artifi cial confounding factors, but their costs 
and logistic challenges limit the scope for studying 
interactions with other factors. Short-term and low-cost 
experiments in growth chambers can cost-effectively 
add valuable insights to the overall understanding of 
interactions between the key interacting factors. 

• The growth response of plants to elevated [CO2] can 
be estimated directly from the calculated enhancement 
of photosynthesis for any combination of temperature 
and low and high [CO2], and the empirical constant 0.49 
obtained from the slope of the straight line in Figure 3.

• The growth response of young plants can also provide 
an indication of likely plant responses during their linear 
growth phase. The relative enhancement of RGR can 
approximate the relative growth enhancement of linear 
growth. 

• To obtain useful information from short-term studies, 
the analysis must separate the inherent CO2 response 
of plants from its amplifi cation during the exponential 
growth phase. This makes it possible to obtain the 
range of observations needed for better quantifi cation 
of the CO2 response of plants, and disentangle the 
direct CO2 response from its various co-limiting factors.

We calculated growth increment of biomass dB/dt at daily 
intervals as:     

  dB/dt = Bek1dt e–k2B 

where B is biomass, t is time, and k1 and k2 are fi tted  
parameters. The fi rst exponential term described 
exponential growth and the second exponential term 
described the down-turn in growth towards the end of the 
exponential growth phase. 

The photosynthetic CO2 response of cp  was calculated as:  
  cp=  (ci –* ) / (ci +2*)  

where ci, is the intercellular [CO2] and * the CO2 
compensation point in the absence of non-photorespiratory 

CALULATION METHODS
respiration, which was calculated as a function of 
temperature, and ci was a constant fraction of ambient 
[CO2]. Use of the fi tting routine is demonstrated in Figure 
2. The slopes of the curves over the initial exponential 
growth phase were used to calculate the CO2 response. 

This CO2 response was then related to interactions 
with other co-limiting factors. In this example, [CO2] 
increased RGR by 19% for plants with adequate 
nutrition and by 11% for nutrient-limited plants. Nutrient 
limitation under low CO2 was then calculated as the ratio 
of RGRs under low and high nutrition, 0.035/0.037 = 
0.95 (Fig. 2).

Figure 2: Illustration 

of the data 

analysis method, 

demonstrated with 

fertilised (a, c) and 

nutrient-limited data 

(b, d) from Townend 

(1995). Symbols 

show the observed 

data, and solid lines 

the fi tted model. Data 

in (c, d) were log-

transformed.


