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1. Abstract 
 
Chardonnay on Ramsey rootstock was studied for its long-term responses in 
physiology and productivity to prolonged sustained deficit irrigation (SDI) and 
recovery for various periods in a warm climate at Yalumba’s Oxford Landing 
Estate near Qualco, South Australia. Irrigation rates (varied frequency or depth 
in one case) were 10%, 20%, 30%, 30%D (reduced depth), 50% and 100% of 
normal industry rates corresponding to between 12% and 82% of ETc on 
average over four seasons. SDI of 10% resulted in moderate effects on leaf 
physiology, with net CO2 assimilation dropping by about 50% and closely linked 
to stomatal conductance.  This was independent of the consecutive year of SDI, 
and recovery in most cases occurred within the subsequent season of full 
irrigation. Stomatal conductance and midday stem water potential were good 
measures of the degree of vine water stress. Prolonged SDI and recovery 
resulted in a moderate decrease in yield (about 50% at 10% SDI) largely due to 
reduced berry weight. This shifted vine balance into a state of overcropping 
based on the ratio of yield:pruning weight. Increased juice pH with increasing 
deficit would potentially reduce wine quality.  These changes were independent 
of the number of seasons of deficit. Recovery of yield after one year of 10% SDI 
could take up to three seasons and after longer periods of SDI, vines had smaller 
trunks and therefore reduced total carbohydrate reserves that may compromise 
resilience.  Trunk carbohydrate concentration at budburst was correlated to 
yield across seasons and in response to SDI, but there was no effect on trunk 
carbohydrate concentration in dormancy. Despite up to four seasons of SDI as 
low as 10% of control irrigation, only very limited effects were seen on the vine 
root systems.  As SDI increased, from 50% to 10%, fine root surface area 
decreased to approximately 60% at 10% SDI. New methods of measuring vine 
water stress were developed using near infrared reflectance spectroscopy 
(correlated to vine water potential) and thermal imaging of canopies (correlated 
to stomatal conductance). Canopy leaf area index and porosity are shown to be 
accurately measured using a cover photography method that has recently been 
developed into an iPhone app.   
 
 
 
 
Abbreviations: SDI sustained deficit irrigation; LWP midday leaf water 
potential; SWP midday stem water potential; PDWP pre-dawn leaf water 
potential; g leaf conductance; gs stomatal conductance; A leaf net CO2 
assimilation; E leaf transpiration rate; NIR near infrared; PCA principal 
component analysis; PC principal component; PLS partial least squares 
regression; PRESS prediction residual error sum of squares; R coefficient of 
correlation in validation; RWC relative water content; SECV standard error in 
cross validation; SD standard deviation;  WUE water use efficiency; WUEi 
instantaneous water use efficiency = A/gs ; NSC non-structural carbohydrate;  
LAI Leaf area Index; ETc crop evapotranspiration; ANOVA analysis of variance; 
TSS total soluble solids; TA titratable acidity; GDD growing degree days (taken 
with base ten degrees centigrade); MJT mean January temperature 
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2. Executive summary  
 

Changes in global climate and decreased water availability over the past 20 years 
in Australia have prompted research into the short and long term effects of 
environmental stresses on grapevines and their resilience to those stresses. The 
long-term effects of water stress on grapevine physiology and productivity and 
in particular on the way carbohydrates are assimilated and stored in the plant 
are still not well understood.  Furthermore there are no studies to date that have 
examined in detail the recovery process after long term deficit irrigation. The 
main objectives of this project were to: i) characterise the impact of significant 
reductions in irrigation on vine physiology and productivity over a 3-4 year time 
frame, ii) determine the way water and carbon economies of the grapevine are 
integrated under these conditions, iii) obtain information on the physiology of 
vines in recovery after severe water stress has been applied and conditions 
revert to normal, iv) develop new vine stress monitoring tools.  
 
The main field study comprised six irrigation regimes imposed on mature 
Chardonnay vines on Ramsey rootstock, growing in a warm to hot semi-arid 
environment.  The irrigation regimes consisted of Control (100%) (approx. 5ML 
ha-1 season-1 typical for the region) and reductions to 50%, 30%, 20% and 10% 
from the control, which constitute sustained deficit irrigation (SDI). The 
reduction consisted of reduced frequency of irrigation rather than reduced depth 
at each irrigation event. Normal irrigation was provided up until fruit-set.  One 
treatment included a reduced irrigation depth but same frequency as controls 
(30%D).  After the 2008-09 season, one section of each irrigation treatment was 
restored to control irrigation levels in order to study the recovery after reduced 
irrigation.  Vine water stress and gas exchange were monitored at key stages in 
addition to standard berry development, berry composition, yield and yield 
components during the trial.  Trunk, leaf and root samples were collected at key 
stages to be analysed for non-structural carbohydrate (NSC) concentration. 
Mini-rhizotron tubes were installed to examine the dynamics of root growth.   
 
Over the course of four seasons the 10% and 30%D treatment caused the 
greatest degree of physiological stress, and when recovery was not attained in 
the first season of full irrigation, it was more likely to be observed within the 
following season or after more consecutive seasons of SDI i.e. more than one 
season of deficit resulted in longer recovery times. Stomatal conductance was 
generally the most sensitive parameter. With respect to the levels of SDI and 
their absolute effects on vine physiology, often the 50% and occasionally the 
30% treatments showed only small reductions in leaf water potential and leaf 
gas exchange.  This would indicate that this level of SDI would have only minimal 
effects on vine physiology. Of all the SDI treatments, the 20% treatment 
appeared to give the optimum stomatal conductance and net carbon dioxide 
assimilation suggested by previous research for optimal grape quality, but leaf 
water potentials were often more negative than observed in the other 
treatments, suggesting that the 30% treatments may be a safer option as a target 
based on leaf physiology. 
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For vine yield there was a trend over three seasons of SDI for yield to recover 
towards that of the control.  After return to 100% irrigation there appeared to be 
an over-compensation effect with higher yields in the fourth season of recovery. 
Recovery was not as evident in the pruning weights for the low SDI (10%, 20%, 
30%D) but may occur for the 30% and 50% SDI. A conservative estimate for 
complete recovery of yield after one year of SDI would be in the third season of 
full irrigation, but recovery can occur earlier for less extreme SDI. Leaf area 
index (LAI) did not fully agree with pruning weight in that LAI did not show any 
difference in recovery kinetics between 10%, 20%, 30% and 30%D SDI, however 
for 10% SDI both LAI and pruning weight recoveries were in agreement. It 
should be noted that the 2008-09 season had a low effective rainfall during the 
growth season compared to the following three seasons in which recovery after 
one year of SDI was examined.  Therefore, we have examined one scenario where 
the SDI year was more extreme and the recovery years less extreme in terms of 
total water applied.  
 
For three out of four seasons (2008-09, 2010-11, 2011-12) the linear 
relationship between yield and irrigation plus effective rain were not 
significantly different and across all years the slope of the regression lines are 
not significantly different, providing a common slope of 0.014 kg vine-1 mm-1.  
This translates to 21.1 kg ha-1 mm-1 or 2,108 kg ha-1 ML-1 gained in yield per 
hectare for every mm or ML total water (rain plus irrigation) applied 
respectively.   Note that this is the incremental water productivity and not the 
absolute water productivity since the regression lines do not intercept at the 
origin.  So for example, for 2008-09, 2010-11 and 2011-12 seasons the absolute 
water productivity at 200 mm of total water applied was 7.2 tonne ML-1 ha-1.  
This probably indicates that vines had access to a stored water source perhaps 
deeper in the profile or from winter rainfall. However, the main determining 
factor for yield was the total water applied in any season, irrespective of the 
number of seasons prior where water applied was above or below the average.   
The main yield components affected by SDI were berry weight and bunch weight, 
with bunches per vine and berries per bunch generally not affected by SDI. The 
recovery information may suggest a strategy for handling reduced irrigation 
allocations, i.e. one year at 10% SDI followed by one year at 50%, potentially 
allowing reasonable yields and quality over a several-year time frame.  This 
“year-to-year pulsed-SDI” strategy may also condition vines for SDI in the future. 
 
Generally there was no effect of SDI on the rate of evolution of berry weight, TSS, 
pH or TA despite there being significant differences between treatments in initial 
and final levels of these parameters. For the first two seasons comprising one 
and two years of SDI, there were significant interactions between time and 
treatment for sugar accumulation on a per berry basis indicating that sugar 
accumulation per berry was decreased under increased deficit. Overall, juice pH 
(increased with deficit) and sugars per berry (decreased with deficit) were the 
most sensitive berry compositional characters that in some cases revealed a 
carry-over effect from previous years of SDI into the recovery seasons. However, 
it was surprising that successive seasons of reduced irrigation gave the same 
characteristics of the effects of total water applied on pH, indicating that if carry-
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over occurred from previous deficits this did not change significantly the 
response in juice pH to total water received by the vines. 
 
Reduced irrigation had a significant impact on trunk carbohydrate storage in the 
immediate post-harvest period, and sugar concentration in the trunk was 
negatively correlated with the previous yield both across seasons and within a 
season. There was no effect of SDI on NSC at dormancy, yet yield could be 
predicted from the NSC concentrations in vine trunks at budburst that 
responded both to SDI and other variables. Recovery of NSC concentration in the 
trunk appeared to be complete after one season after successive seasons of the 
10% SDI, but total trunk capacity to store carbohydrate is reduced substantially 
due to reduced growth under SDI over four years.  There was an interesting 
asymmetry in trunk growth with larger diameter in the direction of the vine row 
that was associated with the 10% SDI that could indicate the direction that roots 
grow within the row.  Fine roots had higher carbohydrate storage than trunks 
but data were limited due to measurement difficulties. Leaf carbohydrate was 
dependent on phenological stage but was not affected by SDI.  
 
Taking advantage of the expertise we gained in the project using near infrared 
(NIR) spectroscopy (see below) we also investigated whether NIR could be used 
to predict starch and NSC concentration in freeze-dried and ground grapevine 
trunk and leaf tissues. We demonstrated that a robust universal model could be 
applied to the prediction of TNC in both leaves and trunks, making it a practical 
tool for a rapid screening of TNC concentration in grapevine tissues at given 
phenological stages. The advantages of this method are the speed of the analysis 
(less than 30 seconds required for the spectrum to be collected) and the 
elimination of the use of chemical reagents. Monitoring the spatio-temporal 
distribution of TNC concentration with NIR will help management decisions 
based on the data we provide on critical stages for measurement.  
 
We also examined the dynamics of root growth in the major field trial. 
Mini-rhizotron tubes were installed in three of the irrigation treatments (30%, 
50% and 100%) and imaging was undertaken for the final three years of the five, 
providing data for a) the third year of SDI, b) the first year of full irrigation 
following three years of SDI, c) a fourth year of SDI, d) the second year of full 
irrigation following three years of SDI and e) the first year of full irrigation 
following four years of SDI. Mini-rhizotron imaging was matched with bi-annual 
soil coring, from which roots were extracted and root length and dry mass 
determined.  Fine root dry mass (0.6 to 0.8 kg m-3) demonstrated intra- and 
inter-seasonal differences. Root length density was not significantly different 
between seasons, averaging 4.5 km m-3 at veraison from the same samples. Over-
wintering fine root length and biomass were reduced by SDI, with the effect 
increasing with increasing deficit. The impact at veraison was less, with 
reductions not significant. The data also indicated a greater proportion of new 
roots was present each season under SDI than under control irrigation, which 
matched the observation from the cores that SDI effects on root length were 
present in winter, but not during the growing season. Despite up to four seasons 
of deficit irrigation as low as 10% of control irrigation, only very limited effects 
were seen on the vine root systems. These results demonstrate the resilience of 
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the root system when faced with soil water stress and the ability of the vine to 
increase the resource allocation to the root system under these circumstances. 
The mini-rhizotron system also demonstrated the remarkable longevity of fine 
roots in this vineyard of Ramsey rootstock in sandy soils in a hot climate.  
 
For tools to rapidly monitor vine water stress we focussed on three techniques: 
Near infrared (NIR) spectroscopy, infrared (Thermal or IR) imaging and canopy 
imaging to measure leaf area index. These are expanded upon below: 
 
NIR spectroscopy was evaluated as a method to estimate water potential of 
grapevines. Cabernet Sauvignon, Chardonnay and Shiraz leaves were scanned 
using an Integrated Spectronic or an ASD FieldSpec® 3 (350-1850 nm) 
spectrophotometer and then measured to obtain leaf and stem water potentials 
using a pressure chamber. Calibrations were built and NIR showed good 
prediction ability for stem water potential for the three grapevine varieties and 
for the two seasons studied. The best calibration was obtained for the prediction 
of stem water potential in Shiraz (R= 0.92 and a SECV= 0.09 MPa). Differences in 
the NIR spectra were related to the leaf surface from which the spectra were 
collected, and this had an effect on the accuracy of the calibration results for 
water potential. However we demonstrated that NIR can be used as a simple and 
rapid method to detect grapevine water status. The advantages of this new 
approach are speed and low cost of analysis. It would be possible for NIR to be 
used as a non-destructive, in-field tool for irrigation scheduling. 
 
Thermal imaging of crop canopies has been proposed more than a decade ago as 
a sensitive methodology to determine water status of different crops. However, 
this technique has not been fully applied for irrigation scheduling purposes 
mainly due to a lack of consensus in the adequate use of the technique for 
different crops. We developed an automated methodology using MATLAB® 
programming techniques to analyse infrared thermal images taking into 
consideration the pitfalls pointed out previously in the literature. The proposed 
method was tested in the reduced irrigation and recovery trial for Chardonnay in 
the 2010-11 season, and in the 2009-10 season from seven varieties. There was 
a clear separation (assessed by principal component analysis) between control 
and recovery compared to stress treatments using stomatal conductance and 
stem water potential, and indices derived from canopy temperatures measured 
by infrared imaging. High and significant correlations were found between 
canopy temperature indices and other measures of water stress obtained in the 
same vines that were independent of leaf area index. Results have shown that 
the automated analysis of infrared thermal images is a suitable method to 
rapidly obtain critical information of grapevine water status for irrigation 
scheduling purposes. 
 
Monitoring of canopy vigour is an important tool in vineyard management to 
obtain balanced vines (vegetative vs reproductive organs) and to monitor 
seasonal water deficits. Leaf area index is the main parameter representing 
canopy vigour. We tested an automated computational method to obtain leaf 
area index and canopy vigour parameters from grapevines with digital 
photography and video analysis using MATLAB programming techniques for 
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rapid data uptake and gap size analysis. A temporal and spatial assessment of the 
method was tested in the sustained deficit and recovery experiment and these 
data were geo-referenced and compared to the normalised difference vegetation 
index extracted from the WorldView-2 satellite images at a 2 m2 per pixel 
resolution. The maximum leaf area index data obtained with cover digital 
photography and video analysis are an accurate, cost-effective and easy-to-use 
method to estimate spatial and temporal canopy LAI and structure when 
compared to standard measurements (allometry and plant canopy analyser).  
We demonstrated that the method proposed is an accurate and inexpensive tool 
for application in experiments and by the industry to monitor spatio-temporal 
distribution of vigour.    
 
This project has met all the primary objectives and has provided: 
 

• Valuable information on vine water relations and leaf gas exchange 
during prolonged SDI and recovery indicating that despite moderate 
effects on leaf physiology, recovery from SDI is relatively rapid and that 
stomatal conductance is a good measure of the degree of vine water 
stress. 

• Yield, yield components and berry composition as affected by prolonged 
SDI and recovery indicate that Chardonnay on Ramsey rootstocks 
growing in a warm dry climate can tolerate down to 10% of normal 
industry irrigation rates (average of 12% of ETc) for up to four seasons 
(depending on rainfall) and still survive and be potentially recovered for 
normal productivity.  However, recovery of productivity could take up to 
three seasons after one year of SDI at 10% and prolonged SDI resulted in 
poor vine balance towards overcropping. 

• A better indication of rates of irrigation that could save significant 
quantities of water.  For example, 50% SDI showed little difference to 
100% and could be used more routinely without significant effects on 
productivity for Chardonnay on Ramsey rootstock. 

• Information on the best strategy for saving water during periods of water 
shortage or increased water costs.  For example, it would not be 
recommended to reduce the depth of irrigation since this option resulted 
in greater vine stress and greater reduction in vine productivity 
compared to the equivalent amount of irrigation at reduced frequency. 

• Vine carbohydrate dynamics that can be predictive of yield across seasons 
and in response to SDI. 

• Root growth dynamics under SDI and recovery that indicate their 
important role in the overall response of the vine and the remarkable 
resilience of Ramsey rootstock to water deficits. 

• New methods for rapidly assessing vine water stress in a field context 
using NIR, IR imaging, and canopy digital imaging.  
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3. Background  
 
The Australian wine industry was facing an unprecedented challenge to maintain 
wine production and quality in the millennium drought from 1995-2009.  This 
was a severe, immediate challenge, but climatic prediction indicates that such 
events will become more frequent and will occur against a backdrop of 
increasing temperature and evaporative demand, and quantitative and 
qualitative deterioration of water resources 
(http://www.bom.gov.au/climate/updates/articles/a010-southern-rainfall-
decline.shtml).  There has been considerable R&D to improve crop water use 
efficiency that accounts for secondary effects such as soil degradation and 
salinisation, but a major gap in our knowledge restricting our ability to offer 
clearer alternatives to industry under current conditions and future scenarios is 
in the longer term effects of such stresses on vines. This is critical to decision 
making and is determined by the ways in which carbohydrate is allocated in the 
vine under a range of environmental stresses. Water and carbohydrate are 
closely linked through photosynthesis and transport within the vine. How 
carbohydrate is allocated for storage, root growth and fruit production ultimately 
determines the resilience of the vine and its ability to recover and produce a crop 
in the subsequent years. This was highlighted in a GWRDC funded workshop on 
carbohydrate allocation (Walker and Winter, 2006, GWRDC Report). 
Carbohydrate allocation determines the future production capability of vines that 
have been induced into survival mode and the exploitation of soil water reserves 
through changes in root architecture.  This project sought to address these 
shortcomings by developing new tools to help in assessing vine performance 
under stress and determining the way water and carbon economies of the 
grapevine are integrated.  

 
Key elements in the success of survival mode strategies is to have (i) excellent 
vine monitoring tools and better knowledge of vine carbohydrate allocation, and 
(ii) models linking carbohydrate allocation, survival and future performance. The 
project focused on developing better tools for vine stress measurement using 
Near Infrared Reflectance spectroscopy (NIR), thermal imaging (Infra Red, IR) 
techniques and sap flow sensors that allow more integrated whole of vine block 
measurements. Modeling the associations of plant physiological status, including 
amount and distribution of reserve carbohydrates, and its consequences for 
survival and future performance is a very complex issue, as many interacting 
factors would contribute to the final outcome (e.g. variety, rootstock, irrigation 
method used for crop establishment, water quality). Nonetheless, the 
circumstances towards the end of the millennium drought offered a unique 
opportunity to assess survival mode options under restricted irrigation and 
subsequent recovery and this has allowed us to develop some of the fundamental 
building blocks for future models, and better tools and strategies to minimise the 
impact of low water applications.  
 
This report is comprised of nine main results chapters, some of which are 
published papers, that address the carbon and water economy of vines subjected 
to long term reduced irrigation and recovery (Chapters 6.1 to 6.5), and new tools 
for monitoring vine carbohydrate status, water status and canopy growth 
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(Chapters 6.6 to 6.9).  Chapters 6.7, 6.8 and 6.9 are presented as the published 
papers. 
 
Thus the two major components of this project were: 
 

 
1. The Reduced Irrigation and Recovery Trial was largely undertaken at the 

Yalumba Oxford Landing site in the Riverland on mature Chardonnay 
vines (details below in Methods).  Here measures of vine productivity 
(yield and yield components), carbohydrate dynamics, root growth and 
physiology (photosynthesis, water use and water relations) were made in 
order to determine the impacts of different deficit irrigation levels and 
the effects of duration (seasons) on recovery. 
 

2. New tools for monitoring vine function under water stress and recovery 
using NIR and IR technology was undertaken at a number of sites 
including preliminary experiments at the Coombe vineyard 
(34°58'3.47"S; 138°38'0.43"E) at the University of Adelaide, then mainly 
at the Oxford Landing site in the Reduced Irrigation and Recovery Trial, 
and in the Project Extension, more commercially oriented trials were 
begun with Treasury Wine Estates (TWE) at Wynns Coonawarra Estates. 

 
 

4. Project Objectives, Outputs and Performance targets  
 
4.1 Objectives 
 
Initial project (2008-2011) 
 
1. Develop and refine new NIR and thermal imaging (IR) techniques to monitor 

vine and berry health and response to stress. This will help further 
development and practical implementation of our findings to assist with both 
crop management under extreme drought and crop management for yield, 
berry and wine quality under recovery from stress. 

2. Characterise the impact of severe water stress on vine physiology, with 
emphasis on whole grapevine transpiration, carbohydrate allocation and roots 
development. Integration of genetic, environmental and management drivers 
of crop survival and future production are required for effective management 
of crops during and after severe stress episodes. 

 
Extension (2012-2013) 
 
3. The principal objective is to quantify irrigated grapevine response and 

recovery to various durations and degrees of water stress. The project 
extension will provide knowledge on longer-term effects of both deficit and 
recovery that will greatly enhance the range of scenarios to which the project 
outcomes can be applied. This will enable effective decision making by 
grapegrowers faced with changing irrigation allocations and policy makers 
faced with determining those irrigation allocations. 
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4. Characterise the recovery of vine physiology, growth and production from 
severe water stress, with an emphasis on integration of whole grapevine 
transpiration, carbohydrate allocation and root system development. 
Integration of genetic, environmental and management drivers of crop 
survival and future production are required for effective management of crops 
during and after severe stress episodes. 

5. Develop and refine new Near Infrared Reflectance Spectroscopy methods to 
rapidly measure vine water stress and carbohydrate allocation. 

6. Develop multi-seasonal irrigation strategies for grapegrowers on managing 
reduced irrigation allocations in conjunction with policy recommendations on 
drought allocations. 
 
 

 
4.2 Outputs and Performance Targets (2008-2011) 
 
Outputs and Performance Targets 2008-09 
Outputs Performance Targets 
1. Industry advisory group formed Industry representatives agreed to 

collaborate with the project on an 
advisory role 

1. Research staff appointed 2 x research staff appointed, in addition 
to UA postdoc and CSIRO PhD 
studentship  

2. Field sites and trials fully established At least two contrasting field sites 
established with vines on rootstocks. 

3. NIR equipment, sap flow sensors plus 
dataloggers and mini-rhizotron 
equipment specified. 

Equipment purchased. 

4 Assess the feasibility of NIR for the 
determination of water potential and 
other parameters in leaves and 
continue the development of IR for 
determination of canopy 
conductance.  Conduct trials of those 
applications determined to be 
feasible for vineyard application. 

Calibrations available for key varieties. 

5. Information on vine health indicators 
in 2 year stressed vines at key 
phenological stages after one year of 
recovery 

Results on vine health indicators 
available  

6. 2-3 yrs field data available Industry update on trial outcomes from 
first 2 years. 

 



 

 14 

Outputs and Performance Targets 2009-10 
Outputs Performance Targets 
1. Information on physiology of vines in 

recovery  
Data available 

2. Information on correlations between 
carbohydrate storage, vine health 
indicators and phenology and fertility 
related to past water stress history. 

Correlation data examined and available 

3.  Prepare technical notes on the 
application of NIR and IR techniques 
as plant performance indicators, with 
details on standard procedures for 
processing and sample handling. 

Technical notes available 

4. Dynamics of root growth for water 
stressed vines and estimation of 
carbohydrate allocation to roots and 
other vine components. 

First season of data available 

5. Wine made from 2 –year stressed 
vines. 

Wine available for sensory analysis 

6. 3 yrs field data available Industry update on trial outcomes from 
first 3 years. 

 
Outputs and Performance Targets 2010-11 
Outputs Performance Targets 
1. Publications on vine carbohydrate 

dynamics and stress history 
Publications in refereed journals  

2. Development of relationship between 
carbohydrate storage, berry sugar 
accumulation and water stress 
history. 

Model components identified 

3. Publish and communicate (e.g. 
refereed journal/ industry journal), 
papers describing the application of 
NIR and IR for measurement of water 
potential and conductance in leaves. 

Second season of calibration data, 
combined with water stress monitoring 

4. Information available to industry on 
scenarios arising from drought 
induced vine stasis. 

Presentation to industry forums 
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4.3 Project Extension Outputs and Performance Targets (2011-2013) 
 
 
 
Outputs and Performance Targets 2011-12 
Output Activities 
Knowledge on long-term effects of water 
deficit and 1 yr recovery on vine 
physiology. 

Leaf gas exchange, water potentials, sap 
flow and carbohydrate allocations 
measured at key phenological stages. 

Knowledge on long-term effects of water 
deficit and 1 yr recovery on growth and 
production. 

Leaf area index measures and trunk 
diameter during season 2011-2012. Berry 
maturity rate and yield components for 
harvest 2012. 

Knowledge on long-term effects of water 
deficit and 1 yr recovery on root system 
development. 

Mini-rhizotron measures of root 
development at key phenological stages 
in season 2011-2012. 

 
Outputs and Performance Targets 2012-13 
Output Activities 

Integration of 4 years of field data during 
water stress and various periods of 
recovery. 

Data analysis across all 4 years of 
physiology, growth and yield 
measurements to extract treatment 
effects from seasonal differences. 

Near Infrared Reflectance Spectroscopy 
methods to rapidly measure vine water 
stress and carbohydrate allocation. 

Calibrations for NIRs for carbohydrate 
analysis on extracted vine material and 
other indices of water stress/gas 
exchange in leaves. 

Industry update on trial outcomes from 4 
years. 

Technical article written for industry 
journal. 

Knowledge on long-term effects of water 
deficit and 2 yr recovery on vine 
physiology. 

Leaf gas exchange, water potentials and 
carbohydrate allocations measured at 
key phenological stages. 

Knowledge on long-term effects of water 
deficit and 2 yr recovery on growth and 
production. 

Leaf area index measures and trunk 
diameter during season 2012-2013. Berry 
maturity rate and yield components for 
harvest 2013. 
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Outputs and Performance Targets 2013-14 
Output Activities 

Integration of 5 years of field data during 
water stress and various periods of 
recovery. 

Data analysis across all 5 years of 
physiology, growth and yield 
measurements to extract treatment 
effects from seasonal differences. Analysis 
of relationships between carbohydrate 
storage, berry sugar accumulation and 
water stress history. 

Industry update on final trial outcomes 
from 5 years. 

Presentations and workshop at 15th 
AWITC, plus publications in wine industry 
journals.  

Innovators Network material developed. 
Innovators Network material on 
‘recovery from drought’ developed in 
consultation with the GWRDC. 

Final report to GWRDC 

Final analysis of outcomes and options 
for multi-seasonal irrigation strategies 
for grapegrowers on managing reduced 
irrigation allocations. Policy 
recommendations on drought allocations. 
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5. Methods: Main field trial site 
 
Detailed methods will be provided in each Chapter.  Here we provide a 
description of the primary trial site for the study.  
 
5.1 Yalumba Oxford Landing: Reduced Irrigation and Recovery Trial 
Structure 
 
In collaboration with Yalumba Nurseries a restricted volume irrigation trial was 
established in mature Chardonnay grapevines grown at Oxford Landing near 
Qualco, SA (34° 6'0.76"S; 139°50'55.76"E). The soil consists of 5-25 cm topsoil of 
a loamy-sand, and the subsoil is sandy loam to loamy-sand. There has been no 
water table within 3.5 m of the surface, and irrigation water salinity at nearby 
Hogwash Bend ranged from 160-673 dS/m.  
 
Chardonnay vines (nine years old) grafted on Ramsey rootstock were trained on 
a two wire vertical trellis system with a vine spacing of 1.8 m between vines and 
3.05 m between rows.  Cordon height was 1.1 m and row orientation was aligned 
East-West.  The irrigation reductions were applied for 1, 2, 3 and 4 irrigation 
seasons after which point the irrigation reverted to normal practice (Control) to 
assess grapevine recovery.  In the 2007-08 irrigation season before the trial 
began, all vines in the trial received 4.77 to 4.83 ML/ha of irrigation. 
 
The whole trial was established in 60 rows made of 92 vines each, covering a 
total area of 3.68 ha. The trial design was ‘strip-plot’, with four blocks (replicate), 
each containing six irrigation treatments that covered three entire rows, each 
block consisting of 18 rows in total. Within a replicate, each treatment consisted 
of three rows and the rows were divided in three sections of 30 vines each. In the 
middle row of each treatment, the middle vine in each section was generally 
selected for measurements. The blocks were then split into three subplots, to 
allow irrigation treatments to be applied for one, two or three seasons before 
reverting to standard irrigation (referred to as ‘year 1’, ‘year 2’ and ‘year 3’ 
respectively). After three seasons each ‘year 3’ plot was split into two, to create a 
‘year 4’ treatment, with a fourth season of irrigation treatments. For the fifth 
season, all sections were provided with standard irrigation.  Figure 1 provides a 
diagram of the trial layout for year 1 (2008-09), year 2, year 3, and year 4. 
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Figure 1  Trial design showing Block 1 and 2 only and illustrating how the 
sustained deficit irrigation (SDI) vines were returned to full irrigation over the 
four years.  For the 2012-13 season all vines returned to full irrigation. The 
colour code in the middle of the diagram shows the SDI levels used. 
 
 
The irrigation treatments were: Control (normal irrigation practices) and 
reductions to 50%, 30%, 20% and 10% of the Control.  The irrigation volume 
applied at each irrigation event in these five treatments was the same hence to 
apply the reductions in irrigation, the interval between irrigation events was 
increased to achieve the lower amounts.  All treatments were fully irrigated until 
fruitset. To further elucidate the best irrigation strategies under low irrigation 
conditions such as was current in the Riverland region of SA in 2008, an 
additional 30% irrigation treatment was included (30% D). This treatment was 
applied at the same frequency as the Control but for only 30% of the irrigation 
run time. This will determine if there was benefit in applying small irrigations at 
high frequency (30% D) or deeper irrigations at low frequency (30% I). 
 
To deliver the six irrigation treatments totally independently of each other, a 
remotely accessed irrigation controller, five new submains and seven pulse 
flowmeters were installed at the site (Figure 2). All irrigation treatments were 
delivered in three row blocks and were separately programmable in the 
controller. Seven pulse flowmeters were installed to verify the irrigation 
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volumes applied were similar to those calculated in the irrigation schedule. All 
treatments were irrigated with Netafim Dripmaster pressure compensated in-
line drippers with a 2.3 L h-1 of flow.  All irrigation events were scheduled to 
apply 6 mm in 4 hr. 

 
Figure 2 Installation of the irrigation controller, five new submains and pulse 
flowmeters. 
 
An irrigation schedule was calculated by SARDI using the ICMS (Irrigated Crop 
Management Service) Seasonal Water Budgeting Tool. Yalumba staff scheduled 
the irrigation controller using this with minor modifications throughout the 
irrigation season. Each week, both SARDI and Yalumba staff were able to 
download and monitor the applied irrigation volumes calculated from scheduled 
hours and pulse flowmeter outputs. SARDI have entered the irrigation data into 
the ICMS, IRES (Irrigation Recording and Evaluation System) v3.0 to generate 
irrigation volumes per treatment. Two test-well sites were installed within the 
high and low contours of the trial site. Since installation in August 2008, both 
test-wells have remained dry to the bottom of the test-wells at 3.6m (low point) 
and 5.07m (high point). 
 
5.2 Climate across seasons and irrigation rates 
 
Table 1 provides a summary of the season climate data, rainfall, calculated ETc 
and treatments total irrigation for each season. Climate data were collected from 
an automatic weather station at the vineyard and from a SA Murray Darling 
Basin Natural Resources Management Board automatic weather station 
approximately 2km east of the trial site (SAMDBNRMB 2011 ). Rainfall was 
considered effective if >5mm was recorded within a 24-hour period. 
 
5.3 Phenology 
 
Table 2 provides dates for each season of key phonological stages.
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Table 1  Summary of seasonal climate data, rainfall and calculated ETc and 
treatments total irrigations for each season. 

Season aGDD 
(oC day) 

bMJT 
(oC) 

cEffective 
Rain (mm, 
1st Sept – 
1st May) 

dTotal ETc 
(mm, 1st Sept 
– 1st May) 

Treatment 
(% full 
irrigation) 

eIrrigation 
(mm) 

2008-
2009f 

2129 
 

24.4 
 

38.6 
 

665.5 
 

10 
20 

30D 
30 
50 

100 

90 
131 
185 
176 
262 
525 

2009-
2010f 

2331 
 

23.8 
 

169.2 
 

649.1 
 

10 
20 

30D 
30 
50 

100 

73 
123 
186 
222 
271 
613 

2010-
2011f 

1849 
 

24.0 
 

287.2 
 

525.41 
 

10 
20 

30D 
30 
50 

100 

88 
109 
166 
223 
276 
509 

2011-
2012g 

2084 
 

23.6 
 

144.2 
 

596.325 
 

10 
20 

30D 
30 
50 

100 

37 
65 

126 
117 
187 
365 

2012-
2013h 

2285 
 

23.6 
 

36 
 

 100 492 

a Growing degree days subtracting a base temperature (10°C) from the average temperature 
recorded each day from 1 October to 30 April and then summating all values above zero. 
b Mean January temperature. 
c Effective rain is summation of rainfall between 1 Sept. and 1 May discounting all daily rainfall 
events less than 10 mm. 
d Total crop evapotranspiration based on ETo (Tall) which is a recalculation for tall crops in arid 
environments and with the following crop coefficients: Sep. 0.3, Oct. 0.3, Nov. 0.5, Dec. 0.7, Jan. 
0.7, Feb. 0.7, Mar. 0.7, Apr. 0.45. Note that ETc is probably underestimated for the lower rates in 
later years. 
e Irrigation divide by 100 to get ML/ha 
f  Irrigation between 1  September and 1 May  
g  Irrigation between 1 September and harvest at end January 
h Irrigation between 1 September and harvest at end February 
 
Table 2 Dates for key phenology stages in each season of the study 
 

Phenology stage Season 1 Season 2 Season 3 Season 4 

Budburst 8-Sep-08 6-Sep-09 30-Aug-10 3-Sep-11 

Flowering 4-Nov-09 29-Oct-09 11-Nov-10 1-Nov-11 

Veraison 7-Jan-09 30-Dec-09 3-Jan-11 29-Dec-11 

17 oBrix 25-Jan-09 19-Jan-11 9-Feb-11 14-Jan-12 
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6.0 Results and Discussion 
 
6.1 Effect of SDI and recovery on vine water relations and gas exchange. 

Introduction 
 
Alternative approaches to irrigation scheduling are based on the physiological 
knowledge of grapevine response to water stress. The most common direct 
sensing methods are of midday leaf water potential (Ψleaf), and stomatal 
conductance (Flexas et al., 2010).  The pressure chamber technique of measuring 
Ψleaf, which is a destructive method, has been assessed in several cases for 
grapevine as a relatively simple and rapid measurement (Cifre, et al. 2005,Naor, 
et al. 1997,Sibille, et al. 2007,Tregoat, et al. 2002,Williams and Araujo 2002).  
Another method to assess water status is pre-dawn leaf water potential (Ψpre-

dawn), which is thought to be a surrogate for soil water potential. Physiological 
thresholds in water potential and gas exchange characteristics have previously 
been suggested as being able to indicate the optimum level of deficit irrigation to 
achieve good water use efficiency, reasonable yields and good quality grapes for 
winemaking (Flexas, et al. 2010,Romero, et al. 2010). In this chapter we explore 
these characteristics that to date have not been examined over such a long 
duration of stress and during recovery. 
 
We assess the more traditional aspects of gauging vine water stress over long 
periods of seasonal continuous deficit and recovery. In addition, the basic water 
relations and gas exchange responses provide us with potential physiological 
causes of yield reduction and reallocation of carbohydrates within the vine.  This 
forms a backdrop to the following chapters on vine productivity responses to 
long-term deficits and recovery. There are no comparable studies that we are 
aware of that have investigated leaf water relations and gas exchange during 
recovery over seasons after long-term deficits. Short-term recovery experiments 
on potted vines are more common e.g. (Pou, et al. 2012).  Though a long term 
recovery experiment has been conducted for saline irrigated vines (Stevens and 
Partington 2013) gas exchange data are not available. Another study 
investigated long-term deficits on Chardonnay productivity, but there are no 
data on leaf physiology (Williams 2014) or recoveries from deficit. The data 
presented here provide for the first time a comprehensive analysis of the long-
term effects of drought and recovery on the physiology of field grown 
Chardonnay on Ramsey rootstock.  It provides critical information on the 
physiological responses and key indicators of stress responses over the long 
term that can guide researchers and viticulturists in future drought response 
assessments. 

Methods 
 
Leaf and Stem water potential  
Measurements of water potential (LWP midday leaf water potential; SWP 
midday stem water potential; PDWP pre-dawn leaf water potential); were 
performed on each vine studied using a Scholander type pressure chamber (PMS 
Instruments, Model 1005, Albany, OR. USA). For this purpose, a fully expanded 
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mature leaf was selected from each plant and bagged for at least 30 minutes for 
SWP before each measurement with a plastic bag coated with aluminium foil. No 
more than 30 sec elapsed between the leaf cutting and measurement of bagged 
leaves.  
 
Gas exchange and leaf conductance measurements 
Stomatal conductance (gs), transpiration rate (E) and photosynthesis (A) were 
obtained using a portable Li-Cor 6400 gas exchange system (Li-Cor 
Environmental, Lincoln, Nebraska, USA). All Li-Cor measurements were obtained 
from two or more mature and fully expanded leaves from each plant per 
replicate.  Photosynthetically active radiation (PAR) was set at a saturating level 
(2000 μmol m-2 s-1) using the internal light emitting diode system and CO2 
concentration was regulated close to 400 ppm. The relative humidity of the 
sample stream and the cuvette air temperature were maintained at ambient 
values. Leaf gs was also measured on some occasions using a non-steady state 
porometer (AP4, Delta-T Devices, Cambridge, UK) calibrated on site using the 
manufacturer’s standard protocol.  
 
Sap flow  
Sap-flow probes were installed at 30 cm from the ground surface and wrapped 
with bubble wrap and aluminium foil to avoid influence from ground heat during 
the day. The sampling frequency was every 30 min. Sapflow measurements were 
performed using the compensated heat-pulse method.  Heat-pulse sap flow 
sensors were supplied by Tranzflo New Zealand Ltd. (Palmerston North, NZ) and 
were connected to a CR23X data logger (Campbell Scientific, Logan, Utah, USA).  
 
Vapour pressure Deficit (VPD) was measured using and aspirated psychrometer 
using wet and dry bulb temperatures to calculate VPD 

Results and Discussion 
 
A total of four seasons of measurements were made.  These were Season 1 
(2008-09), Season 2 (2009-10), Season 3 (2010-11), and Season 4 (2011-12).  
The trial was designed so that deficits were applied for up to four continuous 
seasons and in each season a subset of vines would be returned to control 
(normal) irrigation.  Thus in Season 1 all vines (except control) were subjected to 
the deficits. Season 2 had some vines in recovery after one year of deficit, season 
3 had some vines in recovery for either 2 years (after 1 year of deficit) or 1 year 
of recovery after 2 years of deficit and so on.  The results for gas exchange and 
water relations presented below will therefore be examined in order of each 
season of measurement. Subsequently combined data for all seasons will be 
analysed.  
 
Season 1 
In this season the primary aim was to ensure that the deficit irrigation 
treatments were having the desired effect on vine physiology and that we could 
detect changes in leaf and stem water potential, and gas exchange that would 
reflect the water stress treatments. 
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Figure 1 shows assimilation (A, Figure 1a), stomatal conductance (gs, Figure 1b), 
evaporation (E, Fig 1c), and A/gs (intrinsic water use efficiency, WUEi, Figure 
1d) measured on two occasions using IRGA on leaves during 2008 when the 
deficits were imposed. The left hand panels show all the treatments early in the 
season, while the right hand panels are measured near flowering for the 20%, 
50% and Control treatments.  Even at this very early stage in the trial gs and E 
decline with reduced irrigation and more significantly than A, and consequently 
there is an increase in WUEi with deficit irrigation (bottom panels).  WUEi is very 
stable in controls across the season. Measurements on a subset of the treatments 
on three occasions during the season (Figure 2a, b, c, d for A, gs, E and A/gs 
respectively) showed that the 30% D (reduced depth of irrigation but same 
frequency as controls) treatment showed a greater degree of physiological stress 
(lower gs) later in the season compared to 30% (reduced frequency of 
irrigation). WUEi is again shown to increase in the 30%D and 10% especially 
later in the season (bottom right hand panel). 
 

 
 
Figure 1  Gas exchange characteristics for the first year of the deficit irrigation trial at Oxford 
Landing. a) Net Assimilation (A), b) stomatal conductance (gs), c) transpiration (E) and d) 
intrinsic water use efficiency WUEi (A/gs) are shown from top to bottom. All treatments were 
measured on one occasion early in the season (10 days after flowering), and then on a subset of 
the treatments pre-veraison (dates indicated).  Different letter combinations indicate significant 
differences (P<0.05, ANOVA, Holm-Sidak's multiple comparisons test). Error bars = mean +/- 
SEM.  
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Figure 2  Gas exchange characteristics for the first year of the deficit irrigation trial at Oxford 
Landing focusing on the 10%, 30%, 30% D and Control treatments on three separate occasions. 
27-11-08 was 23 days after flowering, 16-12-08 was pre veraison, and 16-12-08 was nine days 
after veraison. a) Net Assimilation (A), b) stomatal conductance (gs), c) transpiration (E) and d) 
intrinsic water use efficiency WUEi (A/gs) are shown from top to bottom. Different letter 
combinations indicate significant differences (P<0.05, ANOVA, Holm-Sidak's multiple 
comparisons test). Error bars = mean +/- SEM. 
 
 
We observed that leaf water potential measured near midday became more 
negative (more stress) with increasing vapour pressure deficit (VPD) (Figure 3) 
on two occasions. This might be expected since greater evaporative demand 
would cause higher transpiration through the hydraulic resistance of the vine 
resulting in more negative leaf water potentials.  Generally the trend was that the 
differences between the deficit treatments were more evident when VPD was 
high (Figure 3a, 3c). 
 
We also examined three different ways that water potential can be measured in 
order to determine the degree of water stress.  Figure 4 shows predawn water 
potential (PDWP), midday stem (after bagging leaves, SWP) and midday leaf 
water potentials (LWP) as a function of the actual amount of water applied up to 
the date of measurements.  As would be expected for each treatment the leaf 
water potential was more negative than stem water potential, which was more 
negative than predawn water potential. The difference between leaf and stem 
water potential reflects the draw-down in gradient required to move water from 
the stem to the leaf, while the difference between stem water potential and pre-
dawn water potential reflects the draw-down required to bring water from the 
roots (and soil) to the stem. The difference between stem and leaf water 
potential is constant for each treatment (0.276 MPa) since the slope of the linear 
fit to SWP and LWP was not significantly different and equalled 0.187 MPa ML-1 
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ha-1. However the difference between pre-dawn and stem water potential 
becomes larger with more deficit, i.e. from 0.45 MPa in controls to 1.2 MPa in the 
10% treatment.  This may indicate an increase in hydraulic resistance 
somewhere in the pathway from soil to the stem with water deficit (see later 
results on vine conductance).  Also of note is that leaf and stem water potential 
reflect the degree of deficit irrigation (linear dependence) much more precisely 
than pre-dawn water potential.  This has been noted by other research on the 
effect of deficit irrigation on grapevines (Williams and Trout 2005). 
 

 
Figure 3  Leaf water potentials for the first season of deficit irrigations plotted as a function of 
atmospheric vapour pressure deficit (VPD) on two occasions (for dates of phenology see Fig 1 & 
2).  In most cases the regressions with VPD were significant and the fitted lines differed between 
irrigation treatments. (a) 30% and 30% D were not significantly different. (b) All treatments 
differed (P<0.0068). (c) 30% and 30% D were not significantly different.  
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Figure 4 Water potentials (pre-dawn PDWP, midday stem SWP, midday leaf LWP) as a function 
of actual water applied including effective rainfall during the season. Measurements were made 
on 7 and 8 Jan. 2009. All regressions are significant (p<0.05). Error bars = mean +/- SEM. 
 
 
Clearly irrigation treatments were having the desired effects physiologically, 
where water potentials declined with reduced irrigation and this reduced gas 
exchanged caused by reduced stomatal conductance (largely) and this increased 
WUEi. The difference between 30% and 30% D was not evident in the leaf water 
potential measurements having almost identical relationship with VPD (Figure 
3). At the lowest applied water, leaf water potentials were close to the 
permanent wilting point (-1.5 MPa) on some occasions.  
 
In summary, the deficit treatments showed the expected declines in leaf and 
stem water potential, A, gs and E as would be expected from previous water 
stress experiments on grapevines (Chaves, et al. 2007, Romero, et al. 2010, 
Stevens, et al. 2008, Williams 2012). 
 
Season 2 
 
In Season 2 it was possible to examine the degree of recovery in the 
physiological parameters to one year of stress followed by almost a full season of 
full irrigation.  Figure 5 shows gas exchange parameters (Figure 5a, b, c, d for A, 
gs, E and A/gs respectively) measured late in the season for control, 30% and 
10% treatments.  Consistent with Season 1 the 30% D showed a greater degree 
of physiological stress than 30% with more significant reductions in A, gs and E 
than controls. This was also reflected in a high WUEi for the 30% D treatment.  
As is evident from Figure 5 there was complete recovery of the gas exchange 
parameters after one year with no significant differences detected between 
control vines and those on full irrigation after one year of deficit at the various 
levels. 
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Figure 5  Gas exchange characteristics; a) Net assimilation (A), b) stomatal conductance (gs), c) 
transpiration (E), and d) WUEi (A/gs) for season 2 (09-10), where comparison is made between 
two years of deficit at various levels (10%, 30%, 30% D, Control) and recovery (first season) 
after one year of deficit. Measurements were taken on 29-01-10, which was just before harvest. 
Different letter combinations indicate significant differences (P<0.05, ANOVA, Holm-Sidak's 
multiple comparisons test).  No letters across a set of treatments indicates that there was no 
significant difference. For WUEi there was a significant difference between sustained deficit and 
recovery. Note that for all treatments there was complete recovery of gas exchange after one 
season. Error bars = mean +/- SEM. 
 
 
 
We also examined the time course of recovery in leaf water potential during 
season 2 with measurements taken on four occasions during the season (Figure 
6).  Figure 6a shows the continuous deficit treatments for Control, 30%, 30%D 
and 10% in which it is evident that towards the end of the season the differences 
between the treatments became more apparent, particular 10% versus control.  
For the recovering vines, no significant differences could be detected (Figure 6b). 
This indicates that as soon as full irrigation is applied, the vines respond by 
increasing water potential and that there is no carry-over effect from the 
previous season’s deficit.  A two way ANOVA showed that there was no effect of 
time of measurement during the season (Figure 6c). 
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Figure 6  Leaf water potential for season 2 (09-10) at four time points during the season. 
Comparison is made between two years of deficit at various levels (10%, 30%, 30% D, Control) 
a), and recovery (first season) after one year of deficit b). c) Significance summary (2-way 
ANOVA) on the sustained deficit treatments in a). Note that the effect of time of measurement 
during the season was not significant but there was a significant interaction with treatment. c) 
Significance summary between treatments for 29/10/2010. For recovery there was no 
significant difference between treatments. Error bars = mean +/- SEM. 
 
Season 3 
 
For season 3 we were able to examine 1, 2 and 3 years of deficit treatments and 
their recoveries respectively of 2 years and 1 year.  Figure 7a,b,c,d (A, gs, E, A/gs) 
shows comparison of three years of continuous stress with 2 years + 1 year of 
recovery.  The continuous stress treatment showed reduced A, gs and E, and 
increased WUEi for 30% and 10% treatments as would be expected from 
previous years’ measurements.  Interestingly, recovery was not complete in gs 
and E (Figure 7b,c) for the 2 year deficit + 1 year of recovery, and the degree of 
recovery decreased with the previous degree of deficit.  
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Figure 8a,b,c,d (A, gs, E, A/gs) allows comparison of gas exchange parameters for 
the 10% treatment across the three years for each of the recovery periods, i.e. 1 
year deficit + 2 year recovery, 2 year deficit + 1 year recovery and 3 year of 
deficit.  In this case, where the measurements were taken later in the season 
compared to Figure 7, there was complete recovery in the gas exchange 
parameters.  The difference between the data in Figure 7 and 8 could be due to 
the extra time for recovery during Jan. 2011, since the data for Figure 8 were 
recorded later in the season compared to the data in Figure 7. 
 

 
 
Figure 7 Season 3 gas exchange showing: a) Net assimilation (A), b) stomatal conductance (gs), c) 
transpiration (E), and d) WUEi (A/gs) for vines measured in January 2011, and comparing three 
years of continuous deficit compared to two years of deficit and one season of recovery. For gs (b) 
and E (c) there was incomplete recovery after two years of deficit at both 10% and 30% of 
normal irrigation (2-way ANOVA with Holm-Sidak's multiple comparisons test, different letter 
indicates significant difference P<0.05).  This was not evident for A (a). Error bars = mean +/- 
SEM. 
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Figure 8 Gas exchange: a) Net assimilation (A), b) stomatal conductance (gs), c) transpiration (E), 
and d) WUEi (A/gs) comparing recoveries from one level of deficit irrigation (10%) for 1, or 2 
years on another occasion during Jan 2011.  In this case (cf Fig 7) complete recovery was evident 
i.e. only the 3 full years of deficit (including the current season, 2011) showed a significant effect 
(different letter indicates significant difference P<0.05, 2-way ANOVA with Holm-Sidak's multiple 
comparisons test). Error bars = mean +/- SEM. 
 
 
 
In season 3 a complete survey was performed of the midday stem water 
potential across most of the treatments comparing 1, 2, and 3 years of stress 
(Figure 9).  This was done on 6 Dec. 2010.  For years 1 and 2 the vines had 2 and 
1 year of recovery respectively.  What is evident from Figure 9 is that for the 
10% treatment the vines had not recovered stem water potential despite having 
about half a season of full irrigation (control levels).  Interestingly for the 30% 
and 50% treatments there was no significant difference between three years or 
continuous stress and recoveries and these were not significantly different from 
controls. Thus water potentials also indicate that recovery is not complete for 
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the 10% deficit after two years of deficit and approximately one half a growth 
season in recovery.  
 

 
 
Figure 9  Stem water potential measured across most of the deficit treatments and allowing 
comparison of the degree of recovery (for 1 or 2 years) after deficit.  Three years is continuous 
deficit including the current 2011-12 season.  Only for the 10% and 20% was there a significant 
difference between years (different letters indicate significant difference, P<0.05, 2-way ANOVA 
with Holm-Sidak's multiple comparisons test).  For 10% there was incomplete recovery of stem 
water potential after two years of deficit and full irrigation up to the time of measurement (6-12-
11). 30%D was not measured on this occasion. Error bars = mean +/- SEM. 
 
Season 4 
 
For season 4 we could compare the long term deficit (3 years) with recovery to 
full irrigation in the current season.  Figure 10a,b,c,d shows gas exchange 
parameters (A, gs, E, A/gs) measured on two consecutive days early in the season 
(16 and 17 Nov. 2011).  Here comparison is made between four years of 
continuous deficit and three years of deficit with a short part of the season in 
recovery. As for previous seasons, assimilation was the least sensitive 
parameter, while gs particularly, and E declined with all reduced irrigation 
treatments. Stomatal conductance generally did not show full recovery after 
three years at 10% with part of a season of recovery (compare black bars in Fig 
10b on the two separate days).  There was also a tendency again for the 30% D 
treatment to show a greater degree of stress reflected as lower gs compared to 
the 30% treatment, though this was not significant. 
 
Leaf water potentials measured over the same two days as the gas exchange 
measures revealed a significant effect of VPD (Figure 11), since on this occasion 
during the measurements there was a large variation in VPD during the day.  In 
all cases the regressions of leaf water potential versus VPD were highly 
significant.  The 30% D treatment of 3 year + current season of recovery was the 
only one that did not show recovery, since the regression was significantly 
different to that of the control and to the continuous (4yr) of 30% D (Figure 
11b).  The 10% treatment showed incomplete recovery, but this was not 



 

 32 

significantly different from the controls (Figure 11c). The slope of the 
relationship of leaf water potential versus VPD was not significantly different 
between 10% 4 years of deficit and recovery or control (Fig 11c), however there 
was a tendency with the deficit treatments for the slope to be steeper.  This may 
be indicative of a lower hydraulic conductance through the vine (higher 
resistance) in response to the deficit treatments (and see below). 
 
Later in the season another set of measurements was made on leaf water 
potential and when VPD was less variable (Figure 12).  In this case complete 
recovery was evident for 30%, 30% D and 10 % treatments while the continuous 
deficit for four years showed significant decrease in water potential. In this case 
there was no significant difference between 30% and 30%D. 

 
 
 

 
 
Figure 10 Gas exchange characteristics: a) Net assimilation (A), b) stomatal conductance (gs), c) 
transpiration (E), and d) WUEi (A/gs) for a selection of the treatments (10%, 30%, 30% D, 
Control) measured on two consecutive days in Season 4.  Degree of recovery is evident by 
comparison of year 3 (yr 3) versus year 4 (yr 4) for each of the treatments.  Significant 
differences are indicated by different letter combinations (P<0.05, 2-way ANOVA with Holm-
Sidak's multiple comparisons test).  Lack of recovery is only evident in gs on the 16-11-11. Error 
bars = mean +/- SEM. 
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Figure 11 Leaf water potentials as a function of VPD measured on 16 and 17 Nov 2011.  Also 
shown are the regression lines for each deficit treatment and comparing four continuous years of 
deficit treatment with three3 years of deficit and one year of recovery.  The significance of the 
difference between the regression lines is indicated on the right of each figure.  Note that the 3 yr 
regression line for the 30% D treatment is significantly different to the control indicating that 
this treatment did not show recovery.  For the 10% and 30% the recoveries were not 
significantly different to the controls. 
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Figure 12 Leaf water potentials measured later in the fourth season within a narrow range of 
VPD.  Different letter indicates significant difference within each year group (2-way ANOVA with 
Holm-Sidak's multiple comparisons test). Error bars = mean +/- SEM. 
 
 
Combined data and effects across seasons 
 
Vine conductance 
 
Sap flow measurements were also undertaken on a selected number of vines 
comparing the 10% and 50% treatments that had continued deficit for three 
years and recovery for one year after two years of deficit.  This was coordinated 
with a campaign of diurnal water potential measurements during one day to 
examine the dynamics of stress development during the day and how this 
correlates with sap flow.  Figure 13 shows stem water potential (Figure 13a), sap 
flow over three days across the period of water potential measures (Figure 13b) 
and calculated vine conductance (Figure 13c). The 10% treatment results in poor 
recovery of stem water potential during the afternoon compared to recovery 
vines, control and 50%.  Also there is clearly a significant depression of sap flow 
in the middle of the day in the 10% treatment (Figure 13b) and note also for the 
10% recovery vines.  The hydraulic conductance of the vines can be calculated 
from the difference in predawn water potential and stem water potential and the 
measured sap flow (i.e. sap flow/gradient). These conductances are not 
normalised to the size of the vines, thus a higher conductance can occur because 
a vine is larger. This shows that the deficit treatments tended to have higher 
conductances in the morning and reduced conductances in the afternoon 
compared to recovery and controls.  This corresponds to a higher sap flow in the 
morning in the deficit treatments, but low sap flow in the afternoon.  There has 
been previously reported a correlation between transpiration and root hydraulic 
conductivity under drought stress in vines that may explain this observation 
(Vandeleur et al. 2009).  The lower conductance in the 10% treatments, 
including recovery, was a general feature also observed with a different method 
of determining conductance (see below). 
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Figure 13 Vine hydraulic conductance (L h-1 MPa-1) estimated through a day (6/12/2011) in 
season 4 from measurements of stem water potential and sap flow comparing 50% and 10% 
treatments after 3.5 years of continuous deficit and recovery for 0.5 year after three years of 
deficit (denoted R). a) Stem water potential measured from pre-dawn through the day and into 
the early morning of the following day.  Note that the 10% recovery declines to a low value in the 
middle of the day but recovers to the 50% level in the afternoon. b) Sapflow measurements 
recorded over three consecutive days (part of a larger data set).  Black bars denote night-time. 
Note the significant depression of sapflow after midday and partial recovery in the late afternoon 
in the 10% and 10%R. c) Calculated vine conductances. Although there were no significant 
differences, the 10% treatments showed reduced hydraulic conductances in the afternoon. Error 
bars = mean +/- SEM. 
 
Whole plant hydraulic conductance can also be determined from the leaf 
measurements of transpiration and the gradient in water potential.  Thus the 
difference in stem water potential (SWP) between pre-dawn (PDWP) (taken as 
the soil water potential) and midday can be considered as the driving force for 
water movement between the soil and the stem.  The hydraulic conductance 
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between root and stem (Kroot-stem) can then be calculated by dividing the 
transpiration rate measured at midday (Emd) by this gradient (Romero, et al. 
2010,Tsuda and Tyree 2000): 

Kroot-stem = Emd/(SWP-PDWP). 
  
Figure 14 shows Kroot-stem plotted against stem water potential (Fig 14a) and pre-
dawn water potential (Fig 14b) for the Control, 50%, 50R 10% and 10%R in 
season 4 (2011-12). Kroot-stem declines significantly with decrease in SWP (Fig 
14c), but is not correlated with PDWP (Fig 14b).  This relationship has been 
observed previously for deficit irrigated field-grown Monastrell grapevines 
(Romero, et al. 2010). Chardonnay shows greater sensitivity to SWP and higher 
conductances than Monastrell  (Monastrell: Kroot-stem = 0.23 + 0.14 x SWP; 
Chardonnay on Ramsey: Kroot-stem = 0.46 + 0.44 x SWP (g m-2 s-1 MPa-1).  This 
reduction in Kroot-stem is very similar to the reduction in root hydraulic 
conductivity observed in potted Chardonnay vines under water stress that was 
linked to increased suberisation and lignification of the roots (Vandeleur, et al. 
2009). There was a reduction in Kroot-stem in the deficit treatments below 50% 
(Fig 15a,b).  After three years of deficit and one year of recovery the 10% 
treatment did not show recovery in Kroot-stem (Fig 15 c). It is likely that this lack of 
recovery in Kroot-stem is related to the requirement for new root growth and may 
reflect the long root longevity observed for these vines in this environment (see 
Chapter  6.5).  



 

 37 

 
 
Figure  14 Vine hydraulic conductance (Kroot-stem) normalised on a leaf area basis as a function of 
water potential for Chardonnay (on Ramsay) vines in season 4 under various deficit treatments 
and 1 year of recovery (indicated by R).  Kroot-stem was significantly correlated to midday SWP (a,c) 
but not to PDWP (b). 
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Figure 15  Summary of mean Kroot-stem measured on three different occasions for three seasons of 
deficit (a,b) or four years of deficit and three years of deficit and recovery (c).  Shown are the 
mean (SEM), with different letter indicating significant difference (P<0.05, one way ANOVA, 
Fishers LSD). 
 
Assimilation versus stomatal conductance as a threshold indicator of optimum 
irrigation deficit 
 
Thresholds in water potential and gas exchange parameters may indicate the 
optimum level of deficit irrigation to achieve good water use efficiency, 
reasonable yields and good quality grapes for winemaking (Flexas, et al. 
2010,Romero, et al. 2010).  In the Romero et al. study maximum TSS for 
Monastrell grapes was achieved during ripening under regulated deficit 
irrigation (15% or 30% ETc) when average net assimilation rates were over 10-
12 μmol m-2 s-1.  This corresponded to gs values of between 0.1 and 0.15 mol m-2 

s-1. Maximum extractable polyphenols and total anthocyanins were obtained 
with midday post-veraison SWP of between -1.2 and -1.3 MPa. Although the 
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Romero et al. study used regulated deficit and ours used continuous deficit, it is 
instructive to compare the thresholds listed above with the equivalent values 
observed in our study.   
 
Figure 16 shows A as a function of gs for season 4 (2011-12) for Control, 10%, 
30%, 30%D (continuous and recovery after one year) illustrating the typical 
saturation in A with high gs.  It is clear that a substantial reduction in gs could 
occur from the very high values observed (0.6 mol m-2 s-1) without much 
reduction in net assimilation. The thresholds suggested from Romero et al 
(2010) are also indicated. The data are well fit by a single exponential, which is 
very similar to the fit found by Romero et al, (2010) and others (Flexas, et al. 
2010,Williams 2012). Our data are also compared with that of (Williams 2012) 
(Fig 16c) showing that assimilation on average for Chardonnay is higher than 
that for Thompson Seedless for any given gs. It is also instructive to compare the 
recovery vines with the continuous deficit (Fig 16b).  Note that the recovery 
vines sit on the same curve (details in Fig 16d), thus there has been no change in 
the relationship between A and gs as a result of 3 years of continuous deficit in 
this case.   
 

 
Fig ure 16  Assimilation (A) versus stomatal conductance (gs). For season 4 (2011-12) Control, 
10%, 30%, 30%D (continuous and recovery after one year) (a),  and comparing recovery and 
three years continuous deficit (b), and all seasons and all deficits (c).  Also shown in (c) is the fit 
to the data for Thompson Seedless from Williams (2012).  The fit parameters to a single 
exponential association is shown in (d) used for all the fits shown.  The range in thresholds for gs 
and A suggested to be optimal by Romero et al. (2010) are indicated as dotted vertical and 
horizontal lines (respectively) in each graph.  
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If we now take all the data from across all seasons, these also fit on exactly the 
same relationship between A and gs (Fig 16c).  This indicates that deficit 
irrigation is not altering the intrinsic relationship between assimilation and 
stomatal conductance and probably indicates that carboxylation rates were 
saturated for all treatments.  This would indicate that the vines were not 
nitrogen limited as a result of the treatments.  However it also would suggest 
that the relationship between internal mesophyll conductance and stomatal 
conductance was not altered as a result of the stress level or long durations of 
these stresses.  The mesophyll conductance of grapevine leaves can be as large, 
or larger than the stomatal conductance and it shows a linear correlation with 
net assimilation across several varieties (Tomas, et al. 2014). 
 
Returning to the thresholds discussed by Romero et al (2010), it is instructive to 
examine which irrigation treatments gave these levels of A, gs and water 
potential.  Figure 17 shows the frequency distribution of gs for each deficit 
treatment and recovery. The left hand column of distributions shows each 
continuous deficit compared to control, while the right hand column shows the 
respective recoveries.  In this case all numbers of years of continuous deficits 
have been lumped together since it makes no difference if we compare 1, 2, 3, or 
4 years of deficit since these give exactly the same responses.  The irrigation 
treatment that corresponded to the optimum range of gs corresponded to the 
20% treatment and also probably the 30% D treatment (i.e. mode of the 
distribution was in the range of 100 to 150 mmol m-2 s-1).  This would also 
correspond to the optimum range in assimilation of between 10-12 μmol m-2 s-1.  
When examining Figure 17 it is also instructive to note that the 10% recoveries 
did not return to the control levels of gs (top right graph).  This contrasts to all 
the other deficit treatments. 
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Fig 17.  Frequency distributions of stomatal conductance (gs)  across all seasons for each 
irrigation treatment and comparison with recovery.  a) 10%, c) 20%, e) 30D%, g) 30%, i) 50%, 
and respective recoveries b), d), f), h), j).  Corresponding controls are compared in each case, 
which are different for each treatment. 
 
 
 
Figure 18 shows a summary of leaf gas exchange data and LWP across all four 
seasons comparing continuous deficit and recoveries.  The 10% treatment gave 
the highest WUEi, but according to Romero et al. (2010) the gs and A would be 
below the optimum. It should be noted that several studies have now questioned 
the utility of WUEi to indicate whole vine water use efficiency (Medrano, et al. 
2015,Poni, et al. 2014). This will be discussed in more detail in relation to the 
productivity and yield of vines.  The 20% treatment, which achieves the Romero 
threshold in gs and A provides an intermediate WUEi between the 10% and 
control treatments, but this may not be reflected in water productivity. 
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Figure 18  Summary of all season data combined for: a) Net assimilation (A), b) 
stomatal conductance (gs), c) WUEi (A/gs) and midday leaf water potential 
across the treatments and comparing recoveries (one year).  Error bars are 95% 
confidence limits. 
 
Finally Figure 19 demonstrates the relationships with midday leaf water 
potential between A, gs and WUEi for all data across all seasons and compared 
with similar field compiled data from the literature for other grapevine varieties 
under water deficit treatments. As expected, both A and gs decline with 
decreasing leaf water potential (increasing water stress).  The relationship with 
A is very similar to other published regressions for Monastrell (Romero, et al. 
2010) and Thompson Seedless (Williams 2012), while that with gs is rather 
different with Chardonnay falling approximately between the responses of these 
two varieties.  In this case the slope of the relationship of gs with leaf water 
potential may indicate the degree of isohydry/anisohydry between the varieties; 
i.e. the steeper the slope the potentially more isohydric the variety (Martorell, et 
al. 2015), in which case Chardonnay on Ramsey would be intermediate between 
the two varieties shown. However a note of caution is required here because the 
long-term associations shown for our data may not reflect short-term daily 
regulation of stomatal conductance.  The relationship of WUEi with leaf water 
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potential is consistent with many studies previously reported and is compared 
with that of Monastrell (Romero, et al. 2010) in the figure.  However, this leaf 
based measure may not indicate an increase in whole vine water productivity 
under deficit irrigation (Medrano, et al. 2015). 
 
 

 
Figure 19  Relationship of leaf gas exchange properties with midday leaf water 
potential for all treatments and across all seasons. a) Net assimilation (A), b) 
stomatal conductance (gs), c) WUEi (A/gs) as a function of leaf water potential.  
Associated linear regression equations and significance are given in the 
associated tables.  For comparison data from the literature are compared where 
equations were provided from field trial studies under water deficit (Monastrell 
(Romero, et al. 2010), Thompson Seedless (Williams 2012)). 
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Conclusion 
The irrigation reductions had the desired effects on both the water relations and 
leaf gas exchange, though the 50% treatment generally did not show a strong 
effect if any. Over the course of the four seasons we generally found that the 10% 
and 30% D treatment tended to cause the greatest degree of physiological stress, 
and when recovery was not attained in the first season of full irrigation after 
continuous stress, it was more likely to be observed in these two treatments 
earlier in the season and after longer periods of deficit irrigation, i.e more than 
one season of deficit.  It is possible that this is caused by decrease root hydraulic 
conductance or carry-over of high ABA levels in the vines (Tombesi, et al. 2015). 
The gas exchange parameters were more likely to show an effect of lack of 
recovery and here the stomatal conductance was generally the most sensitive 
parameter both to reduced water potential and in terms of recovery after full 
irrigation.  Stomatal conductance can show greater sensitivity to water stress 
than assimilation (Williams 2012) at less extreme deficits because of mesophyll 
limitations (non stomatal) on assimilation (Pou, et al. 2012,Tomas, et al. 2014). 
 
With respect to the levels of deficit and their absolute effects on vine physiology, 
it is interesting to note that often the 50% and occasionally the 30% treatments 
showed only small reductions in leaf water potential or leaf gas exchange.  This 
would indicate that this level of reduction in irrigation would have only minimal 
effects on vine physiology, yet the reductions in amount of water applied are 
substantial. Such deficits to 50% of full ETc have been previously noted to have 
only minor effects (Chaves, et al. 2007).  Nevertheless, yield and other biomass 
measurements and carbohydrate content may reveal a different sensitivity (see 
Chapter 6.2 and 6.4) since these integrate gas exchange for the whole vine and 
over the whole season.   
 
Overall there was surprisingly little carry-over of continuous stress on the leaf 
gas exchange and water relations of the vines in recovery.  Only in the first half of 
the recovery season after a long-term deficit was there incomplete recovery 
observed when this occurred, but usually by the end of the first season of 
recovery the water relations and gas exchange at the leaf level had returned to 
that of controls. There are no comparable studies that we are aware of that have 
investigated leaf water relations and gas exchange during recovery over seasons 
after long-term deficits. Short-term recovery experiments on potted vines are 
more common e.g. (Pou, et al. 2012).  Though a long term recovery experiment 
has been conducted for saline irrigated vines (Stevens and Partington 2013) gas 
exchange data are not available. Another study investigated long-term deficits on 
Chardonnay productivity, but there are no data on leaf physiology (Williams 
2014) or recoveries from deficit. 
 
Of all the deficit treatments the 20%I appeared to give the optimum gs and A 
suggested by Romero et al. (2010), but leaf water potentials were often more 
negative than observed in the other treatments, suggesting that the 30% 
treatments may be a safer option as a target based on leaf physiology, but this 
will be further explored in consideration of yield and vine productivity. 
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6.2 Effect of SDI and recovery on vine productivity, water productivity and 
vine balance. 

Introduction 
 
Deficit irrigation is a term used to describe the application of water that is 
supplied at levels below full crop evapotranspiration (ETc) throughout the 
growing season or in specific phenological stages (Chaves, et al. 2010). Here our 
treatments consisted of sustained deficit irrigation (SDI) throughout the growing 
season. As outlined in Table1 (Chapter 5 Methods) the reduced treatments 
applied in this study were below ETc and were sustained through the entire 
growing season.  Regulated deficit irrigation, where the deficit is applied at a 
specific period during development has the potential to reduce yields, although 
this depends on when the deficit is applied (McCarthy 1997). The loss in yield 
has been attributed to fewer berries per cluster, fewer clusters per vine and 
decreased berry weight (Matthews and Anderson 1989).  There are two peer-
reviewed studies that have examined long term sustained deficit irrigation and 
their effects on general vine productivity, vine balance and berry composition.  In 
one study Merlot vines were subjected to 70% and 35% of the standard 
irrigation over eight growing seasons and they observed large effects on yield, 
pruning weight and berry parameters (only reported for the last three seasons) 
which can be compared with the work reported here (Shellie 2014).  Likewise 
(Lopez, et al. 2007) examined an extreme option of no irrigation or full irrigation 
on several Spanish varieties over four years.  In many respects this study was 
interesting for comparison because the ET were similar to those in our study and 
similar seasonal rainfalls were recorded.  Vine productivity, vine balance and 
berry characteristics were recorded (Lopez, et al. 2007) and make interesting 
comparison with those of our study.  In both of these studies recoveries were not 
examined, making our study quite unique given the practical value of knowing 
the time for recovery and the influence of the deficit on this recovery. 

Methods 
At harvest in each season, the fruit from three vines in each replicate was picked 
by hand on two separate days within a seven-day period. The total number of 
bunches removed per vine was counted and the total fruit weight of each vine 
was weighed with a flat bed, digital field scale (Mettler Toledo, Australia). The 
100-berry sample was generated by sampling bunches on both sides of the vine 
and picking berries from the left, right, top, bottom, back and front of the bunch. 
The samples were transported from the field to the laboratory in a chilled 
insulated container.  We derived the number of berries per bunch from the 
measures of yield, bunch number and berry weight. 
 
Pruning wood weights were measured in the winters. The wood was removed 
from the canopy using hand secateurs.  
 
Dry and fresh weight of leaves was determined on one occasion. For dry weight 
leaves were dried to constant weight at 80°C and leaf water fraction was taken as 
the difference divided by the fresh weight. 
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Leaf area index (LAI) was measured with a Li-Cor LAI-2000 Plant Canopy 
Analyser according to the manufacturer’s instructions.  Further details can be 
found in Chapter 6.9. 
 
 

Results and Discussion 
 
Yield components as a function of time and after variable periods of water stress 
and recovery. 
 
In this section the data will be presented for each irrigation treatment in the 
order of increasing irrigation (i.e. from 10%, 20% etc).  In each case three 
Figures are presented providing: 1) Yield per vine, 2) Mean bunch weight, 3) 
Mean bunch number and, 4) The preceding parameters as a fraction of the 
control.  Each of the yield components figures will be provided for: a) one year of 
deficit and four years of recovery, b) two years of deficit and three years of 
recovery, c) three years of deficit and two years of recovery and, d) four years of 
deficit and one year of recovery.  The data are also presented as a fraction of 
control for each yield component in a manner that allows comparison of the time 
required for recovery between irrigation treatments. As will be indicated in the 
following sections the yield in 2010 was generally depressed due to 
unfavourable climatic conditions during flowering across the region. It should 
also be noted that for each combination of deficit period and recovery the control 
vines and treatment vines are a different set of vines, though there are vines in 
common, therefore there are different means and errors for the same year.  
Similarly, due to the splitting of a treatment in the final year (2013) there are no 
previous year data. 
 
10%  treatment 
 
Figure 1 shows the yield per vine as a function of year of treatment between 
seasons 2008-09 and 2012-13, being the full five seasons that the trial was 
carried out.  Figure 1a shows the effect of one year of deficit followed by four 
years of recovery, Figure 1b shows two years of deficit and three years of 
recovery, Figure 1c shows three years of deficit and two years of recovery, 
Figure 1d shows four years of deficit and one year of recovery.  Significant 
differences between treatment and controls are indicated (2-way ANOVA with 
Holm Sidak’s multiple comparison test).   Clearly the 10% treatment causes a 
substantial reduction in yield, however in only one combination of deficit period 
and recovery was there a significant reduction in the yield relative to controls 
during the following recovery year. This occurred after two years of deficit with 
the following year showing a significant reduction despite receiving one year of 
full irrigation (Figure 1b). Surprisingly three years and four years of deficit at 
10% did not show a carryover in yield reduction in the following year of 
recovery (Figure 1c,d).  This may indicate that the 2009-10 season was 
exceptional in that a combination of factors led to the carry-over in yield 
reduction caused by the deficit. 
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Figure 2 shows the corresponding data for bunch weight where again it can be 
seen that the 10% treatment resulted in a significant reduction relative to 
controls.  In this case however there was carry-over of reduced bunch weight in 
the recovery period only for the 2008-09 (1 year) of treatment (Figure 2a).  This 
was not seen for the two years of deficit (Figure 2b) contrasting with the total 
yield data.  Again surprisingly there was no carry-over in bunch weight 
reduction in the years of recovery even after three and four years of continual 
deficit irrigation (Figure 2c,d). 
 
Figure 3 shows the corresponding data for bunch number across the treatment 
periods and recoveries.  In this case there was no significant effect of treatment 
time or recovery. 
 
Figure 4 shows the data for yield per vine, bunch weight and bunch number as a 
fraction of the control where the different treatment periods and recoveries can 
be compared on the same graph.  The 95% confidence intervals are shown and 
where these overlap with the horizontal line corresponding to the respective 
controls this would indicate non-significant difference to the control.  This 
representation of the data agrees with the previous set, but demonstrates that 
the 10% irrigation treatment results in about a 50% reduction in yield that is 
attributed completely to the reduction in bunch weight, and not to bunch 
number. There was a trend for the yield to further decline in the second 
consecutive year of deficit, but this was not evident after three years of deficit. 
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Figure 1 Yield for each season for the 10% irrigation treatment applied for one season (2008-
09) then four seasons of recovery (a), two seasons (08-09, 09-10) then three seasons of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four seasons 
(2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to the 
respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison).  
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Figure 2 Bunch weight for each season for the 10% irrigation treatment applied for one season 
(08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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Figure 3 Bunch number for each season for the 10% irrigation treatment applied for one season 
(08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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Figure 4 Relative yield (a), bunch weight (b) and number of bunches (c) expressed as a fraction 
of the respective control in each year plotted as a function of time for the 10% treatment.  Mean 
+/- 95% confidence interval is shown.  The number of years indicates the continuous numbers of 
seasons with reduced irrigation 
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20% treatment 
 
The same series of Figures (Figs 5,6,7,8) are shown as per the 10% treatment 
and these largely reflect the same trends observed for the 10% treatment except 
that the yield reductions are smaller and generally above 50%, though after two 
years of consecutive deficit there was a reduction in yield to about 50% of the 
controls. Again this was not evident after three consecutive years, perhaps 
indicating a specific effect of the 2009-10 season combined with the deficit.  
There was also a trend for bunch number to decline in year 2 of deficit relative to 
controls, though this was not significant. 
 

 
Figure 5 Yield for each season for the 20% irrigation treatment applied for one season (2008-
09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison).  
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Figure 6 Bunch weight for each season for the 20% irrigation treatment applied for one season 
(08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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Figure 7 Bunch number for each season for the 20% irrigation treatment applied for one season 
(2008-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons 
of recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or 
four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared 
to the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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Figure 8 Relative yield (a), bunch weight (b) and number of bunches (c) expressed as a fraction 
of the respective control in each year plotted as a function of time for the 20% treatment.  Mean 
+/- 95% confidence interval is shown.  The number of years indicates the continuous numbers of 
seasons with reduced irrigation. 
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30% treatment 
Figures (Figs 9,10,11,12) are shown as per the 10% and 20% treatments and 
these largely reflect the same trends observed except that the yield reductions 
are smaller (Figure 9, 12).  Significant reductions were still observed in yield 
during the deficit years but there was no carry over into the recovery period 
except for the odd result of a significant increase in yield in the fourth year of 
recovery after one year of deficit (Figure 9a). In this case the yield increase was 
due to an increase in bunch number (Figure 11a), but generally bunch weight 
appeared to be the major contributor to the reduced yield as opposed to bunch 
number. 
 

 
Figure 9 Yield for each season for the 30% irrigation treatment applied for one season (2008-
09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison).  
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Figure 10 Bunch weight for each season for the 30% irrigation treatment applied for one season 
(08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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Figure 11 Bunch number for each season for the 30% irrigation treatment applied for one 
season (08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three 
seasons of recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery 
(c) or four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each 
compared to the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of 
significant difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way 
ANOVA with Holm Sidak’s multiple comparison). 
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Figure 12 Relative yield (a), bunch weight (b) and number of bunches (c) expressed as a fraction 
of the respective control in each year plotted as a function of time for the 30% treatment.  Mean 
+/- 95% confidence interval is shown.  The number of years indicates the continuous numbers of 
seasons with reduced irrigation. 
 
 
 
 
 
30% D treatment 
As a reminder, the 30%D treatment consists of irrigations that are at the same 
frequency and time as the controls, but with reduced depth of irrigation.  This 
contrasts with the 30% treatment given above that is reduced due to reduced 
frequency of irrigations. Figures (Figs 13,14,15,16) are shown as per previous 
treatments. Significant reductions are observed in yield during the deficit years 
(Figure 13), though not significant for 4 years of deficit (Figure 13d) and there 
was some carry-over of yield reduction and bunch weight into the recovery 
period for yield in the two year deficit (Figure 13b) and bunch weight for the 
three year deficit (Figure 14c).  This contrasts to the 30% treatment suggesting 
that 30%D is generally more stressful. Again bunch weight appeared to be the 
major contributor to the reduced yield as opposed to bunch number (Figs 15, 
16). 
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Figure 13 Yield for each season for the 30%D (reduced depth) irrigation treatment applied for 
one season (08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then 
three seasons of recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of 
recovery (c) or four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) 
each compared to the respective controls (red triangle symbols).  Mean +/- SEM is shown and 
level of significant difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 
2-way ANOVA with Holm Sidak’s multiple comparison).  
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Figure 14 Bunch weight for each season for the 30%D (reduced depth) irrigation treatment 
applied for one season (08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-
10) then three seasons of recovery (b), three seasons (08-09, 09-10, 10-11) then two years of 
recovery (c) or four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) 
each compared to the respective controls (red triangle symbols).  Mean +/- SEM is shown and 
level of significant difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 
2-way ANOVA with Holm Sidak’s multiple comparison). 
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Figure 15 Bunch number for each season for the 30%D (reduced depth) irrigation treatment 
applied for one season (08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-
10) then three seasons of recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two 
years of recovery (c) or four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of 
recovery (d) each compared to the respective controls (red triangle symbols).  Mean +/- SEM is 
shown and level of significant difference within a year is indicated (*<0.05 **<0.01 *** <0.001 
****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
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Figure 16 Relative yield (a), bunch weight (b) and number of bunches (c) expressed as a fraction 
of the respective control in each year plotted as a function of time for the 30%D (reduced depth) 
treatment.  Mean +/- 95% confidence interval is shown.  The number of years indicates the 
continuous numbers of seasons with reduced irrigation. 
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50% treatment 
Figures (Figs 17,18,19,20) are shown as per previous treatments. Reductions are 
observed in yield during the deficit years (Figure 17), but not consistently across 
all years reflecting the less stressful effect of the 50% reduction. There was no 
carryover of yield reduction or bunch weight in the recovery periods except for 
the odd reduction in bunch weight in the second year of recovery after three 
years of deficit (Figure 18c). Again bunch weight appeared to be the major 
contributor to the reduced yield as opposed to bunch number (Figs 19, 20). 
 

 
Figure 17 Yield for each season for the 50% irrigation treatment applied for one season (2008-
09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons of 
recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or four 
seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared to 
the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison).  
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Figure 18 Bunch weight for each season for the 50% irrigation treatment applied for one season 
(2008-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three seasons 
of recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery (c) or 
four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each compared 
to the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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Figure 19 Bunch number for each season for the 50% irrigation treatment applied for one 
season (08-09) then four seasons of recovery (a), two seasons (2008-09, 2009-10) then three 
seasons of recovery (b), three seasons (2008-09, 2009-10, 2010-11) then two years of recovery 
(c) or four seasons (2008-09, 2009-10, 2010-11, 2011-12) and one year of recovery (d) each 
compared to the respective controls (red triangle symbols).  Mean +/- SEM is shown and level of 
significant difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way 
ANOVA with Holm Sidak’s multiple comparison). 
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Figure 20 Relative yield (a), bunch weight (b) and number of bunches (c) expressed as a fraction 
of the respective control in each year plotted as a function of time for the 50% treatment.  Mean 
+/- 95% confidence interval is shown.  The number of years indicates the continuous numbers of 
seasons with reduced irrigation. 
 
 
Conclusions 
It is clear from the data for yield components that the length of time that the 
deficit occurs is an irrelevant factor in terms of the time for recovery, since there 
was no difference in the time for recovery of yield components between one year 
of deficit or four years of deficit. This is a surprising result and has important 
ramifications for predicting the impacts of reduced irrigation options under 
water restrictions. In each case it was more common that recovery of yield 
occurred completely during the first year of full irrigation, even for the more 
extreme 10% treatment, though there was a (non-significant) trend for the yield 
to be reduced in the first year of recovery in the 10% treatment.  This trend will 
be further examined in relation to the impacts on general vine productivity.  The 
effects of the deficit treatments on yield seemed to be entirely due to bunch 
weight rather than bunch number.  In part the bunch number is dependent on 
the number of buds left at pruning, which was similar in each year.  Therefore 
the lack of effect of deficit on bunch number may indicate that there was no 
effect on bud fruitfulness. This result is similar to that observed for Merlot over a 
three year deficit regime where 35% and 70% of standard irrigation had no 
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significant effect on bunches per vine except for the 35% treatment in the first 
season, but bunch weight was the main contributor to reduced yield (Lopez, et al. 
2007). The data from Chaves et al (2010) for Moscatel and Castela˜o are similar 
to those we observed in that it was mainly bunch weight that contributed to 
yield reduction under 50% deficit irrigation. This is in contrast to (Matthews and 
Anderson 1989), though in their data it was clear that cluster weight was the 
main factor and cluster number per vine had a relative small effect.  
 
Berry weight and berries per bunch as a function of time and after variable periods 
of water stress and recovery. 
 
As per the previous section the data will be presented for each irrigation 
treatment in the order of increasing irrigation (i.e. from 10%, 20% etc).  In each 
case two Figures are presented providing: 1) Mean berry weight and, 2) Mean 
berries per bunch.  Each of the figures will be provided for: a) one year of deficit 
and two years of recovery, b) two years of deficit and one year of recovery, c) 
three years of deficit.  The collection of these data was not extended into the 
fourth and fifth years due to the general trends observed that indicated that no 
further new information would be obtained and in view of the conclusions 
drawn from the sections above.  The data are provided here for completeness. 
 
10% treatment 
 
Figure 21 shows mean berry weight versus year of treatment between 2009 and 
2011. Figure 21a shows the effect of one year of deficit followed by two years of 
recovery, Figure 21b shows two years of deficit and one year of recovery, Figure 
21c shows three years of deficit.  Significant differences between treatment and 
controls are indicated (2-way ANOVA with Holm Sidak’s multiple comparison 
test). Mean berry weight is reduced by almost 50% by the 10% treatment and 
this occurred for both one year and two years of deficit (Figure 21a, b), but 
surprisingly not in the third year after three years of deficit (Figure 21c). There 
was no indication of carry-over of reduction in berry weight in the recovery year 
after both one year and two years of deficit. 
 
Figure 22 shows the corresponding data for berries per bunch where the 10% 
treatment resulted in a reduction relative to controls, though this was only 
significant for year 1 of the two and three year deficits (Figure 22b,c).  For the 
two year deficit treatment there was carry-over of reduced berries per bunch in 
the recovery year (Figure 22b).  This was not seen for the two years of deficit 
(Figure 2b) contrasting with the total yield data.  Again surprisingly there was no 
carry-over in bunch weight reduction in the years of recovery even after three 
and four years of continual deficit irrigation (Figure 2c,d). 
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Figure 21 Berry weight for the 10% irrigation treatment applied for one season (2008-09) then 
two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery (b), 
three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls (red 
triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant difference 
within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm 
Sidak’s multiple comparison).  
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Figure 22 Berries per bunch for the 10% irrigation treatment applied for one season (2008-09) 
then two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls 
(red triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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20% treatment 
 
Figure 23 and Figure 24 show the corresponding data for the 30% treatment for 
mean berry weight and berries per bunch.  The effects are similar to those 
observed for the 10% treatment though the reduction in berry weight due to the 
deficit is less.  Berries per bunch is reduced during the deficit period but the only 
significantly reduction occurred in the first year of recovery after two years of 
deficit. 
 
 
 
 

 
Figure 23 Berry weight for the 20% irrigation treatment applied for one season (2008-09) then 
two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery (b), 
three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls (red 
triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant difference 
within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm 
Sidak’s multiple comparison).  
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Figure 24 Berries per bunch for the 20% irrigation treatment applied for one season (2008-09) 
then two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls 
(red triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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30% treatment 
 
Figure 25 and Figure 26 show the corresponding data for the 30% treatment for 
mean berry weight and berries per bunch.  The effects are similar to those 
observed for the previous treatments though the reduction in berry weight due 
to the deficit is less.  Berries per bunch is reduced during the deficit period but 
the only significantly in the second year of the three year deficit and a significant 
reduction occurred in the first year of recovery after two years of deficit as 
observed in the 20% treatment. 
 
 
 

 
Figure 25 Berry weight for the 30% irrigation treatment applied for one season (2008-09) then 
two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery (b), 
three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls (red 
triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant difference 
within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm 
Sidak’s multiple comparison).  
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Figure 26 Berries per bunch for the 30% irrigation treatment applied for one season (2008-09) 
then two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls 
(red triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 77 

30%D treatment 
 
Figure 27 and Figure 28 show the corresponding data for the 30D% treatment 
for mean berry weight and berries per bunch respectively.  The effects are 
similar to those observed for the 30% treatment though the reduction in berry 
weight due to the deficit is generally larger and more often significant than that 
of the 30%.  However, berries per bunch is not generally reduced during the 
deficit period but a significant reduction occurred in the first year of recovery 
after two years of deficit (Figure 28b) as observed in the 10%, 20% and 30% 
treatments. 
 
 
 
 

 
Figure 27 Berry weight for the 30%D irrigation treatment applied for one season (2008-09) 
then two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls 
(red triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison).  
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Figure 28 Berries per bunch for the 30%D irrigation treatment applied for one season (2008-09) 
then two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls 
(red triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
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50% treatment 
 
Figure 29 and Figure 30 show the corresponding data for the 50% treatment for 
mean berry weight and berries per bunch respectively.  There was no significant 
effect of this treatment on either mean berry weight or berries per bunch, though 
berry weight appeared to be reduced during the deficit periods (Figure 29). 
 
 
 
 

 
Figure 29 Berry weight for the 50% irrigation treatment applied for one season (2008-09) then 
two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery (b), 
three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls (red 
triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant difference 
within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm 
Sidak’s multiple comparison).  
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Figure 30 Berries per bunch for the 50% irrigation treatment applied for one season (2008-09) 
then two seasons of recovery (a), two seasons (2008-09, 2009-10) then one season of recovery 
(b), three seasons (2008-09, 2009-10, 2010-11) (c) each compared to the respective controls 
(red triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant 
difference within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with 
Holm Sidak’s multiple comparison). 
 
 
 
Contribution of yield components to reduced yield under deficit 
The reduction in bunch weights, which was the main component of the yield 
reduction due to the deficits (Figs 1 to 20, Figure 31), can be attributed to both 
reduced berry weight and reduced number of berries per bunch (Figure 32).  
This is similar to the conclusions drawn from the data of (Matthews and 
Anderson 1989) where Cabernet Franc on Ganzin A X R1 rootstock was 
examined under full deficit over three years at about the same treatment as our 
20% based on the measured water potentials.  However they also found that 
number of bunches per vine was correlated positively with yield in contrast to 
our results.  Figure 31 provides the correlations between yield and bunch weight 
(Figure 31a) and bunch number (Figure 31b) for the 10% deficit and recovery 
treatments over all years and clearly illustrates the dominant effect of bunch 
weight on yield.  Similar results are obtained for the other treatments (not 
shown). Bunch weight is determined by both berry weight and number of 
berries per bunch as is illustrated for the 10% deficit and recoveries in 
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Figure 32. Interestingly (Shellie 2014) did not observe a significant effect of long 
term deficits on berries per bunch for Merlot, suggesting a varietal difference 
between Merlot and Chardonnay in this respect. Their study however did 
observe a strong reduction in berry weight with increasing deficit as we have 
observed. An interesting observation from the data in Figures 31 and 32 is that 
the effect of deficit irrigation on the yield components appears to be similar to 
the year-to-year and plot-to-plot differences in the controls and recovery vines.  
This is indicated by the data being well fit by the same linear regression lines. 
 
 
 
 

 
 
Figure 31 Contribution to yield of bunch weight (a) and number of bunches (b) shown for all 
10%, 10% recoveries and controls.  (a) Yield as a function of bunch weight where the details of 
the fitted regression line are shown in the adjacent table. (b) Yield as a function of bunch number 
where the details of the regression (not significant) are shown in the adjacent table. Means are 
shown +/- SEM. 
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Figure 32 Contribution to bunch weight of mean berry weight (a) and berries per bunch (b) 
shown for al 10%, 10% recoveries and controls. (a) Bunch weight as a function of mean berry 
weight where the details of the fitted regression line are shown in the adjacent table. (b) Bunch 
weight as a function of berries per bunch where the details of the regression are shown in the 
adjacent table. Means are shown +/- SEM. 
 
 
 
 
Vine biomass and pruning weights as a function of time and after variable periods 
of water stress and recovery. 
 
Vine biomass parameters 
 
During the second year of the trial an intensive field campaign was undertaken 
to examine above ground biomass in detail for a selection of the deficit 
treatments and recoveries after one year.  Figure 33 provides a summary of the 
data collected, which included; average cane length (Figure 33a) and base width 
(Figure 33b), leaf and stem fresh weight per shoot (Figure 33c,d), fruit fresh 
weight (Figure 33e) and total fresh weight per shoot (Figure 33f), leaf water 
fraction (Figure 33g) and bunch number per shoot (Figure 33h).  For each 
parameter except for leaf water fraction and bunch number there was a 
significant reduction observed for the 10% deficit treatment.  Despite significant 
effects on yield (see above) for the 30% and 30%D treatments, there was no 
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significant effect of these treatments on shoot parameters, though fruit fresh 
weight was reduced consistent with the yield observations.  Examination of the 
relationship between fruit weight per shoot and leaf weight per shoot for 
selected deficit treatments indicated that they were linearly related (Figure 34a).  
Interestingly the slopes of the relationships were not significantly different, but 
the intercepts (i.e. weight of fruit per shoot at zero leaf weight) were significantly 
different (Figure 34b).  The deficit treatments all intersected near the origin 
while the recovery and controls had a positive offset.  This may indicate a 
limitation at low leaf weight per shoot on obtaining carbohydrate reserves from 
other parts of the vine for berry growth under water deficit. 
 

 
Figure 33 Above ground biomass components for a selection of the treatments measured in 
seasons 2009-10 (10%, 30%, 30%D and controls) and respective recoveries after one year. (a) 
Cane length per shoot, (b) Cane base width, (c) Leaf fresh weight per shoot, (d) Stem fresh weight 
per shoot, (e) Fruit fresh weight per shoot,  (f) Total shoot fresh weight per shoot, (g) Leaf water 
fraction,  (h) Bunch number per shoot.  Mean +/- SEM are shown and level of significant 
difference to control indicated (2-way ANOVA with Fishers LSD). 
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Figure 34  Relationship between fruit fresh weight and leaf fresh weight for each of the selected 
treatments shown in Figure 33.  The regressions shown in (a) were tested for differences 
between the treatments. Each point is for a single vine.  (b) The slopes were not significantly 
different, but the intercepts were significantly larger for the control and recovery vines. 
 
 
 
 
Pruning weights 
 
Pruning weights were obtained for all treatments and recoveries over the five 
years of the trial.  These are summarised in Figure 35.  In this Figure the red bars 
are the deficit treatments for 1,2,3 or 4 years, and these can be compared with 
the recoveries (adjacent bars) for each of the deficit treatments.  It is evident that 
pruning weights are strongly affected by the higher deficits (i.e. 10% 20% and 
30%D).  This can be more easily observed in Figure 36, which shows the pruning 
weights normalised to the respective controls.  This also shows the difference 
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between the 30% and the more stressful 30%D treatments.  Figure 37 (a,b,c,d)  
presents the data in a slightly different way for clarity where absolute pruning 
weights are given after year 1 (a), year 2 (b), year 3 (c) and year 5 (d)  of the 
trial. Again it is clear that the 30%D has a greater negative impact on pruning 
weights than 30% (Figure 37b,c).  
 

 
Figure 35 Summary of pruning weights for each irrigation treatment and for different durations 
of continuous deficit and recoveries.  Red bars for each treatment are for vines under deficit for 
one, two, three or four years.  The corresponding recoveries are shown adjacent to the respective 
deficit.  Mean +/- SEM are shown. 
 
 

 
Figure 36 Summary of relative pruning weights (percent) for each irrigation treatment and for 
different durations of continuous deficit and recoveries.  Red bars for each treatment are for 
vines under deficit for one, two, three or four years. The normalisation was based on the mean of 
the corresponding controls.  This allows for an SEM to be obtained for the controls which will 
have a mean of 100%.  The corresponding recoveries are shown adjacent to the respective 
deficit.  Mean +/- SEM are shown. 
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Figure 37 Pruning weights at the end of each year of the trial for each of the treatments.  (a) End 
of season one (2008-09) and therefore no recovery vines. (b) End of season two (2009-10) 
where vines had two years of deficit and one year of recovery. (c) End of season three (2010-11) 
where vines had three years of deficit, two years of recovery or one year of recovery. (d) End of 
season four (2011-12) where vines are shown with one or two years of recovery after three or 
two years of deficit respectively.  Different letter indicates significant difference between deficit 
treatments (a), or deficit and recovery (b,c), or between recoveries (d). (one- or 2-way ANOVA 
with Holm Sidak’s multiple comparison). 
 
 
 
Closer examination of recoveries after deficit and links between pruning weight, 
leaf area index and yield. 
 
Here we examine normalised yields and pruning weights (relative to control in 
each year) and compare continuous deficit with recovery after one year of 
deficit.  Since we have three to four seasons of recovery after one year of deficit, 
it allows close scrutiny of the time that may be required for vines to adjust back 
to full productivity under normal irrigation following a season of deficit.  
 
10% treatment 
 
Figure 38a shows the normalised yield as a function of years (seasons) for the 
continuous deficit (red symbols), and recovery (blue symbols) after the first year 
of 10% deficit, i.e. deficit in only year 1 (2008-09 season).  It is evident that only 
in the third season of recovery did yield come back to being equivalent to that of 
the controls.  It should be noted that according to the ANOVA described above 
for Figure 1 there was no significant effect of the deficit during the recovery 
compared with the controls.  However it can be clearly seen from the trend in 
Figure 38a that there is a continued increase in yield back toward the controls 
that takes some three seasons.  A regression analysis on this trend shows that it 
is highly significant, as indicated by the adjacent regression analysis in Figure 
38a.  For comparison the normalised pruning weights are shown plotted in the 
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same way as the yields (Figure 38b).  A regression through the recovery data 
also indicates that only by the third season after the deficit did the pruning 
weight recover to that of the control.  Comparing the continuous deficit yields 
and pruning trends it can be seen that there is a greater effect on pruning weight 
than on yield and that there is a trend for increasing yield over time during the 
continuous deficit. This will be seen to be common with the other continuous 
deficits treatments. This is of course all relative to the respective controls in the 
given year, and assumes that other climatic and biotic influences independent of 
the deficit treatments that will affect yield and pruning weight from year to year 
do not differentially affect the treatments compared to the controls.  However, it 
should be noted that there was substantially different rainfall in the growing 
season between treatment years and this may have an impact.  This will be 
discussed further below. 
 

 
 
Figure 38 Normalised yields (a) and pruning weights (b) for successive (continued) 10% 
treatment (red circles) or recovery (blue squares) after one year of 10% deficit (season 2008-09) 
plotted against time.  Normalisation occurred against the respective control in each year, and is 
indicated as the horizontal dotted line.  The detail for the significant linear regressions through 
the recovery trajectory is shown adjacent to each Figure  
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20% treatment 
 
In contrast to the 10% treatment the recovery after one year of deficit appeared 
to be significantly more rapid having reached the control yield in the first season 
of recovery (Figure 39a). The regression against time shown for the relative 
yield is only just significant, while that for the recovery of relative pruning 
weight is not significant (not shown in Figure 39b). As for the 10% treatment 
there is trend for the relative yield under continues deficit to increase back 
towards the controls (Figure 39a).  This trend is not evident in the relative 
pruning weights, consistent with the 10% deficit treatment (Figure 39b). 
 

 
Figure 39 Normalised yields (a) and pruning weights (b) for successive (continued) 20% 
treatment (red circles) or recovery (blue squares) after one year of 20% deficit (season 2008-09) 
plotted against time.  Normalisation occurred against the respective control in each year, and is 
indicated as the horizontal dotted line.  The detail for the significant linear regression through 
the recovery trajectory for yield is shown adjacent to the Figure  
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30% treatment 
 
The 30% deficit showed somewhat contrasting behaviour to the 10% and 20% 
in that the decrease in yield was larger than that of pruning weight (Figure 40).  
The recovery was also rapid (within one season) for both yield and pruning 
weight with no significant trend once the control levels were reached.  There was 
also no recovery trend in the yield under continuous deficit that was evident in 
the 10% and 20% deficits.  The peak in yield in year 5 for the recoveries is 
difficult to explain, but all treatments showed this response to different degrees 
so it may be a real effect, perhaps an over compensation. 
 
 

 
Figure 40 Normalised yields (a) and pruning weights (b) for successive (continued) 30% 
treatment (red circles) or recovery (blue squares) after one year of 30% deficit (season 2008-09) 
plotted against time.  Normalisation occurred against the respective control in each year, and is 
indicated as the horizontal dotted line.  
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30% D treatment 
 
The 30%D treatment (Figure 41) showed similar responses in relative yields and 
pruning weights to that of the 10% and 20% deficits but clearly contrasts to the 
minimal responses observed in the 30% treatment.  This is consistent with the 
other comparisons in physiology and yield described above.  The yield recovery 
shows a slower trend to the control levels but the linear regression is not 
significant (not shown).  There is once again a consistent trend of yield 
compensation under continuous deficit in years 2, 3 and 4, which is not as 
evident in the relative pruning weights. 
 

 
Figure 41 Normalised yields (a) and pruning weights (b) for successive (continued) 30%D 
treatment (red circles) or recovery (blue squares) after one year of 30%D deficit (season 2008-
09) plotted against time.  Normalisation occurred against the respective control in each year, and 
is indicated as the horizontal dotted line.  
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50% treatment 
 
The 50% deficit shows some common features with the other treatments in that 
there is a trend for the relative yields to compensate towards that of the controls 
(Figure 42a).  There are also the same trends in the recovery phase with an 
overshoot in year 5 as seen in the 30% treatment.  Relative pruning weights also 
appeared to have recovered to control levels during the continued deficit by year 
3 (Figure 42b). 
 

 
Figure 42 Normalised yields (a) and pruning weights (b) for successive (continued) 50% 
treatment (red circles) or recovery (blue squares) after one year of 50% deficit (season 2008-09) 
plotted against time.  Normalisation occurred against the respective control in each year, and is 
indicated as the horizontal dotted line. 
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Leaf area index 
 
Leaf area index (LAI) was also measured and Figure 43 shows measurements 
made in February 2012 and plotted against the duration of recovery.  Zero in this 
case corresponds to four years of continuous deficit. It is clear that for every 
treatment except the 50% deficit there was a delay in recovery of full LAI.  The 
data were best fit by a quadratic equation and all treatment except 50% and 
100% were not significantly different. Full recovery did not occur until at least 
the second season of full irrigation (i.e. 100%). 
 

 
 
Figure 43 Leaf area index (LAI) measured on one day in February 2012 for selected treatments 
where the data are plotted against number of years of recovery for each deficit.  Zero years of 
recovery indicates four continuous years of deficit, one year is three years of deficit and one year 
of recovery, etc.  Mean and SEM of three replicates is shown.  The data has been fitted to a 
quadratic equation and regressions compared between the treatments.  There is no significant 
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difference between the fits for 10%, 20% and 30% that differ significantly from the control and 
the 50% treatment. 
 
 
Summary of effects of one year of deficit and recovery. 
 
As a summary of the data described above: 
 

• There is a trend for the continuous deficit treatment to compensate yield 
towards that of the control.  This compensation is not as evident in the 
pruning weights for the low irrigation rates but may occur for the 30% 
and 50% deficits. 

• As a conservative estimate for complete recovery after one year of deficit 
this would be in the third season of full irrigation, but can occur earlier for 
less extreme reductions in irrigation. 

• Leaf area index did not fully agree with pruning weight in that LAI did not 
show any difference in recovery kinetics between the 10%, 20%, 30% 
and 30%D, however for the 10% both LAI and pruning weight recoveries 
were in agreement. 

• After recovery there may be an over compensation effect with higher 
yields in the fourth season of recovery. 

• It should be noted that the 2008-09 season had a low effective rainfall 
during the growth season compared to the following three seasons in 
which recovery after one year of deficit was examined.  Therefore, we 
have examined a scenario above where the deficit year was more extreme 
and the recovery years less extreme in terms of total water applied.   

 
Association between yield components and water applied 
 
Here we examine the association between the different yield components and 
total effect rain received during the growing season plus irrigation.  Figure 44 
shows yield as a function of irrigation plus effect rain for all sub-treatments 
across four seasons where data was available. This data reveal some remarkable 
features of how yield responds to total water applied. 
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Figure 44  Yield as a function of irrigation plus effective rain (Table 1, Methods Chapter 5) for all 
sub-treatments across four seasons.  The season data (indicated with different symbols) includes 
deficit, recoveries and control treated vines.  For the deficit treatments these can have up to four 
consecutive seasons of deficit (2011-12).  Regression lines are through the combined data for the 
season with the regression details shown in the table below the graph.  The slopes are not 
significantly different and the regressions for seasons 2008-09, 2010-11 and 2011-12 are not 
significantly different.  Mean +/- SEM is shown. 
 
 
For three out of four seasons (2008-09, 2010-11, 2011-12) the regressions lines 
are not significantly different and across all years the slope of the regression 
lines are not significantly different, providing a common slope of 0.014 kg vine-1 
mm-1.  This translates to 21.1 kg ha-1 mm-1 or 2,108 kg ha-1 ML-1 gained in yield 
per hectare for every mm or ML total water applied respectively.   Note that this 
is the incremental water productivity and not the absolute water productivity 
since the regression lines do not intercept at the origin.  So for example, for 
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2008-09, 2010-11 and 2011-12 seasons the absolute water productivity at 200 
mm of total water applied is 7.2 tonne ML-1 ha-1.   
 
Figure 45 shows the absolute water productivities calculated from the 
regression lines shown in Figure 44 where seasons 2008-09, 2010-11 and 2011-
12 are combined and compared with season 09-10, which is somewhat of an 
outlier due to unfavourable flowering conditions.  The lines are exponential 
decay functions that illustrate the effect in terms of a diminishing of returns 
function.   Note that the rate constants for the exponential decay in absolute 
water productivity are the same for the two sets of seasons, but the final plateaus 
and initial starting points differ.  From these functions one could deduce a target 
of yield relative to the water productivity, which is a decision based on the cost 
of water and the desired yield (quality).  
 

 
Figure 45 Water productivity obtained from the regression equations in Figure 44 plotted 
against irrigation plus effective rain. Note the actual data ranges from 150 mm to 800 mm while 
the regression lines shown are extrapolated to 0 and 1000 mm.  The curves are exponential 
decay functions that perfectly fit the data in Figure 44 and the details are given in the table below 
the Figure  
 
Another point to be made from the data in Figure 44 is that for seasons 2008-09, 
2010-11 and 2011-12 the data all line up together on the same linear function 
despite the fact that in each season there are blocks of vines that have been 
treated for different periods under the deficits.  For example in season 2011-12 
the vines had endured the deficits for three prior years, yet they fit on the same 
function of yield versus water applied as the vines that had only one year of 
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deficit.  Similarly all the 100% vines in each season line up on the same function.  
This would suggest that the main determining factor for yield is the total water 
applied in any season, irrespective of the number of prior seasons where water 
applied was above or below the average. Note this is slightly at odds with the 
observation of some yield compensation over time under continuous deficit 
observed above for the 10%, and 20% treatments.  But these effects are 
relatively small compared to the overall effect of total water applied. 
 
Yield components of bunch weight and berry weight are also given as a function 
of irrigation plus effect rain in Figures 46 and 47 respectively for completeness 
where these data were obtained.  Note that bunch weight shows the same 
similarities to that of yield (Figure 44), but berry weight is somewhat different 
particularly for the data in season 2010-11 where there was no significant effect 
of effective rain plus irrigation on berry weight, and indicating that in this season 
berries per bunch must have contributed to the association of yield with effective 
rain plus irrigation. 
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Figure 46  Bunch weight as a function of irrigation plus effective rain for all sub-treatments 
across four seasons.  The season data (indicated with different symbols) includes deficit, 
recoveries and control treated vines.  For the deficit treatments these can have up to four 
consecutive seasons of deficit (2011-12).  Linear regression lines are through the combined data 
for the season with the regression details shown in the table below the graph.  The slopes are not 
significantly different but the intercepts are significantly different between season 2009-10 and 
the other seasons.  Mean +/- SEM is shown. 
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Figure 47  Berry weight as a function of irrigation plus effective rain for all sub-treatments 
across three seasons.  The season data (indicated with different symbols) includes deficit, 
recoveries and control treated vines.  For the deficit treatments these can have up to three 
consecutive seasons of deficit (2010-11).  Linear regression lines are through the combined data 
for the season with the regression details shown in the table below the graph.  The slope for 
season 2010-11 is not significantly different from zero. Mean +/- SEM is shown. 
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Comparison with other data for yield and water productivity 
 
(Sadras 2009) compared water productivities for different types of deficit 
irrigation over a range of grapevine varieties and other crops (in g/L).  
Converting our data to that of (Sadras 2009) for comparison shows that for all 
seasons other than 2009-10 water productivities of between 3.6 and 7.2 g/L 
were obtained.  This is at the lower end of the range for those compiled by 
(Sadras 2009), though many other varieties and conditions cluster in the range 
from about 2 to 10 g/L. The (Sadras 2009) compilation is also in terms of 
irrigation water applied rather than irrigation plus effective rain so our values 
would be increased somewhat if irrigation applied was only considered.  Our 
values are also comparable to those of (Trigo-Cordoba, et al. 2015) for cv. 
'Godello' and 'Treixadura' over three seasons under deficit (rain fed only) and 
irrigation in NW Spain.  Perhaps the most comparable study was that of (Stevens, 
et al. 2008) where yield and irrigation water use index (IWUI) were compared 
for Chardonnay on various rootstocks for irrigation rates of 5 ML/ha and 
8ML/ha.  Yield per vine on Ramsey (the root stock used in our study) was 32.2 
kg/vine, with an IWUI of 5.9 t/(ha·ML). In our case the maximum yield when 
irrigation plus effective rain approached 800 mm (=8 ML/ha), was about 19 
kg/vine, and therefore significantly less than those reported by (Stevens, et al. 
2008). Another study on Chardonnay on two rootstocks by (Williams 2014) gave 
water use efficiencies of between 2.6 and 18.5 (tonne/ML) for applied water 
rates of between 482 mm and 86 mm. At near 200 mm applied water, values 
ranging from 5.6 to 10.9 tonne/ML were obtained by (Williams 2014) over 
several years, which are not that dissimilar to the 7.2 tonne/ha that we obtained.  
Our water productivity (calculated as the index of yield/ha divided by irrigation 
plus effective rain) was between 3.6 and 7.2 t/(ha.ML) for 8 ML/ha and 2 ML/ha 
respectively. 
 
Vine balance and water applied. 
 
Vine balance can be conveniently parameterised as yield-to-pruning-weight 
ratio (Y/P) with values in the range 5 to 10 considered as optimal (Dry 2013). 
Figure 48 shows yield as a function of pruning weight for each of the seasons and 
across each of the deficit and controls in each season.  The regressions are for 
each season.  In each case the lines’ intercepts are not significantly different to 
the origin and therefore the regression lines have been forced to pass through 
the origin.  In each case the slope of the lines is equal to the yield-to-pruning-
weight ratio, which is given for each season in the Table in Figure 48.  First of all 
it is evident that deficit irrigation has not markedly changed the ratio as based on 
the linear fits where the lines pass through the origin. However, two outliers are 
evident for the 10% and 20% deficits in season 11-12. Second, the yield-to-
pruning-weight ratio changes substantially in each season in order of increasing 
ratio as 5.7 (2009-10), 8.4 (2008-09), 16.1 (2011-12), 16.7 (2010-11).  This 
indicates that the yield-to-pruning-weight ratio is more dependent upon season 
to season differences rather than irrigation and effective rain (compare with 
Table 1 Chapter 5).  This is similar to conclusion arrive at by (Intrigliolo and 
Castel 2008) where they found a significant year to year effect (over six years) 
on yield-to-pruning-weight ratio, rather than any effect of irrigation versus non-
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irrigation on Tempranillo in Requena, Spain.  However, (Lopez, et al. 2007) found 
that yield-to-pruning-weight ratio was reduced on average from 6.7 to 8.2 across 
varieties under non-irrigation versus irrigation over four seasons for five 
Spanish varieties.  On the other hand yield-to-pruning-weight ratios increased in 
each of three seasons for Merlot when irrigation was reduced from about 400 
mm to 200 mm (Shellie 2014).  (Shellie 2014) also observed a linear relation 
between yield and pruning weight but the regressions (not characterised) would 
appear to not pass through the origin in some years.   
 

 
 
Figure 48 Vine balance as indicated by plotting yield against pruning weights across the four 
seasons.  The season data (indicated with different symbols) includes deficit, recoveries and 
control treated vines.  For the deficit treatments these can have up to four consecutive seasons of 
deficit (2011-12).  Linear regression lines are forced through the origin and the slope gives the 
overall average yield-to-pruning-weight ratio (Ravaz Index). The regression details shown in the 
table below the graph. Mean +/- SEM is shown. 
 
 
 
 
From Figures 38 (10% irrigation) and 39 (20% irrigation) presented earlier it 
could be seen that there was a trend for recovery in yield with continuous deficit, 
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while pruning weight did not show any recovery.  This suggests that for these 
more extreme treatments there was a tendency for the yield-to-pruning-weight 
ratio to increase with continuous deficit.  This is examined in more detail in 
Figure 49 where the ratios are presented as a function of the number of years of 
continuous deficit and the number of years of recovery after one year of deficit.  
It can be seen that for the 10% and 20% treatments there is a trend for the yield-
to-pruning-weight ratio to increase with time under deficit and more so than the 
season-to-season trend observed for the controls. This results in a significantly 
higher ratio for the 10% and 20% deficit treatments by the fourth season of 
deficit (season 11-12, Figure 49a,b). The ratios achieved are very high (25 to 30), 
i.e. extremely over-cropped, and well beyond the range suggested for optimum 
quality (5 to 10 (Dry 2013). This trend was also evident in the 30%D treatment 
but was not significant.  It should also be noted that the recovery vines after one 
year of deficit (right hand side of the figures) were not significantly different to 
the respective controls for all deficits. The trend of increasing yield-to-pruning-
weight ratio under the more extreme deficit treatments concurs with the 
observation of (Shellie 2014) for Merlot vines under continuous seasonal deficit. 
 
 

 
Figure 49  Yield-to-pruning-weight ratios for continuous deficit irrigation over four seasons and 
for recovery after one season of deficit over three seasons.  Each season is compared with the 
respective control to illustrate season-to-season variation in the ratio (see Figure 48).  The 
respective season is indicated above the data pair. (a) 10%, (b) 20%, (c) 30%, (d) 30%D, (e) 
50%.  Significant difference to controls is indicated by asterisk (2-way ANOVA with Holm-Sidak 
multiple comparison test).  Mean +/- SEM are shown. 
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6.3  Effect of SDI and recovery on berry composition and ripening 
 

Introduction 
Final harvest berry composition and the evolution of composition during 
ripening are expected to be sensitive to reduced irrigation since the water 
balance of the berry and the vine is linked to the rate of sugar accumulation 
(Greenspan, et al. 1996), berry transpiration (Rebucci, et al. 1997), and berry cell 
death (Bonada, et al. 2013). Although the sugar available for berry ripening 
would be expected to be dependent on the photosynthetic capacity of the vine 
and carbohydrate storage which are both effected by water deficit (Schultz and 
Matthews 1988,Tarara, et al. 2011), variation in maximum concentration of 
soluble solids in berries was unrelated to source size, source activity, sink size, 
and source : sink ratio (Sadras, et al. 2008).  However, the rate of change in 
concentration of berry soluble solids was positively correlated to stomatal 
conductance (Sadras, et al. 2008), which is very sensitive to water stress. There 
are variable results in the literature depending on the degree of water stress, 
season-to-season interaction related to climatic variation, and differences 
between warm and cool climates. For example (Keller, et al. 2008) found no 
interaction between crop load and deficit irrigation on berry composition while 
others have found significant effects of deficit irrigation (Shellie 2014). The berry 
compositional changes due to deficits have also not been examined in terms of 
recovery after long-term continuous water deficit.  The impact of reduced 
irrigation and then the time for recovery on basic berry composition in a warm, 
low humidity environment such as the Riverland is important for predicting 
impacts on wine quality when water is limiting and to determine the time for full 
recovery after water restrictions. 

Methods 
 
After weighing, the 100-berry sample was crushed and the extracted juice 
centrifuged to clarify. Clarified juice was separated from the pellet to determine 
total soluble solids (TSS) measured by a refractometer (corrected to 20°C). pH 
and titratable acidity (TA) was measured by a Metrohm auto endpoint titrator 
set to an endpoint pH of 8.2. 
 

Results and Discussion 
 
Berry ripening kinetics as affected by continuous water deficits 
 
Three seasons of deficit treatments were examined with respect to the evolution 
of berry composition and ripening. Berry weight, total soluble solids (TSS as 
oBrix), sugars per berry, juice pH and titratable acidity (TA) were measured over 
the course of ripening for each of the deficit treatments.  Using a two-way 
analysis of variance the significance of time, treatment and interaction was 
examined.  These ANOVA tables are reported with each figure below and for each 
of the three seasons constituting, one year, two years and three years of 
continuous deficit respectively. 
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Season 2008-09: One year of deficit 
 
The evolution of berry weight, TSS, sugar per berry, pH and TA are shown 
respectively in Figures 1,2,3,4,5.  The evolution of berry weight (Figure 1) in this 
season (one of the driest) was in contrast to those shown below since berry 
weight had already reached its maximum relatively early and the deficit 
treatments all showed a decline in berry weight.  Even the control showed a 
reduction in the last sample.  In this case there was a significant effect of deficit 
treatment and time, but also a significant interaction, probably indicating the 
greater berry weight loss in the deficit treatments.  Such weight loss is relatively 
rare for Chardonnay (Tilbrook and Tyerman 2008,Tilbrook and Tyerman 2009).  
Total soluble solids increased steadily and similarly across treatments (Figure 
2).  There was a significant difference with time and treatment but no significant 
interaction.  This is interesting considering the greater weight loss in the more 
extreme deficits.  The kinetics of the accumulation of sugars per berry showed 
the greatest difference between treatments (Figure 3), with a significant 
interaction between time and treatment.  These results indicate a slower 
accumulation of sugar per berry for the more extreme deficits resulting in a 
much reduced sugar content per berry for the extreme deficits.  Juice pH 
increased steadily for all treatments with higher pH achieved in the greater 
deficits (Figure 4), however, there was no significant interaction between time 
and treatment.  Juice TA declined as would be expected during ripening, and 
despite different start values the final ripened levels of TA were very similar 
across treatments.  Again there was no interaction between time and treatment 
(Figure 5). 

 
 
 
Figure 1 Evolution of berry weight, season 2008-09. a) Berry weight as a function of the day of 
the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way ANOVA 
indicating significant effects of irrigation and DOY, and a significant interaction indicating that 
the evolution of berry weight differed between the treatments.  
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Figure 2 Evolution of concentration of total soluble solids (TSS), season 2008-09. a) TSS as a 
function of the day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown.  b) 
Two way ANOVA indicating significant effects of irrigation and DOY, but no significant 
interaction, indicating that the evolution of TSS did not differ between the treatments. 
 
 
 
 

 
 
Figure 3 Evolution of sugar per berry, season 2008-09. a) Sugar per berry as a function of the 
day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two way 
ANOVA indicating significant effects of irrigation and DOY, and a significant interaction indicating 
that the evolution of sugar per berry differed between the treatments. 
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Figure 4 Evolution of berry juice pH, season 2008-09. a) pH as a function of the day of the year 
(DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way ANOVA indicating 
significant effects of irrigation and DOY, but no significant interaction, indicating that the 
evolution of pH did not differ between the treatments. 
 
 
 
 

 
 
Figure 5 Evolution of berry juice titratable acidity (TA), season 2008-09. a) TA as a function of 
the day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way 
ANOVA indicating significant effects of irrigation and DOY, but no significant interaction, 
indicating that the evolution of TA did not differ between the treatments. 
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Season 2009-10: Two years of deficit 
 
Evolution of berry weight, TSS, sugar per berry, pH and TA are shown as above in 
Figures 6,7,8,9,10.  Berry weights were low in 2009-10 for the control and 
treatments but a larger increment in weight can be observed during ripening.  In 
this season there was no indication of berry weight loss and there was no 
significant interaction between time and treatment (Figure 6).  Total soluble 
solids showed a consistent increase between all treatments with no obvious 
plateau except at the very last sample time (Figure 7). Again there were 
significant differences between treatments but no interaction between time and 
treatment. Sugars per berry again showed a divergence in the rate of 
accumulation with a significant interaction between time and treatment 
indicating that sugars accumulated more slowly with deficits on a per berry basis 
(Figure 8).  Juice pH and TA were only recorded on three occasions in this 
season, but showed the same general trends observed for only one continuous 
year of deficit.  There were no interactions between time and treatment (Figure 
9,10). 
 
 
 

 
 
Figure 6 Evolution of berry weight, season 2009-10. a) Berry weight as a function of the day of 
the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way ANOVA 
indicating significant effects of irrigation and DOY, but no significant interaction, indicating that 
the evolution of berry weight did not differ between the treatments. 
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Figure 7 Evolution of concentration of total soluble solids (TSS), season 2009-10. a) TSS as a 
function of the day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) 
Two-way ANOVA indicating significant effects of irrigation and DOY, but no significant 
interaction, indicating that the evolution of TSS did not differ between the treatments. 
 
 
 

 
 
Figure 8 Evolution of sugar per berry, season 2009-10. a) Sugar per berry as a function of the 
day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way 
ANOVA indicating significant effects of irrigation and DOY, and a significant interaction indicating 
that the evolution of sugar per berry differed between the treatments. 
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Figure 9 Evolution of berry juice pH, season 2009-10. a) pH as a function of the day of the year 
(DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way ANOVA indicating 
significant effects of irrigation and DOY, but no significant interaction, indicating that the 
evolution of pH did not differ between the treatments. 
 
 
 
 

 
 
Figure 10 Evolution of berry juice titratable acidity (TA), season 2009-10. a) TA as a function of 
the day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way 
ANOVA indicating significant effects of irrigation and DOY, but no significant interaction, 
indicating that the evolution of TA did not differ between the treatments. 
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Season 2010-11: Three years of deficit 
 
Evolution of berry weight, TSS, sugar per berry, pH and TA are shown as above in 
Figures 11,12,13,14,15.  Berry weights were higher in 2010-11 for the control 
and treatments and a large increment in weight can be observed during ripening. 
Again there was no indication of berry weight loss and there was no significant 
interaction between time and treatment (Figure 11).  Total soluble solids 
showed a consistent increase between all treatments with no obvious plateau 
except at the very last sample time (Figure 12). As for 08-09 and 09-10 there 
were significant differences between treatments but no interaction between time 
and treatment. In contrast to the first two seasons sugars per berry did not show 
a divergence in the rate of accumulation and there was no significant difference 
between treatments and no significant interaction between time and treatment 
(Figure 13).  Juice pH and TA showed the same general trends observed for the 
previous two seasons and there were no interactions between time and 
treatment (Figure 14,15). 
 
 
 

 
 
Figure 11 Evolution of berry weight, season 2010-11. a) Berry weight as a function of the day of 
the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way ANOVA 
indicating significant effects of irrigation and DOY, but no significant interaction, indicating that 
the evolution of berry weight did not differ between the treatments. 
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Figure 12 Evolution of concentration of total soluble solids (TSS), season 2010-11. a) TSS as a 
function of the day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) 
Two-way ANOVA indicating significant effects of irrigation and DOY, but no significant 
interaction, indicating that the evolution of TSS did not differ between the treatments. 
 
 
 

 
 
Figure 13 Evolution of sugar per berry, season 2010-11. a) Sugar per berry as a function of the 
day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way 
ANOVA indicating no significant effects of irrigation, and no significant interaction between DOY 
and irrigation indicating that the evolution of sugar per berry did not differ between the 
treatments. 
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Figure 14 Evolution of berry juice pH, season 2010-11. a) pH as a function of the day of the year 
(DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way ANOVA indicating 
significant effects of irrigation and DOY, but no significant interaction, indicating that the 
evolution of pH did not differ between the treatments. 
 
 
 
 
 
 

 
 
Figure 15 Evolution of berry juice titratable acidity (TA), season 2010-11. a) TA as a function of 
the day of the year (DOY) for each irrigation treatment. Mean +/- SEM are shown. b) Two-way 
ANOVA indicating significant effects of irrigation and DOY, but no significant interaction, 
indicating that the evolution of TA did not differ between the treatments. 
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Final harvest berry composition and the effect of deficit and recovery 
 
10% treatment 
 
Figure 16 shows TSS and sugar per berry over three seasons in which these were 
measured, 2008-09 to 2010-11 for the 10% irrigation treatment, and for various 
periods of continuous deficit and recovery.  There were no significant differences 
in TSS for one year of deficit and two years of recovery (Figure 16a), but higher 
TSS was obtained when vines were subjected to two years of deficit plus one 
year of recovery (Figure 16c) and three years of deficit (Figure 16e).  The 
2009-10 season in each case did not show a difference in TSS, but in this season 
the yield was substantially reduced compared to other seasons.  Generally sugar 
per berry was reduced significantly by one, two or three years of deficits (Figure 
16b,d,f), though the vines subjected to three continuous years of 10% irrigation 
showed less response in the second and third year (Figure 16f).   In terms of 
recoveries, there appeared to be no consistent carry-over from the deficit year(s) 
to the recovery season(s) except for the two year deficit where significant 
differences in both TSS and sugars per berry were observed in the recovery 
season  (Figure 16c,d) 
 
Figure 17 shows juice pH and titratable acidity (TA) in the same format as for 
Figure 16 over the three seasons.  More consistent differences were observed for 
pH than for TSS with one, two and three seasons of continuous deficit showing 
significantly increased pH (Figure 17a,c,e respectively).  TA was reduced by the 
10% irrigation treatment, but less consistently between the three combinations 
of deficit and recovery.  Only in year two (2010-11) of the two year and three 
year continuous deficit was there a significant reduction in TA (Figure 17d,f), 
and as mentioned earlier this season was an outlier in terms of much reduced 
total yield across all treatments. 
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Figure 16 Concentration of total soluble solids (TSS) (a,c,e) and sugars per berry (b,d,f) for the 
10% irrigation treatment applied for one season (2008-09) then two seasons of recovery (a,b), 
two seasons (2008-09, 2009-10) then one season of recovery (c,d), three seasons (2008-09, 
2009-10, 2010-11) (e,f) each compared to the respective controls (red triangle symbols) plotted 
over time.  Mean +/- SEM is shown and level of significant difference within a year is indicated 
(*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
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Figure 17 Berry juice pH (a,c,e) and titratable acidity (b,d,f) for the 10% irrigation treatment 
applied for one season (2008-09) then two seasons of recovery (a,b), two seasons (2008-09, 
2009-10) then one season of recovery (c,d), three seasons (2008-09, 2009-10, 2010-11) (e,f) 
each compared to the respective controls (red triangle symbols) plotted over time.  Mean +/- 
SEM is shown and level of significant difference within a year is indicated (*<0.05 **<0.01 *** 
<0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
 
 
20% treatment 
 
Figure 18 shows TSS and sugar per berry for the 20% treatment over three 
seasons in the same format as presented above for the 10% treatment.  There 
were no significant differences in TSS for one year of deficit and three years of 
deficit (Figure 18a,e), though the trend was for higher TSS except in season 
2009-10.  The two-year deficit and one year recovery showed significant 
differences and a possible lack of full recovery in the 2010-11 season (Figure 
18c). As per the 10% treatment sugar per berry was reduced significantly in 
some combinations of continuous deficit (Figure 18b,d,f), though the vines 
subjected to three continuous years of 20% irrigation showed less response in 
the second and third year (Figure 18f) as was also observed for the 10% 
treatment. There appeared to be no consistent carry over from the deficit year(s) 
to the recovery season(s) except for the two -year deficit where significant 
differences in both TSS and sugars per berry were observed in the recovery 
season (Figure 16c,d).  There was an overshoot in sugar per berry in the 
recovery season (Figure 18d), a trend that was also observed for the 10% 
treatment. 
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Figure 19 shows juice pH and titratable acidity (TA) in the same format as above 
over the three seasons.  Again more consistent differences were observed for pH 
than for TSS with one, two and three seasons of continuous deficit showing 
significantly increased pH (Figure 19a,c,e respectively).  TA was reduced by the 
20% treatment but with less consistency between duration as also observed for 
10%.  The second season (2010-11) of the two year and three year continuous 
deficit showed a significant reduction in TA (Figure 19d,f).  There was a 
significant increase in pH of vines that had one year of recovery after two years 
of continuous deficit (Figure 19c). 
 
 

 
 
Figure 18 Concentration of total soluble solids (TSS) (a,c,e) and sugars per berry (b,d,f) for the 
20% irrigation treatment applied for one season (2008-09) then two seasons of recovery (a,b), 
two seasons (08-09, 09-10) then one season of recovery (c,d), three seasons (2008-09, 2009-10, 
2010-11) (e,f) each compared to the respective controls (red triangle symbols) plotted over time.  
Mean +/- SEM is shown and level of significant difference within a year is indicated (*<0.05 
**<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
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Figure 19 Berry juice pH (a,c,e) and titratable acidity (b,d,f) for the 20% irrigation treatment 
applied for one season (2008-09) then two seasons of recovery (a,b), two seasons (2008-09, 
2009-10) then one season of recovery (c,d), three seasons (2008-09, 2009-10, 2010-11) (e,f) 
each compared to the respective controls (red triangle symbols) plotted over time.  Mean +/- 
SEM is shown and level of significant difference within a year is indicated (*<0.05 **<0.01 *** 
<0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
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30% treatment 
 
Figure 20 shows TSS and sugar per berry for the 30% treatment over three 
seasons in the same format as presented above.  The first season (2008-09) of 
the continuous deficits showed an increase in TSS, though only significant in the 
three-year continuous deficit set (Figure 20e). Season 2009-10 showed a 
significant decrease in TSS under deficit for the two year and three year 
continuous set (Figure 20c,e). There was no apparent carry-over effect into the 
recovery years for each of the treatment durations. As for the 10% and 20% 
treatments sugar per berry was reduced significantly in some combinations of 
continuous deficit (Figure 20b,d,f), though the vines subjected to three 
continuous years of 30% irrigation showed less response in the third year 
(Figure 18f) as was also observed for the 20% treatment. There was an 
overshoot in sugar per berry in the recovery season after two years of deficit 
(Figure 20d), a trend that was also observed for the 10% and 20% treatment. 
 
Figure 21 shows juice pH and titratable acidity (TA) in the same format as above. 
Higher pH was observed only in the first season (2008-09), also the driest, of the 
continuous deficit treatments (Figure 21a,c,e).  TA was reduced by the 30% 
treatment but with less consistency between duration as also observed for 10%. 
There was no clear carry-over effect into the recovery years for any of the 
combinations. 

 
 
Figure 20 Concentration of total soluble solids (TSS) (a,c,e) and sugars per berry (b,d,f) for the 
30% irrigation treatment applied for one season (2008-09) then two seasons of recovery (a,b), 
two seasons (2008-09, 2009-10) then one season of recovery (c,d), three seasons (2008-09, 
2009-10, 2010-11) (e,f) each compared to the respective controls (red triangle symbols) plotted 
over time.  Mean +/- SEM is shown and level of significant difference within a year is indicated 
(*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
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Figure 21 Berry juice pH (a,c,e) and titratable acidity (b,d,f) for the 30% irrigation treatment 
applied for one season (2008-09) then two seasons of recovery (a,b), two seasons (2008-09, 
2009-10) then one season of recovery (c,d), three seasons (2008-09, 2009-10, 2010-11) (e,f) 
each compared to the respective controls (red triangle symbols) plotted over time.  Mean +/- 
SEM is shown and level of significant difference within a year is indicated (*<0.05 **<0.01 *** 
<0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
 
 
 
 
30%D treatment 
 
Figure 22 shows TSS and sugar per berry for the 30%D (reduced depth) 
treatment over three seasons in the same format as presented above.  There 
were significant differences in TSS for the two year deficit and one year recovery 
(Figure 22c). As for other treatments sugar per berry was reduced under 
continuous deficit (Figure 22b,d,f), though the vines subjected to three 
continuous years of 30%D irrigation showed less no response in the third year 
(Figure 22f) as was also observed for the other deficit treatments. There 
appeared to be no consistent carry over from the deficit season(s) to the 
recovery season(s) except for the two-year deficit where significant differences 
in both TSS and sugars per berry were observed in the recovery season (Figure 
22c,d).  There was an overshoot in sugar per berry in the recovery season 
(Figure 22d), a trend that was also observed for the other treatments. 
 
Figure 23 shows juice pH and titratable acidity (TA) in the same format as above. 
Consistent differences were observed for pH with one and two seasons of 
continuous deficit showing significantly increased pH (Figure 23a,c 
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respectively). This was not consistent with the third year of continuous deficit 
(Figure 23e.  The second season (2010-11) of the two year and three year 
continuous deficit showed a significant reduction in TA (Figure 23d,f).  There 
was a significant increase in juice pH from vines that had one year of recovery 
after two years of continuous deficit (Figure 23c), similar to that observed for the 
other deficit treatments. 
 
 
 
 

 
 
Figure 22 Concentration of total soluble solids (TSS) (a,c,e) and sugars per berry (b,d,f) for the 
30%D (reduced depth) irrigation treatment applied for one season (2008-09) then two seasons 
of recovery (a,b), two seasons (2008-09, 2009-10) then one season of recovery (c,d), three 
seasons (2008-09, 2009-10, 2010-11) (e,f) each compared to the respective controls (red 
triangle symbols) plotted over time.  Mean +/- SEM is shown and level of significant difference 
within a year is indicated (*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm 
Sidak’s multiple comparison). 
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Figure 23 Berry juice pH (a,c,e) and titratable acidity (b,d,f) for the 30%D (reduced depth) 
irrigation treatment applied for one season (2008-09) then two seasons of recovery (a,b), two 
seasons (2008-09, 2009-10) then one season of recovery (c,d), three seasons (2008-09, 2009-10, 
2010-11) (e,f) each compared to the respective controls (red triangle symbols) plotted over time.  
Mean +/- SEM is shown and level of significant difference within a year is indicated (*<0.05 
**<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
 
 
 
 
50% treatment 
 
Figure 24 (TSS, solutes per berry) and Figure 25 (pH, TA) are shown in the same 
formats as above.  Only small or no treatment effects were observed with the 
50% deficit treatment, but the trends were in the same direction as for more 
extreme deficits with sometimes increases in TSS and decreases in solutes per 
berry.  There were no carry-over effects into the recovery seasons. Similar 
effects were observed for pH and TA with an increase in pH with deficit and 
decrease in TA (Figure 25). 
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Figure 24 Concentration of total soluble solids (TSS) (a,c,e) and sugars per berry (b,d,f) for the 
50% irrigation treatment applied for one season (2008-09) then two seasons of recovery (a,b), 
two seasons (2008-09, 2009-10) then one season of recovery (c,d), three seasons (2008-09, 
2009-10, 2010-11) (e,f) each compared to the respective controls (red triangle symbols) plotted 
over time.  Mean +/- SEM is shown and level of significant difference within a year is indicated 
(*<0.05 **<0.01 *** <0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
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Figure 25 Berry juice pH (a,c,e) and titratable acidity (b,d,f) for the 50% irrigation treatment 
applied for one season (2008-09) then two seasons of recovery (a,b), two seasons (2008-09, 
2009-10) then one season of recovery (c,d), three seasons (2008-09, 2009-10, 2010-11) (e,f) 
each compared to the respective controls (red triangle symbols) plotted over time.  Mean +/- 
SEM is shown and level of significant difference within a year is indicated (*<0.05 **<0.01 *** 
<0.001 ****<0.0001, 2-way ANOVA with Holm Sidak’s multiple comparison). 
 
 
Association between berry components and irrigation plus effective rain. 
 
Figure 26 shows TSS plotted as a function of irrigation plus effective rain over 
each of three growing seasons.  Within each season there is only a small and 
generally insignificant effect of total incident water on TSS of juice at harvest 
(Figure 26b), however the effect of the different rainfall amounts from season to 
season can be seen as a general increase in TSS with reduced rainfall in the order 
of (reducing rainfall) 2010-11 <  2009-10 < 2008-09.  In fact if the controls are 
removed there is a highly significant negative correlation between increasing 
irrigation plus effective rain and decreasing TSS.  Given that within a season 
there was no effect of total incident water, the correlation between TSS and 
incident water across all seasons may be related to a common environmental 
factor with rainfall, for example mean January temperature or total growing 
degree days.  Although 2010-11 was the coolest (GDD = 1849 oC day) and 
wettest season, which matches to the lower TSS, it is difficult to reconcile the 
difference between season 2008-09 (GDD = 2129 oC day) and 2009-10 (GDD = 
2331 oC day), though the latter also had a much reduced yield due to 
unfavourable conditions at flowering. 
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Sugar per berry is plotted against irrigation and effective rain in Figure 27a 
showing strong and positive correlations in 2008-09 and 2009-10 but not in 
2010-11 (Figure 27b).  These correlations are very similar to those for berry 
weight as a function of irrigation plus effective rain across the three seasons (see 
Figure 47 in 6.2).  As a speculation the 2008-09 and 2010-11 data could indicate 
a saturation of berry size and sugar content at the high end of rainfall plus 
irrigation. 
 
Juice pH at harvest consistently increased with reduced irrigation plus effective 
rain across each of the three seasons (Figure 28a).  The slopes of the fitted linear 
regressions were highly significant and not significantly different between the 
three seasons (Figure 28b).  The pooled slope is 0.0367 pH unit decline per 100 
mm of irrigation plus effective rain.  
 
Titratable acidity did not show a consistent correlation with irrigation plus 
effective rain except in season 2009-10 where there was a decline in TA with 
decreasing irrigation plus effective rain  (Figure 29a,b). This trend was observed 
in 2008-09 but was not significant. 
 

 
 
Figure 26 Concentration of total soluble solids (TSS) as a function of irrigation plus effective rain 
for all sub-treatments across three seasons.  The season data (indicated with different symbols) 
includes deficit and control treated vines.  For the deficit treatments these can have up to three 
consecutive seasons of deficit (2010-11).  Regression lines are through the combined data for 
each season with the regression details shown in the table below the graph (b). A linear 
regression through all the data for the combined three seasons (All, dotted line) was significant, 
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as was the regression through the combined data minus controls (All-controls, dashed line). 
Means +/- SEM are shown. 
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Figure 27 Sugars per berry as a function of irrigation plus effective rain for all sub-treatments 
across three seasons.  The season data (indicated with different symbols) includes deficit and 
control treated vines.  For the deficit treatments these can have up to three consecutive seasons 
of deficit (2010-11).  Regression lines are through the combined data for each season with the 
regression details shown in the table below the graph (b). Season 2010-11 was not significant. 
Means +/- SEM are shown. 
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Figure 28 Berry juice pH as a function of irrigation plus effective rain for all sub-treatments 
across three seasons.  The season data (indicated with different symbols) includes deficit and 
control treated vines.  For the deficit treatments these can have up to three consecutive seasons 
of deficit (2010-11).  Regression lines are through the combined data for each season with the 
regression details shown in the table below the graph (b). The slopes are not significantly 
different giving a combined slope for all seasons of -0.000366871 pH/mm. Means +/- SEM are 
shown. 
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Figure 29 Titratable acidity (TA) as a function of irrigation plus effective rain for all sub-
treatments across three seasons.  The season data (indicated with different symbols) includes 
deficit and control treated vines.  For the deficit treatments these can have up to three 
consecutive seasons of deficit (2010-11).  Regression lines are through the combined data for 
each season with the regression details shown in the table below the graph (b). Season 2009-10 
was the only season showing a significant decline in TA with reduced irrigation plus effective 
rain.  Means +/- SEM are shown. 
 

Conclusion 
 
Evolution of berry composition 
 
Generally there was no effect of deficit treatment on the rate of evolution of 
berry weight, TSS, pH or TA despite there being significant differences between 
treatments in initial and final levels of these parameters. For the first two 
seasons comprising one and two years of continuous deficit, there were 
significant interactions between time and treatment for sugar accumulation on a 
per berry basis indicating that sugar accumulation per berry was decreased 
under increased deficit.  However, this difference was not reflected in the TSS or 
berry weight kinetics.  The three years of continuous deficit did not show this 
characteristic and may be reflecting the compensation effect that was observed 
in yield after three years of continuous deficit.  (Matthews and Anderson 1989) 
also did not see any differences in the rates of berry expansion (they measured 
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berry diameter) over a range of deficit treatment despite large differences in 
midday water potential.  
 
In terms of TSS increase (Stevens, et al. 2008) also found that rates of ripening of 
Chardonnay on Ramsey were not affected by water deficit. The ripening kinetics 
of Tempranillo grapes subjected to irrigation and no irrigation was studied over 
a three year period by (Esteban, et al. 1999). They observed a large reduction in 
the rate of glucose accumulation on a per berry basis in non-irrigated vines, 
which is very similar to the observation we have made for sugar per berry for 
the first two seasons. A similar result was obtained for the rate of sugar 
accumulation in Grenache berries, which was lowered with reduced irrigation 
and reduced leaf to fruit ratio (Etchebarne, et al. 2010). Given that the leaf area 
index is lower and yield is also lower under the deficit treatments, the reduced 
rate of accumulation of sugar on a per berry basis can be attributed to lower 
total net photosynthesis under the deficit treatments we imposed.  The fact that 
final total soluble solids accumulated appeared to be less affected in our study 
indicates interesting control factors that balance water influx to the berry with 
sugar influx.  Sugar transporters are proposed to compensate for decreased 
assimilation rate of leaves to compensate to some degree of reduced sugar 
transport to berries under water stress (Pastenes, et al. 2014). It is interesting to 
note that the positive correlation observed by (Sadras, et al. 2008) between 
stomatal conductance and rate of accumulation of TSS was not evident in our 
study given that low stomatal conductances occurred at the low irrigation rates 
and there was no clear differences in the rates of accumulation of TSS. 
 
The general features of the effect of deficit and recovery on berry composition 
can be summarised as follows: 
 

• Only for the more extreme deficit treatments were there consistent 
increases in TSS across seasons.  However there was clearly a seasonal 
interaction most probably related to the rainfall received and the yield in 
the particular season. 

• Solutes per berry were reduced by deficit in proportion to the degree of 
deficit and generally gave more significant responses than TSS. 

• Juice pH increased proportionally with deficit treatment and was the 
most sensitive of the berry composition parameters measured. 

• Titratable acidity decreased with deficit. 
• Recovery in berry composition after one year of deficit was complete, but 

there was a carry-over into the recovery season after two years of 
continuous deficit.  This was more obvious at low irrigation rates and 
with juice pH. 

• There was a trend for overshoot in solutes per berry in subsequent 
recovery years after a deficit year that was more obvious for the lower 
irrigation rates. 

 
Comparing these observations with those of other studies, TSS shows variable 
responses to reduced irrigation under various timing of the deficits. For Merlot 
subjected to sustained and regulated deficit irrigation over eight growing 
seasons, juice soluble solids concentration increased for the more reduced rates 
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of irrigation under both types of deficits (Shellie 2014) consistent with our 
observations. On the other hand Tempranillo subjected to greater water deficit 
(rain fed) compared to 70% ETc had lower TSS across three seasons (Intrigliolo, 
et al. 2012). Another study on Tempranillo showed variable responses in sugar 
concentration (glucose and fructose) over three seasons comparing non-
irrigated and irrigated vines, but in all cases the sugar content per berry was 
strongly reduced under zero irrigation (Esteban, et al. 1999).  Chardonnay on 
various rootstock subjected to a 35% reduced irrigation over four seasons only 
showed slight but non-significant increases in TSS and pH, but did show 
significantly reduced TA (Stevens, et al. 2008) consistent with our results.  More 
extreme deficits applied to Chardonnay resulted in significant increases in TSS in 
some years over an eight year study (Williams 2014).  There is a trend in our 
data for this effect. Both sugar concentration and sugars per berry decreased 
under rapid and extreme water stress for Chardonnay (Bahar, et al. 2011).  
There are also variable results reported in the literature in terms of the effect of 
reduced irrigation on pH across varieties.  For Tempranillo under several deficit 
irrigation strategies over five seasons the only detrimental effect on wine 
composition was an increase in pH (Intrigliolo and Castel 2008). Juice pH of 
Tempranillo also increased under water deficit for two out of three seasons 
(Esteban, et al. 1999).  This contrasts to the lack of any effect on pH of juice from 
Monastrell grapes subjected to 15% ETc from fruit set to harvest over two years 
(Romero, et al. 2010).  For Merlot subjected to sustained and regulated deficit 
irrigation over eight growing seasons juice pH increased, and TA decreased 
under both types of deficits (Shellie 2014) consistent with our observations. 
Juice pH increased under rapid and extreme water stress for Chardonnay (Bahar, 
et al. 2011).  In a cool climate and comparing un-irrigated and fully irrigated 
vines of Chardonnay there was a significantly higher pH (though small) in un-
irrigated vines in three out of four seasons (Reynolds, et al. 2007) also consistent 
with our results. 
 
Overall, juice pH and sugars per berry would appear to be the most sensitive 
berry compositional characters that in some cases revealed a carry-over effect 
from previous years of deficit irrigation into the recovery seasons. However, it is 
surprising that successive seasons of reduced irrigation would give the same 
characteristics of the effects of total water applied on pH, indicating that if carry-
over occurred from previous deficits this did not change significantly the 
response in pH to total water received by the vines. 
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6.4 Effect of SDI and recovery on carbohydrate dynamics  

Introduction 
 
Grapevines use stored carbon reserves to sustain early spring growth (Huglin 
and Schneider 1998,Scholefield, et al. 1978). According to (Yang, et al. 1980) the 
mobilisation reaches a maximum at the 8 to 10 leaf stage. After that, 
photosynthesis of newly formed leaves will support new growth, and 
carbohydrate produced by lower leaves is exported back to perennial organs. 
There are many studies on non-structural carbohydrate (NSC) content in 
grapevines, which examine seasonal dynamics, source-sink relations, 
mobilisation for early season growth, control of fruitfulness, and reserves status 
(Holzapfel, et al. 2010). Previous studies have indicated that altering NSC 
production during the growing season can influence vine growth and yield in the 
following season (Holzapfel and Smith 2012, Holzapfel, et al. 2006, Koblet, et al. 
1994) but cultural practices had a limited effect on NSC dynamics (Holzapfel and 
Smith 2012).  Differences in the seasonal maxima of NSC in roots and trunk have 
been attributed to water deficits (Smith and Holzapfel 2009). However, deficit 
irrigation treatments had no significant effect on NSC concentrations in the wood 
of Shiraz vines over four consecutive seasons (Holzapfel and Smith 2012). 
(Dayer, et al. 2013) evaluated the long term effect of severe water stress (25% 
and 38% ETo) and high crop load on NSC of trunk wood in Malbec vines. They 
found that both severe water stress and high crop load reduced trunk starch 
concentration, but NSC was not affected. 
 
One study has examined the impact of altered NSC reserves in Chardonnay in a 
cool climate where defoliation was used to reduce NSC and to examine 
subsequent season reproduction and productivity (Bennett, et al. 2005). They 
concluded that reduced NSC reserves have a negative impact on flowering and 
productivity. Here we examine the impact of long term reductions in irrigation 
and then recovery on the seasonal dynamics of NSC in trunks and leaves for 
Chardonnay vines on Ramsey rootstock and examine the interactions with yield 
components and berry sugar accumulation.  

Methods 
 
Trunk  samples: Wood samples were taken from the trunks at key phenological 
stages starting from harvest 2009 (11 February 2009). In order to minimise a 
possible effect of the distance from the shoots/roots on the NSC concentration in 
the trunk, samples were taken from different zones of the trunk (top, middle and 
bottom) making sure that replicates were equally sampled from each zone. The 
same plant was not sampled more than twice. The samples were removed from 
the trunk using a 5 mm diameter drill bit, inserted all the way through the trunk 
with the insertion being perpendicular to the trunk. The drilled material was 
collected in a paper bag and immediately frozen in liquid nitrogen, stored in dry 
ice in the field and then at -80 °C until freeze dried. 
 
Leaf samples:  Leaves were selected at the fifth position from the shoot tip, in 
order to have leaf samples at similar developmental stage at the time of 
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sampling. After sampling, the leaves were placed in a paper bag and snap-frozen 
in liquid nitrogen. Samples were stored in dry ice for transport and then stored 
at -80 °C until chemical analysis. 
 
Root samples: roots were obtained fresh from soil cores and immediately frozen 
in liquid nitrogen in the field, stored in dry ice in the field and then at -80 °C until 
freeze dried. 
 
Chemical analysis: The samples were freeze-dried using a Telstar LyoQuest 
freeze-drier (AVT Services Pty Ltd., Seven Hills, NSW, Australia) and then ground 
using a Labtech Essa LM1-P mill (Labtech Essa Pty Ltd., Bassendea, WA, 
Australia).  The freeze-dried and ground samples were analysed for starch and 
sugar concentration according to (Edwards, et al. 2011). The procedure for the 
analysis of soluble carbohydrate and starch consisted of a series of extractions of 
the ground material in deionised water, where the supernatant was kept and 
dried for soluble carbohydrate analysis while the pellet was dried and used for 
starch determination. The concentration of sugars (expressed in mg/g of 
fructose equivalents) and starch were analysed using a commercial enzyme 
assays (Megazyme International, Bray, Ireland). For the soluble carbohydrate 
measure the supernatant was resuspended in water and 1 mL of the anthrone 
reagent was added (0.2% anthrone in 70% concentrated sulphuric acid). For the 
determination of insoluble starch the pellet was resuspended with 150 μL of 
thermostable α-amylase solution with a sodium acetate buffer and GOPOD 
reagent.  The samples were transferred in 300 μL aliquots to a microplate well 
and absorbance was read at 600 nm with a Labtech FLUOstar Optima microplate 
reader (BMG Labtech, Mornignton, VIC).  

Results and Discussion 
 
Seasonal trunk NSC  
 
The seasonal changes of total NSC concentration in trunks and its components of 
starch and soluble sugars for the selected continuous irrigation treatments are 
presented in Figure 1. NSC concentration (Figure 1c) was at a maximum at 
dormancy and rapidly declined from budburst until flowering, probably due to 
reserves being used to support spring growth. It was evident that changes in 
sugar concentration accounted for much of the season variation (compare Figure 
1a and 1b) with sugar concentration doubling between budburst and dormancy. 
Reduced irrigation treatments did result in reduced trunk NSC concentrations 
shortly after harvest in both the 2008-09 and 2009-10 seasons (Figure 2). At the 
time of lowest NSC concentrations in the trunk (budburst), water stressed vines 
had lower NSC concentration but this was not significantly different from the 
control (Figure 3).  
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Figure 1 Trunk starch (a), sugars (b) and total non-structural carbohydrate (NSC) (c) as a 
function of key phenological stages plotted approximately in proportion to the time and for each 
irrigation treatment as indicated by different symbols and colours.  Note some stages were not 
measured in some seasons. H=harvest, D=dormancy, BB=budburst, F=flowering, V=veraison.  
Means +/- SEM are shown. 
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Figure 2 Trunk concentrations of carbohydrates at harvest across three seasons and for each 
irrigation treatment (starch a, sugar b, NSC c). Mean +-/ SEM. Two-way ANOVA revealed 
significant season-to-season differences in sugar and starch, but not NSC, and treatment 
differences in starch and NSC (d,e,f).  There was no interaction between season and treatment. 
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Figure 3 Trunk concentrations of carbohydrates at dormancy and budburst across two seasons 
and for each irrigation treatment (starch a, sugar b, NSC c). Mean +-/ SEM. Two-way ANOVA 
revealed very significant season-to-season differences in sugar starch, and NSC, but no treatment 
differences or interaction between treatment and stage (d,e,f). 
 
 
Recovery of trunk NSC 
 
Returning stressed vines to control levels of irrigation after one year or two 
years of low irrigation treatments resulted in carbohydrate reserves at harvest 
recovering almost to control levels after one season. Although the data were 
variable between treatments and seasons, a general pattern can be observed 
(Figure 4a,b,c).  For the most extreme reduction in irrigation (10%) there 
appeared to be a longer lag for recovery for trunk starch at harvest (Figure 4d) 
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where complete recovery of starch concentration after one year of reduced 
irrigation occurred at the end of the second season.  However there was no 
significant effect on both sugars and NSC (Figure 4e,f). One obvious feature of 
NSC seasonal dynamics was that at dormancy, concentration in trunk was similar 
for all the treatments, despite large differences in water supply that resulted in 
large effects on other physiological parameters.  
 

 
Figure 4  Recovery of trunk concentrations of carbohydrates at harvest across three seasons and 
for each irrigation treatment (starch a, sugar b, NSC c). Recovery seasons are shown for 2009-10 
as one year of reduced irrigation (R) and one season of recovery; 2010-11 as one year of reduced 
irrigation (R) and two seasons of recovery; 2010-11 as two years of reduced irrigation (RR) and 
one season of recovery.  Also shown is the concentrations relative to that of the controls in each 
season and for recovery (d,e,f).  Only for starch concentration was there a significant carry over 
into the following recovery season as a lower concentration (d), however this non-recovery was 
not observed for two years of reduced irrigation and one year of recovery. Mean +-/ SEM are 
shown. 
 
Total trunk capacity 
The total capacity of perennial components of the vine to store carbohydrate also 
depends on the volume of the parts. To examine if the volume of the trunk was 
substantially altered by the reduced irrigation the diameter of the trunk was 
measured across treatments and recoveries just after harvest in 2012, i.e. four 
seasons of reduced irrigation. It was clear that the diameter was not uniform, i.e. 
the trunk was elliptical in cross section, and that there was a trend in some 
treatments for the North-South (NS) diameter to be smaller than the East-West 
(EW) (direction of the row) diameter. Figure 5a shows diameters in both 
directions and as a function of the continuous reductions in irrigation.  For the 
10% treatment the NS direction only showed a significant difference from the 
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control.  For the EW direction there was no significant difference for the 10% 
treatment, but the 20% treatment was significantly smaller.  Figure 5b shows the 
difference between EW and NS diameters across the treatments.  Only the 10% 
and Control treatments showed differences that were significantly different from 
zero.  Using the measured diameters it is possible to calculate the cross sectional 
area of the trunk, assuming that it is described by an ellipse (Figure 5c).  In this 
case both the 10% and 20% treatments were significantly smaller than the 
controls.  From the cross sectional area the trunk volume can be calculated from 
the height of the trunk, and a trunk “capacity” for carbohydrate storage can be 
obtained by multiplying the volume by the average NSC concentration.  Without 
the wood density (i.e. g m-3) it is not possible to convert this to the absolute 
quantity of NSC in the trunk, but the “capacity” that is obtained is expected to be 
proportional to the total quantity of NSC in the trunk for comparison between 
treatments.  This would not hold if the wood densities were different between 
treatments, which is a possibility. Inspection of Figure 5d shows that the reduced 
irrigation treatments after four years results in a substantial reduction in total 
capacity, almost 50%, to store carbohydrate.  Also shown are the recoveries after 
one year of full irrigation from three years of continuous reduction.  It can be 
seen that the 10% is about half way recovered, but the 30% appears to be still 
much reduced.  For both 50% continuous over four years and recovery from 
50% there was no difference in capacity to that of the controls. 
 

 
 
Figure 5  Trunk diameter and storage capacity measured at harvest in season 2011-12 showing 
the effect of irrigation treatment (over 4 years) and the asymmetry in diameter.  (a) Two 
directions were recorded, East-West (E-W, parallel to row direction) and North-South (N-S, 
perpendicular to row direction).  Different letter indicates significant difference (P<0.05) 
between treatments within a direction class (1-way ANOVA). (b) Difference in diameter between 
E-W and N-S across the treatments and recoveries for the 10% treatment (R = one year of deficit 
and three years of recovery, RR = two years of deficit and two years of recovery, RRR = three 
years of deficit and one year of recovery).  Only 10% (four years) and Controls showed 
significant asymmetry in diameters. (c) Trunk cross sectional area using the formula for an 
ellipse.  In this case both the 10% and 20% treatments become significantly different to controls. 
(d) Trunk storage capacity calculated as NSC concentration times trunk volume. This 
demonstrates a large difference between 10% and 30% on one hand and controls and 50% 
treatment on the other after four years of deficit irrigation.  Mean +/- SEM are shown. 
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Seasonal leaf NSC 
Changes in leaf starch, sugars and NSC are shown in Figure 6 for continuous 
reductions in irrigation (Figure 6 a,b,c)  and for one or two years of recovery 
(Figure 6 d,e,f).  It is evident that the dynamics of leaves are very different to 
those of the trunk.  Leaves show greater changes in starch concentration with 
lower concentrations occurring at veraison and harvest (Figure 6 a,d).  Leaf 
sugars on the other hand are quite constant in contrast to that of the trunk 
(Figure 6 b,e).  There were no significant effects of irrigation treatment or 
interaction with phenological stage on leaf NSC or components.  Likewise there 
was no indication of any recovery effect (Figure 6 d,e,f). 
 

 
 
Figure 6 Leaf starch (a), sugars (b) and total non-structural carbohydrate (NSC) (c) as a function 
of key phenological stages for each irrigation treatment as indicated by different symbols and 
colours. Also shown are the recoveries compared to continuous deficit for the 10% treatment, for 
starch (d), sugar (e) and NSC (f) after one season of reduced (R) and two seasons of reduced (RR) 
irrigation. Two-way ANOVA showed that phenological stage was significant for starch, sugar and 
NSC, but there was no effect of treatment and no interaction.  H=harvest, BB=budburst, 
F=flowering, V=veraison.  Means +/- SEM are shown. Mean +/- SEM are shown. 
 
 
 
Root NSC 
A set of root coring campaigns was undertaken at budburst in 2009 to collect 
roots for each irrigation treatment.  Unfortunately root collection from the 10% 
and 30% treatments were problematical and not enough samples were obtained 
for NSC analysis.  However, roots were obtained from the 20%, 50% and Control 
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treatments at budburst after one season of deficit.  Roots could be separated into 
large (greater than 2 mm diameter) and fine and analysed separately (Figure 7 
a,b,c). Both large and fine roots had more than 50% of dry weight as NSC (Figure 
7c), but fine roots had significantly higher NSC than large roots (Figure 7d).  
There was a trend for increasing concentration of NSC in fine roots with 
increasing irrigation in the previous season, largely accounted for by starch 
concentration, however this was not significant.  Comparison between trunk NSC 
measured at near the same time (Figure 7e) demonstrated that roots certainly 
contain a larger proportion of NSC, as also found in some other investigations 
(Holzapfel and Smith 2012), but not always (Holzapfel, et al. 2010). 
 

 
 
Figure 7  Root carbohydrate analysis (sugar a, starch b, NSC c) carried out at budburst in 2009-
10 for a selection of irrigation treatments and comparison between root size classes (fine < 2 mm 
diameter).  (d) Two-way ANOVA showed a significant difference in NSC concentration between 
large and fine roots but no difference between treatments or interaction between size and 
treatment. (e) Comparison in NSC concentrations between roots and trunk sampled at a similar 
stage in the same season.  Mean +/- SEM are shown. 
 
Effects of water applied 
Examination of trunk carbohydrates at harvest as a function of irrigation and 
effective rain revealed positive correlations for starch and NSC in seasons 2008-
09 and 2010-11 (Figure 8) but this was not consistent across the three seasons 
with season 2009-10 showing no correlations and also large variance in some of 
the treatments. Sugars showed no consistent trend with irrigation plus effective 
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rain (Figure 8b), although in the driest of the three seasons (2008-09) there was 
an inverse correlation with higher trunk sugars at the lowest water applied 
(Figure 8b). The correlation we observed for starch is consistent with the results 
of (Dayer, et al. 2013) for Malbec who found a negative correlation between 
trunk starch concentration and increasing water stress, though in their case the 
correlation was observed with trunk starch at dormancy rather than just after 
harvest.  In our study we did not observe large differences between irrigation 
treatments and starch concentration in trunks at dormancy. 

 
 
Figure 8 Correlations between trunk carbohydrate reserves (starch a, sugar b, NSC c) at harvest 
and irrigation plus effect rain received in the respective season. Also shown for each is the R2 for 
each season. 
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Relationships with yield 
 
Figure 9 shows regression analysis of trunk carbohydrates measured at harvest 
versus the yield (for the same harvest) for each of three seasons of reduced 
irrigation.  Trunk starch concentration only positively correlated with yield in 
the 2008-09 seasons which was also the driest (Figure 9a,b), and there was no 
confluence between the three seasons.  Trunk sugar concentrations at harvest 
however, showed a consistent negative correlation with yield that broadly 
correlated also between the three seasons (Figure 9c,d).  A regression through all 
three seasons’ data gave a significant correlation (Figure 9d) but this only 
accounted for about 37% of the variation between irrigation treatments and 
seasons.  NSC reflected largely the same response as starch concentration 
(Figure 9e), but the combination of a positive correlation for starch and a 
negative correlation for sugar resulted in a less significant positive correlation 
for NSC in the 2008-09 season (Figure 9e,f). 
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Figure 9 Correlations between trunk carbohydrates (starch a, sugar c, NSC e) at harvest and the 
yield of that harvest across three seasons. The corresponding linear regression analysis is shown 
in b, d, and e. There was a consistent negative correlation between trunk sugar concentration at 
harvest and yield across all seasons and one regression is also shown for the entire data set 
which was significant (d).  Mean +/- SEM are shown. 
 
 
Previous studies have shown that the carbohydrate reserves in the trunk at 
dormancy preceding the current season could be correlated to the yield based on 
the impact of defoliation post-harvest (Holzapfel, et al. 2006).  We therefore 
examined the correlations between carbohydrate reserves at the beginning of 
the season and the yield in that season.  Figure 10 shows the relationships 
between NSC at either budburst or dormancy and yield.  There was a significant 
positive correlation between yield and NSC at budburst across three seasons 
accounting for 58% of the variation between irrigation and season (Figure 10d).  
Note season 2008-09 could not be included in this analysis since carbohydrates 
were not measured at the beginning of that season.  There was no correlation 
between yield and NSC concentration in the trunk at dormancy (Figure 10 b). 
 

 
 
Figure 10 Correlation between yield and NSC at budburst (a) for the same season and for 
dormancy preceding the current season (b).   (c) Linear regression analysis for (a, solid line)) 
showing significant correlation between yield and NSC at budburst across three seasons.  
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Conclusions 
 

• The largest differences in trunk NSC occurred between dormancy and 
flowering, as observed in other studies (Holzapfel, et al. 2010). 

• Root sugar and starch concentration were very high on a dry weight basis 
and was higher in fine roots compared to larger roots.  The 
concentrations of NSC were 3 to 4-fold higher than that of the trunk.  
There was a trend for higher values at higher irrigation rates but this was 
not significant.  

• Leaf carbohydrates fluctuated with phenological stage but were not 
affected by irrigation treatment at any stage.   

• Harvest concentrations of carbohydrates in the trunk were affected by 
reduced irrigation. However, the differences in NSC concentration 
between treatments were low; the 10% irrigation treatment resulted in 
reductions of only 14.6% and 22.6% at harvest compared to the control in 
2009 and 2010 respectively. 

• At dormancy there were no significant differences between any 
treatments, suggesting that post-harvest leaf photosynthesis in stressed 
vines was adequate to replenish the NSC in trunks to control levels, 
despite lower LAI in deficit treatments and lower assimilation rates. In 
warm climates, where canopies can photosynthesise for several weeks 
after harvest, NSC may continue to accumulate in trunks as previously 
observed for Thompson Seedless (Williams 1996). It is surprising that 
despite large reductions in irrigation, the vines seemed to be able to 
restore levels of NSC in the trunks at dormancy to the same as the control 
vines. 

• Trunk NSC concentration at harvest was correlated with irrigation plus 
effective rain in two out of three seasons.  

• There was an effect on budburst trunk NSC concentrations, which 
correlated with the final harvest yield in that season.  This correlation not 
only explained variation caused by irrigation reduction but also 
differences between seasons and in particular the large difference in yield 
between the 2009-10 season (low yield) and the other seasons. This 
correlation may be explained by the yield potential of the vines being 
dependent on NSC at a particular stage since it has been suggested that 
sugar availability at flowering may be a critical determinant of final yield 
(Lebon, et al. 2008).  

• Concentrations of trunk sugar at harvest were negatively correlated with 
yield and was consistent across seasons including the low yield in season 
2009-10 that was independent of the total amount of water received.  
This may suggest that when yield is high there is a greater demand for 
mobilisation of stored reserves resulting in a lower sugar concentration 
in the trunk. 

• For the most extreme reduction in irrigation (10%) there appeared to be 
a longer lag for recovery for trunk starch at harvest, but complete 
recovery of starch concentration after one year of reduced irrigation 
occurred at the end of the second season. 
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• Trunk capacity to store NSC is also dependent on total wood volume and 
after four years of continuous deficit there were significant (50%) 
reductions in storage capacity for the 10%, 20% and 30% treatments, but 
not for the 50% treatment.  Recovery in trunk capacity is slower than 
recovery in concentration of NSC since it requires a growth response to 
compensate for reduced growth over previous seasons of deficit. 

• An interesting phenomenon was observed in the asymmetry of trunk 
diameter where the larger diameter aligned with the row direction in the 
more extreme (10%) treatment.  This has not been described in the 
literature and we hypothesise that this is due to greater phloem 
accumulation on the side of the trunk correlating with root distribution.  
In the 10% treatment more roots would be confined along the row with 
virtually no roots found in the inter-row. 
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6.5 Effects of SDI and recovery on root growth and distribution  
 

Introduction 
 
Any study of the allocation or use of carbon in plants must necessarily address 
below-ground components as all below-ground carbon in a grapevine is 
assimilated by the shoot. Estimates of standing below-ground biomass, such as 
those from soil cores, necessarily underestimate the total below-ground carbon 
allocation because they do not account for carbon used by root respiration, root 
exudates or root turnover (roots that grow and die between measurements). 
Mini-rhizotrons are probably the most commonly used method of assessing root 
turnover and the only currently available method that is suitable for use in 
commercially managed vineyards of mature vines. The few published studies of 
root turnover in grapevines using mini-rhizotrons have been in climates and 
soils that are not representative of the majority of Australian viticulture; 
Concord (Vitis labrusca) growing in New York state in the US (Comas, et al. 2005) 
and grafted Riesling, growing in the Rheingau in Germany (Lehnart, et al. 2008). 
Differences in soil water availability, such as those generated by the sustained 
deficit irrigation (SDI) regimes used in this project, have the potential to affect 
root fraction (Chaves, et al. 2002), root respiration (Burton, et al. 1998), root 
morphology (Kato and Okami 2011) and root turnover (Mainiero and Kazda 
2006). Furthermore, the surface area of fine roots and their positioning in soils 
that receive water after a period of drought are likely to have an effect on the 
ability of a vine to rapidly recover from water stress. 

Methods 
 
Mini-rhizotrons 
The mini-rhizotron tubes consisted of 3 mm thick clear acrylic, with a length of 
915 mm and an OD of 34 mm (Acrilix Plastics PTY LTD, Welland, SA). Each was 
engraved with 55 numbered, consecutive windows, 22 mm wide x 16.5 mm high 
along one side. The tubes were installed at 70° from the horizontal, 
approximately 150 mm from the base of the chosen vine, with the distance from 
the dripline and along the dripline from the trunk being equal. Each tube was 
sealed with a 'Suba Seal' (Sigma-Aldrich, Castle Hill, NSW) and the end covered 
with a plastic cap. 
 
The initial tranche of 36 mini-rhizotron installations used three tubes in each 
'year 3' replicate for the control, 50% and 30% irrigation treatments and were 
installed in December 2009. In September 2011 each 'year 3' replicate was split 
into two sections, one reverted to standard irrigation and the second maintained 
at the current irrigation level. One to two existing tubes were in each of the new 
sections, where a sub-plot did not have a second tube a new tube was installed in 
September 2011. 
 
The imaging system was an Olympus Iplex FX Industrial Videoscope, with a side-
view AT80S-IU86 optical adaptor (80° field of view) and integrated LED light 
source. Test images were taken in early 2010, with regular imaging beginning at 
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budburst of the 2010-11 growing season. For logistical reasons, only every 
fourth window was imaged down a tube, resulting in either 12 or 13 images per 
tube at intervals representing 4 cm of soil depth. Images were analysed using the 
open-source 'RootFly' software (http://www.ces.clemson.edu/~stb/rootfly/), 
which allowed each individual root in an image to be numbered and measured 
for length and maximum diameter. Each root could then be followed throughout 
the rest of the project. 
 
Soil coring 
Soil coring to estimate root biomass was undertaken at budburst and post-
veraison in the three seasons from 2010-11 to 2012-13. A jack-hammer with 
custom made attachment was used to hammer 50 mm diameter stainless steel 
soil corers to a depth of 0.75 m. Each sample was split into three depth classes, 0-
25, 25-50 and 50-75 cm, sealed in a ziplock plastic bag and stored in a cool room 
at 3°C until the roots were extracted. 
 
On 26/8/2010, 28/1/2011, 14/9/2011, 9/1/2012 and 31/1/2013 a single core 
was taken from each replicate at approximately 0.2 m from the dripline and 
0.2 m from the chosen vine trunk. On 3/9/2012, a set of three cores was taken in 
a transect from dripline to midrow at 0.2, 0.75 and 1.5 m from the dripline. 
All roots were extracted from each core sub-section using sieving and washing. 
The roots were then measured for length and diameter using WinRhizo (Regent 
Instruments, Canada), before being oven dried at 60°C and weighed. 

Results and Discussion 
Root production under control irrigation and assessment of methodology used 
Rhizotrons, or root windows, have been used to study root growth for over 100 
years, but by providing a barrier they have an impact on the very root growth 
they are intended to study. Taking advantage of modern imaging systems, the 
mini-rhizotron came into use during the 1980s, the intention being that the mini-
rhizotron should be as small as possible, providing no greater an impact on root 
growth than a natural obstruction in the soil such as a stone. However, this 
means that a given tube can provide access to only a very small volume of soil 
and, as with traditional rhizotrons, they still only access a two-dimensional 
surface within a soil volume. Consequently, whilst mini-rhizotrons remain the 
only practical method available for studying root dynamics and demography in a 
vineyard, there is a high degree of tube-to-tube variability in the number of roots 
intercepted, due to their size compared with the root density in vineyard soil. 
This necessitates as many tubes as possible to be used in an experimental set-up, 
but even with modern software, the image analysis is labour intensive, so any 
study utilising mini-rhizotrons represents a trade-off between labour and 
statistical power. 
 
In addition to the mini-rhizotron system, this project utilised soil coring to 
examine the standing crop of roots, thereby enabling the relationship between 
measured root length and root biomass to be established as well as examining 
the coherence between the two methods at a given point in time. 
(Anderson, et al. 2003) report fine root survivorship in the mini-rhizotron study 
on Concord, determining that only a few percent survive for more than one 
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growing season, with 75% survivorship typically being under 150 days. Our 
measurements began in 2010-11, almost a full year after tube installation in 
2009, to allow for any effect of installing the tubes on root growth. If fine root 
lifetimes were typically less than a single season this period would be adequate 
to allow a ‘steady-state’ of root turnover to be assessed over the subsequent 
three seasons. However, the majority of roots observed lasted from their first 
appearance to the end of the experiment, making root lifespan indeterminable, 
but greatly in excess of 150 days. 
 
For example, Figure 1 provides most of the images collected for a single window 
at a depth of 43 cm in a tube in the control treatment over the course of three full 
seasons; 2010-11 to 2012-13. In the first image taken two brown roots are 
already visible (marked with yellow arrows, Figure 1a), these are clearly still 
turgid and still live, presumably originating in the 2009-10 season following tube 
installation. Their appearance is unchanged at the start of the 2012-13 season 
(marked with yellow arrows, Figure 1c) and they are still present in the final 
image taken in that season. 
 
In the second image, taken 19 days later, two new roots have appeared (marked 
with white arrows, Figure 1a). These roots remain white in the following image, 
but are pigmented in the image taken 44 days after their appearance. One of 
these roots also remains throughout all subsequent images, but the second starts 
to shrivel and die in the 2012-13 season (marked with red arrows, Figure 1c), 
giving a lifespan of over 700 days, but still being the shortest lived root of a 
known age in this window.  
 
The visual classification of roots as white, pigmented (brown), black/shrivelled 
or disappeared, matched those of (Comas, et al. 2000), who observed that whilst 
the pigmented roots were still alive, their metabolic activity was 77% less than 
white roots. It is unlikely that the brown roots are involved in nutrient or water 
uptake, with their primary purpose probably being to transport water from 
elsewhere in the root system. The period prior to roots becoming pigmented was 
variable; for example most of the new roots visible in sample window used for 
Figure 1 during the 2011-12 season were already pigmented by the time they 
were observed, typically less than 21 days (Figure 1b). The only white roots in 
those images appeared on 6/2/2012 and became pigmented over the next two 
images (1/3/2012 and 26/3/2012).  
 
The longevity of the fine roots observed using the mini-rhizotrons makes it 
unlikely that the root turnover measured using the system was in ‘steady state’ 
as a full cohort of roots from birth to death needs to be observed to be certain 
this is the case. As a result, a year on year increase in root length would be 
expected until the initial cohort of roots had died. Indeed, this was observed, 
with the root length in the control treatment increasing in each season (Figure 
2a).  
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Figure 1a  Images of a single mini-rhizotron window from a tube in the control irrigation treatment at a depth of approximately 43 cm. The images represent those taken during the 
2010-11 season (10 months after installation). New roots are marked with white arrows in the image in which they first appear. The yellow arrows denote the existing roots at the 
time of the first image (see text). 
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Figure 1b  Images of a same mini-rhizotron window as Figure 1a. The images represent those taken during the 2011-12 season (22 months after installation). New roots are 
marked with white arrows in the image in which they first appear. 
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Figure 1c  Images of a same mini-rhizotron window as Figs 1a & b. The images represent those taken during the 2012-13 season (34 months after installation). A progressively 
decaying root is marked with red arrow. The yellow arrows denote the existing roots at the time of the first image in 2010 (cf. Figure 1a). 
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Figure 2  Root parameters of control irrigated vines measured over three seasons, 2010-11 to 2012-13, a) 
maximum and minimum root length per season from mini-rhizotron data, b) root length from soil core data, c) 
correlation between mini-rhizotron and soil core estimates of maximum root length at budburst (adj. R2 = 0.980) 
and post-veraison (no significant relationship) and d) root dry weight from soil core data. 
 
The vines used in the study were seven years old at the start of the 2010-11 season and assumed 
to be mature. Consequently it was likely that the actual fine root length in the controls was at, or 
close to, steady state (root births equal to root deaths). However, even if this was true there was 
the potential for differences in rainfall over the course of the experiment to have a season-to-
season impact. Such effects should be visible in the data from the soil coring, even though this 
method had the potential to underestimate impacts on fine root turnover. 
 
Root length at veraison in the soil cores did not significantly vary between seasons (Figure 2b), 
but the budburst data increased each season, resulting in a significant relationship between the 
root length data gathered from the mini-rhizotrons and that gathered from the soil coring at 
budburst, but not veraison (Figure 2c). This suggests that there was a very good coherence 
between root length results obtained using the mini-rhizotrons and those obtained using root 
coring, at least at budburst, and that the root system of these vines was still increasing in size 
during the project. However, caution is needed in making this conclusion as n was only 3, logic 
dictates that the mini-rhizotron data will increase year-on-year (see above) and the soil core 
root length result from budburst 2012 does not match the root dry weight result from the same 
sample (Figure 2d). This latter result could represent a large change in specific root length (root 
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length per unit dry weight) at this time, or could be a result of the limited replication in the trial 
(four) in combination with the likely high degree of heterogeneity of root distribution in the soil. 
With the exception of the soil core root length data in 2012-13 all of the collected data 
demonstrated an increase in the root system of the control irrigated vines during the growing 
season relative to the winter dormancy period (Figure 2a-c), as would be expected from past 
studies (Comas, et al. 2010,Eissenstat, et al. 2006). The relative increase in root dry weight 
(Figure 2c) was greatest in 2010-11 at 30%, but declined in subsequent seasons, being 20% in 
2011-12 and 15% in 2012-13. The absolute root biomass was greatest in 2011-12, both at 
budburst and at veraison. The 2010-11 season was one of extremely high rainfall, which can 
potentially result in greater fine root growth (Comas, et al. 2010), and it appears that there was 
little root dieback in the following autumn/winter as the root biomass in January 2011 
(veraison) was similar to that in the following August (budburst), explaining the greater root 
biomass in 2011-12 than 2010-11. Presumably the less extreme weather experienced in 2011-
12 led to more typical root responses in autumn 2012 and the loss of fine root length prior to the 
2012-13 season. 
 
The mini-rhizotron system used in this study utilised tubes with a smaller diameter than are 
often used for woody perennials (e.g. the 2 inch diameter tubes normally supplied by Bartz 
Technology Corporation, Carpinteria, CA, USA), albeit still larger than can be used for grassland 
systems, to minimise artefacts such as roots growing down the length of the tube. This was 
successful, in that roots growing down the side of tubes were rarely observed, but resulted in a 
smaller surface area with which to assess root growth and turnover. In addition, root length 
density, estimated by coring, was much lower in this study than is observed in grasslands, 
approx. 3-4 km m-3 cf. 100-200 km m-3 in a temperate model pasture (Edwards et al. 2004) and 
spatial variability across the vineyard was also high (see below). Despite this, and the limited 
replication available due to size constraints on a layout that was already large, the mini-
rhizotron results provided data with a level of detail not obtainable by any other practical 
means. On the other hand, the longevity of the fine roots in the vineyard studied limited the 
ways in which the additional tubes, installed in 2011 for the project extension, could be used, as 
the results could not be combined with tubes installed at an earlier date (see below).  
 
Effect of degree and duration of sustained deficit irrigation on root production 
 
The mini-rhizotrons were installed early in the 2009-10 season, but, below ground 
measurements of any sort did not begin until the start of the 2010-11 season. As a result of the 
time required for monitoring the mini-rhizotron tubes and analysing the resulting images only 
the control, 50% and 30% treatments were instrumented and only in the ‘year three’ section of 
the trial, i.e. the plots receiving their third season of deficit irrigation in 2010-11. At the end of 
2010-11 the extension to the project required the ‘year three’ plots to be split into two, creating 
‘year four’ deficit irrigation plots, whilst the remaining part reverted to standard irrigation (see 
methods, Chapter 5). Although, additional mini-rhizotron tubes were installed into the ‘year 
three’ and ‘year four’ plots prior to the start of the 2011-12 season the unexpected fine root 
longevity (see above) prevented the data from being incorporated with the tubes installed in 
2009. This was due to root length and turnover results from different installations not being 
comparable until the roots visible through those tubes are in ‘steady-state’ and this cannot occur 
until the initial flush of roots after installation have died. Consequently, the number of tubes per 
plot was three in 2010-11 (i.e. twelve tubes per treatment), but only one or two in subsequent 
seasons. Similarly, tubes were installed into the 10% deficit irrigation treatment in 2011, but 
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could not be examined in conjunction with the other treatments and that data has not been 
included here. 
 
Whilst the mini-rhizotron tubes offered the only practical means of examining root production 
throughout the season, the data is based on a two-dimensional plane and corresponding data in 
three dimensions is required to estimate biomass in a volume of soil, which can then be used to 
assess changes in whole vine carbon allocation. This information was provided by using soil 
coring; generally only in the irrigation wetting zone, where most fine root growth would be 
expected (Soar and Loveys 2007), but transects of three cores were made in August 2012, 
budburst, to allow the whole root system to be examined. Soil coring and extraction of the fine 
roots is still a labour intensive process and was restricted to the control, 50%, 30% and 10% 
treatments, the 30%RD and 20% treatments being excluded. 
 
Root coring was also able to include some of the plots in recovery in each season, e.g. ‘year one’ 
in 2010-11 and ‘year two’ in 2011-12, whereas the long-term requirements of the mini-
rhizotron technique meant that recovery after re-watering could only be examined in the ‘year 
three’ and ‘year four’ plots. The data presentation within this chapter has been provided using a 
consistent scheme to minimise the complexities of the trial; a single colour has been used for 
plots that have received a given number of complete seasons of deficit irrigation, e.g. red is used 
for vines that received a single season of deficit irrigation, purple for vines that received two 
complete seasons of deficit or were in their second season, blue for vines that received three 
complete seasons of deficit or were in their third season and so on. Due to the way the trial was 
set-up this also means that a single colour also represents the season the measurements were 
made e.g. purple for measurements in 2010-11, blue for 2011-12 and green for 2012-13. 
 
Data from soil coring is presented as fine root dry weight, relevant to biomass allocation, and 
fine root surface area, relevant to root function. The latter has been normalised to the control 
treatment within a given sample date to allow minimise the season to season differences in root 
growth and allow irrigation treatment effects to be more clearly observed. Plots receiving more 
than one season of deficit irrigation were analysed across all seasons using repeated measures 
ANOVA and each univariate ANOVA was used to analyse results from each season individually. A 
p value below 0.05 was taken as a significant effect. 
 
Soil coring at the end of winter (budburst) took place in three seasons and included treatments 
representing vines that had received two, three and four complete seasons of deficit irrigation. 
In each case the control irrigated vines had the highest fine root dry weight, numerically, but 
there was no statistically significant effect of deficit irrigation, either across all seasons (p = 
0.130) or in any individual season (Figure 3a). In 2011-12 there was a marginally significant 
effect (p = 0.069) of deficit irrigation. Furthermore, there was also no effect of season, despite 
the large differences in weather conditions between seasons, including the record rainfall 
experienced in 2010-11 noted above. 
 
The sampling that occurred within the growing season (at veraison or shortly after) included 
only two seasons where deficit irrigation was in place, representing the third and fourth seasons 
of deficit, as all treatments had reverted to control irrigation in the final season of field work. In 
each season, fine root dry weight was greater at veraison than at budburst in all irrigation 
treatments (Figure 3b cf. Figure 3a), but the analysis across both seasons again demonstrated no 
effect of season or treatment. There was clearly no difference in root dry weight during 2010-11, 
and in the deficit treatments root dry weight was much higher than in the subsequent season 
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(Figure 3b), possibly due to the deficit irrigation having only a limited impact on the total water 
available to the vines (effective rain = 287 mm in 2010-11 versus 144 mm in 2011-12, see Table 
1 Chapter 5). However, in the 2011-12 season, fine root dry weight was much greater in the 
control vines than the deficit treatments and there was a significant impact of deficit irrigation at 
this time (p = 0.010). 

 
Figure 3  Fine root dry weight in the wetting zone of vines receiving control irrigation, 50% of control, 30% of 
control or 10% of control for two, three or four seasons, measured at a) budburst and b) veraison. No vines received 
deficit irrigation after anthesis in the 2012-13 season. 
 
Fine root length and fine root surface area were significantly affected by season, both at 
budburst (p = 0.003) and during the growing season (p = 0.004), but deficit irrigation effects 
were only significant at budburst (p = 0.008). Within a given season, irrigation was only 
significant at budburst 2010-11 (p = 0.036), but there was no interaction between season and 
treatment in the repeated measures analysis. Irrigation effects were clearest when seasonality 
was removed by normalising fine root surface area to the control treatment within each season 
(Figure 4a). As the deficit increased, from 50% to 10% of control, fine root surface area 
decreased, with the vines receiving only 10% irrigation having approximately 60% of the root 
surface that the control vines had. There was no effect of increasing duration of deficit, from two 
to four seasons, on the impact of the deficit (Figure 4a). At veraison, there was no significant 
effect of deficit irrigation on fine root surface area in either season (Figure 4b). 
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Figure 4  Fine root surface area, normalised to the control treatment for each season, in the wetting zone of vines 
receiving control irrigation, 50% of control, 30% of control or 10% of control for two, three or four seasons, 
measured at a) budburst and b) veraison. No vines received deficit irrigation after anthesis in the 2012-13 season. 
 
The limited statistical significance of deficit irrigation effects on root biomass and surface area 
were probably due, in part, to a combination of spatial variability at the site and limited 
replication (n = 4) and the unusual 2010-11 season weather conditions are likely to have 
resulted in some recovery during that season, which could have impacted the following season 
via improved carbohydrate storage.  However, the limited impact does demonstrate the 
resilience of the root system in deficit conditions and the ability of the vine to maintain carbon 
allocation to the root system in order to maintain a water supply to the shoot.  
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Figure 5 – directly measured parameters from mini-rhizotron images made in the wetting zone of vines during the 
third or fourth season of receiving control, 50% of control, or 30% of control irrigation; a) net root length, b) root 
births and c) root deaths per km-2 of soil intersection. 
 
The most rigorous mini-rhizotron data (see above) were from the control plots (in all seasons) 
and from the 2010-11 season (all treatments). The analysis of the mini-rhizotron data included 
here was designed to be relevant to the soil coring data, but difference in the two techniques 
means that timing and measures to match completely. 
 
Net root length was calculated from the maximum length of every observed root during a given 
season, subtracting root length lost and estimates the standing root crop at leaf fall. There was 
no impact of the two irrigation treatments examined on net root length (Figure 5a). The 
apparent increase in net root length in the 50% treatment during the 2011-12 season (p = 
0.009) was an artefact of spatial variation at the site and the loss of tubes due to the splitting of 
the ‘year three’ plots in 2011. However, there was a significant effect of season on the 
production of new root length (Figure 5b; p = 0.001) and the loss of root length (Figure 5c; p = 
0.045), with root production and root loss being much higher in 2011-12 than in 2010-11. There 
was no significant effect of deficit irrigation in either case. 
 
The seasonal effect on root births and deaths could have been due to differences between the 
weather in those two seasons, e.g. the 2010-11 rainfall events, or a function of the non-steady 
state turnover at the tube surface (see above). An impact of weather on root births and deaths 
would be likely to have an effect on root turnover, whereas an increase in new root length as a 
result of increasing root density due to the installation of tubes would be less likely to have a 
large effect root turnover. 
 
There is no set calculation for root turnover as it depends somewhat on the measurements made 
and the long-term development of the root system. The most common usage is new root per unit 
of existing root. This calculation is not ideal for the data presented here, as the continued 
development of roots around the mini-rhizotron tubes during the three years of measurement 
would result in a root turnover estimate greater than would be the case in a steady-state system. 
However, when this calculation is made, using new root length / net root length it is clear that 
there was no trend with irrigation treatment (Figure 6a). Further, there was no significant effect 
of season and at an average of 0.45 yr-1, root turnover estimated in this way was indeed higher 
than would be expected for a system where root deaths were far less than root births. 
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Figure 6  Parameters derived from mini-rhizotron images made in the wetting zone of vines during the third or 
fourth season of receiving control, 50% of control, or 30% of control irrigation; a) root turnover (root births/net 
root length) and b) the ratio of root deaths to root births. 
 
A comparison of root births to deaths demonstrates that, even in the third season after 
installation of the tubes (2012-13), root deaths were only 40% of root births (Figure 6b; 
control). Although there was no significant effect of treatment on the birth:death ratio, there was 
a marginally significant seasonal effect (p = 0.076), suggesting that root growth and loss was 
trending towards an equilibrium. A mini-rhizotron study on Concord grapevines, found that only 
a few percent of fine roots survived for more than one growing season, with 75% survivorship 
typically being under 150 days (Anderson, et al. 2003). Our measurements began almost 12 
months after tube installation to allow for the likely effect of the installation itself on root 
growth. If the lifespan of fine roots was generally less than a single season, this period would be 
adequate to allow a ‘steady-state’ of root turnover to occur. In contrast, our study found that the 
majority of roots observed lasted throughout the three seasons of observations, from their first 
appearance to the end of the experiment. As a result root lifespan was indeterminable for many 
roots, but clearly in excess of 150 days. 
 
Effect of degree and duration of sustained deficit irrigation on root production after return to full 
irrigation 
 
Root production after return to full irrigation was assessed in the same way as during the 
application of deficit irrigation, through coring and mini-rhizotron analysis. Soil cores from plots 
in recovery, those returned to control irrigation, were taken at the same time as those from plots 
under deficit in 2010-11 and 2011-12. In the 2012-13 season all plots were fully irrigated, but 
soil cores were taken at budburst and veraison as in previous seasons. As a result the plots that 
received on to three years of deficit irrigation were assessed by coring one season after being 
returned to control irrigation, at budburst, and during their second season after being returned 
to control irrigation, at veraison. Plots that received four years of deficit irrigation were only 
cored in their first season after being returned to control irrigation, at veraison. As mini-
rhizotrons were only installed in the plots receiving three and four years of deficit, assessment 
via this method was only possible in those plots. Budburst 2013 was beyond the scope of the 
project, so no coring occurred, but the mini-rhizotrons were monitored for the entire 2012-13 
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season, so results from the full growing season after return to full irrigation were available 
through this technique. 
 
Data have been presented in the same way as the previous section, with a single colour used to 
denote data from vines that have received a given number of complete seasons of deficit 
irrigation, including vines that received only a single season of deficit (coloured red). To 
minimise the possibility of confusion the vines that have had a full season of control irrigation, 
following deficit, are also denoted with hatching and the single set of vines that were studied for 
two full seasons of recovery (‘year three’) are denoted with cross-hatching. 
 
Fine root dry weight at budburst was not significantly affected by deficit irrigation and, 
similarly, fine root dry weight at budburst in vines that had received full irrigation for one 
season after receiving deficit irrigation was not significantly affected by prior irrigation status 
when the whole data set was examined (Figure 7a). However, when individual seasons were 
examined separately, the root dry weight of vines that received two seasons of deficit irrigation 
prior to one of full irrigation was significantly reduced (p = 0.041). In contrast, vines that 
previously received three seasons of deficit were unaffected. As these measurements were made 
in different seasons (2011-12 and 2012-13 respectively) and deficit irrigation in the 2011-12 
season had a marginal significant effect on root dry weight at budburst (see above), it is likely 
that these observed impacts of deficit and prior deficit were due to an interaction with the 
environmental conditions in that year. The measurements were made at budburst 2011 
immediately following the extreme rainfall events of 2010-11. Both sets of vines, those in their 
third year of deficit and those in their first year of full irrigation following two seasons of deficit, 
had reduced irrigation in the 2008-09 and 2009-10 seasons. It is possible that the vines that had 
received two seasons of deficit prior to the 2010-11 season were not able to respond as 
effectively to the increased water availability provided by the extreme rainfall. 
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Figure 7 Fine root dry weight in the wetting zone of vines receiving control irrigation for at least one season after 
receiving control, 50% of control, 30% of control or 10% of control irrigation for one, two or three seasons, 
measured at a) budburst and b) veraison. 
 
If this was occurring it might be expected that greater duration of deficit would lead to a greater 
disparity between vines previously deficit irrigated and vines previously receiving full irrigation, 
consequently, it would be expected that the vines receiving three or four seasons of deficit 
irrigation and then returned to full irrigation would exhibit this effect to a greater degree. This is 
not seen in Figure 7, but although the figure is showing vines with the same status, namely 
having received control irrigation for one season after receiving deficit irrigation, it does not 
show vines measured at the same time. Consequently, it is not possible to determine whether 
vines receiving more or less than two years of deficit irrigation would respond to extreme 
rainfall to a greater or lesser degree than shown here. 
 
At the following veraison there was a significant effect of prior deficit irrigation across the whole 
data set (p = 0.025), but it was only marginally significant at best for any given season/duration 
of deficit (Figure 7b). The largest effect or prior deficit was on the vines that received two 
seasons of deficit, measured at veraison 2012. This was the same season that the vines still 
under deficit irrigation, in their fourth season, had the highest response to irrigation level, again 
suggesting a significant irrigation by season interaction. 
 
The fine root surface area of the vines at budburst after a full season of recovery from deficit 
irrigation varied significantly between season/duration of prior deficit (p = 0.003; data not 
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shown), but not by the degree of deficit, even when normalised to account for seasonal variation 
(Figure 8a). There was also no significant effect apparent at the following veraison (Figure 8b). 
 
 

 
Figure 8  Fine root surface area, normalised to the control treatment for each season, in the wetting zone of vines 
receiving control irrigation for at least one season after receiving control, 50% of control, 30% of control or 10% of 
control irrigation for one, two or three seasons, measured at a) budburst and b) veraison. 
 
The limited effects observed with the mini-rhizotrons during deficit irrigation were reflected in 
the data obtained from the vines undergoing recovery after return to control irrigation. There 
were no significant effects of prior irrigation on net root length (Figure 9a), root births (Figure 
9c) or root deaths (Figure 9e) during the first season of control irrigation, nor during the second 
season (Figure 9b, d & f).  
 
The data did demonstrate the continued increase of root length around the mini-rhizotron tubes, 
with the results from 2012-13 (Figure 9a & b) having a significantly greater net root length than 
2011-12, which in turn had a greater net root length than 2010-11 (cf. Figure 5a). In all three 
seasons, whether vines were deficit or control irrigated, root births were much higher than root 
deaths, typically at least double. However, whereas root births were higher in 2011-12 than 
2010-11 (Figure 5b), there was no further increase in root births in 2012-13. Despite this, there 
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was also no further increase in root deaths, without which the system could not reach 
equilibrium. 

 
Figure 9  Directly measured parameters from mini-rhizotron images made in the wetting zone of vines receiving 
control irrigation for one season (a, c, e) or two seasons (b, d, f) after receiving control, 50% of control, or 30% of 
control irrigation; a & b) net root length, c & d) root births and e & f) root deaths per km-2 of soil intersection. 
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The 2011-12 season was the only season in which mini-rhizotron measurements were made in 
both deficit irrigated plots and plots returned to control irrigation after prior deficit. Although 
there was no significant difference in net root length, there was a significant difference in root 
births (p = 0.014). As no vine were under deficit irrigation in 2012-13 it isn’t possible to be 
certain whether this was again an interaction with the environmental conditions within a given 
season, or a direct effect of the multiple seasons of deficit. However, the vines in recovery in 
2011-12 after three years of deficit had root birth rates (numerically) the same as or less than 
controls, whereas the vines still under deficit had (numerically) greater rates. In contrast, the 
vines returned to control irrigation in 2012-13 after four years of deficit had root birth rates the 
same as or greater than controls, suggesting that again the interaction between prior irrigation 
state and current weather conditions may have been the driver of the observed difference. 
 
Root turnover rates, defined as new root length per unit existing root length, of vines returned to 
control irrigation were not significantly affected by season or past irrigation regime (Figure 10a 
& b). Throughout the three seasons of work with the mini-rhizotrons, root turnover defined in 
this way was unaffected by either irrigation or inter-seasonal differences in weather. Using root 
deaths / root births as an alternative and analysing all the available data, deficit and recovery, 
there was a significant difference between 2010-11 and 2011-12 (p = 0.026) but no significant 
difference between 2011-12 and 2012-13 (Figs 6b and 10c & d). Again, it is difficult to ascertain 
whether this difference is to do with the developing root system around the tubes or an effect of 
the specific conditions in the difference growing seasons, but given the unexpected longevity of 
the fine roots, the former explanation is likely to be at least partially involved. 
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Figure 10 Parameters derived from mini-rhizotron images made in the wetting zone of vines receiving control 
irrigation for one season (a & c) or two seasons (b & df) after receiving control, 50% of control, or 30% of control 
irrigation; a & b) root turnover (root births/net root length) and c & d) the ratio of root deaths to root births. 
 
Spatial distribution of roots and root production  
 
Information on root distribution with depth was gained from both the soil coring and mini-
rhizotron techniques, with the mini-rhizotron data tracking root growth at approximately 4 cm 
depth intervals to 0.5 m depth and the soil coring providing three depth groupings to 0.75 m 
depth. In addition, at budburst in 2012 additional coring was undertaken to generate a transect 
across the vine row. Although this was limited to three cores per transect, assuming that root 
distribution was similar either side of the vine row and along the vine row, it could reasonably 
be expected to be representative of the entire plot.  (Edwards and Clingeleffer 2013) found no 
significant variation in root distribution along the row at a vineyard in a similar climate and soil 
type. 
 
The data from the soil core transects allowed an estimate of whole vine root biomass, to 0.75 m 
depth, to be calculated. As a result, the proportion of the whole root system at a given depth or 
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distance from the dripline could be calculated, allowing the results to be expressed in this way as 
well as in absolute terms. 
 
As noted above, for the dripline coring taken at budburst 2012-13, there was no significant effect 
of the four seasons of deficit irrigation on root dry weight, length or surface area, although a 
repeated measures ANOVA analysis including that data did indicate a significant effect of deficit 
irrigation. Not surprisingly, this resulted in a lack of significance when examining the 
distribution of roots from dripline to mid-row, whether considering root dry weight (Figure 11) 
or root length (Figure 12). Consequently, there was no impact of treatment on the proportion of 
the root system represented at each distance from the dripline. Averaged across the data set, the 
samples taken at 0.2 m from the dripline represented 32% of the soil surface area which 
contained 54% of the whole vine fine root mass and 65% of the whole vine root length, the 
samples taken at 0.75 m represented 43% of the soil surface, containing 31% of root mass and 
25% of root length, whilst the samples taken at 1.5 m represented 25% of the soil surface area, 
but contained 12% of the root mass and 11% of the root length. 
 
Across the site as a whole then, whilst the majority of fine roots were within the wetting zone of 
the irrigation system there was a significant investment in roots outside of the wetting zone. 
This may be a consequence of the drought tolerance and/or root spreading characteristic of 
Ramsey rootstock (Kidman, et al. 2014,Nagarajah 1987). 
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Figure 11 Fine root dry weight at budburst, expressed as kg per unit ground area, along a transect from the dripline 
to mid-row of vines that received control, 50% of control, 30% of control or 10% of control irrigation for four 
seasons immediately prior to sampling. 
 
 
There was also no consistent effect of irrigation treatment on root distribution down to 0.75 m 
observed in the data obtained from the soil core transects (Figs. 11 & 12). Furthermore, the 
depth distribution was not significantly affected by distance from dripline. Drip irrigation of 
winegrapes in sandy soils is typically aimed at producing a wetting zone extending to about 0.6 
m depth. Consequently investment in active fine roots to this depth is not surprising. 
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Figure 12  Fine root length at budburst, expressed as km per unit ground area, along a transect from the dripline to 
mid-row of vines that received control, 50% of control, 30% of control or 10% of control irrigation for four seasons 
immediately prior to sampling. 
 
The difference in the proportion of root mass and root length at different positions from the 
dripline suggests a difference in the ratio of root length to root mass, known as specific root 
length. A difference in specific root length indicates a structural change, causing a change in 
density or, more commonly, a change in root diameter. The soil core transect data exhibited 
significant differences in both, with a higher specific root length and smaller average root 
diameter in the samples taken adjacent to the dripline (Table 1). 
 
Thicker fine roots are sometimes a common response to drier soil conditions (Bauerle, et al. 
2008) and would be expected away from the wetting zone. Surprisingly, the samples furthest 
from the wetting zone, those at 1.5 m from the dripline, had the smallest average root diameter 
of all and a higher specific root length than those taken 0.75 m from the dripline. This is in 
agreement with the observations of (Mapfumo, et al. 1994) where water stress was observed to 
have a greater effect on diameter than on length compared to well watered roots.  
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Table 1 Specific root length and average root diameter measured at budburst along a transect 
from dripline to mid-row. All irrigation treatments were combined. 
 0.2 m from 

dripline 0.75 m from dripline 1.5 m from dripline 
 Mean SE Mean SE Mean SE 
Specific 
Root Length 
(m g-1) 

      

0-25 cm 11.7 2.1 4.6 0.6 7.3 0.8 
25-50 cm 8.2 0.7 5.1 0.7 8.4 1.9 
50-75 cm 8.1 0.5 6.8 0.7 8.2 0.9 

Average 
root 
diameter 
(mm) 

      

0-25 cm 0.52 0.04 0.58 0.05 0.47 0.04 
25-50 cm 0.60 0.01 0.59 0.05 0.48 0.03 
50-75 cm 0.59 0.02 0.59 0.04 0.45 0.04 

 
The specific root length data from the soil core transect also suggested a depth effect. As there 
was no significant impact of irrigation treatment on allocation of roots to different depths the 
entire data set was combined to examine root biomass, root length and specific root length at 
different depths, for the data collected at budburst and veraison over the three seasons studied.  
There was a small difference in fine root dry weight allocation with depth, the least allocation 
being in the 25-50 cm category, but the highest in the 50-75 cm category (Figure 13a). In 
contrast, the largest allocation of root length was to the upper layer, 0-25 cm, but there was a 
greater root length at 50-75 cm than 25-50 cm (Figure 13b). Not only was the root allocation to 
the 50-75 cm depth greater than the 25-50 cm depth, but there was also an increased allocation 
to that depth at veraison compared with at budburst.  
 
As with the results from the soil core transect, the difference in allocation between fine root dry 
weight and fine root length suggested an effect on specific root length. Indeed this was seen with 
the greatest specific root length being in the upper layers of soil (Figure 13c), providing the 
greatest absorbing area for the least biomass investment in the region where irrigation was 
actually applied. 
 
The mini-rhizotron results allowed for root depth effects to be looked at on a finer scale, albeit 
only in the wetting zone. The mini-rhizotrons were installed at an angle that bisected the 
wetting zone, passing from the soil surface, 0.15 m away from the vine on one side of the 
dripline, to 0.5 m deep, 0.15 m on the other side of the vine, with the tube directly under the vine 
trunk at about 0.25 m depth. As such the mini-rhizotron data should be highly representative of 
roots in the wetting zone, whereas the soil coring could only access the edge of that zone. 
 
As with the soil core data, there was no impact of irrigation treatment on the allocation of root 
length to different depths, even in vines undergoing their fourth season of deficit (Figure 14a). 
Average diameter of the roots in the mini-rhizotrons also matched the coring data, with the 
average over 0-25 cm being 0.57 mm and from 25-50 cm the average was 0.60 mm, very similar 
to the data in Table 1. However, net root length in the individual mini-rhizotron windows 
increased with depth, from the surface to 50 cm deep. This contrasted with the soil core data, 
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where the top 25 cm had greater root length than 25-50 cm deep section. In Figure 14b the top 
25 cm of soil contained a third more root length than the 25-50 cm section, compared with the 
25-50 cm section having more than double the root length of the 0-25 cm section in the mini-
rhizotron windows. For example, the net root length of the control tubes in 2012-13 was 656 
mm in the top 25 cm, but 1820 mm over 25-50 cm. 

 
Figure 13 % fine root dry weight (a), % fine root length (b) and specific root length, averaged across three seasons 
and all irrigation treatments in three depth categories, taken at budburst or veraison in each season. 
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Figure 14 Net root length (a) and root turnover (b) calculated from mini-rhizotron imaging during the fourth 
season of irrigation treatments, 2012-13, and plotted against window depth. 
 
 
There is no obvious explanation for the disparity in root length distribution with depth between 
the two techniques used, but the necessarily different positioning could be involved, or the lack 
of ‘steady-state’ root turnover around the tubes. New root length and root lost, at different 
depths were largely a function of the net root length present. When the individual irrigation 
treatments were examined separately, there was only a marginal relationship between turnover 
and depth in the 30% deficit treatment, with R2 of 0.2 (Figure 14b). 
 

Conclusions 
Despite up to four seasons of deficit irrigation as low as 10% of control irrigation, only very 
limited effects were seen on the vine root systems.  As the deficit increased, from 50% to 10% of 
control, fine root surface area decreased, with the vines receiving only 10% irrigation having 
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approximately 60% of the root surface that the control vines had. There was no effect of 
increasing duration of deficit, from two to four seasons, on the impact of the deficit. The mini-
rhizotrons, positioned directly in the dripper wetting zone, saw no effects of deficit irrigation 
and soil coring at 0.2 m from the dripline, found only small effects, significant only over a 
number of seasons. These results demonstrate the resilience of the root system when faced with 
soil water stress and the ability of the vine to increase the resource allocation to the root system 
under these circumstances.  
The mini-rhizotron system also demonstrated the remarkable longevity of fine roots in this 
vineyard, Ramsey rootstock in sandy soils in a hot climate. The data from the system also 
presents a resource whereby further in-depth analysis could look at active (white) roots 
separately from the entire root system, timing of root growth and other factors. Similarly, the 
soil core data set retains information on size distribution, which could be used to compare 
specific classes of root with the mini-rhizotron data. 
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6.6 Measurement of carbohydrate concentration in grapevine trunk and leaf tissues using 
Near Infrared Spectroscopy  

Introduction 
 
Total non-structural carbohydrate concentration is normally assessed by wet chemistry 
methods such as simple colorimetric analyses or more sophisticated high performance liquid 
chromatography (HPLC) or gas chromatography mass spectrometry (GC-MS) methods. 
(Edwards, et al. 2011) reviewed and reported a technical brief describing an adaptation of the 
anthrone method (Dreywood 1946) to be applied to the determination of soluble carbohydrate 
concentration in grapevine tissues. However, even the latter method could be time consuming 
and costly when studying carbohydrate dynamics in grapevines over seasons. Therefore a rapid 
method for analysing carbohydrate concentration would be advantageous to study the 
relationships between carbohydrate accumulation and dynamics as affected by treatments 
imposed. Despite the large number of published methods, until recently there has been a lack of 
a simple, rapid and low cost procedure to be applied to a large number of samples.  
 
Near infrared (NIR) is the region of the electromagnetic spectrum between 750 nm and 2500 nm 
and it is often used to gather information on the relative proportions of C-H, N-H and O-H bonds 
of the organic molecules (Murray and Kurtz 1993). NIR spectroscopy has been applied for 
grapevine tissues analysis in the past, demonstrating its ability to determine the following: 
concentration of anthocyanins, soluble solids and pH in red grape homogenates (Cozzolino, et al. 
2006, Cozzolino, et al. 2004, Dambergs, et al. 2006, Gishen, et al. 2005), to measure wine 
composition (Cozzolino, et al. 2007,Smyth, et al. 2008) and more recently to estimate vine water 
potential (De Bei, et al. 2011). (Schmidtke, et al. 2012) have developed a rapid method for 
monitoring grapevine reserves (carbohydrate and nitrogen content) using attenuated total 
reflectance (ATR) coupled with mid infrared (MIR) in trunk and root samples. The main 
advantages of these techniques (NIR and MIR) over traditional methods are the rapidity and the 
ease of use in routine analysis (Cozzolino 2009), which allow a considerable reduction of costs 
and time. 
 
In this project we combined NIR spectra of ground grapevine trunk and leaf tissues, the measure 
of carbohydrates concentration measured by applying the (Edwards, et al. 2011) method and 
multivariate data analysis to develop a rapid procedure for the estimation of carbohydrates 
concentration in grapevine tissues. 

Methods 
 
Trunk and leaf samples  
Grapevine trunk and leaf tissues used for the development of the calibration models were 
sourced from the SDI and recovery trial Chardonnay vineyard as described in Chapter 5. Wood 
and leaf samples were taken from the trunks at key phenological stages during the seasons 
2008-09 and 2009-10 as described in Chapter 6.5. 
 
Chemical analysis  
All samples (trunk and leaves) were freeze-dried using a Telstar LyoQuest freeze-drier (AVT 
Services Pty Ltd., Seven Hills, NSW, Australia) and then ground to a fine powder (particle size ~ 
50µm) using a Labtech Essa LM1-P mill (Labtech Essa Pty Ltd., Bassendea, WA, Australia). The 
freeze-dried and ground samples were analysed for starch and sugar concentration according to 
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the adaptation of the anthrone method proposed by (Edwards, et al. 2011).  Further details are 
in Chapter 6.4. 
 
Visible/Near Infrared scanning  
The freeze-dried and ground leaf and trunk samples were scanned with a NIRSystems 6500 
(FOSS NIRSystems, Silver Spring, MD, USA), from 400–2500 nm, in transmittance mode with a 
1 mm path length. The spectrum of each sample was the average of 32 successive scans (1050 
data points per scan).  Samples were not rotated when spectra collection was made.  Two pairs 
of lead sulphide detectors collected the reflectance spectra.  Reflectance energy readings were 
referenced to corresponding readings from a ceramic disk.  Spectral data were collected using 
Vision software (Version 1.0, FOSS NIRSystems, Silver Spring, MD, USA) and stored as the 
logarithm of the reciprocal of reflectance (R) (i.e. as absorbance=log(1/R)) at 2 nm intervals.  

Chemometrics and data analysis 
Chemometric analysis was performed using The UnscramblerX software package (Version 10.2, 
CAMO ASA, Norway). The spectral region from 400 to 1099nm (visible and short wavelength 
near infrared) was not used for the analysis since it is mostly related to absorptions by pigments. 
Principal component analysis (PCA) was performed before partial least squares regression (PLS) 
models were developed. PCA was used to identify the dominant patterns in the spectral data and 
for outliers detection. The Unscrambler software detects outliers based on the Hotteling T2 test. 
However, for the purpose of this study a spectral outlier was defined as any samples falling 
outside the 95% of the cloud of data in the PCA score plots. Calibrations were developed using 
partial least square regression (PLS) with test set validation. To perform the test set validation, 
the data set was firstly sorted ascending based on the values of starch (for starch and NSC 
calibrations) and on the values of sugar (for sugar calibrations) concentration and then divided 
into two groups. The first group, corresponding to 2/3 of the whole data set selected by choosing 
two samples every three was used to develop the calibration. The second group, formed by the 
remaining 1/3 of the data set, was kept as the validation set to test the model. For the trunk 
material dataset, 177 samples were used for the calibration set and 84 as the validation set for 
testing the model. For the leaf samples, the overall data set was split in two sets following the 
same procedure described above. In this case, 149 samples were used for the calibration set and 
73 for the validation. PLS models were developed using the raw spectra and pre-processed data. 
The pre-processing performed were the standard normal variate (SNV) and second derivative 
transformation using the Savitzky-Golay second derivative with 20 points smoothing. The 
optimum number of terms in the PLS calibration models was determined as indicated by the 
lowest number of factors that gave the closest to minimum value of the PRESS (prediction 
residual error sum of squares).  Statistical parameters calculated for the calibrations included: 
the standard error in cross validation (SECV), the coefficient of determination in calibration 
(Rcal2), and the standard error of prediction (SEP). The optimum calibrations were selected based 
on minimising the SECV. 
 
To evaluate how well the calibration model could predict compositional data, the residual 
predictive deviation (RPD) was used. The RPD is defined as the standard deviation (SD) of the 
population reference values divided by the SEP for the NIRS calibrations. If the SEP for 
estimating a constituent is large compared to the spread of that compound in all samples (SD), a 
relatively small RPD is calculated, thereby demonstrating that the NIRS calibration model is not 
robust. In contrast, relatively high RPD values indicate that models have greater power to 
predict the chemical composition of the samples. Generally, an RPD greater than three is 
recommended for screening purposes (Fearn 2002; Williams, 2001). 
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Results and Discussion 
 
The descriptive statistics (average, range, standard deviation (SD) and coefficient of variation 
(CV)) of the concentration of starch ([St]), sugar ([Su]) and NSC ([NSC]) (starch + sugar) in trunk 
and leaf tissues measured with the reference method for the calibration and the validation data 
sets are shown in Table 1. For both trunk and leaf samples the values of [St] were well spread 
over the range. The CV value was higher for [St] compared to [Su] and [NSC] in both trunk and 
leaf samples. The CV value was particularly large for the [St] in the leaf samples (58.75% and 
58.86% for calibration and validation set respectively). The CV values for the [Su] in trunks and 
leaves were small, ranging from 11.07% to 14.04%. Since NSC is the sum of [St] and [Su], the 
resulting CV value for this parameter was large as it was more influenced by the higher variation 
in the [St] than [Su]. Similar mean values and SD for [St], [Su] and [NSC] were observed for the 
calibration and validation sets for both trunks and leaves. 
 
Table 1 Descriptive statistic of the starch [St], sugar [Su] and total non-structural carbohydrate 
(starch+sugar) [NSC] concentration in the trunk and leaf tissues analysed by reference method. 

 Mean 
(mg/g) 

Maximum 
(mg/g) 

Minimum 
(mg/g) 

SD 
(mg/g) 

CV 
(%) 

Trunk tissues 
Calibration set (n=177) 

[St] (mg/g)  133.84 194.07 62.46 26.65 19.91 
[Su] (mg/g) 37.16 51.90 26.01 5.21 14.04 

[NSC] (mg/g)  170.95 236.51 101.36 27.63 16.16 
Validation set (n=82) 

[St] (mg/g)  133.33 187.72 63.88 26.88 20.16 
[Su] (mg/g)  37.18 51.93 25.53 5.13 13.82 

[NSC] (mg/g) 169.75 227.19 102.20 27.74 16.34 
Leaf tissues      
Calibration set (n=149)      

[St] (mg/g)  102.76 222.64 8.13 60.37 58.75 
[Su] (mg/g) 71.46 91.49 58.02 7.91 11.07 

[NSC] (mg/g)  174.22 297.28 75.80 62.09 35.64 
Validation set (n=73)      

[St] (mg/g)  103.31 229.50 10.45 60.81 58.86 
[Su] (mg/g)  70.24 95.98 53.42 8.12 11.57 

[NSC] (mg/g) 173.55 298.09 69.67 63.15 36.39 
SD, standard deviation; CV, coefficient of variation [(SD/mean)*100] 
 
The average absorbance spectra appeared similar for both trunk and leaf samples showing three 
main peaks, in the regions 1430, 1910 and 2300 nm (Figure 1a). Spectra collected from leaf 
tissues presented one additional absorption band in the region at 1700 nm (Figure 1a). The 
second derivative transformation of the spectra, which resolves the raw spectra in finer scale 
features, showed differences between the leaf and trunk tissues where the leaves present some 
additional peaks as compared to the trunks (Figure 1b). The common absorption bands in the 
NIR region were found around 1430, 1920 and 2300 nm as shown in the raw spectra. Additional 
peaks in the leaf tissues spectra were found at around 1200, 1500, 1700 and 2050 nm (Figure 
1b).  
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Statistics for the PLS models developed using raw spectra, SNV transformation and Savitzky-
Golay transformation are presented in Table 2. The calibration models for the prediction of [St] 
showed an R2cal ranging from 0.80 to 0.84, SECV values from 10.60 to 11.80 mg/g using 11 to 14 
PLS loadings. Similar results were obtained for the prediction of [NSC]. The most robust (higher 
R2cal, lowest SECV/SEP and PCs number) model for the prediction of [St] was obtained using the 
second derivative transformation of the spectra. The RPD value for this model was 2.51. 

 

 

 
 
Figure 1 Mean Near infrared spectra (NIR) (1100-2500nm) (a) and Savitzky-Golay second derivative transformed 
spectra (b) of the ground trunk (continuous line) and leaf (dashed line) samples.  
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Table 2 Partial least square (PLS) calibration statistics for starch [St], sugar [Su] and total non-
structural carbohydrate (starch + sugar) [NSC] concentration in trunk tissues using the raw 
spectra and with the application of SNV and Savitzky-Golay second derivative transformations.  

 R2 SECV/SEP (mg/g) Slope Bias PCs RPD 
 Cal Val Cal Val Cal Val Cal Val   

Raw spectra 
[St] 0.80 0.79 11.80 12.89 0.80 0.78 0.14e-04 0.11 14 2.23 
[Su] 0.69 0.58 2.76 4.37 0.69 0.44 -2.4e-05 0.36 18 1.88 

[NSC] 0.81 0.82 12.03 12.78 0.81 0.77 7.2e-05 -0.59 14 2.30 
SNV transformed spectra 

[St] 0.81 0.80 11.51 12.51 0.81 0.78 7.65 e-06 0.26 13 2.32 
[Su] 0.67 0.32 2.82 4.27 0.67 0.59 -2.01e-06 0.31 16 1.85 

[NSC] 0.80 0.80 12.74 12.52 0.80 0.79 -6.64e-06 0.69 13 2.17 
Savitzky-Golay transformed spectra 

[St] 0.84 0.80 10.60 12.51 0.84 0.78 3.72e-06 -0.45 11 2.51 
[Su] 0.53 0.28 3.39 4.55 0.53 0.39 -3.54e-07 0.34 9 1.54 

[NSC] 0.84 0.82 10.92 12.65 0.84 0.79 3.6e-06 -0.89 11 2.17 
R2, coefficient of determination, SECV, standard error in cross validation, SEP, standard error of the prediction,  PC, number of 
partial least squares terms in calibration , RPD= SD/SEP, residual predictive deviation 
 
Table 3 Partial least square calibration statistics for starch [St], sugar [Su] and total non-
structural carbohydrate (starch + sugar) [NSC] concentration in leaf tissues using the raw 
spectra and with the application of SNV and Savitzky-Golay second derivative transformations.  

 R2 SECV/SEP (mg/g) Slope Bias PCs RPD 
 Cal Val Cal Val Cal Val Cal Val   

Raw spectra 
[St] 0.92 0.83 17.41 24.92 0.92 0.84 3.62 e-05 2.11 10 3.47 
[Su] 0.46 0.39 5.99 6.22 0.46 0.42 1.66 e-05 -0.15 8 1.32 

[NSC] 0.92 0.84 17.40 25.12 0.92 0.85 5.19 e-05 1.86 10 3.57 
SNV transformed spectra 

[St] 0.92 0.85 16.78 23.77 0.92 0.86 -3.97 e-06 2.16 8 3.60 
[Su] 0.28 0.42 6.88 6.25 0.28 0.35 -3.63 e-06 0.46 4 1.15 

[NSC] 0.93 0.85 16.80 24.19 0.93 0.86 -7.63 e-06 1.76 8 3.70 
Savitzky-Golay transformed spectra 

[St] 0.93 0.88 16.18 21.13 0.93 0.87 6.69 e-06 1.72 7 3.73 
[Su] 0.43 0.43 6.11 5.99 0.43 0.45 -4.60 e-07 1.27 5 1.30 

[NSC] 0.92 0.86 17.83 22.86 0.92 0.86 -2.71 e-06 0.18 5 3.48 
R2, coefficient of determination, SECV, standard error in cross validation, SEP, standard error of the prediction,  PC, number of 
partial least squares terms in calibration , RPD= SD/SEP, residual predictive deviation 
 
 
Table 4 Partial least square (PLS) calibration statistics for the universal model for total non-
structural [NSC] concentration in both trunk and leaf tissues using the Savitzky-Golay second 
derivative transformations.  

 R2 SECV/SEP (mg/g) Slope Bias PCs RPD 
 Cal Val Cal Val Cal Val Cal Val   

[NSC] 0.86 0.84 17.75 19.80 0.86 0.84 -4.26 e-06 2.2 9  
R2, coefficient of determination, SECV, standard error in cross validation, SEP, standard error of the prediction,  PC, number of 
partial least squares terms in calibration , RPD= SD/SEP, residual predictive deviation 
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The PCA scores plot for the spectra collected from the trunk samples and transformed using the 
Savitzky-Golay second derivative, showed a clear separation of the samples along both the first 
two PCs associated with the phenological stage in which the samples were collected (Figure 2a). 
The first PC explained 66% of the variation in the NIR spectra while the second explained 25%. 
Examination of the eigenvectors derived from the first PC revealed that the specific region at 
1900 nm mostly explains the separation between samples that could therefore be related to [St].  
Three main loadings associated with the second PC were found around 1420nm, 2220 nm and 
2240 nm associated with water and starch (Figure 2b). For all the models developed no spectral 
outliers were removed from the dataset. However, Figure 2a shows that three samples, at the 
top-right corner of the scores plot fell outside the 95% of the data cloud and could have been 
removed.  
 

 

 
Figure 2 Score plot of the first and second principal components (PCs) of the Savitzky-Golay transformed near 
infrared spectra collected from the freeze-dried and ground trunk samples at three different phenological stages: 
dormancy (dor ■), flowering (flo ●) and veraison (ver ▲).  
 
Similar results were obtained for the prediction of [NSC] when building the models using the 
second derivative of the spectrum (R2 = 0.84). The low CV observed for the sugar concentration 
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in trunk samples might explain the poor PLS calibration obtained, with R2 ranging from 0.53 to 
0.69 (Table 2). 
 
The calibration and validation models representing the correlation between the [NSC] measured 
with the reference method and predicted by NIR are shown in Figure 3 (a and b). For this model 
the first three principal components explained 96% of the variation in the dataset. The first PC 
explained 66% of the variation and the highest loadings were found at wavelengths around 
1450 nm and 1900 nm. The highest loadings for the second PC, which accounts for 22% of the 
variation, were observed in the NIR regions around 1450, 2020 and 2250 nm (Figure 4 a, b).  
 

 
Figure 3 Comparison of the concentration of NSC (mg/g) determined by the anthrone method 
and the concentration predicted by NIR using PLS regression in trunk samples for both the 
calibration (a) and validation (b) data sets 
 
Similarly to what was observed for the trunk samples, in leaf samples the second derivative 
transformation of the spectrum gave the best modelling results for the prediction of both [St] 
and [NSC] (Table 3). Very high RPD values were also observed for all the models related to 
starch and NSC (all RPDs are higher than 3) however very low values were obtained for sugar 
prediction. The model for the prediction of [NSC] in leaves samples achieved an R2 of 0.92 and 
0.86 in calibration and validation respectively and it required five PCs. The SECV resulted 17.83 
mg/g, SEP 22.86 mg/g and the RPD was 3.48. This model is represented in Figure 5a and b for 
the calibration and validation respectively. For the leaf models the first three PCs explain 90% of 
the variation with PC 1, 2 and 3 accounting for a 47%, 23% and 20% of the variation 
respectively (Figure 5 a,b). The highest loadings for all the three PCs were found in similar 
regions of the spectrum: 1400 nm, 1900 nm and 2200 nm. Considering the similarities between 
the models created for the prediction of [NSC] in both trunk and leaf tissues, a universal model 
was also built (Figure 7 and Table 4). The results for the calibration set were: R2cal=0.86 with a 
SECV of 17.75 mg/g requiring nine PCs.  
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Figure 4 First two partial least square regression loadings (a= PC1, b=PC2) for the partial least square models 
developed to predict total non-structural carbohydrate concentration [NSC] using the Savitzky-Golay transformed 
near infrared spectrum collected on freeze dried and ground trunk samples . 
 
  

 
Figure 5 Comparison of the concentration of NSC (mg/g) determined by the anthrone method and the 
concentration predicted by NIR using PLS regression in leaf samples for both the calibration (a) and validation (b) 
data sets 
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Figure 6 First two partial least square regression loadings (a= PC1, b=PC2) for the partial least square models 
developed to predict total non-structural carbohydrate concentration [NSC] using the Savitzky-Golay transformed 
near infrared spectrum collected on freeze dried and ground leaf samples  

 
Figure 7 Near infrared predicted total non-structural carbohydrate concentration [NSC] versus measured 
concentrations obtained using the reference method proposed by Edwards et al. (2010) for freeze dried and ground 
leaf and trunk samples  
  
 

0

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350

Pr
ed

ic
te

d 
TN

C
 c

on
ce

nt
ra

tio
n 

in
 

le
av

es
 a

nd
 tr

un
ks

  
(m

g/
g)

 

Measured TNC concentration in 
leaves and trunks  

 (mg//g)  

a, PC1 

b, 
 



 

 184 

Carbohydrate dynamics as affected by irrigation treatments 
The high CV values obtained for [St] for the two datasets of tissue samples (leaf and trunk) could 
be attributed to both phenology and experimental design. According to (Holzapfel and Smith 
2012), starch is the main form of CHO storage during the growing season while sugars decline 
rapidly after budburst. In this study, irrigation treatments were applied, therefore they are likely 
responsible for the changes in reserve capacity of the treated vines thus creating the high 
variability in the data set. Irrigation is often used as a practice to manipulate vine growth and 
photosynthetic capacity. (Holzapfel, et al. 2010) showed that regulated deficit irrigation reduced 
reserve starch in roots and wood tissues. The CV value was higher for the leaf samples and this 
could be attributed to higher and faster dynamics of remobilisation and usage according to 
water supply. Leaves [NSC] in particular can be influenced by the seasonal irrigation regime 
since it is dependent on the instantaneous photosynthetic processes happening in the leaf at the 
time of sampling and irrigation and/or water stress has a strong effect on the leaf transpiration 
and photosynthesis.  
 
Spectral analysis and modelling 
According to Table 5 the absorption bands observed in the spectra at 1450 and 1930 nm 
correspond to the OH first overtone and O-H stretch/HOH deformation combination 
respectively. These peaks are normally related to water but are also associated with starch and 
sugar (Curran 1989).  The peaks at 2100 nm and 2280 nm are associated with C-O stretch 
combination and asymmetric C-O-O stretch third overtone. According to (Curran 1989) the 
absorption band at 2020 nm could be related to protein and nitrogen while at 2250 nm can be 
associated with both protein and starch. The extra absorption at 1700 nm in the leaf spectrum 
could be related to protein and nitrogen (Curran 1989). These spectral features are similar to 
those shown by other authors for other species (Richardson, et al. 2003). (Curran 1989) 
reported that similar wavelengths in the near infrared spectrum can be associated with different 
organic compounds since, for example, the O-H bond is present in multiple compounds such as 
water, cellulose, lignin, starch and sugar. Moreover, in the present study, since the tissues were 
freeze-dried, absorption by free water can be considered almost insignificant. Other authors 
have previously reported that on dried leaf material the absorption by free water was reduced 
(Curran, et al. 1992) and minor absorption peaks appear (Elvidge 1990). When the spectra are 
better resolved by the second derivative transformation, additional peaks became evident 
especially in the leaf tissues average spectrum. According to (Curran 1989), the peak at 1180 
could be related to water but also cellulose and starch, while the other three minor absorption 
bands at 1500, 1700 and 2050 nm are likely to be associated with the presence of protein and 
nitrogen in the leaf material. 
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Table 5 Important absorption bands associated with starch and sugars as C-H and O-H related 
bands for the trunk and leaf samples (adapted from: Curran, 1989). 
Calculated  
wavelength 

Bond vibration  Functional 
grouping/Structure   

Observed  
wavelength  

Trunk samples   
1450 O-H stretch first overtone Starch 1454 
1930 O-H stretch/HOH deformation 

combination  
Starch  1928 

2100 O-H bend/C-O stretch combination 
Asym C-O-O stretch third overtone   

Starch  
Starch or Cellulose  

2106 

2280 CH stretch/CH2 deformation  Starch 2286 
2300 C-H bend second overtone  Protein 2300 
Leaf samples    
1215  C-H second overtone  CH2 1208 
1471 N-H stretch first overtone  CONHR 1468 
1725 C-H stretch first overtone  CH2 1728 
1930 O-H stretch/HOH deformation 

combination 
Starch  1936 

2170 Asym CH-H stretch/ C-H 
deformation combination 

HC= CH 2160 

2310 C-H bend second overtone Oil  2312 
 
 
The best NIR models were obtained when the data set included samples representing the 
maximum variation of the parameter of interest and hence, the higher CV value. The CV value for 
the [Su] in trunk and leaf tissues was small and this could have affected the robustness of the 
calibrations. Since [NSC] is the sum of [St] and [Su], the resulting CV value for this parameter 
was large. According to the descriptive statistics and given the large CV values for [St] and [NSC] 
in the two data sets, these parameters were expected to produce more robust NIR calibrations 
while the variability in the [Su], especially for the leaf samples, was too small for the purpose of 
building a reliable calibration model. Another factor that could be causing the poor calibration 
for [Su] might be the error associated with the reference method. The reference method used in 
this study, proposed by (Edwards, et al. 2011), has been reported to overestimate the glucose by 
10% in the trunk samples and up to 25% in leaves; the authors did not report the error for NSC.    
 
The models for [St] prediction using the second derivative of the spectra showed the highest 
RPD values for both trunk and leaf samples. High RPD values are associated to models with 
higher prediction ability (Smyth, et al. 2008). It is generally recognised that RPD values greater 
than 3 are required in order to use the model for screening purposes (reference). In this study 
RPDs values higher than 3 were observed for all the models related to starch and NSC in leaves 
making them applicable for screening purposes. On the other hand, very low values were 
obtained for sugar prediction confirming the inadequacy of the available sugar dataset to build 
robust NIR models.  
 
Considering the models developed for the prediction of [NSC] using the second derivative of the 
spectra, the SEP was 12.65 mg/g and 22.86 mg/g in trunks and leaves respectively. These errors 
could be considered acceptable if the benefits of using the NIR technique over the traditional 
method are taken into account. However, the reference method by (Edwards, et al. 2011) that 
was applied in this study has been reported to overestimate the glucose by 10% in the trunk 
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samples and up to 25% in leaves; the authors did not report the error for NSC.  Nevertheless the 
authors in this same study discussed that this method is still acceptable when it is more 
important to know the difference between samples rather than having an absolute value.  
 
For viticulture practices, the main objectives of knowing [NSC] are related to: i) determining the 
effect of particular treatments applied to the vines (such as irrigation, fertilisation, leaf removal 
or general canopy management), ii) compare varieties and growing regions and, on a larger 
scale, iii) study the effect of climate change (higher temperature, heat waves and increased 
atmospheric CO2), on the vine reserves. In all these cases the knowledge of the relative variation 
of reserves is more important than the absolute value. Moreover, the NIR method more than 
halves the time required for the analysis and considering the potential of portability in the newly 
develop NIR instruments. 
 

Conclusions 
Results from this study showed that NIR can be used to predict starch and total non-structural 
carbohydrate concentration in freeze-dried and ground grapevine trunk and leaf tissues. 
Moreover it has been demonstrated that a robust universal model could be applied to the 
prediction of NSC in both leaves and trunks, making it a practical tool for a rapid screening of 
CHO concentration in grapevine tissues at given phenological stages. 
 
The advantages of this method are the speed of the analysis (less than 30 seconds required for 
the spectrum to be collected) and the elimination of the use of chemical reagents.  Models could 
be improved by calibrating against a reference method with a lesser error compared to the one 
that was used in this study.  
 
More research needs to be conducted in order to apply the technique to intact samples so that 
the steps of freeze-drying and grinding the samples could be avoided/eliminated. Achieving the 
latter would enable using portable NIR spectroradiometers so that CHO concentration could be 
assessed in-field on both leaves and trunks. Monitoring the spatio-temporal distribution of CHO 
concentration in the vineyard will help growers in management decision making based on an 
objective plant measurement.  
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6.7 Non-destructive measurement of grapevine water potential using near infrared 
spectroscopy. 
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6.8 Computational water stress indices obtained from thermal image analysis of grapevine 
canopies. 
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6.9  Automated estimation of leaf area index from grapevine canopies using cover 
photography, video and computational analysis methods.
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7. Outcome/Conclusion  
 
7.1 Comparison of project performance against planned outputs. 
 
All anticipated earlier year outputs were largely met from the project except for Wine made from 
2 –year stressed vines in 2009-10. Yalumba made wines from the treatments from year 1 and 
commercial sized ferments from year 2: 10% irrigation (plus recovery), 50% irrigation (plus 
recovery) and control; a total of five wines, 2-3 tonnes per treatment were made. These were not 
replicated and assessment data are not available at the time of writing this report. Replicated 
wine making and sensory assessment were not achieved because of resource limitations in 
terms of personnel available to make a set of fully replicated wines from across the trial, and 
funding limitation that prevented outsourcing of winemaking and sensory analysis.  
 
The broader outputs of the project as listed in the original agreement for the final two years of 
the project are listed below with a short description of each that have occurred or that are 
pending. 
 
Integration of 4 years of field data during water stress and various periods of recovery. 
 
Chapters 6.1, 6.2, 6.3, 6.4, 6.5 provide integration of field data over 4 years of sustained deficit 
irrigation and up to three years of recovery. Each of these chapters forms the basis of a future 
publication. 
 
Near Infrared Reflectance Spectroscopy methods to rapidly measure vine water stress and 
carbohydrate allocation. 
 
Chapters 6.6 and 6.7 describe the methods, with Chapter 6.7 already published.  The advantages 
of these methods are the speed of the analysis (less than 30 seconds required for the NIR 
spectrum to be collected), the elimination of the use of chemical reagents in the case of 
carbohydrate analysis, and the elimination of bulky pressurised equipment in the case of water 
potential measurements.  
 
Industry update on trial outcomes from 4 years. 
 
Industry uptake, mainly by Treasury Wine Estates, Wynns Coonawarra, has occurred for the NIR 
measurement of vine water potential and the development of an iPhone app for leaf area index 
both of which were developed in this project (Chapter 6.7 & 6.9). 
 
Knowledge on long-term effects of water deficit and 2 yr recovery on vine physiology. 
 
This is fully described in Chapter 6.1 and represents the first ever trial of this kind. The work will 
be submitted for a full publication in the near future. 
 
Knowledge on long-term effects of water deficit and 2 yr recovery on growth and production. 
 
This is fully described in Chapter 6.2, 6.3, 6.4 and 6.5 and again represents the first ever trial of 
this kind. Each of these Chapters will be submitted as full publications in the near future. 
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Integration of 5 years of field data during water stress and various periods of recovery. 
 
This is presented in each of the Chapters described above. 
 
Industry update on final trial outcomes from 5 years. 
The last industry update occurred with a publication in August 2011 in the Wine and Viticulture 
Journal (see publication list, Appendix 1.  We intend to submit another for the full trial in the 
near future to summarise the main outcomes and industry implications as detailed in this 
report. 
 
Innovators Network material developed. 
 
This has yet to be done, but it is anticipated that a series of fact sheets can now be developed 
from the total analysis of the trial that is detailed in this report. 
 
Final report to GWRDC 
 
This report was late as a result of time-pressure on the PI due to teaching commitments and loss 
of staff at UA, and loss of staff from the R&D sector placing more onus on the PI for data analysis. 
 
7.2  Practical implications of the research results for the Australian grape and wine 
industry. 
 
Each chapter from this report contains outcomes that have practical implications, particularly in 
relation to how to manage vines under sustained deficit irrigation (SDI) and how to more 
efficiently measure vine water stress and leaf area development.  These are outlined below, but 
the reader is also referred to the detailed discussions and conclusions in each Chapter. 
 
Chapter 6.1 Effect of SDI and recovery on vine water relations and gas exchange. 
 
Methods that are used to monitor vine water stress include measures of vine water potential 
using the pressure chamber, or consequences of vine transpiration that include: sap flow, 
stomatal conductance or canopy temperature. We showed that midday stem water potential was 
a good indicator of vine water stress over long-term SDI and furthermore that this could be 
calibrated against a near infrared reflectance spectral pattern to rapidly monitor vine water 
stress (Chapter 6.7).  NIR instruments are now available in a price range that makes it feasible 
for companies to invest in this technology and this has been trialled by Wynns Coonawarra.  We 
also showed that stomatal conductance was the most sensitive parameter in terms of 
assessment of physiological recovery after SDI.  The canopy temperature reflects the stomatal 
conductance and can be used to measure the degree of water stress, integrated over a whole 
canopy, quite accurately as described in Chapter 6.8 using IR thermal imaging.  Thermal cameras 
have greatly reduced in price and are now within the price range that may make them feasible 
for use in viticulture using the methods described in Chapter 6.8.  
 
In respect of the levels of SDI and their absolute effects on vine physiology, the 50% treatment 
showed only small reductions in leaf water potential or leaf gas exchange.  This would indicate 
that this level of reduction in irrigation would have only minimal effects on vine physiology, yet 
the reductions in amount of water applied are substantial. Of all the SDI treatments the 20% 
appeared to give the optimum gs and A suggested from the literature, but leaf water potentials 
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were often more negative than observed in the other treatments, suggesting that the 30% 
treatment may be a safer option as a target based on leaf physiology.  However it would not be 
recommended to reduce the depth of irrigation since this option resulted in greater vine stress 
and greater reduction in vine productivity compared to the equivalent (30%) amount of 
irrigation but at reduced frequency. 
 
Chapter 6.2 Vine productivity, water productivity and vine balance. 
 
It is very likely that the Australian wine industry will face water shortages as experienced in the 
millennium drought more frequently into the future.  We are currently experiencing one of the 
most intense El Nino events since 1998 that will also lead to drought conditions in SE Australia.  
Thus it is likely that future water shortages will require long-term SDI in some irrigated areas.  
The following points are critical for planning of SDI strategies, but it must be noted that this only 
applies to Chardonnay on Ramsey rootstock and may not be relevant for other varieties on own 
roots or different rootstocks: 
 

• Yield was reduced in proportion to irrigation plus effective rain and we provide the 
quantitative descriptors of total yield and yield components of the relationship that may 
be used to predict future productivity under SDI.  The relationship was unaltered by 
length of time under SDI, but was more dependent on seasonal impacts on yield potential. 

• There is a trend in SDI for vines to compensate yield towards higher levels resulting in 
the yield-to-pruning weight increasing.  This puts more stress on carbohydrate reserves. 
Thus the impact of SDI may be reduced by altering vine balance (i.e. reduce buds per 
metre, or bunch thinning).  Clusters per vine were not reduced by SDI. 

• As a conservative estimate for complete recovery of yield after one year of deficit this 
would be in the third season of full irrigation, but can occur earlier for less extreme 
reductions in irrigation (i.e. 30% or 50%). 

• After recovery there may be an over compensation effect with higher yields in the fourth 
season of recovery. 

 
Chapter 6.3 Berry composition and ripening. 
 
As for yield we provide important information that may be used to predict the impacts of SDI on 
productivity and grape quality in drought years.  The main practical implications of the work 
pertaining to Chardonnay on Ramsey are: 
 

• Only for the more extreme SDI were there consistent increases in TSS across seasons.   
• Solutes per berry were reduced by deficit in proportion to the degree of deficit and 

generally gave more significant responses than TSS. 
• Juice pH increased proportionally with SDI severity and was the most sensitive of the 

berry composition parameters measured. 
• Titratable acidity decreased with severity of SDI. 
• Recovery in berry composition after one year of deficit was complete, but there was a 

carry-over into the recovery season after two years of continuous deficit.  This was more 
obvious at more extreme SDI and with juice pH. 

• There was a trend for overshoot in solutes per berry in subsequent recovery years after a 
deficit year that was more obvious for the more extreme SDI. 
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• Successive seasons of SDI gave the same characteristics of the effects of total water 
applied on pH, indicating that if carry-over occurred from previous deficits this did not 
change significantly the response in pH to total water received by the vines. 

 
Chapter 6.4 Carbohydrate dynamics 
 
There are important practical implications uncovered by our investigation of carbohydrate 
dynamics, mainly in the trunk wood, that may also be used to better manage SDI in drought 
years.  The main practical implications of the work pertaining to Chardonnay on Ramsey are: 
 

• At dormancy there were no significant differences between any SDI treatments, suggesting that 
post-harvest leaf photosynthesis in stressed vines was adequate to replenish the non-structural 
carbohydrate (NSC) in trunks to control levels, despite lower leaf area in SDI and lower 
assimilation rates. This implies that good management of vines post-harvest is critical in 
allowing them to replenish stored carbohydrate for spring growth under SDI and also suggests 
that management of vine balance (reducing yield to canopy size ratio) may reduce the impact 
of SDI in the long term. 

• A measure of budburst trunk NSC concentrations could be used to predict final harvest yield in 
that season.  The correlation we observed not only explained variation caused by SDI but also 
differences between seasons and in particular the large difference in yield between the 2009-10 
season (low yield) and the other seasons.  

• For the most extreme reduction in irrigation (10%) there appeared to be a longer lag for 
recovery for trunk starch at harvest, but complete recovery of starch concentration after one 
year of reduced irrigation occurred at the end of the second season. 

• Trunk capacity to store NSC is also dependent on total wood volume and after four years of 
SDI there were significant (50%) reductions in storage capacity for the 10%, 20% and 30% 
SDI, but not for the 50% treatment.  Recovery in trunk capacity is slower than recovery in 
concentration of NSC since it requires a growth response to compensate for reduced growth 
over previous seasons of deficit. 

 
Chapter 6.5 Root growth dynamics 
 
This Chapter revealed some unexpected results in terms of resilience of roots to SDI.  

• Despite up to four seasons of SDI as low as 10% of control irrigation, only very limited effects 
were seen on vine root growth.  

• There were no effects of deficit irrigation in the dripper-wetting zone. Soil coring at 0.2 m 
from the dripline, found only small effects, significant only over a number of seasons.  

• These results demonstrate the resilience of the root system when faced with soil water stress 
and the ability of the vine to increase the resource allocation to the root system under these 
circumstances.  

• We also demonstrated the remarkable longevity of fine roots of Ramsey rootstock under the 
conditions of the experiment. 

 
Chapter 6.6 Measurement of carbohydrate concentration in grapevine trunk or leaf tissues using 
near infrared spectroscopy. 
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• Results from this study showed that NIR can be used to predict starch and total non-
structural carbohydrate concentration in freeze-dried and ground grapevine trunk and 
leaf tissues.  

• It was demonstrated that a robust universal model could be applied to the prediction of 
TNC in both leaves and trunks, making it a practical tool for a rapid screening of CHO 
concentration in grapevine tissues. 

Chapter 6.7 Non-destructive measurement of grapevine water potential 
using near infrared spectroscopy. 

• This study showed that grapevine leaf water potential can be measured non-destructively 
and rapidly using NIR spectroscopy using appropriate calibrations.  

• Observed differences in the NIR spectra were related to the leaf surface in which the 
spectra were collected, and this had an effect on the accuracy of the calibration statistics 
for water potential. Therefore calibrations need to be checked for different varieties. 

• However, the global calibrations built using data obtained from glasshouse and field 
studies on two varieties are indicative that, in the future, a universal calibration, able to 
predict water potential for all varieties in different environments can be built.  

 
Chapter 6.8 Computational water stress indices obtained from thermal image analysis of grapevine 
canopies. 
 

• We showed the use of semi-automated and automated infrared image analysis techniques 
to obtain accurate plant water status indicators using MATLAB programming tools.  

• Results can be acquired in a rapid form and applied for irrigation scheduling. 
• Due to the sensitivity of infrared thermography, this technique can be used to implement 

irrigation techniques such as regulated deficit irrigation (RDI) or partial root-zone drying 
(PRD), which require narrow plant water status thresholds to maximise grape quality 
and water use efficiency, and minimise detrimental effects on yield. 

 
Chapter 6.9 Automated estimation of leaf area index from grapevine canopies using cover 
photography, video and computational analysis methods. 
 

• This work has demonstrated the strong positive correlations that exist between our 
method of measuring leaf area index (LAI) using cover photography and image analysis, 
and that obtained from allometry, specialised LAI instrumentation (LAI2000) and spatial 
assessment using satellite platforms (NDVI).  

• Digital image and video acquisition, coupled with MATLAB image data analysis, provides 
a rapid, robust, cheap and simple method to obtain LAI of grapevine canopies.  

• This method can be applied for managerial purposes on commercial vineyards to assess 
the spatial variability of canopy growth within a field and for experimental research of 
the effect of treatments on canopy growth and vigour.  

• Our method can be used to develop models to calibrate indices obtained by remotely 
sensed data (airborne or satellite).  
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• Our method has been applied to an iPhone app that is now released on iTunes 
(VitiCanopy). 

8. Recommendations 
 
8.1 Identification of future research directions. 
 
Chapter 6.1 Effect of SDI and recovery on vine water relations and gas exchange. 
 
Vine hydraulic conductivity was identified as a potential limitation to recovery of vines after SDI.  
This is largely a result of changes to the root system, yet only small effects occurred in root 
density under SDI (Chapter 6.5).  This indicates that physiological changes occurred in the 
water-carrying capacity of roots under SDI and this warrants further investigation and 
comparison between rootstocks.  
 
Chapter 6.2 Vine productivity, water productivity and vine balance. 
 
Further investigation is required to understand how vines are able to compensate yield towards 
higher levels under SDI resulting in the yield-to-pruning weight increasing.  The link between 
vine balance and tolerance to long-term SDI and recovery rates is worthy of further 
investigation. It is likely that there will be effects of rootstock and scion on this capacity. 
 
The recovery information may suggest a strategy for handling reduced irrigation allocations, i.e. 
one year at 10% SDI followed by one year at 50%, potentially allowing reasonable yields and 
quality over a several-year time frame.  This “year-to-year pulsed-SDI” strategy may also 
condition vines for SDI in the future and it would be a worthy area for future research. 
  
Chapter 6.3 Berry composition and ripening. 
 
It is not clear why juice pH increased proportionally with SDI severity and was the most 
sensitive of the berry composition parameters measured. This may be the result of inorganic ion 
accumulation in berries with SDI, and potassium would be the obvious target ion to investigate.  
Considering the close correlation between sugar accumulation and potassium accumulation in 
berries it would be worthwhile investigating the effects of SDI on K accumulation as a way to 
prevent increase in juice pH under SDI and to lessen this detrimental impact on wine. 
 
Chapter 6.4 Carbohydrate dynamics 
 
Trunk capacity to store NSC is also dependent on total wood volume and after four years of SDI there 
were significant (50%) reductions in storage capacity.  Recovery in trunk capacity is slower than 
recovery in concentration of NSC since it requires a growth response to compensate for reduced 
growth over previous seasons of deficit.  If a “year-to-year pulsed-SDI” strategy were used this 
may reduce the impact on total trunk capacity to store carbohydrate and may lessen the long-
term impacts of SDI for a substantial savings in irrigation water. 
 
It would be interesting to follow up the observation of asymmetric trunk development under the more 
extreme SDI, perhaps indicative of altered root distribution, though this was not so evident in the 
transect results presented in Chapter 6.5.  
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Chapter 6.5 Root growth dynamics 
 
Determining dynamics of root growth and density profiles in the field is hampered by methodology, 
since this is currently labour intensive and time consuming. Methodological advances are urgently 
needed to more efficiently and accurately determine root behaviour, particularly if many genotypes are 
to be assessed. Further research is required to understand the remarkable longevity of fine roots of 
Ramsey rootstock under the SDI conditions of the experiment and whether this pertains more 
generally to other rootstocks and environments. 
 
Chapter 6.6 Measurement of carbohydrate concentration in grapevine trunk or leaf tissues using 
near infrared spectroscopy. 
 
This technique could be further developed to be applied on intact tissue rather than freeze dried 
samples. 
 
Chapter 6.7 Non-destructive measurement of grapevine water potential using near infrared 
spectroscopy. 
 
This work needs to be developed so that global calibrations can be built across multiple varieties 
and environments. 
 
Chapter 6.8 Computational water stress indices obtained from thermal image analysis of grapevine 
canopies. 
 
With the advent of cheaper IR imaging and even the prospect of using smart phones for this 
purpose (i.e. the Seek thermal camera for iPhone) it could be possible to develop an App for 
iPhone or Android to rapidly measure a vine water stress index. 
 
Chapter 6.9 Automated estimation of leaf area index from grapevine canopies using cover 
photography, video and computational analysis methods. 
 
This work has been developed to an iPhone app and Android app that is now released on iTunes 
(VitiCanopy).  It should be possible using the same or similar algorithms to develop an app to 
measure total perennial wood in the dormant vine before or after pruning, which could be used 
in conjunction with VitiCanopy to determine vine balance. 
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8.2 Research outcomes related to broader industry practices and priorities for further R&D, 
extension and policy. 

 
Depending on the cultivar, rootstock and the soil type, it may be possible to lower irrigation 
rates in warm climate conditions and markedly improve water use efficiency as shown by this 
study for Chardonnay on Ramsey rootstock. This project has shown that 50% of normal industry 
rates of irrigation (about 40% of ETc) for Chardonnay on Ramsey on a deep loamy sand had very 
small, if any, effects on vine physiology and productivity compared to 100%, but with substantial 
savings in water.  The small and largely insignificant effect on productivity is largely attributed 
to a small reduction in leaf assimilation and no effect on carbohydrate storage or root density. It 
should be noted that SDI treatments in this trial were fully irrigated until fruit set and early 
season irrigation could diminish the effects of SDI at the very low rates and more so over an 
increasing number of seasons of SDI. 
 
When a water-saving strategy is required, it would be recommended not to use reduced depth of 
irrigation, rather a reduced frequency but to the same depth, since this was less stressful and 
had less effect on vine productivity.  Very low rates of irrigation down to 10% are tolerated over 
four seasons by Chardonnay on Ramsey, but time to recovery of full production can be three 
seasons or more after just one season in SDI.  However, better management of vine balance may 
reduce the longer-term impacts of reduced irrigation. 
 
For future R&D the suggested priority would be to continue such long-term SDI trials to prepare 
the industry for the inevitable increased frequency of water shortage and drought.  Future trials 
should consider variations in vine balance in conjunction with SDI, perhaps with a lesser 
number of SDI options, for example 20%, 30% and 50% or equivalent fractions of ET. Also it 
would be important to investigate the impact of early season irrigation with an overall SDI 
strategy.  Another option would be to investigate a “year-to-year pulsed-SDI” strategy 
alternating between say 20% (or lower) and 50% from year to year, but with due consideration 
of soil type, extreme weather events and rainfall. Irrigation management guidelines will need to 
include a sensitivity analysis using water cost, yield impacts, recovery times, grape value and 
vineyard redevelopment costs. The applicability of the results reported here to other sites 
will need to be assessed.  
 
Research on how roots respond to deficit irrigation in the field may give better insight on the 
impacts of different rootstock tolerance to SDI, but there needs to be either a large investment or 
substantial methodological breakthroughs to allow efficient R&D to occur. 
 
Extension activities should involve discussion of the implications above for reduced irrigation 
and to demonstrate to growers some of the newer technologies for vine monitoring that have 
arisen from this project.  
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Adam Hall, Marisa Collins, Roberta Debei, Sigfredo Fuentes, Daniel Cozzolino, Steve Tyerman, 
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