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Abstract 
Elevated atmospheric CO2 concentration (e[CO2]) stimulates biomass and yield of crops through the ‘CO2 
fertilisation effect’. Stimulation of biomass with supplemental nitrogen (N) under e[CO2] may influence 
water use dynamics, which is particularly important in relatively low yielding dryland Mediterranean regions 
where timing of water limitations interacts with N availability and intra-seasonal variability is high. This 
study investigated the interactive effect of N supply (with and without supplemental N) and [CO2] (ambient 
[CO2] and e[CO2]∼550 µmol mol-1) on aboveground biomass, root length and water use of two wheat 
cultivars putatively differing in N use efficiency using a Free Air CO2 Enrichment (FACE) facility in 
Horsham, Victoria. Elevated [CO2] stimulated biomass and grain yield, and this stimulation was influenced 
by both cultivar and N supplementation. The observed differential response of cultivars to e[CO2] and N 
rates suggests that there is potential to select germplasm that maximises the benefit from CO2 fertilisation 
under a wide range of soil N availability. 
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Introduction 
Atmospheric CO2 concentration ([CO2]) is rising due to anthropogenic activities and is expected to reach 
~550 μmol mol-1 by 2050. This rising [CO2] can increase crop water use efficiency by increasing net 
assimilation rate and reduce stomatal conductance (Leakey et al., 2009). Alternatively, elevated [CO2] 
(e[CO2]) can increase water use demand by increasing the transpiring leaf area and/or biomass (Wu et al., 
2004). The overall effect of e[CO2] on crop water use is not straightforward and depends on the balance 
between these two abovementioned effects (Uddin et al., 2018b). Therefore, crop water use under e[CO2] 
would be of particular interest for dryland agroecosystems in Australia where crop growth is often limited by 
water availability and intra-seasonal rainfall variability is very high (Angus, 2001).  
 
As the stimulation of plant biomass under e[CO2] depends on soil N availability (Reich et al., 2014), 
therefore crop water use in future will be further complicated by the interactive effect of e[CO2] and N 
fertilisation. To investigate the interactive effect of e[CO2] and supplemental N on biomass production and 
water use of dryland wheat an experiment was conducted in the Australian Grains Free Air CO2 Enrichment 
(AGFACE) facility in Horsham, Victoria, representative of Mediterranean or semi-arid, water limited, low 
yielding wheat cropping systems worldwide (Fitzgerald et al., 2016). As our experimental plots were 
characterised as low in background soil N, additional environmental variation was achieved by adding 
supplemental N. The plant root system is the most important component of capturing water and nutrient 
resources and acquisition of subsoil water under dryland conditions can have a strong effect on grain yield 
(Kirkegaard et al., 2007). We, therefore, monitored the root growth at different depths of the soil profile.  
 
Methods 
The experiment was conducted in 2016 in the Australian Grains Free Air CO2 Enrichment (AGFACE) 
facility in Horsham (36°44'57"S, 142°06'50"E; 127 m elevation), Victoria, Australia. A detailed description 
of this study site and AGFACE facility is given in Mollah et al. (2009) and Fitzgerald et al. (2016), but this 
present experiment unlike the original AGFACE site, was conducted on an adjacent paddock with low 
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background soil N (~90 kg N/ha soil mineral N in the 1.2 m root zone). The experimental design was a 
nested split-plot design with four replicate plots (‘rings’) of 16 m diameter for a[CO2] (~400 µmol mol−1) and 
four rings for e[CO2] (~550 µmol mol−1). Within each ring two wheat cultivars ‘Yitpi’ and ‘Wyalkatchem’ 
with putative higher N use efficiency were randomly allocated to sub-plots and treated without (N0) or with 
(N100; 100 kg N ha-1) supplemental N. Each sub-plot was 4 m long by 1.4 m wide. Plots were sown on 31 
May 2016 with 0.244 m row spacing. Enrichment of [CO2] in the elevated rings was done from sunrise to 
sunset with a target of 550 µmol mol−1, starting within a few days of 50% seedling emergence until harvest. 
The engineering and performance of the CO2 fumigation systems within the AGFACE facility are described 
in detail by Mollah et al. (2009). 
 
At anthesis, canopy reflectance was measured non-destructively using a handheld CropCircle ACS-210 with 
GeoSCOUT GLS-400 data logger (Holland Scientific, Lincoln, NE, USA), from which the normalised 
difference vegetation index (NDVI) was calculated. At the same growth stage, root length at four depths 
(depth 1: 0–16 cm; depth 2: 17–32 cm; depth 3: 33–48 cm and depth 4: 49–64 cm) of the soil profile was 
measured using a mini-rhizotron (CI-600™, CID Bio-Science Inc., Camas, WA, USA) system. Detailed 
description of installing acrylic clear rhizo-tubes, acquiring the images of root system in the field and 
analysing the root length from the images for a similar experimental set-up within AGFACE facility is given 
in Uddin et al. (2018a). Chlorophyll and N content of flag leaves were measured non-destructively by SPAD 
(SPAD-502, Konica Minolta, sensing, Inc. Japan).  
 
Volumetric soil water content was monitored weekly with a PR2 profile probe (PR2/6, Delta-T Devices Ltd., 
Cambridge, UK) at six different depths (10, 20, 30, 40, 60 and 100 cm) of the soil profile. Soil water (mm) 
for each depth was calculated from the volumetric soil water content multiplied by their corresponding depth 
increment and summed up for the whole soil profile. Weekly water use was calculated using a water balance 
equation and summed up for the whole season to calculate cumulative water use (see; Uddin et al., 2019). 
Both at anthesis and physiological maturity, a predetermined sub-plot was harvested that included the middle 
4 of 6 rows and measurements were converted to t ha-1 units. 
 
Results 
At anthesis, NDVI was 7% greater for wheat grown with supplemental N than without (Tables 1 & 2). At the 
same growth stage, both NDVI and SPAD values of cultivar Yitpi were 13% and 15% respectively, greater 
than those of Wyalkatchem. At anthesis, e[CO2] stimulated the aboveground biomass of cultivar Yitpi by 
27% when grown with supplemental N, but reduced it by 13% when grown without supplemental N. The 
e[CO2] stimulation of anthesis biomass of cultivar Wyalkatchem was similar (~11%) regardless of whether 
grown with or without supplemental N (Tables 1 & 2). Captured root length was not significantly (p > 0.05) 
affected by CO2 and cultivars. Supplemental N however stimulated the root length at depth 2 by 60% (Figure 
1). Biomass at final harvest was about 13-15% greater under a[CO2] than e[CO2], with supplemental N than 
without supplemental N and for Yitpi than Wyalkatchem. Grain yield of wheat grown under e[CO2] was 
14% greater than wheat grown a[CO2]. Yitpi produced 29% more grain yield than Wyalkatchem (Tables 1 & 
2). Cumulative water use across the growing season was not significantly affected by any of the treatments. 
 
Table 1.  Growth, yield, morphological parameters and water use of wheat (Triticum aestivum L.) cvs. ‘Yitpi’ 
and ‘Wyalkatchem’ grown under ambient [CO2] (a[CO2], ∼400 µmol mol−1) or elevated [CO2] (e[CO2], ∼550 
µmol mol−1) with (N100: 100 kg N ha-1) or without (N0: 0 kg N ha-1) supplemental N. 

Response 
parameters 

Yitpi Wyalkatchem 

N0 N100 N0 N100 

a[CO2] e[CO2] a[CO2] e[CO2] a[CO2] e[CO2] a[CO2] e[CO2] 

NDVI 0.72±0.02 0.69±0.02 0.75±0.01 0.73±0.02 0.61±0.00 0.62±0.01 0.65±0.00 0.67±0.01 

SPAD unit 43.2±1.03 43.0±1.3 45.7±1.8 46.6±0.8 39.1±0.9 39.9±1.1 39.0±1.5 38.3±2.0 

Anthesis 
biomass (t ha-1) 

10.1±0.9 8.9±0.8 10.5±0.1 13.4±0.3 8.9±0.6 9.9±0.5 10.0±0.5 10.9±0.9 

Biomass (t ha-1)) 13.1±0.7 14.1±1.4 14.1±0.8 16.5±0.9 10.7±0.8 12.9±0.7 13.1±1.0 14.5±0.5 

Yield (t ha-1)) 5.1±0.2 5.4±0.6 5.5±0.5 6.2±0.4 3.9±0.3 5.0±0.2 3.9±0.3 4.4±0.5 

Water use (mm) 328.5±9.8 306.1±7.9 314.7±9.6 314.3±4.1 317.7±11.6 296.2±5.0 318.1±9.6 310.5±7.0 
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Table 2.  Mixed effect model P-values of the main effects CO2 treatments (CO2), nitrogen rates (N) and cultivars 
(Cv) as well as their interactions for reported parameters in Table 1. Statistically significant (P ≤ 0.05) effects are 
shown in bold numbers. 

Effects 
Parameters 

NDVI SPAD unit Anthesis biomass Biomass Yield Water use 

CO2 0.875 0.975 0.156 0.029 0.050 0.072 

N 0.001 0.285 <0.001 0.008 0.622 0.707 

Cv <0.001 <0.001 0.086 0.016 <0.001 0.390 

CO2 × N 0.706 0.975 0.028 0.762 0.863 0.149 

CO2 × Cv 0.129 0.991 0.842 0.958 0.533 0.796 

N ×x Cv 0.628 0.050 0.120 0.827 0.147 0.407 

CO2 × N x× Cv 0.787 0.366 0.018 0.396 0.382 0.739 
 

 

Figure 1. Captured root length at four depths (depth 1: 0 – 16 cm, depth 2: 17 – 32 cm, depth 3: 33 - 48 cm and 
depth 4: 49 – 64 cm depth of the soil profile) measured at anthesis of wheat (Triticum aestivum L.) cvs. ‘Yitpi’ 
and ‘Wyalkatchem’ grown under ambient [CO2] (a[CO2], ∼400 µmol mol−1) or elevated [CO2] (e[CO2], ∼550 
µmol mol−1) with (N100: 100 kg N ha-1) or without (N0: 0 kg N ha-1) supplemental N. 
 
Discussion 
The stimulation of both aboveground biomass and grain yield by e[CO2] in the current study is in consistent 
with earlier findings in both overseas (Leakey et al., 2009) and AGFACE (Fitzgerald et al., 2016) studies. 
This stimulation of biomass and grain yield with or without lowering the water use resulted in greater water 
use efficiency under e[CO2] than a[CO2] (Leakey et al., 2009). Greater canopy cover of cultivar Yitpi 
coupled with greater Anet (data not shown) improved the assimilate supply to developing grains and resulted 
in greater biomass and grain yield over Wyalkatchem. 
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Previous studies in AGFACE found a relatively greater stimulation of root growth than biomass and yield by 
e[CO2] (Uddin et al., 2018a). In the current study we did not observe such significant root growth stimulation 
at anthesis, which might be associated with the rainfall variability. The studied year was a high rainfall wet 
year and the site received higher than average growing season rainfall. In earlier AGFACE study, Uddin et al 
(2018a) reported e[CO2]-induced stimulation of deeper root growth of cv. Yitpi under rainfed conditions but 
not under well-watered conditions. However, during the whole growing season the dynamics of root growth 
was complex with significant three-way (CO2 × N × Cv) interactions in most of the soil depths measured 
(data not shown).   
 
The lack of water savings under e[CO2] observed in the current study might be due to the strong effect of the 
prevailing terminal drought during grain filling, which might have mask the small treatment effects (Uddin et 
al., 2018a). However, e[CO2] can affect the water use dynamics at different growth stages without showing 
significant effect on cumulative water use at the end of the season (Hunsaker et al., 2000, Uddin et al., 
2018b). Therefore, the dynamics of water use needs to be addressed in conjunction with the leaf and root 
growth throughout the whole crop growing season. Furthermore, the observed differential responses of 
cultivars to the interactive effect of e[CO2] and N rates, suggest the potential for breeding lines that maximise 
the benefit from ‘CO2 fertilisation effect’ under a wide range of growing conditions. 
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