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Abstract 
Processing tomatoes are grown in the central Murray valley using sub-surface drip irrigation. The industry 
wishes to lift yields but believes low soil pH and poor soil structure are major impediments to achieving 
their 200 t/ha target. However, past efforts to ameliorate soils have not led to improvements in yield. This 
study monitored nine commercial process tomato crops during the 2019-20 season to determine key yield 
limiting factors, with the hypothesis that water stress is the major limit. A very strong correlation was found 
between the number of days the soil was either waterlogged or too dry during January and February and red 
fruit yield, which supports this hypothesis. This was mainly an issue in the four duplex red brown earths 
(RBE) in the study and efforts should be directed to addressing problems in this soil type.  
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Introduction 
The Australian processing tomato industry has set a target to lift yields from the current average of 90 t/ha to 
200 t/ha. Soil constraints are thought to be a key area for improvement. Low pH, high salinity, and 
slaking/coalescence of wet soil have been identified as issues affecting water and oxygen supply to plants. 
Disease has also been linked to low pH and waterlogging. A number of soil amelioration techniques have 
been trialled by the industry, however these had no significant effect on yields. 

The goal of this investigation was to better understand the soil factors limiting Australian process tomato 
yields. The hypothesis was that yields are limited by soil water, either in shortage or excess. However, fruit 
yield is not a good indicator of crop stress per se because of the ability of plants to compensate for an earlier 
stress during later growth. Crop canopy temperature may provide a direct measure of tomato plant response 
to water stress at the time the stress is imposed (Gupta et al. 2017). This is because both water deficit and 
waterlogging cause stomatal closure, which reduces transpiration, photosynthesis and growth (Sojka and 
Stolzy 1980; Sperry et al. 2002) and leads to a reduction in canopy cooling and hence an elevated canopy 
temperature (Jackson et al. 1981). 

If it can be shown that smaller canopies are associated with lower yields and higher canopy temperatures, 
and that this is correlated with transient water shortage or waterlogging, then future investigations will be 
directed towards improving soil structure, irrigation systems and water management. On the other hand, if 
lower yields occur despite optimal soil water and oxygen, then other factors will need to be investigated. 

Methods 
Nine commercial tomato crops at eight locations in the central Murray valley were selected for monitoring 
during the 2019-20 growing season. They were chosen to provide data from the two major soil types used 
by the industry: duplex, red brown earths (chromosols; Isbell & NCST, 2016) and uniform clays (vertosols 
& calcarosols; Isbell & NCST, 2016). Sensors and loggers were installed at each site in late December/early 
January after the last in-crop cultivation to measure soil water (matric) potential (m) and canopy 
temperature (Tc). Canopy growth was estimated using normalised difference vegetation index (NDVI) from 
IrriSAT (https://irrisat-cloud.appspot.com/#). Accumulated thermal time was calculated using a base and 
maximum temperature of 10 oC and 30 oC respectively (Shamshiri et al. 2018). 

Yield and yield component data (moisture content, dry weight and number of red and green fruit; dry weight 
of bush) was obtained from three quadrats (2 m length of one plant row) cut at maturity at each site. Soil 
samples were collected in December 2019 (early flowering) and May 2020 (post harvest) at four positions 
within the raised beds: at the surface (0-5 cm) in the plant line and on the edge of the bed; at the drip tape 
(25-30 cm) and at this depth under the edge of the bed. Samples were analysed for pH, electrical 
conductivity, exchangeable cations, and major nutrients (NPKS).  
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Results 
Red fruit yields ranged from 103 to 182 t/ha from the hand-picked quadrats from approximately 800 mm of 
applied water (irrigation + rain) and 300 kg/ha of applied nitrogen (Table 1). One paddock (KR) used 
considerably more water and another (KE) considerably less. Yields from growers (7 crops only) were 
linearly correlated with quadrat yields (R2 = 85 %) and showed machine-picked yields were 30 % lower on 
average due to losses in picking, and from harvest delays and rain rotting fruit. 

Table 1.  Soil characteristics; water and nitrogen fertiliser inputs; plant density and red fruit yield (t/ha at 94 % 
moisture content) from hand-picked quadrats; and grower reported yields at field moisture content. 

Site 
Soil 
type 

Clay 
Clay 

mineral 
Water 

applied 
Total N Plants 

Red fruit yield 
at 94 % 

Grower 
Yield 

Harvest 
loss 

(%) (mm) (kg/ha) (per m) (t/ha) (t/ha) (%) 
BA-6 Ch 29 K&I 760 349 2.5 103 60 42 
BA-7 Ch 38 K&I 810 349 2.5 105 75 29 
KR Ch 19 K&I 1000 333 2.5 131 (116*) 85 35 
MB Ch 26 K&I 860 375 2.7 148 124 16 
MW Ca 40 Mont 820 333 2.7 137 95 31 
KE Vt 45 Mix 620 319 2.8 123 90 27 
WE Vt 46 Mix n/r n/r 2.2 160 not recorded 
HE Vt 46 Mont 880 313 13.3 145 not recorded 
CH Vt 42 Mont 780 n/r 7.2 182 142 22 

Soil type: Ch = chromosol, Vt = vertosol, Ca = calcarosol. Clay mineralogy: K&I = kaolinite & illite, Mix = mixed mineralogy, 
Mont = montmorillonite. * = yield corrected to mean fruit size of other 8 sites to allow comparison based on number of fruiting sites. 

All curves fitted to the NDVI-thermal time data using a crop foliage model (Werker and Jaggard 1979) had 
R2 values > 96 %. While the curves for Sites CH, HE and WE were not significantly different (P = 0.46), 
those for the other six sites showed marked differences in growth rate and maximum NDVI (Figure 1A). 
Canopy size, as indicated by average NDVI between 800 & 1200 oCd, was strongly correlated (R2 = 0.89) 
with quadrat red fruit yield (Figure 1B). 

Average canopy temperature (Tc) between 12:00 and 18:00 hours was found to be correlated with matric 
potential (m) in the centre of the bed, but only when mean Tc of the three un-stressed crops (Sites CH, HE 
& WE) was used as a well-watered reference (Tref) to calculate Tc-Tref. Relative to Tref, the canopies of all the 
non-reference crops got hotter as soils dried, though there were differences. At Sites MB, KR, BA-6 and 
BA-7, Tc-Tref rose 0.2 oC per 10 kPa as the soil dried (Figure 2A), whilst at Sites MW and KE, Tc-Tref rose 
five times faster at 1.1 oC per 10 kPa (Figure 2B).  

The different response at Sites MW and KE was also apparent in the relationship between NDVI and 
accumulated Tc (Figure 3A), with canopy size negatively correlated with Tc at all sites except for MW and 
KE. However, this relationship is weak because of missing Tc logger data at two sites, so m was used as an 
indirect indicator of plant water stress. The length of time that crops were either too wet (m > -6 kPa) or too 
dry (m < -50 kPa) during January and February 2020 accounted for 81 % of the variation in yield at eight of 
the nine sites, with yields reduced by 27 t/ha for each 10 days that crops were either waterlogged or drought 
stressed (Figure 3B). The data from Site MW did not fit this relationship. 

Discussion 
For tomatoes, NDVI is a good indicator of leaf area index (Nicacias 2009). There is a direct relationship 
between leaf area and the number of main stem nodes because the plant is comprised of repeated units of 
stem, three leaves and a truss (Tanaka et al. 1974). Scholberg et al. (2000) found that leaf area and node 
number grew linearly after planting to 530 oCd when vegetative growth shifted to reproductive growth, and 
then ceased after the formation of the terminal fruit cluster at 800 oCd when leaf area growth tailed off. To 
maximise yields, it is therefore important to maximise canopy growth prior to 800 oCd and then maintain 
this canopy until early fruit maturity (≈ 1200 oCd). 

This was the case at HE, CH and WE, which were all on uniform clays (Figure 1A). At MB, the canopy 
initially grew at a similar rate and was a similar size at 800 oCd, but water stress after this caused the canopy 
to decline. The crops at KE and MW had lower initial growth rates so had smaller canopies at 800 oCd, and 
these smaller canopies declined after this time because of disease. Canopies of diseased crops are known to 
be hotter than those of non-diseased crops (Ryu et al. 2017) and the faster heating rate at MW and KE 
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(Figure 2B) is attributed to Fusarium and Pythium at KE and Bacterial Speck at MW. The root disease at KE 
was considered correlated with waterlogging observed at this site, which is why it fitted the yield-stress day 
relationship in Figure 3B. Site MW, however, did not fit this relationship because its canopy size was 
reduced by disease resulting from three years of continuous tomato growing, rather than by soil water deficit. 

Figure 1.  (A) - change in paddock median NDVI with accumulated thermal time since planting for the nine 
crops, with a common curve fitted for Sites CH, HE and WE. (B) - relationship between quadrat red fruit yield 
(t/ha) and average NDVI during flowering (800 to 1200oCd) for the monitored crops. 

Figure 2.  The relationship between the mean matric potential within the beds (10, 20 & 30 cm depths in the 
plant row and shoulder) and canopy temperature between 12:00 and 18:00 during the period 22 January to 17 
February 2020 at Sites MB, KR, BA-6 and BA-7 (A) and Sites MW and KE (B) 

Figure 3.  (A) - Relationship between average NDVI and accumulated afternoon canopy temperature (12:00 to 
18:00 hours) between 22 January and 17 February 2020 at seven of the monitor sites (Sites WE and MB had 
missing data). (B) – Relationship between red fruit yield and days the soil in the centre of the bed was either 
too dry (m < -50 kPa) or too wet (m > - 6 kPa) during January and February 2020. 

The uniform clays (sites HE, CH, WE, KE and MW) are structurally stable and have a pore size 
distribution that permits capillary wetting, so water subs up and out from the drip line to wet the bed 
uniformly and without saturation. In contrast, the A horizon of the duplex RBE soils (sites BA-6, BA-7, 
KR and MB) are prone to slaking and have a coarser texture, so water tends to move downwards through 
larger pores/cracks, 
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leaving bed shoulders too dry and/or the soil around the drip line too wet (Figure 4). This has implications 
for root growth and water availability, with potential for water and fertiliser to be lost in deep drainage below 
a more restricted root zone in these soils compared to the uniform clays. 

Figure 4.  Spatial distribution of mean matric potential (kPa) w ithin the top 35 cm of the 1 m wide beds at each 
site in January 2020. 0 on the X-axis is the plant line. 0 on the Y-axis is the soil surface. 0 to 10 kPa indicates 
saturated soil and > 50 kPa soil that is too dry for tomatoes. Yellow circles show the location of the drip line. 

Conclusions 
Canopy temperature was not a good indicator of plant water stress in tomatoes because Tc was also 
influenced by disease. However, while the relationship between Tc and canopy size was not strong, smaller 
canopies did produce lower yields. Furthermore, the very strong correlation between the number of days the 
soil was either waterlogged or too dry during January and February supports the hypothesis that water is a 
major yield limiting factor, particularly in the duplex RBE soils. Efforts on three fronts are recommended to 
improve water supply to plants grown using sub-surface drip on duplex RBE soils: 1) better irrigation design 
to match application rates to soil type; 2) soil water monitoring and better irrigation scheduling; and 3) better 
soil structure to improve pore size distribution and stability under repeat wetting.  
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