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Abstract. Impacts of soil constraints limiting yields often depends on climate. In
years with adequate rainfall, only small impacts of soil constraints are expected.
But in dry years, soil constraints can limit plant water uptake and trigger spatial
variation in crop growth. In wet years, waterlogging-related constraints can play
an important role in the spatial variation of crop growth. We used remote sensing
data in Australia’s Northern grain-growing region (from Landsat, average NDVI
over periods of high biomass) to investigate the relationship between climate and
constraints. The correlations between constraints and the average NDVI in differ-
ent rainfall years were analyzed. The results showed that the average NDVI was
most significantly correlated with constraints in wet years. Possible explanations
are that waterlogging associated with sodicity severely affected plant growth in
wet years or that the imagery or rainfall data used were not representative of soil
constraint impacts and their dependence on climate.
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1 Introduction

Soil constraints can have a major impact on crop yield. In northern grains-growing
regions of Australia, the most influential constraints are the constraints related to salt
content [1, 2], which might link to soil water stored from rainfall and ability of roots to
access stored water [3—6]. Thus, a portion of yield variation might be best explained by
the combined effect of both soil constraints and rainfall.

Rainfall is the major driver of the temporal variation of soil water, controlling crop
growth and productivity [2, 6]. Spatially, across a field, plant-available soil water (PAW)
is controlled by the soil’s capacity to store water [6] and is impacted by certain soil
constraints, which can affect the plant’s ability to extract water from the soil for growth.

The impact of soil constraints on PAW and yield is dependent on climate, in a very
dry season the plant is more reliant on access to stored soil moisture and the presence of
soil constraints that restrict either the storage of soil water, or the ability of the crop to
take up soil water, are likely to reduce yield. So, we might expect correlations between
soil constraints (which limit the storage and the plant extraction of soil water) and crop
growth to be strongest in very dry growing seasons. In a very wet growing season with
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intense rainfall events, we might expect soil constraints that reduce soil drainage and
create waterlogging (for example soil sodicity, compaction) to be important, then can
negatively impact plant growth. Therefore, we might also expect correlations between
soil constraints and crop growth, particularly if surface/subsoil sodicity or compaction
is present [2]. On the other hand, when in-season rainfall is reasonably consistent and
sufficient for good crop growth, we might expect only limited impact of soil constraints
on the spatial variation of yields.

Thus, the different patterns of spatial variation of yield (within fields) between wet
and dry years might be related to the spatial variation of soil constraints. Based on this
assumption, it should be possible to detect soil constraints from yield collected over
many growing seasons. However, the availability of long-term archives of yield monitor
data is limited. Therefore, this study used remote-sensing data to represent crop growth
by extracting a vegetation index (average NDVI) [7] from a series of imageries around
peak biomass. The NDVI will not directly represent yield, yet it is useful to produce
vegetation indices from vegetation greenness and density [8—12]. This index has been
used in previous work [13—15] and showed a reasonable correlation with crop yields in
the study region. As a result, when the index is compared with soil constraints, it might
be able to detect different impacts of soil constraints in different rainfall years.

Accordingly, this study aimed to analyze how NDVI assesses the spatial variation
of soil constraints under different rainfall conditions. The research questions are:

e How does the spatial pattern of the average NDVI within fields differ between years,
and is it related to rainfall?

e Compared to actual yield, how does the average NDVI explain the soil constraints?

e Does the pattern of average NDVI in dry and wet years explain the soil constraints?

2 Material and Methods

2.1 Study Area

The study area involved five fields located in Australia’s northern grain-growing region
(as defined by the Grains Research and Development Corporation of Australia, GRDC),
which is dominated by winter grains cropping. The region has a semi-arid climate, with
500-800 mm annual rainfall, mainly during the summer months. We focussed on these
five fields for which soil data and yield monitor data were compiled in earlier work
[16-20] (Fig. 1).

2.2 Datasets and Pre-processing

2.2.1 Satellite and Rainfall Data

This work used 30-m pixel resolution satellite imageries from Landsat-5 Thematic
Mapper (TM), Landsat-7 Enhanced Thematic Mapper Plus (ETM+), and Landsat-8
Operational Land Imager (OLI) collected between 1999 to 2019. Standardized surface
reflectance was derived according to Flood et al. (2013) [21], and cloud and cloud-shadow
were masked from images using the Fmask algorithm [22]. The six bands of each satellite
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Fig. 1. The study area in Australia’s Northern grain-growing region, and the five fields considered
in this analysis.

were used, representing the blue, green, red, near-infrared, and two shortwave infrared
portions of the electromagnetic spectrum. Some imageries were incomplete due to par-
tial cloud coverage or the ‘SLC-off” issue with Landsat 7. Only images with at least
75% coverage of each yield map’s pixels were included. For incomplete images but
had >75% coverage, gaps were filled by regression kriging as follows. First, the image
(from the same season as the incomplete image) with the highest correlation with the
incomplete image was selected as the covariate (provided it covered the missing pixels).
Then a linear model was fitted to predict the missing pixels before the residuals from
this linear model were kriged and added to the linear function to give the fill values.
Furthermore, these images were used to create average NDVI (Normalized Difference
Vegetation Index) to represent the yield index.

Besides, daily rainfall data was extracted from the 5-km gridded dataset, obtained
from SILO (Scientific Information for Land Owners), a database of Australian climate
data (https://www.longpaddock.qld.gov.au/silo/).

2.2.2 Soil Constraint Data

This research assumed that the soil constraints were temporally stable throughout the
period (1999-2019). Thus in this research, we used a set of soil constraint measurements
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compiled in earlier work, in which eight to twelve soil profiles were sampled per field
between April and May 2009 [16—-19]. The sampled profiles were split into eight depth
with midpoints 0.05, 0.2, 0.4, 0.6, 0.8, 1, 1.2 and 1.4 m. The samples were dried at
400 °C in a forced-draught oven and ground to pass through a <2-mm sieve [19].
Among a suite of soil properties that were measured, we focused on four that were
indicative of particular soil constraints: ESP (Exchangeable Sodium Percentage), ECse
(electrical conductivity of a solution extracted), Cl (Chloride) concentration, and EMgP
(Exchangeable Magnesium Percentage). ECse and Cl content were assessed for all eight
depths, while ESP and EMgP were assessed for four depths; 0.05, 0.4, 0.8 and 1.2 m.
ClI content and ECse were determined in 1:5 soil:water suspension, while ESP was
calculated from Na ration to CEC, determined using 1y NH4Cl extracting solution [23].

2.3 Initial Data Processing Methods

2.3.1 Detecting Years to Be Included in the Analysis

This analysis included remote-sensing data from 1999 to 2019. However, it would not
be appropriate to include in the analysis (with respect to soil constraints) the remote-
sensing data from all years; for some years, a crop might not have been sown (in very
dry years, it is common for growers to decide not to plant crops to avoid crop failure),
while for other years the remote-sensing data might be insufficient to provide a confident
spatial representation of crop growth and yield. Since our aim was to provide a means
of analysis based on the remote-sensing data, we defined a series of heuristics to detect
the years to be included in the pursuing analysis. For each field, we extracted the field-
median NDVI from all the imageries in a certain year and checked that (i) there were
at least five imageries in a certain year, (ii) maximum field-median NDVI in a year was
more than 0.3, (iii) maximum field-median NDVI was between mid-June until end of
October, (iv) field-median NDVI of the beginning and the end of the growing season
were at least half of the maximum field-median NDVI, and (v) the growing season had
at least 120 days interval. In addition to these heuristics, we inspected the imagery for
evidence of spatially differential management and excluded any seasons where such
evidence was found. We only used data from fields that were managed in a spatially
uniform way so that spatial differences in crop growth would not be due to differential
management, but predominantly the effects of soil variability.

2.3.2 Selecting Suitable Imageries

From the previous research, several well-known vegetation indices such as NDVI, RVI,
EVI, and EVI2 taken from around the time of their peak showed a good prediction of
yield patterns for wheat crops in eastern Australia. Therefore, this study used one of
those indices, NDVI, averaged over a window from 64 days before until 64 days after
the peak NDVI. Furthermore, we filtered this series of images by only including those
for which the field-median NDVI was at least 60% of the peak of the field-median NDVI.
From these filtered images, we calculated their average, which we refer to from hereon
as the average NDVI for each year.
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2.3.3 In-Crop Rainfall Determination

In this work, 5 km grided daily rainfall from the Australian climate database, SILO
(Scientific Information for Land Owners), was extracted into tabular daily rainfall. We
calculated in-crop rainfall from this rainfall data, which was defined as cumulative rain-
fall from 3.5 months before to 1.5 months after peak NDVI. We assumed that the rainfall
during this period would be the most crucial rainfall influencing yields or crop produc-
tivities and that the impact of soil constraints on the spatial variation of yield would
be dependent on this in-crop rainfall. The cumulative rainfall of each year was further
classified into three different classes: low, medium, and high representing dry years,
medium rainfall years, and wet years, respectively. The years with in-crop rainfall under
100 mm were classified as dry years, 100—150 mm were classified as medium rainfall
years, and more than 150 mm were classified as wet years.

2.4 Statistical Analysis Methods

2.4.1 Assessing Average NDVI Similarity Within a Certain Rainfall Year

The first analysis in this work was to test whether there was evidence of distinct patterns
of spatial variation of the average NDVI for years in a certain rainfall class — for
instance, do maps of the average NDVI for dry years look more similar than maps
from moderate rainfall years? The analysis was conducted by calculating the average
correlation between pairs of yield-index maps in each rainfall category. Significance of
the difference in average correlation was determined by randomly re-assigning rainfall
classifications to the maps and recalculating the difference in average correlation (the
test statistic) to generate a distribution of this test statistic under the null hypothesis
(no difference between the average correlations). We compare the average correlations
of dry years with those of medium rainfall years and those of wet years with medium
rainfall years to investigate whether there is evidence in the remote-sensing data of more
distinct patterns of spatial variation in the more extreme rainfall years.

2.4.2 Assessing Yield and Soil Constraints Correlation in Different Rainfall Years

Before undertaking analysis using remote-sensing data from all years (1999-2019), we
first checked whether analysis based on the average NDVI would give similar results to
analysis based on yield monitor data, using just the subset of years for which yield mon-
itor data were collected. This analysis compared the soil constraints with the monitored
yield data and with the average NDVI. The yield monitored data and the average NDVI
were extracted for each soil sample point and for each yield-monitored year. Then we
calculated the average yield for each spatial point (averaged over all monitored seasons)
based on the available monitored data and calculated correlations with the soil constraints
(for each field, each soil constraint, and each sampled soil depth); we did the same thing
with the average NDVI in place of the yield monitor data. A similarity of results from
these two different analyses would indicate that the average NDVI is providing a useful
surrogate for yield in the context of spatial diagnosis of soil constraints.

This work used data from eight to twelve sampled soil profiles in each field to assess
soil constraints and their relationships with the average NDVI in different rainfall years.
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Following validation of the approach, we applied the method with the remote-sensing

data from all cropped years, splitting those years into dry, moderate, and wet years
according to in-crop rainfall.

3 Result and Discussion

3.1 Cropped Years for Each Field

The study area involved four fields located in Australia’s northern grains-growing
regions, which is dominated by winter grains cropping (Table 1).

Table 1. Cropped years

Fields Cropped Years
Field 1 1999, 2001, 2002, 2003, 2004, 2005, 2006, 2007, 2008, 2009, 2010, 2011, 2013,
2014, 2015, 2016, 2017, 2018, 2019
Field 2 1999, 2002, 2003, 2004, 2005, 2006, 2007, 2009, 2010, 2013, 2014, 2015, 2017
Field 3 1999, 2000, 2002, 2003, 2006, 2007, 2009, 2012, 2013, 2017
Field4 | 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2008, 2009, 2010, 2011, 2012, 2013,
2014, 2015, 2016, 2017
Table 2. In-crop rainfall classification
Fields Dry Years Medium Rainfall Years Wet Years
Field 1 1999, 2002, 2006, 2017, | 2001, 2004, 2009, 2013, | 2003, 2005, 2007, 2008,
2018, 2019 2014, 2015 2010, 2011, 2016
Field2 |2002,2013,2014, 2017 1999, 2003, 2004, 2006, | 2005, 2010, 2015
2007, 2009
Field 3 |2009, 2013, 2017 1999, 2000, 2006 2002, 2003, 2007, 2012
Field4 {2000, 2002, 2013 2004, 2006, 2009, 2011, | 2001, 2003, 2005, 2008,
2014, 2017 2010, 2012, 2015, 2016
Table 3. Mean correlation between two years in the same in-crop class. (*significant correlation)
Fields Mean Correlation p-value
Dry Medium Rainfall Wet Dry > Medium Wet > Medium
Field 1 0.62 0.54 0.45 0.03* NA
Field 2 0.69 0.65 0.28 0.35 NA
Field 3 0.94 0.75 0.97 0.25 <0.01*
Field 4 0.60 0.34 0.34 0.26 NA
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3.2 In-Crop Rainfall

Table 2 shows the cropped years that were classified into each rainfall class according to
in-crop rainfall. Over all fields, at least three years fell into each in-crop rainfall category,
which provided enough data to allow some statistical analysis of differences between
the categories.

3.3 Average NDVI Spatial Pattern in Different Rainfall Years

We calculated the mean correlation between average NDVI maps for different years in
each in-crop rainfall category (Table 3). All fields had a higher correlation in dry years
than in medium rainfall years, although it was only significantly higher for Field 1.
(Note that fields with fewer cropped years are less likely to show significant differences
between correlations than fields with more cropped years.) This finding suggests that
although there might in general be some more distinctive patterns of spatial variation in
dry years than in wet years, the evidence for individual fields was only significant for
one of the four fields. Average NDVI maps for one of the four fields showed a higher
correlation in wet years compared to medium rainfall years, with that for Field 3 being
significantly higher.

A more distinctive pattern of variation for the average NDVI suggests a common
driver of variation in that subset of years. These results, therefore, suggest that the average
NDVI for Field 1 in dry years and that for Field 3 in wet years are good candidates for
variation that is related to soil constraints.

Average NDVI maps for Field 3 are shown in Fig. 2, for dry in-crop rainfall years
(Fig. 2a), medium rainfall years (Fig. 2b), and wet years (Fig. 2c). The figure shows
similar patterns in dry and wet year maps compared with the patterns in medium rainfall
years; this visual assessment agrees with the statistical assessment (Table 3), which
deemed the correlations of maps in wet years and in dry years to be greater than that in
medium rainfall years (with significance for the wet-medium comparison). It shows that
the area with a low yield is generally similar during the dry and wet years. But in the
medium rainfall years, the area with low yield differed more between years (although
this was largely due to the different pattern of the average NDVI in 2006).

3.4 Average NDVI Representativity to Replace Actual Yield Data

Before using the extracted NDVI from all cropped years for the full analysis, we exam-
ined whether analysis based on the NDVI would give similar results to that based on
actual yield data. The correlations between monitored yield and soil constraints were
calculated and compared with those based on the average NDVI from the same years.
Figure 3 depicts the magnitude (size and darkness of circle) and sign (blue for positive
and red for negative) of correlations, only showing those that were significant (p < 0.05),
which demonstrates that results from both analyses were quite similar. Both actual yield
and NDVI showed significant correlations with CI content and ECse at Field 3 and Field
4 and ESP at Field 3. This result indicates that extracted NDVI in this work could provide
a useful surrogate for monitored yield data in the diagnosis of soil constraints impacting
crop yields.
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Correlation plot of actual yield and constraint parameters (a), of average NDVI and con-

straint parameters (b) in different profile depth. The darker and the bigger the points, the higher

the correlations.
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(b), and wet years (c) in different profile depths. The darker and the bigger the points, the higher
the correlations.

3.5 Average NDVI Correlation to Soil Constraints in Different Rainfall Years

Theoretically, the importance of the soil’s capacity to supply the crop with water is more
important in dry compared with medium rainfall or wet years. A soil constraint impacting
PAW might be expected to have greater impact in dry years, and so spatial variation in
the soil constraint might correlate strongest with spatial variation in yield from dry years.
However, Fig. 4 shows that there were more significant correlations between yield and
the presence of constraints in the years with high in-crop rainfall. One of the possible
reasons for this that high rainfall is causing soil waterlogging, which is a known problem
in soils affected by sodicity.
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3.6 Average NDVI Correlation to Soil Constraints in Different Waterlogging
Events

As noted, one possible explanation for stronger correlations between NDVI and soil
constraints in wet years is that certain constraints are triggered by waterlogging events;
an example would be soil sodicity, which can increase the crusting after intense rainfall
events (Table 4). To investigate the plausibility of this, we defined a potential waterlog-
ging event as a period of seven days’ cumulative rainfall of more than 50 mm; years were
classified as those with no such waterlogging events and years with waterlogging events.
Although the correlations in the years with at least one waterlogging event is significant,
results are generally similar to those from the analysis for wet years (Fig. 5), and thus
do not provide a strong indication that this is the reason behind the strong correlations
found in wet years.
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Table 4. Waterlogging Events

Fields No waterlogging events Waterlogging events
Field 1 1999, 2006, 2009, 2011, 2013, 2017, 2001, 2002, 2003, 2004, 2005, 2007,
2018, 2019 2008, 2010, 2014, 2015, 2016

Field 2 1999, 2003, 2006, 2007, 2009, 2013, 2002, 2004, 2005, 2010
2014, 2015, 2017

Field 3 1999, 2000, 2009, 2012, 2013 2002, 2003, 2006, 2007, 2017
Field 4 2000, 2002, 2004, 2006, 2011, 2013, 2001, 2003, 2005, 2008, 2009, 2010,
2014, 2016, 2017 2012, 2015

4 Conclusion

This work investigated the potential of remote-sensing imagery for diagnosing the
impacts of soil constraints in different rainfall years. The results showed that the yield
index during wet years, in general, showed stronger correlations with soil constraints.
One possible interpretation is that the stronger correlations in wet years are due to
waterlogging events triggering crusting and reducing water infiltration, for instance in
areas impacted by soil sodicity. The analysis of data separated by years with potential
waterlogging events showed that the average NDVI during water-logged years better
assessed the soil constraint than those without waterlogging events but did not provide
compelling evidence for this explanation over the separation into wet, moderate, and
dry rainfall years. Alternatively, it could be that the imageries selected to calculate the
average NDVI (those within 64 days of the peak field-median NDVI, and with a field-
median NDVI greater than 60% of its peak value) were not a good representation of
yield; another possibility is that the period of rainfall (3.5 months before peak NDVI to
1.5 months after peak NDVI) used was not the most appropriate for the analysis; further
analysis of this will be looked at in future.
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