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1 Executive Summary 
Over the last 15 years there has been a rapid increase in wine grape production in Australia (563,000 

tonnes 1991/92 and 1,514,000 tonnes 2001/02), with a corresponding increase in land under vines. 

Vineyard productivity is determined by a number of environmental and management factors, including 

water and nutrient management. Water and nutrients, including nitrogen, are essential for plant growth 

and grape production in vineyards. However, vineyards are often located close to rivers or streams, 

and any nutrients, salts and water exported from vineyards can negatively affect water quality.  

In seeking to optimise water and nutrient (particularly nitrogen) use within a vineyard, it is important 

to consider vine nutrition and production as well as the offsite impacts. A scoping study ‘Assessment 

of the environmental impact of fertiliser applications to vineyards’ (Slattery et al 2003) identified that 

the scientific understanding of the pathways and quantity of nutrients leaking from Australian 

vineyards was inadequate to assess the magnitude of nutrient exports, and develop appropriate 

management strategies. Importantly there is even less information available which combines the 

production and quality aspects of viticultural production with the potential offsite impacts.  

The aim of the research reported here was to reduce water loss by quantifying the amount of seepage 

below the effective root zone of vineyards. This involved measuring losses, relating these to irrigation 

and nutrient inputs and identifying what management actions to take to minimise the risk of creating 

off-site environmental impacts on water quality.  

Seven study sites were established on commercial vineyards, with six Chardonnay vineyards in the 

Riverina (three drip, three furrow) and one Shiraz vineyard in North East Victoria (drip). The two 

irrigation delivery types were assessed across three broad soil classifications ranging from light 

textured sandy soils, through medium textured sandy clay loams to heavy clay soils predominantly 

planted to wine grapes in the hot inland irrigated production areas.  

Average soil EC (1:5) values collected during EM38 surveys conducted on the above properties 

suggested that the soil profiles of most trial sites were non-saline. However, the EC of the soil water 

was higher than desirable on two sites, with concentrations ranging from 0.5 to 3 dS/m.   

Over three consecutive seasons from September 2003 to July 2006, detailed vine measurements were 

collected to provide an understanding of vine growth, yield, quality and nutrient status on the 

vineyards. This part of the project was concerned with the nutrient inputs, timing, and the nutrient 

status at key stages of vine development. In addition, the amounts of nutrients retained in the 

developing canopy structure and that removed by the crop at harvest were determined. These 

measurements provided an understanding of the dynamics of within-season nutrient requirements and 

therefore permitted determination of optimal fertiliser application rates, particularly nitrogen and 
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phosphate. These two nutrients are important for grape production, in regard to productivity and grape 

composition. The other main aspect in this study was to investigate the potential negative impact on 

the environment of N and P fertilizer use with respect to leaching and run off losses from vineyards. 

Components of grape vine vegetative growth were generally related, eg. shoot length was correlated 

with leaves and leaf area per shoot or trunk size was correlated with shoot number. However, the 

highest bud number did not often relate to high shoot numbers and this was attributed to the high 

variability in % bud-burst found between vineyards. Yield differences observed between the young 

vineyards appeared to be related to use of Ramsey rootstock. Bunch numbers were correlated with 

shoot numbers (r2 = 0.74), although on occasions this relationship also did not hold due to the high 

variability in % bud-burst found between vineyards, which was particularly noticeable in the first and 

last year of the study. It appears that in general, vines with a yield to pruning weight ratio (vine 

balance) of up to 20 could still adequately ripen fruit for table wine production. Vine productivity 

level influenced the rate of berry ripening and final berry sugar level attained. Final sugar yield (TSS x 

yield) was influenced by vineyard yield level, harvest date and vine age.  

The amounts of N and P applied to the vineyards was recorded from harvest to harvest in the last two 

seasons (2004/05, 2005/06), which allowed conclusions to be drawn between supply and nutrient 

status of the vines and nutrient removal from the vineyard with the crop. For the majority of cases, 

plant tissue analysis was not used routinely by growers for determining vine nutritional status. For the 

furrow irrigated vineyards, nitrogen fertilizer was applied as a split application between flowering and 

post-harvest, or as a single large post-harvest application. In all cases the fertilizers were broadcast and 

ripped into the furrow. For the drip irrigated vineyards, a split application between flowering and post-

harvest was the most common practice. This was usually applied as soluble N via the drip system. The 

rates of N application varied three fold across vineyards in all seasons, with the average annual 

amounts applied ranging from 43.0 to 88.5 kg/ha. These differences were reflected in the N status 

commonly measured as N concentration in the petioles at flowering, ranging from 0.75% to 1.76% 

DW. Application rates of P fertilizers ranged from 7.5 to 32.7 kg/ha. These fertilizers, most commonly 

superphosphate, CROPLIFT 400®, or DAP, were broadcast at all vineyards.  

Vine N status at flowering was usually higher than the adequate range of 0.9 - 1.25% N in all 

vineyards. The petiole N levels were highest in vines grown on light textured soils and were usually 

higher at the drainage end of furrow irrigated vineyards. Drip irrigated vines on light textured sandy 

soils had the lowest concentrations of petiole N and P recorded at all times and the N levels at 

flowering were below the adequate range of 0.8 - 1.1% N. Vine N status at flowering was highest in 

vineyards using Ramsey rootstock and were invariably found to be in the adequate range 0.9 - 1.25% 

N. The petiole N levels at tail sites (drainage end) of the furrow irrigated vineyards were usually 

higher than those recorded at the head sites (supply end), and were highest in vines grown on light 
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textured soils irrespective of irrigation delivery method. The results indicate that the N supply in 

nearly all vineyards was more than sufficient, suggesting that fertiliser application was too high 

throughout the duration of the study. Petiole P levels were highest at flowering and lowest at harvest, 

and the seasonal difference between these concentrations at these times was low. P levels at flowering 

(between 0.25 and 0.50%) were generally adequate and this indicates that P availability was more than 

sufficient in the Riverina vineyards under study. 

Nitrogen and Phosphorus removal by the crop varied from season to season in accord with seasonal 

yield differences. However, nitrogen removal in harvested fruit from these vineyards generally 

accounted for only half of the seasonal N application rates recorded. The N removal by the fruit 

ranged from 25.6 to 53.8kg per ha, indicating that some of the vineyards received more than double 

the N that was incorporated into the fruit. Application rates above the average 70 kg N/ha recorded 

across all sites did not increase yield, suggesting that this level was more than required to maintain 

productivity, even after accounting for N accumulated in the shoots at harvest ranging from 9.4 to 

24.8kg per ha and removal of nutrients in pruning of dormant canes (3.7 kg N ha-1) that will be either 

stored for the next season or added to the N pool in the vineyard soil in addition to that locked up in 

the various components of vine structure which were estimated to be equivalent to 21.3 kg N ha-1. 

Application rates of 40-50 kg N/ha also appeared to be sufficient for optimal vegetative and juice N 

concentrations. These results support the earlier observation that the N supply in nearly all vineyards 

was more than sufficient. Application rates of 40-50 kg N/ha would appear sufficient for both optimal 

vegetative growth and juice N concentrations.  

The second macro nutrient of major relevance in this project was P, due to its importance to vine 

productivity and its potential impact on the environment. Despite P application rates ranging from 7.5 

to 32.7 kg/ha, there was no relationship between application rate and petiole P levels at flowering. The 

adequate range for P in petioles at flowering is between 0.25 and 0.50% and average levels recorded 

ranged from 0.30 to 0.71% DW. All vineyard P levels at flowering were generally at or above 

adequate levels. This indicates that P availability was more than sufficient in these vineyards and 

highlights the critical role of soil conditions such as moisture and soil pH in promoting the vine’s 

access to this nutrient. However in contrast to N application, yield was increased by P application. The 

P nutrient removal by the fruit was much lower than for N, ranging between 4.2 to 7.5kg/ha. The 

accumulated amounts of P in the shoots were much smaller than for N and varied between 1.8 to 

8.1kg/ha and would be partially recycled in the vineyard system. The findings indicate that P 

application, at least in the range it was applied in the vineyards under investigation, can alter vine 

productivity.  

The vine nutrient status in the form of bloom petiole levels averaged over the last two seasons for the 

other macro nutrients and four micro nutrients, showed large differences between vineyards 
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particularly for manganese. The vineyards received annual potassium applications ranging from 0 to 

36.8kg/ha as a component of mixed fertilisers. Sulphur (1.2 to 40.5kg/ha) and calcium (0 to 12.7kg/ha) 

were applied as a constituent of the P fertiliser application. The same applied for Magnesium, which 

was contained in the mixed fertilisers and was applied in a range from 0 to 1.5kg/ha. In addition, these 

fertilisers contained most micro nutrients.  

 Spur N and P concentrations taken to determine vine nutrient and carbohydrate reserves after leaf fall 

were less than half the levels recorded in the roots at that time. Vine starch levels varied more than 

tissue concentrations of the two major nutrients, with nearly three fold differences in root 

concentrations and 30% variation in spur concentrations being recorded. This indicates some 

competition between N containing compounds and carbohydrates. However, the petiole N status at 

leaf fall is reflected in the N reserves, although evidence for a similar relationship between petiole and 

storage tissue P concentration was not as consistent. 

Other macro and micro nutrients (K, Mg, Ca, S, Fe, Mn, Zn and B) were supplied in variable amounts 

to the vineyards, and the vine nutrient status and the removal by the crop of these nutrients was also 

assessed. All petiole concentrations for the macro nutrients, K and Ca in the six vineyards were above 

the sub-optimal critical values, but a number of vineyards had petiole Mg levels below the adequate 

range.  

Some vineyards had petiole K levels that were far above the adequate range, while Ca concentrations 

were always adequate and Mg often deficient; this suggested that Mg is a nutrient which requires 

further attention in vineyard fertilisation management. The petiole micro-nutrient levels for Mn, Zn 

and B at flowering were in the adequate range, while Fe concentrations were often marginally 

deficient. Fe was the only trace element measured which might restrict vine performance, although 

excessive B and Mn might also have limited vine performance in one of the vineyards. This indicates 

that there might be some limiting effects on vine productivity and/or grape composition by these 

nutrients either due to low supply or even excess, depending on element.  

Juice amino acids, which are used by yeast during fermentation, can also be used as an indicator of 

vine N requirements. Whilst petiole N concentrations increased with increasing N application rates, 

amino N remained constant for N application rates above 50 kg N/ha. Berry amino N concentration 

(total amino N, yeast assimilable and non assimilable amino N) reflected the vine N status as 

described earlier for petiole N levels for each vineyard. Therefore irrigation management and fertiliser 

application influenced the levels of berry amino acids recorded in grapes harvested from these 

vineyards. The most abundant amino acid found in the analysed berry juice samples was proline. 

However, at all sites arginine had most of assimilable amino N, followed by glutamine and then 

alanine. Approximately 130mg/L assimilable N is required in grapes to achieve a good fermentation. 
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There was sufficient amino N to support fermentation without the need to account for ammonium in 

fruit from all the furrow irrigated vineyards. However, ammonium N concentrations in fruit from drip 

irrigated farms were marginal and would possibly be insufficient to lift assimilable N to the adequate 

range.  

Generally, the application of 40kg N per ha was sufficient to lift the assimilable amino N above the 

critical value of 130-140mg/L. Applications above a rate of 40 kg/ha N had no additional benefit for 

assimilable N, but in some cases did increase total amino N levels. These findings suggest that an 

application of 40kg N is enough to reach sufficient assimilable amino N in the juice, provided that 

most of the supplied N stays in the root-zone. Other than the amino N response to N fertiliser, yield 

was not altered by the amount of nitrogen in excess of 40kg/ha applied N, and there was evidence for a 

small reduction in productivity with very high rates of N fertilizer use due to excessive vegetative 

growth favouring shoot growth rather than fruit development. In contrast to juice N concentrations, 

petiole N concentrations increased linearly with N application rate. Nitrogen concentrations were also 

higher in the wood and roots of vines receiving higher rates of N, supporting the suggestion that high 

fertilizer rates just shift N allocation into the vegetative tissue. This strengthens the argument 

previously stated on juice amino N levels, that a N application rate of 50 kg/ha should not be 

exceeded.  

Water and nutrients in the vineyards were monitored for two consecutive seasons 2004/06, using 

Sentek Envirosmart® soil moisture sensors, Watermark® soil moisture sensors and soil solution 

samplers, while surface runoff was monitored on two vineyards using ISCO storm monitoring 

systems. Soil solution samples were collected at times when the soil tensions recorded with 

Watermark® sensors indicated that drainage would occur. The temporal concentration of leachate was 

monitored in successive seasons by strategic sampling of soil water during potential drainage events 

when the soil was wetter than field capacity (< 10 kPa).  Surface runoff from a furrow and drip 

irrigated farm was also monitored for the duration of the study.  

Water use at the furrow irrigated sites ranged between 4.9 and 6 ML/ha over the second two seasons 

of investigation, and between 2.1 and 6.5 ML/ha for the drip irrigated vineyards. Soil moisture 

monitoring following irrigation events showed that surface runoff following rainfall can be a major 

factor influencing off-site movement of both water and nutrients.  Soil moisture contents recorded on 

all vineyards in spring showed full soil profiles, however all irrigators watered early and it is likely 

that deep drainage and nutrient loss occurred at this time. All sites underwent from two to five deep 

drainage events in each season. The first drainage event usually occurred in late spring, whilst the last 

drainage event, though considerably smaller, was frequently recorded in autumn. During these periods 

when saturated soil moisture conditions were frequently observed, drainage was likely and the soil 

solution contained salt and nitrate as the leachate was transported below the root zone.  
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However, for the three drip irrigated farms monitored, the average nitrate concentration below the 

root-zone was < 25 mg l-1 which is less than the WHO limit for drinking water of 50 mg l-1 and 

therefore best practice drip irrigation does not appear to present a significant environmental risk. 

Conversely, there was a high likelihood that deep drainage and concomitant nutrient pollution 

frequently occurred throughout the irrigation season on the furrow irrigated farms. This occurred 

under the furrows where the soil was always close to saturation, and on a number of occasions the 

nitrate concentrations recorded exceeded the WHO limit. However, at the same time, wetting of the 

vine-line by subbing was limited during the peak of the growing season on these sites due both to the 

low infiltration rate of these soils and the high rates of vine water use at this time. This situation led to 

a steady decline in moisture content in the vine line on these properties as summer progressed, 

irrespective of frequency and depth of wetting of irrigations. 

Soil solution NOx concentrations at 1 m in the root zone were always higher under furrow than under 

drip irrigated vines, and were also higher than concentrations measured in surface runoff water (0.01 

to 8.3 mg/L). Although these measurements do not allow total losses to be quantified, they suggest the 

management of N fertilizers and irrigation could be improved to minimize the movement of N below 

the root-zone, especially in flood irrigated vineyards.   

Deep drainage and loss of N is hypothesized to be greater on furrow irrigated farms because: 

1. larger quantities of water & N are applied at any one time 

2. there is a miss-match between the location of the root zone and where the majority of the 

water and N is applied.    

Water quality analysis was undertaken at the CSIRO Land & Water Laboratory, Griffith where 

electrical conductivity (EC), ammonium-N (NH4
+-N) and nitrate –N (NO3

- -N) was determined using 

standard analytical procedures. In general, soil solution samples showed low levels of ammonium and 

phosphate, predominantly less than 0.5 mg/L. The nitrate levels were much higher, 10-100 mg/L, with 

large variability both in space and time. Soil coring after harvest revealed soil nitrate levels of 0-10 

mg/kg soil whilst ammonium and phosphorous levels were less than 5 mg/kg.  

As expected, nitrogen has been found to be much more mobile than phosphorous. This is particularly 

relevant for nitrogen, which is highly mobile and easily transported through the soil with any water 

movement. The relatively high nitrate levels (10-100mg/L) recorded in soil solution samples collected 

below vine root zones in young MIA vineyards following springtime irrigation or rainfall were 

significantly higher than the World Health Organisation (WHO) water quality targets. Concentrations 

of N (0.37 – 21 mg N/L) and P (0.04 – 2.3 mg P/L) measured in surface run-off water were also 

generally higher than recommended water quality targets.  
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The influence of irrigation method (drip vs twin furrow), rootstock (Ramsey vs. own roots), soil type 

(Hanwood loam vs. Clay loam), and age on the root length density and root distribution of 

Chardonnay vines was also examined. 

There was evidence of some moisture extraction by the crop beyond 100 cm at most sites, but in all 

cases, the active root zone was limited to between 50 and 75 cm depth. Root zone distribution studies 

confirmed that root zone extent was limited by soil hardness and irrespective of soil type, the 

distribution of roots with depth was the same for all vineyards, with approximately one third of the 

measured roots in the 0-20, 20-50 and 50-100 cm layers, respectively. The single exception to this was 

a 6 year old furrow-irrigated block of vines on Ramsey rootstock in Hanwood loam. There was no 

obvious reason for the proliferation of roots below 50 cm in this vineyard.   

 Average root length densities were higher under drip-irrigated vineyards than under furrow, but the 

difference was only significant (P=0.05) when root length densities above a depth of 50 cm were 

averaged. Average root length densities were consistently higher (though not significantly) under the 

vine-line than in the inter-row under drip irrigation; under furrow irrigation the difference was 

inconsistent and often small, resulting in a smaller average percentage of total roots under the vine line 

(50% for furrow compared with 65% for drip).  

The smallest average root length density (0.20 cm cm-3) was associated with the youngest vines (2 

years old). Average root length densities of all other vines, which were between 5 and 10 years old 

(mean 6 years), did not deviate substantially from the mean of 0.8 cm cm-3. There were no obvious 

influences of soil type or rootstock on average root length densities.  

In the final season of investigations, a method for estimating the hydraulic properties of a sub-soil in-

situ was developed for use with the Drainage Meter to convert recorded pressure gradients below the 

root zone to water flux.  The method consisted of pumping controlled volumes of water into the upper 

tensiometer tip of a dual tensiometer Drainage Meter.  A sub-surface spheroidal source under sub-

atmospheric pressure was produced which was monitored by the two tube tensiometers of the 

Drainage Meter.  The measured data was compared with a numerical simulation of the flow field, 

forming an objective function which was minimized using the Marquardt’s maximum neighbourhood 

method.  The resultant best fit to the data gave an estimate of the hydraulic properties of the soil 

surrounding the top of the Drainage Meter at the depth of placement below the vine root zone.  

The method was applied to the sub-soil of one of the Griffith sites where long term historic records of 

soil water potentials and their gradients existed from the Drainage Meter.  The hydraulic properties 

obtained with the use of the Drainage Meter were similar to those measured on another well-structured 

clay loam soil reported by De Jong et al. 1992.  The hydraulic model that best fit the field data 

contained a parameterization for a bimodal pore size distribution containing macro-pores and had an 
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R2=0.987.  The resultant hydraulic properties were used with Darcy’s Law and the historic records of 

soil water potentials to give an estimate of the point-scale cumulative moisture flux for the 2006- 07 

irrigation season of 47 cm.  From this, the maximum daily averaged moisture flux was 3.2 cm h-1, 

being half of the daily irrigation application rate if the wetted width was assumed to be 50 cm.  Using 

these data, the vineyard averaged deep drainage moisture flux for the season was calculated as 

0.64 ML Ha-1 which is approximately 10% of the total irrigation volume. The method was found to be 

feasible and practical and the estimates of the hydraulic properties and the derived moisture fluxes are 

consistent with those reported previously in the MIA (Christen and Skehan 2001). 

All of the vineyards had periods in which the soils were wetter than the assumed drained upper limit of 

-10 kPa at the point of water delivery, with the number of days when the soils were wetter than the 

drained upper limit ranging from 0-205 days. The annual average NOx concentrations in soil solution 

were significantly greater than water quality targets, ranging from 0.64-82 mg N/L at 1m depth.  

The concentration of N combined with the number of days in which drainage beneath the root zone 

was likely, suggests that sub-surface pathways represent a significant N export risk. While all of the 

properties could potentially have an adverse impact on water quality due to N leaching, the results 

suggest that the higher the soil N concentrations and fertiliser application rates the greater the risk of 

high N concentrations being exported from the vineyard. With annual N fertiliser inputs of up to 96 kg 

N/ha, fertiliser application on most vineyards was higher than would generally be recommended on 

the basis of petiole testing. Annual export of N by surface runoff, ranging from 0.0-0.3 kg N/ha, was 

relatively low on the monitored vineyards, and it appears that surface runoff is not a significant 

pathway in dry seasons. However, the importance of surface runoff as a transport pathway is likely to 

vary significantly between vineyards, regions and seasons.  

On average, deep drainage from drip irrigated vineyards was minimal (0.64 ML/ha) during the 

irrigation period of either season, so the potential for N loss was low. Furthermore, from surface 

runoff measurements, less than 5% of irrigation water applied to furrow irrigated vines left the 

vineyard. On this basis, in the worst case scenario annual N loss was less than 0.3 kg N/ha, indicating 

surface and deep drainage N loss was minor relative to the fertilizer inputs.  This suggests that N loss 

to the environment due to viticultural production is relatively small, but as noted previously, N inputs 

could be reduced without adversely affecting vine performance and this would have the dual benefit of 

decreasing production costs and reducing the risk of high N concentrations in the soil solution on 

occasions when drainage occurs. 

This project has been able to increase understanding of nutrients and water in terms of vine 

productivity and potential offsite impacts of their use. 
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The main focus of this work was to monitor water use, N and P utilization by wine grapes in addition 

to losses of these elements in drainage water. While N application rates clearly altered N in the petiole 

and juice, P supply appears to have impacted on yield levels only. In addition to capturing the range of 

vine responses to viticultural management practices present across the selected properties used in this 

investigation, water budgets and the temporal dynamics of saturated soil conditions in response to 

rainfall and irrigation were also monitored with the aim of quantifying the amount of seepage below 

the effective root zone of vineyards to reduce water loss. However, given that the study monitored 

vineyards under their normal commercial management practice, and did not impose additional 

treatments, there are still outstanding questions as to how a reduction in N fertilizer use can be most 

efficiently achieved. One area that still requires significant research effort relates to quantifying the 

extent of nutrient recycling within the vine and in vineyards. This is an important component of the 

nutrient balance that needs to be resolved when assessing fertiliser requirements.  

Ideally, water use and losses of water and nutrients from run-off and drainage should be kept to a 

minimum, but some deep drainage losses are inevitable, since a leaching fraction is required to avoid 

salt build-up in the root-zone, or when rainfall occurs immediately following irrigation when soil 

profiles are full. The environmental cost of managing root zone salinity may require some loss of 

water and nutrient to the environment. 

Since N appears to be the only significant element to move with water below vine root zones, N 

applications should be split between pre-bloom and post-harvest to match root growth periods and 

single large applications that increase N leaching risk should be avoided. Greater use of standard plant 

tissue analysis should be encouraged to refine N application rates and allow adjustments from season 

to season. The overall removal of these two macro nutrients and recycling of prunings as well as re-

mobilisation from the leaves before leaf fall should be considered for optimising the vineyard nutrient 

supply. 

Over three years this, project has been able to increase our understanding of nutrients and water in 

vineyards both in terms of productivity and potential offsite impacts. The key outcomes from the 

research will lead to an increased understanding of water, nutrient and salt budgets in warm climate 

inland irrigated wine grape production regions. This is a critical prerequisite to saving water and 

increasing efficient water management for irrigated viticulture. 

The recorded productivity data and associated nutrient status of the selected vineyards could also assist 

further refinements of the current recommended petiole concentration ranges for a number of essential 

plant nutrients. However, the nutrient status of these vines must also be related to soil conditions, 

particularly soil moisture and pH, since these would have a significant impact on the nutrient uptake 

and availability.  
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Some vineyards were shown to export higher loads of nitrogen and phosphorus (high risk) than others 

due to deep drainage. In general, soil solution samples showed low levels of ammonium and 

phosphate, predominantly less than 0.5 mg/L.  The nitrate levels were much higher, 10-100 mg/L, with 

large variability.  The EC of the soil water was also high in some sites, mostly ranging from 0.5 to 3 

dS/m.  The periods when there was a high likelihood that deep drainage was occurring were readily 

identified from seasonal plots of root-zone depletion when near saturated soil moisture conditions 

were recorded. 

Several key issues and management strategies that differentiate between the high and low risk sites 

have been identified and monitoring tools consisting of discrete modules for phosphorus and nitrogen 

together with root zone depletion have been developed for incorporation into an Environmental 

Management System (EMS) framework such as VERA. The report details how this information may 

be included to add value to these existing tools and ensure that the information generated in this 

project is taken up by the industry.  

Environmental monitoring as well as petiole and soil analysis can be used within the EMS framework 

to determine effective application and nutrient interception practices. Data on nutrient losses can also 

be used to inform vineyard fertiliser management outside the EMS framework, such as prediction of 

the onset of nutrient deficiency and cover crop and vine requirements. In particular, this project 

investigated the impact of spring irrigation on vine performance and vineyard leakiness by monitoring 

spring soil moisture stores, deep drainage and vine performance on selected vineyards. The objective 

of the work was to develop tools that could be used by farmers to quantify the risk of crop yield loss, 

nutrient loss and deep drainage due to spring irrigation. It is planned that these tools will reduce the 

incidence of spring-time deep drainage without impacting negatively on vineyard profitability. 

By using case studies on commercial vineyards to refine these assessment tools, there will be better 

linkages between enterprise management and observations of tangible and cost-effective benefits from 

investment in monitoring for EMS. The results of this project will be provided to industry in the form 

Viticare notes and to relevant environmental management projects and extension activities to ensure 

the uptake of results. 

The work undertaken in this project will allow a better understanding of irrigation water use in 

viticulture and has highlighted late Spring and early Autumn as the periods at most risk of 

experiencing significant deep drainage due to irrigations being applied when the soil profile is full. In 

future, pathways of nutrient loss are likely to be event rather than management based and this work 

indicates the importance of monitoring tools for increased uptake of EMS. 
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2 Introduction 

The rapid expansion in Australia’s wine grape industry production base has occurred in the hot inland 

arid climates of southern Australia 0ver the last 15 years. Irrigation is usually required in these regions 

because precipitation levels are insufficient to support crop production during the growing season.  

Surface and groundwater supplies for irrigation are becoming less available, reliability of supply is 

declining and the cost of water is increasing. When irrigation water is added to these environments, 

additional salt loads are combined with accumulated salts within the soil profile and any resultant 

drainage can result in mobilisation of these salts through the soil profile and can lead to salinisation of 

the landscape. Accumulation of solutes by this process can adversely affect soil properties due to 

increasing soil sodicity. This leads to reductions in soil macroporosity and associated soil permeability 

properties. Solute accumulation can also lead to increased soil salinity which can adversely effect crop 

growth. These processes pose a threat to the long-term productivity of irrigated viticulture and root 

zone salinisation resulting from excessive deep drainage, rising watertables and secondary salinisation 

associated with waterlogging needs to be better managed. 

An effect of irrigating with water having excess sodium or very low salt concentrations typically 

available in the MIA is the development of infiltration and percolation problems, that develop very 

quickly during irrigation. The reduction of infiltration and percolation can be caused by processes such 

as the dispersion and migration of clay minerals into soil pores, the swelling of expandable clays and 

crust formation at the soil surface. These physical soil structural changes limit infiltration of irrigation 

water and hence strongly influence the efficiency of irrigation, although soil management practices 

such as modified tillage, irrigation and fertiliser practices can be used to ameliorate infiltration 

problems.  

Furthermore, shallow saline groundwaters seep into drainage systems and, together with surface 

runoff, contaminate drainage leaving irrigation areas, with adverse impacts on downstream ecosystems 

and other water users. Leaching of accumulated salts down the soil profile to underground aquifers 

and/or to natural wetlands via drainage systems can therefore have detrimental effects on downstream 

environments due to changes in water quality. Because of this, Australian vineyard managers are 

increasingly coming under pressure to increase irrigation and nutrient use efficiency and reduce deep 

drainage, driven by both environmental and economic imperatives. For irrigated viticultural practices 

to remain sustainable, the solutes in irrigation systems must be managed and this requires a 

fundamental understanding of how solutes will be altered by irrigation practices, including the off-site 

distribution and fate of the solutes.  

Such knowledge should minimise the environmental impact of viticultural production in these 

environments and provide best practice information for managing production in a sustainable way. 
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Vineyard productivity is determined by a number of environmental and management factors, including 

water and nutrient management. Water and nutrients, including nitrogen (N) and phosphorous (P), are 

essential for plant growth and grape production in vineyards.  Because there is not enough N and P 

naturally available in the soil to allow crop to growth to its full potential, farmers apply N and P to 

their vineyards, in the form of inorganic fertilisers and organic manures, to enhance plant growth and 

maximise yield potential. Due to the high economic value of winegrape production, it is likely that 

these crops will receive relatively high application rates of nitrogen fertilizers and any excess nitrogen 

that is not used by the crop may become a source of pollution.  

Not all sources of nitrates are always accounted for, and so the amount of nitrates applied to the soil is 

often greater than the crop requirment. This increases the risk of nitrates escaping into the water 

environment (ground and surface waters) through leaching. The appropriate balance between 

profitable viticultural production and environmental degradation is challenging to maintain because of 

the relative ease with which potentially environmentally harmful solutes, like nitrate-nitrogen (N), 

move with water through soil. Over fertilization of crops with N affects nitrate-N leaching and impacts 

on groundwater quality. With vineyards often located close to rivers/streams or drainage outflows, any 

nutrients exported from vineyards can negatively affect water quality by contributing to eutrophication 

of inland water systems (Department of Natural Resources and Environment 1996; Grace, Hart et al. 

1997; Australian Government 2004).  

As a result, nitrate levels in particular, are increasingly found in deep drainage arising from leaching in 

irrigated viticultural production. This is of concern for water quality because nitrate can contribute to 

pollution of waterways. Whilst nitrate enrichment of water can can lead to eutrophication  in rivers, 

phosphorus is the limiting nutrient involved in this process. It’s presence can cause algae and higher 

forms of plant life to grow too fast, disturbing the balance of organisms present in the water and 

affecting water quality. Therefore, readily available nitrogen (N) sources such as ammonium nitrate 

with excessive irrigation present a potential hazard for the environment, especially if phosphates are 

also present.  

Soil particles do not hold on to nitrate very well because both are negatively charged. As a result, 

nitrate easily moves with water in the soil. The rate of leaching depends on soil drainage, rainfall, 

amount of nitrate present in the soil, and crop uptake. Managing the amount, source, form, placement, 

and timing of nutrient applications are activities that will accomplish both crop production and water 

quality goals.  

Therefore, the relationships between N fertilizer rate, yield, and NO3
- leaching needs to be quantified 

to develop soil and crop management practices that are economically and environmentally sustainable.  
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Since water moves rapidly through sandy soils and nitrates move with the water, light textured soils 

are more vulnerable to leaching nitrogen to groundwater than clay soils. Nitrogen loss to groundwater 

from clay soils is also less than for more coarsely textured soils because the negative charge on clay 

particles retains ammonium ions (NH4
+) and their retention on clay particles protects them 

(ammonium ions) from leaching. However, clay soils do not specifically retain nitrates since nitrate 

ions (NO3
-) are negatively charged and are not adsorbed to clay particles. Because water movement 

through clay soils is very slow, the nitrates that move with the passage of water in these soils can 

move through the soil profile, but do not readily leach to groundwater. Furthermore, nitrate losses 

through denitrification in clay soils reduce the amount of nitrates that can potentially leach to 

groundwater. 

Phosphorus is also a key plant nutrient which is added to soils in the form of chemical fertilisers and 

organic manures. Unlike nitrate, it is relatively insoluble, and losses from agriculture tend to be 

associated with the loss of soil particles by soil erosion. This can occur by water and wind erosion or 

by the loss of very small particles in drainage waters. In some soils which have high levels of 

accumulated phosphorus, there can also be some loss of soluble 'phosphate' in drainage water, but on 

the whole this is only of minor significance. In spite of the high P adsorption capacity of soils, 

considerable amounts of P can also occasionally be transported to groundwater and surface water by 

subsurface drain-flow. Such conditions occur in soils with low adsorption capacity, in soils which 

have become waterlogged, and in soils with preferential flow through macropores (Sharpley and 

Rekolainen 1997). Due to the fact that P is often transported in macropores, and also in runoff water, P 

loadings typically occur rapidly and episodically. 

The principal study area for this project was concentrated around Griffith in the Murrumbidgee 

Irrigation Areas (MIA) of the Riverina region in NSW but also included test sites in the Rutherglen 

region of NE Victoria. The river/streams and drainage outflows/wetlands monitored in these regions 

frequently have elevated nitrate concentrations, which in the past has been attributed to agricultural 

run off and soil leachate. The salt load coming into the MIA has averaged 83,157 tonnes per year the 

past five years. This includes salt from irrigation water and rainfall. There has been a drop in volumes 

discharged from tile drainage pumps, due to improved practices, improved irrigation systems and 

drought conditions over the past two years. Most of this salt ends up in drains discharging toward the 

Murrumbidgee River.  However, due to reduced overall drainage as well as recycling of drainage 

water, the amount of salt discharged to the River has been reduced. 
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Table 1.  Recommended trigger values for the Protection of Aquatic Ecosystems in south-east 

Australia for moderately disturbed ecosystems (ANZECC, 2000) 

Criteria TP mg/L TN mg/L 

Trigger Value 0.05 0.5 

 

Despite this, total nitrogen and phosphorous (mg/L) recorded in the MIA river drains remain higher 

than ANZECC POAE trigger values. 

With average net total irrigation diversions from the Murrumbidgee river to the MIA in excess of 

1,000,000 ML and average drainage volumes of 7,223 ML from the MIA back into the river, it is 

evident that substantial salt and nutrient loads are being delivered downstream from the MIA. 

Permanent plantings (vines, citrus and stone fruit) draw only 18% of the irrigation water delivered to 

the MIA but make a disproportionately greater contribution to salt and nutrient loads in drainage 

outflows from the region.  High levels of nitrate in these inland drainage/river systems is undesirable, 

as some recharge to groundwater aquifers can occur in addition to downstream river flows being used 

for drinking water and irrigation. However, the main concern of elevated nitrate levels in these 

waterways is the risk of eutrophication due to the nitrogen loads entering the system. 

Figure 1. Median value for total nitrogen (mg/L) for the MIA river drains and general drains from 1999 to 

2004 compared against the ANZECC POAE trigger value 
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Figure 2.  Median value for total phosphorus (mg/L) for the MIA river drains and general drains 

from 1999 to 2004 compared against the ANZECC POAE trigger value 
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From Figure 1 it can be seen that all sites are over the POAE trigger value for nitrogen. The main 

source of nitrate and phosphate pollution of all inland streams is a result of diffuse pollution from 

agriculture. The main source of nitrate in UK freshwater is leaching from agricultural land. It is 

estimated that over 70 per cent of nitrates, and over 40 per cent of phosphates in English waterways 

are derived from agricultural inputs (http://defra.gov.uk/environment/statistics/inlwater/iwnutrient). 

Other overseas research has shown that N may be exported from vineyards through surface (Ribolzi, 

Valles et al. 2002; Ramos and Martinez-Casasnovas 2004; Ramos and Martinez-Casasnovas 2006), 

and sub-surface pathways (Muller, Gartel et al. 1985; Yasuda, Umemiya et al. 1988; Muller 1993; 

Rupp 1996; Sharma, Byrne et al. 1996; Wahl, Schwab et al. 1997; Schaller 2000).  Australian studies 

by Christen and Skehan (2001) and van der Lely (1995a) in the MIA have reported drainage volumes 

of between 14 – 22 % of applied water ending up in tile drainage systems. However, they also noted 

that in times of low rainfall and under conditions of low irrigation volumes typically applied to vines, 

the above drainage volumes would be considerably lower.  

In these previous studies the concentrations of N exported through either surface or sub-surface 

pathways have been significantly greater than Australian environmental trigger values (eg. 0.5 mg 

TN/L trigger value for Lowland rivers (ANZECC and ARMCANZ 2000)). Despite previous research, 

there is limited information on the potential magnitude of nutrient exports from viticultural systems in 

Australia.  
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A scoping study ‘Assessment of the environmental impact of fertiliser applications to vineyards’ 

(Slattery, Brown et al. 2003) identified that the scientific understanding of the pathways and quantity 

of N leaking from Australian vineyards was inadequate to assess the magnitude of N exports, and to 

develop appropriate management strategies.  

Nitrogen concentrations exported through surface and sub-surface pathways vary significantly in time 

and space (Arheimer and Liden 2000), with N concentration and the volume of water determining the 

load of N exported . Conceptually for N export to occur a nutrient source, a mobilisation process and a 

transport pathway are all required. This conceptual framework suggests that variations in N 

concentrations (particularly with time) reflect a change in the magnitude, form or mobility of one or 

more N sources in the vineyard system, with both fertiliser management (Owens, Edwards et al. 1984; 

Smith and Monaghan 2003) and environmental processes of N fixation and volatilisation (Wild 1988) 

potentially influencing N concentrations and availability in the soil. The load of N exported is 

determined by the transport pathway and volume of water moving from the vineyard which can be 

influenced by irrigation management, rainfall and site characteristics (eg. soil type and slope).  

The main nutrient sources in vineyards include soils, live and decaying plant material, soil solution, 

and fertilisers (Wild 1988), with nutrient sources generally concentrated at the soil surface. The 

concentration of nutrients at the surface suggests that mobilisation processes occur predominantly near 

the soil surface, followed by transport through surface or sub-surface pathways. The relative size and 

availability of the different nutrient sources in the vineyard change significantly in space and time 

(Tate, Speir et al. 1991) in response to management and environmental processes. While it is difficult 

to separate the different sources of nutrients mobilised in the field (Nash and Halliwell 2000), the 

effects of management actions such as fertiliser application and cultivation have been shown to 

significantly affect nutrient export, presumably due to changes in the nutrient sources and their ability 

to be mobilised (Yasuda, Umemiya et al. 1988; Merwin, Ray et al. 1996; Hajrasuliha, Rolston et al. 

1998). 

At the vineyard scale there are two main pathways for nutrient export, surface runoff and subsurface 

flow. Surface runoff is used generically to describe three flow processes; infiltration excess overland 

flow, saturation excess overland flow and interflow (Nash, Halliwell et al. 2002). The importance of 

surface runoff as a transport pathway is dependent on the irrigation method and the rainfall patterns of 

the vineyard as well as the soil type, slope and groundcover, with previous research highlighting the 

ability of a single intense storm event to export significant loads of N and P (Ribolzi, Valles et al. 

2002; Ramos and Martinez-Casasnovas 2004; Ramos and Martinez-Casasnovas 2006). Subsurface 

vertical and lateral water movement can occur in both saturated and unsaturated soils and have been 

shown to transport nutrients from the rootzone of vines to subsurface drains and water tables (Muller, 

Gartel et al. 1985; Muller 1993; Sharma, Byrne et al. 1996; Schaller 2000).  
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Information on components of vineyard water balance, especially crop water requirement and deep 

drainage, will assist in identifying more efficient irrigation and fertiliser management practices, and 

decision support tools aimed at increasing water use efficiency with a concomitant reduction in 

nutrient leaching to groundwater. Such information is not readily available for irrigated viticulture in 

Australia. 

Development of management practices that reduce nitrogen (N) losses from agricultural lands has 

been the focus of research over many years. Development and testing of such practices is a complex 

task since it requires understanding of N dynamics in the soil-water-plant system, which is regulated 

by a large number of interacting physical, chemical, and biological processes. 

This study investigates N export through sub-surface pathways from drip and furrow irrigated 

vineyards in south-eastern Australia. The main objective of this study was to continuously monitor 

drainage and nitrate-N leaching resulting from different vineyard management practices.  Specific 

objectives accomplished during this study were the following:  

1. continuous year-around monitoring of potential drainage events and associated nitrate-N 

leaching at times when soil tensions were in the range of 0 to –10 kPa in drip and flood 

irrigated vineyards on light, medium and heavy textured soils. This also included installation 

of surface flow monitoring equipment at heavy soil flood irrigated and a drip irrigated sloping 

site to identify extent of surface runoff following storm/irrigation events. 

2. installation of prototype drainage meters to indicate drainage flux beneath vine root zones at 

all of the above sites together with installation of soil moisture monitoring equipment within 

and below the vine root zones and 

3. record all management inputs in the production cycle to associate management practices with 

potential environmental risk.  

 

In seeking to optimise water and nutrient (particularly nitrogen) use within vineyards, it is important to 

consider vine nutrition and production as well as the offsite impacts. The following background 

information assesses the current knowledge on vine nutrition, particularly nitrogen, as well as water 

and nutrient movement in vineyard soils. The effect of soil type, irrigation method and fertiliser 

strategies on N concentrations were investigated and the results are discussed in terms of the potential 

offsite impacts of vineyards and implications for current best management strategies.  
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Vine nutrition  

Vine productivity is strongly influenced by nutrient and water supply. Both inputs also have a critical 

role for berry composition (Jackson & Lombard 1993). Soil moisture and transpiration are important 

for nutrient uptake, as is the composition and concentration of the soil nutrient solution (Mengel 1991, 

2001). Root density is also important for nutrient uptake and is dependent on soil structure and soil 

chemical properties (salinity, pH, ion toxicity). Nutrient use efficiency (NUE) is the total uptake per 

plant of a particular nutrient (dry matter production per unit nutrient in the dry matter) and is 

dependent on the plant itself and the environment, particularly soil moisture (Marschner 1995).  

Matching nutrient availability and the uptake requirements of vines during the growing season is 

essential to optimize vine nutrition. The nutritional status of grapevines can be assessed by petiole N 

and P levels at flowering and veraison (Robinson et al 1997). Using the petiole analyses viticulturist 

can adjust fertiliser application to address plant deficiencies without the addition of nutrients that 

aren’t required. Optimising the nutrition status is important for sustaining production levels and vine 

balance. The removal of nutrients via the fruit has to be considered (Mullins et al. 1992) and it is a 

function of the yield and the concentration of a particular nutrient in the fruit. The nutrient 

requirements vary from one season to the next due to yield fluctuation, as does the demand during a 

growing season for a particular nutrient (Conradie 2005). The vineyard fertiliser regime in regard to 

amount and timing should be based on the vine nutrient status and removal, with consideration of the 

yearly and seasonal variations that occur.  

The variation in the vines nitrogen (N) status between seasons is influenced by the last years uptake 

and vine performance, since N requirements early in the growing season for the shoot growth before 

flowering are strongly dependant on N mobilised from reserves (Conradie 1991a, 1992, Zapata et al. 

2004). The major part of accumulated N in wood and roots is acquired from uptake before leaf fall in 

the warmer wine growing regions with an effective post-harvest period. In addition, N taken up earlier 

in the season, particularly in the bloom to veraison period, moves from leaves and shoots prior to leaf-

fall into the permanent storage structure (Conradie 2005). The seasonal N uptake, storage and 

mobilisation within grapevines vary with the stage of phenological development of vines 

(Wermelinger 1991). The stored N is important because early demand in spring cannot be matched by 

root uptake (Glad et al 1994, Cheng & Xia 2004). The first major N uptake is between bloom and 

veraison (Conradie 1980), in this period leaves, shoots and bunches become strong sinks for the 

assimilated N (Conradie 1991b) and this is a period where most of the N is accumulated. Between 

veraison and harvest, when N uptake might slow or stop, redistribution from roots, shoots and leaves 

to bunches might take place (Conradie 1991b). The redistribution on N is, however, dependent on N 

availability during the berry maturation.  
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After harvest in the hotter climates a second flush of root growth occurs (Conradie 1980), preparing 

the vine for the next growing seasons growth and grape production. 

The accumulated N is important with other nutrient and carbohydrate reserves in contributing to the 

final canopy size and yield levels in the season. The level of vine productivity (and the concentration 

in a particular tissue) determines the total amount of N in the new growth and grapes accumulated at 

harvest, which is partly from the previous season (Conradie 1995). The amount of N allocated to the 

different parts of the vine is also influenced by the size of the particular organ. During berry ripening 

N uptake from the soil and mobilisation from vine storage organs often moves to the bunches and 

impacts on the amount of N in the grapes (Conradie 1995). Commonly 1/3 of the total N in a vine is 

located in the grapes at harvest (Conradie 1980, Hanson & Howell 1995). The removal of N from 

grapes can vary between 0.9 to 2.1kg N removed from a vineyard for every tonne of grapes (Mullins et 

al. 1992). The removal of N from a vineyard by the crop is altered by both the level of N in the grapes 

and the yield and is important information for fertilising the vines in the current and next growing 

season.  

N application often increases pruning weight (Delas et al. 1991, Delas 1993) and yield (Kannenberg 

1993), can also influence berry weight, berry maturation (Ruhl et al. 1992), berry colour (Delas 1993) 

and juice amino acid levels (Spayd et al. 1993, 1994). The timing of N supply is also important for 

vine productivity and grape composition (Holzapfel & Treeby 2006). The juice composition of the 

nitrogenous compounds, particularly amino acids, is higher if N was applied from bloom to veraison 

than after harvest, while such a late application in the season can elevate the following year’s yields. 

The nitrogenous compounds in the grapes are important for wine production, since juice amino acid 

concentration and composition affects the wine making process by effecting yeast metabolism and the 

final wine (Monteiro & Bisson 1991). This composition is not only influenced by timing of N 

application, but also by the water supply particularly before veraison (Wade et al. 2004), emphasising 

the critical role of vineyard irrigation on the nitrogen status of grape vines. 

Other nutrients including phosphorus (P) and potassium (K) are important for optimal vine 

productivity and composition. Potassium is particularly relevant, effecting juice pH and acid levels. 

The uptake patterns vary between nutrients as does the allocation and the amount removed by the crop 

(Conradie 1981, 2005). The mobility and the storage/remobilisation of nutrients are important to 

assess the fertiliser requirements. The vine nutrient requirements are dependent on the productivity 

level of a vineyard and vary with the vines developmental stage. Fertiliser application, soil fertility, 

vineyard management and climatic conditions (rainfall, temperature), influence the soil nutrient 

availability. Matching the vines requirements with the nutrients supplied from the soil can be 

optimised by appropriate irrigation and fertiliser management, with an understanding of the vines 

nutrient dynamics. 
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Water and solute movement in vineyard soils 

While water and nutrients are essential for plant growth and grape production, the movement of water, 

nutrients and salts from the vineyard may have a negative impact on the environment (Harrison 1994). 

In order to minimise the offsite impact of vineyard systems N and water application should be 

matched to the requirements of the vine so that the losses are minimised. It is therefore important to 

understand the sources and sinks of nutrients, and the concentrations of nutrients and salts potentially 

being transported. It is also important to understand water movement in the vineyard as this 

determines the potential transport pathways. 

Water can leave the vineyard as runoff (overland flow) or as leaching with deep drainage. Except in 

intense storm events, runoff is usually small in well-graded, irrigated vineyards. Nevertheless there is 

the potential to export large quantities of nutrients in those short intensive bursts, either in dissolved 

form or with sediment in adsorbed form. Except in very sandy soils, leaching losses involve only 

dissolved forms and only nitrate. However, given that some leaching is required in all irrigation 

systems to flush salts from the soil and prevent accumulation in the root zone, if excess nitrate is 

present in the soil it is likely to be leached either to drains or the groundwater.  

Some deep drainage from vineyards is generally accepted as unavoidable (Bramley and Lanyon, 

2002), and, as mentioned above, it is necessary to prevent salt accumulation in the root zone. It is 

important, therefore, to manage the irrigation and fertiliser application in such a way as to minimise 

the loss of fertiliser with the necessary leaching fraction that must occur. This requires an improved 

understanding of the timing of deep drainage events, the balance between nutrient application and 

uptake by the vines, and the excess nutrients available for leaching.   

2.1.1 Nutrients 

Nutrients exported from agriculture to inland waterways contribute to eutrophication and the 

development of algal blooms, negatively affecting water quality (Department of Natural Resources 

and Environment, 1996). Phosphorus (P) has often been identified as the limiting nutrient in the 

development of algal blooms (Grace et al., 1997). However, in some aquatic environments N is 

equally important in stimulating algal blooms (Department of Natural Resources and Environment, 

1996). Additionally high concentrations of N (>50 mg/L NO3-) in drinking water present a potential 

health risk, especially to infants (Australian Government, 2004). 

The location of many vineyards in Australia has grown out of a need for access to water and specific 

climates, with vineyards often located close to watercourses. The proximity of vineyards to inland 

water systems suggests that water and nutrients exported from the vineyard, via surface and sub-

surface pathways, have the potential to reach inland water systems, presenting a significant offsite risk 

to water quality.  
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While P may be exported from vineyards through surface and sub-surface pathways, N is generally 

considered to be at greater risk of moving off-site due to higher N inputs into vineyards and greater 

potential for N to leach through a soil than P (Wild, 1988). Previous research has shown that N may be 

exported from vineyards through surface (Ramos and Martinez-Casasnovas, 2004; Ramos and 

Martinez-Casasnovas, 2006; Ribolzi et al., 2002), and sub-surface pathways (Muller et al., 1985; 

Schaller, 2000; Sharma et al., 1996). Nitrogen leaching through the soil profile has been extensively 

studied in many different systems including viticulture (Table 2.1), while there is only limited 

information on N export via surface pathways in vineyards. In all of the previous studies the 

concentrations of N exported through either surface or sub-surface pathways have been significantly 

greater than environmental trigger values (eg. 0.5 mg TN/L trigger value for Lowland rivers 

(ANZECC and ARMCANZ, 2000)). However, there is little information on the potential magnitude of 

nutrient exports from viticultural systems in Australia. 

Nitrogen concentrations in surface runoff and leachate vary significantly in time and space (Arheimer 

and Liden, 2000), with N concentration and the volume of water determining the load of N exported. 

Theoretically, variations in N concentrations (particularly with time) reflect a change in the 

magnitude, form or mobility of one or more N sources in the vineyard system. Nitrogen sources in a 

vineyard include soils, live and decaying plant material, soil solution, and fertilisers (Wild, 1988). 

Both, management (eg. fertiliser application (Owens et al., 1984; Smith and Monaghan, 2003)) and 

environmental processes (eg. N fixation and volatilisation (Wild, 1988)) can influence N cycling and 

potentially affect the magnitude and forms of N in soil.  

 

Table 2.1 Examples of nitrogen export from vineyards reported in journal publications. 

Transport 

pathway 

Monitoring 

period 

Scale of 

monitoring 

Concentration 

(mg N/L) 

Annual Load 

(kg N/ha) 

Reference 

Runoff 2 years Paddock 4-26 8 (Ramos and Martinez-Casasnovas, 2006) 

Leaching 3 years Lysimeter  20-160  (Wahl et al., 1997) 

Leaching 2 years Lysimeter 74  (Muller et al., 1985) 

Leaching 6 years Lysimeter 0-125  (Muller, 1993) 

Leaching 4 years Lysimeter 0-20  (Yasuda et al., 1988) 

Leaching 4 years Paddock 0-80 10-60 (Rupp, 1996) 

 

The amount of irrigation water applied and the concentration of nutrients in solution determines the 

export from the vineyards through surface and sub-surface pathways.  
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The process of nutrient leaching is particularly critical during vine dormancy and early in the growing 

season, when nutrient uptake (and water use) by the vines and cover crop is low (Schaller et al. 1993). 

To minimise N export from vineyards, it is important to understand how both management and 

environmental processes influence N concentrations in surface runoff and leachate.  

2.1.2 Salts 

Salinity or electrical conductivity are measures of the total concentration of inorganic ions (salts) in 

the water. Soluble salts can have an adverse effect on vine growth and production through specific ion 

toxicities and an increase of the osmotic pressure of the soil solution in the root zone. Soluble salts 

may also be transported to aquatic environments, where they can have an adverse effect on the health 

of the water system, particularly freshwater environments (defined as <1000μS/cm - (ANZECC and 

ARMCANZ, 2000)).  

Environmental management systems 

An Environmental Management System (EMS) is a systematic approach that can be used by any 

business to identify and manage its impact on the environment. It provides a structured way for a farm 

business to identify environmental impacts and legal responsibilities, then implement and review 

changes and improvements. The focus of EMS is a cycle of continuous improvement that provides for 

long-term management (Welford and Gouldson, 1993) through a the use of a ‘Plan, Do, Check, 

Review’ cycle (Figure 2.1). 

An EMS can be self-audited (1st party audit) or externally audited (2nd or 3rd party audit) and may be 

certified to the international ISO 14001 standard or to specific customer and/or industry requirements. 

At any level, either as a self-audited EMS or an ISO 14001 system an EMS provides a number of 

benefits including: 

− better understanding of the environment, risks and liabilities 

− improved management and record keeping skills 

− reduced offsite impacts from production system, including water and nutrient movement off 

site. 
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PLAN
Self - Assessment (environmental review) of current

environmental performance.
Develop an environmental vision & policy which should be made

publicly available.
Set goals & objectives and develop priorities

Develop an action plan of clearly specified tasks and time frames.
DO

Implement the action plan.
CHECK

Monitor, measure and record. There are a number of monitoring
and recording tools to assist with this.

REVIEW
Review and improve the plan: what worked and what didn't?
What was unrealistic? Are there any new issues which need

 to be addressed?
Self audit or external audit to show if the required

management actions are occurring and where
improvements can be made.

 

Figure 2.1 The ‘Plan, Do, Check, Review’ cycle of an environmental management system (adapted 

from - http://www.dpi.vic.gov.au/science/ems). 

At an industry level an EMS can provide a number of benefits including: 

− safeguarding of future market access through the ability to provide evidence of best practices 

and active management to reduce offsite impacts (ie. evidence to support the ‘clean and green 

image’). 

− Improved communication within the viticultural industry, particularly in respect to sensitive 

environmental issues that are often ignored rather than being actively acknowledged and 

working towards a solution. 

− Securing future resource access.  

Agricultural industries around the world are actively pursuing environmental management methods 

and many are investigating the application of ISO 14001 systems (Carruthers, 1999). While it is not 

necessary for an EMS to be ISO 14001 certified to be of value, most EMS systems currently being 

developed are in line with the ISO 14001 methodology so that if external certification is eventually 

desired the existing system can be refined and added to. 

A number of different EMS packages are being used within the viticultural industry. The research 

results from this project will be used to assess and value add to existing EMS systems to ensure that 

the knowledge is utilised by industry.  
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Project aims and objectives 

Since the wine grape industry has a major environmental responsibility to reduce wastage of scarce 

resources and this includes finding answers to questions about the losses of water and nutrients from 

properties through surface runoff and deep drainage. Because little information is available on the 

potential magnitude of nutrient exports from viticultural systems, this project aimed to address the gap 

in knowledge in respect to water and nutrient movement in a range of soils common to SE Australia 

where wine grapes are grown.  

An important output of this project will be the development of guidelines on best management practice 

to reduce nutrient losses from vineyards. Project development identified the following key concerns: - 

• Leakage is a high probability for most vineyards. 

• Many growers are concerned with the environmental impacts of their industry. 

• There is a need to qualify nutrient leakage in vineyards. 

• Growers are seeking simple guidelines to manage nutrients in their vineyards. 

Key Objectives 

• Determination of water, nitrogen and phosphate losses from vineyard systems under different 

irrigation and nutrition strategies in several wine grape growing regions of southern Australia. 

• Develop understanding of long-term effects on vineyard soil (structure, salt accumulation) and 

vineyard environment (drainage water and composition) of irrigation and nutrition 

management. 

• Define vine nutrient uptake requirements in different soil types to improve nutrient utilization 

and water use efficiency in vineyards. 

• Establish industry benchmarks for existing irrigation and nutrient strategies against which 

nutrient and water use efficiency in commercial viticulture can be improved with the use of an 

EMS framework and improved soil moisture monitoring techniques. 

• Develop guidelines on best management practices for the viticultural industry to reduce 

nutrient loss in surface and deep drainage water. 

This study set out to identify strategies for minimizing the environmental impact of nitrogen fertilizer 

use while maintaining the productivity of irrigated vineyards. The work was funded from grower levy 

funds through the CRC for Viticulture, GWRDC and HAL. The principal collaborating Agencies 

undertaking this project were NSW DPI (Formerly NSW Agriculture) as a research partner of the 

National Wine & Grape Industry Centre, CSIRO and DPI Victoria. There were also several 
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commercial partners involved in the project including Murrumbidgee Irrigation, Griffith Winegrape 

Marketing Board and Sentek.  

The project had three major aims and objectives to reduce negative environmental impacts of wine 

grape production. Firstly, to determine further information on the vine nutrient status via petiole levels 

(bloom, veraison). Further, to access the amount of nutrients in the vegetative and reproductive parts 

(new growth) of the vine at key times during the growing season. The calculation of the nutrient use 

efficient (NUE) and removal of the nutrients from the vineyard by the crop. This information together 

with productivity (yield, pruning weight) and some berry composition data (ripeness, nitrogenous 

compounds) aims to lead to better utilisation of fertiliser and the reduction of potential nutrient losses 

in the future.  

The project goal was to produce quantifiable information that growers could use to improve their 

irrigation and fertilizer management, to ensure balanced vine growth and avoid some of the problems 

that nutrient deficiency or excess can have for fermentation and wine quality. 

Justification of need for this work in the wine industry 

The Australian viticultural industry is mindful of its national and international reputation of being 

environmentally responsible whilst providing high quality and cost effective product.  This project will 

deliver on key priorities of the industry by reducing nutrient loss from vineyards, which will deliver 

the following outcomes to the industry: 

• Development of improved long-term sustainable management systems to minimise nutrient 

loss from the vineyard. 

• Reduced fertiliser input/cost through improved management techniques. 

• Increased protection of Australia’s natural assets by reducing nutrient loss to the environment. 

• Promotion of best management nutrient practice for sustained production. 

• Underpin the industries ‘clean green’ image and the anticipated resulting improvement in 

international reputation and trade. 

• Improved community perception of the industry. 

• Support land planning and landuse change decisions by providing quantified data. 
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3 Research methods 
The viticultural industry in Australia is located in 16 designated wine areas (Tottenham et al., 2004), 

predominantly in south-eastern Australia and the southern section of Western Australia. This project 

intensively monitored drip and furrow irrigated vineyards located in two of these designated wine 

regions, the Riverina and North East Victoria (Figure 3.1). Both of these regions use irrigation to 

optimise vine growth and production. The Riverina receives an annual rainfall of 400mm, with 

irrigation water for production sourced through the Murrumbidgee Irrigation Scheme surface channel 

network. The North East Victoria region receives an annual rainfall of 590mm, with irrigation of 

vineyards in the region through the use of river, bore and farm dam water. 

 

 

Figure 3.1 Viticultural regions of the Australian mainland, with Riverina and North East 

highlighted. 

 

The vineyards 

The viticultural industry in Australia is located in 31 designated wine zones, predominantly in south-

eastern Australia and Western Australia (as described in detail by Dry et al., 2005). These are in 

turn divided into 61 regions or subregions. This project intensively monitored drip and furrow 

irrigated vineyards located in two of these regions, the Riverina (34.16oS, 146.03oE) in New South 

Wales, and Rutherglen in North East Victoria (36.05oS, 146.47oE). The Riverina is classified as a very 

hot grape growing region with a mean January temperature (MJT) of 23.9 ºC and mean annual rainfall 

of 406 mm. Over the project period, annual rainfall was below average with 302.4, 251.7 and 367.2 

mm for the 2003/04, 2004/05, and 2005/06 seasons respectively (July to June). The MJT was above 

the long term average in 2005 and 2006, with 22.6, 24.3, and 26.3 ºC for 2004, 2005 and 2006 
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respectively. Rutherglen is a hot grape growing region with a MJT of 23.3 ºC and mean annual rainfall 

of 590 mm. Over the project period, annual rainfall was generally below average with 580.5, 460.1 

and 465.2 mm respectively for the 2004, 2005, and 2006 seasons respectively (July to June). The MJT 

was below average in 2004 and 2005, and above in 2006, with 20.4, 22.0 and 25.2 °C for 2004, 2005 

and 2006 respectively. 

 
Seven study sites, which were established at six commercial Chardonnay vineyards in the Riverina 

(three drip, three furrow) and one Shiraz vineyard near Rutherglen in North East Victoria (drip) in 

2003, were used in this investigation. Five of the six Chardonnay vineyards had been planted within 

the two preceding seasons, and were selected for the study due to a greater perceived potential (due to 

limited root growth and economic incentives for bringing the vines into production as early as possible 

with high fertilizer and water inputs) for deep drainage and nutrient movement below the root-zone. 

The Shiraz vineyard in North East Victoria was located immediately adjoining the Murray River 

wetlands, and while at less risk of deep drainage, the site was ideally located for studying surface 

nutrient movement. All of the vineyards operated as commercial enterprises and were managed by the 

land holder. Three vineyards were furrow irrigated (F) and the other four were drip irrigated (D). For 

both the drip and furrow irrigated systems three soil types were selected: a sandy loam (S), a loam (L) 

and a clay loam (CL). All of the vineyards were trained to a single-wire cordon (except DS which had 

a second cordon trained up in 2004) and mechanically harvested. However, planting density, 

rootstock, and clone (where known) varied among vineyards. Details of each of these vineyards, 

followed by an integrated summary for each site showing vineyard irrigation and soil moisture levels, 

key phenological and nutrition date, fertilizer applications and soil solution nitrogen concentrations are 

presented in Figures 3.2 to 3.15. 
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SITE: FCL 
 

REGION: RIVERINA 
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EM38 survey showing average profile EC [dS/m] to 1.5m. 
 

 
 

 

 
 

Variety:      Chardonnay Block size:      12.6 Ha 
Planted:      2002 Location:        34o19′14.3″ S   146o06′52.1″ E
Irrigation:  Twin furrow Elevation:       128 m 
Clone: Row spacing:  3.6 m 
Rootstock:  Ramsey Vine spacing:  2.3 m 
System:       Single cordon, spur pruned. Planting density:     1208 ha-1 
 

Figure 3.2 Vineyard description and planting details for site FCL.  
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Figure 3.3 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 and 
2005/2006 growing seasons at site FCL. RAW defined as between -10 and -80 kPa, or 11 to 38% 
depletion respectively for the main head site. Petiole N concentrations are shown for the flowering 
date in each season at the main head site.   
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SITE: FL 
 
 

REGION: RIVERINA 
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EM38 survey showing average profile EC [dS/m] to 1.5m. 

 

 

 
 

Variety:       Chardonnay Block size:      2.3 ha 
Planted:       2002 Location:        34o19′14.0″ S146o03′35.3″ E
Irrigation:   Twin furrow Elevation:       124 m 
Clone: Row spacing:  3.7 m 
Rootstock:   Ramsey Vine spacing:  2.4 m 
System:        Single cordon, spur pruned Planting density:    1126 ha-1 
 

Figure 3.4 Vineyard description and planting details for site FL.  
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Figure 3.5 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 
and 2005/2006 growing seasons at FL. RAW defined as between -10 and -80 kPa, or 12 to 
35% depletion respectively for the main tail site. Petiole N concentrations shown for the 
flowering date each season at the main head site.  
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SITE: FS 
 
 

REGION: RIVERINA 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EM38 survey showing average profile EC [dS/m] to 1.5m. 

 

 

 
 

Variety:       Chardonnay Block size:      3.4 ha 
Planted:       2002 Location:        34o19′01.4″ S 146o04′30.2″ E 
Irrigation:   Flood Elevation:       127 m 
Clone:          FVA11V2 Row spacing:  3.6 m 
Rootstock:   Ramsey Vine spacing:  2.3 m 
System:       Single cordon, spur pruned Planting density:    1208 ha-1 
 

Figure 3.6 Vineyard description and planting details for site Fs.  
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Figure 3.7 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 and 
2005/2006 growing seasons at site FS. RAW defined as between -10 and -80 kPa, or 12 to 35% 
depletion respectively for the main tail site. Petiole N concentrations shown for the flowering date 
each season at the main head site. 
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SITE: DCL 
 
 

REGION: RIVERINA 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EM38 survey showing average profile EC [dS/m] to 1.5m. 

 

 

 

 
 

Variety:       Chardonnay Block size:       33.5 ha 
Planted:       1994 Location:         34o19′37.8″ S 146o58′57.2″ E 
Irrigation:    Drip Elevation:        120 m 
Clone: Row spacing:   3.6 m 
Rootstock:   Ramsey Vine spacing:   2.3 m 
System:        Single cordon, hedge pruned Planting density:    1058 ha-1 
 
Figure 3.8 Vineyard description and planting details for site DCL.  
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Figure 3.9 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 and 
2005/2006 growing seasons at site DCL. RAW defined as between -10 and -80 kPa, or 13 to 40% 
depletion respectively for the main site. Petiole N concentrations shown for the flowering date each 
season at the main site. 
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SITE: DL 
 
 

REGION: RIVERINA 
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EM38 survey showing average profile EC [dS/m] to 1.5m. 

 

 

 
 

Variety:       Chardonnay Block size:       2.9 ha 
Planted:       2002 Location:         34o19′21.8″ S 146o02′52.1″ E 
Irrigation:   Drip Elevation:        125 m 
Clone:  Row spacing:   3.6 m 
Rootstock:  Own-roots Vine spacing:   1.8 m 
System:       Single cordon, spur pruned Planting density:    1543 ha-1 
 
Figure 3.10 Vineyard description and planting details for site DL.  
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Figure 3.11 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 and 
2005/2006 growing seasons at site DL. RAW defined as between -10 and -80 kPa, or 7 to 31% 
depletion respectively for the main site. Petiole N concentrations shown for the flowering date each 
season at the main site. 
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SITE: DS 
 
 

REGION: RIVERINA 
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EM38 survey showing average profile EC [dS/m] to 1.5m. 
 

 

 
 

Variety:       Chardonnay Block size:      2.7 ha 
Planted:       2001 Location:        34o19′11.4″ S 146o04′59.4″ E 
Irrigation:   Drip Elevation:       126 m 
Clone: Row spacing:  3.0 m 
Rootstock:   Ruggeri 140 Vine spacing:  2.5 m 
System:        Double cordon, spur pruned Planting density:   1333 ha-1 
 

Figure 3.12 Vineyard description and planting details for site DS.  
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Figure 3.13 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 and 
2005/2006 growing seasons at site Ds. RAW defined as between -10 and -80 kPa, or 8 to 44% 
depletion respectively for the main site. Petiole N concentrations shown for the flowering date each 
season at the main site. 
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SITE: DRCL 
 
 

REGION: RUTHERGLEN 
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EM38 survey showing average profile EC [dS/m] to 1.5m. 
 

 

 

 
 

Variety:        Shiraz Block size:        2.4 ha 
Planted:        2003 Location:          34o03′49.7″ S 146o10′53.8″E 
Irrigation:    Drip Elevation:         133 m 
Clone:           NSW-10 Row spacing:    4.0 m 
Rootstock:    Schwarzmann Vine spacing:    2.0 m 
System:         Single cordon, spur pruned Planting density:     1250 ha-1 
 

Figure 3.14 Vineyard description and planting details for site DRCL. 
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Figure 3.15 Summary of rainfall, irrigation, volumetric soil moisture depletion, phenology, 
fertilizer applications and soil solution NOx concentrations at 1 m depth for the 2004/2005 and 
2005/2006 growing seasons at site DRCL. RAW defined as between -10 and -80 kPa, or 8 to 44% 
depletion respectively for the main site. Petiole N concentrations shown for the flowering date each 
season at the main site. 
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To obtain information regarding vineyard management for the three years of the project (2003/2004, 

2004/2005, 2005/2006), growers were asked to keep records of fertilizer applications and irrigation 

scheduling. At all of the furrow irrigated vineyards the trial site was only one of several blocks (either 

grapevines or citrus) irrigated from the same irrigation supply channel. Therefore, the exact amount of 

water applied to the trial site block could not be accurately determined, and the results presented in 

this report have been based on estimates made by the growers. For the amount of water applied at each 

irrigation, the total water use for the season has simply been divided by the number of irrigation 

events. For the drip irrigated vineyards, however, accurate information was obtained for total water 

application and irrigation dates. The duration of individual irrigation events was not recorded for site 

DL in 05/06, so the information presented in this report has been based on estimates made by the 

grower at the end of the season. Similarly, the dates of some irrigation events were not recorded for 

the furrow irrigated vineyards, and were subsequently estimated using a combination of water order 

dates through Murrumbidgee Irrigation P/L and rainfall / soil moisture data from the site. Detailed 

records of fertilizer application rates were kept for the 04/05 and 05/06 seasons, with composition 

determined from manufacturers’ specifications or equivalent generic products. In some cases, exact 

dates of application were not recorded, but have been narrowed down to an approximate date after 

subsequent discussions with growers. Information for the first season of the project (03/04) was 

similarly obtained after contacting growers at the end of the season. However, as written records of 

fertilizer applications were not kept at all vineyards, it has been assumed that the information for the 

more recent post-harvest applications would be accurate (and has been used for NUE calculations in 

this report), but spring application records may be incomplete, and as such can only provide 

background information only.  

 

The climate 

The Riverina is a very hot grape growing region (Iland and Gago, 1997) with a mean January 

temperature (MJT) of 23.8ºC (Dry and Smart, 1988) and a mean September to May (growing season) 

rainfall of 296 mm between September and May. During the 04/05 and 05/06 seasons, the rainfall 

recorded at the CSIRO Land and Water laboratories in Griffith during the corresponding period was 

153 and 237 mm respectively (Table 3.1). The higher figure for 05/06 was largely a result of higher 

spring rainfall combined with a 54 mm rainfall event on November 7, and a 28 mm event on 

December 2. For the remainder of the season only 43.8 mm was recorded. The MJT was 24.7 and 

27.6oC for 2005 and 2006 respectively. 

North Eastern Victoria is a hot grape growing region (Iland and Gago, 1997) with a MJT of 22.3ºC 

(Dry and Smart, 1988) with a mean September to May rainfall of 407 mm. During the 04/05 and 05/06 
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seasons, the rainfall during the corresponding period was 332 and 336 mm respectively (Table 3.2). 

The MJT was 23.1 and 26.5oC for 2005 and 2006 respectively. 
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Table 3.1 Summary or monthly climatic data measured at CSIRO Land and Water (Griffith) in the Riverina New South Wales. 

Sum of Rain Average Air Temp Min Air Temp MaxAir Temp Average Humidty Radiation
(mm) (oC) (oC) (oC) (%) MJ/m2 Daily average Sum

Jan-04 18.4 23.18 8.9 41.2 46.42 27.4 9.5 293.3
Feb-04 4.4 25.59 10.2 43.4 43.14 23.4 9.1 263.7
Mar-04 0.4 20.53 6.1 35.6 46.52 21.5 7.3 226.3
Apr-04 17.8 16.34 2.2 34.5 60.13 14.8 4.5 133.6
May-04 25.4 10.60 -0.5 22.1 69.77 10.7 2.5 76.0
Jun-04 32.0 9.74 -0.4 21.8 79.37 8.0 1.7 50.3
Jul-04 18.2 8.02 -4.6 18.0 75.68 8.1 1.7 54.1
Aug-04 28.6 10.11 -1.7 27.7 68.58 11.6 3.0 92.2
Sep-04 13.0 12.36 0.2 27.8 68.60 15.7 3.9 117.3
Oct-04 12.0 16.96 2.4 35.2 52.19 21.7 6.8 212.0
Nov-04 44.4 19.46 3.6 39.2 52.63 24.0 7.7 232.1
Dec-04 20.8 21.88 7.9 37.2 48.52 25.6 8.9 274.7
Jan-05 10.8 24.76 9.3 41.1 43.97 25.6 9.7 301.7
Feb-05 37.6 21.60 7.7 38.2 54.59 21.6 7.3 211.2
Mar-05 8.4 19.74 5.8 38.2 47.74 20.2 6.9 215.1
Apr-05 3.6 18.81 2.8 32.6 55.53 14.8 4.9 147.9
May-05 2.6 12.05 0.4 26.5 66.58 11.3 2.6 81.8
Jun-05 70.2 10.95 -0.7 24.3 76.03 7.8 1.8 53.6
Jul-05 34.2 9.48 -1.4 19.9 83.52 8.2 1.4 43.6
Aug-05 52.2 9.72 -1.2 23.2 73.65 12.8 2.8 86.6
Sep-05 49.4 12.12 0.7 26.4 75.70 15.3 3.3 99.8
Oct-05 58.6 15.75 2.5 30.1 66.42 18.7 5.0 156.0
Nov-05 55.8 20.25 5.9 35.3 54.20 25.3 7.9 237.0
Dec-05 29.6 22.94 9.1 42.6 42.74 27.1 9.6 297.6
Jan-06 6.4 27.63 9.1 41.2 43.06 25.9 10.3 318.6
Feb-06 6.6 24.14 8.3 40.7 45.10 23.9 8.8 254.3
Mar-06 15.0 21.92 7.4 38.8 49.68 19.8 7.1 218.8
Apr-06 15.0 13.23 0.3 28.5 64.37 15.0 3.8 113.7
May-06 0.8 9.99 -2.5 24.1 71.16 11.3 2.4 73.0

Evaporation (mm)
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Table 3.2 Summary or monthly climatic data measured at the DRCL vineyard in North East Victoria. 

 

Sum of Rain 
(mm)

Average Air Temp 
(oC)

Min AirTemp 
(oC)

Max AirTemp 
(oC)

Average Humidity 
(%)

Average Global Solar 
Radiation (W/m2)

Average Daylight 
(hrs)

Average Evaporation 
(mm)

Jan-04 6.6 22.5 7.4 38.3 44.1 258.3 12.9 6.6
Feb-04 1.6 24.3 9 42.1 43.0 299.3 13.1 7.6
Mar-04 2.4 19.6 4.8 36.6 46.8 280.1 11.9 6.1
Apr-04 25.4 15.7 2.3 32.4 61.4 181.7 10.8 3.4
May-04 35.6 10.1 -1.6 20.6 73.3 124.4 9.8 1.7
Jun-04 83.4 9.0 0.3 19.3 82.3 90.3 11.7 0.9
Jul-04 39.2 7.6 -2.9 17.4 80.8
Aug-04 32.6 9.3 -0.5 23.5 78.4
Sep-04 56 10.3 -0.1 24.1 79.3
Oct-04 7 15.6 0.4 35.4 58.9
Nov-04 44 17.1 3.6 38.1 58.9
Dec-04 18.6 20.7 6.8 37.2 50.8 337.3 14.6 7.1
Jan-05 32.7 23.1 6.3 37.5 47.4 293.4 14.3 6.8
Feb-05 151.1 19.8 7.5 39 63.5 260.2 14.5 5.2
Mar-05 7.4 18.6 3.3 39.4 54.4 252.8 12.0 5.2
Apr-05 8.4 17.5 1.6 34 61.5 185.0 11.6 3.6
May-05 7 11.3 -0.8 25.1 68.8 132.1 9.9 2.0
Jun-05 56.1 10.3 -0.9 22.6 76.6 92.3 9.1 1.3
july 05 29.4 8.7 -0.7 18 84.3 79.7 9.3 0.9
Aug 05 64.8 9.1 -1.1 20.3 78.6 135.5 10.2 1.6
Sept 05 54.8 11.1 0.1 24 77.6 179.8 11.4 2.3
Oct 05 95.6 14.3 1.1 24.4 73.5 242.8 14.5 3.5
Nov 05 61.6 18.6 4.9 33.6 63.8 305.9 14.1 5.7
Dec 05 39.2 21.1 7.5 40.9 48.0 324.2 14.9 7.1
Jan-06 14.8 26.5 9.1 43.3 45.2 313.6 13.9 8.3
Feb-06 6.2 23.1 7.5 40.1 45.6 309.5 13.3 7.2
Mar-06 13.8 20.8 6.8 39.3 54.3 253.3 12.3 5.7
April 06 40.6 12.9 0.3 27 66.4 160.0 10.7 2.7
May 06 9.8 10.1 -2.2 22.3 75.4 118.8 9.7 1.5
June 06 34.6 7.5 -1.1 17.4 72.2 114.4 9.5 1.4
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Vineyard sampling layout and instrumentation 

The furrow and drip irrigated vineyards were assigned six and three monitoring sites respectively. The 

sites were selected on the basis of an electromagnetic induction (EM38) survey that was undertaken in 

August 2003 for each vineyard (Deery and Hutchinson, 2006). Location of the sites and the EM38 

survey results are shown in section 2.1 (Figures 3.2 to 3.15). In the drip irrigated vineyards, three sites 

were chosen in the middle and towards either end of the vineyard. The site in the middle was 

designated the "Main" site (M) and received more intensive instrumentation as described below. The 

other two were satellite sites (S1, S2). The EM38 survey was used to choose the exact location of sites 

to ensure that they had different levels of salinity: relatively high (S2), medium (M) and relatively low 

(S1). In the furrow irrigated vineyards, three monitoring sites were chosen at both the head and tail of 

the furrow. Once again, the "Main" site was selected in the centre of the bay, with satellite sites on 

either side, and they were chosen to represent different levels of salinity. The sites were designated 

MH, MT, SH1, SH2, ST1 and ST2, where "H" and "T" represent the head and tail locations along the 

irrigation run.  

3.1.1 Vine sampling 
At the main site of each drip irrigated vineyard, and the head and tail site of each furrow irrigated 

vineyard, four replicated panels of 12 vines were marked in rows on either side of the soil 

instrumentation (Figure 3.16). As three of the vineyards had just been planted in the preceding season, 

and the vines were not large enough to sustain all sampling requirements, different groups of vines 

were used for destructive and non-destructive measurements. The same layout was used at all six 

vineyards. The centre four vines of each replicate were used for non-destructive growth measurements 

in spring, and to determine yield and pruning weights. The other eight vines in each replicate were 

used for petiole and shoot sampling at key developmental stages, and also for wood and root sampling 

to determine nutrient and carbohydrate reserve concentrations in these tissues at leaf-fall. 

 

Rep 1

Rep 2

Rep 3

Rep 4

Soil instrumentation

 

Figure 3.16 Layout of replicated vine panels used to monitor vine nutritional status at the Riverina 
trial sites. The centre four vines of each replicate were used for non-destructive measurements ( ), 
and the eight adjoining or ‘border’ vines for destructive petiole, shoot and root sample collection ( ). 
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Detailed plant based measurements were undertaken at the main site (M) of the drip irrigated 

vineyards and head site (MH) of the furrow irrigated vineyards over three consecutive seasons 

(2003/2004, 2004/2005, 2005/2006). Some of these measurements (yield, TSS, pruning weight, and 

petiole N concentrations) were duplicated at the tail site (MT) of the furrow irrigated vineyards to 

allow a comparison with vines at the head site. Unless otherwise noted, growth measurements and 

sampling were undertaken in the same manner each season.  

3.1.2 Soil water monitoring 

The main (M, MH, MT) sites in each vineyard were instrumented with a drainage meter (except MT at 

the FL vineyard), Sentek Envirosmart® soil moisture sensors, Watermark® soil moisture sensors and 

soil solution samplers. The satellite sites were instrumented with Watermark® soil moisture sensors 

and soil solution samplers.  The Watermark® sensors were installed under the vine line in all 

vineyards. In the drip irrigated vineyards, the Envirosmart® sensors were installed directly under a 

dripper, and the drainage meter and soil solution samplers were installed under the drip line. In the 

furrow irrigated vineyards, the Envirosmart® sensors, soil solution samplers and the drainage meter 

were all installed directly under a furrow. The Envirosmart® and Watermark® sensors were installed 

prior to the commencement of the 2004/05 irrigation season, but the drainage meters were not installed 

until the 2005/06 season. 

For further details of these measurements, see section 4.1.17. 

3.1.3 Surface runoff monitoring 
Nutrient export through surface pathways was monitored on a drip (DRCL) and furrow (FCL) irrigated 

vineyard between September 2004 and June 2006.  

On the DRCL vineyard, runoff from a one hectare sub-catchment (285m vine rows) was monitored. 

Surface runoff from was collected in a galvanised U-channel at the bottom of the slope which directed 

water to the monitoring point. Surface runoff from was monitored using a 300mm H Flume (Ackers et 

al., 1978) and an ISCO storm monitoring system (ISCO Inc. U.S.A.) comprising a 4230 bubbler flow 

meter and 3700 automatic sampler. 

On the FCL vineyard, runoff from a 5.9 ha sub-catchment (590m vine rows) was monitored. Surface 

runoff was collected in an earthen drain at the end of the irrigation furrows which directed water to the 

monitoring point. Surface runoff was monitored using a 200mm H Flume (Ackers et al., 1978) and an 

ISCO storm monitoring system (ISCO Inc. U.S.A.) comprising a 4230 bubbler flow meter and 3700 

automatic sampler. 

On both vineyards the monitoring system provided flow data with a one-minute time-step and between 

one and twenty water samples per event (>1000 L) which were collected on the basis of flow volume. 
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Field measurements and sampling  

3.1.4 Vineyard productivity and nutrition  

3.1.4.1 Yield and pruning weights 

Yield was determined by hand-harvesting the centre four vines of each replicate at the main site (M) 

of each of the drip irrigated vineyards, and the main head (MH) and tail site (MT) of the furrow 

irrigated vineyards shortly before commercial harvest. The total number of bunches per vine were also 

recorded. Pruning weights were determined after hand-pruning in winter to match the commercial 

vineyard practice, and the number of mature canes per vine recorded. 

3.1.4.2 Vine growth and phenology 

Trunk diameter 40cm above ground level and the number of buds retained after pruning (≥ 5mm 

separation from the two-year-old wood) were recorded shortly before bud-break in each season. The 

lengths of 20 random shoots from the centre four vines of each replicate were determined at flowering. 

Leaf numbers per shoot (up to 50% fully expanded) and average leaf length and diameter were also 

recorded to allow an estimate of whole-vine leaf area. For this study, bud-break and flowering are 

defined as the date at which green tips were visible on 50% of the buds, or inflorescences were at the 

50% cap-fall stage respectively. These dates are not exact, and are based on estimates made during 

weekly visits to the trial sites over these periods.  

3.1.4.3 Root and wood sampling 

In the 2004/2005 and 2005/2006 seasons, spur samples (one-year-old wood) were collected from each 

of the eight border vines at bud-break, harvest and pruning (or just prior to) at the main site of the drip 

irrigated vineyards (M) and the main head site (MH) of the furrow irrigated vineyards. Root samples 

ranging in diameter from 2 to 5 mm were collected from near the base of the same vines. The samples 

were transported on ice, and then washed in phosphate free detergent and two rinses of de-ionised 

water. The bulked spurs or roots from each replicate of eight vines was then manually cut into small 

pieces, mixed, and randomly divided into two sub-samples. One sub-sample was oven dried, and the 

other freeze dried as described below.   

3.1.4.4 Shoot and petiole sampling 

Shoot samples were collected at flowering, veraison, harvest and pruning, one random shoot from 

each of the eight border vines at the main site of the drip irrigated vineyards (M) and the main head 

site (MH) of the furrow irrigated vineyards. The shoot was cut hard against the spur to include all of 

the current season’s growth, and with the exception of the leaf-fall samples, the fruit and vegetative 

tissue were separated. The fresh weight of the fruit was recorded, then both the fruit and vegetative 

tissue were washed in phosphate free detergent, tap water and then de-ionised water.  
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At flowering, veraison and harvest 25 petioles from opposite a bunch were collected from the eight 

border vines of a replicate at the main site of the drip irrigated vineyards (M) and the main head site 

(MH) of the furrow irrigated vineyards as per the shoot sampling. For the petioles, additional samples 

were also taken from the tail sites (MT) of the furrow irrigated vineyards. Due to the small number of 

shoots in the younger vineyards at the start of the study, no distinction was made between upper and 

lower bunches for petiole collection.  

3.1.4.5 Berry sampling and juice analysis 

For determination of final sugar, amino acid and ammonium concentrations in the juice, a random 100 

berry sample was collected across the eight border vines at harvest. After recording the fresh weight, 

the berries were homogenized with a commercial juice extractor (Panasonic, Osaka, Japan) and the 

extract centrifuged at 3,000 g for 10 min. Sugar concentration of the juice supernatant was determined 

using a digital refractometer (ATAGO PR-101, Tokyo, Japan) and the remaining sample frozen at -

80ºC. For amino acid analysis the juice sample was thawed, and a 1 ml aliquot filtered to 0.45 μm with 

micro-spin filter tubes (Alltech Associates Inc., IL, USA) and diluted 1:20 with 0.25M borate buffer 

(pH 8.5). The amino groups were derivatised with 9-fluroenyl-ethyl chloroformate (Hynes et al. 1991) 

prior to separation and quantification by high pressure liquid chromatography with a reverse phase 

column (Thermo 5 μm ODS hypersil, Waltham, MA, USA) and fluorescence detector (Waters 2475, 

Milford, MA, USA) respectively. During the second and third season of the project (04/05 and 05/06 

respectively) 50 berry samples were also collected from the eight border vines at weekly intervals 

from veraison to harvest. The sugar content of these samples was determined in the same manner 

described above. 

3.1.4.6 Nutrient and carbohydrate analysis 

Vegetative shoot tissue, spurs and roots were oven dried at 70ºC. The fruit from the shoots was dried 

at 90ºC, and the dry weights of all tissues recorded. The vegetative tissue was coarse ground to 5 mm 

with a heavy duty cutting mill (Restch SM2000, Haan, Germany), and then to 0.12 mm with an ultra-

centrifugal mill (Restch ZM100). Petioles were ground only with the later. The entire fruit sample was 

ground using a Cyclotec 1093 mill (Foss, Hillerød, Denmark) with the sieve removed to avoid over-

heating, and then a sub-sample taken and ground to 0.12 mm.  

Total nitrogen content of all collected plant tissue was determined with a model is series 2 total 

combustion gas chromatograph using a 15 mg sub-sample (Carlo Erba NA 1500, Italy). Elemental 

analysis was undertaken with an inductively coupled plasma optical emission spectrometer (ICP-OES) 

(ARL 3580B, Switzerland) on a 300-400 mg sub-sample. The concentration of non-structural 

carbohydrate reserves in the oven dried root and spur tissue was determined for the leaf-fall samples 

collected at pruning in 2004, 2005 and 2006. Analysis of protein N, free amino N, and carbohydrates 
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in the freeze dried fraction of the samples collected during the 04/05 and 05/06 is currently being 

undertaken. For carbohydrate analysis of the oven dried leaf-fall samples, a 20 mg sub-sample was 

weighed for analysis, and soluble sugars extracted with three 1 mL extractions of 80% ethanol. For 

starch analysis, the remaining wood sample was re-suspended in 200 μL of dimethylsulfoxide and 

heated at 98oC for 10 minutes. The remainder of the analysis was then performed using commercial 

starch and glucose assay kits (Megazyme International, Bray, Ireland). Briefly, 300 μL of 

thermostable ∝-amylase in MOPS buffer was added, mixed, and incubated for 15 min in a 98oC water-

bath. After cooling, 400 μL of amyloglucosidase in sodium acetate buffer was added and incubated at 

50oC for 60 min. The samples were mixed at 20 min intervals, and then centrifuged at 8000 rpm for 2 

min. Supernatant from root samples was diluted 1:11, and trunk and shoot samples 1:6 in Ultra-pure® 

water. Glucose concentration of the diluted samples was then determined colorimetrically at 510 nm 

against glucose standards.  

3.1.5 Soil moisture monitoring and soil solution analysis 

Watermark® sensors were used to measure soil water tension (kPa) and were installed under the vine 

line at depths of 0.25, 0.5, 0.75 and 1.0 m. These were provided as feedback to the irrigators as well as 

for determining the soil water status under the vine line for research purposes. 

Soil water content was measured with Envirosmart® sensors which were installed directly below a 

dripper or directly below the furrow, to provide feedback where the soil was wettest. They were 

installed at depths of 0.1, 0.3, 0.5, 0.7, 0.9 m below the soil surface under drip lines and 0.4, 0.6, 0.8, 

1.0 and 1.2 m under the furrows.  

Drainage meters (Bond and Hutchinson 2006) were designed to provide a point measurement of deep 

drainage. The drainage meter estimates drainage by measuring the soil water potential gradient with 

tensiometers spaced 200 mm apart vertically and then relying on an independently measured hydraulic 

conductivity corresponding to the average soil water tension at the time of measurement of the 

gradient to calculate the drainage flux using Darcy's Law (Hutchinson and Bond 2001). Unfortunately, 

independent measurements of the hydraulic conductivity as a function of soil water tension at known 

moisture content were not able to be obtained at each drainage meter installation site as part of this 

project. However, measurements of the soil water potential gradient were made and these provide 

much useful information by themselves; they indicate the times when drainage past the depth of 

installation is occurring and the relative amount of deep drainage that has occurred. The drainage 

meters were either installed directly below a dripper or directly below the furrow to measure drainage 

at a depth of 1.5 m except at farm 110 where it measured drainage at 1.2 m.  

All soil water sensors were measured at hourly intervals with a custom designed datalogger. After 

measurement the data were transmitted by radio to a central computer as well as being stored in the 
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datalogger. Once each day, the data at the central computer were automatically processed, graphical 

summaries of the data were updated, and these were made available through a World Wide Web 

server to collaborating landholders and project team members. 

As well as presenting the soil water data as water content (from the Envirosmart® sensors) and soil 

water tension (from the Watermark® sensors), both were integrated over the root zone and 

manipulated to provide an estimate of the root zone soil water depletion. For the Envirosmart® output, 

this was simply a matter of averaging the output of the five sensors at each site and comparing the 

resulting average root zone water content (ARWC) to the wettest value observed during the two years 

of measurements (ARWCmax). The root zone depletion (RZD) was then calculated as a percentage 

from: 

RZD = (1 – ARWC/ ARWCmax) × 100 

For the Watermark® sensors, their output first needed to be converted to a water content. This requires 

the soil water retention curves for the soil at each depth at each measurement site, which were not 

measured. Instead soil water retention curves based on the best available existing information were 

used. These provided an approximate estimate of root zone depletion suitable for purposes of 

summary and internal comparison for which they are used here. However care is required when 

comparing them with the RZD values obtained from the Envirosmart® sensors, because of their 

different basis of calculation. Having calculated water contents from the measured soil water tensions 

and best available water retention data, root zone depletion was calculated in the same way as for the 

Envirosmart® data, using the ARWCmax determined for each location. 

3.1.5.1 Soil solution analysis 

Ceramic cup samplers (Deery et al. 2006) were installed directly under the furrow or a dripper at 

depths of 0.5, 0.75 and 1 m below the soil surface. Soil solution samples were collected strategically 

when the soil was at or above the drained upper limit (~ 10 kPa). This ensured that the solutions were 

sampled at times when downward movement of water (or drainage) was occurring and when there was 

a gradient in tensions for water movement below the root zone. Soil solution samples were collected 

by applying 60 kPa suction to the ceramic cup samplers. Approximately 24 hours later the soil 

solution samples were extracted from the ceramic cup samplers.  

Surface runoff samples were collected automatically by the ISCO storm monitoring system, with 

samples collected on the basis of flow volume.  



 - 55 - 

Both soil solution samples and surface runoff samples were filtered within 12 hours of collection (50 

mL through a 0.45 μm durapore® membrane filter; Millipore Australia Pty Ltd, Australia). If analyses 

could not be completed immediately the filtered samples were frozen prior to analysis. 

 All of the samples were analysed for nitrate and nitrite (NO×) using the Griess-Ilosvay chemistry  

(Rayment and Higginson, 1992) on a LaChat Quickchem 8000 flow injection system with a cadmium 

column (Zellweger Analytics Inc., USA). All of the surface runoff samples and selected soil solution 

samples were also analysed for dissolved reactive phosphorus (DRP) using the molybdenum blue 

method and analysed on a La Chat Quickchem 8000 (Zellweger Analytics Inc., USA) flow injection 

system. Total dissolved phosphorus (TDP) and total dissolved nitrogen (TDN) were analysed on 

selected samples using an alkaline persulphate digestion procedure and the La Chat Quickchem 8000 

flow injection system.  

Vine Root distribution studies 

3.1.6 Characteristics of vineyards in which samples were collected 
Details of the vineyards sampled in both 2004 and 2007 are provided in Table 4.24. Chardonnay 

grapes were grown in all vineyards, on Ramsey rootstock in all but one case. In 2004 only two 

vineyards were sampled, one with drip irrigation and one with furrow. The rootstock and soil type 

were the same, but the drip-irrigated vineyard was established 8 years prior to the furrow-irrigated 

vineyard. In 2007 vineyards were chosen to enable a number of comparisons of root distributions for 

each of several key vineyard properties (irrigation method, rootstock, soil type and vine age) while the 

others were kept the same, as can be seen in Table 4.24.  

3.1.7 Collection of soil samples 
In 2004, the soil cores were extracted after the irrigation season in May and June. In 2004, one row 

was chosen in the centre of each vineyard, along which 3 sites were sampled: one in the middle of the 

row and one at each end. In the vineyard grown under drip irrigation, the site in the middle of the row 

is designated ‘M’, the others ‘S1’ and ‘S2’. In the twin furrow vineyard, the site ‘MH’ is close to the 

furrow head, the site ‘M’ is in the middle and ‘MT’ is situated near the furrow end. 

In 2007 sampling was carried out after harvest in February. Only one site was sampled in each 

vineyard, in the middle of a row in the centre of the vineyard. 

On each sampling occasion 5 soil cores were extracted at 100 cm, 80 cm, 60 cm, 40 cm and 20 cm 

from the vine stock along the vine line. Another 5 cores were extracted in the inter-row along a 

perpendicular transect to the vine line at the same distances from the same vine stock. The soil cores 

were 40 mm in diameter in 2004, 45 mm in diameter in 2007, and 100 cm long in both years. 
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After sampling the soil cores were divided into 6 segments: 0-10, 10-20, 20-35, 35-50, 50-75 and 75-

100 cm from the soil surface. The samples were stored in plastic bags and kept in a cool room at 4 °C 

until they were processed as described below.  

3.1.8 Washing of soil samples 
First, the samples were soaked at least one hour before the washing or overnight in water ready to 

wash the next day. Calgon can be added as a sodium source to make the soil disperse. It was not 

required in this study, the soil samples were easily washed after soaking and shaking. 

The samples were then washed and the roots trapped on a sieve using the root washing facilities at 

CSIRO Plant Industry, Canberra. In 2004 a 610 μm sieve was used. This was not available in 2007 so 

the nearest size sieve to that was used, namely 530 μm. Potentially, therefore, more roots would be 

retained on the sieve, but in practice the difference is likely to be small. Nevertheless this should be 

borne in mind when comparing samples collected in different years. 

After washing the retained root samples were stored in a 50% ethanol solution and refrigerated, to 

prevent biological activity, until they were scanned. 

All debris and dead roots were separated from live roots manually under a binocular microscope with 

tweezers.  

3.1.9 Root length estimation  
For each sample, the roots were stained with toluene blue then placed in a scanning box and carefully 

separated to avoid overlapping and touching the edges of the box. Images of the roots were obtained 

with a Twain Pro scanner (resolution of 400 MB, 8 bit-grey colours). These were analysed with 

WinRhizo software (Regent Instrument Inc., Quebec) to determine the total length of root segments in 

each sample. The results were checked to be sure that all the roots were analysed. Once the root length 

results were acquired, they were divided by the volume of soil core segment to produce the average 

root length density of each sample (RLD, cm cm-3).  

The root length density values were represented in 3 dimensions by contour maps created with Surfer 

8 (Golden Software Inc., USA), to provide a visual overview of root distribution. The kriging method 

was used to interpolate and smooth the data to produce visually appealing maps. 

For comparisons between vineyards, the volume-weighted average root length density was calculated 

for each core by multiplying the average RLD of each sample by its length, summing these values for 

each core and dividing by the total length of the core (100 cm). These were then averaged for the inter-

row and the vine-line and the average of both calculated as well.  
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Estimating unsaturated hydraulic conductivity for in-situ water flux estimation 

An analog Drainage Meter (S/N 312, Measurement Engineering Australia Pty Ltd, Magill, SA) was 

installed on Farm 1396, Beverley Road, Hanwood, NSW at position S34 19.431 E146 03.23 at a depth 

of interest of 675 mm on the 9th May 2007 according to the methods described by Bond and 

Hutchinson (2006).  The soil at this location is described as a Hanwood Loam (Figure 4.19) by Butler 

(1979) and at the depth of interest, where the Drainage Meter measures the soil water flux, the soil is 

texturally a clay loam containing light and soft carbonates.   

The vent tubes from the two tensiometers in the of the Drainage Meter were connected to an IP55 

plastic closure that had a 1 mm diameter hole drilled through the box to allow atmospheric pressure to 

be vented into the box, but to prevent dirt and insects entering the tube tensiometers. The vent from the 

electronics chamber was connected to a second IP55 plastic box that contained a desiccant and a 

membrane plug that prevented the ingress of moisture but allowed atmospheric pressure to be sensed 

inside the box. 

The small bore nylon tube that connects to the #4 porosity sintered glass disk at the top of the 

Drainage Meter was connected to a precision peristaltic low-flow pump (Model: SKU 2 000 334, S/N 

132, Watson-Marlow Alitea, Stockholm, Sweden) that delivers water from a reservoir at ~200 ml h-1 

via a 200:1 reduction drive gearbox and 15 VDC brushless electric motor.    

The analog outputs from the Drainage Meter were connected to the inputs of a Wireless Analog 

MicroLogger (Elsema Pty Ltd, Smithfield, NSW) so that the analog data could be transmitted to a 151 

MHz FMR232R Receiver (Elsema Pty Ltd, Smithfield, NSW) that was installed in a building 30 m 

away. The Receiver was connected via a RS232 communications cable, to the serial port of a PC and 

the relay outputs of the FMR232R were connected via a pair of 12 VDC 7.0 Ah lead acid batteries to a 

30 m twin core cable that led back to the Drainage Meter. This cable was connected at the Drainage 

Meter to a 15VDC regulator that was connected to the peristaltic pump DC motor. The output of the 

Drainage meter was sampled every 300 s.  

A PC software program, written in Visual Basic 6.0, received data transmitted from the wireless 

logger and controlled the operation of the peristaltic pump. The sequence used in the program was a 

control loop based on the value of the soil water potential recorded by the upper tube tensiometer.  

While the value was below a set-point the peristaltic pump was switched on; beyond a second set-

point the pump was turned off. 

 

Data analysis  

The data were compiled and manipulated in the data base Excel 2002 and further analysed using the 

graphic program Sigma plot (version 8.0). The nutrients in the shoots were calculated from the shoot 
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weight and numbers, while nutrients in bunches by calculating bunch weight and numbers for a per 

vine basis. The removal of nutrients by the crop at harvest was determined by multiplying yield and 

nutrient concentration, multiplying pruning weight with the nutrient concentration resulted nutrients 

temporary removed at leaf fall from the vineyard soil. Nutrient use efficiency (NUE) by dividing yield 

by fertiliser applied from harvest in the previous season to the harvest in which the NUE was assessed.  

The nutrient and salt concentrations in soil solution were analysed in the graphics program S-Plus 7.0 

for Windows (Insightful Corporation 2005) and the statistical package Genstat Release 8.1 (Lawes 

Agricultural Trust 2005).  
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4 Results and discussion 

Vine development and vineyard management 

4.1.1 Vine phenology 
Key phenological dates (best estimates) were determined from weekly trips to the trial sites during 

these periods, and were recorded over three years of the study (Table 4.1). Tissue sampling for 

nutrient or carbohydrate analysis was undertaken as close to these key dates as possible. Determining a 

date for leaf-fall, or a point at which the canopy was deemed no longer functional, proved difficult in 

practice. However, for all vineyards, soil moisture was maintained for most of the time in the readily 

available water range, and no water stress or early leaf senescence was observed. To allow a 

comparison between trial sites and seasons it has therefore been assumed that the length of the post-

harvest period would have been largely determined by harvest date and the date of the first frost. 

Thermal time (above 10oC) accumulated after harvest is also shown for comparison. 

Table 4.1. Key phenological dates and temperature characteristics of the post-harvest period for 
the six Riverina Chardonnay vineyards. 

 
 Vineyard 
 DS DL DCL FCL FS FL 
       

2003/04       
Bud-break 08-Sep 12-Sep 15-Sep 11-Sep 15-Sep 13-Sep 
Flowering 11-Nov 10-Nov 11-Nov 10-Nov 10-Nov 11-Nov 
Veraison 09-Jan ~ 09-Jan ~ 09-Jan ~ 09-Jan ~ 09-Jan ~ 09-Jan 
Harvest 13-Feb 05-Feb 17-Feb 18-Feb 16-Feb 17-Feb 
P-H GDD (01-May)* 784 931 693 693 712 693 
First sub-zero min (oC) 05-Jun 05-Jun 05-Jun 05-Jun 05-Jun 05-Jun 
Pruning 03-Jun? 03-Jun? 03-Jun? 03-Jun? 03-Jun? 03-Jun? 

       
2004/05       
Bud-break ~ 06-Sep ~ 06-Sep  06-Sep ~ 06-Sep ~ 06-Sep ~ 06-Sep 
Flowering 26-Oct 27-Oct 27-Oct 25-Oct 25-Oct 27-Oct 
Veraison 03-Jan 01-Jan 01-Jan 01-Jan 01-Jan 30-Dec 
Harvest 08-Mar 31-Jan 21-Feb 21-Feb 21-Feb 31-Jan 
P-H GDD (08-May) 580 976 746 760 760 976 
First sub-zero min (oC) 01-Jun 01-Jun 01-Jun 01-Jun 01-Jun 01-Jun 
Pruning 16-Jun 16-Jun 16-Jun 16-Jun 16-Jun 16-Jun 

       
2005/06       
Bud-break 11-Sep 08-Sep 12-Sep 10-Sep 10-Sep 13-Sep 
Flowering ~ 02-Nov ~ 02-Nov 02-Nov ~ 02-Nov ~ 02-Nov ~ 02-Nov 
Veraison 08-Jan 08-Jan 08-Jan 07-Jan 08-Jan 09-Jan 
Harvest 16-Feb 31-Jan 15-Feb 16-Feb 15-Feb 03-Mar 
P-H GDD (23-Apr) 648 862 646 648 662 422 
First sub-zero min (oC) 12-May 12-May 12-May 12-May 12-May 12-May 
Pruning 19-Jun 19-Jun 19-Jun 19-Jun 19-Jun 19-Jun 

* GDD between harvest and the date (as indicated) at which thermal time accumulation above 10oC ceased. 
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Over the three years of the project, bud-break was earliest in 2004 and latest in 2003. These 

differences were reflected in the flowering dates, and to a lesser extent the onset of ripening. However, 

harvest dates were similar in all three years. Fruit from site DL was used for sparkling wine base 

production in all three years, and was therefore the first to be harvested each season. At the DS site, 

canes were retained to form a second cordon during winter 2004, with the resulting increase in crop 

load delaying harvest until the second week of March in 2005. For the post-harvest period, the GDD 

accumulated and dates of the sub-zero overnight minimum were similar in 2004 and 2005. However, 

post-harvest temperatures were cooler in 2006, and the first temperatures below zero were recorded 

three weeks earlier than in the previous two years.      

4.1.2 Fertiliser and water application 
The rates of N application varied three fold across vineyards in both years (Table 4.2), with the 

amounts applied between harvest 2004 and harvest 2005 ranging from 32.5 to 95.9kg/ha, and 26.6 to 

81.1kg/ha between harvest 2005 and harvest 2006. The N applied between years was unchanged in 

one vineyard (FS), increased in another (DS), but was mostly reduced (DL, DCL, FCL, FL) from the 

second to third season. For the DL site at least, the growers’ decision to reduce N application in the 

third season was due to decreasing prices for Chardonnay fruit, and results from the project showing 

more than adequate nitrogen levels in the vegetative tissue and fruit. With the exception of site DCL, 

and the occasional soil test undertaken at other vineyards, plant tissue analysis was not used routinely 

by growers for determining vine nutritional status at the other five trial sites.  

   

Table 4.2 N and P application on six Chardonnay vineyards in the Riverina from harvest to the 
next harvest (2 years). 

        
        
  Vineyard 
  DS DL DCL FCL FS FL 
        
        

2004/05        
N kg/ha 32.5 54.9 59.6 95.9 81.1 87.6 
P kg/ha  26.4 0.0 37.3 23.8 17.4 27.9 
Water ML/ha 6.5 2.2 5.3 4.9 5.0 6.0 

        
        

2005/06        
N kg/ha 66.2 45.4 26.6 81.1 81.1 29.6 
P kg/ha  17.6 15.0 28.0 38.5 28.3 12.8 
Water ML/ha 4.2 2.1 4.9 4.9 5.2 5.5 
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For the furrow irrigated vineyards, nitrogen fertilizer was applied as a split application between 

flowering and post-harvest, or as a single large post-harvest application. Site FS was only fertilized 

post-harvest during the period of the study, whereas site FCL received a split application in 2004/05 but 

only a single post-harvest application in 2005/06. Site FL had a split application in 2004/05, but no 

fertilizer application at all during the 2005/06 season. In all cases the fertilizers were broadcast and 

ripped into the furrow. For the drip irrigated vineyards, a split application between flowering and post-

harvest was the most common practice. This was usually applied as soluble N via the drip system, but 

at site DCL and DL additional top-dressing was also used. Site DS was the only vineyard to make use of 

the drip system for smaller but more frequent nitrogen applications during the season.  

Application rates of P fertilizers ranged from 0 to 37.3kg between harvest 2004 and harvest 2005, and 

from 12.8 to 38.5 kg/ha between harvest 2005 and harvest 2006. These fertilizers, most commonly 

superphosphate, CROPLIFT 400®, or DAP, were broadcast at all vineyards.  

Based on information provided by the growers, water use at the furrow irrigated sites ranged between 

4.9 and 6 ML/ha over the second two seasons of the study, and between 2.1 and 6.5 ML/ha for the drip 

irrigated vineyards. For the furrow irrigated sites, which did not have specific water metering for the 

trial site blocks, water use figures for the whole property were obtained with growers’ permission from 

Murrumbidgee Irrigation P/L. For site Fs, representing 38% of the total metered vineyard area, the 

average water use for the two seasons was 5.06 ML/ha which compares well with the 5.1 ML/ha 

estimated by the grower. For site FCL, which covers 66% of the metered vineyard area, actual and 

estimated average water use for the two seasons were 5.3 and 4.9 ML/ha. Only site FL showed a 

discrepancy with the estimated water use of 5.8 ML/ha and the actual water use of 4.43 ML/ha. 

However, at this site the trial block only represented 23% of the metered vineyard area, and 

approximately half of that area was young vines which would have had a lower water requirement 

than the established section of the vineyard. The number of irrigations per season ranged between 

seven and ten, with an average of six before harvest and two after harvest.  

For the furrow irrigated vineyards the trial site blocks were either metered, or water use could be 

calculated from the system delivery capacity and number of irrigation hours. At site DCL the average 

5.1 ML/ha used over the two seasons, was applied with an average of 37 irrigations. At site DL the 2.2 

ML/ha was applied over 27 irrigations. The irrigation frequency at site DS was much higher at an 

average of 84 irrigations per season, with the vines irrigated twice a day on a number of occasions. 

One of the reasons for the high irrigation frequency at this site was that the vines often exhibited 

visible signs of water stress during the day. Although discussed in more detail later in the report, this 

may have been related to osmotic stress induced by salinity, rather than any physical soil water deficit. 

As fully summarised by the figures in section 3.7, soil moisture levels at all the Riverina trial sites 

were maintained in the readily available water range.  
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Vine characteristics and productivity 

4.1.3 Vegetative growth 
Of the six vineyards selected for the project in the Riverina, three were planted in 2002 (DL, FS, FCL), 

one in 2001 (DS), one in 2000 (FL), and one in 1995 (DCL). As would be expected, these differences in 

age were reflected in trunk diameter, bud numbers retained after pruning and cane numbers (Table 

4.3). For site DS, the addition of a second cordon doubled the number of retained buds, but more than 

halved the average shoot weights in the following season (not shown).  

Table 4.3 Trunk size, retained bud numbers, matured cane numbers, shoot length, leave number 
and leaf area per shoot at flowering at the six Chardonnay trial sites in the Riverina. 

Trunk diam. Buds/ Canes/ Shoot length Leaves/ Leaf area/
(cm) vine vine  (cm) shoot shoot (cm2)

2003/04

DS 1.9 ± 0.08 44.5 ± 2.88 37.3 ± 1.34 45.1 ± 3.95 10.1 ± 0.43 696 ± 29.5
DL 1.6 ± 0.15 39.6 ± 0.79 30.5 ± 1.27 46.6 ± 1.39 12.0 ± 0.27 795 ± 17.8
DCL 5.5 ± 0.09 52.3 ± 2.74 73.4 ± 1.78 72.0 ± 2.91 12.0 ± 0.44 908 ± 33.0
FCL 1.3 ± 0.05 33.4 ± 3.09 31.5 ± 1.55 33.2 ± 1.36 9.7 ± 0.33 608 ± 20.5
FS 1.7 ± 0.14 45.9 ± 2.68 40.1 ± 5.12 42.6 ± 5.29 10.2 ± 0.72 673 ± 47.5
FL 2.7 ± 0.14 55.1 ± 8.51 55.0 ± 3.28 77.4 ± 4.82 13.3 ± 0.52 963 ± 38.0

2004/05

DS 3.2 ± 0.08 126.5 ± 8.77 85.4 ± 3.20 57.7 ± 0.78 10.9 ± 0.19 765 ± 13.4
DL 2.3 ± 0.12 46.4 ± 3.69 40.7 ± 2.09 58.7 ± 2.33 11.3 ± 0.34 829 ± 25.3
DCL 6.5 ± 0.16 109.3 ± 8.71 89.6 ± 1.93 72.1 ± 1.78 11.2 ± 0.25 861 ± 19.4
FCL 2.4 ± 0.04 56.0 ± 6.15 44.8 ± 2.31 53.6 ± 9.38 10.8 ± 1.35 657 ± 81.8
FS 2.5 ± 0.14 71.5 ± 8.34 57.1 ± 3.79 66.0 ± 3.17 12.0 ± 0.65 793 ± 42.6
FL 3.9 ± 0.17 91.8 ± 9.62 63.0 ± 5.50 73.5 ± 7.39 11.5 ± 0.31 898 ± 24.1

2005/06

DS 3.4 ± 0.06 114.3 ± 5.21 63.7 ± 4.62 67.1 ± 3.20 11.0 ± 0.29 769 ± 20.4
DL 2.5 ± 0.13 60.3 ± 4.03 38.1 ± 2.75 54.1 ± 4.29 12.1 ± 0.42 844 ± 29.4
DCL 5.8 ± 0.05 81.7 ± 5.63 77.9 ± 1.84 76.7 ± 1.53 12.5 ± 0.40 950 ± 30.6
FCL 3.0 ± 0.10 87.2 ± 6.94 48.5 ± 1.49 65.2 ± 10.23 12.9 ± 0.54 794 ± 33.2
FS 3.0 ± 0.18 91.5 ± 2.92 58.3 ± 3.68 63.1 ± 4.87 12.3 ± 0.80 809 ± 52.9
FL 4.0 ± 0.15 57.8 ± 11.40 63.4 ± 7.73 76.1 ± 9.30 12.6 ± 0.84 950 ± 63.1

Average

2003/04 2.4 ± 0.63 45.1 ± 3.3 44.6 ± 6.8 52.8 ± 7.2 11.2 ± 0.58 773.8 ± 57.1
2004/05 3.5 ± 0.66 83.6 ± 12.7 63.5 ± 8.3 63.6 ± 3.3 11.3 ± 0.18 800.6 ± 34.6
2005/06 3.6 ± 0.49 82.1 ± 8.6 58.3 ± 5.6 67.1 ± 3.5 12.2 ± 0.26 852.6 ± 32.3

 

Vegetative parameters were generally related, eg. shoot length with leaves and leaf area per shoot or 

trunk size with shoot number. However, the highest bud number did not often relate to high shoot 

numbers and this was attributed to the high variability in % bud-burst found between vineyards, which 

was particularly noticeable in the first and last year of the study (data not shown). 
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4.1.4 Reproductive development 
Differences in both bunch numbers and bunch weights were observed between trial sites (Table 4.4). 

Bunch number differences per cane suggested significant differences in bud-fruitfulness, but these 

values are probably an over-estimate as a lot of short fruit bearing shoots were commonly recorded 

and these may not have reached sufficient size to be counted as canes at the end of the season. Instead, 

we found that bunch numbers were strongly correlated with shoot numbers (r2 = 0.74). In the first 

season, bunch weights were lowest for the three youngest vineyards (DL, FS, FCL), but similar in the 

second and third seasons of the study. 

Table 4.4 Bunches per vine and shoot, bunch weight and berry weight, shoots per vine and 
weight from six Chardonnay vineyards in the Riverina (3 years). 

Bunches/ Bunches/ Bunch/ Berry Berries/ canes/
vine cane weight (g) weight (g) bunch vine

2003/04

DS 67.0 ± 6.24 1.8 ± 0.18 124.9 ± 10.44 1.34 ± 0.036 94.0 ± 9.21 37.3 ± 1.34
DL 82.4 ± 4.86 2.7 ± 0.15 110.8 ± 8.46 1.08 ± 0.025 102.8 ± 6.81 30.5 ± 1.27
DCL 146.9 ± 12.05 2.0 ± 0.20 143.1 ± 8.07 1.52 ± 0.046 94.1 ± 4.93 73.4 ± 1.78
FCL 66.8 ± 14.06 2.1 ± 0.38 91.9 ± 7.63 1.09 ± 0.084 84.5 ± 11.37 31.5 ± 1.55
FS 141.9 ± 21.26 3.5 ± 0.36 80.6 ± 9.45 0.97 ± 0.126 83.2 ± 10.04 40.1 ± 5.12
FL 133.7 ± 11.90 2.4 ± 0.18 154.7 ± 3.43 1.53 ± 0.025 101.4 ± 3.00 55.0 ± 3.28

2004/05

DS 239.6 ± 12.99 2.8 ± 0.18 92.4 ± 5.70 1.02 ± 0.015 90.6 ± 7.00 85.4 ± 3.20
DL 107.8 ± 4.52 2.7 ± 0.25 112.7 ± 4.25 1.08 ± 0.026 104.7 ± 4.00 40.7 ± 2.09
DCL 284.2 ± 20.86 3.2 ± 0.26 109.3 ± 4.58 1.32 ± 0.054 83.4 ± 6.62 89.6 ± 1.93
FCL 118.6 ± 32.35 2.6 ± 0.71 106.8 ± 8.87 1.11 ± 0.015 96.3 ± 7.54 44.8 ± 2.31
FS 135.3 ± 19.06 2.4 ± 0.45 113.9 ± 4.00 1.18 ± 0.093 97.5 ± 9.28 57.1 ± 3.79
FL 218.9 ± 6.68 3.5 ± 0.36 109.3 ± 22.07 1.11 ± 0.061 98.9 ± 22.56 63.0 ± 5.50

2005/06

DS 166.1 ± 9.72 2.6 ± 0.07 101.4 ± 2.37 1.33 ± 0.008 76.0 ± 1.87 63.7 ± 4.62
DL 122.2 ± 9.40 3.2 ± 0.22 87.4 ± 5.81 0.94 ± 0.069 93.4 ± 3.34 38.1 ± 2.75
DCL 160.6 ± 16.19 2.1 ± 0.19 140.9 ± 6.16 1.37 ± 0.046 103.2 ± 6.62 77.9 ± 1.84
FCL 149.9 ± 18.17 3.1 ± 0.35 114.6 ± 13.17 1.24 ± 0.023 92.4 ± 12.07 48.5 ± 1.49
FS 138.8 ± 29.54 2.4 ± 0.42 124.9 ± 7.74 1.31 ± 0.111 95.8 ± 8.74 58.3 ± 3.68
FL 146.2 ± 11.39 2.3 ± 0.48 124.6 ± 7.68 0.73 ± 0.053 171.6 ± 20.84 63.4 ± 7.73

Average
2003/04 101.0 ± 16.40 2.4 ± 0.3 110.3 ± 10.2 1.2 ± 0.1 91.7 ± 3.28 42.6 ± 7.2
2004/05 177.1 ± 32.50 2.7 ± 0.1 107.0 ± 3.5 1.1 ± 0.0 94.5 ± 3.25 63.5 ± 9.3
2005/06 147.5 ± 7.19 2.7 ± 0.2 113.8 ± 8.4 1.2 ± 0.1 92.1 ± 4.07 57.3 ± 6.2

 

4.1.5 Yield and pruning weight  
The highest yields were recorded in the DCL vineyard and the lowest in the DL vineyard in all three 

years of the project (Table 4.5). The yields at the tail site (T) of the furrow irrigated vineyards were 

usually slightly lower than the head sites (H). In the 2003/04 season the yields at site DL were similar 

to FS and DS, and greater than at FCL.  
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However, FCL and FS, which were planted in the same year as DL, were producing nearly 70% more 

fruit by harvest 2006. These differences appear to be related to use of Ramsey rootstock at both FCL 

and FS, while vines at DL were grown on own-roots. DL also had the lowest pruning weights, while the 

more established DCL and FL had the highest. A number of vineyards showed a yield to pruning weight 

ratio (vine balance) of over 15 over the three years of study. This is believed to not be optimal for 

good fruit maturation. The yield to pruning weight ratio for the DL site was consistently above 20, but 

the fruit was always harvested early for sparkling wine production. The addition of the second cordon 

at site DS significantly increased the crop load to pruning weight ratio from 10.4 to 27.2, and was a 

possible cause for the two week ripening delay recorded at this site relative to the other vineyards. 

However, in general it appears that vines with a balance ratio of up to 20 could still adequately ripen 

fruit for table wine production.   
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Table 4.5 Yield, pruning weights and vine balance from six Chardonnay vineyards (3 years). 

Yield Pruning weight Balance
kg / vine kg / vine kg / kg

Main/head Tail Main/head Tail Main/head Tail

2003/04
DS 8.5 ± 1.20 - - 0.9 ± 0.10 - - 10.4 ± 2.20 - -
DL 9.1 ± 0.70 - - 0.4 ± 0.10 - - 20.8 ± 2.00 - -
DCL 21.1 ± 2.30 - - 2.2 ± 0.30 - - 10.4 ± 2.30 - -
FCL 6.1 ± 0.70 6.0 ± 0.70 0.7 ± 0.10 na na 9.1 ± 1.60 na na
FS 11.4 ± 0.70 9.5 ± 0.40 0.5 ± 0.10 0.4 ± 0.00 21.3 ± 1.50 23.9 ± 2.30
FL 20.7 ± 1.70 16.5 ± 2.90 2.5 ± 0.30 2.7 ± 0.40 8.4 ± 0.50 6.0 ± 0.30

2004/05
DS 22.1 ± 1.50 - - 0.8 ± 0.10 - - 27.2 ± 1.10 - -
DL 12.2 ± 0.70 - - 0.5 ± 0.10 - - 23.5 ± 3.00 - -
DCL 30.9 ± 1.60 - - 2.0 ± 0.20 - - 15.8 ± 0.90 - -
FCL 12.8 ± 2.10 12.5 ± 0.80 1.4 ± 0.10 1.1 ± 0.10 9.8 ± 1.70 12.0 ± 0.70
FS 15.4 ± 1.00 13.3 ± 1.10 1.5 ± 0.20 1.0 ± 0.10 10.8 ± 1.80 13.2 ± 1.20
FL 24.0 ± 5.00 21.3 ± 2.30 2.2 ± 0.60 2.3 ± 0.30 11.4 ± 3.90 9.3 ± 1.90

2005/06
DS 16.8 ± 0.90 - - 1.0 ± 0.10 - - 17.9 ± 2.40 - -
DL 10.6 ± 1.00 - - 0.5 ± 0.10 - - 23.2 ± 2.80 - -
DCL 22.7 ± 2.90 - - 2.0 ± 0.10 - - 11.8 ± 1.70 - -
FCL 17.3 ± 1.90 11.2 ± 2.00 1.4 ± 0.00 1.6 ± ±0.2 12.8 ± 1.50 7.5 ± 1.80
FS 17.4 ± 2.00 17.7 ± 1.80 1.3 ± 0.10 1.3 ± ±0.1 13.1 ± 1.80 14.2 ± 1.40
FL 18.2 ± 1.00 17.5 ± 2.80 2.3 ± 0.50 2.4 ± ±0.1 8.3 ± 2.10 7.3 ± 1.10

Average
Drip

2003/04 12.9 ± 4.1 - - 1.2 ± 0.5 - - 13.9 ± 3.5 - -
2004/05 21.7 ± 5.4 - - 1.1 ± 0.5 - - 22.2 ± 3.4 - -
2005/06 16.7 ± 3.5 - - 1.2 ± 0.4 - - 17.6 ± 3.3 - -

Furrow
2003/04 12.7 ± 4.3 10.7 ± 3.1 1.2 ± 0.6 1.6 ± 0.9 12.9 ± 4.2 15.0 ± 7.3
2004/05 17.4 ± 3.4 15.7 ± 2.8 1.7 ± 0.3 1.5 ± 0.4 10.7 ± 0.5 11.5 ± 1.2
2005/06 17.6 ± 0.3 15.5 ± 2.1 1.7 ± 0.3 1.8 ± 0.3 11.4 ± 1.6 9.7 ± 2.3
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Vine nutrient status and carbohydrate reserves  

4.1.6 Nitrogen, phosphate and carbohydrate reserves  
The total N and P concentrations were determined in the petioles at three stages of vine development 

(flowering, veraison and harvest) to assess the N and P status of the vines in the six Chardonnay 

vineyards (Table 4.6, 4.7). In the furrow irrigated vineyards the petioles from vines of the tail site 

(MT) was also determined as undertaken for the vine productivity information. The elemental 

concentrations varied between vineyards, during the season and between years. The highest N 

concentration was found at flowering and the lowest at veraison. Site DS had the lowest concentrations 

of all vineyards at all stages and years, and the petiole levels were below the adequate range (0.8 - 

1.1% N) for N at flowering in the last two years of the study. Site DCL was is in the adequate range in 

two years and all others are above adequate except FCL in the first year and FL in the second year. 

These three vineyards were all on Ramsey rootstock (adequate range 0.9 - 1.25% N).  Vine N status at 

flowering was highest in vineyard DL in the first season, FCL in second and in FS in the last season. The 

petiole N levels at tail sites were usually higher in furrow irrigated vineyards (FCL and FL), but were 

highest in vines grown on light textured soils (FS). The results indicate that the N supply in nearly all 

vineyards is more than sufficient, suggesting the fertiliser application was too high during the time of 

the study. 

The petiole P levels recorded were highest at flowering and lowest at harvest, and in half of the 

vineyards these changes were only small between seasons. Sites DL and FL had high P concentrations 

in the petioles in all seasons, while the FCL site had the lowest values during the three years of 

investigation. The petiole P levels in the tail sites of furrow irrigated vines were inconsistent between 

seasons, being either lower or higher at all three measurement times compared to the head sites. The 

adequate range for P in petioles at flowering is between 0.25 and 0.50%. Half of the vineyards were in 

this range, and the others were above this level except at site FCL in the first year. This indicates that P 

availability is more than sufficient in these vineyards, despite DL not receiving any P fertiliser in the 

first two years.  

Root and wood samples were taken after leaf fall to determine vine nutrient and carbohydrate reserves. 

Spur N and P concentrations were less than half the levels recorded in the roots (Table 4.8). Site DS 

had the lowest N concentrations in the roots in all years and also had relatively low levels in the spurs.  

Site FS had the highest root N concentrations in two years, and also had one of the highest N spur 

levels. Site FL had the highest root and spur P concentrations, whilst DS recorded one of the lowest P 

concentrations for both tissue types. Vine starch levels varied more than tissue concentrations of the 

two major nutrients, with nearly three fold differences in root concentrations and 30% variation in spur 

concentrations being recorded. The highest root starch reserves were observed in the FCL vineyard, 

which also had relatively high starch values in the spurs.  
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The lowest root starch reserves observed differed between vineyards every year, while in the spurs the 

lowest starch reserves were found in the FS vineyard in the last two years when total N concentrations 

were at their highest. This indicates some competition between N containing compounds and 

carbohydrates. The petiole N status at leaf fall is reflected in the N reserves, while this is not as 

consistent for P concentration between petiole and storage tissue. 

 

Table 4.6       Petiole N at bloom, veraison and harvest in six Chardonnay vineyards. 

Petiole N - flowering Petiole N - veraison Petiole N - harvest
%/DW %/DW %/DW

Main/head Tail Main/head Tail Main/head Tail

2003/04
DS 0.90 ± 0.040 - - 0.62 ± 0.018 - - 0.60 ± 0.020 - -

DL 1.58 ± 0.060 - - 1.00 ± 0.026 - - 0.97 ± 0.039 - -

DCL 1.08 ± 0.037 - - 0.64 ± 0.013 - - 0.66 ± 0.033 - -

FCL 1.19 ± 0.045 1.30 ± 0.150 0.87 ± 0.023 0.88 ± 0.054 0.96 ± 0.046 0.96 ± 0.078

FS 1.32 ± 0.059 1.07 ± 0.152 0.86 ± 0.054 0.75 ± 0.035 0.98 ± 0.030 0.80 ± 0.019

FL 1.50 ± 0.184 2.00 ± 0.234 0.81 ± 0.086 0.94 ± 0.128 0.85 ± 0.102 1.00 ± 0.152

2004/05
DS 0.74 ± 0.019 - - 0.54 ± 0.009 - - 0.62 ± 0.010 - -

DL 1.24 ± 0.039 - - 0.80 ± 0.047 - - 0.82 ± 0.035 - -

DCL 0.89 ± 0.090 - - 0.59 ± 0.041 - - 0.61 ± 0.024 - -

FCL 1.62 ± 0.176 1.70 ± 0.263 0.81 ± 0.065 0.92 ± 0.048 0.91 ± 0.073 0.98 ± 0.073

FS 1.52 ± 0.215 1.24 ± 0.108 0.79 ± 0.039 0.80 ± 0.045 0.98 ± 0.152 0.92 ± 0.032

FL 1.25 ± 0.124 1.69 ± 0.106 0.62 ± 0.050 0.85 ± 0.078 0.85 ± 0.032 1.20 ± 0.054

2005/06
DS 0.76 ± 0.027 - - 0.65 ± 0.017 - - 0.58 ± 0.030 - -

DL 1.38 ± 0.040 - - 1.06 ± 0.069 - - 1.04 ± 0.057 - -

DCL 1.21 ± 0.034 - - 0.67 ± 0.020 - - 0.67 ± 0.016 - -

FCL 1.28 ± 0.068 1.38 ± 0.097 0.86 ± 0.084 0.86 ± 0.029 0.99 ± 0.060 0.89 ± 0.076

FS 1.99 ± 0.149 1.89 ± 0.145 0.95 ± 0.069 0.92 ± 0.060 1.14 ± 0.054 1.07 ± 0.079

FL 1.36 ± 0.051 1.52 ± 0.112 0.86 ± 0.096 0.96 ± 0.056 1.05 ± 0.110 1.25 ± 0.051

Average
Drip

2003/04 1.19 ± 0.204 - - 0.76 ± 0.124 - - 0.74 ± 0.116 - -

2004/05 0.96 ± 0.149 - - 0.64 ± 0.081 - - 0.68 ± 0.070 - -

2005/06 1.12 ± 0.185 - - 0.79 ± 0.133 - - 0.76 ± 0.142 - -

Furrow
2003/04 1.34 ± 0.089 1.45 ± 0.279 0.85 ± 0.018 0.85 ± 0.058 0.93 ± 0.041 0.92 ± 0.061
2004/05 1.46 ± 0.109 1.54 ± 0.151 0.74 ± 0.060 0.86 ± 0.035 0.91 ± 0.038 1.03 ± 0.084
2005/06 1.54 ± 0.225 1.60 ± 0.151 0.89 ± 0.032 0.91 ± 0.030 1.06 ± 0.045 1.07 ± 0.103
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Table 4.7 Petiole P at bloom, veraison and harvest in six Chardonnay vineyards. 

Petiole P - flowering Petiole P - veraison Petiole P - harvest
%/DW %/DW %/DW

Main/head Tail Main/head Tail Main/head Tail

2003/04
DS 0.49 ± 0.043 - - 0.19 ± 0.032 - - 0.17 ± 0.014 - -

DL 0.73 ± 0.026 - - 0.55 ± 0.044 - - 0.53 ± 0.027 - -

DCL 0.48 ± 0.030 - - 0.27 ± 0.013 - - 0.17 ± 0.009 - -

FCL 0.19 ± 0.022 0.10 ± 0.022 0.09 ± 0.004 0.10 ± 0.005 0.08 ± 0.002 0.08 ± 0.001

FS 0.39 ± 0.064 0.34 ± 0.046 0.16 ± 0.016 0.16 ± 0.011 0.13 ± 0.011 0.10 ± 0.008

FL 0.69 ± 0.022 0.74 ± 0.062 0.55 ± 0.067 0.59 ± 0.035 0.53 ± 0.064 0.56 ± 0.102

2004/05
DS 0.46 ± 0.014 - - 0.18 ± 0.034 - - 0.14 ± 0.035 - -

DL 0.58 ± 0.023 - - 0.38 ± 0.026 - - 0.34 ± 0.041 - -

DCL 0.46 ± 0.046 - - 0.18 ± 0.051 - - 0.13 ± 0.032 - -

FCL 0.38 ± 0.031 0.49 ± 0.033 0.09 ± 0.008 0.15 ± 0.029 0.08 ± 0.004 0.10 ± 0.009

FS 0.39 ± 0.027 0.36 ± 0.040 0.22 ± 0.034 0.18 ± 0.022 0.23 ± 0.024 0.15 ± 0.013

FL 0.70 ± 0.036 0.63 ± 0.017 0.52 ± 0.054 0.48 ± 0.035 0.53 ± 0.053 0.51 ± 0.050

2005/06
DS 0.47 ± 0.019 - - 0.30 ± 0.039 - - 0.22 ± 0.045 - -

DL 0.70 ± 0.041 - - 0.58 ± 0.058 - - 0.56 ± 0.080 - -

DCL 0.50 ± 0.010 - - 0.18 ± 0.010 - - 0.11 ± 0.009 - -

FCL 0.21 ± 0.009 0.37 ± 0.056 0.09 ± 0.007 0.16 ± 0.020 0.07 ± 0.002 0.08 ± 0.006

FS 0.66 ± 0.017 0.63 ± 0.030 0.47 ± 0.030 0.44 ± 0.025 0.45 ± 0.026 0.44 ± 0.037

FL 0.72 ± 0.020 0.65 ± 0.022 0.60 ± 0.026 0.57 ± 0.017 0.66 ± 0.044 0.60 ± 0.031

Average
Drip

2003/04 0.56 ± 0.082 - - 0.34 ± 0.109 - - 0.29 ± 0.119 - -

2004/05 0.50 ± 0.040 - - 0.25 ± 0.068 - - 0.20 ± 0.067 - -

2005/06 0.56 ± 0.072 - - 0.35 ± 0.119 - - 0.29 ± 0.136 - -

Furrow
2003/04 0.42 ± 0.147 0.39 ± 0.185 0.27 ± 0.143 0.28 ± 0.153 0.24 ± 0.144 0.24 ± 0.154
2004/05 0.49 ± 0.105 0.49 ± 0.078 0.28 ± 0.125 0.27 ± 0.105 0.28 ± 0.132 0.25 ± 0.129
2005/06 0.53 ± 0.163 0.55 ± 0.089 0.39 ± 0.154 0.39 ± 0.123 0.39 ± 0.174 0.37 ± 0.154
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 Table 4.8  N, P and starch concentrations in roots and spurs at leaf fall in six vineyards. 

N P Starch
%/DW %/DW %/DW

Root Spur Root Spur Root Spur

2003/04
DS 1.23 ± 0.113 0.69 ± 0.016 0.17 ± 0.020 0.09 ± 0.002 21.1 ± 1.76 9.6 ± 1.04

DL 1.23 ± 0.031 0.77 ± 0.026 0.30 ± 0.014 0.12 ± 0.005 18.0 ± 0.44 9.7 ± 0.41

DCL 1.49 ± 0.041 0.36 ± 0.015 0.25 ± 0.006 0.04 ± 0.001 16.5 ± 1.01 10.4 ± 0.06

FCL 1.80 ± 0.148 0.76 ± 0.050 0.25 ± 0.009 0.09 ± 0.001 31.8 ± 1.33 9.4 ± 0.20

FS 1.70 ± 0.085 0.82 ± 0.033 0.27 ± 0.015 0.10 ± 0.004 14.8 ± 1.79 11.5 ± 0.50

FL 1.88 ± 0.261 0.63 ± 0.047 0.34 ± 0.017 0.10 ± 0.004 19.1 ± 0.57 9.0 ± 0.32

2004/05
DS 1.03 ± 0.040 0.48 ± 0.021 0.17 ± 0.005 0.07 ± 0.006 19.3 1.22 ± 8.0 ± 0.39

DL 1.36 ± 0.044 0.58 ± 0.040 0.29 ± 0.008 0.08 ± 0.003 12.6 1.13 ± 7.0 ± 0.47

DCL 1.23 ± 0.040 0.43 ± 0.010 0.20 ± 0.011 0.06 ± 0.001 13.9 0.36 ± 9.1 ± 0.36

FCL 1.51 ± 0.089 0.52 ± 0.014 0.21 ± 0.007 0.07 ± 0.002 30.7 1.22 ± 9.4 ± 0.44

FS 1.56 ± 0.062 0.57 ± 0.035 0.25 ± 0.013 0.08 ± 0.006 11.2 1.24 ± 6.0 ± 0.10

FL 1.42 ± 0.058 0.49 ± 0.017 0.30 ± 0.007 0.08 ± 0.003 11.6 1.29 ± 9.3 ± 0.75

2005/06
DS 1.05 ± 0.032 0.51 ± 0.007 0.15 ± 0.015 0.07 ± 0.001 16.6 1.28 ± 5.1 ± 0.33

DL 1.29 ± 0.034 0.68 ± 0.041 0.30 ± 0.009 0.10 ± 0.008 10.3 0.18 ± 5.1 ± 0.38

DCL 1.27 ± 0.094 0.55 ± 0.008 0.23 ± 0.016 0.06 ± 0.003 11.1 0.33 ± 7.7 ± 0.23

FCL 1.50 ± 0.116 0.60 ± 0.055 0.20 ± 0.012 0.06 ± 0.003 24.1 1.66 ± 6.3 ± 0.71

FS 1.59 ± 0.098 0.69 ± 0.030 0.24 ± 0.005 0.10 ± 0.002 11.4 0.54 ± 4.5 ± 0.23

FL 1.29 ± 0.090 0.60 ± 0.064 0.29 ± 0.006 0.09 ± 0.006 10.5 0.76 ± 5.6 ± 0.15

Average
2003/04 1.56 ± 0.117 0.67 ± 0.068 0.26 ± 0.023 0.09 ± 0.011 20.20 ± 2.47 9.94 ± 0.36

2004/05 1.35 ± 0.080 0.51 ± 0.023 0.24 ± 0.021 0.07 ± 0.004 16.53 ± 3.07 8.13 ± 0.56

2005/06 1.33 ± 0.078 0.60 ± 0.029 0.24 ± 0.023 0.08 ± 0.008 13.99 ± 2.23 5.73 ± 0.47

 

 

4.1.7 Other macro and micro nutrients 
Several other macro and micro nutrients were determined in the petioles at the three sampling times 

during the growing season to allow the assessment of the nutrient status of the vines. Adequate petiole 

macro nutrient levels at flowering are highest for K ranging between 1.8 to 3.0%, followed by Ca with 

1.2 to 2.5%, Mg petiole levels should be above 0.4%, while no range is given for S. The adequate 

micro nutrient concentrations in the petioles for Fe are above 30ppm and for Zn 26ppm, while the 

ranges for Mn are 30 to 60ppm and for B are 35 to 70ppm, whilst toxicity levels for Mn and B are 

above 500 and 100ppm respectively. 
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All petiole concentrations of the six vineyards were above the critical value for the macro nutrients K 

and Ca, but a number of vineyards had petiole Mg levels below the adequate range, particularly in the 

first season (Table 4.9). K and S concentrations were usually lowest and Ca and Mg highest at harvest, 

the multitude of these differences in a season was more pronounced in some vineyards, for instance K 

in vineyard FS (1st season) and DS (2nd season). Proportional variations were present for these nutrients 

between seasons, in two vineyards these changes were relatively small (DL and DCL). Site DL had the 

highest petiole K concentrations at flowering, while DCL the lowest, being just in the adequate range. 

Ca was highest and Mg lowest in petioles coming from vines in vineyard DS. Low petiole Ca 

concentrations were present in the FCL vineyard and to a lesser extent in FS. The DL vineyard had the 

lowest petiole S concentrations at flowering, while FCL had high levels of this macro nutrient. Some 

vineyards had petiole K levels that were far above the adequate range, while Ca concentrations were 

always adequate and Mg often deficient; this suggested that Mg is a nutrient which requires further 

attention in the vineyard fertilisation management. 

The petiole levels for Mn, Zn and B at flowering were in the adequate range, while Fe concentrations 

were often in the marginal range, particularly in the first season of the study (Table 4.10). 

Concentration changes differed between the four micro nutrients; petiole Fe levels were highest at 

veraison, Mn and Zn at harvest and B at flowering. Petiole Mn and Fe were high in vineyard FCL, this 

vineyard had very high levels at harvest. Lowest Fe was present in the petioles from vineyard DCL, 

while vines from vineyards DL (1st season) and DS (2nd season) had low Mn values in the petioles. 

Petiole Zn was high in DCL in the first and FCL in the second season, while low in vineyard DL in two 

seasons. Petiole B concentrations were over the toxic threshold in vineyard FCL in the second season, 

whilst the DCL vineyard had the lowest B levels recorded in the first season of the study. Fe was the 

only trace element measured, which might restrict vine performance since the petiole levels were often 

in the marginal range. Excessive B and Mn might also have become a problem in one of the vineyards. 

In addition, vine nutrient status was assessed by determining levels at leaf-fall in the spurs and in the 

roots (Table 4.11, 4.12). The macro nutrients Ca and S as well as the micro nutrients Fe and Zn levels 

were much higher in the roots compared to the shoots, as was the variation between vineyards. Site DS 

had the highest B and the lowest Ca, Mg and Mn levels in the roots, and the shoots were also lowest in 

Mg and Mn. The DL vineyard had the highest K levels in the root and the lowest Fe, B and Zn levels, 

whilst spurs sampled from this vineyard had the highest K, Mg and B concentrations. The DCL 

vineyard had the highest Ca levels in both storage tissues and the highest Mn levels in the roots, while 

Fe and B were lowest in the spurs.  Mn was highest in the spurs of the FCL vineyard, whilst root Zn 

levels were highest in this vineyard as well. Root S was highest in the FS vineyard which also had the 

highest spur Fe levels recorded, but K was low in both roots and spurs. The FL vineyard had highest Fe 

concentrations in the roots of all vineyards. The levels were similar to the ones in shoots and bunch for 

the macro nutrients and relatively low compared to the macro nutrients reported in a later section. 
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Table 4.9 Petiole macro nutrients at bloom, veraison and harvest in six Chardonnay vineyards. 

DS DL DCL FCL FS FL

2003/04

K F 4.05 ± 0.480 4.98 ± 0.356 1.94 ± 0.059 4.93 ± 0.556 4.18 ± 0.150 3.05 ± 0.563
V 3.83 ± 0.155 4.55 ± 0.356 3.20 ± 0.212 4.50 ± 0.091 4.33 ± 0.180 2.75 ± 0.144
H 3.30 ± 0.158 2.50 ± 0.158 2.88 ± 0.225 2.90 ± 0.204 1.39 ± 0.286 2.26 ± 0.109

Ca F 1.74 ± 0.077 1.43 ± 0.082 1.27 ± 0.037 1.21 ± 0.084 1.36 ± 0.094 1.58 ± 0.116
V 2.28 ± 0.063 3.03 ± 0.082 1.83 ± 0.049 1.71 ± 0.104 2.13 ± 0.048 2.83 ± 0.138
H 3.03 ± 0.095 3.88 ± 0.095 2.63 ± 0.170 2.65 ± 0.132 3.60 ± 0.147 3.60 ± 0.255

Mg F 0.34 ± 0.015 0.49 ± 0.036 0.36 ± 0.013 0.35 ± 0.016 0.39 ± 0.009 0.50 ± 0.013
V 0.58 ± 0.019 0.87 ± 0.036 0.59 ± 0.023 0.73 ± 0.033 0.78 ± 0.051 0.82 ± 0.060
H 0.80 ± 0.039 1.10 ± 0.045 0.95 ± 0.034 1.37 ± 0.047 1.39 ± 0.051 1.20 ± 0.076

S F 0.18 ± 0.013 0.07 ± 0.014 0.22 ± 0.011 0.20 ± 0.015 0.18 ± 0.014 0.16 ± 0.013
V 0.13 ± 0.008 0.06 ± 0.014 0.17 ± 0.006 0.16 ± 0.006 0.16 ± 0.008 0.11 ± 0.003
H 0.13 ± 0.009 0.07 ± 0.003 0.19 ± 0.012 0.21 ± 0.005 0.20 ± 0.009 0.12 ± 0.006

2004/05

K F 3.50 ± 0.191 4.80 ± 0.191 1.82 ± 0.162 2.87 ± 0.430 3.30 ± 0.280 2.75 ± 0.194
V 2.85 ± 0.096 3.83 ± 0.217 3.18 ± 0.048 4.48 ± 0.075 3.48 ± 0.272 3.08 ± 0.197
H 1.47 ± 0.109 2.58 ± 0.370 1.87 ± 0.131 3.35 ± 0.272 2.21 ± 0.101 2.11 ± 0.126

Ca F 1.52 ± 0.058 1.36 ± 0.019 1.34 ± 0.045 1.24 ± 0.043 1.22 ± 0.048 1.49 ± 0.042
V 2.30 ± 0.071 2.73 ± 0.111 2.20 ± 0.041 1.68 ± 0.058 2.01 ± 0.056 2.30 ± 0.122
H 3.68 ± 0.063 3.13 ± 0.165 3.25 ± 0.132 2.19 ± 0.122 2.88 ± 0.189 3.08 ± 0.160

Mg F 0.32 ± 0.023 0.48 ± 0.028 0.38 ± 0.027 0.56 ± 0.029 0.46 ± 0.017 0.41 ± 0.025
V 0.67 ± 0.030 1.04 ± 0.011 0.81 ± 0.043 0.97 ± 0.053 1.01 ± 0.023 0.89 ± 0.065
H 1.00 ± 0.045 1.19 ± 0.051 1.19 ± 0.025 1.35 ± 0.037 1.39 ± 0.056 1.23 ± 0.079

S F 0.13 ± 0.005 0.07 ± 0.002 0.19 ± 0.014 0.32 ± 0.009 0.21 ± 0.008 0.17 ± 0.005
V 0.14 ± 0.005 0.06 ± 0.002 0.18 ± 0.006 0.25 ± 0.026 0.17 ± 0.012 0.11 ± 0.008
H 0.14 ± 0.009 0.06 ± 0.003 0.21 ± 0.010 0.27 ± 0.017 0.17 ± 0.013 0.12 ± 0.004

2005/06

K F 2.68 ± 0.095 3.08 ± 0.206 1.80 ± 0.080 2.95 ± 0.272 2.48 ± 0.103 2.08 ± 0.075
V 3.30 ± 0.091 4.38 ± 0.085 3.28 ± 0.048 5.18 ± 0.165 3.30 ± 0.248 2.83 ± 0.170
H 1.70 ± 0.106 3.10 ± 0.255 2.25 ± 0.206 2.17 ± 0.180 1.89 ± 0.250 2.50 ± 0.216

Ca F 1.30 ± 0.025 1.13 ± 0.006 1.17 ± 0.017 0.98 ± 0.038 1.07 ± 0.022 1.29 ± 0.028
V 1.88 ± 0.060 1.95 ± 0.052 1.74 ± 0.042 1.46 ± 0.043 1.80 ± 0.039 1.87 ± 0.106
H 2.85 ± 0.119 2.33 ± 0.214 2.65 ± 0.050 2.45 ± 0.029 3.15 ± 0.087 2.83 ± 0.118

Mg F 0.27 ± 0.008 0.44 ± 0.021 0.34 ± 0.010 0.35 ± 0.014 0.42 ± 0.004 0.43 ± 0.050
V 0.53 ± 0.025 0.94 ± 0.016 0.61 ± 0.017 0.71 ± 0.021 0.78 ± 0.030 0.77 ± 0.028
H 0.96 ± 0.040 1.08 ± 0.023 0.94 ± 0.042 1.38 ± 0.049 1.46 ± 0.042 1.29 ± 0.051

S F 0.12 ± 0.004 0.09 ± 0.006 0.22 ± 0.004 0.23 ± 0.005 0.19 ± 0.008 0.17 ± 0.009
V 0.11 ± 0.004 0.07 ± 0.001 0.17 ± 0.009 0.20 ± 0.016 0.12 ± 0.003 0.10 ± 0.011
H 0.11 ± 0.008 0.07 ± 0.005 0.20 ± 0.013 0.24 ± 0.012 0.15 ± 0.005 0.15 ± 0.013
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 Table 4.10 Petiole micro nutrients at bloom, veraison and harvest in six Chardonnay vineyards. 

DS DL DCL FCL FS FL

2003/04

Fe F 30.7 ± 3.05 25.1 ± 1.04 24.1 ± 0.71 30.7 ± 2.57 30.5 ± 2.30 27.5 ± 2.84
V 23.6 ± 0.49 22.0 ± 1.04 18.0 ± 0.48 25.6 ± 0.65 26.5 ± 0.74 23.0 ± 0.85
H 32.9 ± 0.89 33.2 ± 2.44 31.9 ± 2.79 43.6 ± 4.38 40.3 ± 0.95 49.8 ± 4.17

Mn F 53.1 ± 22.19 38.8 ± 2.73 175.3 ± 48.62 119.4 ± 14.76 58.0 ± 4.38 57.0 ± 21.92
V 68.7 ± 7.49 117.8 ± 2.73 189.0 ± 15.87 512.5 ± 61.56 245.0 ± 21.02 120.7 ± 18.13
H 100.8 ± 19.34 143.2 ± 18.65 315.0 ± 39.69 930.0 ± 117.47 370.0 ± 49.67 160.7 ± 19.90

Zn F 49.1 ± 4.06 27.2 ± 5.92 64.9 ± 4.65 55.8 ± 8.40 60.1 ± 6.73 49.9 ± 3.69
V 51.6 ± 4.17 36.1 ± 5.92 91.6 ± 2.03 65.3 ± 1.30 62.2 ± 3.02 62.9 ± 4.43
H 66.9 ± 3.88 49.2 ± 3.08 129.4 ± 4.99 80.2 ± 2.46 72.4 ± 2.74 80.9 ± 4.89

B F 50.8 ± 0.99 53.2 ± 1.83 46.5 ± 0.64 55.8 ± 2.00 57.9 ± 1.85 55.2 ± 2.26
V 45.8 ± 0.61 50.8 ± 1.83 51.7 ± 1.14 54.8 ± 1.48 61.7 ± 4.88 53.6 ± 3.77
H 40.1 ± 0.92 44.0 ± 0.91 46.9 ± 0.95 47.9 ± 2.95 51.0 ± 2.99 49.5 ± 1.83

2004/05

Fe F 38.1 ± 3.98 32.5 ± 2.37 26.8 ± 1.59 41.6 ± 2.44 30.9 ± 1.91 29.3 ± 1.24
V 28.0 ± 0.33 26.5 ± 0.69 33.8 ± 4.96 42.9 ± 1.98 32.6 ± 1.46 36.8 ± 1.08
H 42.2 ± 1.31 29.5 ± 0.91 39.9 ± 1.40 51.1 ± 1.07 44.9 ± 2.52 32.4 ± 0.91

Mn F 35.3 ± 2.17 48.4 ± 1.89 103.2 ± 16.61 254.7 ± 43.44 71.7 ± 5.48 45.4 ± 2.77
V 83.3 ± 7.63 284.8 ± 48.06 248.4 ± 30.04 790.0 ± 80.31 285.0 ± 18.48 118.6 ± 16.85
H 87.6 ± 16.28 365.0 ± 42.91 385.0 ± 66.02 1177.5 ± 90.96 337.5 ± 30.65 141.9 ± 14.54

Zn F 44.9 ± 0.87 39.6 ± 1.85 69.2 ± 6.19 93.4 ± 11.59 81.4 ± 6.26 57.4 ± 3.35
V 63.7 ± 3.74 59.1 ± 7.33 117.3 ± 9.41 112.2 ± 13.61 103.5 ± 13.09 79.4 ± 2.95
H 64.0 ± 3.72 60.5 ± 4.87 142.8 ± 11.34 125.7 ± 6.31 110.9 ± 12.36 92.3 ± 0.91

B F 57.6 ± 2.82 82.5 ± 8.48 64.6 ± 2.40 119.1 ± 24.70 78.1 ± 8.10 71.1 ± 8.82
V 90.8 ± 8.60 66.8 ± 3.26 69.0 ± 2.71 104.1 ± 10.63 71.1 ± 4.44 67.3 ± 3.53
H 63.8 ± 5.12 61.9 ± 3.73 61.6 ± 2.90 108.9 ± 9.98 53.8 ± 2.51 66.4 ± 3.22

2005/06

Fe F 25.0 ± 1.08 24.8 ± 0.63 24.0 ± 2.54 29.8 ± 0.75 35.0 ± 1.78 29.5 ± 1.32
V 32.5 ± 8.18 27.8 ± 2.18 18.0 ± 0.71 39.5 ± 2.22 33.0 ± 0.82 28.5 ± 3.52
H 27.5 ± 1.32 23.0 ± 2.92 32.0 ± 2.04 38.3 ± 2.50 65.3 ± 4.03 73.5 ± 9.21

Mn F 32.3 ± 2.93 52.0 ± 2.68 103.3 ± 9.88 305.0 ± 20.62 61.3 ± 4.23 41.8 ± 0.63
V 74.0 ± 9.81 163.5 ± 32.01 169.3 ± 17.60 852.5 ± 46.97 247.0 ± 20.22 80.8 ± 4.46
H 98.3 ± 11.39 214.3 ± 47.89 342.5 ± 78.67 1537.5 ± 113.02 395.0 ± 42.53 110.8 ± 10.08

Zn F 53.5 ± 2.78 57.3 ± 4.61 144.5 ± 48.61 98.3 ± 3.57 111.0 ± 4.02 87.3 ± 6.26
V 66.8 ± 2.56 61.3 ± 8.48 104.8 ± 1.93 124.0 ± 9.75 108.8 ± 6.32 86.0 ± 7.93
H 69.8 ± 0.95 59.3 ± 5.14 118.5 ± 1.94 132.0 ± 8.78 136.3 ± 3.61 109.5 ± 6.46

B F 106.8 ± 24.64 213.3 ± 12.67 103.0 ± 17.32 113.5 ± 12.14 143.5 ± 11.64 111.5 ± 8.37
V 95.5 ± 15.14 187.5 ± 9.08 104.3 ± 3.68 90.5 ± 7.23 112.3 ± 14.12 103.3 ± 5.79
H 57.8 ± 4.05 173.8 ± 23.28 99.5 ± 11.15 76.0 ± 8.91 86.3 ± 10.62 78.5 ± 2.63
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Table 4.11 Macro nutrient concentrations in roots and spurs at leaf fall in six vineyards. 

DS DL DCL FCL FS FL

2003/04

Roots K 0.29 ± 0.029 0.47 ± 0.061 0.29 ± 0.017 0.25 ± 0.009 0.24 ± 0.013 0.30 ± 0.010
Ca 0.55 ± 0.065 0.52 ± 0.019 1.01 ± 0.064 0.66 ± 0.036 0.66 ± 0.022 0.82 ± 0.043
Mg 0.09 ± 0.004 0.09 ± 0.005 0.16 ± 0.006 0.17 ± 0.002 0.13 ± 0.004 0.15 ± 0.003
S 0.10 ± 0.012 0.07 ± 0.002 0.11 ± 0.006 0.13 ± 0.010 0.11 ± 0.002 0.11 ± 0.005

Spurs K 0.50 ± 0.011 0.59 ± 0.015 0.34 ± 0.010 0.51 ± 0.010 0.50 ± 0.009 0.51 ± 0.011
Ca 0.47 ± 0.009 0.50 ± 0.019 0.21 ± 0.012 0.43 ± 0.015 0.46 ± 0.038 0.52 ± 0.026
Mg 0.10 ± 0.004 0.12 ± 0.003 0.05 ± 0.002 0.12 ± 0.004 0.13 ± 0.010 0.10 ± 0.004
S 0.04 ± 0.001 0.05 ± 0.002 0.02 ± 0.001 0.05 ± 0.001 0.05 ± 0.002 0.04 ± 0.001

2004/05

Roots K 0.31 ± 0.015 0.34 ± 0.012 0.29 ± 0.016 0.30 ± 0.013 0.26 ± 0.021 0.27 ± 0.009
Ca 0.56 ± 0.030 0.60 ± 0.029 0.90 ± 0.075 0.67 ± 0.058 0.57 ± 0.037 0.82 ± 0.023
Mg 0.08 ± 0.005 0.12 ± 0.008 0.15 ± 0.006 0.17 ± 0.010 0.14 ± 0.013 0.16 ± 0.008
S 0.09 ± 0.005 0.07 ± 0.001 0.09 ± 0.006 0.12 ± 0.006 0.12 ± 0.006 0.10 ± 0.006

Spurs K 0.40 ± 0.009 0.43 ± 0.013 0.43 ± 0.009 0.43 ± 0.009 0.38 ± 0.016 0.42 ± 0.005
Ca 0.38 ± 0.014 0.35 ± 0.009 0.45 ± 0.010 0.35 ± 0.016 0.38 ± 0.015 0.41 ± 0.021
Mg 0.07 ± 0.006 0.09 ± 0.005 0.07 ± 0.002 0.09 ± 0.002 0.08 ± 0.006 0.09 ± 0.001
S 0.04 ± 0.001 0.04 ± 0.001 0.04 ± 0.001 0.04 ± 0.001 0.04 ± 0.002 0.04 ± 0.001

2005/06

Roots K 0.313 ± 0.015 0.335 ± 0.012 0.288 ± 0.016 0.300 ± 0.013 0.260 ± 0.021 0.270 ± 0.009
Ca 0.558 ± 0.030 0.600 ± 0.029 0.898 ± 0.075 0.668 ± 0.058 0.565 ± 0.037 0.815 ± 0.023
Mg 0.085 ± 0.005 0.120 ± 0.008 0.148 ± 0.006 0.170 ± 0.010 0.139 ± 0.013 0.164 ± 0.008
S 0.090 ± 0.004 0.715 ± 0.001 0.088 ± 0.006 0.123 ± 0.006 0.120 ± 0.006 0.100 ± 0.006

Spurs K 0.403 ± 0.009 0.428 ± 0.013 0.428 ± 0.009 0.428 ± 0.009 0.383 ± 0.016 0.415 ± 0.005
Ca 0.380 ± 0.014 0.345 ± 0.009 0.445 ± 0.010 0.345 ± 0.016 0.380 ± 0.015 0.413 ± 0.021
Mg 0.074 ± 0.006 0.091 ± 0.005 0.074 ± 0.002 0.093 ± 0.002 0.845 ± 0.006 0.086 ± 0.001
S 0.038 ± 0.001 0.040 ± 0.001 0.036 ± 0.001 0.039 ± 0.001 0.041 ± 0.002 0.037 ± 0.001

 



 - 74 - 

Table 4.12 Micro nutrient concentrations in roots and spurs at leaf fall in six vineyards. 

DS DL DCL FCL FS FL

2003/04

Roots Fe 104.67 ± 7.31 139.75 ± 25.72 216.75 ± 27.83 203.50 ± 27.52 99.25 ± 6.26 139.75 ± 14.42
Mn 18.00 ± 4.16 28.25 ± 2.98 47.50 ± 4.44 79.50 ± 6.33 64.00 ± 7.55 43.00 ± 4.08
Zn 36.67 ± 3.53 11.50 ± 1.66 28.00 ± 6.72 46.50 ± 2.63 49.00 ± 4.78 23.25 ± 3.22
B 54.67 ± 11.62 82.00 ± 5.08 94.75 ± 11.33 80.75 ± 39.88 56.50 ± 7.96 71.50 ± 22.63

Spurs Fe 60.00 ± 13.25 42.25 ± 2.96 37.75 ± 9.21 101.50 ± 13.41 40.50 ± 4.87 219.25 ± 150.35
Mn 16.00 ± 1.08 20.50 ± 13.32 10.75 ± 1.32 55.25 ± 7.72 34.25 ± 3.75 20.75 ± 1.25
Zn 25.75 ± 6.80 16.00 ± 1.83 12.00 ± 1.68 28.50 ± 2.50 21.50 ± 1.26 44.25 ± 23.43
B 90.00 ± 12.07 52.00 ± 7.59 80.50 ± 15.01 54.50 ± 4.79 53.75 ± 3.59 93.50 ± 2.60

2004/05

Roots Fe 97.9 ± 13.57 67.0 ± 9.66 ± 97.7 ± 9.80 78.2 ± 2.63 104.1 ± 11.38
Mn 18.6 ± 2.00 44.6 ± 5.04 150.9 ± 44.24 96.2 ± 12.73 61.0 ± 3.31 36.7 ± 2.18
Zn 41.2 ± 7.32 11.7 ± 2.08 35.9 ± 3.23 44.0 ± 4.56 42.8 ± 4.54 14.8 ± 0.57
B 62.2 ± 3.65 43.1 ± 8.69 56.9 ± 2.21 60.9 ± 2.97 62.6 ± 6.21 49.3 ± 14.89

Spurs Fe 30.6 ± 5.19 38.1 ± 7.38 29.3 ± 3.00 31.4 ± 2.73 38.9 ± 4.27 37.2 ± 3.05
Mn 16.0 ± 2.73 19.6 ± 1.41 21.4 ± 1.79 51.1 ± 2.03 23.4 ± 3.12 16.8 ± 0.72
Zn 19.1 ± 2.41 14.1 ± 1.36 18.2 ± 1.03 27.0 ± 3.51 22.8 ± 2.91 17.7 ± 1.22
B 58.7 ± 5.09 87.9 ± 10.28 32.7 ± 3.83 51.8 ± 12.49 75.4 ± 0.47 36.2 ± 4.13

2005/06

Roots Fe 98.8 ± 16.44 91.0 ± 10.37 162.0 ± 7.27 154.8 ± 18.69 96.0 ± 9.12 103.0 ± 27.03
Mn 12.3 ± 0.85 38.5 ± 2.78 27.0 ± 1.78 83.0 ± 11.92 40.5 ± 2.9 22.5 ± 3.12
Zn 28.5 ± 3.01 8 ± 1.35 20.25 ± 2.5 32.25 ± 3.2 28.75 ± 2.29 6.5 ± 0.96
B 117.75 ± 9.81 122.5 ± 10.72 139.5 ± 14.43 128.5 ± 3.38 115.8 ± 7.38 97.5 ± 10.79

Spurs Fe 153.3 ± 102.4 213.8 ± 73.93 280.5 ± 76.66 164.0 ± 34.36 71.3 ± 18.73 125.0 ± 66.61
Mn 15.8 ± 2.56 19.3 ± 1.8 25.0 ± 2.12 56.8 ± 2.5 20.5 ± 1.94 19.0 ± 2.16
Zn 17 ± 1.87 15.0 ± 3.03 30.5 ± 3.52 25.5 ± 2.53 24.3 ± 2.02 15.8 ± 1.25
B 99.8 ± 16.71 151.3 ± 25.56 47.5 ± 4.56 58.0 ± 8.92 83.0 ± 7.22 72.3 ± 5.28
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Berry ripening and composition 

4.1.8 Berry maturation and sugar yield  
Vine productivity level often influences berry ripening speed and final berry sugar level. Total Soluble 

Solids (TSS) at harvest were determined during the project and berry maturation rate was determined 

in the last two years of the study (Figure 4.1). This allows some measure of the impact of different 

crop loads on final berry ripeness at harvest, which is influenced by the maturation rate. 

As mentioned earlier, the DCL vineyard had the highest yields, while DL had the lowest in the last two 

years (Table 4.13). The DCL vineyard also attained the highest berry sugar levels recorded in the final 

year of the study, whereas in the first two years the FCL vineyard reached the highest harvest TSS 

levels but, due to the relatively low yields, the sugar production from this vineyard was the lowest in 

these years. In the last year of the study the DL vineyard produced the lowest sugar yield, in contrast to 

the DCL vineyard which always had a high sugar yield per vine. Despite the considerably different age 

this vineyard and the FL vineyard showed similar productivity levels, although the grapes did not get 

very ripe at harvest in 2005 and the date of harvest was two weeks later in the last year in the younger 

vineyard. In 2005 DS was the last vineyard harvested. This shows that final sugar yield can be 

influenced by vineyard yield level, harvest date and age of the vineyard. 
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Figure 4.1 Berry maturation in six vineyards Chardonnay vineyards (2 years). 
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Table 4.13 Berry ripeness and sugar yield in six Chardonnay vineyards (3 years). 

Yield Sugar concentration Sugar production
kg / vine ºBrix t/ha

Main/head Tail Main/head Tail Main/head Tail

2003/04
DS 8.5 ± 1.20 - - 22.7 ± 0.16 - - 2.4 ± 0.35 - -
DL 9.1 ± 0.70 - - 17.1 ± 0.64 - - 2.3 ± 0.20 - -
DCL 21.1 ± 2.30 - - 21.5 ± 0.28 - - 4.5 ± 0.45 - -
FCL 6.1 ± 0.70 6.0 ± 0.70 23.8 ± 1.32 23.4 ± 0.96 1.6 ± 0.29 1.6 ± 0.33
FS 11.4 ± 0.70 9.5 ± 0.40 22.7 ± 0.72 22.5 ± 1.30 2.9 ± 0.38 2.4 ± 0.31
FL 20.7 ± 1.70 16.5 ± 2.90 21.2 ± 0.36 20.7 ± 0.56 4.6 ± 0.54 3.6 ± 0.64

2004/05
DS 22.1 ± 1.50 - - 22.1 ± 0.28 - - 6.1 ± 0.38 - -
DL 12.2 ± 0.70 - - 19.0 ± 0.23 - - 3.4 ± 0.22 - -
DCL 30.9 ± 1.60 - - 21.0 ± 0.15 - - 6.4 ± 0.31 - -
FCL 12.8 ± 2.10 12.5 ± 0.80 22.2 ± 0.59 22.0 ± 0.81 3.2 ± 1.12 3.1 ± 0.46
FS 15.4 ± 1.00 13.3 ± 1.10 20.7 ± 0.74 21.7 ± 0.42 3.6 ± 0.42 3.3 ± 0.46
FL 24.0 ± 5.00 21.3 ± 2.30 17.5 ± 0.78 16.3 ± 1.23 4.4 ± 0.96 3.7 ± 0.43

2005/06
DS 16.8 ± 0.90 - - 21.7 ± 0.11 - - 4.6 ± 0.24 - -
DL 10.6 ± 1.00 - - 18.7 ± 0.09 - - 2.9 ± 0.29 - -
DCL 22.7 ± 2.90 - - 22.4 ± 0.14 - - 5.0 ± 0.64 - -
FCL 17.3 ± 1.90 11.2 ± 2.00 21.6 ± 0.40 20.8 ± 0.45 4.3 ± 0.94 2.7 ± 0.98
FS 17.4 ± 2.00 17.7 ± 1.80 20.2 ± 0.48 20.8 ± 0.66 4.0 ± 0.91 4.2 ± 0.89
FL 18.2 ± 1.00 17.5 ± 2.80 22.0 ± 0.56 21.5 ± 0.41 4.2 ± 0.27 4.0 ± 0.61

Average
Drip

2003/04 12.9 ± 4.1 - - 20.4 ± 1.7 - - 3.1 ± 0.7 - -
2004/05 21.7 ± 5.4 - - 20.7 ± 0.9 - - 5.3 ± 1.0 - -

2005/06 16.7 ± 3.5 - - 20.9 ± 1.1 - - 4.2 ± 0.7 - -

Furrow
2003/04 12.7 ± 4.3 10.7 ± 3.1 22.6 ± 0.8 22.2 ± 0.8 3.1 ± 0.9 2.5 ± 0.6

2004/05 17.4 ± 3.4 15.7 ± 2.8 20.1 ± 1.4 20.0 ± 1.9 3.8 ± 0.4 3.3 ± 0.2

2005/06 17.6 ± 0.3 15.5 ± 2.1 21.3 ± 0.6 21.0 ± 0.2 4.2 ± 0.1 3.6 ± 0.5

 

4.1.9 Juice amino acids 
A further important aspect of grape production is the berry amino N, since this is the major source for 

the yeast during fermentation and these N compounds are precursors to some wine flavours in the 

form of higher alcohols. The total amount and the composition of this juice fraction can be influenced 

by vineyard management, particularly fertiliser application. Amino N also reflects the N status of the 

vines, as described earlier for petiole levels for each vineyard, and therefore is influenced by fertiliser 

application and irrigation management.  
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The amino concentration reported here relates to total amino N, yeast assimilable and non assimilable 

amino N. The latter fraction is the amino acid proline and the assimilable fraction is all other amino 

acid N together as described in table 4.14. Once the ammonium N fraction is determined, which is the 

first utilized form of N during fermentation, it is possible to draw conclusions about whether the 

fermentation process would be affected. Total amino N was highest in two of three years in FL; and in 

2005 it was highest in FS. Non assimilable amino N was high in the DCL and FCL vineyards in the first 

year of the study, but in 2005 it was high in FS and in the last year this fraction was highest in the FL 

vineyard. In the first year, DL had the highest assimilable amino N, while the FS vineyard had the 

highest concentration of this fraction in the last two years. The DL vineyard has the lowest non-

assimilable amino N fraction in all years, while total amino N was always lowest in the DS vineyard. 

The requirements for a good fermentation is estimated to be approximately 130mg/L assimilable N 

and grapes coming from this vineyard are below this threshold, as was the case for the DCL site in the 

last year. Assimilable N concentrations recorded at the DCL vineyard will probably be adequate for 

fermentation to run to completion. However, at only 89.3 and 60.5 mg/L assimilable N at harvest 2005 

and 2006 respectively, ammonium N concentrations would possibly not be sufficient to lift assimilable 

N to the adequate range for fruit harvested at the DS site. Less in known about the implications of 

excessive N levels in juice, but at all the furrow irrigated vineyards, there was sufficient amino N to 

support fermentation without the need to account for ammonium. The assimilable N concentrations in 

the juice of fruit from some of the furrow irrigated vineyards reached up to three times the required 

levels. 

The most abundant amino acid in the juice samples analysed was proline, except in vineyard DL in all 

three years and FL in 2004/05 which were all harvested in late January or early February (early 

harvest), and had higher concentrations of arginine. However, at all sites arginine had most of 

assimilable amino N, followed by glutamine and then alanine. Juice from sites DL in all seasons and FL 

in 2004/05 had the lowest proline: arginine ratio as a consequence of the early harvest dates. In 

contrast, site DS, had the highest proline: arginine ratio in all three seasons. Overall a considerable 

difference is present between vineyards and years in the amino acid profiles. Only vineyard DS shows 

a relatively consistent pattern over the years, having frequently the lowest amino N concentration for 

each individual amino acid in all years. The connection with vineyard N supply and petiole N is 

evident and will be shown in the following chapter. 
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Figure 4.2 Total, non-assimilable and assimilable amino N and in six vineyards Chardonnay (3 

years). 
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Table 4.14 Amino acid profiles from six Chardonnay vineyards (3 years). 

 

Juice amino N (mg N/L) 

Pro Arg Glu Ala Ser Thr Gln His Val Rest*

2003/04
DS 124.0 ± 5.98 41.1 ± 1.72 14.7 ± 1.60 31.7 ± 1.34 13.5 ± 0.47 8.0 ± 0.12 1.9 ± 0.15 3.7 ± 0.19 3.3 ± 0.10 5.1 ± 0.19
DL 36.8 ± 4.13 82.1 ± 5.68 45.7 ± 5.68 22.1 ± 3.07 13.1 ± 1.80 7.4 ± 0.80 1.1 ± 0.21 5.6 ± 0.57 2.0 ± 0.27 5.0 ± 1.03
DCL 150.4 ± 8.30 72.3 ± 0.81 41.2 ± 2.38 48.2 ± 0.62 15.5 ± 0.43 9.5 ± 0.39 2.6 ± 0.38 6.0 ± 0.36 4.0 ± 0.11 7.9 ± 0.74
FCL 150.9 ± 20.33 84.3 ± 16.19 28.9 ± 0.55 43.9 ± 1.15 18.4 ± 0.72 11.4 ± 1.18 1.8 ± 0.19 8.5 ± 1.00 5.3 ± 0.57 9.7 ± 1.69
FS 124.0 ± 7.78 65.4 ± 6.60 33.9 ± 3.57 51.1 ± 3.28 20.5 ± 1.15 11.1 ± 0.39 1.9 ± 0.16 8.3 ± 0.26 4.9 ± 0.11 8.7 ± 0.78
FL 148.9 ± 7.90 79.9 ± 3.10 50.9 ± 1.97 49.3 ± 2.37 17.1 ± 0.56 7.8 ± 0.37 2.2 ± 0.08 5.2 ± 0.47 3.3 ± 0.23 7.1 ± 0.74

2004/05
DS 162.9 ± 8.15 29.7 ± 4.22 10.6 ± 1.08 16.9 ± 1.80 10.4 ± 0.62 7.0 ± 0.45 7.3 ± 0.42 2.6 ± 0.49 3.1 ± 0.19 2.5 0.38
DL 63.6 ± 4.86 78.5 ± 4.92 38.5 ± 1.66 33.3 ± 1.70 14.2 ± 0.50 10.8 ± 0.64 3.3 ± 0.15 8.2 ± 0.67 3.7 ± 0.24 6.6 0.82
DCL 144.3 ± 8.36 74.3 ± 8.26 32.3 ± 4.13 37.0 ± 2.05 15.6 ± 0.83 9.7 ± 0.43 4.8 ± 0.44 7.0 ± 0.59 4.2 ± 0.15 5.8 1.11
FCL 169.4 ± 6.73 88.1 ± 4.89 35.4 ± 3.51 39.4 ± 1.06 18.7 ± 0.78 11.7 ± 0.56 3.5 ± 0.28 9.2 ± 0.49 4.9 ± 0.34 6.8 1.09
FS 189.2 ± 17.40 117.3 ± 7.46 37.8 ± 4.91 44.4 ± 2.03 21.0 ± 1.73 12.9 ± 0.83 5.1 ± 0.34 11.7 ± 0.96 5.7 ± 0.26 9.4 2.04
FL 65.2 ± 3.27 82.1 ± 5.33 62.4 ± 5.69 31.8 ± 1.74 16.0 ± 0.82 7.9 ± 0.39 4.1 ± 0.23 4.4 ± 0.58 2.2 ± 0.17 4.7 0.80

2005/06
DS 72.2 ± 2.97 19.6 ± 3.04 6.5 ± 1.08 15.6 ± 0.93 7.7 ± 0.51 4.9 ± 0.24 4.1 ± 0.30 1.2 ± 0.24 1.9 ± 0.11 0.9 0.27
DL 63.8 ± 2.68 82.2 ± 3.81 43.1 ± 1.43 37.4 ± 0.85 12.8 ± 0.70 9.8 ± 0.10 4.3 ± 0.35 9.2 ± 0.65 4.2 ± 0.22 9.4 0.91
DCL 98.1 ± 9.26 36.1 ± 4.74 13.9 ± 1.89 26.1 ± 2.49 12.4 ± 0.85 7.5 ± 0.76 2.0 ± 0.20 4.4 ± 0.81 3.5 ± 0.33 3.9 0.90
FCL 112.1 ± 9.68 77.5 ± 8.35 23.4 ± 3.18 39.8 ± 2.92 17.0 ± 1.10 10.6 ± 0.73 4.5 ± 0.32 9.0 ± 0.99 4.9 ± 0.38 6.5 0.97
FS 105.6 ± 13.55 97.9 ± 11.82 44.0 ± 4.54 40.6 ± 4.83 16.2 ± 1.65 9.3 ± 1.19 2.4 ± 0.25 9.8 ± 1.60 4.2 ± 0.61 8.2 1.74
FL 168.2 ± 8.84 66.8 ± 5.07 26.1 ± 2.80 22.1 ± 1.47 10.4 ± 0.86 5.8 ± 0.41 6.3 ± 0.29 5.4 ± 0.68 2.9 ± 0.23 5.7 1.15

* Rest relates to the amino acids: Asn, Asp, Gly, Met, Iso, Ileu, Phe  
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4.1.10 Impact of N and P application on juice composition, yield and nutrient status  
The N and P fertiliser applications differed considerably between vineyards, and the subsequent 

impact on juice composition, vine productivity and nutrient status is described in this section. Since 

fertilizer applications in the post-harvest period may be stored as reserves, or taken up by the roots in 

the following spring, fertilizer rates have been calculated for the harvest to harvest period, rather than 

on a seasonal basis. 

The N applied from one harvest to the next had an impact on total and assimilable amino N in the 

grape juice, except at DS, where amino N in the juice was the lowest of all vineyards. Generally, the 

application of 40kg N per ha was sufficient to lift the assimilable amino N above the critical value of 

130-140mg/L (Figure 4.3). Applications above a rate of 40 kg/ha N had no additional benefit for 

assimilable N, but in some cases did increase total amino N levels. The one exception was site DS, 

which had low N concentrations in the juice despite having more than 60 kg/ha N applied during the 

previous 12 months (Figure 4.3a). The reason for this is not clear, but may be related to excessive 

leaching of nitrogen fertilizer (urea) with the frequent irrigation events at the site, or the effects of 

higher salt concentrations in the soil solution. However, another possible explanation is that the N 

fertilizer applied closer to harvest did not have any benefit for juice N concentrations (Figure 4.3b).    

b) 

N applied in the preceding post-harvest 
+ pre-bloom periods (kg ha-1)

0 20 40 60 80 100 120

a) 

N applied in the 12 month period 
preceding harvest (kg ha-1)

0 20 40 60 80 100 120

Ju
ic

e 
N

 (m
g 

L-1
)

0

100

200

300

400

500

assimilable amino N
total amino NDS, 2006DS, 2006

 

Figure 4.3 Relationship between N application and total and assimilable amino N in six 
vineyards (2 years). a) N applied in 12 month period preceding harvest (kg ha-1) and 
b) N applied in the preceding post-harvest and pre-bloom periods (kg ha-1). 
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These finding suggest that an application of 40kg/N is enough to reach sufficient assimilable amino N 

in the juice, provided that most of the supplied N stays in the root-zone. Once ammonium figures are 

added, it appears that application rates of over 50kg/N per ha would be excessive. 

The petiole N concentrations were measured at flowering, veraison and harvest giving a good 

indication of the N status of the different vineyards as described earlier. The highest concentration at 

flowering had a strong relationship with total and assimilable amino N in the juice (Figure 4.4), 

particularly the latter. The poor relationship between petiole N at veraison and amino N in the juice is 

probably due to mobilisation from the leaves to the fruit or other developing parts of the grapevine. 
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Figure 4.4 Relationship between Petiole N level at bloom, veraison and harvest with total amino 
N (a) and assimilable amino N (b) in six vineyards (2 years).  (also figure on total 
amino N) 

 

Other than the amino N response to N fertiliser, the yield was not altered by amount of nitrogen 

applied, and there may even have been a small reduction in productivity with very high rates of N 

fertilizer use (Figure 4.5). This could be explained by excessive vegetative growth favouring shoot 

growth, rather than the fruit. In contrast to juice N concentrations, petiole N concentrations increased 

linearly with N application rate (Figure 4.6a). Nitrogen concentrations were also higher in the wood 

and roots of vineyards with higher rates of N fertilizer use (Table 4.8), supporting the suggestion that 

high fertilizer rates just shift N allocation into the vegetative tissue. This strengthens the argument 

previously stated on juice amino N levels, that a N application rate of 50 kg/ha should not be 

exceeded. Given that the study monitored vineyards under their normal commercial management 

practice, and did not impose additional treatments, there are still outstanding questions as to how a 

reduction in N fertilizer use can be most efficiently achieved. For example, N fertilizer was only 

applied in the post-harvest period at FS. If the N inputs were reduced from 81 to 50 kg/ha at this site, 
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would the application then need to be split between bloom and post-harvest? For the drip irrigated 

vineyards a split flowering and post-harvest application appeared adequate (DL), and there may not be 

any additional benefit in applying N fertilizer during the ripening period.    

In contrast to the yield response to applied N fertilizer, the yield response to applied P fertilizer was 

reversed (Figure 4.5). However, while higher N application rates resulted in higher petiole N levels, 

concentrations of P in the petioles were unaffected by the rate of P fertiliser applied. This suggests that 

Petiole N levels are a good indicator for N status response to fertiliser application, while P petiole 

levels at flowering are not a good indicator of the response to P fertiliser applied. 

 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.5 Relationship between N (a) or P (b) applied in 12 month period preceding harvest and 
yield in six Chardonnay vineyards (2 years). 
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Figure 4.6  Relationship between N (a) or P (b) applied preceding post-harvest and pre-bloom 
periods on petiole N and P at bloom in six Chardonnay vineyards.  
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Nutrient dynamics and removal  

4.1.11 Nutrients in the shoots and bunches 
Vine nutrient status is also reflected in the shoot nutrient concentrations of vines, as reported earlier 

for petioles and for the permanent structure of the vines (spurs, roots). This information can also be 

used to determine amounts bound in the canopy during three key times during the growing season. 

Shoot N declined during the growing season, although in the first season only minor changes in 

concentrations appeared until harvest, while in the second season a significant decline in N 

concentrations took place (Table 4.15). The extent of N decline varied in magnitude between 

vineyards. For instance, the FL vineyard had the highest shoot N level in the first season and at harvest 

had the second lowest level of all vineyards, and DCL was the lowest. In contrast, the DL vineyard 

started with the second highest level at bloom and was by far the highest at harvest. The decline in N 

levels in the reproductive parts was more pronounced. The differences in concentrations were larger in 

the second season and this relative variation in bunch N concentration was still present at harvest. 

Therefore, the decline in N concentrations varied less between vineyards than was seen for the shoot N 

variation within the annual growth cycle. For example, DS had the lowest N in the inflorescence and in 

the fruit at harvest. Shoot P and inflorescence/bunch concentrations declined during the season, 

similarly to N, but at much lower concentrations. The FL vineyard had the highest P levels in the 

shoots and in the inflorescences early in the season, while DL had the highest P concentration at 

harvest (Table 4.16). The lowest P levels at flowering for the shoots and inflorescences varied between 

these parts and the vineyards, while DCL had the lowest P concentrations at harvest. The changes in 

relative differences between vineyards during the growing season could be due to differences in root N 

uptake and mobilisation patterns between the different parts of the vine. 

The shoot nutrients K and S decreased from flowering to harvest in all vineyards, while Ca and Mg 

increased during the season in the petioles (Table 4.16). The highly productive DCL vineyard had the 

lowest shoot K levels at flowering, while DL always showed the highest levels. Ca shoot levels were 

also low in the DCL vineyard whilst the DL vineyard had high Ca shoot levels. Similarly Mg in the 

shoots was high in the DL vineyard, whereas DS exhibited the lowest recorded levels for this element. 

In contrast, vines from the DL vineyard had the lowest S levels in shoots, while FCL always had high 

petiole S at flowering. Overall, the DL vineyard had the best nutrient status, being somewhere near 

optimal, while the DCL vineyard the exhibited the worst nutrient status on the basis of the shoot 

analysis. Overall, the difference in shoot nutrients for these macro nutrients did not vary strongly 

between seasons. All four macro nutrients declined in the reproductive part of the vine during the 

season. This was particularly pronounced for Ca (Table 4.17). The highest K level in the inflorescence 

was present in DL (1st season) and the lowest K and S was in DS (2nd season) at harvest. In the second 

season Ca was the highest at flowering in that vineyard and lowest at harvest in the FCL vineyard. This 

vineyard had the highest Mg in the inflorescences in the first season and the highest S in the second 
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season. DCL had the lowest Mg levels at harvest (2nd season) and DS the lowest S in the first season. 

The sharp decline in fruit nutrient concentrations was due to the extensive growth processes taking 

place, Ca declined more significantly due to the its immobility in the phloem, causing any 

accumulation to stop with xylem dysfunction later in berry development. 

The shoot macro nutrient levels varied through the growing season, while differences between seasons 

for the flowering date concentrations were small (Table 4.18). Fe and Mn were usually highest at 

harvest, while in some instances veraison levels were the lowest for these two nutrients. The FS 

vineyard had the highest Fe concentrations in the shoots (1st season) and DCL the lowest in the second 

season. Mn was always high in the FCL vineyard, while the lowest concentrations of this micro nutrient 

were recorded in the 2nd season at the DS vineyard. Zn concentrations most commonly decreased from 

flowering to harvest, with veraison levels sometimes being very low. FL showed the highest (2nd year) 

and DL the lowest Zn concentration in the shoots (1st season). B was usually higher at harvest than at 

flowering in the shoots, veraison levels were variable and dependant upon season, sometimes being 

the lowest (1st season) or the highest (2nd season). The FL vineyard had the highest B levels at veraison 

in the second year, while the lowest was recorded at the same phenological stage in vineyard DS in the 

first season. All micro nutrients declined in the fruit from flowering to harvest, and this was more 

pronounced than for the macro nutrients, particularly Mn and Zn (Table 4.19). In the first season Fe 

was highest in the FL vineyard, while Mn concentrations were highest in the FCL vineyard in the 

second season. The lowest values for Fe were recorded in the DL vineyard and for Mn in the DS 

vineyard at harvest the first season. Zn concentrations were highest in the inflorescences in the second 

season in the FS vineyard, while FL had the highest B concentration, whereas the lowest concentrations 

for both of these micro nutrients at harvest in the same season were recorded in the DS vineyard. The 

overall decline in concentration of these micro nutrients in the reproductive parts is due to the early 

development of the fruit and rapid berry expansion during grape maturation. 

The concentrations measured for all of these nutrients are important to calculate the removal of each 

nutrient by the fruit and the amount locked up in the shoots at harvest. These further calculations are 

reported in the following section and will allow for further guidance for fertiliser application.  
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Table 4.15 N in the shoots at bloom, veraison and harvest (without inflorescence/bunch) from six 

Chardonnay vineyards (3 years). 

N - flowering N - veraison N - harvest
%/DW %/DW %/DW

Shoot Bunch Shoot Bunch Shoot Bunch

2003/04
DS 2.33 ± 0.085 2.85 ± 0.098 1.54 ± 0.096 1.38 ± 0.061 1.57 ± 0.083 0.82 ± 0.061

DL 2.93 ± 0.103 3.34 ± 0.068 2.15 ± 0.080 1.81 ± 0.041 2.33 ± 0.066 1.05 ± 0.039

DCL 2.51 ± 0.038 3.05 ± 0.105 1.52 ± 0.066 1.50 ± 0.067 1.40 ± 0.042 0.92 ± 0.053

FCL 2.79 ± 0.117 2.93 ± 0.028 2.00 ± 0.065 1.54 ± 0.027 1.83 ± 0.029 0.89 ± 0.028

FS 2.82 ± 0.117 3.03 ± 0.028 1.84 ± 0.012 1.60 ± 0.055 1.87 ± 0.060 0.97 ± 0.046

FL 3.02 ± 0.126 3.71 ± 0.112 1.59 ± 0.046 1.88 ± 0.105 1.47 ± 0.119 0.91 ± 0.040

2004/05
DS 2.26 ± 0.118 2.61 ± 0.072 1.93 ± 0.095 1.24 ± 0.030 1.51 ± 0.042 0.91 ± 0.022

DL 2.57 ± 0.073 2.99 ± 0.036 2.31 ± 0.061 1.35 ± 0.039 1.94 ± 0.065 1.14 ± 0.037

DCL 2.24 ± 0.126 2.92 ± 0.092 1.76 ± 0.081 1.20 ± 0.072 1.44 ± 0.039 0.99 ± 0.046

FCL 2.81 ± 0.083 3.32 ± 0.100 2.10 ± 0.089 1.35 ± 0.047 1.71 ± 0.042 1.15 ± 0.048

FS 2.67 ± 0.083 3.20 ± 0.100 2.12 ± 0.020 1.19 ± 0.043 1.68 ± 0.095 1.23 ± 0.024

FL 2.59 ± 0.107 3.40 ± 0.084 1.83 ± 0.059 1.27 ± 0.019 1.78 ± 0.087 1.11 ± 0.025

2005/06
DS 1.97 ± 0.048 2.01 ± 0.913 1.88 ± 0.095 1.29 ± 0.122 1.39 ± 0.045 0.91 ± 0.040

DL 2.88 ± 0.061 2.71 ± 0.193 2.30 ± 0.080 1.69 ± 0.091 1.94 ± 0.076 1.16 ± 0.015

DCL 2.34 ± 0.109 2.85 ± 0.146 1.89 ± 0.045 1.17 ± 0.129 1.38 ± 0.037 0.84 ± 0.015

FCL 2.34 ± 0.035 2.91 ± 0.068 2.18 ± 0.053 1.45 ± 0.081 1.78 ± 0.155 1.13 ± 0.108

FS 2.66 ± 0.049 3.35 ± 0.093 2.33 ± 0.073 1.57 ± 0.076 1.78 ± 0.081 1.14 ± 0.101

FL 2.41 ± 0.095 3.08 ± 0.051 2.12 ± 0.051 1.53 ± 0.068 1.55 ± 0.162 1.17 ± 0.215

Average

2003/04 2.73 ± 0.107 3.2 ± 0.130 1.77 ± 0.108 1.62 ± 0.079 1.74 ± 0.141 0.93 ± 0.032
2004/05 2.52 ± 0.094 3.1 ± 0.119 2.01 ± 0.083 1.27 ± 0.030 1.68 ± 0.074 1.09 ± 0.048
2005/06 2.43 ± 0.127 2.8 ± 0.185 2.12 ± 0.080 1.45 ± 0.078 1.64 ± 0.095 1.06 ± 0.060
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Table 4.16 P in the inflorescence/bunch at bloom, veraison and harvest from six Chardonnay 

vineyards (3 years). 

P - flowering P - veraison P - harvest
%/DW %/DW %/DW

Shoot Bunch Shoot Bunch Shoot Bunch

2003/04
DS 0.28 ± 0.013 0.44 ± 0.016 0.17 ± 0.006 0.23 ± 0.006 0.17 ± 0.007 0.16 ± 0.005

DL 0.45 ± 0.008 0.56 ± 0.005 0.30 ± 0.016 0.31 ± 0.006 0.25 ± 0.003 0.20 ± 0.006

DCL 0.35 ± 0.012 0.51 ± 0.012 0.14 ± 0.005 0.21 ± 0.008 0.12 ± 0.003 0.13 ± 0.003

FCL 0.25 ± 0.009 0.39 ± 0.009 0.18 ± 0.003 0.21 ± 0.007 0.14 ± 0.004 0.13 ± 0.004

FS 0.31 ± 0.009 0.47 ± 0.009 0.18 ± 0.005 0.25 ± 0.009 0.16 ± 0.008 0.16 ± 0.006

FL 0.46 ± 0.019 0.61 ± 0.026 0.26 ± 0.013 0.30 ± 0.014 0.20 ± 0.015 0.17 ± 0.004

2004/05
DS 0.30 ± 0.008 0.44 ± 0.006 0.17 ± 0.009 0.20 ± 0.003 0.14 ± 0.008 0.15 ± 0.005

DL 0.35 ± 0.013 0.48 ± 0.012 0.24 ± 0.010 0.23 ± 0.009 0.20 ± 0.018 0.19 ± 0.009

DCL 0.34 ± 0.026 0.51 ± 0.018 0.14 ± 0.004 0.16 ± 0.004 0.12 ± 0.007 0.13 ± 0.006

FCL 0.30 ± 0.009 0.48 ± 0.009 0.16 ± 0.007 0.17 ± 0.009 0.13 ± 0.006 0.13 ± 0.004

FS 0.29 ± 0.009 0.46 ± 0.009 0.21 ± 0.008 0.18 ± 0.007 0.18 ± 0.011 0.18 ± 0.003

FL 0.49 ± 0.017 0.64 ± 0.008 0.22 ± 0.003 0.22 ± 0.004 0.20 ± 0.008 0.18 ± 0.002

2005/06
DS 0.26 ± 0.008 0.38 ± 0.003 0.17 ± 0.009 0.24 ± 0.011 0.14 ± 0.010 0.15 ± 0.005

DL 0.42 ± 0.027 0.52 ± 0.028 0.25 ± 0.012 0.28 ± 0.013 0.22 ± 0.024 0.21 ± 0.008

DCL 0.33 ± 0.011 0.47 ± 0.009 0.14 ± 0.002 0.20 ± 0.007 0.11 ± 0.003 0.12 ± 0.001

FCL 0.23 ± 0.005 0.37 ± 0.014 0.14 ± 0.005 0.18 ± 0.010 0.13 ± 0.008 0.13 ± 0.004

FS 0.38 ± 0.013 0.51 ± 0.018 0.25 ± 0.018 0.26 ± 0.011 0.21 ± 0.004 0.20 ± 0.009

FL 0.43 ± 0.021 0.57 ± 0.011 0.23 ± 0.006 0.28 ± 0.005 0.19 ± 0.003 0.19 ± 0.005

Average

2003/04 0.35 ± 0.036 0.49 ± 0.033 0.20 ± 0.024 0.25 ± 0.018 0.18 ± 0.020 0.16 ± 0.011

2004/05 0.34 ± 0.030 0.50 ± 0.029 0.19 ± 0.016 0.19 ± 0.012 0.16 ± 0.015 0.16 ± 0.011

2005/06 0.34 ± 0.034 0.47 ± 0.033 0.20 ± 0.022 0.24 ± 0.017 0.16 ± 0.018 0.17 ± 0.016
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Table 4.17 Macro nutrients in the shoots at bloom, veraison and harvest (without 

inflorescence/bunch) from six Chardonnay vineyards (3 years). 

DS DL DCL FCL FS FL

2003/04

K F 2.08 ± 0.048 2.40 ± 0.000 1.65 ± 0.019 2.33 ± 0.075 2.07 ± 0.075 2.13 ± 0.025
V 1.48 ± 0.024 1.56 ± 0.043 1.46 ± 0.037 1.60 ± 0.021 1.51 ± 0.097 1.56 ± 0.047
H 1.21 ± 0.017 1.08 ± 0.042 1.12 ± 0.074 1.24 ± 0.071 0.79 ± 0.058 1.09 ± 0.070

Ca F 1.09 ± 0.025 1.32 ± 0.064 0.99 ± 0.015 1.15 ± 0.045 1.12 ± 0.045 1.20 ± 0.057
V 1.15 ± 0.069 2.05 ± 0.030 1.22 ± 0.069 1.21 ± 0.056 1.54 ± 0.040 1.35 ± 0.054
H 1.52 ± 0.080 2.58 ± 0.063 1.42 ± 0.089 1.59 ± 0.114 2.30 ± 0.082 1.59 ± 0.151

Mg F 0.22 ± 0.010 0.35 ± 0.021 0.23 ± 0.003 0.32 ± 0.011 0.29 ± 0.011 0.29 ± 0.013
V 0.25 ± 0.013 0.42 ± 0.007 0.27 ± 0.018 0.37 ± 0.010 0.38 ± 0.023 0.27 ± 0.014
H 0.30 ± 0.012 0.45 ± 0.021 0.31 ± 0.019 0.49 ± 0.017 0.51 ± 0.026 0.32 ± 0.013

S F 0.23 ± 0.012 0.20 ± 0.005 0.23 ± 0.004 0.27 ± 0.011 0.28 ± 0.011 0.25 ± 0.011
V 0.14 ± 0.009 0.17 ± 0.007 0.15 ± 0.004 0.19 ± 0.007 0.20 ± 0.007 0.15 ± 0.001
H 0.15 ± 0.007 0.18 ± 0.005 0.13 ± 0.005 0.18 ± 0.005 0.20 ± 0.004 0.14 ± 0.010

2004/05

K F 2.00 ± 0.063 2.23 ± 0.048 1.58 ± 0.042 2.04 ± 0.102 1.84 ± 0.102 1.97 ± 0.055
V 1.09 ± 0.032 1.09 ± 0.056 1.13 ± 0.030 1.43 ± 0.096 1.15 ± 0.044 1.32 ± 0.044
H 0.72 ± 0.036 0.97 ± 0.067 0.88 ± 0.044 1.15 ± 0.079 1.01 ± 0.023 0.99 ± 0.057

Ca F 1.08 ± 0.034 1.03 ± 0.065 0.91 ± 0.045 0.96 ± 0.029 0.87 ± 0.029 1.05 ± 0.038
V 1.86 ± 0.106 1.91 ± 0.072 1.61 ± 0.063 1.33 ± 0.117 1.43 ± 0.043 1.43 ± 0.062
H 2.40 ± 0.041 2.09 ± 0.139 1.83 ± 0.103 1.45 ± 0.076 1.61 ± 0.195 1.73 ± 0.079

Mg F 0.22 ± 0.006 0.28 ± 0.015 0.22 ± 0.008 0.29 ± 0.012 0.24 ± 0.012 0.26 ± 0.019
V 0.32 ± 0.009 0.42 ± 0.017 0.32 ± 0.005 0.39 ± 0.028 0.38 ± 0.011 0.33 ± 0.020
H 0.34 ± 0.007 0.45 ± 0.011 0.36 ± 0.019 0.39 ± 0.019 0.38 ± 0.027 0.35 ± 0.009

S F 0.18 ± 0.010 0.17 ± 0.006 0.21 ± 0.012 0.28 ± 0.011 0.26 ± 0.011 0.22 ± 0.011
V 0.20 ± 0.007 0.17 ± 0.005 0.17 ± 0.006 0.22 ± 0.010 0.21 ± 0.005 0.16 ± 0.004
H 0.14 ± 0.003 0.15 ± 0.005 0.15 ± 0.007 0.17 ± 0.003 0.16 ± 0.014 0.15 ± 0.005

2005/06

K F 1.70 ± 0.034 1.85 ± 0.053 1.55 ± 0.029 1.80 ± 0.063 1.71 ± 0.021 1.51 ± 0.072
V 1.16 ± 0.021 1.26 ± 0.047 1.23 ± 0.021 1.49 ± 0.039 1.26 ± 0.019 1.28 ± 0.049
H 0.82 ± 0.042 0.88 ± 0.125 0.92 ± 0.027 1.10 ± 0.073 1.04 ± 0.069 1.02 ± 0.056

Ca F 0.95 ± 0.021 1.01 ± 0.025 0.83 ± 0.046 0.74 ± 0.034 0.71 ± 0.025 0.83 ± 0.056
V 1.47 ± 0.061 1.38 ± 0.073 1.35 ± 0.030 1.25 ± 0.054 1.80 ± 0.045 1.30 ± 0.021
H 1.77 ± 0.072 2.10 ± 0.075 1.64 ± 0.042 1.52 ± 0.079 1.63 ± 0.104 1.61 ± 0.069

Mg F 0.18 ± 0.003 0.28 ± 0.004 0.19 ± 0.011 0.22 ± 0.005 0.19 ± 0.004 0.21 ± 0.003
V 0.28 ± 0.007 0.30 ± 0.018 0.26 ± 0.009 0.34 ± 0.006 0.43 ± 0.017 0.30 ± 0.020
H 0.36 ± 0.011 0.48 ± 0.008 0.35 ± 0.012 0.44 ± 0.010 0.38 ± 0.023 0.39 ± 0.028

S F 0.17 ± 0.005 0.17 ± 0.005 0.20 ± 0.009 0.20 ± 0.007 0.18 ± 0.005 0.17 ± 0.014
V 0.15 ± 0.006 0.16 ± 0.006 0.16 ± 0.005 0.19 ± 0.004 0.15 ± 0.004 0.14 ± 0.003
H 0.13 ± 0.004 0.15 ± 0.007 0.14 ± 0.006 0.17 ± 0.007 0.16 ± 0.004 0.13 ± 0.006
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Table 4.18 Macro nutrients in the inflorescence/bunch at bloom, veraison and harvest from six 

Chardonnay vineyards (3 years). 

DS DL DCL FCL FS FL

2003/04

K F 2.85 ± 0.050 3.35 ± 0.087 2.70 ± 0.041 2.85 ± 0.050 3.00 ± 0.050 3.23 ± 0.103
V 2.10 ± 0.058 2.50 ± 0.041 2.20 ± 0.058 2.33 ± 0.063 2.33 ± 0.103 2.33 ± 0.063
H 1.62 ± 0.027 1.73 ± 0.056 1.61 ± 0.032 1.67 ± 0.051 1.51 ± 0.035 1.55 ± 0.018

Ca F 0.71 ± 0.026 0.78 ± 0.030 0.66 ± 0.030 0.74 ± 0.029 0.72 ± 0.029 0.77 ± 0.039
V 0.35 ± 0.019 0.48 ± 0.010 0.33 ± 0.022 0.38 ± 0.015 0.46 ± 0.015 0.36 ± 0.009
H 0.13 ± 0.004 0.21 ± 0.011 0.13 ± 0.004 0.14 ± 0.003 0.18 ± 0.005 0.14 ± 0.007

Mg F 0.19 ± 0.010 0.26 ± 0.013 0.20 ± 0.012 0.27 ± 0.017 0.23 ± 0.017 0.24 ± 0.009
V 0.12 ± 0.005 0.16 ± 0.002 0.12 ± 0.003 0.17 ± 0.005 0.17 ± 0.005 0.12 ± 0.005
H 0.06 ± 0.001 0.08 ± 0.004 0.06 ± 0.001 0.08 ± 0.002 0.08 ± 0.002 0.06 ± 0.001

S F 0.25 ± 0.018 0.21 ± 0.003 0.27 ± 0.007 0.27 ± 0.004 0.29 ± 0.004 0.29 ± 0.014
V 0.12 ± 0.002 0.14 ± 0.003 0.12 ± 0.004 0.14 ± 0.002 0.16 ± 0.003 0.14 ± 0.007
H 0.07 ± 0.003 0.09 ± 0.003 0.08 ± 0.002 0.09 ± 0.003 0.09 ± 0.003 0.07 ± 0.002

2004/05

K F 2.88 ± 0.085 3.10 ± 0.071 2.65 ± 0.029 2.90 ± 0.204 2.80 ± 0.204 3.23 ± 0.063
V 1.98 ± 0.013 2.00 ± 0.075 1.79 ± 0.048 2.06 ± 0.092 1.75 ± 0.080 1.99 ± 0.038
H 1.35 ± 0.034 1.64 ± 0.049 1.48 ± 0.039 1.70 ± 0.039 1.68 ± 0.024 1.66 ± 0.033

Ca F 0.83 ± 0.022 0.71 ± 0.037 0.75 ± 0.037 0.65 ± 0.022 0.61 ± 0.022 0.74 ± 0.028
V 0.37 ± 0.009 0.32 ± 0.010 0.24 ± 0.010 0.26 ± 0.019 0.23 ± 0.019 0.27 ± 0.017
H 0.18 ± 0.005 0.21 ± 0.011 0.15 ± 0.003 0.13 ± 0.006 0.15 ± 0.004 0.19 ± 0.008

Mg F 0.21 ± 0.003 0.24 ± 0.014 0.21 ± 0.009 0.24 ± 0.006 0.22 ± 0.006 0.21 ± 0.010
V 0.12 ± 0.002 0.12 ± 0.004 0.09 ± 0.002 0.12 ± 0.008 0.10 ± 0.005 0.10 ± 0.002
H 0.07 ± 0.001 0.09 ± 0.003 0.06 ± 0.001 0.07 ± 0.001 0.08 ± 0.001 0.08 ± 0.001

S F 0.21 ± 0.005 0.20 ± 0.007 0.26 ± 0.004 0.31 ± 0.009 0.28 ± 0.009 0.27 ± 0.005
V 0.11 ± 0.002 0.10 ± 0.003 0.10 ± 0.002 0.12 ± 0.006 0.11 ± 0.005 0.10 ± 0.001
H 0.08 ± 0.002 0.08 ± 0.002 0.08 ± 0.003 0.10 ± 0.002 0.10 ± 0.002 0.09 ± 0.001

2005/06

K F 2.48 ± 0.025 3.03 ± 0.111 2.60 ± 0.071 2.63 ± 0.025 2.63 ± 0.048 2.73 ± 0.118
V 2.03 ± 0.067 2.33 ± 0.048 1.98 ± 0.085 2.12 ± 0.066 2.02 ± 0.027 2.20 ± 0.041
H 1.44 ± 0.066 1.71 ± 0.025 1.46 ± 0.030 1.65 ± 0.022 1.68 ± 0.044 1.65 ± 0.058

Ca F 0.62 ± 0.024 0.49 ± 0.007 0.57 ± 0.017 0.45 ± 0.005 0.43 ± 0.009 0.56 ± 0.031
V 0.45 ± 0.029 0.42 ± 0.022 0.36 ± 0.010 0.32 ± 0.011 0.33 ± 0.011 0.37 ± 0.012
H 0.18 ± 0.007 0.21 ± 0.005 0.13 ± 0.006 0.15 ± 0.003 0.16 ± 0.009 0.14 ± 0.008

Mg F 0.17 ± 0.007 0.19 ± 0.006 0.17 ± 0.005 0.19 ± 0.003 0.16 ± 0.008 0.18 ± 0.006
V 0.14 ± 0.010 0.15 ± 0.007 0.12 ± 0.003 0.13 ± 0.005 0.12 ± 0.004 0.13 ± 0.006
H 0.07 ± 0.002 0.09 ± 0.003 0.06 ± 0.002 0.08 ± 0.001 0.07 ± 0.001 0.07 ± 0.001

S F 0.18 ± 0.003 0.18 ± 0.008 0.23 ± 0.004 0.23 ± 0.005 0.22 ± 0.004 0.22 ± 0.006
V 0.11 ± 0.006 0.12 ± 0.005 0.11 ± 0.003 0.12 ± 0.007 0.12 ± 0.005 0.12 ± 0.003
H 0.07 ± 0.002 0.08 ± 0.002 0.07 ± 0.002 0.09 ± 0.001 0.10 ± 0.003 0.08 ± 0.002
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Table 4.19 Micro nutrients in the shoots at bloom, veraison and harvest (without 

inflorescence/bunch) from six Chardonnay vineyards (3 years). 

DS DL DCL FCL FS FL

2003/04

Fe F 79.8 ± 3.69 83.1 ± 13.24 66.7 ± 1.19 84.6 ± 3.19 89.1 ± 3.19 73.5 ± 3.32
V 58.8 ± 1.69 64.7 ± 2.90 49.4 ± 3.49 73.7 ± 2.96 85.4 ± 5.03 75.6 ± 1.95
H 84.0 ± 4.31 79.4 ± 2.50 66.2 ± 1.70 98.4 ± 1.86 132.8 ± 3.05 79.5 ± 4.19

Mn F 76.0 ± 4.88 73.5 ± 5.64 98.1 ± 11.44 144.8 ± 14.81 75.9 ± 14.81 99.9 ± 3.20
V 42.6 ± 2.14 86.3 ± 8.26 94.5 ± 7.16 159.7 ± 18.07 117.0 ± 8.29 74.7 ± 4.79
H 54.6 ± 4.94 96.5 ± 6.21 107.0 ± 11.41 227.5 ± 11.81 153.6 ± 10.62 71.7 ± 2.25

Zn F 31.3 ± 1.49 25.5 ± 0.91 38.8 ± 0.92 44.4 ± 2.26 56.7 ± 2.26 34.8 ± 1.40
V 22.1 ± 1.32 20.2 ± 0.35 32.7 ± 1.34 33.0 ± 0.40 33.3 ± 2.06 23.1 ± 0.88
H 23.4 ± 1.06 21.1 ± 0.83 33.3 ± 1.62 31.7 ± 0.83 32.7 ± 1.99 22.5 ± 1.33

B F 48.1 ± 0.36 56.8 ± 3.99 60.9 ± 2.42 40.8 ± 1.41 42.1 ± 1.41 76.9 ± 5.10
V 38.0 ± 0.92 51.0 ± 3.84 60.3 ± 3.09 38.7 ± 1.18 55.5 ± 6.14 61.1 ± 8.11
H 41.9 ± 1.48 56.2 ± 6.67 59.2 ± 3.16 50.1 ± 1.57 76.8 ± 9.74 75.8 ± 13.18

2004/05

Fe F 79.3 ± 10.80 58.3 ± 3.18 58.1 ± 3.77 76.5 ± 3.77 71.8 ± 3.77 77.0 ± 4.98
V 110.1 ± 8.99 100.9 ± 10.70 77.7 ± 1.47 104.9 ± 5.95 105.8 ± 8.98 85.5 ± 1.46
H 104.5 ± 3.54 87.8 ± 4.79 85.0 ± 3.03 129.7 ± 9.14 103.9 ± 5.37 103.3 ± 6.15

Mn F 42.2 ± 1.12 73.3 ± 3.27 94.2 ± 14.87 205.8 ± 20.02 95.0 ± 20.02 104.8 ± 5.63
V 89.0 ± 3.60 144.2 ± 9.13 129.1 ± 14.72 275.0 ± 18.48 137.3 ± 8.20 92.0 ± 5.67
H 84.5 ± 3.70 150.6 ± 16.86 138.3 ± 27.65 287.5 ± 10.31 126.8 ± 10.07 94.4 ± 2.48

Zn F 32.2 ± 0.95 31.4 ± 1.04 43.7 ± 7.19 45.2 ± 3.00 51.6 ± 3.00 61.1 ± 4.10
V 30.1 ± 3.00 27.5 ± 2.64 34.6 ± 1.00 55.1 ± 5.83 40.5 ± 6.57 49.0 ± 3.44
H 23.5 ± 1.30 25.7 ± 3.04 39.6 ± 0.69 44.2 ± 1.44 35.7 ± 2.59 48.8 ± 1.63

B F 49.3 ± 4.04 56.5 ± 5.17 66.6 ± 5.13 48.8 ± 2.16 50.9 ± 2.16 81.1 ± 10.54
V 57.6 ± 2.46 66.3 ± 9.20 76.4 ± 8.59 63.0 ± 2.93 60.0 ± 3.95 92.7 ± 10.83
H 51.9 ± 1.15 83.9 ± 7.21 74.1 ± 7.72 66.3 ± 3.49 77.4 ± 2.05 85.0 ± 4.11

2005/06

Fe F 50.5 ± 2.66 52.0 ± 2.55 49.0 ± 2.12 55.8 ± 1.49 149.0 ± 100.34 138.5 ± 87.24
V 80.3 ± 5.57 91.0 ± 3.24 54.5 ± 2.06 76.3 ± 1.84 207.5 ± 117.98 79.0 ± 0.71
H 118.0 ± 8.52 68.5 ± 3.71 83.0 ± 4.98 100.0 ± 4.67 125.8 ± 11.15 125.3 ± 5.12

Mn F 44.8 ± 3.73 86.8 ± 6.85 84.0 ± 11.17 206.0 ± 11.52 53.5 ± 1.19 46.0 ± 3.44
V 56.3 ± 2.93 113.3 ± 12.16 93.0 ± 12.38 315.0 ± 19.37 112.0 ± 8.83 59.5 ± 1.56
H 62.8 ± 7.43 122.3 ± 15.78 110.0 ± 7.67 325.0 ± 11.90 120.8 ± 12.74 120.8 ± 3.93

Zn F 30.0 ± 1.08 65.5 ± 2.72 53.3 ± 1.80 53.5 ± 1.85 45.3 ± 1.60 67.3 ± 8.46
V 23.3 ± 1.11 36.0 ± 2.94 34.3 ± 0.25 44.0 ± 1.96 30.5 ± 1.32 36.0 ± 0.82
H 25.8 ± 0.48 27.8 ± 1.80 42.0 ± 2.27 41.0 ± 1.58 36.3 ± 1.49 33.5 ± 0.96

B F 83.3 ± 5.11 100.0 ± 3.72 104.0 ± 11.40 83.0 ± 7.72 84.0 ± 2.35 100.0 ± 4.14
V 91.5 ± 3.38 111.0 ± 1.08 118.5 ± 3.28 104.8 ± 5.25 129.8 ± 14.77 144.3 ± 11.09
H 64.3 ± 2.21 116.5 ± 25.08 84.8 ± 7.84 88.5 ± 9.57 88.3 ± 4.77 88.3 ± 23.98
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Table 4.20 Micro nutrients in the inflorescence/bunch at bloom, veraison and harvest from six 

Chardonnay vineyards (3 years). 

DS DL DCL FCL FS FL

2003/04

Fe F 76.8 ± 2.88 67.5 ± 1.91 78.9 ± 2.82 81.5 ± 2.67 100.0 ± 2.67 92.5 ± 5.40
V 49.9 ± 1.22 58.7 ± 7.18 45.8 ± 3.27 62.1 ± 4.26 51.5 ± 1.36 56.0 ± 2.62
H 35.5 ± 2.56 31.9 ± 1.77 38.2 ± 6.55 35.6 ± 2.05 67.0 ± 2.98 36.3 ± 0.77

Mn F 51.0 ± 3.64 40.4 ± 1.79 80.5 ± 18.38 96.9 ± 10.71 53.3 ± 10.71 74.6 ± 1.02
V 12.3 ± 0.65 21.2 ± 2.34 23.1 ± 1.84 44.6 ± 3.01 31.0 ± 1.34 19.6 ± 1.79
H 5.0 ± 0.13 9.1 ± 0.59 8.7 ± 0.73 17.0 ± 1.47 12.4 ± 0.72 6.6 ± 0.29

Zn F 30.0 ± 1.16 24.8 ± 1.17 42.4 ± 2.09 34.1 ± 1.64 40.3 ± 1.64 36.5 ± 1.76
V 10.7 ± 0.68 9.4 ± 0.16 11.7 ± 0.48 12.4 ± 0.35 13.6 ± 0.43 10.2 ± 0.40
H 5.8 ± 0.89 6.0 ± 0.97 6.5 ± 0.86 5.9 ± 0.55 6.6 ± 0.59 5.8 ± 0.62

B F 47.5 ± 0.67 41.4 ± 2.01 51.4 ± 1.29 36.0 ± 0.67 37.9 ± 0.67 57.5 ± 1.81
V 43.0 ± 0.91 44.5 ± 2.74 65.3 ± 3.15 42.0 ± 0.83 54.3 ± 3.69 69.2 ± 6.97
H 35.6 ± 1.06 36.5 ± 2.74 56.5 ± 2.42 33.7 ± 0.56 44.0 ± 3.73 57.2 ± 6.16

2004/05

Fe F 74.7 ± 2.15 61.4 ± 2.10 77.9 ± 3.09 91.4 ± 3.40 86.7 ± 3.40 94.4 ± 5.99
V 60.9 ± 10.57 68.3 ± 12.92 34.4 ± 0.47 44.2 ± 3.23 40.8 ± 0.83 48.2 ± 3.15
H 35.6 ± 1.11 32.9 ± 2.55 41.3 ± 5.58 41.5 ± 0.83 40.0 ± 2.62 41.4 ± 1.66

Mn F 33.1 ± 1.27 45.1 ± 3.23 84.7 ± 13.07 167.0 ± 13.19 70.8 ± 13.19 69.8 ± 4.07
V 16.0 ± 0.26 21.8 ± 1.65 16.2 ± 1.57 45.5 ± 5.64 18.2 ± 1.25 15.6 ± 0.78
H 7.7 ± 0.31 13.8 ± 1.46 9.4 ± 1.25 22.4 ± 2.19 11.8 ± 0.42 9.7 ± 0.20

Zn F 33.9 ± 0.93 32.2 ± 0.93 46.6 ± 1.12 47.9 ± 3.62 50.6 ± 3.62 49.2 ± 1.64
V 9.4 ± 0.45 8.4 ± 0.42 7.9 ± 0.36 13.0 ± 1.30 8.2 ± 0.42 10.1 ± 0.28
H 4.6 ± 0.12 5.0 ± 0.37 7.2 ± 2.42 6.0 ± 0.21 6.5 ± 0.41 8.9 ± 1.17

B F 46.4 ± 5.67 56.2 ± 4.39 61.2 ± 4.31 59.8 ± 0.86 60.4 ± 0.86 66.7 ± 7.02
V 43.6 ± 4.22 46.8 ± 1.29 64.8 ± 3.23 53.4 ± 2.32 51.1 ± 3.27 69.7 ± 7.19
H 32.6 ± 2.29 55.0 ± 4.87 51.6 ± 1.70 48.6 ± 1.54 50.1 ± 2.37 64.9 ± 6.79

2005/06

Fe F 58.8 ± 2.46 57.0 ± 3.42 66.0 ± 2.27 73.5 ± 3.12 73.8 ± 1.89 74.8 ± 2.10
V 51.0 ± 6.78 45.0 ± 3.39 36.8 ± 1.11 45.0 ± 3.14 55.5 ± 2.96 44.5 ± 1.71
H 33.3 ± 1.55 43.8 ± 5.65 39.5 ± 10.01 36.3 ± 1.38 42.8 ± 5.02 36.5 ± 0.50

Mn F 27.8 ± 1.25 42.5 ± 0.87 67.8 ± 5.04 143.0 ± 9.86 37.3 ± 0.63 34.8 ± 2.63
V 17.0 ± 2.42 24.5 ± 2.60 21.8 ± 2.06 67.5 ± 6.74 25.3 ± 2.63 16.0 ± 0.41
H 7.0 ± 0.71 11.5 ± 1.04 8.3 ± 0.85 29.0 ± 1.23 11.8 ± 0.25 6.5 ± 0.29

Zn F 27.5 ± 0.96 33.8 ± 2.59 53.0 ± 3.76 42.0 ± 1.96 35.8 ± 1.11 60.5 ± 3.07
V 12.3 ± 1.44 10.0 ± 0.41 11.8 ± 0.48 12.8 ± 0.63 11.8 ± 0.63 11.3 ± 0.48
H 5.5 ± 0.29 5.8 ± 0.48 5.5 ± 0.50 6.5 ± 0.65 5.5 ± 0.29 4.8 ± 0.25

B F 92.5 ± 3.80 103.3 ± 7.92 108.5 ± 4.56 77.5 ± 4.70 85.8 ± 2.21 90.8 ± 2.06
V 92.8 ± 7.28 106.8 ± 6.03 119.8 ± 7.45 91.3 ± 5.57 105.3 ± 4.75 141.5 ± 9.54
H 56.3 ± 5.98 84.3 ± 15.08 82.0 ± 2.48 142.0 ± 13.83 101.0 ± 15.27 108.8 ± 10.33

 

 



- 91 - 

4.1.12  Nutrient removal and use efficiency  
Grapes are removed from the vineyard at harvest, and with them a large amount of nutrients. These 

amounts equate to kg per tonne of fruit for the macro nutrients, and g per tonne for the micro nutrients. 

The total amount of these is not only due to differences in concentrations but, most importantly, the 

yield level of a vineyard. N and K are the nutrients which are removed from a vineyard system in the 

largest amounts, while K fertiliser applications are relatively small, the removal of N is increased by 

the amount of N fertiliser applied (Table 4.21). Generally, the variation in nutrients removed between 

years and vineyards are applicable for all nutrients, but the magnitude and variability is different. 

While some of the macro nutrients, such as Mg and P show small variations in removal between 

vineyards and years, most micro elements show more variability. For instance, Mn and Fe removed by 

each tonne of grapes is particularly variable; much higher levels of these elements were removed from 

the FCL vineyard than any of the other vineyards, particularly for Mn.  

 
Table 4.21 Nutrients removed by the fruit at harvest in six Chardonnay vineyards (3years).                    

kg per t g per t

N P K Ca Mg S Fe Mn Zn B

2003/04

DS 1.78 0.34 3.51 0.28 0.14 0.16 7.7 1.1 1.3 7.7
DL 1.98 0.38 3.27 0.39 0.16 0.16 6.0 1.7 1.1 6.9
DCL 1.91 0.27 3.35 0.26 0.13 0.16 8.2 1.8 1.4 11.8
FCL 2.06 0.30 3.87 0.33 0.18 0.21 8.3 3.9 1.4 7.8
FS 2.24 0.36 3.45 0.40 0.18 0.22 15.4 2.9 1.5 10.1
FL 2.00 0.37 3.41 0.30 0.14 0.16 8.0 1.5 1.3 12.7

2004/05

DS 2.00 0.32 2.99 0.41 0.15 0.17 7.9 1.7 1.0 7.2
DL 2.17 0.35 3.12 0.39 0.16 0.16 6.2 2.6 1.0 10.5
DCL 2.20 0.28 3.27 0.32 0.13 0.18 9.2 2.1 1.6 11.4
FCL 2.60 0.30 3.87 0.29 0.16 0.22 9.5 5.1 1.4 11.1
FS 2.50 0.37 3.41 0.30 0.16 0.20 8.1 2.4 1.3 10.2
FL 1.90 0.31 2.84 0.32 0.13 0.15 7.1 1.7 1.5 11.2

2005/06

DS 1.95 0.32 3.1 0.38 0.16 0.16 7.2 1.5 1.2 12.1
DL 2.33 0.42 3.4 0.43 0.18 0.16 8.7 2.3 1.1 17.1
DCL 1.75 0.24 3.0 0.28 0.13 0.15 8.2 1.7 1.1 17.2
FCL 2.28 0.26 3.3 0.31 0.16 0.19 7.3 5.9 1.3 28.7
FS 2.13 0.37 3.1 0.29 0.14 0.18 8.0 2.2 1.0 18.8
FL 2.56 0.41 3.6 0.31 0.15 0.17 8.0 1.4 1.0 24.0

Average
2003/04 2.00 0.34 3.48 0.33 0.15 0.18 8.9 2.2 1.3 9.5
2004/05 2.23 0.32 3.25 0.34 0.15 0.18 8.0 2.6 1.3 10.3
2005/06 2.17 0.34 3.28 0.33 0.15 0.17 7.9 2.5 1.1 19.7
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As mentioned earlier, to asses the export of nutrients by the fruit, the yield level must be considered as 

this will directly influence the fertiliser requirements for the next season. 

The growing canopy also accumulates a large amount of nutrients, with similar levels to the fruit. As 

the shoots do not leave the vineyard (unless canes are removed at pruning), so nutrients will be partly 

moved in the permanent structure or recycled via soil microbial decomposition within the vineyard 

system. In this respect, these nutrients can be used either in the next season (stored) or over a number 

of seasons via nutrient mobilisation within the soil and root uptake. It is still important to have further 

information on the amounts required for the new season, particularly until harvest, since this canopy is 

important for fruit development and berry maturation. The variation in shoot nutrient levels up until 

harvest is greater than occurs for fruit (Table 4.22). The elemental concentration of vine canopy and 

structure in the DCL vineyard was particularly high for most nutrients, while the converse was evident 

in the FCL vineyard which was consistently low, with the exception of Mn and Zn. In the second year 

more nutrients were accumulated in each tonne of shoots produced in most vineyards, which could be 

due to better reserve status of these vines, than the older vineyard (DCL) and the vineyard with a large 

permanent structure (FL) did not show this increase. The recycling of nutrients in the vine and in 

vineyards is an important issue when assessing fertiliser requirements. 
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Table 4.22  Nutrients accumulated by the shoots after harvest in six Chardonnay vineyards (3years).                

kg per ha g per ha

N P K Ca Mg S Fe Mn Zn B

2003/04

DS 17.3 1.9 13.5 16.8 3.4 1.6 93.9 61.1 26.0 46.5
DL 18.7 2.0 8.4 20.5 3.6 1.5 63.3 76.5 16.6 45.5
DCL 39.7 3.3 32.1 39.6 8.7 3.8 188.2 294.4 93.8 167.0
FCL 11.0 0.9 7.6 9.8 3.0 1.1 59.6 136.6 19.1 30.3
FS 11.5 1.0 4.9 14.3 3.1 1.2 81.4 93.7 19.6 44.1
FL 39.2 5.5 29.3 42.5 8.5 3.6 213.4 193.4 60.2 206.3

2004/05

DS 32.7 3.0 15.1 51.6 7.4 3.1 225.2 182.7 49.7 110.9
DL 23.1 2.3 11.4 24.5 5.4 1.8 103.6 172.0 29.3 104.6
DCL 35.7 2.9 22.0 45.0 8.8 3.7 211.1 336.3 98.9 185.2
FCL 29.4 2.2 19.7 25.3 6.8 3.0 224.9 497.1 76.8 114.5
FS 22.7 2.5 13.9 21.5 5.2 2.2 140.8 171.7 48.0 105.9
FL 36.2 4.0 20.2 35.5 7.1 3.2 212.3 192.3 98.3 172.9

2005/06

DS 23.2 2.3 13.7 29.4 6.0 2.1 197.1 104.0 42.5 106.2
DL 15.9 1.8 7.4 17.2 3.9 1.2 56.2 102.3 22.7 90.4
DCL 41.2 3.2 27.5 48.8 10.5 4.1 248.7 332.6 122.7 249.8
FCL 19.0 1.4 11.8 16.2 4.6 1.8 106.7 345.8 43.3 94.6
FS 36.3 4.2 21.6 32.8 7.6 3.2 251.4 238.9 73.1 175.6
FL 35.0 4.2 22.8 36.5 8.6 2.9 283.2 144.3 76.0 266.9

Average
2003/04 22.9 2.4 16.0 23.9 5.0 2.1 116.6 142.6 39.2 90.0
2004/05 30.0 2.8 17.1 33.9 6.8 2.8 186.3 258.7 66.8 132.4
2005/06 28.5 2.9 17.5 30.2 6.9 2.6 190.6 211.3 63.4 163.9

 

 

The effectiveness of a vineyard fertiliser and water application management program can be measured 

in terms of nutrient or water use efficiency (NUE, WUE). This relates how many tonnes of grapes are 

produced per ML of water applied over a given area. A similar relationship for nutrient applications 

(tonnes of fruit produced per kg of nutrient applied) can be used to provide an indication of fertiliser 

use efficiency. Table 4.23 shows the WUE for the six Riverina sites in the 2004/05 and 2005/06 

seasons, and is calculated for the amount of water applied to each vineyard. For nitrogen use 

efficiency (NUE) and phosphorous use efficiency (PUE), the calculation is made for fertiliser 

applications made in the preceding 12 month period leading up to harvest. Nitrogen use efficiency 

varied between vineyards and seasons as did phosphate use efficiency. In both seasons, WUE was 

generally greater in the drip than furrow irrigated vineyards. WUE was high in the DL and DCL 

vineyards, intermediate in DS and low in FS, FL and FCL.  
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Nitrogen fertilisers were also used more efficiently under drip irrigation, but phosphorous efficiency 

was generally similar under both irrigation regimes. In the second season, NUE was lowest in DS and 

highest in DCL and FL, while PUE was best in DS DL and FL and lowest in vineyard FCL and FS. The use 

of P was most efficient in DS and FL, intermediate in DL and DCL and lowest in FCL. The NUE 

efficiency depends on the amount of fertiliser applied and on the crop load produced, and this response 

to yield is similar for WUE. 

 

Table 4.23 Nutrient use efficiency (NUE) of N and P and water use efficiency (WUE) in six 

Chardonnay vineyards (2 years).  

Vineyard

DS DL DCL FCL FS FL

2004/05
NUE 0.7 0.2 0.5 0.1 0.2 0.3
PUE 0.8 0.0 0.8 0.5 0.9 0.9
WUE 3.4 5.6 5.9 2.6 3.1 4.0

2005/06
NUE 0.3 0.2 0.9 0.2 0.2 0.6
PUE 1.0 0.7 0.8 0.4 0.6 1.4
WUE 4.0 5.1 4.7 3.5 3.3 3.3

 

However, the interpretation of these results is not straight forward. For example, both the DCL and DS  

vineyards exhibited good NUE, but when referring to their respective fruit and petiole N levels it was 

evident that they were only marginally satisfactory at best. It may be that fruit nitrogen levels per 

kilogram of fertilizer applied could be a better way to look at N use efficiency rather than using tonnes 

of fruit produced. This remains to be tested in subsequent seasons.  

 
 

4.1.13  Summary and conclusions – Vine development and vineyard management 
 

This part of the project was concerned with the nutrient inputs, timing, and the nutrient status at key 

stages of vine development. In addition, the amounts of nutrients in the developing canopy and 

removal by the crop at harvest was determined. This was aimed to understand the dynamics of nutrient 

requirements during the season and therefore optimise fertiliser application, particularly nitrogen and 

phosphate. These two nutrients are important for grape production, in regard to productivity and grape 

composition. The other main aspect in this study was to investigate the potential negative impact on 

the environment in the form of leaching and run off losses from a vineyard, which is addressed in the 
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next section of this report. The amounts of N and P applied to the vineyards was recorded from harvest 

to harvest in the last two seasons (2004/05, 2005/06), which allowed conclusions to be drawn between 

supply and nutrient status of the vines and nutrient removal from the vineyard with the crop. Other 

macro and micro nutrients (K, Mg, Ca, S, Fe, Mn, Zn and B) were supplied in variable amounts to the 

vineyard, the vine nutrient status and the removal by the crop of these nutrients was also assessed. 

The study was conducted on three drip and three furrow irrigated Chardonnay vineyards on three soil 

types in the Riverina (DS, DL, DCL, FCL, FS, FL – see section 2.1). These vineyards received an average 

yearly application of N over two years between harvests from 43.0 to 88.5kg per ha. These differences 

were reflected in the N status commonly measured as N concentration in the petioles at flowering, 

ranging from 0.75% to 1.76% DW. This means the concentrations were slightly below or significantly 

exceeding the adequate recommended level. Juice amino acids, which are used by yeast during 

fermentation, can also be used as an indicator of vine N requirements. Petiole N concentrations 

increased with increasing N application rates, but amino N remained constant above 50 kg N/ha 

(except for site DS, where N was applied mid-ripening). Yield did not increase with higher N 

application rates, suggesting that the average 70 kg N/ha applied at FS, FL, FCL and DL was more than 

required to maintain productivity. The maintenance of adequate N status at DCL with 43 kg N/ha 

supports these findings. Leaching of drip applied urea and salinity may have contributed poor N 

utilisation at site DS. The nutrient removal by the fruit ranged from 25.6 to 53.8kg per ha, indicating 

that vineyards such as FCL and FS received more than double the N than the amount which was 

incorporated into the fruit, only vineyard DCL received less N than removed by the crop. In addition, 

there was a significant amount of N accumulated in the shoots at harvest ranging from 9.4 to 24.8kg 

per ha, but these amounts will be either stored for the next season or added to the N pool in the 

vineyard soil. These results indicate that application rates of 40-50 kg N/ha were sufficient for optimal 

vegetative growth and juice N concentrations. Higher rates did not result in an increase in yield.  

The second macro nutrient of major relevance in this project was P, due to its importance to vine 

productivity and the potential impact on the environment. The average application rate between 

harvests per year varied from 7.5 to 32.7 kg/ha, there was no relationship between rate and petiole P 

levels at flowering. The average values from the two seasons of 0.30 to 0.71% DW are in and above 

the adequate range. Vineyard FCL receiving one the highest amounts P fertiliser had in fact the lowest 

petiole level, while vineyard DL which was supplied with the least P had one of the highest petiole 

levels. This indicates the critical role of soil conditions such as moisture and soil pH in the vine’s 

access to this nutrient. However in contrast to N application, yield was increased by P application. For 

instance, vineyard DL received the least P fertiliser and had the lowest yield. The P nutrient removal 

by the fruit was much lower than for N, ranging between 4.2 to 7.5kg/ha.  
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The accumulated amounts of P in the shoots were much smaller than for N and varied between 1.8 to 

8.1kg/ha and would be partially recycled in the vineyard system. The findings indicate that P 

application at least in the range it was applied in the six vineyards can alter vine productivity.  

The vine nutrient status in the form of bloom petiole levels for the other macro nutrients and four 

micro nutrients averaged over the last two seasons showed large differences between vineyards, 

particularly for manganese. The vineyards received potassium fertiliser per year ranging from 0 to 

36.8kg/ha as part of compound fertilisers. Other nutrients were applied as a part of the P fertiliser, this 

implies for sulphur (1.2 to 40.5kg/ha) and calcium (0 to 12.7kg/ha). Magnesium was contained in 

compound fertilisers and was applied in a range from 0 to 1.5kg/ha, in addition these fertilisers 

contained most micro nutrients. K shows the highest petiole concentrations at flowering of all 

nutrients ranging from 1.81 to 3.94% and was the most dominant mineral removed by the fruit from 

the vineyards with 37.2 to 85.2kg/ha. The petiole concentration ranges were for Ca 1.11 to 1.41% and 

for Mg 0.30 to 0.46%, while S levels were much lower than the other macro nutrients ranging from 

0.08 to 0.28%. The amount of nutrients removed by the crop was 4.5 to 7.7kg/ha for Ca, 1.9 to 

3.5kg/ha for Mg and 1.82 to 4.40kg/ha for S. The micro nutrients iron and Mn showed petiole level 

ranges of 29 to 36ppm and 30 to 280ppm respectively. The range for zinc was between 48.5 and 

106.9ppm and for boron 82 to 148ppm. The micro nutrients were removed in much smaller amounts 

by the crop, these were for Fe 84 to 235g, Mn 28 to 83g, Zn 12 to 38g and B 155 to 371g per ha. As 

for the N and P these macro nutrients were accumulated in the kilogram range in the shoots per 

hectare, while for the micro nutrients in the gram range. The petiole levels for K were partly above and 

for Mg and Ca below the adequate range. Zn was in the adequate range, while Mn was above the 

range in some vineyards and B was in or above the high range. This indicates that there might be some 

limiting effects on vine productivity and/or grape composition by these nutrients either due to low 

supply or even excess.  

The collected information of the productivity data and the nutrient status of these six vineyards could 

assist further refinements of the current recommended petiole ranges for a number of essential plant 

nutrients. The nutrient status of these vines must also be related to soil conditions, particularly soil 

moisture and pH, since these would have a significant impact on the nutrient uptake and availability. 

The main focus of this work was N and P, while N application rates clearly altered N in the petiole and 

juice, P supply appears to have impacted on yield levels. N applications should be split between pre-

bloom  and post-harvest to match root growth periods and avoid single large applications that increase 

N leaching risk. Greater use of standard plant tissue analysis should  be encouraged to refine N 

application rates and allow adjustments from season to season. The overall removal of these two 

macro nutrients and recycling of prunings as well as re-mobilisation from the leaves before leaf fall 

should be considered for optimising the vineyard nutrient supply. 
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Root distribution of Chardonnay vines under drip and twin furrow irrigation in the 

Riverina  

 
4.1.14 Introduction  

This report summarises measurements of root length densities carried out in four irrigated vineyards 

near Griffith, NSW, in February 2007. It compares the results with those of a similar survey carried 

out in 2004 (LeCourt and Deery, unpublished technical report). The combined results allow the 

influence of irrigation method (drip vs twin furrow), rootstock (Ramsey vs. own roots), soil type 

(Hanwood loam vs. Clay loam), and age on the root length density and root distribution of 

Chardonnay vines to be explored. 

4.1.15 Results  

4.1.15.1 Overview 

The root length density contour maps of each transect for each vineyard sampled (Figure 4.7 and 4.8) 

provide a good overview of the data collected. 

4.1.15.2 Comparison of depth-averaged root length densities between vineyards 

The average root length densities for the inter-row, vine-line and both transects combined are 

presented in Figure 4.9  

 

Comparison of drip vs furrow 

Visually it appears that the greatest effect on root length densities was the type of irrigation. Root 

length densities were higher under drip-irrigated vineyards than under furrow, but the difference 

between the drip (overall mean 0.85 cm cm-3) and furrow (0.52 cm cm-3) treatments was not 

significant. When only root length densities above a depth of 50 cm were averaged, however, the 

difference between the drip (0.64 cm cm-3) and furrow (0.30 cm cm-3) treatments was significant 

(P=0.05). This is because, as will be seen below, there were substantially less roots above 50 cm under 

one of the furrow-irrigated vineyards than under the other vineyards. 
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Figure 4.7 Root length density (cm cm-3) as a function of depth and distance from the vine within 

the inter-row and along the vine line for drip-irrigated vineyards. 
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Figure 4.8 Root length density (cm cm-3) as a function of depth and distance from the vine within 

the inter-row and along the vine line for furrow-irrigated vineyards. 
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Figure 4.9 Root length density (cm cm-3) of all the samples. Results are presented for the average 

within the inter-row, the average within the vine line and the overall average. 

 
 

Proportion of roots in the vine line 

It is also evident from Figure 4.9 that under drip irrigation there are consistently higher (though not 

significantly) root length densities under the vine-line than in the inter-row; on average 65% of the 

roots sampled were under the vine line. There was a trend towards a decreasing percentage of roots 

under the vine line with increasing age from 69% at age 5 to 55% at age 10 years. Under furrow 

irrigation the difference was inconsistent and often small, resulting in a smaller average percentage of 

total roots under the vine line (50%).  

 

Influence of vine age 

The smallest average root length density (0.20 cm cm-3) was associated with the youngest vines, but 

otherwise the correlation between age and RLD was poor (Figure 4.10). The data could suggest that 

maximum RLD (average of 0.78 cm cm-3) is reached 3 to 4 years after planting, although there is 

really insufficient data for vines less than 5 years old to confirm this, and there are also the possibly 

confounding factors of soil type, vine stock and irrigation affecting the data. 
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Figure 4.10 Average root length density (cm cm-3) for each vineyard as a function of vine age.  

 

A more direct comparison can be made by comparing vineyards where all other variables are held 

constant. There are two examples of this in the data set (Table 4.24).  

 
Table 4.24 Key features of the vineyards from which the root samples described here were 

sampled  

Year 

Sampled 

Irrigation 

Method 

Vineyard Rootstock Soil type Date of 

establishment 

Age at 

sampling 

(years) 

2004 Drip 196 Ramsey Clay loam 1994 10 

 Furrow 86D Ramsey Clay loam 2002 2 

2007 Drip 128 Ramsey Hanwood loam 2002 5 

 Drip 110 Own roots Hanwood loam 2002 5 

 Furrow 208 Ramsey Hanwood loam 2001 6 

 Furrow 86D Ramsey Clay loam 2002 5 

 

The measurements on 2 year old and 5 year old furrow irrigated vines on Ramsey roots and clay loam 

soil came from the same vineyard. In the 3 years between measurements the average root length 

density increased from 0.20 to 0.71 cm cm-3, a substantial increase.  
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In addition two other sets of measurements have the same soil type, rootstock and irrigation, although 

they were not made on the same vineyard, namely the 5 year old and 10 year old drip irrigated vines 

on Ramsey roots and clay loam soil. The average root length density of the 5 year old vines was 0.76 

and that of the 10 year old vines was 0.85 cm cm-3, only marginally greater. 

 

Influence of rootstock 

Although there were a greater proportion of roots in the vine-line, the root length density of vines on 

their own rootstock was otherwise not apparently different from the vines on Ramsey rootstock. A 

direct comparison is possible for drip-irrigated, 5 year old vines in Hanwood loam (Table 4.24). The 

average root length density of vines on their own rootstock was 0.95 cm cm-3, while for those on 

Ramsey it was 0.85 cm cm-3. This difference is within the overall scatter and unlikely to be significant. 

 

Influence of soil type 

Viewing the whole data set (Figure 4.9) there was no significant difference between vines grown in 

Hanwood loam and those grown in clay loam, and also no obvious difference.  

A direct comparison is possible for furrow-irrigated, 5 and 6 year old vines on Ramsey rootstock 

(Table 4.24). The average root length density of vines in Hanwood loam was 0.64 cm cm-3, while for 

those in clay loam it was 0.71 cm cm-3. Again, this difference is within the overall scatter and unlikely 

to be significant. 

4.1.15.3 Root distribution with depth 

The percentage of roots above 50 cm is presented in Figure 4.11. For five of the vineyards sampled, 

between 69% and 77% (mean = 73%) of the roots sampled were above 50 cm. The values for the inter 

row and vine line were also close to this mean value. The exception was the furrow-irrigated vines on 

Ramsey rootstock and Hanwood loam, where the average was only 40%. The percentages in the inter 

row and vine lines were almost identical. As seen in Figure 4.9, the average root length density for this 

vineyard (0.64 cm cm-3) was not substantially different from the overall mean (0.69 cm cm-3). There is 

no apparent reason for this observation.  

Another view of the distribution of root length density with depth is presented in Figure 4.12, where 

the percentage of roots in the 0-20, 20-50 and 50-100 cm layers are presented. Averaged over all 

vineyards samples, there is approximately one third of the roots in each of these layers (32%, 35% and 

33%, respectively). Five of the individual vineyards conform closely to this pattern, although in some 

cases there was a trend of decreasing proportion of roots with increasing depth.  
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Figure 4.11  Proportion of roots above 50 cm in all the vineyards sampled. Results are presented 

for the average within the inter-row, the average within the vine line and the overall 

average. 

 
However, as expected from the previous figure the furrow-irrigated vines on Ramsey rootstock and 

Hanwood loam were markedly different, with a large increase with depth, from 13% in the surface 20 

cm to 60% in the lower 50 cm. 
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Figure 4.12 Proportion of roots in each layer of the soil profile for each vineyard sampled. Results 

are presented for the average within the inter-row, the average within the vine line and 

the overall average. 

 

4.1.16 Summary and conclusions 
Average root length densities were higher under drip-irrigated vineyards than under furrow, and the 

difference was significant (P=0.05) when only root length densities above a depth of 50 cm were 

averaged. Average root length densities were consistently higher (though not significantly) under the 

vine-line than in the inter-row under drip irrigation; under furrow irrigation the difference was 

inconsistent and often small, resulting in a smaller average percentage of total roots under the vine line 

(50% for furrow compared with 65% for drip). 

The smallest average root length density (0.20 cm cm-3) was associated with the youngest vines (2 

years old). Average root length densities of all other vines, which were between 5 and 10 years old 

(mean 6 years), did not deviate substantially from the mean of 0.8 cm cm-3. 

There were no obvious influences of soil type or rootstock on average root length densities. 

With the exception of one vineyard, the distribution of roots with depth was the same for all vineyards, 

with approximately one third of the measured roots in the 0-20, 20-50 and 50-100 cm layers, 

respectively. The exception was the 6 year old furrow-irrigated vineyard with vines on Ramsey 

rootstock in Hanwood loam. There was no obvious reason for the proliferation of roots below 50 cm in 

this vineyard.    

 

Water  

4.1.17 Soil water 

Soil water measurements were made for several purposes. The soil water tension was measured under 

the vine line to provide guidance to the irrigators. Optimum conditions for growth are obtained when 

the soil water tension is kept between 10 and 80 kPa; less than 10 kPa is too wet, while greater than 80 

kPa is too dry. The soil water tension data also allow an assessment of how successful the different 

irrigation strategies (drip vs furrow) were in maintaining optimum soil water conditions.  

Two extreme examples of the observed soil water tension data are presented in Figure 4.13, both 

measured on the same vineyard, the FL vineyard. The site in Figure 4.13a was the wettest observed in 

all the vineyards, with the soil at all depths spending substantial periods wetter than the target 10 kPa 

value.  
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The site in Figure 4.13b was among the driest in the Riverina vineyards (only the DRCL vineyard in 

North East Victoria was substantially drier), with the soil at all depths being drier than the target 80 

kPa for substantial periods of the irrigation seasons. This figure illustrates the variability in soil water 

status between the vineyards and that it was not necessarily determined by the type of irrigation.  

This is further illustrated in  

Figure 4.14 and Figure 4.15 where soil water tension date are summarised for all vineyards. To make 

the data manageable, the daily average of soil water tensions for the four measurement depths and for 

similar sites is presented. For the drip irrigated vineyards it is the average for all sites, while for the 

furrow irrigated vineyards averaging was done separately for the three head and three tail sites. From 

this figure it can be seen that DS and the Tail of FL were the wettest. None of the drip irrigated 

vineyards in the Riverina were particularly dry, but that in North East Victoria (DRCL) was much drier 

than all others. This reflects a significantly different irrigation strategy at that vineyard. 
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Figure 4.13  Soil water tension at all depths for two sites in FL vineyard over the whole period of 

monitoring. (a) the Main site in the Tail area (MT) and (b) the second satellite site in 

the Head area (SH2). The shaded area indicates the optimum tension zone.  

 

Averaging across all measurement depths is useful for comparison of the vineyards but makes the data 

difficult to interpret relative to the 10 and 80 kPa target values; because the soil could be quite wet at 

the shallow depths but dry at one or two deeper depths, resulting in an average greater than 20 or 30 

kPa. Nevertheless, times when the average soil water tension was less than 10 to 20 kPa represent very 

wet periods, and times when it is greater than 60 to 80 kPa represent quite dry periods. 
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Figure 4.14 Daily average root zone soil water tension for the drip irrigated vineyards. 

Measurements for the main and both satellite sites at all depths were averaged.  
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Figure 4.15 Daily average root zone soil water tension for the furrow irrigated vineyards. 

Measurements for the main and both satellite sites at all depths were averaged for the 

head and tail areas of the vineyards.  

 
Another way of providing a simple comparison of the soil water status under different vineyards is to 

look at long term averages of soil water tension in each vineyard. These are presented in Figure 4.16 

for the two irrigation seasons.  
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As expected from previous figures, the DRCL vineyard in North Eastern Victoria was generally the 

driest by a long way. Subsequent discussion will focus on the Riverina vineyards.  

Close to the soil surface (0.25 m), the furrow irrigated vineyards were drier than the drip irrigated ones 

under the vine line. This is expected because the drip line and the vine line coincide, whereas the 

furrow if offset by about 0.7 m from the vine line. By 0.5 m, however, water spreading sideways from 

the furrow resulted in all vineyards being similarly wet (on average) under the vine line. This was also 

the case at 0.75 m, although there was a tendency for the drip irrigated vineyards to be slightly drier. 

At 1 m, the furrow irrigated vineyards were wetter than the drip irrigated ones, and this was the wettest 

depth for those vineyards. Under the drip irrigated vineyards, the 0.25 m measurements were the 

wettest on average, but they were the next wettest at 1 m. The observation that the soil beneath the 

vine line in all vineyards at 1 m was on average wetter than at 0.5 and 0.75 m suggests that water was 

reaching 1 m in all vineyards but not being utilised by the vines as well as at shallower depths. This 

agrees with preliminary measurements of the vine root distributions in two vineyards, one drip and one 

furrow irrigated. These showed that 80% of the roots were shallower than 0.5 m and all roots were 

above 0.75 m, with no differences between the drip and furrow irrigated vineyards. It could also have 

resulted from shallow water tables but information on this was not available. The data in Figure 4.16 

also shows that on average the Riverina vineyards were being kept quite wet. The overall average for 

all depths and in both irrigation seasons was 23 kPa for the drip and 27 kPa for the furrow irrigated 

vineyards.   

It is clear from  

Figure 4.15 and Figure 4.16 that the soil was being dried more effectively during the growing season 

in some vineyards than in others. Examination of the full data set (such as Figure 4.) showed that the 

main differences were occurring at the deeper depths. Table 4.25 is an attempt to visualise this effect. 

The driest values of soil water tension over the whole two year measurement record are summarised 

for the 0.75 and 1.0 m depths. The values are divided into four categories from quite wet (< 20 kPa) to 

quite dry (> 80 kPa). As expected from previous discussions, vines in the DRCL vineyard dried the soil 

at these depths quite effectively. Of the other vineyards, the behaviour was quite variable. The drip 

irrigated vineyards had both the lowest and highest effectiveness of root water extraction at both 

depths (ie more measurement sites where the maximum drying was < 20 kPa and more sites where it 

was > 80 kPa). These differences were small, however, and the overwhelming impression from Table 

4.25 is that the effectiveness of root water extraction, relative to the amount of water applied, is 

similarly variable in both the drip and furrow irrigated vineyards. 
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Figure 4.16 Season average root zone soil water tension at each depth and for all depths. Measurements for all sites at each vineyard were 

averaged for the periods 1 September to 31 May for the 2004/05 and 2005/06 irrigation seasons. 
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Table 4.25 Extent of drying at depths of 0.75 and 1.0 m. Each rectangle represents a 

measurement site in each vineyard. 

Depth Drip Furrow    

  (m) DS DL DCL DRCL FS FL FCL    

    Legend 

    wet < 20 kPa

         20 - 50 

         50 - 80 

        dry > 80 kPa 

0.75 

      

          

          

          

          

          

1.0 

          

 

4.1.18 Deep drainage 

Drainage meters were installed at all Main sites except MT at the Furrow-B vineyard. As mentioned 

previously, the drainage meters are currently not able to determine the actual amount of deep drainage, 

but they do measure the soil water potential gradient (from which drainage is calculated). This 

provides an indication of when deep drainage is occurring and a qualitative indication of its 

magnitude. In interpreting these data it should also be noted that these are point measurements, and 

because of the large variability in soil water observed across the vineyards they can only ever provide 

a qualitative indication of deep drainage rather than a quantitative value representative of the vineyard.  

Measurements of the gradient in total soil water potential (or hydraulic head, the sum of gravitational 
potential and soil water tension) are presented in  

Figure 4.17. Only values that are positive, ie that indicate downward movement of soil water, are 

graphed. The magnitude and duration of these periods of downward hydraulic gradient indicate the 

relative amounts of drainage that occurred under the different vineyards. It should be noted that there 

were periods when the drainage meters were not functioning producing gaps in the record, but these 

do not interfere with the overall comparison between the vineyards.  
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It can be seen from  

Figure 4.17 that no significant periods of deep drainage were recorded in the DCL and DRCL 

vineyards. These were also the driest vineyards identified in figures in the previous section. The only 

drip irrigated vineyard with any prolonged periods of deep drainage was DL.  
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Figure 4.11 Values of total soil water potential gradient (hydraulic gradient) at times when they 

indicate downward flow, or deep drainage.  
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This was not the wettest of the other two drip irrigated vineyards as indicated by previous figures, but 

the drainage meter was installed at a shallower depth than in the other vineyards (1.2 m compared with 

1.5 m) because a water table was encountered at that depth preventing deeper installation. All three 

furrow irrigated vineyards had extended periods when deep drainage occurred. This is consistent with 

the earlier observation that on average the soil was wetter at 1 m than under the drip irrigated 

vineyards. 

4.1.19 Estimating sub-soil hydraulic properties in-situ 

4.1.19.1 Introduction 

The loss of water beyond a plant’s root-system, or deep drainage, posses a risk to the environment due 

to the high probability that it may lead to groundwater recharge and contamination. It also is an 

important mechanism for the flushing of accumulated salts from a root-system that has been irrigated 

with saline water, so it requires careful management by irrigators in order to prevent water-logging 

and salinisation. Yet, there are no direct, routine methods of measuring deep drainage (Bond 1999) so 

irrigators have no choice but to manage deep drainage using rough-rules of thumb that relate the 

leaching requirements relative to the quantity of evapotranspiration and the salt load in the irrigation 

water. Researchers are also hampered in their efforts in studying deep drainage because of a lack of 

suitable technology and they must resort to indirect methods where deep drainage is determined as the 

balance between estimates of evapotransipiration, rainfall, irrigation and the change in soil-water 

stored in the root-zone. In most cases, these indirect methods have a large uncertainty in the estimate 

of deep drainage because of the uncertainty in the measurement of evapotranspiration, which can be as 

much as ± 10% (Dr Helen Cleugh, CSIRO, private communication).      

The Drainage Meter (Hutchinson & Bond, 2001; Bond and Hutchinson, 2006) was developed by 

CSIRO with funding from the Grains Research & Development Corporation to provide a direct 

method that could be used by researchers and irrigators to monitor the long-term changes in deep 

drainage (Figure 4.18). 
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Figure 4.18 The CSIRO Deep Drainage Meter. 

 

This device monitors hydraulic gradients in-situ below the crop root zone and with the use of Darcy’s 

Law (van Bavel et al. 1968), the movement of water or soil water flux in the soil is obtained by 

directly measuring the soil water potential gradient z∂∂ /ψ  and the soil water potential ψ  at the 

depth of interest.  The vertical component of the soil water flux, q, is given as 

( )( )zKq ∂∂+= /1 ψψ                                                         Eqn. 1 

where ( )ψK  is the hydraulic conductivity at the depth of interest and z is the vertical coordinate 

direction taken as positive for downward water flux. 

The Drainage Meter estimated z∂∂ /ψ  using the difference between the soil water potential measured 

with two vertically separated tube tensiometers (Hutchinson and Bond, 2001). The tube tensiometers 

are the hollow vertical tubes shown in Figure 4.18, one at the top of the Drainage Meter where the 

vent cables join the body of the instrument, and another 20 cm below at the base of a scalloped section 

in the body.  Both of these hollow tubes are packed with highly conductive diatomaceous earth and the 

entire instrument is buried at depth in the soil. A hydraulic bridge is formed between the tube 

tensiometer and the side-wall of the hole using compacted diatomaceous earth.  Details of the method 

of installation are provided by Bond and Hutchinson (2006). The tube tensiometers in the Drainage 

Meter are capable of measuring the soil water potential within the range L<<ψ0  with an accuracy 

of ±0.5 cm, where L is the length of the tube tensiometer. For the instrument shown in 4.18, L was 100 

cm for the lower tube tensiometer and 120 cm for the upper tube tensiometer, respectively.   
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To estimate ( )ψK  using the Drainage Meter a #4 porosity sintered glass disk was built into the top of 

the body (the white disk in Figure 4.18) and connected to a low flow rate pump at the soil surface 

using a small bore nylon tube. The designers anticipated that water could be pumped through this glass 

disk to produce a sub-surface spheroidal source under sub-atmospheric pressure. The data produced by 

this infiltration and the methods of Inoue et al (1988), Kodesova et al (1999) or Or et al. (2000) would 

be used to thus determine ( )ψK , however this work did not proceed during the development because 

of a shortage of resources. 

 

The soil at this location is described as a Hanwood Loam (Figure 4.19) by Butler (1979) and at the 

depth of interest, where the Drainage Meter measures the soil water flux, the soil is texturally a clay 

loam containing light and soft carbonates.   

 

Figure 4.19. Textural profile of a Hanwood Loam soil 

This report presents the results of field trials performed with the Drainage Meter to measure ( )ψK .  

The results of field trials on a control site are described where the method is tested and perfected. Then 

the method is then applied to a viticultural field site where long-term measurements of z∂∂ /ψ  and 

ψ  have been made.  
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To determine if the estimates of sub-surface conductivity are reasonable, the moisture fluxes at this 

site are computed from the Drainage Meter output and compared with other estimates.  

 

On the 16 May 2007 the program of testing began and the pump was started. However, no flow was 

recorded and the small bore nylon tube was found to be blocked. A length of 1.2 mm diameter mild 

steel wire was inserted through the nylon tube and a blockage was found at the junction of the tube 

and Drainage Meter. The wire was fitted into the end of an electric drill and the blockage, consisting 

of cyanoacrylate glue, was removed.              

 

On 18nd May 2007 at 1800 hrs the program and pump began again. The soil water potential at which 

the pump stopped and started was set to -2 cm and -4 cm, respectively. Seven hours later the upper 

tensiometer responded (Figure .21). After 35 hours the pump began to cycle on and off as the soil 

water potential recorded by the upper tensiometer rose above and below their respective set-points. 

During the days that followed, various modifications and repairs were made to the software program 

and apparatus and the pump was shut-down on occasions. After 163 h the lower tensiometer 

responded.  The soil water potential 1000 mm away from the Drainage Meter and at the same depth of 

interest (675 mm) was measured on 24th May 2007 using a tensiometer (Soil Moisture Equipment 

Corp, Santa Barbara, CA.) to be 55 kPa.  

 

After 192 h on the 25 May 2007 the pump was manually shut down and the soil water potential 

gradually fell to below the lower limit of the tube tensiometers as the moisture redistributed due to 

large horizontal capillary gradients. On the 28th May 2007, 238 h after beginning the experiment, the 

program and pump were restarted. 
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Figure 4.20. The wiring diagram of an analog Drainage Meter 
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Figure 4.21. The change in soil water potential as water was pumped down to the Drainage Meter 

at the test site. 

 

The soil water potential recorded by both tube tensiometers increased immediately and simultaneously 

until the pump was shut-down for the final time 245 h after the start of the experiment. The soil water 

potential recorded with the tube tensiometers then gradually decreased, as before. 

 

In early June 2007 the pumping equipment was connected to the Drainage Meter (S/N 309, 

Measurement Engineering Australia Pty Ltd, Magill, SA) on Farm 196, Bromley Rd, Hanwood, NSW 

at position S34 19.622 E145 59.039 (Figure 4.21).   

 

This meter was installed 25th November 2005 and had been recording soil water potentials for a period 

of 20 months. Two battery packs, a 12 VDC 70 Ah and a 24VDC 35 Ah, were used to power the pump 

and a laptop PC. The sample tube was again found to be blocked by cyanoacrylate glue, requiring 

removal with an inserted steel wire.   
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Figure 4.22. The pumping equipment attached to the Drainage meter at Farm 196. 

 

Pumping commenced at 1530 h on 5th June 2007 and within 30 minutes both tube tensiometers rapidly 

and simultaneously responded, rising to beyond 40 cm water pressure before the pump stopped and the 

pressure dropped below the set-point (Figure 4.23).   
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Figure 4.23. The change in soil water potential as water was pumped down to the Drainage Meter 

at Farm 196. 
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The soil water pressure surrounding the Drainage Meter immediately prior to starting the pump was    
-120 cm. The soil water potential at which the pump was cycled on and off were altered during the 
following 400 h as detailed in 

Table 4.26. 

 

Table 4.26. The soil water potential set-point at which the pump cycled on and off. 

 
Elapsed Time (h) Start set-point (cm) Stop set-point (cm) 

0 -10 -2 

20 -20 -2 

67 -30 -2 

260 -80 -50 

 

4.1.19.2 Numerical Modelling 

The flow of water from the ceramic disk at the top of the Drainage Meter was modelled numerically 

using the program Hydrus Version 1.03 (Šimůnek et al. 2006).   

 

The model domain consisted of an axi-symmetric two dimensional plane 200 cm high and 100 cm 

wide that was rotated about its left hand edge (Figure 4.24). The domain was divided into 10708 

triangular elements that had 5525 nodes and a finite element size of ~2.5 cm. The upper tube 

tensiometer was modelled as a 120 cm long narrow, 1.8 cm diameter, tube filled with a highly 

conductive material, diatomaceous earth. At the top of this tube was a hydraulic bridge 5 cm high and 

4.5 cm in diameter also containing the diatomaceous earth.   
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Z
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Figure 4.24. The model domain used to numerically solve for the flow around the Drainage meter. 

 

The hydraulic properties of diatomaceous earth were obtained from measurements made by McIntyre 

and Watson (1975) and the saturated conductivity was obtained by applying the falling head method to 

a quantity of the material (Figure 4.25).   

 

The resultant conductivity was 3.27 cm h-1. In Figure 4.25 the soil water potential ψ  is expressed in 

pF units, defined by )(log10 ψ−=pF  where ψ   is expressed in centimetres. At the lower boundary 

of the domain a free drainage condition was applied.  This condition maintains a unity tension gradient 

allowing moisture to move across the boundary as if the model had an infinite extent vertically.  At the 

lower boundary of the hydraulic bridge a variable flux boundary condition was imposed.  At all other 

boundaries no moisture was allowed to move in and out of the model domain. 
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Figure 4.25. The moisture release curve for diatomaceous earth. 

 

Observation nodes were selected in the domain to obtain output from particular locations to compare 

with the field data. Two observation nodes were selected; one at the lower edge of the hydraulic bridge 

to represent the output from the top tube tensiometer and another 20 cm lower on the side of the long 

tube (shown as red squares in Figure 4.24) to represent the location where measurements were made 

with the lower tube tensiometer.   

 

At the location of the sintered glass disk a variable flux boundary of 3 cm h-1 was applied over an 

annulus having an inner diameter of 1.8 cm and outer diameter of 9 cm so as to match the flow from 

the peristaltic pump. The volumetric flux from this boundary was 183 ml h-1. The volume of water 

pumped through this boundary is shown in Figure 4.26.   
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Figure 4.26. The volume of water pumped into the Drainage meter at Farm 196.  

 

The antecedent soil water potential surrounding the Drainage meter was set to -120 cm and inside the 

Drainage meter the soil water potential was varied linearly with height from -120 cm at the top of the 

tube to saturation at the bottom of the tube. 

 

The numerical model was run as an inverse problem in order to estimate the unsaturated soil hydraulic 

parameters from the transient flow data.  The method employed by Hyrdus minimizes an objective 

function using a weighted least squares approach based on Marquardt’s maximum neighbourhood 

method.  In this case, the objective function was the difference between the observed and modelled 

soil water potentials measured by the tube tensiometers. The hydraulic properties were parameterised 

using the analytical model described by Durner (1994); 
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Eqn. 4 
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i
i n

m 11−=                                                                Eqn. 5 

where θ  is the water content, sθ is the saturated water content, w is a weighting parameter (<1), eS is 

the effective water content, K  is the hydraulic conductivity, sK is the saturated hydraulic conductivity 

and n,α  and m are fitting parameters. This formulation allows the partitioning of the soil into two 

hydraulic domains, designated by the subscripts 1 and 2, with individual hydraulic properties.  

Typically this model is used, as it is here, to parameterise a soil having macropores and matrix with 

different hydraulic properties.  The parameters w1 and w2 define the proportions of each in the total 

porosity  

4.1.19.3 Results and Discussion  

Inversion of a non-linear problem with several unknown parameters to be fitted, requires the initial 

guess for the hydraulic parameters to be close to the final solution in order to avoid finding solutions 

representing local minima in the objective function that do not represent the best possible fit of the 

objective function. Many different sets of initial guesses for the hydraulic properties were tried before 

a set converged suitably for the data set obtained at Farm 196 (Figure 4.27).   
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Figure 4.27. The observed and modelled soil water potential as water was pumped down to the 

Drainage Meter at Farm 196. 
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The observed and modelled soil water potentials for the top tensiometer agreed well but the modelled 

potential for the lower tensiometer did not reproduce the variation in soil water potential near 

saturation quite as well.  The overall fit to the data had an R2=0.987. 

The observed and modelled soil water potentials for the top tensiometer agreed well but the modelled 

potential for the lower tensiometer did not reproduce the variation in soil water potential near 

saturation quite as well.  The overall fit to the data had an R2=0.987. The hydraulic parameters for the 

best fit are given in Table 4.27. 

Table 4.27.  The hydraulic parameters of the best fit to the observations made at Farm 196. 

 F196 Rideau Clay 
Loam 

Saturated water content [cm3 cm-3] 0.35 0.473 

Residual water content [cm3 cm-3] 0.095 0.132 

α1 [cm-1] 0.0006753 0.0011 

w1 0.8943 0.86 

n1 1.223 1.286 

Saturated hydraulic conductivity [cm h-1] 8.96 9.04 

w2 0.1057 0.14 

α2 [cm-1] 0.7821 0.6634 

n2 1.424 2.06 

 

The fitted solution had a bimodal distribution of pore sizes in accord with the model of Durner (1994), 

giving the moisture characteristic curve a double hump (Figure 4.28).  When the dual porosity soil 

model was not used in the numerical simulation, then the fitted solution had a poor fit to the field data 

set, very large positive pressures were generated while the pump was turned on, the solution had a low 

saturated hydraulic conductivity and the simulation became unstable.  The moisture release curve for 

the Rideau Clay Loam soil (DeJong et al. 1992) is also shown on Figure 4.28 for comparison and the 

two curves have similar features, although the Rideau Clay Loam has a larger saturated water content 

and a smaller proportion of macroporosity than the sub-soil at F196.  The saturated water content and 

small proportion of macroporosity are consistent with the expectations for clay sub-soils in the 

Riverina (Bond, pers. Comm., 2007).  
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Figure 4.28. The moisture release curve estimated for the sub-soil at Farm 196. 

 

The hydraulic conductivity of the sub-soil at F196 is shown in Figure 4.29.   
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Figure 4.29. The hydraulic conductivity estimated for the sub-soil at Farm 196. 
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The hydraulic conductivity calculated as a function of soil water potential from the parameters 

obtained by inversion of the field experiment for the sub-soil at F196 is shown in Figure 4.299.  At 

soil water potential values drier than pF = 1 ( >ψ  -10 cm) the hydraulic conductivity is very small, 

but it increases rapidly towards saturation (as pF increases). The conductivity curve for the Rideau 

Clay Loam soil (DeJong et al. 1992) is also shown on Figure 4.29for comparison and the curves are 

similar, although the conductivity of the Rideau Clay increases faster with increasing ψ  than the sub-

soil at F196. 

 

Application of the hydraulic properties to estimate deep drainage at Farm 196 

 

Soil water potentials and their gradients have been measured at Farm 196 for 20 months (Figure 4.30).  

These data show that between October 2006 and April 2007 there were periods when the soil water 

potential exceeded the lower (dry) limit of the tensiometers and the gradient was positive indicating 

that there was vertical flux of moisture downward past 150 cm depth.  
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Figure 4.30.  The change in soil water potential and soil water potential gradient measured at Farm 

196 in 2006/7. 

 

By using the finite form of Eq.1, Eq.3 to 5 with the data from Figure 4.30 and Table 4.27, the soil 

water flux was computed (Figure 4.31). There were two periods when large quantities of deep 

drainage occurred, spring and early autumn. During the peak evapotranspiration period (December –

February) the deep drainage was small, but in February 2007 the daily averaged moisture flux reached 

a maximum of 3.2 cm h-1.  
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Assuming a wetted cross-row width of 50 cm underneath the dripper then this maximum moisture flux 

is equivalent to 1.6 l m-1h-1 which is half of the peak water application rate of 2.93 l m-1h-1. 
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Figure 4.31. The change in soil water moisture flux measured at Farm 196 in 2006/7. 

Up until the event in June 2007 (Figure 4.31), where the water was pumped into the Drainage Meter to 

estimate the hydraulic properties of the sub-soil, the cumulative water flux reached 47 cm. Assuming a 

wetted width of 50 cm and given a row width of 3.65 m, the vineyard average moisture flux was 0.64 

Ml Ha-1, which is reasonable given that water application for the season reached 6.1 Ml Ha-1. This is 

not an unreasonable value, and aligns with the magnitude of leaching fraction often considered 

desirable. 

The numerical procedure was also applied to the field data obtained at the test site (Figure 4.21).  

However, no acceptable solution was found within the time frame that was available. In this later 

problem hysteresis in the moisture release curve is expected; during the initial pumping phase the soil 

would have been rewetting along an unknown wetting characteristic of the moisture release curve but 

after complete wetting (> 180 h) the soil would follow a drying characteristic. If hysteresis was 

included in the description of the hydraulic model, then it may have been possible to provide an 

estimate of the hydraulic properties of this sub-soil, although the extra parameters required to describe 

hysteresis would have made the inversion more difficult.  It is concluded that situations in which 

hysteresis is possible should be avoided when field characterisations such as these are carried out. 

More work is required on this part of the problem.        

During wetting of the test site, the peristaltic pump flow rate was well matched to the ability of the soil 

to transport moisture without causing high pressures to be created near the source. However, at the 

field site the peristaltic pump flow rate was too high and large, and undesirable pressures were created 

at the source. An improvement on the method would be to use a peristaltic pump flow rate that was 

variable and that could be matched to the ability of the soil to transport moisture.  
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4.1.19.4 Summary and Conclusions 

Field estimation of sub-soil hydraulic properties by controlled hydration of the soil surrounding the 

Drainage Meter and by applying an inverse modelling approach has been shown to be feasible and 

practical.  

The method consisted of pumping known volumes of water at a constant flow rate into the upper 

tensiometer tip via a sintered glass disk embedded in the top of the Drainage Meter.  A sub-surface 

spheroidal source under sub-atmospheric pressure was produced which was monitored by the two tube 

tensiometers in the Drainage Meter.  The measured data was then compared with outputs from a 

numerical simulation of the flow field, forming an objective function which was minimized using the 

Marquardt’s maximum neighbourhood method.  The resultant best fit to the data gave an estimate of 

the hydraulic properties of the soil surrounding the top of the Drainage Meter. The method was 

applied at Farm 196, Hanwood, NSW where Drainage Meter measurements of the soil water potentials 

and their gradients ha been made for 20 months.  The hydraulic properties, obtained from the method 

showed similar features to those measured by De Jong (1992) on another well-structured clay loam 

soil that had a bimodal pore size distribution containing macro-pores.   

The hydraulic properties were used with Darcy’s Law and the historic records of soil water potentials 

to estimate the point-scale drainage flux. The maximum daily averaged moisture flux was 3.2 cm h-1, 

half of the daily irrigation application rate if the wetted width was assumed to be 50 cm.  The 

cumulative drainage flux for the 2006/7 irrigation season was 47 cm.  This corresponds to a vineyard 

averaged value of 0.64 ML Ha-1 which is 10% of the total irrigation volume for the season. 

 
The method could be improved by using a variable flow rate pump that allows the pump flow rate to 

be matched to the ability of the soil to transport moisture away without causing large positive 

pressures to be produced. The numerical inversion method could also be improved by incorporating 

the effects of hysteresis in the moisture release ( )ψθ  and hydraulic conductivity ( )ψK  relations. 

   

4.1.20 Surface runoff 

Annual surface runoff measured on the two vineyards over the two year period was 12.9 and 3.9 kL/ha 

for DRCL and 77.7 and 191 kL/ha for FCL in 2004/05 and 2005/06 respectively (
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Table 4.8).  

On DRCL runoff was associated with rainfall events, 145 mm in February 2005, 16.5 mm in August 

2005 and 44 mm in November 2005. On FCL, 11 and 7 runoff events occurred in 2004/05 and 2005/06 

respectively, with all of the runoff events associated with irrigation.  

Each year FCL applied approximately 5 ML/ha of irrigation water, with less than 5% of that being 

exported by surface pathways. The volume of water being exported by surface runoff suggests that on 

these irrigated vineyards, in dry years, surface runoff is not a significant pathway. 

Solute concentrations and movement 

Nutrient concentrations and solution EC were used to investigate the risk of nutrient and salt export 

from vineyards through surface and sub-surface pathways.  

4.1.21 Solutes in surface runoff - nutrients 

In the surface runoff from both vineyards NO× ranged from 0.01 to 8.3 mg/L, with annual flow 

weighted mean concentrations less than 3 mg/L (
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Table 4.8), similar in magnitude to median N concentrations in drains in the MIA district (Figure 

4.32). Nitrate and nitrite (NO×) accounted for 20-75% of the TDN (<0.45μm) in the runoff water, 

suggesting that other forms of N including organic and colloidal N were significant. The flow 

weighted annual N concentrations (TDN and NO×) were generally higher than water quality targets, 

0.5 mg TN/L, the trigger value for adverse risk in Lowland rivers (ANZECC and ARMCANZ, 2000). 

The runoff concentrations were low compared to N concentrations measured in a Mediterranean 

environment (Ramos and Martinez-Casasnovas, 2006), however Ramos and Martinez-Casasnovas 

(2006) reported significant particulate N in the runoff water associated with high runoff rates  which 

were not observed on either FCL or DRCL.  

In the surface runoff from both vineyards TDP ranged from 0.01 to 0.77 mg/L (
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Table 4.8), similar in magnitude to the median P concentrations in drains in the MIA district (Figure 

4.32). The flow weighted annual TDP concentrations were generally higher than water quality targets, 

0.05 mg TP/L, the trigger value for adverse risk in Lowland rivers (ANZECC and ARMCANZ, 2000).  

With the annual export by surface runoff ranging from 0.0-0.3 kg N/ha and <0.005 kg P/ha, it appears 

that surface runoff was not a significant pathway on the monitored vineyards in dry seasons. However, 

the importance of surface runoff as a transport pathway is likely to vary significantly between 

vineyards, regions and seasons. Management factors including irrigation management can 

significantly affect risk of runoff, while environmental factors including rainfall, slope and soil type 

can all significantly affect the potential of nutrient export from vineyards by surface pathways. 
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Table 4.28 Nitrogen concentrations and loads exported from vineyards as surface runoff (where year 

is July to June to incorporate a full growing season). 

Vineyard Year Surface runoff  Concentration (mg/L) 

  (kL/ha)  TDN# NOx#  NO× range 

DRCL 2004 * 12.9  0.54 0.12  - 

 2005 * 3.9  8.2 2.9  - 

FCL  2004 77.7  1.6 1.2  0.01-8.3 

 2005 191  0.83 0.63  0.01-4.0 
TDN – Total Dissolved Nitrogen, NOx – nitrate and nitrite. 

# annual flow-weighted mean concentration 

* only one runoff event 

 

Table 4.29 Phosphorus concentrations and loads exported from vineyards as surface runoff (where 

year is July to June to incorporate a full growing season). 

Vineyard Year Surface runoff  Concentration (mg/L) 

  (kL/ha)  TDP#  TDP range 

DRCL 2004 * 12.9  0.26  - 

 2005 * 3.9  0.77  - 

FCL  2004 77.7  0.02  0.01-0.06 

 2005 191  0.01  0.01-0.1 
TDP – Total Dissolved Phosphorus. 

# annual flow-weighted mean concentration 

* only one runoff event 
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Figure 4.32 Median value for total phosphorus (mg/L) and total nitrogen (mg/L) for the MIA river 
drains and general drains from 1999 to 2004 compared against the ANZECC trigger value.  
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4.1.22 Solutes in soil solution - nutrients 

Minimising nutrient exports from a vineyard requires the reduction of both the volume of water 

moving through the root zone and the concentrations of nutrients in solution. Therefore, understanding 

nutrient concentrations is an important step in minimising offsite impact, with nutrient concentrations 

in soil solution especially at 1m indicative of the nutrients that may be transported beyond the root 

zone during a drainage event. The discussion focuses on nutrient concentrations because even though 

a ‘bucket’ modelling approach could be used to estimate loads exported, the number of assumptions 

required would limit the value of the results, with loads more dependent on the estimation of water 

flux past the root zone than variations in concentration.  

Both nitrogen and phosphorus concentrations were investigated in soil solution. Phosphorus 

concentrations were only measured on selected soil solution samples as they were found to be < 0.05 

mg P/L, which is the trigger value for adverse risk in Lowland rivers (ANZECC and ARMCANZ, 

2000). Due to the low concentrations of P measured in the soil solution, P leaching from the monitored 

vineyards was unlikely to have an adverse impact on water quality. Therefore the following discussion 

of nutrient concentrations in soil solution focuses on nitrogen. 

On the drip and furrow irrigated vineyards nitrate-N concentrations varied significantly over time ( 
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Table 4.30), with the variation between years and individual samplings greater than the variation 

between vineyards. The average concentrations were generally higher than water quality targets, 0.5 

mg TN/L, the trigger value for adverse risk in Lowland rivers (ANZECC and ARMCANZ, 2000), 

suggesting that where drainage is occurring there is the potential for leachate to have an adverse risk 

on water quality.  

The seven vineyards all had different fertiliser inputs, irrigation strategies, vineyard floor management 

and soil properties. These variables can all affect the N concentrations in soil solution as variations in 

N concentrations theoretically reflect the magnitude of N sources in the soil and the ability of this N to 

be mobilised into soil solution. Due to the complexity of the vineyard systems, it was not possible to 

conclusively attribute cause and affect as a number of the variables are compounded in the design, in 

particular irrigation type, fertiliser application and the mineral N composition of the soils. Despite the 

limitations of the experimental design N concentrations were investigated with respect to soil type, 

soil mineral N, irrigation type and fertiliser application rates. 
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Table 4.30. Average NOx concentrations in soil solution for each property, shown for each 

sampling depth and irrigation season. The range of NOx concentrations is also shown. 

Farm  Season Depth 

  0.25 0.5 0.75 1 

Drip Irrigation 

DS 2004 5.97 0.04-36 5.56 0.10-36   17.20 0.10-88 

 2005 11.69 0.00-47 13.19 0.04-54   5.71 0.00-38 

DL 2004 12.75 0.10-69 5.01 0.10-51   6.08 0.10-39 

  2005 27.05 0.05-155 57.16 0.24-149   5.80 0.10-14 

DCL 2004 4.96 0.10-68 0.84 0.10-8   0.64 0.10-6.8 

 2005 22.12 0.08-141 21.71 0.02-114   12.30 0.04-97 

DRCL 2004 14.98 0.08-69 4.14 0.62-19   4.87 1.40-12 

 2005 1.98 0.01-16 0.34 0.01-4.8   1.12 0.00-8.5 

Furrow Irrigation 

FS 2004   44.66 0.10-138 45.48 0.10-104 37.77 0.10-76 

  2005   27.07 0.10-121 47.36 0.10-215 40.32 8.60-150 

FL 2004   4.65 0.10-54 5.91 0.02-98 5.27 0.02-74 

  2005   17.70 0.09-154 12.07 0.00-91 4.01 0.00-67 

FCL 2004   109.14 0.10-266 54.25 0.10-116 38.54 0.11-138 

  2005   98.31 0.10-222 83.72 0.10-225 82.33 0.10-155 

 

 

Soil type: 

There were three different soil textures across the seven vineyards, with a drip and furrow irrigated 

property for each soil type. Based on an ANOVA of solution concentrations blocked for sample depth, 

soil type did not significantly affect the concentrations in soil solution. This was probably not 

surprising given the variation in N concentrations over time within a sampling location and the other 

variables potentially affecting N concentrations. 

Irrigation method: 

While the concentration of N in soil solution samples was generally higher in the furrow than the drip 

irrigated properties (by ANOVA this is statistically significant p<0.01).  
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While this result may be due to irrigation method, it may also be the result of higher fertiliser 

application rates on the furrow irrigated vineyards (Figure 4.33), the effects of mineralisation in the 

furrow irrigated vineyards due to cultivation between the vine rows and the greater uptake of N 

beneath the vine rows in the drip irrigated vineyards due to the root zone being concentrated beneath 

the drippers. 
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Figure 4.33. Nitrogen concentrations at 1m sampling depth measured at each vineyard in the 

2004/05 and 2005/06 seasons by irrigation type with season fertiliser inputs shown. 

 

Fertiliser application rates: 

Fertiliser N inputs varied significantly between the different vineyards Table 4.2. In general the farms 

with greater fertiliser N inputs had higher mineral N concentrations in the soil (Figure 4.34) and higher 

N concentrations in soil solution (Figure 4.33). Similar to the irrigation method the exact cause and 

effect of the high solution concentrations can not be separated. However, previous research suggests 

that the rate of fertiliser application significantly affects N leaching (Muller, 1993; Wahl et al., 1997). 
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Figure 4.34. Mineral N concentrations in soil samples collected May 2004. 

 

In terms of the potential impact on water quality the results highlight the fact that N concentrations 

more than an order of magnitude above the water quality targets were frequently measured on all of 

the vineyards. The variation in N concentrations over time within a vineyard, highlight the need for 

frequent sampling in space and time to develop an understanding of the overall risk of nutrient export 

from a property, rather than relying on the single samples. While all of the properties could potentially 

have an adverse impact on water quality due to nutrient leaching, the results suggest that the higher the 

soil N concentrations and fertiliser application rates the greater the risk of high N concentrations 

potentially being exported from the vineyard. 

 

4.1.23 Solutes in soil solution - salts 

Elevated salt concentrations in soil and soil solution can negatively impact on the productivity of 

vineyards and the health of aquatic ecosystems if the salts are transported from the property. High salt 

concentrations in soil solution affect vine production through 2 key processes: 

- Through the uptake of specific ions. More specifically boron and chloride can affect growth 

while sodium ions can have a detrimental effect on both growth and wine quality (White, 

2003). 
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- Through an increase in the osmotic potential of solution, reducing the ability of roots to 

extract water from the soil. The effect of osmotic potential on the overall soil water potential 

is additive (White, 1987), with the osmotic potential approximated by: 

ψo (kPa) = EC × 36 (Ayers and Westcot, 1985),  

which suggests that a soil solution EC of 5 dS/m is equivalent to 180 kPa of osmotic potential, 

significantly decreasing the plant available water. 

Soluble salts may also be transported to aquatic environments, where they can have an adverse effect 

on the health of the water system, particularly freshwater environments which are systems with an EC 

of <1000μS/cm - (ANZECC and ARMCANZ, 2000).  

The salt concentrations of soil solution (measured by EC) will be determined by the salts stored in the 

soil profile, salts applied with the irrigation water and potentially salts associated with a shallow water 

table. Water supplied to the properties through Murrumbidgee Irrigation System at Griffith and bore 

water at Rutherglen were both low in salts (EC < 0.5 dS/m) with no restrictions on water use for 

irrigation (Ayers and Westcot, 1985). The salt levels in the soil (EC1:5) varied significantly between 

sites and generally increased with depth (Table 4.31). The saturation extract EC can be estimated 

using soil texture (Slavich and Petterson, 1993) and used to asses the soils in terms of their salinity 

level (White, 2003). Most of the vineyards can be classified as non-saline to slightly saline with the 

exception of the sandy soils with FS becoming moderately saline at 1m and DS becoming very saline at 

0.7 m. 

Table 4.31. Soil Electrical Conductivity (EC1:5) measured on soil samples collected in May 2004. 

 Sample Depth (m) 
 0.1 0.3 0.5 0.7 1.0 1.4 1.8 
Drip Irrigation              
DS 56 50 75 271 473 526 750 
DL 70 91 141 163 238 312 348 
DCL 127 56 138 114 188 186 247 
DRCL 160 205 375 319 151 * * 
Furrow Irrigation              
 H# T H T H T H T H T H T H T 
FS 88 117 120 171 246 166 263 196 237 260 234 315 286 319 
FL 141 97 129 150 192 249 166 246 161 205 190 288 211 196 
FCL 178 119 169 173 171 211 205 268 300 354 310 412 469 510 

* Samples not collected 
# H – head site, T – tail site on the furrow irrigated properties 
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Table 4.32. Average Electrical Conductivity (dS/m) in soil solution for each property, shown for each 

sampling depth and irrigation season. The range of EC concentrations is also shown. 

Farm Season Depth 

  0.25 0.5 0.75 1 

Drip Irrigation 

DS 2004 0.52 0.12-1.80 1.33 0.28-4.45   8.47 0.02-20.50 

 2005 0.71 0.02-2.63 1.93 0.62-3.69   6.72 0.39-15.74 

DL 2004 0.26 0.01-0.57 0.44 0.28-0.58   0.94 0.02-2.29 

 2005 0.62 0.01-2.09 1.09 0.02-2.31   0.72 0.01-2.19 

DCL 2004 0.54 0.13-2.02 0.78 0.19-1.36   1.39 0.0-2.57 

 2005 0.48 0.01-2.13 0.77 0.02-2.37   0.84 0.02-2.12 

DRCL 2004 2.29  2.39    3.05  

 2005 1.86 0.75-16 2.61 1.28-4.8   3.90 1.99-8.5 

Furrow Irrigation 

FS 2004   1.42 0.14-3.15 1.77 0.82-3.20 1.91 1.39-2.73 

 2005   1.49 0.59-4.35 2.41 1.16-4.89 2.53 1.57-4.28 

FL 2004   2.29 0.0-6.6 2.28 0.0-6.13 2.22 0.34-4.99 

 2005   2.88 0.33-6.42 2.98 0.26-6.03 3.39 0.38-15.90 

FCL 2004   2.47 1.96-3.83 2.13 0.83-2.80 2.60 0.11-4.01 

 2005   1.47 0.10-2.69 1.58 0.0-4.30 2.29 1.06-4.06 

 

Across all of the vineyards EC levels averaged across the season in soil solution were generally less 

than 3 dS/m with the exception of some of the 1m depth samples. In general the EC increased between 

the first and second season of monitoring across all sites and depths (p<0.01) with an average EC of 

2.06 and 2.41 dS/m in 2004-05 and 2005-06 seasons respectively. Irrigation type also had a significant 

effect on EC (p=0.018) with an average EC of 2.03 and 2.33 dS/m for drip and furrow irrigated 

systems respectively. However, due to the within year variability at each vineyard over time and 

sampling location a statistical analysis of the data can tend to over simplify the results, especially as 

there was an uneven distribution of sampling times throughout the year and the potential for triplicate 

samples to be collected at the main sampling sites at any sampling time.   
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Figure 4.35. Median electrical conductivity values for sites sampled on a weekly basis from 1999 
to 2004 compared against the ANZECC trigger values 
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Figure 4.36. Simple linear regression between soil electrical conductivity (EC1:5) and soil solution 

electrical conductivity. 

 

Season average EC concentrations in soil solution were compared to soil EC1:5 data. Not surprisingly 

there was a positive correlation between average soil solution EC and EC1:5 (r2 = 0.59) and the 

relationship is shown in Figure 4.36. The strength of this relationship was probably affected by the 

variation in soil solution EC over time. Previous studies suggest that soil solution EC varies with soil 

water content, as an increase in soil water in the profile results in a dilution of the salts and therefore a 

decrease in the EC reading (Rowell, 1988).  
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As the soil water content varied between sampling times it seems likely that some of the variation in 

EC (Table 4.32) was the result of dilution and concentration of the salts in the soil profile through 

wetting and drying cycles. 

Graphical interpretation of the data allows key trends in the data to be identified (Figure 4.37), with 

the results highlighting the FS on the drip irrigated properties. Least Squares Regression analysis 

highlighted a significant increase in EC with depth on all of the drip and furrow irrigated properties 

(p<0.001), however due to the high variability in EC readings over time, depth describes only a very 

small proportion of the variation.  
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Figure 4.37. Electrical Conductivity (dS/m) measurements of soil solution samples collected (a) on 

the four drip irrigated vineyards, and (b) on the three furrow irrigated vineyards over two irrigation 

seasons. 

The FS vineyard was a located on a sandy soil which had highest soil EC1:5 levels of the 7 vineyards. 

In addition to the soil data, the EM38 survey of the property suggests that the S2 site was located at 

the end of the vineyard with higher inherent salt levels. Interestingly it was only the S2 site on the FS 

vineyard which recorded EC levels >10 dS/m ( Figure 4.4.38), however EC did increase significantly 

with depth at all sites (p<0.01). While, vine data was not collected at the satellite sites, anecdotal 

evidence from the vineyard manager suggests that vines looked water stressed for much of the season  

despite the soil water monitoring suggesting that at 0.75-1m depths the soil did not dry out much 

below field capacity over the 2 years.  

Overall the EC data from the ceramic cup samplers and soil cores suggest that across the majority of 

the vineyards salinity is not a significant problem and is unlikely to have a negative impact on vine 

growth.  
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However, the soil water data suggests that there are significant periods of time when leaching is likely 

to be occurring on these vineyards which will be leaching salts from the system. Through changes in 

irrigation management the leaching of these soils may decrease and salts in the soil profile should 

continue to be monitored. 
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 Figure 4.38. Electrical Conductivity (dS/m) measurements of soil solution samples collected at the 

three sampling points on the FS vineyard with the two irrigation seasons combined. 

 

Environmental management system (DPI-Victoria) 

Agricultural industries around the world are actively pursuing environmental management methods 

and many are investigating the application of ISO 14001 systems (Carruthers, 1999). While it is not 

necessary for an EMS to be ISO 14001 certified to be of value, most EMS systems currently being 

developed are in line with the ISO 14001 methodology so that if external certification is eventually 

desired the existing system can be refined and added to. 

4.1.24 What EMS’s are available for the viticulture industry 

Within the wine industry, the EMS approach is being used at a range of levels including full 

environmental management systems (either accredited or self audited), or through tools which 

contribute to a part of the EMS cycle (eg. VERA a risk assessment tool which assists with the ‘Plan’ 

stage of an EMS).  
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A summary of the different Environmental Management Systems currently being used within the 

Viticultural industry is provided to give an insight into the types of EMS and tools being used within 

the industry.  

4.1.24.1 ISO 14001 – Certified Environmental Management Systems. 

New Zealand was the first country in the world to have wineries with ISO 14001 certified EMS 

(Andrews, 2000). A number of Australian vineyards and wineries have chosen to pursue EMS through 

the ISO 14001 certification process (eg. the Yalumba Wine Company). While individual vineyards 

and companies are using an ISO14001 certified system, it is not being widely used across the 

viticultural industry as a whole. 

4.1.24.2 Environmental Management Systems. 

In line with the externally audited systems (ISO 14001) there are a number of full EMS systems 

available within the viticultural industry, either developed for individual vineyards (eg. Evans and 

Tate Ltd) or developed as a regional management tool (eg. Yarra Valley – Regional Environmental 

Management System (DPI Victoria, 2004a)). The Yarra Valley EMS (DPI Victoria, 2004a) was 

developed to address region specific environmental issues and best management practices. It provides 

a self-assessment questionnaire and framework for prioritising risks and developing an action plan, as 

well as providing information on best practices and legal obligations. 

4.1.24.3 Tools to support Environmental Management Systems 

Not all vineyards are interested in developing and implementing a full EMS, but still wish to consider 

and incorporate environmental considerations into their management systems. Within the industry 

there are a number of self assessment and best management practice tools which support an EMS 

framework (eg. Regional Environmental Best Practice for Viticulture - Pyreness Grampians; Sunraysia 

region Environmental Self Assessment (DPI Victoria, 2004b) and Code of Environmental Best 

Practice for Viticulture (DPI Victoria, 2003); and, Viticare Environmental Risk Assessment Tool 

(CRC Viticulture, 2005a)). These tools represent elements of an ISO 14001 EMS but are not an EMS 

in their own right. However, they are useful tools for either self assessment of the environmental risks, 

prioritising management actions, or to provide information on industry best practice across a range of 

different components of farm management from water, pesticides and fertilisers to biodiversity, energy 

use and waste management.   
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4.1.24.4 VERA and GEM Viticulture 

The Viticare Environmental Risk Assessment Tool - VERA (CRC Viticulture, 2005a) was designed 

by the CRC for Viticulture to provide Australian viticulturists with a straight forward way to begin to 

incorporate environmental management into their broader vineyard management strategies. VERA is a 

computer program designed to make a grower consider the environment in which the vineyard is 

located and then runs the grower through a series of questions (an EMS Risk Assessment 

Questionnaire) about the potential offsite impacts of the vineyard including the eutrophication and 

contamination of surface and ground waters. The tool also encourages farmers to develop an action 

plan to address the high risk issues and provides a simple framework for developing these action 

plans. VERA is now published with ‘Good Environmental Management (GEM) Guidelines’ an 

electronic document which provides general information on best management practices across the 

industry (CRC Viticulture, 2005b).  GEM provides background information on the potential 

environmental issues, the activities that potentially present an offsite risk (linked to the VERA 

questions) and potential management strategies and recording/monitoring options. 

4.1.24.5 National overview 

“The Australian Wine Industry’s Environment Strategy Sustaining Success was developed to 

provide guidance to all wine industry members about improving environmental performance and 

demonstrating environmental credentials. In support of this strategy, the CRCV has developed a 

number of nationally focused documents (in addition to these GEM Guidelines and the VERA tool) 

including a National Framework for Environmental Management and a Draft Industry 

Environmental Code of Practice. 

Also at a national level, the Australian Wine Industry Stewardship project, managed by the 

Winemakers Federation of Australia and launched in 2005, will develop a national program to 

allow the industry to demonstrate its environmental credentials. Through this program regional 

coordinators will encourage grape growers and winemakers to participate and assist them to 

achieve environmental targets.” 

         (CRC Viticulture, 2005b) 

As a first step to improved environmental performance of vineyards VERA is a tool which is being 

widely used by the industry and consultants at a national level. It allows environmental performance to 

be assessed and an action plan to be developed as the first stage of an EMS. As such it is essential that 

new information that increases our understanding of the offsite impacts of viticultural production is 

incorporated into VERA and similar EMS programs.   
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4.1.24.6 How can the project value add to VERA and the GEM guidelines  

The understanding of water and nutrient dynamics developed in this project increases our 

understanding of the risk of offsite impact associated with water and nutrient management. As such 

the knowledge increases our ability to make more objective assessments of:  

- the environmental risk associated with vineyards, and  

- the potential impact of management decisions.  

Before discussing in detail how the knowledge can be incorporated into EMS systems and tools such 

as VERA and the GEM guidelines, a summary of the key project outcomes is provided. The key 

outcomes from this project include: 

4.1.24.7 Nutrients and grape production 

− Most vineyards were applying significantly more nitrogen fertiliser to their vineyards than was 

being removed as produce. Over the three years of the project and across the 7 vineyards the 

nitrogen export ranged from 0 to 70 kg N/ha while fertiliser applications (harvest-harvest) 

ranged from 0 to 96 kg N/ha with > 70% of the properties applying more N than they exported 

as produce.   

− Most vineyards were applying nitrogen fertiliser when petiole nitrogen analyses at flowering 

suggested that the vines had sufficient nitrogen. Testing of petiole N levels could significantly 

reduce nitrogen fertiliser use of vineyards, saving the cost of fertiliser and fertiliser 

application, as well as reducing the risk of N leaching. 

− The higher rates of fertiliser N application did not result in increased grape yields, with 

fertiliser application rates greater than 40kg N/ha having no additional benefit on the 

assimilable amino N levels.  

4.1.24.8 Nutrients in soil solution 

− Phosphorus concentrations in soil solution were only measured on selected samples as they 

were generally below water quality targets (eg. 0.05 mg P/L, which is the trigger value for 

adverse risk in Lowland rivers (ANZECC and ARMCANZ, 2000)).  

− Average nitrogen concentrations measured in soil solution at 1m (based on an average of 19 to 

50 samples over a year) ranged from 1-80 mg N/L depending on the property and year.  
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− The annual average concentrations were higher than water quality targets, 0.5 mg TN/L, the 

trigger value for adverse risk in Lowland rivers (ANZECC and ARMCANZ, 2000), 

suggesting that where drainage is occurring there is the potential for leachate to have an 

adverse risk on water quality.  

− Nitrogen concentrations measured in soil solution at 1m (beyond the root zone) varied 

significantly over time. On a single farm N concentrations ranged from 0.10-150 mg N/L in a 

year. This variability in N concentrations over time was not unexpected as the concentration in 

solution will be affected by soil water content, fertiliser application, N cycling in the soil and 

plant uptake of N. The variation that can occur over time highlights the risks inherent in a 

farmer collecting a couple of samples a year to monitor environmental performance.  

− Fertiliser N inputs varied significantly between the seven vineyards (annual applications of 

between 0-96 kg N/ha). In general the farms with greater fertiliser N inputs had higher mineral 

N concentrations in the soil and higher N concentrations in soil solution, with a positive 

correlation between average soil solution N and fertiliser application rate (r2 = 0.5). However, 

the variation in N concentrations over time and confounding factors within the experimental 

design (fertiliser application and irrigation type) make it difficult to quantify the exact 

relationship between solution N and fertiliser application rates.  

− Nitrogen cycling in the soil and the storage of organic nitrogen meant that even properties 

with low fertiliser nitrogen inputs had soil solution nitrogen concentrations above water 

quality targets (0.5 mg TN/L, the trigger value for adverse risk in Lowland rivers (ANZECC 

and ARMCANZ, 2000)). 

4.1.24.9 Soil water and drainage 

− Soil water content varied significantly between monitoring points on a vineyard. This was 

highlighted by one of the Riverina vineyards which had the wettest and driest monitoring 

points across the seven monitored vineyards. While it is not unexpected that soil water content 

varies across a vineyard depending on a range of factors including the uniformity of soil 

properties and irrigation rates, this result highlights the challenge of selecting an appropriate 

monitoring location within a vineyard that can provide useful data in terms of vine available 

water and leaching risk.  

− Despite the variability in soil water content across some of the vineyards, the results highlight 

the value of using soil water monitoring to schedule irrigation especially in early spring. 
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− Deep drainage (measured using the drainage meter) was observed on 5 of the 7 vineyards, 

suggesting that water and nutrient movement through sub-surface flow is a significant risk. 

− The Drainage Meter was able to identify periods where there was a water flux past the root 

zone and provide a qualitative indication of the magnitude of the flux. Being able to identify 

periods of deep drainage allows for a better understanding of water storage and movement in 

the root zone and therefore improved irrigation management. Because the Drainage Meter, 

similar to soil water monitoring systems, would generally be installed at a single location 

within a vineyard, it can really only provide an accurate indication of water and nutrient flux 

at a point source rather than an average quantitative measure of flux for the vineyard. 

4.1.24.10 Surface runoff 

− With the annual export by surface runoff ranging from 0.0-0.3 kg N/ha and <0.005 kg P/ha, it 

appears that surface runoff was not a significant pathway on the monitored vineyards in dry 

seasons. However, the importance of surface runoff as a transport pathway is likely to vary 

significantly between vineyards, regions and seasons. 

− There are several key ways in which this information can incorporated into Environmental 

Management Systems, through modification of the existing best management practices and 

case studies to assist with risk assessments. VERA and the GEM guidelines will be used as an 

example of how the knowledge developed in this project can be used to add value to these 

existing tools and ensure that the information generated in this project is taken up by the 

industry.  

 

4.1.25 VERA 

VERA requires the vineyard manager to make a subjective assessment of the potential likelihood of a 

specific environmental risk and its consequences. One of the challenges of the VERA software as a 

risk assessment tool for land managers is the subjective interpretation of the probability and 

consequences of potential offsite impacts. The information collected in the project can be used to 

create a number of case studies which could be incorporated into VERA through either the homepage 

(Figure 4.39a) or as a link next to the appropriate questions in the risk assessment questionnaire 

(Figure 4.39b). The case studies could be used as both a training tool in the use of VERA and by 

vineyard managers to make the assessment of the potential impact of water and nutrient export less 

subjective.  
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Using the seven vineyards that were monitored in this project we can create a number of case studies 

to assist the vineyard managers in the assessment of their own properties. While a case study could be 

pulled together for each of the seven vineyards. Three examples have been developed:  

- the first as an example of what a Case Study might look like when incorporated into the 

software (Figure 4.39),  

- the second and third case studies provide a contrasting assessment to highlight the value of the 

case studies in providing a probability and consequence rating for the risk assessment 

questionnaire in a range of systems which a vineyard manager can relate to.  

The summaries provided for each property in the final project report can readily be adapted into 

additional case studies. 
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(a)

Water and Nutrient Management
Case Studies

 

(b)  

Figure 4.39. Potential methods for the incorporation of Case Study data into the VERA software 

either through (a) the main menu page, or (b) through the risk assessment questions. 
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Billabongs

Slope

.  

Figure 4.40. A Case Study example which could be incorporated into the VERA software. 
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4.1.25.1 Case Study - Drip Irrigated Vineyard (maximum yield) 

Site Description: 

The site consists of a 2.7 ha block of chardonnay vines planted in 2001 on a sandy soil.  

Layout: vines are trained on a double cordon (vine spacing 2.5m, row spacing 3.0m) 

Production targets: maximum yield (15 and 21 tonnes/ha in 2005 and 2006 respectively) 

Fertiliser strategy: soil and petiole testing every few years (>40 kg N/ha applied each year)  

Irrigation strategy: based on experience of when vines are showing or are likely to be stressed. 

 

Environmental Risk: 

Over 2 years of monitoring the soil profile beneath the vine line was maintained between 10 

and 30kPa with several periods of deep drainage. 

Nitrogen measured in the soil solution (1m depth) was significantly higher than in stream 

water quality guidelines (0.5 mg N/L), with a maximum concentration of 88 mg N/L and 

annual average concentrations of  17 and 6 mg N/L over 2 years of monitoring. This suggests 

that there is significant water soluble N in the soil profile which may be leached from the 

vineyard and transported to surface and ground water. 

The soil solution samples from the vineyard had an average EC 7 dS/m suggesting that 

salinity may be an issue in the vineyard 

 

Example of VERA Assessment for this property: 

Question Probability Consequence 

200 6 4 

203 8 4 

300 6 6 

301 6 6 

309 4 4 
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4.1.25.2 Case Study - Furrow Irrigated Vineyard (maximum yield) 

Site Description: 

The site consists of a 12.6 ha block of chardonnay vines planted in 2002 on a clay loam soil. 

The block has been laser graded with a slope of 1:1000, which drains into a community 

drainage network. 

Layout: vines are trained on a single cordon (vine spacing 2.3m, row spacing 3.6m) 

Production targets: maximum yield (15 and 21 tonnes/ha in 2005 and 2006 respectively) 

Fertiliser strategy: no soil or petiole testing (>80 kg N/ha applied each year)  

Irrigation strategy: based on experience of when vines are showing or are likely to be stressed. 

 

Environmental Risk: 

Over 2 years of monitoring the soil profile beneath the vine line was regularly above field 

capacity (likely to drain) over winter and spring and was drier over summer period when vines 

were actively using water. Beneath the irrigation furrows the soil profile was regularly above 

field capacity during the irrigation season, with little sign of the vines accessing this water. 

Nitrogen measured in the soil solution (1m depth) was significantly higher than in stream 

water quality guidelines (0.5 mg N/L), with a maximum concentration of 155 mg N/L and 

annual average concentrations of  39 and 82 mg N/L over 2 years of monitoring. This suggests 

that there is significant water soluble N in the soil profile which may be leached from the 

vineyard and transported to surface and ground water. 

 

Example of VERA Assessment for this property: 

Question Probability Consequence 

200 8 6 

203 8 6 

300 6 6 

301 6 4 

309 6 4 
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4.1.26 GEM guidelines 

The key results of the project can also be incorporated into the GEM guidelines through the ‘actions to 

avoid impact’ as well as the ‘monitor, measure, record’ sections ( 

Figure 4.41.). It is important, particularly in the ‘monitor, measure, record’ section that the limitations 

of monitoring approaches are highlighted, particularly the issues of variability with space and time. 

For example: 

‘A farm does a one off nitrogen test on water pumped from the sub-surface drain and finds 

that the concentration is high (eg: 30 mg N/L) compared to in stream water quality targets.  On 

the basis of this test the vineyard manager decides to change management practices and adopt 

all of the best management practices for water and nitrogen. Six months later the farm re-

samples the water and the concentration of N is higher (eg: 40 mg N/L), which may be 

interpreted as a negative response to the improved water and nutrient management practices, 

rather than a reflection of N cycling in the soil and natural variation in concentrations (eg. 30 

mg N/L might be the lowest concentration that may have been measured over a 12 month 

period from the old system, while 40 mg N/L could be the highest reading that may occur over 

a 12 month period).’  

A negative result from practice change measured through infrequent or poorly designed monitoring 

can reduce the chance that best management practices will be maintained (especially if they cost more 

than the original system) and that additional improvements to management practices will be 

considered. By providing the key outcomes of this project to the CRC for Viticulture to be 

incorporated into the GEM guidelines as well as providing the result to other management guidelines 

for viticulture which are available to vineyard managers, the knowledge can build on existing systems 

and ensure that the best information and advice is available to the vineyard managers (Figure 4.41). 
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Figure 4.41.  Example of the GEM guidelines in which project findings can be incorporated.  
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Route to market  

This report which includes a summary of the key project results will be provided along with the 

Viticare notes to a number of extension and environmental management projects to ensure that the 

information can be incorporated into and value add to a range of different programs including: 

It is proposed that the copyright for VERA and the GEM guidelines will be assigned to the 

Australian Wine Research Institute, with the programs made available to the Wine Makers 

Federation of Australia (contact Amy Russell) under their Australian Wine Industry 

Stewardship program.  

Outcomes from this project will also be made available to Regional and state EMS programs 

including: 

The Sunraysia Regional Code of Best Practice (DPI Victoria) 

The regional environmental best practice for viticulture – Pyrenees Grampians (DPI Victoria) 

Murrumbidgee Horticultural Council – The Green Book® 

Murrumbidgee Irrigation Limited – Envirowise® 

Wine grapes Marketing Board – Griffith 

Wine Makers Federation of Australia 
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Project Team Meetings 

Date Location Purpose Participants 

18/12/03 

 

23/01/04 

 

20/02/04 

 

19/04/04 

 

 

23/04/04 

 

01/10/04 

NA (Teleconference) 

 

CLW, CSIRO Griffith 

 

Griffith Wine Grape 
Marketing Board 

Griffith Centre for 
Irrigation and 
Advisory Station 

 

NA (Teleconference) 

 

Drainage Project 
Extension 
UpdateNSW DPI, 
GCIA. 

Steering Committee Meeting 

 

Project Milestone Review 

 

Extension Planning, Strategy and 
allocation of responsibilities 

Morning information session 
&BBQ with Collaborating MIA 
landholders 

 

Steering Committee Meeting 

 

Extension targets and training on 
use of project web page for data 
interpretation 

All project team members and 6 of the 
7 Steering committee members. 

 

R Hutton and P Hutchinson. 

 

R Hutton, I Quarisa, M Grabham, E 
Jameison, H Creecy, D Morrow, (K 
De Garis – absent).  

R Hutton, P Hutchinson and D Deery. 

 

All project team members and 5 of the 
7 Steering committee members. 

 

R Hutton, P Hutchinson,  I Quarisa, M 
Grabham, E Jameison, H Creecy, D D 
Deery, M Grabham, M Crowe. 

10/11/04 CSIRO, Griffith. 

 

Steering Committee Meeting Ron Hutton, Bruno Holzapfel, Jason 
Smith, Paul Hutchinson, David Deery, 
Shayne Hackett, Kirsten Barlow, 
Bruno Brombal, Roger Hoare, Warren 
Muirhead, Edwina Blackney, Jason 
Cappello. 

26.08.05 

 

CSIRO, Griffith. 

 

Steering Committee Meeting Ron Hutton, Bruno Holzapfel, Paul 
Hutchinson, Shayne Hackett, Kirsten 
Barlow, Warren Muirhead, Edwina 
Blackney, Jason Cappello, Emma 
Grabham, Harry Creecy, Sigrid Tjis 
(Alternate for Matt Linnegar, MI). 

 3.11.05 GCIA, Griffith Extension Team Meting Paul Hutchinson, Shayne Hackett, Jason 
Cappello, Emma Grabham, Michael 
Grabham, Harry Creecy, Michelle 
Smith, Edwina Blackney 
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6 General conclusions and future work 
 

Nitrogen and Phosphorus are important for grape production, in regard to productivity and grape 

composition. Vine N status at flowering was usually higher than the adequate range of 0.9 - 1.25% N 

in all vineyards. N supply in nearly all vineyards was more than sufficient. From the above 

observations, application rates of 40-50 kg N/ha would appear sufficient for both optimal vegetative 

growth and juice N concentrations.  

Despite P application rates ranging from 7.5 to 32.7 kg/ha, there was no evident relationship between 

application rate and petiole P levels at flowering, although P levels were generally at or above 

adequate levels at this time. However in contrast to N application, yield was increased by P 

application. Nitrogen and Phosphorus removal by the crop varied from season to season in accord with 

seasonal yield differences. However, nitrogen removal in harvested fruit from these vineyards 

generally accounted for only half of the seasonal N application rates recorded. 

In general, soil solution samples showed predominantly low levels of ammonium and phosphate, 

generally being less than 0.5 mg/L. The nitrate levels were much higher, 10-100 mg/L, with large 

variability both in space and time. The EC of the soil water was also high in some sites, mostly 

ranging from 0.5 to 3 dS/m.  Soil coring after harvest revealed soil nitrate levels of 0-10 mg/kg soil 

whilst ammonium and phosphorous levels were less than 5 mg/kg. This supports the observation that 

N is the macro element of concern since, as expected, nitrogen in the form of NO3- has been found to 

be much more mobile in the soil than phosphorous and is easily transported through the soil with any 

water movement.  

There was a high likelihood that deep drainage and concomitant nutrient pollution frequently occurred 

throughout the irrigation season on the furrow irrigated farms. The periods when plots of root-zone 

depletion recorded near saturated soil moisture conditions readily identified when this was occurring. 

This was particularly evident under the furrows where the soil was always close to saturation, and on a 

number of occasions the nitrate concentrations recorded exceeded the WHO limit. Conversely, on 

average, deep drainage from drip irrigated vineyards was minimal (0.64 ML/ha) during the irrigation 

season, so the potential for N loss was low. The average nitrate concentration below the root-zone of 

drip irrigated farms was < 25 mg l-1 which is less than the WHO limit for drinking water of 50 mg l-1. 

Therefore, best practice drip irrigation does not appear to present a significant environmental risk. 

Despite this, N inputs could be reduced without adversely affecting vine performance and this would 

have the dual benefit of decreasing production costs and reducing the risk of high N concentrations in 

the soil solution on occasions when drainage occurs.  
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Soil solution NOx concentrations at 1 m in the root zone were always higher under furrow than under 

drip irrigated vines, and were also higher than concentrations measured in surface runoff water (0.01 

to 8.3 mg/L). All of the vineyards had periods in which the soils were wetter than the assumed drained 

upper limit of -10 kPa at the point of water delivery, with the number of days when the soils were 

wetter than this limit ranging from 0-205 days. The annual average NOx concentrations in soil solution 

were significantly greater than WHO water quality targets, ranging from 0.64-82 mg N/L at 1m depth. 

Although these measurements do not allow total losses to be quantified, they suggest the management 

of N fertilizers and irrigation could be improved to minimize the movement of N below the root-zone, 

especially in flood irrigated vineyards.   

The concentration of N combined with the number of days in which drainage beneath the root zone 

was likely, suggests that sub-surface pathways represent a significant N export risk. While all of the 

properties could potentially have an adverse impact on water quality due to N leaching, some 

vineyards were shown to export higher loads of nitrogen and phosphorus (high risk) than others due to 

deep drainage. The results suggest that the higher the soil N concentrations and fertiliser application 

rates, the greater the risk of high N concentrations being exported from the vineyard.  

Several key issues and management strategies that differentiate between the high and low risk sites 

have been identified and monitoring tools consisting of discrete modules for phosphorus and nitrogen 

together with root zone depletion have been developed for incorporation into an Environmental 

Management System (EMS) framework such as VERA.  

The net effect of irrigated wine grape farming activities is to produce a surplus of nitrate in the soil. 

Being highly soluble, it is very vulnerable to being leached out of the soil following irrigation events 

or by autumn and winter rainfall. Nitrate lost in this way will, depending on the soil type, either be 

washed into streams or rivers (i.e. surface waters), or leached down through the soil as subsurface 

drainage into groundwater aquifers. Therefore, the relationships between N fertilizer rate, yield, and 

NO3 leaching needs to be quantified to develop soil and crop management practices that are 

economically and environmentally sustainable. 

Over-irrigation results in leaching of nitrate to the groundwater and reduces the efficiency of N use. 

Leaching loss is a product of NO3-N concentration and the volume of water drained. Obviously the 

rate of infiltration versus the precipitation intensity will determine the volume of runoff; and the 

volume of infiltration, minus the capacity of the soil to store water, will determine the leaching volume 

and subsurface drainage. 

Because NO3-N is very soluble and not adsorbed to soil, it moves readily with water.  
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Therefore, to minimise leaching volume to preserve water quality of underground aquifers and to 

maintain profitable yields, good irrigation management is essential. Guidelines for best practice 

irrigation scheduling to minimise subsurface drainage are:   

 
• Obtain information about crop water needs and critical growth stages, soil characteristics and 

irrigation system efficiency to properly schedule irrigations.  

• Know how much water the crop uses on a daily or weekly basis. This is the evapotranspiration 

(ET) estimated from weather data. National ET rates are available at 

www.dnr.qld.gov.au/silo/datadril.html, www.bom.gov.au/cgi-bin/silo/disparch.cgi and ET 

rates in key NSW locations within the Murrumbidgee Valley are available at  

www.clw.csiro.au/services/weather/index.html. 

• Determine the soil’s moisture content in the effective root zone and its maximum water-

holding capacity.  

• The difference between the maximum water-holding capacity and the actual water content is 

the net amount of water to be applied.  

• Determine the application efficiency of your irrigation system.  

• The gross amount of water to be applied is the net amount divided by the application 

efficiency of the irrigation system.  

• Use water meters to determine how much water is being applied.  

• Monitor soil moisture before and after irrigation to determine depth of water penetration.  

• With surface irrigation, use cutback practices to reduce deep percolation and runoff.  

• When fertigating, leave room in the soil profile (10 to 20 percent) to store potential rainfall to 

avoid runoff or leaching.  

 

Applying nutrients at rates commensurate with crop uptake requirements is one of the single most 

important management practices that should be used to reduce off-site transport of nutrients. 

Managing the amount, source, form, placement, and timing of nutrient applications are activities that 

will accomplish both crop production and water quality goals. Nitrogen losses from vineyards are 

most likely to occur when N is present in excess of crop requirements and/or at a time of the year 

when crop nutrient uptake is low. Nitrate losses from fertilizer use can be reduced by matching 

fertilizer application with nitrogen needs of a crop.  
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A small reduction in fertilizer input below the expected economical optimum rate desirable will 

substantially reduce the risk of high N leaching losses. 

Other considerations that should be noted to avoid excessive off farm nutrient loss is to ensure that 

these nutrients are applied at the right times and in the proper locations. Proper maintenance and 

calibration of the application equipment is also critical, since a precisely calculated application rate 

can not be achieved with machinery that is not functioning properly. Nutrients also need to be applied 

when the vegetation can use it, during the spring or before periods of rapid growth. Applying nutrients 

immediately preceding large rainfall events or during periods when the soil is saturated should also be 

avoided.  

The degree of nitrate leaching also depends upon the fertilizer types used (ammoniacal, nitrate or 

organic), method of application, and climatic conditions. Nitrate leaching may be greater when a 

fertilizer contains the nitrate compared to the situations where ammoniacal nitrogen is the major 

component of a fertilizer. Nitrate losses are more likely when all the nitrogen is applied in one 

application compared to when nitrogen is applied in split applications. Autumn fertilizer applications 

can increase N leaching several-fold compared with early spring applications. A common result is 

therefore that the leaching response to increasing N application rates fits a two-straight-line 

relationship with a distinct break point due to the temporal nature of plant uptake.  

N applications should be split between pre-bloom and post-harvest crop growth stages to match root 

growth periods and avoid single large applications that increase N leaching risk. Greater use of 

standard plant tissue analysis should be encouraged to refine N application rates and allow adjustments 

from season to season. This should be supported by less frequent soil analyses as a check. The overall 

removal of N by the crop and extent of recycling in prunings as well as re-mobilisation from the leaves 

before leaf fall should also be considered for optimising the vineyard nutrient supply.  

Much uncertainty remains as to the fate of N due to crop residue decomposition and soil 

mineralization. The increase in soil organic matter may contribute to larger N leaching losses over the 

long term, even though the short-term effect of stabilising N loss is favourable. Despite these 

uncertainties, there is reason to believe that efforts to increase soil organic matter will increasingly be 

used as an effective measure to reduce N leaching to groundwater in the future. 

Monitoring nitrate N (NO3-N) leaching is important in order to judge the effect that fertilizer 

management practices have on the quality of ground water and surface water. Measuring drain 

discharge rates and NO3-N concentrations at farm scale should circumvent the problem of spatial 

variability encountered by other methods used to quantify point-source NO3-N leaching in the field. 
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A summary of the major nutrient management practices to enhance surface water and groundwater 

quality follows. 

• Use on-farm yield records and soil maps (EM38) to determine site variability for calculating 

fertilizer rates in relation to yield performance 

• Soil analysis should be used in conjunction with petiole analysis to determine fertilizer 

application rates.   

• Split N applications to improve uptake efficiency and yield return for fertilizer investment. 

Apply one-third at or prior to the spring break and the balance before the critical flowering 

stage for the crop development. This is especially important for sandy soils that may leach 

nitrate.  

• Avoid application of high rates of N in the autumn.  

• Incorporate urea, urea ammonium nitrate or ammonium sulphate N fertilizers to the soil to 

prevent volatilization losses of ammonia gas 

• Use ammonium N fertilizers, such as anhydrous ammonia, to reduce nitrate leaching.  

• Place N and phosphorus in the same band to increase yields, as well as N and phosphorus 

uptake efficiencies.  

• Only apply N in irrigation water where irrigation efficiency and uniformity is high.  

• Keep good records of N fertilizer to help make N management decisions later.  

 

However, given that this study monitored vineyards under their normal commercial management 

practice, and did not impose additional treatments, there are still outstanding questions as to how a 

reduction in N fertilizer use can be most efficiently achieved. One area that still requires significant 

research effort relates to quantifying the extent of nutrient recycling within the vine and in vineyards. 

This is an important component of the nutrient balance that needs to be resolved when assessing 

fertiliser requirements.  
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