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1 ABSTRACT 

Increasing costs of irrigation in irrigated production regions, and seasonal periods of water deficits in 
rain-fed production regions are impacting greatly on profitability, sustainability, and expansion of 
the Australian sugarcane industry.  Improving crop transpiration efficiency (TE, defined as growth 
per unit of water used) is one strategy to help address these issues.  

TE measured in a wide range of sugarcane clones was found to vary about ±20% around the mean.  
Crop growth simulation modelling indicated a 1% variation in TE translated to about 0.5 to 1.5% 
variation in final cane yield in commercial production environments, highlighting the potential value 
of this trait.     

Physiological mechanisms underlying genetic variation in TE were examined.  This highlighted a 
complication in selecting for high TE in that genetic variation in TE was found to be driven in part by 
genetic variation in mean stomatal conductance levels: such that genotypes with lowest 
conductance had higher TE on average.   This means that selecting for high TE alone (and without 
regard to growth rates) may act to reduce overall growth rates and therefore yield.  However, 
genetic variation in photosynthesis capacity at mean operating levels of conductance were also 
found, indicating that improvements in TE are possible in sugarcane without necessarily 
compromising growth rates.   These results indicate that optimised selection indices combining 
measures of yield and relative canopy conductance in breeding programs could predict relative 
genotype performance across a range of environments with varying water limitation.  This approach 
may have high value in early stages of selection in breeding programs.    

However, a current practical problem in using measurements at leaf level in commercial breeding 
programs was found to be high sampling error variance, and no highly repeatable parameter for 
predicting relative clone TE was found.  This means measurements at a leaf level are too costly for 
screening large numbers of clones.   However, rapid advances are being made worldwide in aerial 
image capture (using drones) and associated digital image analysis technologies.  These advances 
mean that it may soon be possible to relatively cheaply and accurately screen clones in field trials for 
relative rates of canopy conductance.  This technology is now being developed and assessed in SRA-
funded project 2016028.  If the use of this technology for measuring relative canopy conductance is 
successfully demonstrated in SRA 2016028, then the use of optimal selection indices combining 
measures of canopy temperature (reflecting rates of water use) and yield, for predicting clone 
performance across environments with varying water limits, should be tested within commercial 
sugarcane breeding programs.    

Increasing CO2 levels increased TE but genotypes ranked similarly for TE at different CO2 levels.  
Selection for TE at current atmospheric CO2 levels is therefore likely to translate into sustained 
variety performance increases into the future, and crop simulations showed that these benefits are 
likely to be further amplified in those environments that become hotter and/or drier. 
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2 EXECUTIVE SUMMARY 

Soil water deficits in rain-fed environments are a major cause of reduction and variability in 
sugarcane production, estimated to cost the Australian industry more than $250 million per annum.  
Water stress is also a constraint on expansion of sugarcane cropping to more marginal regions.  
Furthermore, achieving higher water use efficiency is increasingly important for irrigated crops in 
both current and potential new areas of production in northern Australia because of costs and 
environmental demands for water flows.  Increasing transpiration efficiency (TE) in sugarcane 
through genetic improvement may be one strategy to help the industry in breeding new cultivars 
matched to future needs. 

The project achieved its key aims of: screening a wide range of sugarcane-related germplasm, 
amongst that available to breeders in Australia, for variation in TE (including responses to elevated 
CO2); developing some understanding of the mechanisms underlying the observed variation; 
assessing, quantifying through crop modelling, the relative importance of variation in mechanisms 
affecting TE in commercial production environments; and testing the narrow sense heritability of TE 
traits in the field.  The experimental results from screening a wide range of genotypes coupled with 
the modelling indicates that there is potentially commercially important genetic variation in TE, and 
provides a basis for application in breeding programs to improve both yields and efficient use of 
water. 

At the start of this project protocols were developed for screening whole-plant TE.  These were then 
used to screen about 100 genotypes, over a set of four pot experiments.  Substantial variation in TE 
was detected (about ±20% from the mean) across the range of germplasm screened.  Variation 
within commercial cultivars and commercial type parents was almost as large as that observed 
across the basic species (Saccharum officinarum, S. spontaneum, Erianthus arundinaceus). 

It is well known from research on other crop species that high TE may be associated with low leaf 
conductance (and hence low photosynthesis) and strong selection pressure for TE alone can 
therefore negatively affect yield.  It was therefore important to distinguish the mechanisms 
contributing to observed genetic variation in TE and in particular to determine if this was mostly due 
to differences in stomatal conductance or not.   

Three broad level mechanisms (variation in conductance with no change in photosynthesis capacity, 
variation in photosynthesis capacity, and variation in diurnal patterns of photosynthesis) that 
collectively could cause genetic variation in TE were explored through additional intensive 
measurements during the pot experiments.  Concurrently, a comprehensive set of crop simulations 
were run, using a version of APSIM-Sugar modified to estimate the likely commercial impact of 
variation in the same three TE traits/mechanisms.  The modelling was done using a large set of 
environmental inputs representing a broad range of realistic commercial sugarcane production 
environments, including potential areas of future expansion and climate change scenarios.   This 
enabled the impact of variation in the mechanisms on yield to be objectively and rigorously 
assessed, and to identify the environmental and management conditions where improvements in TE 
would be of most benefit.   

The partitioning of leaf-level measurements of TE into components associated with conductance and 
photosynthesis capacity indicated that while conductance was an important contributor to variation 
in TE, there was also important genetic variation in TE due to differences in photosynthesis capacity.  
Measurements also showed some evidence of genetic variation in diurnal patterns of transpiration, 
which could improve TE in those plants that use a lower proportion of water near the middle of day 
when instantaneous TE is lower.  Simulation modelling showed these traits could have significant 
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benefits under some cropping conditions, with yield improvements of up to 25% in rainfed crops.  
The models also showed that TE improvements under unstressed conditions have most benefit, 
even for crops that experience frequent water stress.  This is because a major proportion (>60%) of 
water in most production environments is usually used by the crop when the crop is unstressed.   

Narrow sense heritability was moderately high (0.60) for leaf photosynthesis, but was low for 
conductance (0.38), and almost zero for intrinsic leaf transpiration efficiency (TEi).  This indicates 
that selection of parents with high performance for TE will not necessarily provide progeny clones 
with (on average) higher TE.  It also suggests that genetic variation in TE is probably controlled 
mainly by non-additive genetic effects, as is the case with cane yield.  Long term breeding strategies 
for improving TE (as is the case for cane yield) will need to take account of the dominating 
importance of non-additive genetic effects.  

Increasing CO2 levels increased TE but genotypes ranked similarly for TE at different CO2 levels.  
Selection for TE at current atmospheric CO2 levels is therefore likely to translate into sustained 
variety performance increases into the future, and crop simulations showed that these benefits are 
likely to be further amplified in those environments that become hotter and/or drier. 

The implications of these results for breeding are explored at the end of the report.  While some 
beneficial components of TE are already likely to be captured in current breeding programs, we 
identify reasons why other components may be missed, or even be selected against.  The 
commercial importance and availability of ample genetic variation in TE supports specific targeting 
for associated traits in commercial breeding programs alongside other economically important traits.  
Given that genetic variation in TE is obscured by inter-plot competition in early stage selection trials, 
it is unlikely that the performance benefits of this trait are being optimally captured (indirectly) in 
existing breeding programs.  Some suggested next steps are: validating genetic variation in TE 
observed in this project  under field conditions; developing cheap, large scale methods for screening 
that can be incorporated into selection indices in existing breeding programs (e.g., using 
multispectral aerial imaging estimates of canopy conductance); and measuring genetic correlations 
between early stage selection indices and performance in final stage assessments.   In particular, it is 
noted that rapid advances are being made worldwide in aerial image capture and analysis 
technologies.  This technology is now being developed and assessed in SRA-funded project 2016028.     
If the use of this methodology for measuring relative canopy conductance is successfully 
demonstrated in 2016028, it will be possible to cost effectively screen large numbers of plots for 
relative canopy conductance and hence TE in early stage trials in breeding programs.   In this case, 
the use of optimal selection indices combining measures of canopy temperature (reflecting rates of 
water use) and yield, to predict clone performance across environments with varying water limits, 
should be tested within commercial sugarcane breeding programs to confirm and/or refine this 
approach for commercial cultivar development. 
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1. BACKGROUND 

Soil water deficits in rain-fed environments in the Australian sugarcane industry are a major cause of 
reduction and variability in cane production, estimated to cost the industry an average of more than 
$250 million per annum (CSE014 Milestone Report 3.5), and limiting expansion in many regions. In 
addition, where irrigation is applied, achieving higher water use efficiency (yield of cane produced 
per unit water applied) is increasingly important because of increasing costs of water application and 
competing environmental demands for water flow.    Increasing crop water use efficiency is one way 
of addressing these issues. 

This project builds on recent research by CSIRO and SRA, which indicated potentially important 
genetic variation in sugarcane for transpiration efficiency (TE) and response to carbon dioxide (CO2) 
enriched environments.  TE is defined as the ratio of water transpired (through stomata) to biomass 
produced.   Since transpiration represents the major loss of water in a cropping system, improving 
TE is a key pathway to improve water use efficiency.   

The project was designed to help bridge the gap between recent physiological research in TE in 
sugarcane and the practical application to breeding programs to develop varieties for adoption by 
industry.  This involved firstly characterising a wide range of sugarcane genotypes (from germplasm 
collections available to Australian breeders) by their responses to water limited and higher CO2 
environments to assist in selecting parental material for breeding programs.  It also involved 
developing and testing protocols for screening large numbers of genotypes for TE, and making 
recommendations for future implementation in industry breeding programs. 

Passioura (1996) provided the following simple and widely used framework for analysing crop 
growth under limited water: 

 Biomass = water use x water use efficiency     (Eqn 1). 

This implies that growth under water limited environments may be increased if there is more water 
use (i.e., by more water uptake by roots and leaf transpiration), or by producing more biomass per 
unit water transpired.  This has been further refined through the replacement of water use and 
water use efficiency by the terms transpiration (water lost from leaves) x transpiration use 
efficiency, avoiding confounded effects of evaporation from the soil. 

Crops with the C4 photosynthetic pathway such as sugarcane and sorghum are well known to have 
higher transpiration efficiency than crops with the C3 pathway (Ghannoum, 2009).  Attempts have 
been made to select genotypes within both C4 and C3 crop species with greater transpiration 
efficiency, in the expectation that (as per Eqn 1) this will lead to more biomass and yield where there 
is limited water (e.g., Condon et al, 2004).  However, some complications arise in relation to 
selection, because TE is frequently negatively related to transpiration, as discussed later. 

The concept of water use efficiency has long been considered within sugarcane industries, 
particularly in relation to assessing the effectiveness of applied irrigation.  In this context it is usually 
expressed in units such as tonnes of cane per ML of water, or tonnes of cane per hectare per mm 
irrigation.  Kingston (1994) benchmarked water use efficiency and suggested a general value of 
12.21 tonnes cane per ML.  Robertson and Muchow (1994) reported a wider range in values (4.8 to 
12.1 t ML-1), and provided reasons for expected variation.  In particular, the relationship between 
transpiration and vapour pressure deficit (VPD, in units of kPa) is widely recognised, with 
transpiration efficiency being inversely proportional to VPD.  The APSIM-Sugar model (Keating et al, 
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1999) has assumed a constant transpiration efficiency of 8.0 g kPa kg-1.  Inman-Bamber and 
McGlinchey (2003) derived a value of 8.7 g kPa kg-1 from measured water flux above a cane crop and 
observed biomass accumulation.  Basnayake et al (2012) measured values of 12.7 and 7.9 g kg-1 for 
two pot experiments averaged across about ten clones each. 

Despite extensive research on transpiration efficiency in many crops stretching over several decades 
there appear to be few examples of where the use of this trait in a selection index has clearly 
benefited breeding programs.  Problems with the use of transpiration efficiency as a selection 
criterion in breeding programs have been widely discussed.  Sinclair (2012) argued that transpiration 
efficiency itself is not a single simple trait, but is a complex of several underlying mechanisms and 
“not easily resolved for use in breeding programs”.  Condon et al (2004) and Blum (2009) discussed 
expected trade-offs and hence negative genetic correlations occurring between the two components 
in Eqn 1 of water use and transpiration efficiency, at least in some environments.  This negative 
association generally arises because stomatal closure will act both to increase transpiration 
efficiency and to decrease water loss.  The increased transpiration efficiency arises because stomatal 
closure leads to decreased intercellular CO2 levels due to photosynthesis drawdown of CO2, with a 
commonly observed curvilinear (diminishing) relationship between photosynthesis and increasing 
conductance.  Transpiration efficiency at a leaf level is directly proportional to the ratio between the 
gradient in CO2 concentration from the outside to the inside of the leaf, and the gradient in water 
vapour concentration from the inside to the outside of the leaf (Condon et al, 2004): 

 TE ~ (Ca – Ci)/(Wi – Wa)        (Eqn 2) 

where Ci  and Ca are the CO2 concentrations inside and outside the leaf respectively, and Wi and Wa 
are the concentrations of water vapour inside and outside of the leaf respectively.  Given the 
relationship depicted in Eqn 1, reduced water use arising from selection for increased transpiration 
efficiency will offset at least to some degree any beneficial impact of higher transpiration efficiency 
on biomass and yield.  In some cases where genetic variation for water loss is greater than for 
transpiration efficiency, selection for high transpiration efficiency may even result in lower biomass. 

Genetic variation in transpiration efficiency at any given atmospheric vapour pressure therefore can 
be regarded as having two components:  (i) one component due to genetic variation in stomatal 
conductance (which may lead to a negative association between water use and transpiration 
efficiency), and (ii) a second component due to genetic variation in photosynthesis rate for any given 
level of conductance (Condon et al, 2004; Gilbert et al, 2011).  In order to predict the value of 
improved transpiration efficiency it is important to consider and predict each of these impacts 
separately.  Selection based on genetic variation in the first component may not result in gains if 
sacrifices in rates of growth and yield accumulation are greater than benefits arising from the 
improved transpiration efficiency.  Selection based on the second component would be expected to 
be generally positive across most environments. 

A third potential mechanism that could give rise to genetic variation in TE is if there are differences 
in diurnal patterns of transpiration.  Water is used least efficiently near the middle of the day when 
VPD and transpiration demand are highest.  If water use were restricted during these times of peak 
demand, TE would be increased by increasing the proportion of water transpired at times of lower 
VPD.  Such flattening of diurnal patterns of transpiration could occur either as plant stress response, 
from stomatal restriction during periods where soil water supply cannot meet plant demand, or if 
there were an upper conductance limit on the flow of water through the plant, which could place an 
upper limit on transpiration even in the absence of stress. 
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Grantz et al, (1987) working on well-watered sugarcane in Hawaii, developed prediction functions 
for stomatal conductance in response to light and VPD.  They suggested that predicted and observed 
conductances were greater than needed to maintain the observed rates of photosynthesis because 
they observed higher levels of Ci than needed to saturate the C4 photosynthesis process in 
sugarcane.  Therefore they suggested that stomatal conductance could be reduced (i.e., become 
more sensitive to VPD and light) without inhibiting productivity, to achieve higher levels of 
transpiration efficiency. 

A general conclusion from past research in this field is that genetic variation in transpiration 
efficiency appears to exist in many crops.  However, determining if and how to apply this trait in a 
crop improvement program will require understanding of both the extent of genetic variation and 
the mechanisms causing observed variation, and that selection might best be applied to 
subcomponents of TE rather than TE per se. 

One of the aims of this project was to investigate genetic variation in a wide range of sugarcane and 
related germplasm for TE.  In addition to characterising TE for a large number of genotypes, we also 
sought to understand the mechanisms responsible for genetic variation, using the conceptual 
framework of the three mechanisms discussed above.  Measurements at a whole plant level were 
studied in pot experiments and related to leaf gas exchange measurements to help explain 
mechanisms contributing to any observed variation and help expedite efficient approaches to 
screening in breeding programs that may consider unwanted trade-offs with reducing conductance 
and hence yield in some environments.  A parallel crop modelling study evaluated the same three TE 
traits across a broad range of Australian growing conditions to quantify the potential benefits of 
each trait, and conditions where such benefits would be greatest. 

 

 

2. PROJECT OBJECTIVES 

The project had three objectives, as listed below from the original research agreement.  All these 
objectives were met, noted below against specific planned outputs, and in more detail in the body of 
the report. 

1. Test and develop approaches for sugarcane industry breeding programs to develop varieties 
that can take advantage of future higher CO2 environments, with particular focus on those 
which can generate maximum yields per unit water supplied. This will involve identifying 
beneficial plant traits and mechanisms of variation in response and using these to develop 
screening protocols and recommendations for breeding. 

2. Identify specific sugarcane clones with highly favourable traits and responses for 
transpiration efficiency, including under CO2 levels expected in the future, suitable for use 
directly as cultivars or as parental material in future breeding efforts. 

3. Identify methods for large scale and practical selection of favourable transpiration efficiency 
and response to high CO2 levels for ongoing application in industry breeding programs. The 
emphasis will be on developing a methodology suitable for routine application in breeding. 
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3. OUTPUTS, OUTCOMES AND IMPLICATIONS 

3.1. Outputs 

3.1.1.  Delivery of Outputs against Project Plan 
 

The project planned and delivered seven areas of outputs.  Delivery against each of these outputs is 
noted briefly below, referencing parts of the reports where these outputs are covered in detail. 

1. Recommended protocols to characterise and rank genotypes for TE response to varying 
environmental conditions: 
Screening protocols were developed in Activity 1 (details of the five project Activities are noted at 
the start of section 5, Methods, below) in the first year of the project where a range of 
methodological and measurement options were tested.  Details are in section 2.1 of Appendix 3 
(extracts from the year 3, 2016, final report).  Subsequent work investigating genetic variation in TE, 
mechanisms responsible for this variation, heritability and simulation modelling of the benefits of TE 
traits was incorporated into final recommendations on protocols for trait-based screening for TE. 
 

2. Clones with favourable responses for TE identified and recommended for use in sugarcane 
breeding programs, for further selection and potential commercial deployment in water limited 
environments and as parental material: 
About 100 clones were screened in Activity 2 of the project in years 2 and 3 in two batches.  Each 
batch went through an initial screening in an outdoor pot experiment before a subset of clones were 
subjected to more intense screening in two glasshouse chambers, one of which was used to apply an 
elevated CO2 treatment.  Substantial variation in TE was detected (about ±20% from the mean) 
across the range of germplasm screened.  Variation within commercial cultivars and commercial 
type parents was almost as large as that observed across the basic species (Saccharum officinarum, 
S. spontaneum, Erianthus arundinaceus).  TE traits were quantified and reported in section 3.2 of 
Appendix 3, including tables ranking clones by whole-plant TE and detailed leaf-level physiological 
measurements contributing to TE. 
 

3. Key physiological mechanisms underlying differences in TE response to water, CO2 and vapour 
pressure deficits (VPD) identified and quantified: 
Activity 3 of the project was conducted in conjunction with the 2-stage screening of the two batches 
of clones.  Most physiological measurements were made during the more intensive second-stage 
screening, where CO2, VPD and temperature settings were controlled in the glasshouse chambers.  
These results were reported in section 3.3 of Appendix 3, and the mechanisms identified were 
further explored with crop modelling (below). 
 

4. Improvements to sugarcane modelling to allow better prediction of crop response to limited water 
and under higher CO2 levels and to represent genetic variation in traits affecting transpiration 
efficiency: 
The APSIM-sugar crop model was modified and parameterised to be able to represent the three 
mechanisms/traits giving rise to differences in TE between sugarcane clones that were explained in 
the Introduction (section 1).  An extensive set of simulation experiments was conducted (Activity 4), 
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covering the range of soils, climate, irrigation and other management practices under which 
sugarcane is currently grown in Australia and testing the contribution of three different TE traits to 
crop performance under these different growing conditions.  Results were reported in section 3.4 of 
Appendix 3. 
 

5. Documented recommendations on how to apply the results from this project in ongoing sugarcane 
breeding efforts, incorporating analysis of results together with breeder input and other sources of 
information: 
Recommendations from the findings of this project are included in the discussion of this report and 
3.1.2 and 3.2 below.   
 
6. Journal papers reporting key results: 
Publications from this project are listed below under section 7 of this report. 
 

7. Milestone reports and final report, documenting data, analyses, interpretations and 
recommendations from the project: 
Milestone reports were submitted as planned at 6-month intervals throughout the project. 

 

As a pre-breeding project, the ultimate pathway to impact of this research is through improvements 
to variety selection in breeding programs.  The project was successful in identifying substantial 
genetic variation in TE and quantifying the production benefits of TE traits (some of which are 
unlikely to be captured in existing breeding approaches) for the sugarcane industry.  However, 
sampling error variance in leaf level measurements was found to be so high, that were unable to find 
a highly repeatable indicator of relative clone TE that would be practicable for extending our 
screening approach into breeding programs.  For TE benefits to be realised, alternative high 
throughput methods would be required.  Recent advances in thermal imaging of crop canopies are 
showing promise in this regard (as noted in the recommendations below). 

 

 

3.1.2.  Further Development 
 

To extend the findings from this project into breeding programs and development of commercial 
cultivars, and considering the above issues, the following areas of research are required: 

 Field validation of genetic variation in TE (whole plant transpiration efficiency) observed in 
pot experiments, including verifying (or otherwise) the contribution of variation in TEi 
(intrinsic leaf level TE) measured from leaf gas exchange in affecting crop level TE in the 
field. 

 Development and validation of aerial imaging for estimating relative canopy conductance in 
early stage (S1, S2) selection field trials (thermal and visible band imagery for estimating leaf 
conductance and leaf area respectively).    



Sugar Research Australia  Final Report - Project 2013/029 
 

12 
 
 

 Measuring genetic correlations between the above measurements made in early stage trials 
with subsequent yield performance measured in final stage assessment trials in different 
environments including experiencing different levels of water stress.  From these 
correlations, development of optimal selection indices to apply routinely in sugarcane 
selection trials in commercial breeding programs. 

It is noted here that the second point above may be partially addressed within the recently 
commenced SRA funded project “Improving early stage selection in SRA breeding program through 
indirect selection for vigour” (SRA Project 2016-028).   However, further development would be 
required from what is proposed in that project to screen for TE components of vigour, including 
conducting some experimental measurements in water stress environments and measuring water 
use concurrently.   It is proposed that discussions between SRA and researchers from both projects 
continue, to ensure that this line of work is taken through to completion, so that the opportunities 
identified for enhancing sugarcane yields maximise their intended benefits for the sugar industry.  In 
particular, if in SRA Project 2016-028 it is successfully demonstrated that aerial image technologies 
can be used to estimate canopy temperature accurately then this technology should be tested for 
selecting clones for water limited environments.   This could be done by selecting clones in early 
stages of breeding programs using optimal selection indices combining high yield and low rates of 
transpiration.  Clones selected using this approach could then be compared across variable 
environments with clones selected using traditional approaches using yield alone. 

 

3.2. Outcomes and Implications 

Industry benefits will arise only if and after improved selection occurs in industry breeding programs 
and there is release of higher yielding or more water use efficient cultivars from this.   This has not 
yet occurred, and several further research and developmental steps are required before this may 
happen, as noted above in 3.1.2, and elaborated in the discussion section (6.2).    

The most likely pathway to industry impact is through better selection methods in the early phases 
of selection, which is currently notoriously unreliable.   Because of the effects of inter-plot 
competition among clones grown together during these early phases may select against clones with 
high transpiration efficiency (and more generally select for clones with high inter-clone competitive 
ability rather than performance of a single clone stand, as sugarcane is grown commercially).   The 
rapid development of aerial image capture and analysis technology suited for measuring canopy 
cover and leaf temperature in selection field trials, which has occurred in recent years, could help 
facilitate practical and cost effective ways to screen genotypes for TE and appropriate conductance 
responses in sugarcane breeding programs.  It is important that the results and associated ideas 
developed within this project are used to help direct those future developments, as noted in other 
sections of this report.   In particular, the results from this project showed how that there is a trade-
off (or negative genetic correlation) between high vigour and high TE, and appropriate weightings on 
yield versus canopy conductance for different environments in selection are a critical issue to 
determine in future work.   
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4. INDUSTRY COMMUNICATION AND ENGAGEMENT 

4.1. Industry engagement during course of project 

Chris Stokes gave a presentation to a group of Young Farmers at Lansdowne, North Queensland, on 
18 March 2013, as part of the Carbon Bus Tour, arranged by Sefton & Associates with support from 
the Department of Agriculture.  The presentation, on adapting agriculture to climate change, 
included discussion of the principles and aims of this sugarcane project. 

Phil Jackson contributed to an article, “Developing water use efficient sugarcane varieties”, which 
was printed in Australian Sugarcane (1 May 2014).  This was aimed at informing producers about 
ongoing research related to water use efficiency including the work in this project. 

Win/9 News in Townsville interviewed Chris Stokes and Phil Jackson about the sugarcane breeding 
work in this project and the story was broadcast as part on the nightly news in July 2014. 

Chris Stokes and Geoff Inman-Bamber attended a workshop on modelling CO2 effects in crops, 
organised by another FtRG project (Brisbane, 29-30 April 2015).  Results from our experiments and 
changes to APSIM-Sugar were shared and feedback sought from other crop modellers. 

Chris Stokes and Phil Jackson were interviewed by Brad Pfeffer (from SRA communications) for an 
article and accompanying video on this project for SRA CaneConnection magazine (Summer 2015, 
pp. 18 - 19):  

http://www.sugarresearch.com.au/icms_docs/231246_CaneConnection_summer_edition_2015.pdf 

Phil Jackson presented key results and recommendations to date from the project to Australian 
sugarcane breeders on 21st March, 2016, at the Sugar Research Australia Head office, Brisbane. 

Phil Jackson presented results in the paper Stokes et al (2016) (above), at the Australian Society of 
Sugarcane Technologists conference, attended by sugar industry stakeholders and researchers, 
Mackay, on 29th April. 

Prakash Lakshmanan gave a presentation titled “New technologies for early clone selection” at the 
Central Regional Grower Update in Mackay on 21st March 2017. 

Sijesh Natarajan presented a poster titled “Afternoon reduction of photosynthesis in sugarcane – 
evidence and environmental determinants” at the C4 photosynthesis conference held from 10th – 
13th April 2016 in Canberra. 

 

4.2. Industry communication messages 

The following are key messages that are likely to be most relevant to the broader sugar industry: 

1.  Transpiration efficiency (TE) of a sugarcane variety refers to the amount of growth (biomass) that 
it can deliver per unit of water used by the plant.   Although this varies depending on environmental 
conditions such as relative humidity, it is also known that for any particular conditions there is also 
variation between different varieties.  This variation may be potentially important in environments 
where water is limiting yields (dry areas, drought years and even irrigated crops where crop water 
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demand is not always fully met), or in situations where costs of irrigation are high.   Breeding 
programs to date have not directly targeted improved transpiration efficiency. 

2.   This project that showed that there is potentially important variation in TE exists in clones being 
generated in commercial Australian sugarcane breeding programs, with variation of approximately 
±20% around the mean.  100 cultivars and key parental clones from Australian sugarcane breeding 
programs were evaluated and clones with favourable responses for TE identified, and results 
published.  As much variation appeared to arise in commercial type clones as there was in basic 
germplasm clones (Erianthus, S. spontaneum, and other basic species).    

3.  Increased CO2 levels increased TE in sugarcane (on average by about 50% in going from 390 ppm 
to 720 ppm) through a reduction in conductance levels while maintaining similar levels of 
photosynthesis.  While some clones responded differently to high CO2 levels this did not change 
their ranking of TE much.  These results indicate that there is unlikely to be much benefit in selecting 
varieties adapted to future climates based on TE responses to higher CO2 alone.  Furthermore, 
results from modelling clones with different TE under a range of possible future climates indicated 
that TE is likely to have an increasing benefit in the future, and in if the industry expands into more 
marginal environments.  Selection for high TE clones under current CO2 levels would therefore be 
expected to provide continued benefits into the future (without having to incur the additional 
expense of considering future higher CO2 levels in breeding programs).    

4.  Crop growth simulation modelling predicted that for each 1% improvement in TE in rainfed 
sugarcane environments in Australia, cane yield will improve by 0.5 to 0.9%.  However, while high TE 
may be beneficial, on average clones with high TE will have lower conductance and growth rates, 
and therefore selection in breeding programs needs to consider both TE and yield together to make 
productive gains.   

5.   The leaf level measurements made in this project are too costly for screening large numbers of 
clones in breeding programs.  However new technologies using drones to capture thermal and 
visible images in trials may offer ways to screen for leaf conductance, and this work is underway in 
ongoing projects.  With additional steps, this could form the basis for future approaches that could 
rapidly screen for high TE in field trials. 
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5. METHODS 

The work in this project fell into five main Activities, with the first three years of the project funded 
jointly by SRA and the Commonwealth Department of Agriculture and Water Resources (DAWR), and 
an additional, fourth, year funded by SRA. 

Activity 1: an initial pilot pot to test, develop and fine-tune protocols for screening TE in a large 
number of genotypes (year 1, joint SRA and DAWR funding, section 2.1 of 2016 final report, 
Appendix 3); 

Activity 2: a set of four experiments that then applied this approach to screen two batches (1 and 2) 
of about 50 genotypes, each of which involved an extensive initial phase of screening (a and b), 
followed by a more intensive screening of a smaller number of genotypes.  The four experiments 
were denoted Experiments 1a, 1b, 2a and 2b based on the batch number and phase.  (years 2 and 3, 
joint SRA and DAWR funding, sections 2.2, 3.1 and 3.2 of 2016 final report, Appendix 3); 

Activity 3: an investigation of the mechanisms responsible for observed variation in TE between 
genotypes, conducted in conjunction with Activity 2.  Activity 2 focussed on whole-plant measures of 
TE and performance while Activity 3 focussed more on mechanisms at the leaf level that could 
potentially explain differences in whole-plant performance (years 2 and 3, joint SRA and DAWR 
funding, sections 2.2 and 3.3 of 2016 final report, Appendix 3); 

Activity 4: simulation modelling to evaluate the potential benefits of TE traits and their interactions 
with environmental and management factors (years 2 and 3, joint SRA and DAWR funding, sections 
2.3 and 3.4 of 2016 final report, Appendix 3); and 

Activity 5: a field trial to determine the extent to which leaf TE traits of parents are predictive of 
their progeny, quantified using the narrow sense heritability statistic, Hn (year 4, additional year 
funded by SRA – focus of this supplemental report).  The practical value of this information is that if 
TE traits of parents are strongly expressed in progeny, then relatively intensive/costly methods of 
selecting parents with high TE (as in Activities 1 and 2 and the ranking of clones reported from that 
screening) may be useful and viable in breeding programs.  Otherwise screening for TE would have 
to focus on progeny alone, which would require more cost effective screening methods (capable of 
handling a larger number of clones) (Methods and Results covered in this supplemental report). 

A comprehensive final report was provided on the first four Activities at the conclusion of DAWR 
funding after the first three years of the project in 2016.  The detailed Methods and Results for 
Activities 1 - 4 have not changed and have been extracted at the end of this report as Appendix 3.  
All other parts of the previous report, including overall interpretation, recommendations and 
summaries, have been incorporated into this supplemental report and updated in light of the 
findings from the field trial (Activity 5). 

The detailed Methods reported below (section 5.1) are for the fifth, and final, field component of 
the project (Activity 5). 

 

5.1. Field evaluation of variation in TE and estimation of narrow sense heritability 

The field trial (Activity 5) took place on Block No. 7 of the SRA Research Experimental Station in 
Brandon, north Queensland.  It was conducted in in part of a standard CAT selection trial.  The 
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recently-started SRA Project 2106-028, “Vigour assessment by remote sensing”, used the same field 
trial and builds on the work of this and other previous related projects.  The on-ground 
measurements reported here will be available for interpreting the remote-sensed measurements in 
Project 2016-028 (but note that final harvest and remote-sensed data sets from the CAT trial and 
Project 2016-028 will only be available after those field trials end in about August 2017, so were not 
available for this report). 

The experiment was designed to compare clones of crosses in a CAT selection trial against their 
parents to test for narrow sense heritability of transpiration efficiency (TE) traits identified in leaf 
physiology measurements from the previous pot experiments.  The initial experimental designed 
was planned to consist of: 

 15 parents x 4 replicates per clone     =   60 

 16 progeny families x 4 clones per family x 2 replicates per clone  = 120 

 Total no. plots in this section of the trial     = 180 

However, there was insufficient material of one of the crosses, so material for that cross (13*4039, 
QC03-6239xKQ09-1547) was replaced with an additional four clones of one of the other crosses 
(13*90). 

The list of crosses (female x male) used are listed in Table 1, together with the four clones of each 
family that were planted.   The experimental layout consisted of two randomised blocks of progeny 
and parents, between which were an additional two randomised blocks of parents (to account for 
the extra two replicates of parents).  

The experiment was planted over the period 15-19 August 2016.  Intensive measurements of leaf 
physiology began as soon as plants were large enough.   Leaf gas exchange measurements were 
made using two LICOR 6400 instruments on 17 days between 26 October 2016 and 8 December 
2016 (Table 2).   On each day all plots were measured between approximately 9.00am and 2.00pm.  
Generally the youngest fully expanded leaf was measured, based on procedures developed in prior 
sugarcane physiology research (Inman-Bamber et al, 2011; Jackson et al 2016).  Measurement 
conditions included 2000 μmol quanta m-2 s-1, 400 ppm CO2, and temperature and VPD conditions 
approximately at ambient conditions.  All parameters were calculated using manufacturer’s 
software.  These leaf gas exchange parameters included photosynthesis rate (A), transpiration rate 
(T), instantaneous intrinsic transpiration efficiency (TEi), stomatal conductance (gs) and internal CO2 
concentration (Ci).  TEi was partitioned into two independent sources of variation: one source 
attributed to variation in stomatal conductance (TEgs) and the other attributed to variation in 
photosynthesis capacity (TEpc) (explained further where these results are presented below, and 
noting that TEi is used to distinguish instantons leaf-level transpiration efficiency from whole plant 
TE).  Weather conditions over the period of the experiment are shown in Figure 1 and average 
conditions on individual days of measurement are shown in Table 2. 

Analyses of variance of the data collected was carried out using SAS version 9.4 PROC GLM and PROC 
MIXED.  The narrow sense heritability statistic, Hn, was used to quantify the extent to which leaf TE 
traits of parents were predictive of their progeny. 
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Table 1 List of the 15 families of progeny used in this trial.  Four clones for each family were used 
(listed across the last 4 columns for each family).  Note that a 16th cross (13*4039, QC03-
6239xKQ09-1547) was intended to be used, but that there insufficient material.  An extra 4 clones 
from cross 13*90 were used as a replacement instead. 

 

 

 

Table 2 List of Dates (all in 2016) which gas exchange measurements were made, and average 
temperature and relative humidity between 9.00am and 3pm for each date.  

Date of 
measurement 

Average temp. 
(0C) 

Average relative 
humidity (%) 

26 October 29.5 56.5 
27 October 29.8 44.3 
28 October 29.7 53.7 
2 November 29.8 57.4 
3 November 30.8 55.6 
4 November 29.5 64.2 

17 November 30.7 39.6 

18 November 30.3 46.2 

22 November 30.5 51.5 

23 November 30.4 52.7 

24 November 30.5 54.5 

30 November 30.9 49.3 

1 December 31.8 50.5 

2 December 31.3 50.3 

6 December 32.1 52.9 

7 December 29.5 56.5 

8 December 29.8 44.3 

 

Cross No. Female Male Family Clones (4 per Family)
13*110 Q208 QC91-580 Q208xQC91-580 QA14-3050 QA14-3051 QA14-3052 QA14-3053
13*152 Q252 N29 Q252xN29 QA14-3054 QA14-3055 QA14-3056 QA14-3057
13*224 Q232 Q252 Q232xQ252 QA14-3058 QA14-3059 QA14-3060 QA14-3061
09*437 QN80-3425 Q247 QN80-3425xQ247 QA14-3062 QA14-3063 QA14-3064 QA14-3065
13*51 QC03-6239 Q235 QC03-6239xQ235 QA14-3066 QA14-3067 QA14-3068 QA14-3069
13*63 QS06-8140 N29 QS06-8140xN29 QA14-3070 QA14-3071 QA14-3072 QA14-3073
09*31 Q238 Q232 Q238xQ232 QA14-3074 QA14-3075 QA14-3076 QA14-3077
12*275 Q208 KQ07-5107 Q208xKQ07-5107 QA14-3078 QA14-3079 QA14-3080 QA14-3081
13*3214 KQ07-5107 Q235 KQ07-5107xQ235 QA14-3082 QA14-3083 QA14-3084 QA14-3085
13*90 Q232 KQ09-1547 Q232xKQ09-1547 QA14-3086 QA14-3087 QA14-3088 QA14-3089
13*90 Q232 KQ09-1547 Q232xKQ09-1547 QA14-3106 QA14-3107 QA14-3108 QA14-3109
13*3365 KQ07-5107 N29 KQ07-5107xN29 QA14-3090 QA14-3091 QA14-3092 QA14-3093
12*271 KQ07-5410 N29 KQ07-5410xN29 QA14-3094 QA14-3095 QA14-3096 QA14-3097
13*3364 KQ07-5107 Q231 KQ07-5107xQ231 QA14-3098 QA14-3099 QA14-3100 QA14-3101
13*3538 KQ07-5410 Q235 KQ07-5410xQ235 QA14-3102 QA14-3103 QA14-3104 QA14-3105
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Figure 1 Weather conditions at SRA Brandon experiment station across the period of time that 
measurements were made in the fourth year experiment (2016). 
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6. RESULTS AND DISCUSSION 

As indicated above, a detailed account of Results from the first three years (Activities 1 – 4) of this 
project was provided in a final report submitted at the conclusion of DAWR funding in 2016.  
Extracts of the detailed Methods and Results of Activities 1-4, which remain unchanged, are included 
in Appendix 3.  However the key findings from that previous work are summarised again here and 
the implications included in the overall project discusion.   Results and discussion from the fourth 
year of the project (Activity 5 field trial) are given immediately below in section 6.1.   An overall 
discussion pertaining to results from the whole four years of the project then follows in section 6.2. 

 

6.1. Results from fourth year field trial 

The key objective in collecting data in the fourth year of the project was to determine the extent to 
which performance of parents is predictive of their progeny, and to quantify this using the statistic 
called narrow sense heritability (Hn).   As indicated above this statistic provides guidance to breeders 
as to whether selection of high performing clones as parents in further breeding cycles is likely to be 
a useful approach or not.   The experiment was done in the field, and this was the first field trial 
conducted in the project.   This therefore provided an opportunity to examine components of 
variance in the field in comparison with prior data collected in pot trials.   In the two sections below 
a general description of the data and sources of variation is given, followed by estimates of narrow 
sense heritability for leaf measurements of photosynthesis (A), conductance (gs) and internal leaf 
CO2 concentration (Ci).   Ci is directly related to intrinsic leaf transpiration efficiency (TEi = A/gs, with 
low levels of Ci corresponding to high TEi), and in some analyses below data from Ci are shown rather 
than TEi). 

 

6.1.1.    Overall description of data and sources of variation 
 

Averaged across all dates of measurement, the mean observed photosynthesis (A), conductance (gs) 
and leaf internal CO2 concentration (Ci) values in the parent and progeny clones are shown in Table 
3.   On average the parent clones had slightly lower photosynthesis and lower conductance than the 
progeny clones.   The proportional difference in conductance was bigger than for photosynthesis, so 
that Ci was lower on average in the parents than the progeny (and TEi was therefore higher in the 
parents). 

 

Table 3 Photosynthesis, conductance and leaf internal CO2 concentration (Ci) values in the parent 
and progeny clones, based on average data collected in the field experiment across all times of 
measurement. 

 

Type of 
clone 

Photosynthesis 
(μmol m-2 s-1) 

Conductance 
(mol m-2 s-1) 

Ci 
(ppm) 

Parents 35.6 0.387 151 
progeny 36.7 0.448 161 
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It was apparent that the two Licor 6400 machines gave different measurements for conductance and 
Ci values (Table 4), and the reasons for this are not clear.   For this reason, separate analyses were 
initially done for the two machines and results compared. 

Both machines gave highly significant clone effects for photosynthesis, conductance and Ci, despite 
the large difference in mean conductance and Ci values (Table 4).   Furthermore, in an analysis of 
data of both machines combined there were highly significant overall clone effects with only small 
interaction components, indicative of a high correlation of clone effects across both machines (Table 
5).   This result provided confidence in the repeatability of the estimates of the genetic effects.    

Subsequent comparison of both machines with other equipment suggested that the machine 
designated as M1 (Table 5) was giving biased results for conductance, and therefore in subsequent 
results only data from M3 is presented. 

 

Table 4 Results (mean squares for clones and error) from analyses of variance of photosynthesis, 
conductance and leaf internal CO2 concentration (Ci), and overall means for each of these traits, 
for each of two Licor 6400 machines (named as M1 and M3).   Clone effects were statistically 
significant at P<0.001 in all cases. 

 

Source of variation/mean M1 M3 
Photosynthesis (μmol m-2 s-1) 

Clones 41.7 32.9 
Error 5.80 7.68 
Mean 36.7 35.9 

Conductance (mol m-2 s-1) 
Clones 0.0463 0.0052 
Error 0.0054 0.00094 
Mean 0.55 0.27 

Ci (ppm) 
Clones 229.4 523.0 
Error 50.09 194.5 
Mean 200 105 

 
 
 
Table 5 Results (variance components) from analysis of variance of photosynthesis, 
conductance and leaf internal CO2 concentration (Ci) from data combined across two Licor 
6400 machines.  
 
 

Source of variation Photosynthesis  
(μmol m-2 s-1) 

Conductance  
(mol m-2 s-1) 

Ci (ppm) 

Machines 0.25** 0.042*** 4519*** 
Clones 14.01*** 0.0081*** 97.55*** 
Clones x machines 0 (ns) 0.0039*** 4.30 (ns) 
Error 6.92 0.0032 123 

 
 
Analysis of data across different dates showed that there was no significant clone x date interaction 
for photosynthesis, and that the interaction component was also small for conductance (Table 6).  
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However, the clone x date interaction variance component for Ci was of similar size to that for clone 
main effects.   The latter result indicates that measurements of Ci need to be made over multiple 
dates for accurate characterisation of clones, and that Ci may vary depending on different 
environmental conditions. 

 
Table 6 Results (variance components) from analysis of variance photosynthesis, 
conductance and leaf internal CO2 concentration (Ci) from data across two Licor 6400 
machines. 
 
  

Source of variation Photosynthesis  
(μmol m-2 s-1) 

Conductance  
(mol m-2 s-1) 

Ci (ppm) 

Clones 11.41*** 0.00187*** 128*** 
Clones x dates 0.000 (ns) 0.000069*** 120*** 
Error 44.1 0.00574 701 

 
 
Examination of the relationship between conductance and photosynthesis (Figure 2) derived from all 
pooled data (for machine M3) shows the typical and expected curvilinear relationship, and a very 
similar pattern of data to that observed in previous years in pot experiments.   Given that 
transpiration efficiency can be expressed as the ratio of photosynthesis (A) to conductance (gs), the 
curvilinear relationship between the two gives rise to a negative relationship between TEi and 
photosynthesis, since the ratio A:gs declines as A increases (Figure 3).   This has been shown in other 
species (Gilbert et al, 2011). Thus, in examining variation within any population of genotypes, 
relatively high TE in any particular genotype may arise because of low conductance, or because of 
greater photosynthetic capacity compared with other genotypes for a given conductance (Gilbert et 
al, 2011). In addition, while enhancement in TE may be a worthwhile goal in crop improvement 
programs, a potential problem arises because a negative covariance is frequently observed between 
growth rate and TE.  A similar negative covariance often occurs between TE and yield (which is 
usually strongly related to both photosynthesis and transpiration rates).  For example, if high TE 
arises mainly due to reduced gs, this may be associated with reduced water use and lower 
productivity (at least under growing conditions where water is not limiting).  By contrast, improved 
TE arising from a higher rate of photosynthesis at any given level of conductance (and leading to 
lower Ci) may be expected to be of more general agronomic value (Ghannoum, 2016). 
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Figure 2 Relationship between conductance and photosynthesis from measurements made in the 
field experiment in 2016, showing all individual data points collected from machine M3 (pooled 
across all dates of measurement).  

 

 

 

Figure 3 Relationship between TE (photosynthesis/conductance) versus conductance, showing all 
individual data points collected from machine M3 in the field experiment in 2016 (data pooled 
across all dates of measurement). 
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To deal with this issue, genetic effects for TEi were partitioned into two independent sources of 
variation: one source attributed to variation in stomatal conductance (TEgs) and the other attributed 
to variation in photosynthesis capacity (TEpc). This partitioning methodology followed the concepts 
described by Gilbert et al (2011), but with some modifications as follows. Given the general 
curvilinear relationship between gs and A resulting in a negative relationship between TEi and A, on 
average, genotypes with low stomatal conductance measures are expected to have higher TE than 
genotypes with high conductance. Hence, the impact of gs on TE may be due to stomatal closure 
contributing to lower Ci and higher TE, as explained by Condon et al (2002), among others. 
Accordingly, for each measurement of leaf gas exchange, TEgs was defined as the TEi expected if the 
photosynthesis capacity was determined from a reference (A versus gs) function for the measured 
value of gs, and expressed as a deviation from the mean TEi based on all observations. Unlike Gilbert 
et al (2011), the reference (A versus gs) function was derived from observations on all genotypes 
rather than just those for an individual comparator genotype. TEpc for each measurement point was 
defined as the deviation of the actual observed TEi from the TEgs (i.e., TEi – TEgs; the deviation of 
the observed TEi from expected population average at the measured conductance level). 

An analysis of variance was done for the above determinations of TEi, TEgs, and TEpc, based on 
means across all measurements for each individual plot (Table 7).   This showed significant clone 
variation for all three of these traits, but that TEpc is by far the smaller contributor to total TEi.   
Clone effects for these components were determined for each individual clone and these are shown 
in Table 8. 

 

 
Table 7 Variance components, including broad sense heritability (Hb), from analysis of 
variance of leaf transpiration efficiency (TEi) and its components (TEgs and TEpc).   
 

Trait Source of variation 
Clones Error Hb 

TEi 95.2*** 97.7 0.66 
TEgs 80.3*** 41.4 0.32 
TEpc 9.29* 39.4 0.32 
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Table 8 Summary of leaf gas exchange characteristics for all clones, based on mean of all 
measurements for M3.  Parameters are photosynthesis (A, μmol m-2 s-1), conductance (gs, mol m-2 
s-1), transpiration efficiency (TEi, also split into TEpc and TEgs components, μmol mol-1) and 
internal CO2 concentration (Ci, ppm). 

 

Clone A gs TEi TEpc TEgs Ci 
Q238 30.97 0.19 168.61 11.33 18.19 66.86 
N29 33.83 0.22 159.64 9.50 11.04 76.51 
QA14-3106 39.52 0.29 142.39 7.28 -4.00 92.83 
QC03-6239 35.33 0.24 151.75 6.14 6.51 86.47 
KQ07-5107 39.88 0.30 139.73 6.06 -5.43 98.09 
Q247 34.37 0.23 153.22 5.61 8.51 85.74 
Q232 39.51 0.29 138.96 4.72 -4.87 94.68 
KQ07-5410 43.07 0.35 128.36 4.71 -15.44 110.87 
QS06-8140 31.95 0.21 157.59 4.65 13.84 82.98 
QA14-3082 29.08 0.18 163.61 4.28 20.23 77.77 
QA14-3058 41.89 0.33 130.14 3.24 -12.20 108.82 
QA14-3105 27.77 0.17 165.01 2.85 23.06 77.21 
QA14-3100 37.43 0.27 141.49 2.80 -0.41 98.12 
QA14-3083 32.74 0.23 150.81 2.48 9.24 91.89 
Q252 37.81 0.28 139.91 2.36 -1.54 101.00 
QA14-3069 44.23 0.38 120.61 2.21 -20.70 120.22 
QA14-3056 35.20 0.25 144.96 2.03 3.83 96.70 
QA14-3079 33.85 0.23 149.25 2.01 8.14 91.68 
QA14-3108 39.21 0.31 133.54 1.76 -7.32 107.89 
QA14-3060 42.76 0.35 125.58 1.71 -15.22 115.03 
QA14-3068 35.02 0.26 143.55 1.66 2.79 99.23 
QA14-3064 32.52 0.23 149.88 1.58 9.20 93.61 
QN80-3425 38.07 0.30 135.74 1.54 -4.90 107.36 
QA14-3071 35.23 0.26 142.94 1.16 2.68 99.72 
KQ09-1547 38.62 0.29 135.03 0.88 -4.95 107.68 
QA14-3109 42.45 0.35 123.73 0.84 -16.21 117.90 
QA14-3086 39.10 0.32 130.37 0.27 -9.00 112.94 
QA14-3050 35.29 0.27 140.33 0.03 1.21 103.39 
QA14-3084 41.65 0.35 123.86 0.02 -15.26 119.11 
QA14-3067 32.97 0.23 148.86 -0.13 9.89 94.68 
QA14-3065 31.84 0.23 148.96 -0.19 10.05 95.77 
QA14-3102 36.96 0.29 136.44 -0.22 -2.45 106.54 
QA14-3097 36.93 0.28 136.50 -0.44 -2.16 106.66 
QA14-3055 38.77 0.30 131.94 -0.73 -6.42 111.28 
QA14-3088 35.23 0.26 139.94 -0.87 1.71 104.32 
QA14-3087 39.03 0.31 130.44 -0.90 -7.76 113.32 
QA14-3090 41.03 0.34 124.26 -1.24 -13.59 119.73 
QA14-3061 36.92 0.28 135.59 -1.29 -2.22 108.60 

 

Continues on following page… 
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Table 8 continued 

Clone A gs TEi TEpc TEgs Ci 
QA14-3095 39.33 0.31 129.96 -1.29 -7.84 113.61 
QA14-3075 37.20 0.28 135.49 -1.70 -1.91 108.04 
QA14-3089 39.80 0.33 125.68 -1.84 -11.59 119.49 
QA14-3096 42.13 0.37 117.24 -1.84 -20.02 129.84 
QC91-580 34.69 0.27 138.12 -2.09 1.11 109.01 
QA14-3076 32.25 0.24 144.15 -2.27 7.32 102.30 
QA14-3070 34.29 0.25 141.06 -2.29 4.25 104.46 
QA14-3081 35.82 0.27 135.62 -2.66 -0.82 109.79 
Q208 31.94 0.23 146.46 -2.71 10.07 100.52 
QA14-3062 34.06 0.26 139.11 -2.75 2.77 107.99 
QA14-3103 35.30 0.27 136.80 -3.00 0.70 109.08 
QA14-3078 37.80 0.30 128.73 -3.04 -7.33 118.27 
QA14-3063 31.39 0.23 145.19 -3.05 9.14 102.52 
QA14-3054 36.08 0.27 134.73 -3.07 -1.30 110.98 
QA14-3057 42.77 0.37 115.18 -3.10 -20.82 131.43 
QA14-3080 35.63 0.29 133.76 -3.11 -2.24 113.51 
QA14-3104 33.80 0.24 141.94 -3.36 6.21 103.02 
QA14-3077 34.15 0.26 137.30 -4.10 2.30 110.05 
QA14-3093 39.59 0.35 120.60 -4.16 -14.34 127.27 
QA14-3072 33.49 0.25 139.86 -4.40 5.17 107.63 
QA14-3091 36.06 0.28 132.94 -4.51 -1.64 113.93 
QA14-3052 36.46 0.29 130.89 -4.72 -3.48 116.16 
QA14-3074 34.35 0.26 136.09 -4.79 1.78 111.05 
Q235 31.72 0.23 144.01 -4.96 9.87 97.96 
QA14-3066 27.68 0.18 153.76 -5.69 20.35 94.76 
QA14-3094 36.96 0.31 125.67 -5.72 -7.71 123.24 
QA14-3101 29.38 0.20 148.46 -5.82 15.18 99.70 
QA14-3107 37.32 0.32 125.09 -6.15 -7.86 124.54 
QA14-3098 35.54 0.28 131.86 -6.53 -0.71 117.21 
QA14-3051 38.01 0.32 122.78 -6.58 -9.73 126.57 
QA14-3053 35.78 0.29 127.92 -7.23 -3.95 122.93 
QA14-3073 38.24 0.33 119.09 -7.84 -12.16 132.30 
QA14-3085 28.14 0.20 146.85 -8.12 15.87 104.41 
Q231 33.09 0.25 134.56 -8.20 3.66 107.99 
QA14-3059 35.39 0.30 124.74 -8.57 -5.79 128.91 
QA14-3099 34.55 0.29 122.61 -12.64 -3.85 132.81 
QA14-3092 33.56 0.29 116.05 -17.85 -5.20 145.27 

Least 
significant 
difference 
(P<0.05) 

5.54 0.061 19.8 12.8 12.9 27.9 
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There was a strong correlation between photosynthesis for genotypes and their conductance (Table 
9), consistent with the pooled data in Figure 2.   This was associated with a strong negative 
correlation between performance among genotypes for photosynthesis and TEi and TEgs.   By 
contrast TEpc was not significantly correlated with either photosynthesis or conductance, and TEgs 
and TEpc were also uncorrelated.    Collectively, these results indicate that strong selection pressure 
for TE alone would probably result in reduced conductance and photosynthesis, possibly leading to 
reduced yield.   As was the case with results obtained in earlier pot experiments, these results 
highlight a need to consider effects on yield in selecting for higher TE (discussed further in discussion 
section below). 

 

Table 9 Phenotypic correlations between different traits: photosynthesis (A), conductance (gs), 
transpiration efficiency (TEi, also split into TEpc and TEgs components) and internal CO2 
concentration (Ci). 

 A gs TEi TEpc TEgs Ci 
A 1.00      
gs 0.94 1.00     

TEi -0.74 -0.91 1.00    
TEpc 0.16 -0.13 0.53 1.00   
TEgs -0.95 -1.00 0.91 0.14 1.00  

Ci 0.53 0.77 -0.96 -0.73 -0.77 1.00 
       

 

4.1.1 6.1.2 Narrow sense heritability estimates 
4.1.2    
Regressions between mid-parent values and progeny performance were estimated to determine 
narrow sense heritability (Hn) for each trait (Table 10).   These showed that photosynthesis had a 
moderately high narrow sense heritability (0.60), Hn for conductance was low (0.38), while Hn for TEi 
was estimated at near zero.   The latter was associated with a near zero heritability for TEpc and a 
low heritability for TEgs (0.39).   This result indicates that selection of parents with high performance 
for TE will not necessarily provide progeny clones with (on average) higher TE.  It also suggests that 
genetic variation in TE is probably controlled mainly by non-additive genetic effects, indicating that it 
is largely driven by interactions between alleles rather than presence or absence of particular alleles. 

 

Table 10 Estimates of narrow-sense heritability for several parameters, measured on two Licor 
6400 machines.   “**” and “ns” indicate that correlation coefficients between mid-parent means 
and progeny performance were significant at P<0.01, and non-significant, respectively.  

Trait Narrow sense 
heritability 

Photosynthesis 0.60 
Conductance 0.38 

TEi -0.06 
TEgs 0.39 
TEpc -0.10 
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6.2. Overall Discussion 

Considering results across all four years, the project as a whole achieved its key aims of screening a 
wide range of available (in Australia) sugarcane related germplasm for variation in TE, developing 
some understanding of the mechanisms underlying the observed variation, assessing through crop 
growth simulation modelling the anticipated relative importance of variation in mechanisms 
affecting TE in commercial production environments, and in estimating the narrow sense heritability 
of TE among commercial type clones in the Australian sugarcane breeding program.  The 
experimental results from screening a wide range of genotypes coupled with the modelling indicates 
that there is potentially commercially important genetic variation in TE, and provides a basis for 
application in breeding programs as discussed further below. 

The project was successful in identifying and evaluating TE traits, and approaches for measuring 
them  mainly using direct leaf measurements.  However, the research revealed several key 
constraints that would make it difficult to translate these  direct leaf-based screening approaches 
into immediately-adoptable recommendations for breeding programs.  Nonetheless, some emerging 
technologies associated with aerial based thermal crop canopy imaging and analysis offer a 
promising pathway to overcome these constraints and hence incorporate this research into 
commercial breeding programs.  This is now being pursued in subsequent research (funded in 
Australia by Sugar Research Australia).   This rationale and potential pathway, including the research 
steps needed, was described in Section 3 above.   

Measurements of transpiration efficiency were made at both a whole plant level (TE) and at 
individual leaf level using instantaneous gas exchange measurements (TEi).  The project evaluated 
the extent to which leaf gas exchange measurements could account for variation in whole plant TE 
among clones, which was an important unknown for sugarcane breeding prior to this research.  It is 
well known that genetic variation in small numbers of measurements of photosynthesis made at a  
leaf level often do not translate well to genetic variation at whole plant levels.  This is because plant 
processes at any one time for part of an individual leaf may be offset by variation in other processes 
or traits at a whole canopy level over time (e.g., canopy leaf structure, respiration, variation among 
leaves at different levels in the canopy, higher level controls on plant growth etc.).  Also 
measurements on individual leaves are usually subject to considerable random sampling variation 
such that measurements on small parts of individual leaves may poorly represent the whole canopy.  
However in this study the leaf level measurements of TEi or Ci were shown to be subject to 
significant genetic variation and high broad sense heritability when pooled across many 
measurements (Activity 3).  The observed variation in leaf-level indicators of TE was genetically 
correlated with whole plant TE.  These correlations were only moderate (0.34 and 0.53 for 
Experiments 1a and 2a, respectively) but did indicate that genetic variation in leaf level TEi was at 
least one important contributor to genetic variation in whole plant TE.  It also appeared that TEi 
measured at mid-range levels of conductance were better correlated to whole plant TE than at 
either very low or very high levels of conductance. 

Understanding the mechanisms underlying genetic variation in TE was important to know what 
trade-offs could occur in selecting for high TE, and also to identify potential reliable low cost 
surrogate measures for TE that could be used in breeding programs.   One of the most important 
questions was whether observed genetic variation in TE was mainly driven by low conductance.   
This may be expected at least to some degree because of the strong positive, but curvilinear, 
association between conductance and photosynthesis (as illustrated in Figure 2).  Genotypes which 
have high TE only because of generally low conductance would be expected to be relatively non-
productive (slow growing relative to other genotypes) under non water-limiting conditions, and even 
under moderately water stressed environments.  If low conductance was the main driver of high TE 
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it may be difficult to combine high TE with high yield in most commercial sugarcane growing 
environments because rapid growth at times when water is in excess (at times during the wet 
season) is probably required to maximise yield accumulation across the cropping cycle.  Such 
negative correlations have been a complication in applying TE as an indirect selection criterion in 
breeding programs in other species to date (Blum, 2009; Condon et al, 2004). 

The partitioning of TEi into components associated with conductance and photosynthesis capacity 
indicated that while conductance was an important contributor to variation in TEi, there was also 
important genetic variation in TE due to differences in photosynthesis capacity.  This was also 
directly shown in analyses of photosynthesis within narrow ranges of conductance in each 
experiment.  This indicates that improvement in TEi should also be possible without necessarily 
compromising high growth rates in the absence of water stress.  However in breeding programs this 
will require careful selection methods, which take account of possible negative impacts of low 
conductance, rather than just selection for high TE alone, as discussed further below. 

The priority to place on genetic improvement of TE depends on (i) the potential commercial benefits 
arising from improvement of the trait, (ii) whether focus on the trait specifically will result in more 
cost effective gains than direct selection for yield (and other directly important economic traits), and 
(iii) the ease of achieving genetic gains (gain per cost, taking account of measurement costs and 
heritability of the trait).  The latter in turn depends on the degree of available genetic variation to 
work with, and whether heritable and cost effective measurements relating to the trait can be made 
reliably and routinely at large scale.  These three issues are discussed below in light of results 
obtained in this project. 

Given the highly variable occurrence of water stress in commercial environments, both in severity 
and timing, across different years and locations, a modelling approach was regarded as being 
needed to provide any objective assessment of the overall economic importance of mechanisms 
causing genetic variation in TE affecting yield.  A modelling approach is also necessary because of the 
interactions of variation in TE with irrigation management and soil type for any given location x 
climate regime.  At the start of this project the well-established crop growth simulation model 
APSIM had been widely used to model sugarcane growth and yield.  However, there were limitations 
in the ability to assess genetic variation in mechanisms affecting TE.  In particular, the existing 
version of APSIM lacked the capability to vary TE or conductance with the level of water stress.  Part 
of the project involved addressing these issues and contributed to an improved version of the APSIM 
Sugar module, which was published in the paper by Inman-Bamber et al (2016). 

The revised version of APSIM was used in this project to better assess the potential impact of 
variation in key mechanisms affecting TE.  Overall, the benefits of 0.5 to 1.5% improvement in cane 
yield per 1% improvement in TE, depending on the mechanism involved and environment, are 
clearly potentially important considering that variation in TE of ±15 - 20% of the mean were 
observed in the screening experiments. 

The modelling experiment involved manipulating TE through three different mechanisms.  These 
were (i) improving radiation use efficiency (RUE) without an increase in water use, (ii) improving TE 
by maintaining RUE but decreasing the rate of water use per unit of biomass produced, and (iii) 
improving TE through capping transpiration rates so that less water would be lost during periods of 
high VPD.  Increasing TE through the first mechanism (i) was found, as would be expected, to be of 
high general value in all environments.  The occurrence of higher TE through higher RUE without any 
additional water loss would correspond to a genotype which has at least average or above average 
conductance (therefore a TEgs which is zero or negative) and higher than average photosynthesis for 
this level of conductance (therefore a TEpc which is positive).  Assuming canopy-level TE is related at 
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least in part to leaf level TEi, such genotypes would need to have extremely high levels of leaf level 
photosynthesis, given the curvilinear relationship between photosynthesis and conductance.  
Assuming there was no negative genetic correlation between leaf photosynthesis and other traits 
reducing canopy level RUE, then such genotypes would be expected to be selected indirectly based 
on high yield in breeding programs, without necessarily any additional focus on TE.  Given this, 
further easy gains over and above what has probably been achieved through breeding in this 
mechanism are likely unrealistic, because either intensive selection has already occurred for this 
mechanism (to the extent that genetic variation exists) or there are negative genetic correlations 
and mechanisms (e.g., reduced rate of leaf area development) that would become apparent 
following intensive selection. 

The results from the modelling experiments suggested that capping the rate of transpiration had 
trade-offs with growth in many environments because of reduced photosynthesis and RUE but that 
potentially large gains (up to 25%) in yield are expected in rainfed environments, and substantial 
gains apparent even in irrigated environments.  There was some evidence for genetic variation in 
response of conductance across time in the experiments but to date we have not clearly quantified 
the impact of this variation in affecting whole plant TE.  However, one reservation in studying this 
trait in pot experiments is that conductance responses may be affected by genetic variation in size 
and function of root systems, rather than solely above ground processes (e.g., stomatal responses), 
and root systems could be expected to behave differently in deep soil profiles than in restricted 
pots.  Therefore (unlike genetic variation in stomatal and photosynthesis mechanisms affecting 
intrinsic TEi in leaves) genetic variation in conductance in response to atmospheric water demand 
would need to be validated under field conditions (although pot trials may be more tractable and 
cost effective for initial screening). 

The modelling results indicated that high TE arising because of an improved transpiration efficiency 
coefficient (i.e., reduced conductance but maintaining the same RUE) would also provide significant 
benefits across a wide range of commercial production environments.  At a leaf level this mechanism 
would correspond to an increased TEi due to both higher TEgs (i.e., lower than average conductance) 
and higher TEpc (i.e., higher than population average photosynthesis at the observed conductance 
levels).  This mechanism might not provide an advantage in competitive situations in breeding 
programs (because a reduced rate of water use by one clone may result in greater water use, and 
growth, by competing neighbouring clones) and would only be advantageous under water limited 
environments.  Competitive situations in early stages of selection in breeding programs may result in 
selection against this potentially important trait.  The results indicated that there was genetic 
variation for this mechanism, and this pathway for improvement in TE would seem plausible in a 
focused breeding program. 

However, several important caveats need to be considered in relation to the potential value of 
observed variation in TE in the studies to date.  Firstly, the whole plant TE results were obtained in 
plants growing in pots and without a full canopy.  While the pot experiments were done with plants 
set adjacent in rows similarly spaced to commercial fields, the experiment was conducted with 
relatively young plants without a dense canopy and which were therefore relatively well coupled 
with the surrounding air.  Larger canopies in more mature cane will induce a greater boundary layer 
resistance to water vapour movement from the stomata to surrounding air, compared to what is 
experienced with less developed canopies (Jarvis and McNaughton, 1986; Meinzer and Grantz, 
1989).  This leads to transpiration of the crop canopy being uncoupled to some degree.  Leaf level 
TEi would be expected to strongly affect sugarcane canopy level TE when plants are small and well 
coupled with the surrounding air and when evapotranspiration is high, but the relative influence will 
decrease as plants mature and under more humid conditions (Meinzer and Grantz, 1989).  This 
means that the genetic variation in TE observed in the pot experiments will probably be moderated 
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when considered for a whole crop cycle in the field.  As a follow up to this project it would be 
important to validate genetic variation for TE observed in pots and measured at a leaf level, with TE 
measured in the field trials, for a small set of genotypes with apparently contrasting TE. 

Most measurements made in this project were on plants grown under relatively non-water stressed 
environments. This differs to some other studies aimed at plant improvement under limited water 
environments, and such a focus may appear counter intuitive.  However, the modelling activity 
indicated that improvement of TE when the plant is non-stressed provides a large proportion of the 
total benefit attained if TE is improved generally.  On average, simulation of crop growth across a 
wide range of commercial production environments across many years indicated that greater than 
60% of water was transpired under conditions where soil water supply completely met the daily crop 
transpiration demand (i.e., no stress).  So therefore it is under relatively unstressed conditions where 
most water is transpired that any improvements in TE would be expected to have greatest benefits.  
The impact of improved TE even without any improvement in growth rate during non-water stress 
periods will be in delaying the onset of water stress.  Further, the results from Experiment 1b 
indicated that genotype x water stress interactions for TE, where water stress was moderate, were 
small compared with overall genotype effects.  These issues resulted in a focusing of effort during 
the project just on characterising TE responses under non-stress conditions.  This focus has an 
additional advantage of simplifying understanding of plant mechanisms since analysis of plant TE 
responses under water stress is potentially affected by additional complex responses such as 
photosynthesis impairment due to desiccation.   

As expected from prior studies (Stokes et al, 2016) increased CO2 levels improved TE through 
decreasing conductance rather than increasing photosynthesis.  This was shown in Experiment 1b 
through both whole plant measurements of biomass and water use and in the leaf gas exchange 
measurements.  In the latter, the initial slope of the photosynthesis versus conductance relationship 
was steeper in the high CO2 treatments.  It is generally believed that stomata are responsive to Ci 
(among other factors) such that high levels of Ci result in stomatal closure (e.g., Damour et al, 2010).  
High levels of external CO2 maintained Ci at higher levels for any given conductance level, thus 
leading to reduced conductance for any given rate of photosynthesis. 

The results from Experiment 1b indicated that genotype x CO2 level interactions existed for TE but 
this source of variation was relatively small compared with genotype main effects.  Given that 720 
ppm CO2 represents an upper limit of likely atmospheric CO2 within the future of interest of most 
potential funders, the relatively small size of genotype x CO2 levels would suggest that a breeding or 
selection program focusing on screening genotypes under high CO2 levels would not be justified.  
More cost effective gains would be achieved by screening under existing levels of CO2 since the 
responses observed now would be expected to also be realised at higher levels of CO2 into the 
future. 

An argument justifiably raised in considering if a specific focus on TE as a selection trait in breeding 
programs is worthwhile is that direct selection for yield itself should result indirectly in appropriate 
improvement in TE, and that selection for yield directly should lead to greater gains than use of TE.  
This view is a valid in relation to use of many physiological traits as indirect selection criteria for 
traits of direct economic interest like yield (Jackson et al, 1996).  However in relation to TE 
specifically this view may not take account of several issues:   (i) in the earliest stages of selection in 
sugarcane breeding programs (in common with most other crops), plants are grown and evaluated 
in a highly competitive situation.  Several studies have shown that in early stages of selection, 
variation due to competition effects is much larger than variation due to genetic effects realised 
when cane yield is measured in the absence of competition such as in the inner rows of well 
bordered plots (Jackson and McRae, 2001).  In sugarcane breeding programs, competition is 
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potentially particularly strong in the first stage of clonal selection when individual seedlings (each 
representing a different genotype generated from crossing two heterozygous parents) are planted 
with about 0.5 m spacing, and subsequently selected based on relative vigour.  In this competitive 
situation, high yield may be favoured by fast growth and high conductance, and in the event that 
water supply becomes limiting, genotypes which have utilized surrounding water faster than 
neighbouring plants may be the most competitive.  Given an overall negative relationship between 
TE and rate of water use which is well known (and shown in this project at both a whole plant level 
and leaf level), it is possible that selection under competition in early stages may therefore indirectly 
also select against high TE.  If this is the case this may not be optimal for selecting genotypes for 
pure stands in water limited environments.  By contrast, in later stages of selection competition does 
not influence estimates of yield because measurements of yield are made in bordered rows in multi-
row plots.  In this stage TE may be expected to affect growth in water limited environments but not 
in irrigated regimes.  Thus in sugarcane breeding programs indirect selection for TE may be 
inconsistent through the selection cycle.  This may explain at least partly the retention of significant 
variation in TE among commercial cultivars screened in this project.  For example, the major cultivar 
KQ228 consistently had a relatively low TE (compared with other commercial genotypes) in repeated 
experiments.  This cultivar was selected and performs best under fully irrigated environments 
(predominately in the Burdekin region) and has not been adopted in drier regions.  The low TE of 
KQ228 may be at least partly responsible for this pattern of adoption. 

The low narrow-sense heritability found for TE (in the fourth year experiment) suggests that 
selection of high TE clones as parents for breeding purposes would be ineffective.   However, it is 
important to emphasise that this does not mean selection of clones for high TE for deployment as 
cultivars would not be effective.   The results show in fact that important genetic variation for TE 
exists and can be selected for (as indicated by moderate levels of broad sense heritability).   To 
achieve longer term gain via parental selection and crossing cycles one approach would be to 
undertake genetic mapping of a population of clones undergoing characterisation for relative water 
use to identify if major genetic interactions underlying observed variation can be identified.   

It should be emphasised that the narrow-sense heritability study was done on commercial type 
germplasm in the Australian sugarcane breeding program.  It is noted that valuable expression of TE 
may exist in germplasm not otherwise used as parents in commercial sugarcane breeding programs.  
Such germplasm may offer a means to longer term improvement of TE in a breeding program 
through focused crossing and selection, but may be overlooked if overall economic breeding value 
were the only selection criteria for inclusion into the breeding program.  Results from recent 
collaborative research in China is suggestive of high levels of expression of TE in some wild clones, 
which may have value for sugarcane improvement (Li et al, 2017). 

If TE impacts on yield in the targeted commercial environments of a breeding program then a 
combined selection index involving yield and TE may result in greater gain than selection based on 
yield itself, according to selection index theory.  This is particularly the case in the early stages of 
selection when only a single environment is used for selecting for a wide range of environments.  
Cost effective improvements in selection gain by using such selection indices may be possible if low 
cost screening methods to estimate TE become available (discussed below).  Given the negative 
genetic correlation between conductance and TE, a negative genetic correlation may arise between 
TE and total yield in many commercial field production environments.  Thus selection for high TE 
(either in a recurrent parental improvement program or in selection systems aiming to directly 
develop cultivars) under conditions where water is non-limiting may result in reduced yield.  
However, optimal selection for TE may be possible through selection for TE and yield in a combined 
selection index under non water-limited conditions.  An optimal selection index would correct for 
adverse effects of high TE resulting from reduced conductance, advantaging those genotypes where 
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high TE arises primarily through improved photosynthesis capacity at or above average levels of 
conductance.  The results presented in the modelling study reported here will help determine the 
correct weighting to be applied to TE in an optimal selection index with yield.  A key issue in 
implementing any application in breeding programs is cost of measurement of TE per genotype.  The 
measurement methods used in this project to measure TE are labour intensive and expensive, and 
although such methods are satisfactory for “one off” research projects, these are less suited to large 
scale breeding programs.  In breeding programs large selection gains through high selection 
intensities are dependent on screening thousands of genotypes and obtaining at least moderate 
levels of heritability. Gravimetric measurement of whole plant TE as done in this project are 
impractical for breeding programs.  Also, results from this project (and reported in Jackson et al 
2015) indicated that a single measurement of TEi using the LICOR6400 was associated with a broad 
sense heritability of 0.1, and around 15 to 20 measurements on a genotype are needed to obtain 
heritability values greater than 0.5.  While making this number of measurements using a LICOR 6400 
(or similar device) in a large scale program is feasible it would be costly and faster methods would 
result in greater gains for any given budget.   

Faster methods suited to large scale measurements could utilise methodologies based on aerial 
thermal and visible imaging allowing low cost screening of large scale field trials, are being 
developed in other crops (Furbank and Tester, 2011).  Rapid advances are now being made 
worldwide in aerial image capture (using drones) and associated digital image analysis technologies.  
These advances mean that it may soon be possible to relatively cheaply and accurately screen clones 
in field trials for relative rates of canopy conductance.   This technology is now being developed and 
assessed in sugarcane selection trials in SRA funded project 2016-028.   If this technology can be 
made to successfully measure relative canopy conductance, then the use of optimal selection indices 
combining measures of canopy temperature (reflecting rates of water use) and yield can be 
assessed.  It is recommended that in this case this should be tested within commercial sugarcane 
breeding programs, in order to realise commercial benefits through more effective cultivar 
development. 
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9. APPENDICES 

9.1. Appendix 1 Abbreviations 

 

A - leaf-level photosynthesis (mol m-2 s-1) 
CSIRO  - Commonwealth Scientific and Industrial Research Organization 
DAWR - Commonwealth Department of Agriculture and Water Resouces 
GHG  - Greenhouse Gas  
SRA  - Sugar Research Australia  

TDM  - Total Dry Matter  

TE  - Transpiration Efficiency (whole plant biomass production per unit of water transpired)  

TEi  - intrinsic Transpiration Efficiency (ratio of leaf photosynthesis to transpiration)  

TEC  - Transpiration Efficiency Coefficient (= k from Sinclair (2012)) – relates leaf level TE to VPD: 
    TE = TEC/VPD  
TPF  - Tall Plant Facility (glasshouse facility at ATSIP, James Cook University, Townsville)  

VPD  

  

- Vapour Pressure Deficit  
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9.2. Appendix 2 METADATA DISCLOSURE 

Table 11 Metadata disclosure for Activity 1 

Data  Screening protocol development data 

Stored Location  CSIRO network \\fsqld1-tsv\PI-Share1\FtRG13\Activity1 

Access  CSIRO restricted network 

Contact  Chris Stokes, CSIRO, ATSIP, James Cook Dr, Douglas Q 4811 

 

Table 12 Metadata disclosure for Activities 2 and 3 

Data  TE Screening and Mechanisms data for Experiments 1a, 1b, 2a and 2b (2 
batches (1 and 2) of ~50 clones with 2 phases of screening each (a and 
b)) 

Stored Location  CSIRO network 

\\fsqld1-tsv\PI-Share1\FtRG13\Activity2a (Experiment 1a) 

\\fsqld1-tsv\PI-Share1\FtRG13\Activity2b (Experiment 1b) 

\\fsqld1-tsv\PI-Share1\FtRG13\Activity2c (Experiment 2a) 

\\fsqld1-tsv\PI-Share1\FtRG13\Activity2d (Experiment 2b) 

Access  CSIRO restricted network 

Contact  Chris Stokes, CSIRO, ATSIP, James Cook Dr, Douglas Q 4811 

 

Table 13 Metadata disclosure for Activity 4 

Data  APSIM simulation model input files, set-up details, scripts and output 

Stored Location  CSIRO network \\fsqld1-tsv\PI-Share1\FtRG13\Activity4Modelling 

Access  

 

CSIRO restricted network 

Contact  

 

Chris Stokes, CSIRO, ATSIP, James Cook Dr, Douglas Q 4811 
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Table 14 Metadata disclosure for Activity 5 

Data  Field trial data for evaluating narrow sense heritability of TE 

Stored Location  CSIRO network \\fsqld1-tsv\PI-Share1\FtRG13\Activity5Heritability  

Access  CSIRO restricted network 

Contact  

 

Chris Stokes, CSIRO, ATSIP, James Cook Dr, Douglas Q 4811 
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9.3. Appendix 3 2016 FINAL REPORT HIGHLIGHTS 

Extracts from the final report submitted in June 2016, covering the first 3 years of the project (which 
was jointly funded by the Commonwealth Department of Agriculture and Water Resources under 
the Filling the Research Gap program): 

Stokes CJ, Jackson P, Basnayake J, Inman-Bamber NG, Lakshmanan P, Natarajan S (2016) Sugarcane 
for future climates. Final Report for Department of Agriculture and Water Resources Project 
No. 1194328-152. 

 
Most of the content from the 3-year report has been incorporated into the body of the 
supplementary report above, and updated in light of the findings from the additional field trial 
(Activity 5).  The only components of the previous report that were not included were the detailed 
Methods and Results for Activities 1 – 4 (which were fully complete and did not change). 
 
These unchanged Methods and Results for Activities 1 – 4 are extracted in this appendix (below): 
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2 Methods

The work in this project fell into three main components:
 an initial pilot pot experiment to develop and fine-tune protocols for screening TE in a large number of

genotypes (Activity 1);
 a set of four experiments that then applied this approach to screen two batches of about 50

genotypes (Activity 2), each of which involved an extensive initial phase of screening, followed by a 
more intensive screening of a smaller number of genotypes that also investigated the mechanism 
responsible for variation in TE between genotypes (Activity 3) ; and

 simulation modelling to evaluate the potential benefits of TE traits and their interactions with
environmental and management factors (Activity 4).

The Supplemental Report (main body of report above) covered an additional field trial to assess broad- and
        narrow-sense heritability of TE traits (Activity 5).

2.1 Screening Protocol Development

2.1.1 EXPERIMENT LOCATION AND FACILITIES

The experiments in this project were conducted as pot trials in two adjacent locations, outside and in a 
controlled environment glasshouse, at the Australian Tropical Sciences and Innovation Precinct at James 
Cook University campus in Townsville, northeast Queensland (19.250S, 14.810E).  The site is close to major 
sugarcane growing areas but in a pocket with a drier climate where winters are usually dry.  This was 
convenient for controlling and measuring plant water use in outdoor pot experiments.  The controlled 
environment experiments were conducted in the Tall Plant Facility (TPF), a recently purpose-built facility 
which has two tall glasshouse chambers suitable for growing sugarcane.  The facility allows experimental 
control and manipulation of temperature, humidity, and CO2 levels, and has a sophisticated automatic 
system for continuously controlling watering treatments and measuring plant water use (Figure 1).  The TPF 
has the advantage over outdoor experiments of being able to control environment variables, sheltered
from rain and the influence of outside weather and seasons.  However it has the disadvantage of reducing 
light intensity.  Total radiation is reduced by about 50% and photosynthetically active radiation by about 
10%.  For sugarcane, which is adapted to and grows in high light intensity tropical environments, there is 
the possibility that lower light intensities could influence the relative expression of plant traits (and hence
ranking of performance) among genotypes.

2.1.2 PILOT EXPERIMENT SUMMARY

The first experiment in the project was a pilot trial that tested a range of options and measurements to
fine-tune the protocols that would be used in the main TE screening and mechanisms experiments (next 
section).  The pilot trial was a means-to-an-end within the project and the protocols that were developed 
from this initial work are documented in the Methods of subsequent experiments below.  The full details of 
the pilot trial methods and results were provided in Milestone Reports Nos. 1 and 2, and are not presented 
again in this final report except for the brief summary that follows.

The pilot trials involved two parallel pot trials: one outdoors (a full factorial design using 4 factors with 3 
replicates totalling 96 pots) and another in the Tall Plant Facility (a partial factorial design using 5 factors 
and 4 replicates totalling 96 pots).  The experiment ran from July to December 2013.  The methodological 
aspects that were tested included pot size, potting medium, outside vs glasshouse conditions, manual vs 
automated methods of adding water and applying water stress treatments, daily watering vs 10-minute 
watering, and the arrangement of water delivery tubes and soil moisture sensing locations.  The
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measurements that were evaluated included leaf gas exchange physiology, patterns of water use, biomass 
production, and whole plant water use efficiency.  Estimates of experimental error variation in these 
measurements were used in deciding the required replication in final screening protocols.  Four genotypes 
(Q208, QN66-2008, QBYC05-20735, and QBYN04-10951) were used for testing whether TE rankings were 
affected by the different methodological options.  The pilot trial validated the general approach for 
screening and none of the protocol options tested markedly affected the ranking of TE among genotypes.  
The key design decisions that arose from pilot trial results are summarized briefly below. 

 

 

Figure 1. Water delivery and sensor control system used to accurately apply water stress treatments and measure 
patterns of plant water use. 

 

Two pot sizes were tested, a ‘small’ 24l pot and a tall pot, custom built from PVC tubing (Figure 2).  Small 
pots were chosen since these were logistically easier to handle and gave comparable rankings of TE among 
genotypes to the tall pots. 

Two potting media were tested, a soil mix provided by a local landscaping supplier (McCahills Landscaping 
Supplies, Townsville) and 50:50 v/v peat moss: sand mix.  The peat-sand mix was chosen because this gave 
more repeatable plant responses, spread added water most evenly, had a smoother moisture release 
curve, and worked better with both manual and automated water sensors. 

High frequency watering (10 min checks) was chosen for the automated glasshouse system (rather than 
daily watering) because this provided better quality hourly water use data, and provided additional 
insurance against genotypes with higher water use imposing self-inflicted stress later in the day. 

The glasshouse and outside locations gave comparable rankings of TE among genotypes.  In subsequent 
experiments, the outside location was required for the initial phase of screening to accommodate the large 
number of pots, and the glass house was required for CO2 treatments during the more intensive second 
phase of screening.  A parallel outdoor experiment was retained during the Phase 2 experiments as a 
precaution in case growing conditions affected relative TE performance and ranking of genotypes. 

Transpiration efficiency generally increases when plants are under water stress, and there could be genetic 
variation in how TE changes with stress.  We were interested in whether targeting TE improvements for 
stressed or unstressed conditions would be more beneficial, and therefore included water stress 
treatments in the early screening experiments.  Results from the modelling evaluations subsequently 
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showed that TE improvements under unstressed conditions were most beneficial, so later experiments only 
used well-watered conditions for screening. 

 

 

Figure 2 Transplanting setts while establishing the outdoor component of the pilot experiment (July 17 2013). 

 

2.2 Screening and Mechanisms Experiments 

The main experimental work in this project involved screening 99 genotypes for variation in TE, and testing 
possible mechanisms that could account for those differences.  The genotypes were chosen to represent a 
wide range of genetic diversity potentially available for sugarcane improvement programs and included a 
range of important modern sugarcane cultivars (from Australia and other countries), important parental 
material in the Australian sugarcane breeding program, and a range of species within the so called 
Saccharum complex (Mukherjee, 1957, Daniels and Roach, 1987) (Table 1).  The screening was conducted in 
two batches, of about 50 genotypes per batch with two commercial varieties that had contrasting TEs, 
Q208 and KQ228, included in both batches as standards for comparison.  Screening involved two phases, 
the first of which was a rapid assessment of a large number of genotypes in outside pot experiments.  The 
second phase involved a small subset of contrasting genotypes identified in the initial screening and 
included plants grown outside and also at two different levels of CO2 in the glasshouse (Tall Plant Facility).  
Leaf physiology measurements were made in both phases of screening to test the mechanisms responsible 
for observed differences in TE between genotypes at harvest.  However more intensive measurements 
could be made in the Phase 2 experiments on each genotype (where there was higher replication of fewer 
genotypes).  To simplify referencing of the four experiments in this report they are referred to as 1a (initial 
screening of first batch of genotypes), 1b (intensive screening of first batch), 2a (initial screening of second 
batch), and 2b (intensive screening of second batch) (listed in chronological order, although the methods 
below deal with both Phase 1 experiments together, then both Phase 2 experiments together). 
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2.2.1 PHASE 1 – EXPERIMENTS 1A AND 2A 

Batch 1 – Experiment 1a 

The experimental design and screening protocols chosen were influenced by the pilot study summarized 
above.  Phase 1 screening of the first batch of 49 genotypes (Table 1) used two replicates in a randomized 
block design.  The choice of 49 genotypes x two replications was based on estimates of experimental error 
and genetic variances from the pilot experiment.  This configuration maximised the statistic “gain from 
selection” (Falconer and Mackay, 1996) which incorporates the opposing benefits of increasing numbers of 
genotypes tested (to increase selection intensity) versus increasing replicate number (to increase broad 
sense heritability), within the constraints of a fixed number of experimental units (genotype x replicate 
number).  Phase 1 screening experiments were conducted at the outside location described above. 

Stem pieces (as single-eye setts) were sourced from cane known to be free of the bacterial disease ratoon 
stunting disease (RSD) which is known to adversely affect growth particularly under water stress.  The setts 
were initially germinated in trays on 1 April 2014 and then transplanted on 5 May 2014 into pots.  Pots (24 
litre capacity) were filled to a uniform overall bulk density with a well mixed 50:50 combination of peat 
moss and sand, and slow release fertilizer.  A mulch of coarse gravel (about 1 cm diameter) about 5cm deep 
was placed on the surface of each pot to minimise water evaporation directly from the potting mix.  Several 
pots without plants were maintained at field capacity to estimate water loss not due to transpiration over 
the course of the experiment.  This amount, although negligible (< 3% of water use by pot with plants), was 
subtracted from final water use totals. 

After transplanting of setts, pots were initially well watered with an automatic watering system to avoid 
any water stress for approximately one month and any water applied in excess of field capacity was 
allowed to drain through holes in the bottom of the pot.  On 13 June 2014, the drainage holes were 
plugged and measured amounts of water were applied to bring all pots to field capacity each day.  Field 
capacity (38% volumetric) was estimated by saturating several pots and then allowing these to drain for 24 
hours before measuring moisture content in the potting mix using TDR probes inserted into holes in the 
side of each pot halfway between the top and bottom of the pot. 

At approximately 3.00pm each week day the moisture level in each pot was measured and the amount of 
water to be added to each pot to bring it back to field capacity was calculated and added.  On 11 August 
the target moisture content for daily watering was reduced to 20% (volumetric) to induce moderate water 
stress to obtain some leaf gas exchange observations under water stress.  On 19 August the target moisture 
content was reduced to 15%, and kept at this level until harvest. 

Approximately fortnightly 500 ml of liquid fertilizer (Aquasol) was added to avoid any nutritional 
deficiencies.  Plants were sprayed twice with insecticides when a small number of mites were observed on 
some plants, and no other pests or diseases were observed.  On weekend days an amount of water was 
added to each pot corresponding the average added during the preceding five days. 

A weather station was set up at the pot experiment location to monitor temperature, humidity, wind speed 
and direction, radiation and rainfall.  One rainfall event occurred during the experiment when 68 ml of rain 
fell over two days.  On the second day of rain all pots were unplugged and then allowed to drain for 
approximately 24 hours.  For the purpose of calculating water supplied during these two days of rain it was 
assumed that evapotranspiration from the pots was zero, and that rainfall minus drainage supplied an 
amount of water to each pot equivalent to the difference between moisture measurements made 
immediately after and before the rainfall. 

Leaf gas exchange measurements were made at approximately two-weekly intervals on subsets of the pots, 
to characterise genotypes for stomatal conductance, leaf level photosynthesis and leaf internal CO2 (Ci) 
concentration responses.  Generally the youngest fully expanded leaf was measured, following standard 
procedures developed in prior sugarcane physiology research (e.g., Inman-Bamber et al 2011).  
Measurements were made throughout the day to encompass a range of vapour pressure deficit (VPD) and 
water stress conditions.  Leaf carbon assimilation (A), stomatal conductance (gs) and intercellular CO2 
concentration (Ci) were measured using an infrared gas analyser (IRGA) and portable photosynthesis 
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system (LICOR 6400, LI-COR Biosciences, Lincoln, NE, USA). In-chamber PAR (photosynthetic active 
radiation) was controlled at a saturating intensity of 2000 μmolm-2s-1, reference CO2 was set at 400 
μmolmol-1 at a flow rate of 500 μmols-1 and the IRGA block temperature was usually maintained at ±2°C of 
ambient air temperature. Relative humidity (RH) was in the range of 45-65% and VPD within the chamber 
was calculated based on leaf temperature. For each measurement the leaves were allowed to acclimatize 
to the cuvette conditions for 5-10 minutes. Once steady state was reached (co-efficient of variation less 
than 0.5%) the in-built program measured gas exchange variables were logged.  A total of 2488 gas 
exchange measurements was made using two LICOR 6400 machines in Experiment 1a.  
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Table 1.  List of the 99 genotypes used in the two Batches of Phase 1 experiments.  KQ228 and Q208 were used as 
common references in both Batches.  Genotypes with contrasting TE were studied more intensively in Phase 2 
experiments and are shaded as red (low TE), grey (mid TE), and green (high TE). 

Genotype Species/designation Genotype Species/designation 
Batch 1 Experiment 1a used 49 genotypes; 

Experiment 1b used 8 genotypes 
Batch 2  Experiment 2a used 52 genotypes; 

Experiment 2b used 10 genotypes) 
_MAURITIUS S. officinarum KQ08-1040 Commercial parent 
BADILA S. officinarum KQ08-2664 Commercial parent 
BLACK_FIJI S. officinarum KQ08-2725 Commercial parent 
BLACK_TANNA S. officinarum KQ228 Commercial cultivar 
BURMA S. spontaneum KQB07-23863 Commercial parent 
CYC96-40 S. officinarum x Erianthus arundinaceus MQ239 Commercial cultivar 
FIJI_62 S. officinarum NCO310 Commercial cultivar 
IJ76-315 S. officinarum Q135  
IJ76-357 E. arundinaceus Q190 Commercial cultivar 
IJ76-365 E. arundinaceus Q208 Commercial cultivar 
IJ76-381 E. arundinaceus Q232 Commercial cultivar 
IJ76-394 E. arundinaceus Q246 Commercial cultivar 
IJ76-411 S. robustum QA04-1448 Commercial parent 
IK76-71 S. spontaneum QA92-2301 Commercial parent 
IS76-196 S. spontaneum QA94-6577 Commercial parent 
JAMAICA_RED S. officinarum QBYN04-10033 Commercial parent 
KORPI S. officinarum QBYN04-10035 Commercial parent 
LOUISIANA_ST S. officinarum QBYN04-10036 Commercial parent 
MANDALAY S. spontaneum QBYN04-10040 Commercial parent 
N29 Commercial cultivar QBYN04-10050 Commercial parent 
NG28-101 S. spontaneum QBYN04-10061 Commercial parent 
NG51-99 S. officinarum QBYN04-10069 Commercial parent 
PINDAR Commercial cultivar QC03-101 Commercial parent 
Q20 S. officinarum QC04-402 Commercial parent 
Q28 Commercial cultivar QC90-353 Commercial parent 
Q119 Commercial cultivar QN01-519 Commercial parent 
Q183 Commercial cultivar QN02-777 Commercial parent 
Q200 Commercial cultivar QN04-668 Commercial parent 
Q208 Commercial cultivar QN05-1778 Commercial parent 
KQ228 Commercial cultivar QN05-237 Commercial parent 
Q229 Commercial cultivar QN07-1189 Commercial parent 
GenotypeX Mislabelled, uncertain identity QN07-1193 Commercial parent 
Q240 Commercial cultivar QN07-1200 Commercial parent 
Q247 Commercial cultivar QN07-1358 Commercial parent 
Q252 Commercial cultivar QN07-1914 Commercial parent 
Q253 Commercial cultivar QN07-2 Commercial parent 
Q256 Commercial cultivar QN07-2037 Commercial parent 
QA01-5267 Commercial parent QN07-2052 Commercial parent 
QA04-1448 Commercial parent QN07-472 Commercial parent 
QBYC05-20735 Commercial hybrid × S. spontaneum QN07-496 Commercial parent 
QBYC05-20853 Commercial hybrid × S. spontaneum QN07-568 Commercial parent 
QBYN04-10951 S. officinarum × S. spontaneum QS04-2920 Commercial parent 
QC91-580 Commercial parent QS04-772 Commercial parent 
QN66-2008 Commercial parent QS05-2428 Commercial parent 
QN04-121 Commercial parent QS05-2496 Commercial parent 
QN04-1643 Commercial parent QS05-287 Commercial parent 
QS00-486 Commercial parent QS05-42 Commercial parent 
QS01-1078 Commercial parent QS06-7008 Commercial parent 
QS04-772 Commercial parent QS06-7079 Commercial parent 
  QS06-7934 Commercial parent 
  QS06-9040 Commercial parent 
  RB76-5418 Commercial cultivar 
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Statistical analysis of data for Experiment 1a and for subsequent experiments in the project for this report 
was done using SAS 9.4 PROC GLM and PROC MIXED.  In analysing the gas exchange data, all measurements 
(or a subset of measurements for a part of the experiment in some cases) were pooled together and factors 
including date of measurements, machine (if two LICOR machines used), time of day of measurement, 
location (glasshouse Chamber or outside), and water treatment were fitted appropriately in a linear model 
together with genotype and interactions of the factors. 

 

 

Figure 3.  Root-washing system developed for measuring root biomass of harvested plants at the end of the 
experiment. 

 

On 13 June, corresponding with the time that water use measurements began, the total biomass of four 
additional pots of the genotype Q208 was sampled and dried.  The amount of biomass at this time was 
proportionally small (<5%) compared with final harvest biomass and the variation in biomass between 
genotypes at this time was insignificant in relation to differences at harvest, and therefore genotype 
differences were assumed to be zero for the purpose of determining starting biomass.  From 25 to 27 
August all plants in each pot were cut at ground level and total above ground dry biomass and leaf area 
determined.  Underground (root and stem) biomass was determined in the following week by using a root 
washing device that separated roots from potting mix (Figure 3).  Some small roots may have been lost 
during this procedure but from observation this loss was considered to be small (<10% of the total root 
mass). 

Transpiration use efficiency was estimated for each pot from the ratio of biomass (either on the basis of 
tops, or total biomass) produced between 13 June and 25 August to the total water used by each pot during 
this period. 

 

Batch 2 – Experiment 2a 

The approach used for initial screening of the second Batch of genotypes (Table 1), followed that of the first 
Batch (Experiment 1a) except for a few differences noted below.  The number of replicates was increased 
from two to three based on estimates of error and genetic variance obtained for TE in Experiment 1a, and 
availability of labour.  Following the results of the modelling evaluation of traits, water stress treatments 
were dropped for the second batch of screening and TE was only evaluated under well-watered conditions.  
Single-eye setts for the 52 genotypes were propagated in mid-February 2015 and transplanted into pots 
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with automatic watering on 27 March 2015.  On 7 May 2015, drainage holes in pots were plugged and 
manual watering to measure water use began.  Each pot was watered daily to field capacity until harvest 
except on weekend days.  On each weekend day an amount of water was added to each pot that was equal 
to the average of the preceding five days for the pot.  Approximately monthly 500 ml of liquid fertilizer 
(Aquasol) was added to avoid any nutritional deficiencies (on 25 May, 4 June and 23 June 2015).  Plants 
were monitored for mites and sprayed with insecticides when observed.  No other pests or diseases were 
observed.  Only 6 days of minor rainfall occurred during the Experiment (5 days with <1 mm of rain and one 
with 5mm). 

A total of 3328 leaf gas exchange measurements was made using a pair of LICOR 6400 instruments and 
following the same procedures as experiment 1a, during the course of Experiment 1b.  Measurements were 
made each week (from 12 May to 8 July 2015, just before harvest) on subsets of the pots.  Plants were 
harvested from 14 to 31 July 2015 following the same procedures as before for shoot and root sampling. 

 

2.2.2 PHASE 2 – EXPERIMENTS 1B AND 2B 

Batch 1 – Experiment 1b 

A subset of 8 genotypes with contrasting transpiration efficiencies (TE) were selected from the initial 
screening of the first batch of genotypes (Experiment 1a) for further investigation (Table 1).  Five of these 
genotypes were among the highest TE in the Phase 1 screening and three genotypes were among the 
lowest TE.  Among the high TE genotypes one Erianthus genotype was selected: Erianthus genotypes 
generally had high TEs but low biomass production relative to Saccharum genotypes.  Phase 2 experiments 
were conducted using both the Tall Plant Facility glasshouse and outside location, described above. 

The experimental design of the glasshouse component of the trial was a full factorial of two CO2 treatments 
(390 ppm and 720 ppm Chamber treatments) by two water stress treatments (well-watered and partially 
stressed) by 8 genotypes by 4 replicates.  Glasshouse environmental controls were programmed to follow 
the diurnal variations in temperature and VPD typical of summer in Ayr, the nearest sugar-growing location 
(minimum daily temperatures and VPD of 26.9oC and 1.6 Pa, and daily maxima of 33.6oC and 3.4 Pa).  Data 
loggers and an attached sensor network were used to control water treatments, measure water use 
(transpiration) and monitor Chamber conditions, following the approach described by Stokes et al (2016) 
(Figure 1).  Field capacities for each pot were calibrated as the moisture sensor measurement after fully 
wetting the pots and allowing them to drain at the start of experiment before pots were sealed.  Single-eye 
setts were propagated on 30 Jul 2014 and were transplanted into pots on 19 September 2014.  For the 
well-watered treatments, soil moisture was measured every 10 minutes and a 204 ml aliquot was 
automatically delivered if soil moisture fell below 80% of field capacity.  For the partially-stressed 
treatment, the watering trigger points were stepped down to 50% of field capacity on 15 November and to 
30% on 24 November 2014.  The Erianthus genotype, IJ76-394, germinated and established poorly and 
suffered some leaf burning from an early miticide application, so was treated as an outlier in subsequent 
analyses.  

An additional two replicates of each treatment combination (excluding elevated CO2) were grown outdoors 
under full light conditions for comparison.  On 13 October, field capacity of outside pots was measured, 
pots were sealed, baseline biomass was measured and water treatments and measurement commenced.  
The well-watered treatment pots were watered to field capacity each day (35% volumetric) and the water 
stress treatment was watered to 25% volumetric moisture each day, subsequently reduced to 20% (8 
November) and 16% (11 November). 

Pot water use and leaf gas exchange measurements were taken from 20 October until the plants were 
harvested over 1 – 3 December 2014.  A total of 882 leaf gas exchange measurements was made in 
Experiment 1b via weekly measurements and using the same methodology as in Experiment 1a.  Whole 
plant measurements of biomass, leaf area and TE followed the same procedures as in Experiment 1a. 
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Diurnal patterns of transpiration for the glasshouse were calculated from the continuously logged watering 
data.  Water use was first standardised on a per unit leaf area basis.  A previous sequential harvest trial in 
this facility showed that leaf area increased linearly over time for experiments of this duration.  Leaf areas 
were therefore back-calculated from the leaf area at harvest and diurnal patterns of transpiration rate per 
leaf area plotted for each genotype.  As an objective measure of any transpiration capping through the 
middle of the day, the average transpiration for the peak four hours of the day (11h00 – 15h00) was 
expressed as a percentage of total daily transpiration. 

 

 

Figure 4.  Plants in one of the Tall Plant Facility Chambers during a second phase experiment, November 2015. 

 

Batch 2 – Experiment 2b 

A subset of genotypes with contrasting transpiration efficiencies (TE) was selected from the Batch 2, Phase 
1 screening (Experiment 2a) for further investigation in Phase 2 screening.  This consisted of 6 of the 
genotypes with the highest transpiration efficiencies in the Phase 1 screening, 2 with intermediate TEs and 
2 amongst the lowest TEs (Table 1). 
 
The experimental design of the glasshouse component of the experiment consisted of two CO2 treatments 
(390 ppm and 720 ppm Chamber treatments) and 4-8 replicates of each of 10 genotypes (Table 1), with 
different numbers of replicates used to fit the configuration of the Chambers (4 rows of 16 treatment pots 
each, plus additional guard row pots).  An additional three replicates of each genotype (without elevated 
CO2) were grown outdoors under full light conditions for comparison.  Single-eye setts were propagated on 
31 July 2015 and transplanted in pots on 17 August 2015.  A total of 1312 leaf gas exchange measurements 
was made following the same protocols as used for previous experiments.  Plants were harvested from 30 
November to 2 December 2015 to obtain biomass, leaf area and TE following the procedures used in 
Experiment 1a. 

The CO2 treatments in the TPF Chambers could not be started until 29 October 2015 because of delays in 
repairing defective CO2 sensors that were part of the safety and control system.  Analysis of diurnal 
patterns of transpiration, following the approach described in Experiment 1b, was therefore confined to 
the period where CO2 treatments were active. 
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2.3 APSIM Evaluation of Transpiration Efficiency Traits 

2.3.1 APSIM-SUGAR MODIFICATIONS FOR EVALUATING TE TRAITS 

The modelling component of this project aimed to complement the pot experiments, and provided a 
rigorous quantitative framework for specifying and evaluating the potential mechanisms that could give 
rise to differences in TE between genotypes. 

For our simulation analyses we used APSIM-Sugar (Keating et al 1999), the most widely used and 
parameterised sugarcane model in Australia.  However the standard version of APSIM lacks the features 
required to evaluate TE traits, so additional features had to be added to a modified version of the Sugar 
module.  The code changes were made as part of a separate project but were done in parallel and in 
collaboration with the TE concepts being developed and tested here.  As part of this project we 
documented the rationale and evidence for the proposed mechanisms for variation in TE that have been 
added to the modified version APSIM-Sugar (Inman-Bamber et al 2016: Appendix 1a).  The new TE 
mechanisms that were used in the project are described in the Genetic Factors section below. 

A comprehensive simulation experiment was designed to evaluate a range of potential mechanisms 
responsible for differences in growth and water use performance between genotypes, and their 
interactions with management and environmental conditions.  The simulations represented 3 genetic (G) 
factors (potential TE traits responsible for differences in crop performance), 3 environmental (E) factors and 
2 management (M) factors in a partial factorial design to assess GxExM interactions.  Evaluating these 
interactions will assist in identifying the growing conditions where TE traits could have most benefit 
(Table 2).  A full factorial design was avoided since this creates ExM combinations that are unlikely to occur 
in practice and are therefore not a realistic representation of the range of conditions under which crops 
could actually grow. 

 

Table 2.  Genetic, environmental and management factors being used in a partial factorial simulation experiment to 
evaluate the performance of transpiration efficiency (TE) traits, and the conditions under which they provide 
greater benefit. 

Factor No. Levels 
Genetic Factors (Mechanistic TE traits) 
(Reference genotype) 1 
Assimilation-based variation in TE between genotypes 4 
Conductance based variation in TE between genotypes 6 
Capped Maximum Transpiration –based TE variation 7 
Environmental Factors 
Location (across 8 sugar-growing regions) 16 
Soils 3 
Climate change scenarios 4 
Management Factors 
Irrigation regime (region specific) 1-4 
Cropping cycle 3 

 

2.3.2 GENETIC FACTORS 

The APSIM-Sugar modifications made it possible to test three possible mechanisms for genetic variation in 
TE (Figure 5), which were aligned approximately with the three mechanisms described in the introduction 
and measured in the experiments.  The mechanisms were tested individually (i.e., not in factorial 
combinations) against a common reference that used the recommended default parameters for the 
improved model (Table 3: “Ref”) (Inman-Bamber et al 2016, Appendix 1a).  Each mechanism (Figure 5 a, c 
and e) included a stress component (Figure 5 b, d, and f) to account for the observed increase in TE when 
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plants are growing under water stress, and the TE mechanisms then modified these stress responses.  
Transpiration efficiency varies as plant water stress changes, generally increasing under mild water stress 
when stomatal conductance is reduced.  Such stress responses could differ between genotypes.  The 
modelled representations of mechanisms are abstracted to isolate the individual components of TE for 
individual evaluation.  Real-world improvements in TE would be expected to involve simultaneous 
contributions from these components, sometimes with negative dependencies between components (as is 
discussed in detail later for the measured components of TE at the leaf level). 

 

 

Figure 5.  Schematic representation of the mechanisms underpinning the three TE traits tested in the simulation 
experiments: a) assimilation-based, c) conductance-based and e) capped maximum transpiration rate.  The left-
hand panel of figures (a, c, e) represents the mechanism responsible for genetic variation, and the right hand panel 
(b, d, e) the interacting stress component of TE responses.  The Reference (Ref, black) line represents the base 
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stress response (b, d), and the other blue and red lines are the modifications for alternate genotypes for the 
associated TE mechanism. 

 

Transpiration efficiency is given by the slope of a line plotting net carbon assimilation from photosynthesis 
(A) against transpiration (T).  The simplest mechanism that we considered for an improvement in TE was 
where leaf-level differences in TE arise from an increase in carbon assimilation (greater photosynthetic 
capacity) while transpiration remains the same (Figure 5a).  The stress component of this TE mechanism 
was represented in the model by increasing the transpiration efficiency coefficient (k, where TE = k/VPD) as 
water stress increased.  Water stress was quantified in the model as the water supply: demand ratio, S: 
S = 0 indicates maximum stress and S = 1 indicates the plant water demand is fully met.  Assimilation-based 
increases in TE were represented in the model by making matched changes in radiation use efficiency (RUE) 
and k (-20, -10, +10 and +20%), with percentage adjustments to k applied uniformly across the k vs S stress 
response functions (Table 3) (Figure 5b). 

Table 3.  Genetic factors used to represent three possible mechanisms for differences in transpiration efficiency 
between genotypes in simulations.  Each mechanism was assessed individually against a common default reference. 
(k = transpiration efficiency coefficient (g kPa/kg); RUE = radiation use efficiency (g/MJ); Capped Transpiration = 
upper limit to hourly transpiration (mm/hr)). 

Genotype 
Code 

k 
(0< S < 0.31) 

k 
(S =1) 

RUE (plant) RUE (ratoon) Capped Transpiration Hourly Transpiration 

Common Reference (base from which adjustments are made)  
Ref 12.4 8.7 1.8 1.65 n/a Off 
Assimilation-based TE variation  
A-20 -20% -20% -20% -20% n/a Off 
A-10 -10% -10% -10% -10% n/a Off 
A+10 +10% +10% +10% +10% n/a Off 
A+20 +20% +20% +20% +20% n/a Off 
Conductance - based TE variation 
K-20 -20% -20% +0% +0% n/a Off 
K-10 -10% -10% +0% +0% n/a Off 
K+10 +10% +10% +0% +0% n/a Off 
K+20 +20% +20% +0% +0% n/a Off 
K_+ +0% +20% +0% +0% n/a Off 
K+_ +20% +0% +0% +0% n/a Off 
Capped Maximum Transpiration -based TE variation 
T0.1 flat: 8.7 flat: 8.7 +0% +0% 0.1 On 
T0.3 flat flat +0% +0% 0.3 On 
T0.5 flat flat +0% +0% 0.5 On 
T0.7 flat flat +0% +0% 0.7 On 
T0.9 flat flat +0% +0% 0.9 On 
T1.1 flat flat +0% +0% 1.1 On 
T99 flat flat +0% +0% uncapped: 99 On 

 
The second mechanism considered was conductance-based variation in TE, where the leaf-level 
physiological basis for TE variations was differences in transpiration, while photosynthetic carbon 
assimilation remained constant (i.e., an improvement in the transpiration efficiency coefficient, k) 
(Figure 5c).  Since this mechanism alters transpiration alone, it would only be expected to change plant 
water use, without changes to yield, unless plants were growing in environments where water stress 
occurred.  This mechanism used the k vs S representation of stress-based improvements in TE as for the 
first mechanism.  Improvements in TE were represented in the model by changing k (-20, -10, +10 and 
+20%), with percentage changes to k applied uniformly across the k vs S stress response function (Table 3), 
as for the previous mechanism (Figure 5b).  A further two genotypes were used to simulate genetic 
variation in TE responses to stress and test whether targeting TE improvements for stressed or unstressed 
conditions would be more beneficial.  Two changes were made to the shape of the k vs S stress response 
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curve (Figure 5d): the first (K_+) increased k by 20% only at the unstressed end on the curve (S = 1), and the 
second (K+_) increased k by 20% only over the stressed portion of the curve (0 < S < 0.31) (Table 3). 

The third mechanism that we simulated was where leaf-level increases in TE arise from changes in diurnal 
patterns of water use through limitations on instantaneous transpiration rates, particularly through periods 
of peak midday demand.  High VPDs near the middle of the day reduce instantaneous water use efficiency, 
so reducing the relative amount of water transpired through these parts of the day would contribute to 
improved TE.  This mechanism involves a cap to the maximum possible instantaneous rate of transpiration 
(Figure 5e), that could occur if there was a physical conductance limitation on movement of water through 
the plant.  Within the model this is represented by simulating transpiration at an hourly time step (instead 
of the standard daily time step APSIM normally runs at) and setting a maximum hourly transpiration rate.  
We used a set of seven genotypes with a range of transpiration caps (0.1 – 1.1, and 99 mm/hr) (Table 3).  
The stress-based component of this response involves an additional reduction in leaf conductance on days 
where water supply cannot fully meet daily transpiration demand.  In the model, this is achieved by 
flattening maximum transpiration to a point just sufficiently below peak demand to still use the full 
available water supply for the day (Figure 5f).  Genotype T99 represented uncapped transpiration where 
only the stress response (flattening diurnal transpiration when water supply does not meet demand) was 
operating. 
 

2.3.3 ENVIRONMENTAL FACTORS 

The simulations were run for 16 locations within 8 different regions that span the range of areas where 
sugarcane currently grows and some areas of possible future expansion (Table 4).  Extra weather stations 
were used in larger and/or more climatically diverse regions.  Daily meteorological data for each location 
was obtained from the Queensland Government SILO database 
(https://www.longpaddock.qld.gov.au/silo/). 

 

Table 4.  The sixteen locations used in the simulations, grouped by sugarcane-growing/milling region.  Regions are 
further grouped into three broad categories based on differences in irrigation requirements.  Two additional 
locations for potential expansion of irrigated cropping were also considered (shaded in grey). 

Region SILO Weather Stations (Station No.) 
Irrigation Regions 1 (Mainly rainfed) 
Herbert Bambaroo (32001) 
  Macknade Sugar Mill (32032) 
Far North Tully Sugar Mill (32042) 
  Meringa Sugar Exp Stn (31040) 
Irrigation Regions 2 (Supplemental Irrigation)  
Southern Maryborough (40126) 
  Bundaberg Sugar Res Stn (39174) 
  Childers Post Office (39025) 
Central Plane Creek Sugar Mill (33059) 
  Mackay Aero (33045) 
  Mirani (33152) 
  Kuttabul Post Office (33040) 
Irrigation Regions 3 (Full Irrigation)  
Burdekin Ayr DPI Research Stn (33002) 
  Clare (33122) 
Tableland Mareeba Airport (31190) 
Ord Kununurra Aero (2056) 
Gilbert Croydon Township (29012) 

 
To test the sensitivity to climate change scenarios, historical  climate was compared against a future 
warmer climate scenario, with higher CO2 levels (+1oC, 450 ppm CO2) and three alternatives for future 
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rainfall (-10%, +0% and +10%).  These three scenarios represent the three categories of temperature-by-
rainfall changes with the most support from current global climate models (IPCC AR5) as summarized by 
the climate futures tool for sugarcane-growing regions for 2030 and RCP8.5 
(http://www.climatechangeinaustralia.gov.au/en/climate-projections/climate-futures-tool/projections/).  A 
fourth scenario was included with just the effects of high CO2 (450 ppm).  CO2 effects were applied in the 
model as an +8% adjustment to k and a +1.43% adjustment to RUE per 100 ppm increase in atmospheric 
CO2 levels above 390 ppm  (Inman-Bamber et al 2016).  Climate scenarios were applied in the model by 
making the specified adjustments to historical daily meteorological data.  This climate change approach, 
with the same daily delta adjustments to historical weather for all locations, was chosen to allow a like-for-
like comparison across locations for each climate scenario.  The four future climate scenarios were 
considered ‘atypical’ when filtering data in aggregated analyses. 

Three different soils were used for each site to represent a range from poor to good soils with low to high 
plant available water capacity (PAWC): 

1) Poor: Silty clay over coarse sand (APSIM Kalamia Mill No.707), PAWC = 73 mm to 180 cm depth; 
2) Moderate: Loam (APSIM Tekowai Exp Station No.706), PAWC = 122 mm to 150 cm depth; 
3) Good: Red Dermosol (Inman-Bamber et al 2012), PAWC = 287 mm to 310 cm depth. 
 

2.3.4 MANAGEMENT FACTORS 

Three broad categories of irrigation practices were recognised for simulating differences between regions 
(Table 5).  For the wettest regions, sugarcane crops are almost entirely rain fed.  For these regions only a 
single irrigation practice was simulated, with the only irrigation being applied at planting/ratooning, 
primarily as a way of ensuring the crop established at planting/ratooning internally within the model. 

Table 5.  Irrigation practices simulated for regions in each of three broad categories of irrigation requirement.  
Irrigation regimes shaded in grey are additional options that do not reflect typical current practice. 

Allocation Type of Irrigation Settings 
Irrigation Regions 1 (Mainly rainfed): Herbert, Far North 
Minimal Rainfed At Planting/Ratooning only 
Irrigation Regions 2 (Supplemental Irrigation): Southern, Central 
Minimal Rainfed At Planting/Ratooning only 
4 Ml/ha Biomass loss trigger Conservative 
2 Ml/ha Biomass loss trigger Risk-balanced 
4 Ml/ha Biomass loss trigger Risk-balanced 
Irrigation Regions 3 (Full Irrigation): Burdekin, Ord, Gilbert, Tableland 
Unlimited Refill Interval 7-days 
Unlimited Refill Interval 14-days 
Unlimited Refill Interval 21-days 

 
For regions that are slightly drier, some supplemental irrigation is used to reduce the effects of water stress 
through dry spells in the year.  The intention behind this type of irrigation is to reduce losses in production 
from water stress. The rules for triggering this type of irrigation in the model involved setting a target level 
of acceptable losses in production from water stress and irrigating a fixed 33 mm amount whenever 
calculated biomass losses would exceed this target (Inman-Bamber et al 2005).  There is a strong risk 
component to this type of irrigation in that if water allocations are exhausted from too much irrigation in 
dry spells early in the crop cycle, then there may be no allocation left if a dry spell occurs later in the 
season.  However, current irrigation practices in such regions tend to be overly conservative with the result 
that much of the water allocations remain unused at the end of the season, forgoing more lost production 
from water stress than is necessary (Inman-Bamber et al 2005).  Four irrigation practices were considered 
for supplemental irrigation regions: where the crop is predominantly rainfed; where water is used 
conservatively, similar to current practice; where two different levels of water allocation are used in a more 
optimised manner to balance the risks of lost production from exhausting the water allocation too early vs 
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lost production from having unused water allocations remaining at the end of the season (Table 5).  The 
irrigation rules and the parameter settings for conservative and optimized irrigation for each location 
followed those described by Inman-Bamber et al (2005).  These settings included a 30-day dry-off period 
where irrigation was withdrawn prior to harvest, a standard practice that is used to improve harvest crop 
quality and reduce soil compaction. 

For the driest regions, cropping is fully dependent on irrigation.  For these regions irrigation rules were set 
around the frequency of irrigation rather than the water allocation per se.  Each time irrigation was 
scheduled sufficient water was applied to refill the soil profile.  Water use was adjusted by setting three 
irrigation schedules with irrigation intervals of 7, 14 and 21 days (Table 5).  The dry-off periods for these 
locations were calculated as a function of location, the PAWC of the soil, and the harvest date.  These 
functions, and location-specific parameters, were derived using data from a set of drying-off field 
experiments (Robertson et al 1999).  Intervals of 7 to 14 days are typical of current practice, while 21 day 
schedules would only be used to cope with restrictive water allocations in extremely dry periods. 

The second management factor that was simulated was the timing of the crop cycle.  Three different 
ratooning dates were simulated to span the duration of typical harvest seasons: 15 June, 31 August and 30 
November.  Simulations were run for 40 years (1970 – 2010) to cover a range of climate variability.  The 
crop was only planted once, with all subsequent crops being ratoons, and grown for 365 days to keep the 
growth periods constant between years for each crop cycle.  This avoids the confusion for interpreting 
results that would arise from trying to represent the more complex cropping cycles that growers use in 
practice.  In such real-world cycles, ratoon crops outnumber plant crops 3-6 times and are harvested at 
about 12 months on average. 

The overall partial factorial design consisted of 40,185 combinations of GxExM factors for the final model 
runs.  Key outputs of interest from the model included cane yield at harvest, irrigation requirements (as 
both the amount of water used and frequency of application) and transpiration efficiency (calculated as the 
ratio of cumulative aboveground dry biomass production to cumulative transpiration).  These crop 
performance metrics were averaged for the 40-year runs and examined as trait response functions for each 
of the TE mechanisms.  The trait responses were then evaluated in more detail for interactions with 
environmental and management factors.  In addition to environmental and management options that 
reflect current sugarcane-cropping conditions and practices, some extra options were considered (shaded 
in grey in tables for each factor).  The atypical options were excluded from pooled data averages in cases 
where those factors were not the focus of a particular trait response analysis.  Two indices, of water stress 
and patterns of water, use were created to assist in interpreting trait responses.  The number of ‘water 
stress days’ was calculated as the total of (1-S) for each crop cycle (where S is the water supply index, 
calculated as the ratio of daily water supply to demand (0 .. 1), described before).  This was converted to a 
percentage by dividing by the number of days in the crop cycle to give a final score of 0% (no stress 
experienced throughout crop cycle) to 100% (fully stressed without any water demand met throughout the 
crop cycle).  The second index was calculated as the total amount of water transpired when the crop was 
experiencing no stress (on days when S = 1, water supply fully met transpiration demand).  This was 
expressed as a percentage of the total water transpired over each crop cycle. 
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3 Results 

3.1 Overview of Results 

As outlined in the Methods, there were four experiments conducted to collectively screen a range of 
sugarcane-related germplasm for TE and to understand some of the mechanisms responsible for the 
observed genetic variation.  A total of about 100 genotypes was screened in two batches of about 50 
genotypes each to measure whole-plant TE.  An initial phase of screening (Experiments 1a and 2a) was 
followed by a more intensive second phase examining a smaller number of genotypes in more detail 
(Experiments 1b and 2b).  In all experiments, leaf gas exchange measurements were made to determine 
the underlying mechanisms of variation in TE, but these measurements were concentrated more in the 
Phase 2 experiments.  In the results below we first cover the measurements of whole-plant TE in all 
experiments, before moving on to results from other measurements that help explain the mechanisms 
responsible for these differences.  Lastly we cover the modelling results that evaluated the same set of TE 
mechnisms. 

3.2 Variation in Whole-Plant Transpiration Efficiency 

3.2.1 PHASE 1 – EXPERIMENTS 1A AND 2A 

In both of the first phase screening experiments (Experiments 1a and 2a) there was statistically significant 
variation due to genotypes detected for transpiration efficiency and for the main components of water use 
and biomass production (Table 6).  The average TE measured across all genotypes was similar for the two 
experiments (6.68 and 6.25 g/L), and the variance components for genotypes were also similar.  Error 
variance in Experiment 2a was less than in Experiment 1a, and this combined with the greater replication in 
Experiment 2a (three pots per genotype compared with two for Experiment 1a) led to a higher level of 
statistical significance and broad sense heritability in Experiment 2a (P < 0.001, Hb = 0.61) than in 
Experiment 1a (P < 0.05, Hb = 0.37). 

Table 6.  Variance components from analyses of variance for each of two experiments:  *, *** indicate statistical 
significance at P values of < 0.05, and 0.001, respectively. 

Trait Mean Genotype Error 
Experiment 1a 
Water use (L per pot) 57.3 484*** 217 
TDM (g/pot) 383 19341*** 6650 
TE (g/L) 6.68 0.160* 0.53 
Experiment 2a 
Water use (L per pot) 83.1 130.0*** 262 
TDM (g/pot) 515 5915*** 7649 
TE (g/L) 6.25 0.159*** 0.297 

 

Transpiration efficiency of individual genotypes in each experiment is shown in Table 7.  In both 
experiments the range of observed values for genotypes was approximately 20% either side of the overall 
mean.  Least significant differences (LSDs) are shown as an indicator of the precision of the data rather than 
a definitive indicator of significant differences between any pair of genotypes at the P value indicated 
(P<0.05), given the large number genotypes under comparison. 
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Table 7.  Mean whole-plant TE for each genotype from the Phase 1 screening (Experiments 1a and 2a). 

Genotype Species/designation TE (g/L) Genotype Species/designation TE (g/L) 
Experiment 1a Experiment 2a 
A_MAURITIUS S. officinarum 5.71 KQ08-1040 Commercial parent 6.10 
BADILA S. officinarum 7.30 KQ08-2664 Commercial parent 5.52 
BLACK_FIJI S. officinarum 7.56 KQ08-2725 Commercial parent 6.12 
BLACK_TANNA S. officinarum 6.24 KQ228 Commercial cultivar 5.91 
BURMA S. spontaneum 6.16 KQB07-23863 Commercial parent 6.87 
CYC96-40 S. officinarum x Erianthus 

arundinaceus 
7.53 GenotypeX Commercial cultivar 6.22 

FIJI_62 S. officinarum 7.04 NCO310 Commercial cultivar 6.54 
IJ76-315 S. officinarum 7.23 Q135 Commercial cultivar 5.82 
IJ76-357 E. arundinaceus 6.84 Q190A Commercial cultivar 6.09 
IJ76-365 E. arundinaceus 7.46 Q208A Commercial cultivar 6.68 
IJ76-381 E. arundinaceus 7.96 Q232A Commercial cultivar 6.38 
IJ76-394 E. arundinaceus 8.63 Q246A Commercial cultivar 6.09 
IJ76-411 S. robustum 6.77 QA04-1448 Commercial parent 6.45 
IK76-71 S. spontaneum 6.85 QA92-2301 Commercial parent 6.38 
IS76-196 S. spontaneum 5.80 QA94-6577 Commercial parent 6.06 
JAMAICA_RED S. officinarum 5.91 QBYN04-10033 Commercial parent 7.05 
KORPI S. officinarum 7.50 QBYN04-10035 Commercial parent 5.81 
LOUISIANA_ST S. officinarum 6.70 QBYN04-10036 Commercial parent 6.47 
MANDALAY S. spontaneum 7.55 QBYN04-10040 Commercial parent 5.23 
N29 Commercial cultivar 6.34 QBYN04-10050 Commercial parent 5.72 
NG28-101 S. spontaneum 6.82 QBYN04-10061 Commercial parent 6.14 
NG51-99 S. officinarum 6.64 QBYN04-10069 Commercial parent 5.88 
PINDAR Commercial cultivar 6.12 QC03-101 Commercial parent 6.54 
Q20 S. officinarum 6.99 QC04-402 Commercial parent 5.16 
Q28 Commercial cultivar 6.12 QC90-353 Commercial parent 7.09 
Q119 Commercial cultivar 6.66 QN01-519 Commercial parent 5.11 
Q183A Commercial cultivar 6.67 QN02-777 Commercial parent 6.41 
Q200A Commercial cultivar 7.22 QN04-668 Commercial parent 6.52 
Q208A Commercial cultivar 7.47 QN05-1778 Commercial parent 6.03 
KQ228A Commercial cultivar 5.95 QN05-237 Commercial parent 6.02 
Q229A Commercial cultivar 6.70 QN07-1189 Commercial parent 6.36 
MQ239A Commercial cultivar 7.57 QN07-1193 Commercial parent 6.24 
Q240A Commercial cultivar 6.49 QN07-1200 Commercial parent 5.79 
Q247A Commercial cultivar 6.88 QN07-1358 Commercial parent 6.93 
Q252A Commercial cultivar 6.21 QN07-1914 Commercial parent 6.53 
Q253A Commercial cultivar 7.34 QN07-2 Commercial parent 5.72 
Q256A Commercial cultivar 7.45 QN07-2037 Commercial parent 6.42 
QA01-5267 Commercial parent 6.40 QN07-2052 Commercial parent 6.30 
QA04-1448 Commercial parent 6.94 QN07-472 Commercial parent 6.03 
QBYC05-20735 Commercial hybrid × S. 

spontaneum 
7.00 QN07-496 Commercial parent 6.47 

QBYC05-20853 Commercial hybrid × S. 
spontaneum 

6.48 QN07-568 Commercial parent 6.01 

QBYN04-10951 S. officinarum × S. 
spontaneum 

6.61 QS04-2920 Commercial parent 7.28 

QC91-580 Commercial parent 6.87 QS04-772 Commercial parent 6.34 
QN66-2008 Commercial parent 8.28 QS05-2428 Commercial parent 7.44 
QN04-121 Commercial parent 6.00 QS05-2496 Commercial parent 6.50 
QN04-1643 Commercial parent 6.25 QS05-287 Commercial parent 6.16 
QS00-486 Commercial parent 6.80 QS05-42 Commercial parent 6.97 
QS01-1078 Commercial parent 7.21 QS06-7008 Commercial parent 6.53 
QS04-772 Commercial parent 5.76 QS06-7079 Commercial parent 6.63 

   QS06-7934 Commercial parent 5.27 
   QS06-9040 Commercial parent 6.25 
   RB76-5418 Commercial cultivar 6.67 

MEAN  6.86   6.25 
LSD (P < 0.05)  1.46   0.89 
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In Experiment 1a there was a large number of basic germplasm genotypes (i.e., genotypes collected from 
indigenous gardens in New Guinea or from the wild in various parts of Asia) which allowed a preliminary 
assessment of whether variation in the improved commercial cultivars and parents encompassed that 
observed across a wider diversity of available germplasm.  The genotype with the highest observed 
transpiration efficiency was an Erianthus arundinaceus genotype (IJ76-394).  However the highest 
commercially-released genotypes (QN66-2008, MQ239) were quite close in value.  A wide range of 
observed values was found within each species and the cultivar and commercial parent groupings. 

 

3.2.2 PHASE 2 – EXPERIMENTS 1B AND 2B 

Each of the two second phase screening experiments (Experiments 1b and 2b) involved evaluations of 
genotypes in pots outdoors (under ambient weather conditions) and concurrently the same set of 
genotypes were also evaluated at two levels of CO2 within separate Chambers of the Townsville Tall Plant 
Facility glasshouse.  This therefore allowed for assessment of genotype x glasshouse interactions, and 
genotype x CO2 level interactions within the glasshouse.  The first second phase screening experiment (1b) 
also included two watering treatments (no stress and moderate stress), and therefore allowed for 
assessment of genotype x water stress interactions.  Since there was only one glasshouse Chamber for each 
CO2 treatment (i.e., no replication) statistics are reported as tests for Chamber differences, rather than CO2 
effects per se.  However, in a previous cross-over trial to separate Chamber and CO2 effects for this facility 
we have shown that CO2 effects dominate (10-fold the size of other, statistically non-significant, differences 
between Chamber) (Stokes et al 2016).  So we infer below that statistically significant “Chamber” effects 
can be ascribed to the CO2 treatments. 

In Experiment 2b the high level of CO2 treatment was only applied in the final month of growth due to 
technical difficulties, and so whole plant measurements at harvest did not reflect the full extent of high CO2 
response.  However, leaf gas exchange measurements in this experiment during this time (discussed in the 
mechanisms section below) were valid for examining responses to high CO2 levels. 

Batch 1 – Experiment 1b 

There was a significant interaction between CO2 Chamber treatments and genotypes.  A scatter plot of TE 
for each genotype in the two CO2 treatments shows that while there was strong correlation in TE between 
ambient and elevated CO2, there was some additional genetic variation in CO2 responses (Figure 6). 
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Figure 6.  Average transpiration efficiency of each genotype grown under elevated relative to ambient CO2 shows 
strong correlation, but with some genetic variation in response (deviations from a notional fitted line). 

 

In an analysis of all data for the glasshouse-grown plants, although there were strong differences in growth, 
water use and TE between the well-watered and stressed water treatments (section 3), there was no 
interaction between genotypes and watering treatment for TE (Table 8).  This suggests genotypes 
responded relatively consistently to the watering treatments, and differences in TE among genotypes were 
not strongly affected by differences in water stress in this experiment. 

Table 8.  Summary results from analyses of variance for Chambers 1 (720 ppm) and 2 (390 ppm) combined. 

Source of variation Total growth Water use TE 
CO2 Chamber * *** *** 
Water treatment * *** *** 
Chamber x Water NS NS * 
Genotypes *** *** *** 
Genotypes x Water 0.06 NS NS 
Genotypes x Chamber * * *** 
Genotypes x Chamber x 
Water 

NS NS NS 

 

In an analysis of all data across the ambient (390 ppm) CO2 glasshouse Chamber and outside showed that 
there was an effect of the location where the plants grew for water use and total growth but not for TE.  
There was a significant genotype effect but there were no significant interactions between genotypes and 
either location or water treatments (Table 9).  The glasshouse environment was controlled and set to mimic 
hot summer conditions (with some attenuation of radiation), whereas the outside pots grew in 
uncontrolled winter conditions, so absolute differences between locations were expected. 

Table 9.  Summary results from analyses of variance for the ambient Chamber (390 ppm) and outside combined. 

Source of variation Total growth Water use TE 
Locations *** *** NS 
Water treatment *** *** *** 
Loc x water ** ** NS 
Genotypes *** *** *** 
Genotypes x water P=0.09 NS NS 
Genotypes x location P=0.05 P=0.08 NS 
Genotypes x location x 
water 

NS NS NS 

 

A comparison of genotype performance for transpiration efficiency observed in Experiment 1b for the 
genotypes grown under ambient CO2 level (i.e., combined outside and 390 ppm CO2 glasshouse Chamber) 
compared with Experiment 1a indicated a low (r = -0.17, NS) overall correlation between the two 
experiments.  However, this lack of relationship appeared to be largely due to one genotype (IJ76-394), 
which had the highest TE in Experiment 1a but had the lowest TE in Experiment 1b (Figure 7).  IJ76-394 
germinated and established poorly in Experiment 1b and shortly after suffered leaf burn from a miticide 
application (see Methods), which would explain this result.  When this genotype was excluded from 
consideration there was a significant (P < 0.05) relationship between TE observed in the two experiments.  
Similar relationships were observed (including low TE for IJ76-394) for both the glasshouse data and 
outside data considered separately (data not shown), consistent with non-significant genotype x location 
interaction between the ambient CO2 Chamber and outside (Table 9). 
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Figure 7.  Transpiration efficiency observed in Experiments 1a versus 1b for the eight common genotypes.  For 1b, 
the data are the average of plants in the outside experiment and in the 390 ppm CO2 glasshouse Chamber.  The 
correlation indicated (r=0.79, P<0.05) is for data with IJ76-394 excluded. 

 

Another feature of the comparison between Experiments 1a and 1b was the much smaller range in TE 
values observed in Experiment 1b compared with 1a, with the range (maximum – minimum) being about 
9% of the mean in 1b compared with about 30% in 1a.  The reasons for this difference are not clear at this 
stage, but Experiment 1a was conducted during the cooler ‘winter’ months, with lower VPDs. 

 

Batch 2 – Experiment 2b 

In an analysis of combined data of the two glasshouse Chambers, there was significant genotype variation, 
but no genotype x Chamber interaction, with the latter observation contrasting to that observed in 
Experiment 1b (Table 10).  This lack of significant interaction may be due to the limited time the plants 
were exposed to different CO2 levels in Experiment 2b. 

 

Table 10.  Significance level of sources of variation for Chambers 1 and 2 in Experiment 2b. 

Source of variation Total growth Water use TE 
CO2 Chamber * *** ** 
Genotypes *** *** *** 
Genotypes x Chamber ns ns ns 

 

In an analysis of variance of data combined from the 390 ppm glasshouse Chamber and the outside plants, 
there were significant genotype effects for TE and its components, and there was also a significant 
genotype x location interaction for TE (Table 11). 

Table 11.  Significance level of sources of variation for ambient CO2 (390 ppm) glasshouse Chamber and outside 
plants in Experiment 2b. 

Source of variation Total growth Water use TE 
Locations *** * *** 
Genotypes *** *** *** 
Genotypes x location ns ns *** 
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A comparison of the performance of the ten genotypes evaluated in Experiment 2b in comparison with 
prior performance in Experiment 2a indicated that most genotypes performed consistently relative to each 
other across the two experiments, but there were two genotypes (QC04-402 and QC90-353) which were 
markedly different in relative performance (Figure 8).  The reason for the different performance of these 
two genotypes was not apparent, but it is possible this inconsistency may be GxE interaction associated 
with some different conditions between the two experiments.  Higher VPDs later in the in the year (and the 
glasshouse) for Experiment 2a would have contributed to the lower observed TEs, relative to the earlier 
experiment (2a). 

 

 

Figure 8.  Transpiration efficiency observed in Experiments 2a versus 2b for the ten common genotypes.  For 2b, the 
data are the average of plants in the outside experiment and in the 390 ppm CO2 glasshouse Chamber. 

 

3.3 Investigation of Mechanisms 

3.3.1 OVERVIEW OF APPROACH USED 

This section assesses relationships among some whole plant measurements and leaf gas exchange 
measurements made using the LICOR 6400.  A primary interest was determining the extent to which high 
TE was associated with generally low stomatal conductance.  While high TE arising through low 
conductance may have value for production in some dry environments, this mechanism is more likely to be 
associated with lower yield in many production environments and therefore of more limited value than 
high TE arising through high photosynthesis strength (associated with a lower internal CO2 concentration at 
a given level of stomatal conductance). 

As explained in the introduction, genetic variation in TE may be affected by leaf internal CO2 concentration 
(Ci), or by different patterns of conductance in relation to the prevailing VPD surrounding the leaves.  
Instantaneous TE (TEi) is directly and inversely related to Ci.  These effects may be secondarily modified by 
genetic variation in canopy structure and density in field crops.  The work conducted in this project focused 
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on examining evidence for genetic variation in leaf internal CO2 concentration and patterns of conductance, 
and determining if these could be responsible for genetic variation in whole plant TE. 

In relation to leaf internal CO2 concentration, it is recognised that there are two main drivers, namely 
stomatal conductance and photosynthesis capacity at any given level of stomatal conductance (Condon et 
al, 2002; Gilbert et al, 2011). 

Instantaneous intrinsic TEi may be determined by photosynthesis divided by conductance, or by leaf 
internal CO2 concentration.  In determining average TEi from measurements made across diverse levels of 
conductance, an average value weighted relative to the conductance level may be appropriate, because TEi 
when most water is being lost is proportionally more important to the overall average TE compared with 
TEi when there is little or no water loss.  Therefore in this report, depending on the situation, data for Ci or 
weighted average TEi were given as a measure of TEi using leaf gas exchange measurements. 

Observed variation in TEi was partitioned as follows, following concepts used by Gilbert et al (2011): 

TEi (%) = TE cond (%) + TE PC (%), 

where TEi (%) is defined as the percentage deviation of the observed TE from the population average 
observed TEi. 

TE cond (%) was defined as the TEi expected if the photosynthesis rate was determined from a reference 
(photosynthesis versus stomatal conductance, gs) function for the measured value of gs,, and expressed as a 
% deviation from the mean TE cond based on all genotypes.  Unlike Gilbert et al (2011), the reference 
(photosynthesis versus gs) function was derived from observations on all genotypes rather than just those 
for an individual comparator genotype. 

TE PC was defined as the deviation of the observed TEi % from the TE cond % (i.e., the deviation of the 
observed TEi from the average expected for the population at the measured conductance level). 

 

3.3.2 RELATIONSHIPS BETWEEN WHOLE PLANT COMPONENTS 

Results in Table 6 showed that despite similar genetic variance in TE in both experiments, there was less 
genetic variance observed for water use and total dry matter in Experiment 2a compared with Experiment 
1a.  This was at least partly attributed to the wider genetic diversity in Experiment 1a, with some of the 
exotic genotypes growing much more slowly, accumulating less biomass and using less water at harvest 
than the commercial genotypes. 

Phenotypic correlations among some of the whole plant measurements made in each of the experiments 
are shown in Table 12 (with relationships for only the outside plants indicated for Experiments 1b and 2b).  
The relationships generally are more meaningful for Experiments 1a and 2a because of the larger number 
of genotypes evaluated.  In all cases there were very strong correlations between total biomass (total DW) 
and water use.  It is noted that this strong relationship is mainly due to the methodology used in these 
experiments and would not be necessarily translated to field conditions where water was limiting for 
prolonged periods.  For example in a field environment (or pots) where the same limited amount of water 
was available to all plants and available water was used up (e.g., if there was a prolonged dry period) then 
there would be expected to be a near zero genetic correlation between water use and biomass production 
at the end of the dry period because of little or no genetic variation in water use, but a strong correlation 
between biomass production and water use efficiency. 

In most experiments there was a small to moderate negative relationship between water use and TE, which 
is consistent with high stomatal conductance being negatively associated with TE.  TE had a small negative 
correlation with total biomass (DW) in Experiment 1a but the reverse trend was observed in the other 
experiments.  A moderate negative relationship was also observed between TE and leaf area in all 
experiments except 2b. 



26 

 

 

Table 12.  Phenotypic correlations between some whole plant measurements made in each of the experiments. 
(DW = Dry weight; R/S = ration of Root DW to Shoot DW.) 

  Leaf area Shoot DW Root DW R/S ratio Total DW Water use 

a) Experiment 1a (49 genotypes)         
Leaf area 1       
Shoot DW 0.79 1      
Root DW 0.62 0.88 1  

   
R/S ratio 0.03 0.23 0.64 1    
Total DW 0.74 0.98 0.96 0.41 1   
Water use 0.75 0.96 0.94 0.39 0.98 1 

TE -0.41 -0.36 -0.3 -0.02 -0.35 -0.5 

b) Experiment 1b (8 genotypes)         
Leaf area 1       
Shoot DW 0.64 1      
Root DW 0.89 0.54 1     
R/S ratio 0.09 -0.56 0.34 1    
Total DW 0.74 0.99 0.68 -0.42 1   
Water use 0.9 0.88 0.76 -0.26 0.93 1 
TE -0.33 0.36 -0.16 -0.47 0.28 -0.1 

c)  Experiment 2a (52 genotypes)         
Leaf area 1       
Shoot DW 0.63 1      
Root DW 0.49 0.5 1     
R/S ratio 0.06 -0.25 0.7 1    
Total DW 0.65 0.99 0.62 -0.11 1   
Water use 0.83 0.85 0.59 -0.03 0.87 1 
TE -0.33 0.25 0.05 -0.16 0.23 -0.27 

d) Experiment 2b (10 genotypes)         
Leaf area 1       
Shoot DW 0.46 1      
Root DW 0.27 0.61 1     
R/S ratio -0.04 -0.09 0.73 1    
Total DW 0.45 0.99 0.73 0.08 1   
Water use 0.45 0.82 0.71 0.2 0.85 1 

TE 0 0.43 0.14 -0.19 0.4 -0.14 
 

 

3.3.3 LEAF GAS EXCHANGE MEASUREMENTS 

Overall comments 

Many (thousands of) gas exchange measurements were made over the course of each experiment with the 
LICOR 6400 instrument, at different times of the day and under a range of humidity conditions (mostly 
between 09h30 and 16h30 on cloudless days).  A large number of measurements was necessary to 
characterise genetic effects because of: (i) sampling error; (ii) likely and unknown sources of non-genetic 
variation; and (iii) possible genotype x environment (e.g., time of day) interactions, which we were of 
interested in characterising, if possible.  Broad sense heritability on the basis of a single measurement was 
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found in Experiment 1a to be about 0.1 for leaf internal CO2 concentration but this was greater than 0.8 on 
the basis of all measurements made in each experiment because the large number of measurements 
reduced sampling and other non-genetic variance components contributing to phenotypic variation 
(Jackson et al, 2016). 

Data collected in Experiment 1a are shown in Figure 9 to indicate some general features of the 
measurements.  Data collected in all other experiments (not shown) followed reasonably similar trends to 
those in this figure, with a couple of exceptions noted below.  Any particular genotype in Figure 9 is 
represented by between 50 to 60 points encompassing a wide range of conductance values, corresponding 
to measurements on different dates and different times of the day.  As widely reported by others  
(e.g.,Gilbert et al, 2011), there was a strong but curvilinear relationship between conductance and 
photosynthesis, such that with higher conductance the rate of increase in photosynthesis slows, giving rise 
to a negative relationship between intrinsic TE (because TE is equal to the photosynthesis/conductance 
ratio) at least above a conductance value of 0.2.  However, where there is water stress, some low levels of 
conductance (less than about 0.15) are frequently associated with high Ci values and hence low TE, 
presumably due to impairment of photosynthesis pathways.  These patterns are reflected in generally a 
positive relationship between Ci values and conductance in the absence of water stress.  But where there 
was water stress and associated low levels of conductance, values of Ci were very variable and sometimes 
very high. 

 

 

Figure 9.  Photosynthesis (blue) and leaf internal CO2 concentration (orange) versus stomatal conductance for all 
spot measurements (total number = 2488) made with the LICR6400 during Experiment 1a (49 genotypes x 2 
replicates).  Best fit 3rd order polynomial equations are shown to help define the trends. 

 

Phase 1 – Experiments 1a and 2a 

Detailed analyses of variance components and discussion of the gas exchange data in the first screening 
Experiment (1a) and relationships with the whole plant TE measurements were presented by Jackson et al 
(2015) (Appendix 1b).  The key results relating to the gas exchange measurements in that report were as 
follows: 
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(i) There was significant genetic variation for photosynthesis, conductance and Ci.  However, large error 
variation and genotype x date interactions were found for these measurements, indicating that multiple 
measurements are required to obtain a precise estimate of relative genotype values, and to obtain high 
broad sense heritability. 

(ii) Overall, Ci had a negative genetic correlation (as expected) with whole plant TE although this 
relationship was not strong (-0.35).  This relationship appeared to be stronger at mid-level conductance 
levels.  At low levels (<0.1 mol m-2 s-1) and high levels (>0.4) of conductance this relationship was not 
apparent (Table 8 in Jackson et al. 2015) because of non-significant genetic variation observed in 
photosynthesis within these ranges of conductance (Table 7 in Jackson et al. 2015).  A quite strong genetic 
correlation (-0.92) between Ci and whole plant TE was observed for middle range of conductance (0.2-0.3 
mol m-2 s-1) for this experiment. 

Further analysis of data in Experiment 1a suggested that genotype x time of day interaction was small 
(Table 13), but in Experiment 1a the genotype x time (of day) x date interaction was relatively large 
compared with genotype variation.  This indicated a more complex response of conductance to time of day, 
and this could account for at least some variation in whole plant TE.  At the time of writing this report, 
identification of environmental factors (e.g., temperature, VPD) or other factors driving these interactions 
had not been resolved, but will be investigated further in the final year of the project. 

Results from an analysis of variance of the gas exchange measurements of the second screening 
experiment (2a) are shown in Table 13.  As with the first experiment (1a) there was no evidence of 
genotype x time of day interaction variance for conductance.  Unlike the first experiment, which included 
water stress treatments, there was no evidence of genotype x date x time of day interaction variance for 
conductance.  These results suggested that variable conductance across the day was not a major source of 
variation in transpiration efficiency.  The genetic variances for photosynthesis and conductance in 
Experiment 2a were less than for Experiment 1a and this probably reflected the absence of any basic 
species genotypes in Experiment 2a, some of which showed the most variable levels of these 
measurements (below), perhaps reflecting the reduced range of genetic variance.  However, genetic 
variance for Ci was similar, consistent with the results for TE measured on a whole plant basis. 

 

Table 13.  Variance components from analysis of variance of leaf gas exchange parameters for Experiments 1a and 
2a. 

Variance component Photosynthesis 
(mol m-2 s-1) 

Conductance 
(mol m-2 s-1, x1000) 

Ci 
(ppm) 

Experiment 1a 
Machine 0.89 1.46 481.0 
Date 35.38 1.92 525.61 
Time of day 1.36 0.12 16.78 
Genotype 13.56 1.04 103.62 
Genotype * Date 6.39 0.24 -103.49 
Genotype * Machine 3.73 0.55 -27.27 
Genotype * Time of day 3.15 0.13 4.72 
Genotype* date * time 8.90 2.05 658.46 
Error 43.36 5.40 883.13 
Experiment 2a 
Machine 2.228 1.115 382.000 
Date 16.611 1.504 389.612 
Time of day 0.546 0.013 12.338 
Genotype 9.573 0.693 101.012 
Genotype * Date 0.520 0.073 14.724 
Genotype * Machine -2.129 -0.125 -23.130 
Genotype * Time of day 0.228 0.013 -5.392 
Genotype* date * time -1.608 -0.717 119.931 
Error 49.262 6.307 786.764 
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Analyses of covariance of data in Experiment 2a were done following similar analyses to those in 
Experiment 1a to examine genetic correlations between TE measured using gas exchange measurements 
and TE measured on a whole plant basis (Table 14; data in this table for Experiment 2a corresponds with 
data in Table 8 in Jackson et al (2015)).  Averaged across all measurements, TE based on gas exchange 
measurements had a genetic correlation with whole plant TE equal to 0.54.  This compares with 
approximately 0.35 observed for Experiment 1a (note that table 8 in Jackson et al. (2015) reports -0.35 for 
Ci, which is approximately inversely related to TE.  Analyses of the relationship between gas exchange 
measurements and whole plant TE were also conducted within different ranges of conductance.  Similarly 
to Experiment 1a, correlations between the gas exchange TE and whole plant TE was low for both the 
lowest (<0.15) and highest (>0.4) levels of conductance.  For the highest band of conductance (>0.4) there 
was no significant genetic variation in photosynthesis or conductance (and therefore genetic correlations 
are not meaningful).  

 

Table 14.  Genetic correlations between TE measured on a whole plant basis and TEi measured using leaf gas 
exchange methods in Experiment 2a.  Genetic correlations and means of photosynthesis (μmol m−2 s−1) and TEi 
(μmol CO2 mol-1 H2O) are first shown for the full combined data set.  The leaf-level data are then separated into 
three subsets based on bands of leaf conductance levels (1: Conductance < 0.15; 2: 0.15 < Conductance < 0.40; 3: 
Conductance > 0.40 mol m-2 s-1). 

Measurement All data Conductance 
Band 1 

Conductance 
Band 2 

Conductance 
Band 3 

Genetic correlation 0.54 0.10 0.51 n/a 
Mean photosynthesis 30.1 14.2 31.7 42.5 
Mean TEi 143 166 139 90 

 

 

The occurrence of significant genetic variation in TEi (or Ci) and significant genetic correlation with whole 
plant TE suggests both that leaf level TE is a contributor to genetic variation in whole plant TE and that this 
variation is not being offset completely by other mechanisms such as canopy leaf structure, respiration or  
other factors.  However of particular interest was determining the extent to which leaf level TE was driven 
by variation in stomatal conductance versus photosynthesis strength at the observed level of conductance.  
The response of all genotypes for photosynthesis, conductance and TEi (photosynthesis/conductance) is 
shown in Table 15 and Table 16 for Experiments 1a and 2a, respectively.  The average observed TEi for each 
genotype in each experiment was expressed as a percentage deviation from the overall population mean.  
This percentage deviation was then partitioned into the deviation apparently due to the observed 
conductance of the genotype (TE cond %) and the deviation due to variation in photosynthesis capacity (TE 
PC %, as explained above). 

In both experiments both components made major contributions to variation in total TE, as indicated by 
the relative sizes of the variances for each component in each experiment.  The relative contribution of the 
TE PC component was greater in Experiment 1a than 2a. 
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Table 15.  Mean photosynthesis, conductance, TEi for each genotype in the first screening Experiment.  Also shown 
is TEi expressed as a percentage of deviation from the overall mean, and estimates of components of this deviation 
% attributed to stomatal conductance (cond) and photosynthesis capacity (PC). 

Genotype Photosynthesis 
(μmol m−2 s−1) 

Conductance 
 (mol m-2 s-1) 

TEi 
(μmol CO2 mol-1 H2O) 

TEi total % TE cond % TE PC % 

A_MAURITIUS 24.29 0.21 118.22 -7.51 2.35 -9.86 
BADILA 30.58 0.24 130.78 2.32 0.45 1.86 
BLACK_FIJI 26.88 0.21 134.04 4.87 3.02 1.85 
BLACK_TANNA 25.82 0.21 124.66 -2.47 2.27 -4.74 
BURMA 18.51 0.16 129.00 0.92 6.87 -5.95 
CYC96-40 24.85 0.18 140.58 9.99 4.77 5.21 
FIJI_62 30.44 0.23 136.93 7.13 1.15 5.98 
GLAGAH_W.T. 41.24 0.35 123.05 -3.73 -8.50 4.77 
IJ76-315 32.05 0.29 116.49 -8.86 -3.27 -5.59 
IJ76-357 28.85 0.23 136.38 6.70 1.24 5.46 
IJ76-365 30.05 0.24 130.11 1.79 0.28 1.52 
IJ76-381 31.58 0.27 123.45 -3.42 -1.83 -1.59 
IJ76-394 27.41 0.23 124.06 -2.94 1.08 -4.02 
IJ76-411 34.00 0.26 134.26 5.04 -1.26 6.30 
IK76-71 47.00 0.43 113.04 -11.56 -14.89 3.33 
IS76-196 37.03 0.32 122.26 -4.35 -5.94 1.59 
JAMAICA_RED 24.65 0.21 118.80 -7.05 2.37 -9.43 
KORPI 24.48 0.18 140.12 9.62 5.21 4.41 
KQ228 29.40 0.24 130.67 2.23 0.60 1.64 
LOUISIANA_ST 27.50 0.21 125.61 -1.73 2.36 -4.09 
MANDALAY 48.71 0.39 126.30 -1.19 -11.59 10.40 
MQ239 25.60 0.19 147.07 15.06 4.21 10.86 
N29 29.04 0.25 125.42 -1.88 -0.13 -1.74 
NG28-101 49.65 0.37 134.80 5.46 -10.22 15.68 
NG51-99 23.88 0.21 120.41 -5.79 2.83 -8.62 
PINDAR 25.18 0.23 114.96 -10.06 1.35 -11.41 
Q119 33.91 0.29 125.99 -1.43 -3.37 1.93 
Q183 24.82 0.22 122.96 -3.80 1.90 -5.69 
Q20 27.34 0.25 118.95 -6.94 -0.64 -6.30 
Q200 26.92 0.20 137.41 7.50 3.36 4.14 
Q208 26.49 0.22 123.70 -3.22 1.86 -5.08 
Q229 31.94 0.26 135.57 6.06 -0.97 7.03 
Q240 30.77 0.26 124.55 -2.56 -1.62 -0.94 
Q247 26.81 0.20 139.01 8.75 3.32 5.43 
Q252 27.48 0.24 120.82 -5.48 0.34 -5.82 
Q253 23.94 0.18 134.87 5.52 5.11 0.41 
Q256 27.54 0.21 136.88 7.09 3.00 4.09 
Q28 30.97 0.29 116.51 -8.85 -3.58 -5.27 
QA01-5267 27.84 0.22 132.45 3.63 1.75 1.87 
QA04-1448 25.96 0.23 123.04 -3.74 1.27 -5.00 
QBYC05-20735 27.36 0.25 119.75 -6.31 -0.16 -6.15 
QBYC05-20853 27.38 0.22 127.88 0.05 1.83 -1.78 
QBYN04-10951 33.59 0.28 127.62 -0.16 -3.23 3.08 
QC91-580 25.93 0.21 128.25 0.34 2.62 -2.28 
QN04-121 36.70 0.30 129.60 1.40 -4.74 6.13 
QN04-1643 25.39 0.21 123.33 -3.52 2.35 -5.86 
QN66-2008 21.92 0.16 135.31 5.86 6.49 -0.63 
QS00-486 28.05 0.23 133.41 4.37 0.95 3.42 
QS01-1078 24.89 0.19 132.26 3.47 4.09 -0.61 
QS04-772 26.51 0.23 121.89 -4.64 1.38 -6.02 
SES189 55.96 0.44 130.19 1.85 -15.21 17.06 
Mean 29.68 0.24 127.82 0.00 0.00 0.00 
Variance 52.88 0.00379 56.87 34.81 23.64 39.22 



31 

 

Table 16.  Mean photosynthesis, conductance, TEi for each genotype in the second screening Experiment.  Also 
shown is TEi expressed as a percentage of deviation from the overall mean, and estimates of components of this 
deviation % attributed to stomatal conductance and photosynthesis capacity. 

Genotype Photosynthesis 
(μmol m−2 s−1) 

Conductance 
 (mol m-2 s-1) 

TEi 
(μmol CO2 mol-1 H2O) 

TEi total % TE cond % TE PC % 

KQ08-1040 31.20 0.23 138.89 -3.07 -1.41 -1.65 
KQ08-2664 35.43 0.28 134.52 -6.12 -8.39 2.27 
KQ08-2725 31.42 0.23 143.24 -0.03 -1.34 1.31 
KQ228 33.75 0.26 140.90 -1.66 -4.98 3.32 
KQB07-23863 28.99 0.20 149.51 4.34 2.68 1.66 
MQ239 30.82 0.21 152.78 6.62 1.59 5.03 
NCO310 37.31 0.27 142.99 -0.21 -7.40 7.19 
Q135 29.26 0.23 135.03 -5.77 -1.08 -4.69 
Q190 31.88 0.22 151.11 5.46 0.08 5.38 
Q208 28.52 0.21 142.46 -0.58 1.06 -1.64 
Q232 31.60 0.22 149.17 4.10 0.07 4.03 
Q246 30.49 0.22 149.28 4.18 0.69 3.50 
QA04-1448 28.64 0.21 139.00 -2.99 1.01 -4.00 
QA92-2301 27.17 0.21 137.04 -4.36 2.00 -6.36 
QA94-6577 32.94 0.24 145.80 1.75 -2.89 4.64 
QBYN04-10033 26.74 0.21 135.85 -5.19 2.22 -7.41 
QBYN04-10035 31.85 0.26 133.85 -6.58 -4.90 -1.69 
QBYN04-10036 26.23 0.19 149.08 4.04 4.23 -0.18 
QBYN04-10040 33.28 0.27 129.43 -9.67 -7.20 -2.47 
QBYN04-10050 33.86 0.27 130.91 -8.64 -7.29 -1.35 
QBYN04-10061 26.09 0.20 141.31 -1.38 3.41 -4.79 
QBYN04-10069 29.61 0.23 137.47 -4.06 -1.56 -2.51 
QC03-101 29.53 0.22 144.78 1.04 0.75 0.29 
QC04-402 31.07 0.22 146.16 2.00 -0.45 2.45 
QC90-353 32.09 0.23 148.02 3.30 -0.95 4.26 
QN01-519 28.55 0.21 142.20 -0.76 1.28 -2.04 
QN02-777 25.64 0.18 151.00 5.38 5.76 -0.37 
QN04-668 24.99 0.16 161.12 12.44 9.02 3.43 
QN05-1778 26.20 0.19 140.19 -2.16 4.32 -6.48 
QN05-237 27.90 0.20 146.71 2.38 3.53 -1.14 
QN07-1189 27.51 0.18 158.51 10.62 6.20 4.42 
QN07-1193 30.63 0.23 141.36 -1.34 -1.14 -0.20 
QN07-1200 32.30 0.24 142.44 -0.59 -2.08 1.50 
QN07-1358 30.88 0.22 147.68 3.07 0.93 2.13 
QN07-1914 31.46 0.26 132.25 -7.70 -4.84 -2.86 
QN07-2 29.64 0.21 144.31 0.71 0.97 -0.26 
QN07-2037 24.56 0.18 141.51 -1.24 5.33 -6.57 
QN07-2052 36.52 0.26 149.04 4.01 -5.26 9.27 
QN07-472 30.57 0.24 139.00 -2.99 -1.98 -1.01 
QN07-496 30.80 0.23 140.08 -2.24 -1.11 -1.13 
QN07-568 31.86 0.25 137.88 -3.77 -3.64 -0.13 
QS04-2920 30.27 0.20 153.65 7.23 2.49 4.74 
QS04-772 24.74 0.17 148.81 3.86 7.38 -3.53 
QS05-2428 30.82 0.21 148.48 3.62 0.96 2.66 
QS05-2496 34.07 0.25 149.26 4.16 -3.45 7.61 
QS05-287 35.08 0.28 134.60 -6.07 -8.21 2.15 
QS05-42 30.65 0.22 146.09 1.96 0.02 1.94 
QS06-7008 25.57 0.20 136.08 -5.03 3.35 -8.38 
QS06-7079 24.25 0.18 139.75 -2.47 5.73 -8.20 
QS06-7934 23.24 0.17 136.02 -5.07 6.76 -11.83 
QS06-9040 32.16 0.23 150.23 4.84 -0.75 5.60 
RB76-5418 31.92 0.23 145.16 1.30 -0.95 2.26 
Mean 30.05 0.22 143.29 0.00 0.00 0.00 
Variance 10.57 0.000816 47.34 23.06 17.07 20.14 
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Phase 2 – Experiment 1b 

Averaged across all genotypes TE was similar for the outside plants and the ambient CO2 Chamber (Table 
17).  However TE was much higher, as expected, in the elevated CO2 Chamber, with differences in water 
use, rather than increased growth, being the main contributor to this response (Table 17).  Leaf nitrogen 
levels were not affected by CO2 treatments, but were lower in the outside plants. 

Averaged across all genotypes, the total biomass production and water use outside was greater than in the 
glasshouse treatments, with differences in root growth contributing more than differences in shoots to this 
overall difference (Table 17).  Plant water use was lowest under the elevated CO2 treatment (720 ppm). 

 

Table 17.  Some means (i.e., averaged across all genotypes) for whole plant measurements made at different levels 
of C02 and outside the glasshouse in Experiment 1b. 

Measurement 720 ppm 
CO2 

390 ppm 
CO2 

Outside 

Water Use (l) 41.1 58.3 79.3 
Total Growth (g) 291.9 316.8 440.0 
Shoot Growth (g) 246.7 261.0 300.6 
Specific Leaf Area (cm2/g DW) 132.4 131.1 108.5 
Transpiration Efficiency (g/l) 7.27 5.49 5.61 
Leaf Nitrogen (NIRS) (%) 1.95 1.96 1.73 

 

The moderate-stress water treatments reduced plant water use by about 20 – 30% relative to the well-
watered pots (Table 18).  This achieved our targeted level of stress, noting that water treatments were 
demand-driven (triggered by a target soil moisture level, rather than directly reducing water added by a set 
amount).  In all cases, growth decreased in the stress treatment proportionally less than the decrease in 
water use, and therefore TE increased (by about 15%) in the water stress treatment (relative to well-
watered plants under otherwise comparable treatments). 

Table 18.  Key whole-plant measurements at harvest averaged across all genotypes for all combinations of location 
(720 ppm CO2 and 390 ppm CO2 Chambers in the glasshouse, and outside) x watering treatment (wet = well-
watered, dry = moderate water stress) in Experiment 1b. (SLA = Specific Leaf Area: one-sided leaf area per unit dry 
mass.) 

Loc x Water Water use 
(l/pot) 

Growth 
(g/pot) 

Shoot 
growth 

SLA 
(cm2/g) 

TE (total) 
(g/l) 

Leaf N 
(%) 

720 ppm       
Dry 34.7 273 226 129 8.1 1.9 
Wet 47.6 310 268 136 6.5 2.0 
390 ppm       
Dry 53.3 309 248 126 5.9 1.9 
Wet 63.2 325 274 137 5.1 2.0 
Outside       
Dry 64.2 378 254 108 6.0 1.8 
Wet 94.5 501 347 109 5.3 1.7 

 

Mean conductance measured via the leaf gas exchange parameters under the high CO2 treatment was 
lower than in the other environments, and Ci levels were higher (Table 19).  Photosynthesis levels were 
similar between the two CO2 levels.  This is consistent with whole plant responses to higher CO2 indicating 
an improvement in TE through decreased water use but no increase in biomass production. 

Photosynthesis outside was higher on average than the 390 ppm CO2 Chamber in the glasshouse.  The 
reason for this is not certain, but may be due to leaves being adapted to higher radiation in the outside 
environment, and therefore better able to respond to the high light level (2000 μmol quanta m-2 s-1) used 



33 

 

with the LICOR measurement.  Conductance was also proportionally higher in the outside plants compared 
with the 390 ppm CO2 glasshouse plants, leading to slightly lower TEi and higher Ci levels. 

Table 19.  Mean photosynthesis, conductance and leaf internal CO2 concentration for outside plants, and the two 
glasshouse Chambers with different CO2 levels in Experiment 1b. 

Location Photosynthesis 
(μmol m-2 sec-1) 

Conductance 
(mol m-2 sec-1) 

Ci 
(ppm) 

Outside 38.1 0.34 194 
720 ppm CO2 34.1 0.20 318 
390 ppm CO2 33.8 0.29 151 

 

Pooled gas exchange data for each of the two CO2 levels is shown in the Figure 10 below.  The slope of the 
two curves is an indicator of intrinsic TE and can be seen to be higher in the high CO2 treatment. 

 

 

Figure 10.  Relationship between conductance and photosynthesis for all measurements made under the two 
Chambers in the glasshouse with different levels of CO2. 

 

 

Pooled gas exchange data for the 390 ppm CO2 level for the glasshouse plants, and the outside plants is 
shown below, and is very similar in mean trend, but with greater variability appearing in the outside plants, 
where environmental conditions were not controlled and varied more from day to day (Figure 11). 
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Figure 11.  Relationship between conductance and photosynthesis for all measurements made under 390 ppm and 
outside. 

 

An analysis of variance of the combined set of leaf gas exchange data showed statistically significant effects 
across a range of sources of variation in Experiment 1b (Table 20).  Two different LI 6400 machines were 
used to make measurements (to increase the amount of data that could be collected).  There were 
statistically significant differences between the machines, but no machine x genotype interaction, 
indicating that results are comparable in distinguishing between genotypes, despite some machine bias.   
(Note that because of the very large numbers of observations in total, the statistical analyses are able to 
detect small effects). 

Table 20.  Levels of statistical significance for different sources of variation from pooled analysis of variance of all 
gas exchange measurements in Experiment 1b. 

Source of variation Ci 
(ppm) 

Conductance 
(mol m-2 s-1) 

Photosynthesis 
(μmol m−2 s−1) 

Date *** *** *** 
Chamber/location *** *** *** 
Date x chamber *** *** *** 
Water treatment * *** *** 
Chamber x water NS NS NS 
Chamber x date x water NS *** *** 
Genotypes ** *** *** 
Date x genotypes P=0.06 *** ** 
Chamber x genotypes P=0.06 *** *** 
Date x chamber x genotypes NS NS * 
Genotype x treatment NS *** *** 
Genotype x chamber x treat NS * * 
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The much larger number of measurements made on each genotype in Experiment 1b compared with 1a or 
2a allowed for a better assessment to be made on how individual genotypes performed across time, 
including for any given dates.  An analysis of variance of conductance was done for each of the three 
locations (high and low CO2 and outside) separately to examine If the genotypes varied in their 
conductance responses through the day, to determine if this could be a source of variation in TE (Table 21).  
The genotype x time of day interaction was significant for the high CO2 treatment, but not for the low CO2 
or outside locations.  However, for the latter two locations there was a significant and sizable (as large as 
genotype main effects) variance component for date x time x genotype interaction.  This is interpreted as 
meaning that the genotypes did vary in conductance response across the day, but that this response varied 
for different dates.  At the time of preparation of this report, environmental factors associated with this 
interaction had not been resolved.  The relatively high magnitude of error variance indicated in these 
analyses demonstrates the need for large numbers of measurements to resolve variation in the various 
treatments including differences between genotypes.  Experiments in which measurements are made only 
on a small number of occasions are unlikely to have the required resolution for distinguishing genetic 
responses from high levels of background sampling variation. 

 

Table 21.  Variance components (x 1000) from analysis of variance for conductance for each location separately in 
Experiment 1b. 

 

Source of variation Location 
720 ppm CO2 390 ppm CO2 Outside 

Water treat 0.036 0 0 
Genotype 1.065 1.815 1.114 
Date 4.992 0.733 1.898 
Genotype * date 0 0.065 0 
Genotype x time of day 0.559 0 0 
Genotype x water 0 0.064 2.095 
Genotype x date x time of 
day 0 1.423 1.2 
Residual 3.726 4.578 10.39 

 

 

Given the large number of gas exchange measurements taken over many sampling dates it was possible to 
derive an integrated measure of leaf-level TE for comparison with whole-plant estimates.  Intrinsic leaf level 
TE was estimated for each genotype at each hour by dividing average photosynthesis at each hour by 
average conductance at each hour.  These hourly values were then averaged to give an overall estimated 
TE for each genotype.  These integrated values of leaf-level TE related closely to the whole plant TE 
estimates for the outside plants, but not for the glasshouse plants (Figure 12).  The reasons for the latter 
are not clear, but it may be due to light level in the LICOR being greater than that in the glasshouse, giving 
rise to different responses in leaves unadapted to the higher light levels in the glasshouse plants. 
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Figure 12.  Relationship between genotype mean for TE estimated via gas exchange measurements versus TE 
measured based on whole plant gravimetric measurements, for outside plants (top), 390 ppm CO2 treatment in 
glasshouse (middle), and 720 ppm CO2 treatment in glasshouse (bottom). 

 

Phase 2 – Experiment 2b 

There were similar trends in TE between the two glasshouse Chambers (390 and 720 ppm CO2) and outside 
the glasshouse as observed in Experiment 1b: the outside plants had higher TE than the glasshouse plants 
grown at 390 ppm CO2, and the 720 ppm CO2 plants had significantly higher TE than the 390 ppm CO2 
plants (Table 22).  However, the response to elevated CO2 was much less than for Experiment 1b, which is 
attributed to the elevated CO2 treatment only being imposed in Experiment 2b in the last 3 weeks of 
growth (as indicated in materials and methods). 
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Table 22.  Some means (i.e., averaged across all genotypes) for whole plant measurements made in the glasshouse 
Chambers (390 and 720 ppm CO2), and outside in Experiment 2b. 

Measurement 720 ppm CO2 390 ppm CO2 Outside 
Water Use (l) 112 126 131 
Total Growth (g) 661 708 790 
Shoot Growth (g) 625 668 675 
Transpiration Efficiency (g/l) 5.89 5.61 6.01 

 

Location Photosynthesis 
(μmol m-2 s-1) 

Conductance 
(mol m-2 s-1) 

Ci 
(ppm) 

Outside 34.82 0.35 150.09 
11NOV 33.16 0.41 191.22 
18NOV 31.59 0.29 147.60 
4NOV 39.64 0.42 144.08 

720 ppm CO2 36.78 0.22 258.02 
13NOV 34.63 0.26 240.38 
6NOV 38.92 0.19 275.55 

390 ppm CO2 37.80 0.33 131.77 
12NOV 36.81 0.35 153.80 
5NOV 38.80 0.30 109.75 

Grand Total 36.26 0.31 176.23 
 

An analysis of variance pooled across the ambient CO2 glasshouse Chamber and outside indicated 
significant overall variation due to genotypes for conductance and Ci but not photosynthesis, and 
significant and important (relative to genotype main effects) genotype x location interaction (Table 23). 

Table 23.  Variance components for leaf physiology measurements from analysis of the 390 ppm glasshouse plants 
and outside plants in Experiment 2b.  Other interactions involving genotypes not shown were not significant. 

Source of variance Photosynthesis 
(μmol m-2 s-1) 

Conductance 
(mol m-2 s-1) 

Ci 
(ppm) 

Genotypes 0 3.38 72.8 
Genotypes x location 3.24 4.54 54.5 
Genotype x time of day 1.66 1.93 5.06 
Error 29.2 122.29 684 

 

 

An analysis of variance for all gas exchange measurements made in the two glasshouse Chambers indicated 
that significant genotype x CO2 level interaction for conductance but the interaction component was 
relatively small for photosynthesis and Ci compared with the overall genotype effects (Table 24).  The latter 
result is consistent with a high correlation of TE at a leaf level between the two levels of CO2. 

Table 24.  Variance components for leaf physiology measurements from analysis of the 390 ppm CO2 versus 720 
ppm CO2 glasshouse Chambers for Experiment 2b.  Other interactions involving genotypes not shown were not 
significant. 

Source of variance Photosynthesis 
(μmol m-2 s-1) 

Conductance 
(mol m-2 s-1) 

Ci 
(ppm) 

Genotypes 2.68 3.33 378 
Genotypes x chamber 0.07 2.45 4.54 
Genotype x time of day 0.22 0 1.93 
Error 23.65 72.3 122.3 
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An integrated measure of leaf-level TE over time was calculated from gas exchange measurements 
following the same approach as for Experiment 1b.  This integrated leaf-level measure of TE correlated 
significantly with the whole plant measurements for each of 3 locations (r=0.75-0.77; P<0.05), with data for 
the outside plants shown in Figure 13 as an example. 

 

Figure 13.  Relationship between whole plant and gas exchange measurements of TE for the outside plants in 
Experiment 2b. 

 

3.3.4 DIURNAL PATTERNS OF TRANSPIRATION 

The frequent watering and continuous logging of water use in the glass house experiments (Experiments 1b 
and 2b) allowed diurnal patterns of transpiration to be quantified and compared among genotypes 
(Figure 14).  For Experiment 1b, CO2 treatments are separated, but water stress treatments are combined.  
No water stress treatments were applied in Experiment 2b.  Hourly rates of transpiration, standardised on a 
unit leaf area basis, were generally very similar between genotypes in Experiment 1b (Figure 14 a and b).  
Diurnal patterns of water use were also very similar with all genotypes transpiring about the same 
proportion of water through the peak midday hours (close to the experiment average of 41% of water use 
between 11h00 and 15h00).  While elevated CO2 reduced the rates of transpiration, there was no evidence 
that CO2 treatments altered diurnal patterns of water use: the average proportions of midday transpiration 
were 41.9% for the ambient CO2 Chamber and 41.2% for the elevated CO2 Chamber. 

For the genotypes in Experiment 2b there was some evidence of genetic variation in diurnal patterns of 
water use.  Proportions of midday transpiration ranged from 42% to 51% (Figure 14 c and d).  Two of the 
genotypes with the lowest proportions of midday transpiration, QN05-237 (43%) and QC90-353 (44%), 
showed upper transpiration limits of about 10 μl/cm2/hr.  For reference, and comparison with modelling of 
capped transpiration, a transpiration rate of 10 μl/cm2/hr would translate to a water use of 0.6 mm/hr in a 
mature field crop with a leaf area index of 6 (m2 of leaf area per m2 of ground surface).  Although elevated 
CO2 reduced transpiration rates, as expected, the average proportion of midday transpiration was the same 
(46.4%) in both cases.  The higher average midday transpiration in Experiment 2b, vs Experiment 1b, was 
likely because no water stress treatments were applied in the latter experiment. 
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Figure 14.  Diurnal patterns of transpiration for 8 genotypes in glasshouse Experiment 1b and 10 genotypes in 
Experiment 2b.  Midday limitations on transpiration were quantified as the proportion of daily transpiration 
occurring during the peak transpiration hours 11h00 – 15h00 (shown as a percentage in the legend for each 
genotype). 
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3.4 APSIM Evaluation of Transpiration Efficiency Traits 

3.4.1 OVERVIEW OF TE TRAIT RESPONSES 

A broad overview of the three simulated TE trait responses was obtained by expressing sugarcane growth 
relative to the base reference genotype (Ref).  Relative response curves were plotted for each group of 
irrigation regions for cane yield at harvest (Figure 15).  All other factors in the experimental design were 
averaged together and options that were not typical of current sugarcane- growing conditions were 
excluded (those shaded in grey in the tables of factor options in the Methods before and Results below). 
 

 

Figure 15.  Cane yield response functions for the three simulated TE traits and associated genotype codes (Table 3).  
Yields are averages for the 40-yr runs relative to yields for the base reference genotype (Ref). 

Some water stress occurred even in irrigated crops, because of the pre-harvest dry-off period, so an 
additional set of response curves were plotted to represent unstressed growth, measured as crop growth 
up to 1 December (before the dry-off period began) for a subset of data (Figure 16).  These data were 
restricted to treatment combinations that had negligible stress, selected on the basis of meeting all of the 
following criteria: fully irrigated, 7-day refill interval, ‘good’ (highest PAWC) soil, and 15 June ratoon date.  
For all data points selected this way, more than 80% of water transpired was from days where soil water 
supply fully met crop demand. 

 

Figure 16.  Response functions of unstressed crop growth for the three simulated TE traits and associated genotype 
codes (Table 3).  Biomasses are averages for the 40-yr runs relative to yields for the base reference genotype (Ref).  
Crop growth without water stress was measured from crop growth up to 1 December (prior to dry-off period) for a 
subset of treatment combinations chosen to have negligible water stress (see text). 
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Cane yield showed a linear response to the assimilation-based trait and responses showed negligible 
differentiation among irrigation regions (Figure 15a).  The leaf-level mechanism associated with this trait 
increased carbon assimilation without directly changing water use, so there was a positive response even in 
the absence of water stress (Figure 16a). 

The conductance-based trait responses were also linear, but responses were lower in regions with full 
irrigation (Figure 15b).  Since this mechanism reduced leaf-level water use without directly increasing 
carbon assimilation, it would be expected that the trait response would be dependent on the amount of 
water stress experienced by the crop.  The cane yield responses in the fully irrigated crops occur because of 
the water stress experienced during the dry-off period when irrigation was withdrawn prior to harvest.  
Unstressed crop growth, prior to the dry-off period for well-irrigated crops on good soils, was unaffected by 
this trait, as expected (Figure 16b). 

The capped maximum transpiration trait showed the most complex responses and interactions 
(Figure 15c).  Moderate conductance limits on crop transpiration (0.3 to 0.9 mm/day) improved cane yields 
from the beneficial effects of reducing transpiration during the parts of the day where VPD is high and 
water is used inefficiently.  But at severe levels of capping the benefits of improved TE were outweighed by 
restrictions on carbon assimilation and growth.  As for the conductance-based trait, the underlying leaf-
level mechanism does not directly increase carbon assimilation, it only results in more efficient patterns of 
water use through the day.  Consequently the response would be expected to interact with water stress 
and to have no benefit when plants were not stressed.  Plant growth was negatively affected by this trait 
under conditions where sufficient water could always be supplied to keep up with crop demand and 
prevent water stress, since under these conditions the conductance limits on transpiration restricted 
carbon assimilation without the opportunity for water savings to provide any growth benefit (Figure 16c). 

The interactions of each of these traits with environmental and management factors is explored in more 
detail below.  The linear nature of responses for the assimilation-based and conductance-based traits, 
meant that the strength of response could conveniently be quantified and summarised using the relative 
response slope.  These relative response slopes were calculated as the percentage change in crop 
performance metrics per percent change in the given trait (with linearity confirmed by checking the R2 of 
the fitted line). 

3.4.2 ASSIMILATION-BASED TE TRAIT RESPONSES 

To investigate interactions for the assimilation-based trait, trait response slopes were calculated for cane 
yield, TE, and the amount of irrigation water used across the environmental and management factors in the 
simulation experiment (Table 25).  As illustrations of how trait response slopes can be interpreted: a slope 
of 1 for cane yield would indicate that the percentage increase in yields would be the same as the 
percentage improvement in the crop trait; or a difference in slope of 0.1 between two options would 
translate to a 2% difference in yields if the trait was improved by 20%. 

The effect of the assimilation-based trait on cane yield was extremely consistent with an average 
improvement in cane yield of 1.44% for each 1% improvement in this trait for historical climate conditions.  
There was only very minor variation in the magnitude of this response for the factors evaluated, with no 
factor causing the response slope to deviate by more than 0.03 %/%.  Within this very minor variation the 
stronger trait responses were associated with growing conditions where there was greater water stress (as 
measured by the cumulative stress days percentage).  Transpiration efficiency improved on average by 
1.05% for each 1% improvement in this trait.  However, because the growth response was greater than the 
TE improvement, use of irrigation water increased with improvements to this trait. 
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Table 25.  Effects of the Assimilation-based trait on crop performance and water use and interactions with 
Environment and Management Factors.  Relative response slopes are the percentage change in the performance 
metric for each percentage change in the Assimilation-based trait (-20 .. +20%) (R2 > 95% for all slopes).  For each 
individual factor section, other factors are pooled together, excluding ‘atypical’ factor options.  The indicators of 
water stress for each set of growing conditions were quantified from Reference genotype simulations. 

Factors Relative Response Slopes (%/%) Stress Indicators (for Ref) (%) 
  Cane Yield TE Irrigation Stress Days Transp No stress 
Regions (R: Rainfed, S: Supplemental, F: Full Irrigation) 
Herbert (R) 1.43 1.08 n/a 25.5% 72.3% 
Far North (R) 1.45 1.06 n/a 18.2% 76.8% 
Southern (S) 1.44 0.98 0.22 30.8% 49.2% 
Central (S) 1.43 1.08 0.33 25.3% 64.0% 
Burdekin (F) 1.44 1.08 0.21 13.0% 67.8% 
Tableland (F) 1.45 1.06 0.21 10.1% 72.2% 
Soils (PAWC mm)  
Poor (73) 1.46 1.09 0.16 27.2% 48.4% 
Moderate (122) 1.44 1.09 0.23 21.4% 66.5% 
Good (232) 1.42 0.98 0.26 19.7% 75.3% 
Cropping Cycle Ratoon Date 
15 June 1.42 1.13 0.25 20.9% 61.2% 
31 August 1.43 1.00 0.27 22.1% 65.0% 
30 November 1.47 1.03 0.15 25.4% 63.9% 
Climate Scenario 
Historical  1.44 1.05 0.22 22.8% 63.4% 
Historical  + CO2 1.44 1.06 0.22 22.1% 64.6% 
Warmer Drier + CO2 1.44 0.79 0.22 24.7% 62.2% 
Warmer Same + CO2 1.44 1.05 0.23 23.2% 63.1% 
Warmer Wetter + CO2 1.44 1.15 0.23 21.9% 63.9% 

 

3.4.3 CONDUCTANCE-BASED TE TRAIT RESPONSES 

Interactions of the conductance-based trait with other environmental and management factors were 
explored with relative response slopes using the same approach as above.  On average across growing 
conditions there was a 0.84% improvement in TE for each 1% improvement in this trait with benefits split 
almost evenly between improvements in cane yield (0.56 %/%) and reductions in use of irrigation water 
(-0.58 %/%) (Table 26). 

The magnitude of the cane yield responses for this trait was very strongly related to the amount of water 
stress experienced for each set of growing conditions: across the data in Table 26 there was a strong 
correlation (r = 0.91, R2 = 82%) between the cane yield response slope and cumulative stress days 
percentage.  This stress-dependence is evident in the strong interactions of the conductance-based trait 
with each of the environmental and management factors: stronger trait responses corresponded with 
greater water stress in poorer soils (lower PAWC), later cropping cycles, drier climate scenarios and drier 
geographic locations/irrigation practices. 

Interactions of the conductance-based trait were also explored for alternative irrigation practices and 
locations indicative of potential, more marginal, areas where sugarcane might expand in future (Table 27).  
The climate change scenarios (as presented above) did not include the effects of possible reductions in 
water allocations in drier (or more variable) climates.  The added irrigation options here include reduced 
allocations and irrigation practices that could use those allocations more effectively.  For regions that use 
supplemental irrigation, the benefit of this trait increased if irrigation practices changed from the 
traditional conservative practices to a risk-balanced approach with the same allocation (4 Ml/ha), and were 
even greater under conditions where water allocations were more restricted (2 Ml/ha and 
‘Minimal’/rainfed).  For fully irrigated locations, the cane yield improvements of this trait increased as 
irrigation frequency declined (reflecting reduced water allocations).  In the Burdekin, irrigation schedules 
typically follow 7- to 14-day intervals, but with reduced allocations after the recent run of unusually dry 
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years these schedules have had to extend out to 21 days in places.  Improvements in the conductance-
based trait would be marginally more beneficial (an extra 1% cane yield for a 10% trait improvement) under 
these lower allocations, relative to 7-day intervals.  The additional yield benefit would be similar if irrigated 
sugarcane production were to expand into indicative more marginal areas (0.53 %/% for the Ord and 
Gilbert locations) relative to existing fully-irrigated locations (0.42%/% on average). 

Table 26.  Modelled effects of the Conductance-based trait on crop performance and water use and interactions 
with Environment and Management Factors.  Relative response slopes are the percentage change in the 
performance metric for each percentage change in the Conductance-based trait (-20 .. +20%) (R2 > 98% for all 
slopes).  For each individual factor section, other factors are pooled together, excluding ‘atypical’ factor options.  
The indicators of water stress for each set of growing conditions were quantified from Reference genotype 
simulations. 

Factors Relative Response Slopes (%/%) Stress Indicators (for Ref) (%) 
  Cane Yield TE Irrigation Stress Days Transp No stress 
Regions (R: Rainfed, S: Supplemental, F: Full Irrigation)     
Herbert (R) 0.69 0.91 n/a 25.5% 72.3% 
Far North (R) 0.52 0.87 n/a 18.2% 76.8% 
Southern (S) 0.77 0.66 -0.66 30.8% 49.2% 
Central (S) 0.62 0.92 -0.79 25.3% 64.0% 
Burdekin (F) 0.38 0.93 -0.54 13.0% 67.8% 
Tableland (F) 0.33 0.92 -0.60 10.1% 72.2% 
Soils (PAWC mm)           
Poor (73) 0.64 0.90 -0.33 27.2% 48.4% 
Moderate (122) 0.50 0.93 -0.61 21.4% 66.5% 
Good (232) 0.55 0.72 -0.78 19.7% 75.3% 
Cropping Cycle Ratoon Date         
15 June 0.61 0.89 -0.53 20.9% 61.2% 
31 August 0.54 0.70 -0.65 22.1% 65.0% 
30 November 0.52 0.96 -0.57 25.4% 63.9% 
Climate Scenario           
Historical 0.56 0.84 -0.58 22.8% 63.4% 
Historical + CO2 0.54 0.84 -0.60 22.1% 64.6% 
Warmer Drier + CO2 0.58 0.55 -0.55 24.7% 62.2% 
Warmer Same + CO2 0.56 0.82 -0.57 23.2% 63.1% 
Warmer Wetter + CO2 0.55 0.88 -0.59 21.9% 63.9% 

 

Table 27.  Modelled effects of the Conductance-based trait on crop performance and water use and interactions 
with additional irrigation options and indicative locations for expansion of irrigated cropping (shaded in grey).  
Irrigation responses are provided for both the amount of water applied and the number of times per crop cycle 
irrigation was scheduled. 

Factors Relative Response Slopes (%/%)   Stress Indicators (for Ref) (%) 
  Cane Yield TE Irr Amount Irr Count Stress Days Transp No stress 
Irrigation Options for Supplemental irrigation locations       
Minimal 0.82 0.70 n/a n/a 31.8% 62.6% 
4 Ml, conservative 0.57 0.92 -0.81 -0.81 23.5% 52.8% 
4 Ml, risk-balanced 0.65 0.93 -0.45 -0.45 22.5% 53.3% 
2 Ml, risk-balanced 0.77 0.95 -0.23 -0.23 27.5% 55.8% 
Irrigation Options for Fully irrigated locations         
7-day interval 0.34 0.93 -0.59 -0.33 11.1% 70.8% 
14-day interval 0.40 0.92 -0.52 -0.18 13.1% 67.7% 
21-day interval 0.44 0.92 -0.47 -0.13 15.3% 65.6% 
Fully irrigated locations with restricted water allocations (14- and 21-day interval)   
Burdekin: Ayr 0.43 0.93 -0.49 -0.14 14.4% 66.7% 
Burdekin: Clare 0.45 0.92 -0.47 -0.13 16.4% 63.3% 
Tablelands: Mareeba 0.37 0.92 -0.54 -0.22 11.8% 70.0% 
Ord: Kununurra 0.53 0.89 -0.35 -0.10 22.5% 45.4% 
Gilbert: Croydon 0.53 0.90 -0.37 -0.11 23.2% 49.1% 
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We also simulated genetic variation in TE responses to stress to test whether targeting TE improvements 
for stressed or unstressed conditions would be more beneficial.  Two extra genotypes were used in which 
we changed the shape of the k vs S (transpiration efficiency coefficient vs water supply: demand ratio) 
stress response curve (Figure 5d): for K_+ a 20% increase in k was made at the unstressed end on the curve 
(S = 1) (blue line in Figure 5d), and for K+_ the 20% increase in k was made to the stressed portion of the 
curve (0 < S < 0.31) (red line in Figure 5d).  The performance of these two intermediate genotypes was 
compared against the improvements obtained by a uniform 20% improvement in k across all stress 
conditions (genotype K+20).  Simulation results showed on average 75% of the cane yield improvement 
achieved by K+20 was achieved by K_+ , with the gap between K_+ and K+20 being smallest in rainfed 
locations (Figure 17).  Improving TE under just stressed conditions (genotype K+_) contributed much less to 
yield improvements, even for crops exposed to frequent water stress (Table 26).  Although this result may 
initially seem slightly counter-intuitive, it can be explained by looking at the growth conditions under which 
most water is transpired.  On average for simulations across historical conditions, 63.4% of water was 
transpired under conditions where soil water supply completely met the daily crop transpiration demand 
(Table 26).  So it is during unstressed periods of the season, where most water is transpired and most crop 
growth occurs, that improvements in TE have most potential to provide a growth benefit, delaying the 
draw-down of water in the soil profile and the associated onset of water stress.  Note that the analysis was 
restricted specifically to TE interactions with variable water availability and did not address mechanisms of 
drought impairment and recovery, where there could be additional interactions and genetic variability. 

 

 

 

 

Figure 17.  Modelled effect of TE coefficient (k) improvement in different portions of the k vs S (water supply index) 
stress response function for three different improved genotypes (relative to the reference genotype: Ref), across 
the three types of irrigation region.  For the three improved genotypes k was increased by 20%: uniformly across all 
water supply conditions (K+20: 0 < S < 1), only under water stress (K+_: S < 0.31), and only under no stress (K_+: S = 
1).  The values above each bar indicate the proportion of the full K+20 yield benefit achieved by the two 
intermediate genotypes. 
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3.4.4 CAPPED MAXIMUM TRANSPIRATION TE TRAIT RESPONSES 

The capped-transpiration-trait did not show a linear response like the first two traits, so the relative slope 
response could not be used to summarize trait interactions.  Instead, the level of transpiration capping 
(mm/hr maximum transpiration limit) that gave the highest cane yield was determined for each set of 
growing conditions, and the performance metrics for that genotype were expressed relative to the 
performance of the reference genotype (Ref) (Table 28).  For the purposes of averaging the ‘best’ 
transpiration cap, a value of 1.5 mm/hr was assigned to the genotype where no cap was applied (T99).  For 
reference in interpreting these results, a transpiration cap above 1 mm/hr represents minimal effective 
limitation on transpiration, and the limitation becomes increasingly more restrictive as values drop below 
about 0.7 mm/hr (Figure 16c). 

On average across historical growing conditions there was an 18% improvement in TE for the ‘best’ capped-
transpiration genotypes (i.e., a relative response of 1.18 in Table 28).  These benefits were almost entirely 
associated with an equivalent 18% increase in cane yield, with no decrease in the amount of irrigation 
water used and only a 2% decline in irrigation frequency.  Note that this is in strong contrast to the 
conductance-based trait, where TE improvements were split almost evenly between production increases 
and savings of irrigation water. 

 

Table 28.  Modelled effects of the Capped-Transpiration-based trait on crop performance and water use and 
interactions with Environment and Management Factors.  The level of transpiration capping (TrCap) that gave the 
best cane yield was determined for each set of growing conditions, and the performance of that genotype was 
compared against the Reference genotype (Ref).  For each individual factor section, other factors are pooled 
together, excluding ‘atypical’ factor options.  The indicators of water stress for each set of growing conditions were 
quantified from Reference genotype simulations. 

Factors Best TrCap Relative Response (vs Ref)   Stress Indicators (for Ref) (%) 
   (mm/hr) Cane Yield TE Irr Amount Irr Count Stress Days Transp No stress 
Regions (R: Rainfed, S: Supplemental, F: Full Irrigation)         
Herbert (R) 0.52 1.18 1.18 n/a n/a 25.5% 72.3% 
Far North (R) 0.57 1.11 1.16 n/a n/a 18.2% 76.8% 
Southern (S) 0.51 1.29 1.26 1.00 0.96 30.8% 49.2% 
Central (S) 0.53 1.18 1.18 1.01 0.97 25.3% 64.0% 
Burdekin (F) 0.96 1.12 1.13 0.98 1.00 13.0% 67.8% 
Tableland (F) 1.06 1.09 1.06 1.01 1.00 10.1% 72.2% 
Soils (PAWC mm)               
Poor (73) 0.54 1.27 1.25 1.00 0.98 27.2% 48.4% 
Moderate (122) 0.66 1.15 1.16 1.01 0.98 21.4% 66.5% 
Good (232) 0.73 1.13 1.13 1.00 0.98 19.7% 75.3% 
Cropping Cycle Ratoon Date             
15 June 0.67 1.16 1.15 1.02 0.98 20.9% 61.2% 
31 August 0.67 1.15 1.15 1.01 0.97 22.1% 65.0% 
30 November 0.59 1.24 1.25 0.98 0.98 25.4% 63.9% 
Climate Scenario               
Historical 0.64 1.18 1.18 1.00 0.98 22.8% 63.4% 
Historical + CO2 0.63 1.17 1.17 1.00 0.98 22.1% 64.6% 
Warmer Drier + CO2 0.60 1.23 1.24 0.98 0.98 24.7% 62.2% 
Warmer Same + CO2 0.62 1.21 1.23 0.98 0.98 23.2% 63.1% 
Warmer Wetter + CO2 0.64 1.20 1.22 0.98 0.98 21.9% 63.9% 

 

 

As with the conductance-based trait, the magnitude of the cane yield responses for the capped-
transpiration trait was very strongly related to the amount of water stress experienced for each set of 
growing conditions: across the data in Table 28 there was a strong correlation (r = 0.86, R2 = 74%) between 
the cane yield relative response and cumulative stress days percentage.  Likewise, there was a strong 
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negative correlation between the best level of transpiration capping (TrCap) and the cumulative stress days 
for the growing conditions (r = -0.90, R2 =82%).  This stress-dependence is evident in the strong interactions 
of the capped-transpiration-based trait with each of the environmental and management factors: lower 
‘optimal’ limits of transpiration capping and stronger trait responses corresponded with greater water 
stress in poorer soils (lower PAWC), later cropping cycles, drier climate scenarios and drier geographic 
locations/irrigation practice.  A high proportion (~50 - 70%) of the water that is transpired during a crop 
growth cycle occurs during conditions where transpiration is limited by demand rather than supply, and 
would therefore be subject to the influence of transpiration capping (Table 28). 

 
Interactions of the capped-transpiration trait were explored for some additional irrigation practices and 
locations indicative of potential, more marginal, areas where sugarcane might expand in future (Table 29).  
For the supplemental irrigation regions there was little effect of the risk-balanced (vs conservative) 
irrigation practices on the performance of this trait in terms of cane yield, TE or water use.  For fully 
irrigated areas, the yield and TE benefits of this trait increased slightly as irrigation intervals increased.  For 
the indicative regions for expansion of irrigated agriculture (Ord and Gilbert), the benefits of this trait were 
slightly lower (Table 29).  However, it should be noted that the ‘best’ transpiration cap (used to select 
results for these summaries) was chosen on the basis of maximizing cane yield (at the expense of water use 
and TE) and that the high cap value (> 1.1 mm/hr) for these expansion regions allows almost unlimited 
transpiration (Figure 16c).  A full optimization for areas of future expansion would need to take water 
availability and other localized restrictions into account. 
 

Table 29.  Modelled effects of the Capped-Transpiration-based trait on crop performance and water use and 
interactions with alternative irrigation options and indicative locations for expansion of irrigated cropping (shaded 
in grey).  Irrigation responses are provided for both the amount of water applied and the number of times per crop 
cycle irrigation was scheduled. 

Factors Best TrCap Relative Response vs Ref   Stress Indicators (for Ref) (%) 
  (mm/day) Cane Yield TE Irr Amount Irr Count Stress Days Transp No stress 
Irrigation Options for Supplemental irrigation locations         
Minimal 0.48 1.24 1.24 n/a n/a 31.8% 62.6% 
4 Ml, conservative 0.57 1.22 1.19 1.02 0.93 23.5% 52.8% 
4 Ml, risk-balanced 0.59 1.19 1.18 0.99 0.96 22.5% 53.3% 
2 Ml, risk-balanced 0.52 1.23 1.22 0.98 0.97 27.5% 55.8% 
Irrigation Options for Fully irrigated locations           
7-day interval 1.02 1.09 1.09 0.99 1.00 11.1% 70.8% 
14-day interval 0.96 1.13 1.12 0.99 1.00 13.1% 67.7% 
21-day interval 0.89 1.16 1.15 0.99 1.00 15.3% 65.6% 
Fully irrigated locations with restricted water allocations (14- and 21-day irrigation interval)   
Burdekin: Ayr 0.84 1.16 1.19 0.96 1.00 14.4% 66.7% 
Burdekin: Clare 0.93 1.16 1.13 1.00 1.00 16.4% 63.3% 
Tablelands: Mareeba 0.99 1.11 1.08 1.01 1.00 11.8% 70.0% 
Ord: Kununurra 1.17 0.95 0.89 1.06 1.00 22.5% 45.4% 
Gilbert: Croydon 1.12 0.98 0.92 1.05 1.00 23.2% 49.1% 
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