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Abstract. Current data are needed to manage our soil resources but there are few recent purpose-built surveys of soil
fertility, a critical asset for natural resources management. Instead, data collected for other purposes are re-used as has
been the case in our area of interest here: managing the threat of soil erosion on farm land in East Gippsland. The
dynamic nature of soil fertility challenges this approach, so we conducted a new survey using 234 paddocks selected at
random. These new data were compared to re-purposed legacy data. Plant tissue samples from a selected subset were
used to assess micronutrients. Separately, 27 paddocks that had been sampled during 1975–89 were re-tested to examine
temporal changes. We concluded that many paddocks are now strongly or very strongly acidic and deficient in
molybdenum (Mo) and boron (B). More specifically, those under dairying, cropping and horticulture are likely to have
adequate phosphorus (P) while those grazed for meat and wool are likely to be deficient in P. We concluded that grazing
enterprises need to either re-adopt soil testing and fertiliser treatment or adopt management practices suitable for acid
soils deficient in P, Mo and B, if their paddocks are to support sustainable productive agriculture. Data from the
re-tested paddocks suggest that, in general, many were once less acidic, highlighting the difficulties in using legacy
data. Also, contrasts in soil pH and available P between paddocks under different management regimes, highlighted the
difficulties in using re-purposed data. We concluded that a statistically designed survey is a preferable basis for natural
resource management.
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Introduction

Australia’s National Soil Research, Development and
Extension Strategy (Department of Agriculture, Fisheries and
Forestry 2014) aims to ‘improve the quality, availability and
access to soil data and information to meet user needs’, so as to
achieve ‘improved understanding of the condition of the
resource base’. However, there are few recent reports of
purpose-built research that provide spatial information on
soil fertility, let alone soil health and condition at either
regional or state scales. Recent efforts to get baseline data on
soil carbon stocks (Robertson et al. 2016) did not use a
statistical design. Indeed, spatial information on soil fertility
has often been created by opportunistic use of soil data from
the extension programs or soil testing services offered to
farmers (Helyar et al. 1990; MacLaren et al. 1996; Natural
Heritage Trust (Australia) National Land and Water Resources
Audit 2001; Scott et al. 2007; Apted et al. 2014; Marchant
et al. 2015). Inferences drawn from such re-purposed data can
be challenged. Here, we report on a purpose-built survey of
soil fertility in the farming land of East Gippsland, to both
show current trends and to explore and learn from the contrasts
with re-purposed legacy data.

East Gippsland is a suitable study area since it has different
kinds of agricultural industries, e.g. field cropping, grazing for

dairying, meat and wool, on a range of contrasting soils and
landscapes (Department of Primary Industries 2010, 2011a,
2011b, 2011c). It has been estimated that the risk of sheet
and rill erosion, tunnel and gully erosion is high or very high in
50% of freehold land, mainly on the Eastern Uplands, and
is 36% for wind erosion (Sargant 2009). The regional
catchment management strategy (East Gippsland Catchment
Management Authority 2013) seeks to manage these risks
through spatially targeted improvement in the productive
values and stability of agricultural land. Specifically, it aims
to achieve this objective by getting farmers to improve grazing
practices and species selection, and to increase the use of soil
testing to guide remedial action or changes to management.
The survey reported here was conducted to enable the
targeting of resources and to provide a means of engaging
with farmers to encourage them to test soil. But why did we
need new data?

The most recent published information available for East
Gippsland dates from 1999. It is based on soil test data collated
for the National Land and Water Resources Audit (Natural
Heritage Trust (Australia) National Land and Water Resources
Audit 2001) (hereafter the Audit) from commercial and
government laboratories. Farmers use such data to routinely
manage soil fertility and condition but its relevance to current
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conditions can be questioned. Much about farming has
changed since 1999. New technologies, variations in prices
of inputs and outputs, and the recent Millennium Drought
(1997–2010) have all provided incentives to change farming
systems. This includes the use of inputs such as fertilisers and
lime, as well as the mix of crops and pastures and the
management practices specific to each. Furthermore, the
geo-referencing of the data in the Audit was too coarse to
ascertain trends in fertility or differences between soil map
units at the regional scale in East Gippsland. Importantly, the
Audit does not inform on the adequacy of micronutrients,
which are critical to legume-based pastures in East Gippsland.
Soil tests are not useful for predicting the response to the
application of micronutrients (Peverill et al. 1999). Further,
there is a dearth of spatial data on responses to the application
of micronutrients since the review of Hosking et al. (1986).
Therefore, new and better information was needed.

There are now textbooks on the use of geostatistics to
design sampling schemes for mapping land and soil, e.g. de
Gruijter et al. (2006). Where a simple inventory of soil
properties is needed, a survey design based on random
selection of sampling sites will suffice. More complicated
designs such as stratified random sampling can utilise
features of interest, e.g. soil type and enterprise, to more
efficiently summarise differences in the target soil property
in different parts of the landscape. Where such features are
known to be co-related to the target soil property and this can
be described by a model, these can be used to improve survey
efficiency. Where a spatio-temporal survey is desired to both
map and monitor soil, more complex modelling can be used.
However, few regional- or national-scale inventories of soil
fertility in Australia are based on a statistical approach (Hodge
and Lewis 1989). Researchers and their funders may have been
dissuaded from this by the extra effort and resources necessary
to conduct a such statistically designed survey. Mostly, they
have either collated data from routine soil testing laboratories
(Helyar et al. 1990; MacLaren et al. 1996; Natural Heritage
Trust (Australia) National Land and Water Resources Audit
2001; Marchant et al. 2015), or engaged with farmers to
participate in a survey, e.g. Scott et al. (2007) and Apted
et al. (2014), with the farmers volunteering composite samples
from paddocks for testing and the researchers funding the
laboratory analysis. Site selection is not random in either
approach, nor is participation in an extension program or
the use of soil testing.

Collating data from routine soil-testing laboratories is
attractive as the logistical, sampling and analytical costs are
all sunken. Importantly, such datasets have been large, e.g.
data from 103 589 samples collected during 1990–99 were
collated for Victoria for the Audit. Soil testing to manage soil
fertility is not mandatory in Australia. Farmers’ soil samples
are taken to either optimise fertiliser inputs, monitor the
impacts of management practices on soil fertility or identify
the cause of undesirable plant performance with the objective
of ameliorating any identified soil constraints or deficiencies.
Inferences from these datasets may therefore be prone to bias
as it can be assumed that the paddocks are not randomly
selected but are selected for a purpose. Information on the
purpose for sampling is not always provided when samples are

submitted, and the purpose may not be the same in different
regions or different farming systems. This may also change
over time (Lemercier et al. 2008). This potential bias is
inherent in many legacy datasets and the difficulty in
accounting for this bias, without information on the reason
for paddock selection, has been recognised (Wheeler et al.
2004; Arrouays et al. 2012; Marchant et al. 2015).

Using the second approach, Scott et al. (2007) gained
access to more than 4700 paddocks through 27 farmer
groups participating in extension programs. Unfortunately,
the motivation for farmers to engage in such groups is not
well documented (Lobry de Bruyn 2019), let alone the
motivation or apathy to not engage, or to use soil testing or
not. It is also evident that a minority of Australian farmers use
soil testing or participate in soil extension programs
(Australian Bureau of Statistics 2013). Importantly, Gazey
et al. (2014) reported that the soil sampling practices and
intentions of farmers who were part of a long-term extension
and research program on soil acidity, were different to those
who did not participate. Therefore, inferences drawn from
these datasets can be challenged on the basis of self-selection
on the part of the farmer, in addition to the biased selection of a
paddock.

Few have attempted to assess the bias from purposive
sampling inherent in farmer-derived data or to provide
solutions to this problem. Rawlins et al. (2017) suggested
using contemporaneous data from surveys to assess the
importance of unidentified sources of bias. They tested this
suggestion by comparing a national-scale survey of soil
fertility compiled from farmer-derived data, i.e. a survey
with purposely designed sampling, to three national surveys
with statistically designed sampling. While the means of soil
pH data from the different surveys were consistent, the means
for available phosphorus (P) were not. They in part attributed
this result to differences in the method of testing available P
but would not discount other sources of bias such as purposive
selection of paddocks. For the research reported here, we
used an alternative approach, where a small set of paddocks
represented in the Audit and in Marchant et al. (2015) were
re-tested and compared.

In summary, we report a survey of current trends in soil
fertility across farmland in East Gippsland. This is supported
by plant tissue testing of selected paddocks to detect
micronutrient deficiencies. Soil data from the survey were
compared to routine soil testing collated from two sets of
legacy data. In addition, a temporal study using a small set of
paddocks represented in the legacy data were re-tested to relate
the survey and legacy data. The experimental units of the new
survey, a paddock, were selected at random whereas those
represented in the legacy data and the temporal study can be
assumed to be purposively selected.

Materials and methods

Soil fertility
The study area is the farming land of the East Gippsland
Catchment Management Authority region in far eastern
Victoria, Australia (Fig. 1). Of the 2.2 million hectares in
this region, 83% is public land under forestry or native
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vegetation with the remaining being freehold. The freehold
land is mostly used for agriculture. Little of the steep
topography of the Eastern Uplands (Fig. 1) is freehold or
used for agriculture. Farming occurs mostly on the less steep
slopes and flats at Dargo, Swifts Creek and Bonang, and the
lower slopes and flood plains along the major rivers (Mitchell,
Buchan, Tambo, Snowy, Cann and Genoa) and their
tributaries. In contrast, most of the land of the Eastern
Plains is freehold and is used for agriculture. From a survey
of farmers conducted in 2011–12 (Australian Bureau of
Statistics 2013), it can be inferred that 312 582 ha was used
for agriculture by 850 farm businesses, with 292 453 ha used
for grazing and 14 455 ha for cropping or horticulture.

The experimental unit for this survey is a paddock. There
were 291 paddocks selected at random, and these were on 266
properties. The method of Theobald et al. (2007), as applied
using ArcMap 10.1 (� ESRI), was used to select each
paddock. This method was initially applied as a simple
random selection of points; if a point fell in a paddock, it
was selected. Selected paddocks were dropped from the survey
for several reasons including refusal by land managers to
participate or because the land manager or owner could not
be contacted. The paddocks were sampled in 2014 and 2015.
During 2014, it became evident that some types of land and
soil were only represented by a small number of sampled
paddocks. A stratum was introduced to make the design a
stratified random sampling scheme. This alteration to the

design was needed to ensure useful statistical summaries
could be provided for all types of land with soils of interest
to this survey. Strata were developed using soil maps for East
Gippsland (Department of Primary Industries 2010, 2011a,
2011b, 2011c). Map units dominated by similar soil types were
grouped into soil classes (Table 1). It was hypothesised
that differences in important soil properties (e.g. reaction,
available nutrient reserves and texture) would be greatest
between these classes. Additional paddocks were randomly
selected with the aim of obtaining at least 20 paddocks for each
soil class.

The paddocks were sampled using the same approach as is
recommended to farmers for routine soil testing (Brown 1999).
They were sampled during autumn and early winter of
each year. The paddocks were sampled before fertiliser or
soil ameliorants were applied, or after more than six weeks of
the growing season succeeding application. At each paddock,
30 intact cores (0–10 cm depth) were taken in a rough grid or at
random to form a composite sample, representing the main part
of the paddock and excluding atypical areas such as stock
camps. Paddocks varied in size and shape such that the
sampling pattern and core spacing varied accordingly.
Where differences in soil type or landform were assessed as
being likely to give different soil test results and were of
sufficiently large area to constitute a separate management
unit, the paddock was split with a separate sample being taken
from each part. Consequently, there were 198 samples where
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Fig. 1. Enterprises of surveyed paddocks in three geomorphic units of East Gippsland.
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each represented a paddock, and 36 samples where each
represented two separate management units in each of 18
paddocks; a total of 234 composite samples representing
234 management units were available for study. For
brevity, a management unit will be called a paddock.

The samples were prepared and analysed as would be done
for farmers using routine soil testing services. That is, they
were air-dried at 408C in a forced air-draught oven for
four days. The air-dried samples were then sieved and
ground to pass a 2-mm sieve. The routine soil tests selected
for the survey were (with the method code from Rayment and
Lyons (2011)): available P as Olsen P (9C2b), P buffering
index (9I2B), extractable cations (15D3) from which available
potassium (K) and exchangeable sodium percentage (ESP)
were calculated, pH and electrical conductivity (EC) (4A1,
4B4 and 3A1) and total organic carbon (6B2b). Available
sulfur (S) was extracted in calcium di-hydrogen phosphate
followed by treatment with charcoal to remove organic S from
the supernatant (Brown et al. 1980). Soil organic matter was
calculated from total organic carbon using a correction factor
of 1.85. In addition, finely ground subsamples (>95% of
<100 mm) were prepared and scanned using a Perkin-Elmer
Spectrum One Fourier Transform MIR spectrometer at 8 cm�1

resolution, from 450 to 7800 cm�1 for 1 min. Predictions of the
contents of clay, silt, fine sand, coarse sand and total sand were
made from calibration models based on 7381 samples which
had particle size analysis after destruction or removal of
aggregating components, e.g. Mikhail and Briner (1978),
using either a pipette, hydrometer or plummet balance. The
calibration models are based on partial least-squares regression
analysis of spectra and laboratory data. The calibration dataset
included samples from soil and land surveys of East
Gippsland. These predictions were used to estimate field
texture using the texture triangle of Marshall (1947) based

on the proportions of sand, silt and clay in the mineral fine
earth fraction.

Management information was recorded from the farmer or
landowner using a brief questionnaire. Management
information included enterprise, fertiliser history and soil
testing history. No records were available from four
paddocks and only sufficient detail was available from the
remainder to enable a broad qualitative classification of
different aspects of the management applied to each
paddock. No attempt was made to quantify nutrient
balances or grazing densities. Information was particularly
lacking where ownership had changed, where only limited
records were kept by the farmer or where the landowner did
not have the lessee’s records.

The sampled area was geo-referenced either by digitising
from maps drawn in the field on aerial photographs, or from
fixes obtained using low-resolution hand-held geo-positioning
system devices, e.g. GARMIN 76S. Landform at each paddock
was classified according to the National Committee on Soil
and Terrain (2009). The medians of slope and elevation were
estimated from a rasterised representation of elevation at a
spatial resolution of 10 m (Department of Environment Land
Water and Planning 2008). Similarly, the geomorphic unit at
tier 1, 2 or 3 of the Victorian Geomorphic Framework (Rees
2000) was assigned to summarise the geomorphology of
each site.

Statistical analysis was conducted using GENSTAT
version 18.1 (VSN International Ltd). ANOVA was used to
detect significant differences between different variates
(continuous data) and factors (categorical data) such as
management, environment, land and soil, that may affect
soil fertility. Classes of factors were confined to those that
efficiently summarised natural and anthropogenic
relationships. Factors used to describe management were

Table 1. Classification of soils mapped in East Gippsland, with proportion of the study area occupied by each class in brackets

Class Description Map unit

Marine soils (0.5%) Soils formed on clayey Holocene marine sediments
mantled by aeolian and littoral dunes

Recent Marine, Roseneath

Dune soils (3.0%) Soils formed in dune fields of recent and current
coastal barriers

Coastal Dunes, Croajingalong, Seacombe

Aeolian soil on clay (31.6%) Soils formed on colluvial sediments (clay with
gravels) in which the A horizon includes aeolian
and littoral sediments from stranded beach ridges,
re-worked by wind erosion and sheet wash

Briagolong, Fernbank, Fernbank and Perry, Nindoo,
Stockdale, Stockdale with Munro, Stratford, Waygara

Alluvial soils (1.0%) Soils formed on recent terraces bordering active
flood plains

River Terrace 2, River Terrace 4, River Terrace 5, River
Terrace 6, Tinamba

Flood plain soils (10.8%) Soils formed in active flood plains Drainage Line, Lindenow, Morass, River Flats, River
Valleys, Swamp, Tea Tree, Walnut

Ferrosols on basalt (2.7%) Ferrosols formed on basalt Gelantipy, W Tree
Limestone soils (2.9%) Soils formed on limestone or marl Bindi, Buchan, Calulu, McAdam, Taravale
Sandstones with shallow soils (14.6%) Shallow stony soils. Depth to continuous hard rock is

less than a metre in many soil profiles
Bendoc, Combienbar, Talbotville, Tambo, Turton

Sandstones with deeper soils (4.1%) Depth to continuous hard rock is generally more than
a metre

Buchan South, Delegate, Gipsy Point, Glenmaggie

Shallow soils on granite (24.0%) Depth to decomposing rock is generally nomore than
1.2 m and A horizons are generally not thick

Ambyne, Bloomfield, Carrabungla, Dargo, McFarlane,
Murrungowar, Timbarra, Tubbut

Deeper soils on granite (4.9%) Deeper soils with thicker A horizons Cobungra, Deadhorse, Dellicknora, Wulgulmerang
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enterprise, frequency of fertilising and frequency of soil
testing. Variates included median values of slope, elevation,
rainfall, as well as easting and northing (MGA55) of the
centroid of the paddock. Data from tests of available P, K
and S, and P buffering index were skewed. This data was log10
transformed when applying ANOVA with the ‘treatment’
means being transformed back for reporting. Paddocks
grazed for dairying were separated from those grazed by
other livestock, under the presumption that their farming
systems would be different in intensity of inputs such as
fertiliser and stockfeed. Where statistical analysis was used
to study the effects of agricultural management practices,
paddocks that were not stocked or not used for agriculture
were excluded.

The survey data can be compared to legacy datasets from
samples submitted for routine soil testing to laboratories from
East Gippsland over the period of 1973–99. These laboratories
received samples in which the recommended sampling method
was the same as used here. The Audit collated data from
samples submitted to commercial and government laboratories
in Victoria during 1990–99. These samples were from the 0–10
or 0–15 cm depth. During 1973–89, the Government of
Victoria provided a routine soil testing service to farmers
through the Department of Agriculture and its successors.
Extension officers submitted composite soil samples (0–10
cm depth, 20–30 cores) they had taken on behalf of the farmer,
or if taken by the farmer, taken under the supervision of the
extension officer. During 1989–94, this service operated
through a commercial entity and these data are in the
Audit. Only data determined using the same analytical
methods were compared, i.e. pH(water) or pH(CaCl2),
Olsen P and available K calculated from exchangeable
K. Data in both legacy sets are geo-referenced to the
nearest town. It was not possible to classify data into
different enterprises in the legacy datasets.

Plant nutrition
Plant tissue testing was used to provide information on
micronutrient nutrition of pastures; information that cannot
be reliably obtained from soil testing (Peverill et al. 1999).
Because legumes have a higher demand for micronutrients
such as molybdenum (Mo), legumes were tested as indicator
plants in preference to grasses where possible.

In 2014, 129 paddocks were available for sampling. Plant
sampling could not be undertaken in 2015. Selection criteria
were applied to provide the best opportunity to detect
deficiencies in micronutrients. In paddocks with improved
pastures, the following soil test criteria were applied: the
Olsen P test result had to be greater than 14 mg kg�1, pH
(1 : 5 soil : water) had to be more alkaline than 5.3 and
available K had to be greater than 80 mg kg�1 soil
(calculated from exchangeable K). For those with native
pastures, the criterion for Olsen P was re-set to a range of
7–11 mg kg�1, with the other criteria left unchanged. There
were 67 paddocks chosen for plant sampling. Samples were
collected from 64 pastures and three which had been sown to
wheat. Plant samples came from the same area of the paddock
as the soil sample.

Plant sampling was in accord with recommended plant part
and growth stage set out by Reuter and Robinson (1997) for the
target species in each paddock. Growth stage at sampling and
plant parts sampled were before flowering, most recently
matured blade and petiole respectively, as recommended for
subterranean clover (Trifolium subterraneum L.), white clover
(Trifolium repens L.) and medic (Medicago spp.). Where too
few pasture legumes were present, the most dominant grass
species was sampled as an alternative. These were from kikuyu
(n = 1, whole top), cocksfoot (n = 1, whole top), couch grass (n
= 1, most recently matured blade) or ryegrass (n = 1, tiller).
Grasses were sampled in the vegetative stage. In one paddock,
the only option available was to sample a mix of native grasses
(n = 1, whole top). Where the paddock was under wheat (n =
3), the most recently matured leaf was taken at growth stage
GS25–27 (Zadoks et al. 1974). One-hundred plant parts (one
per plant) or 30 whole tops were taken and bulked for testing.
Where plants were stunted, the number of plants sampled was
increased to 300 where plant parts were sampled. The samples
were tested for the total content of nitrogen (N), S, calcium
(Ca), P, copper (Cu), manganese (Mn), K, zinc (Zn), boron
(B), magnesium (Mg), Mo and iron (Fe). Plant tissue analysis
results were interpreted and classified using Reuter and
Robinson (1997); only descriptive statistics are presented.

Temporal changes in fertility
A small study was undertaken to support the comparison of
data from the new survey to legacy data. Paddocks that had
been previously tested in one of the years during 1975–89 by
the Department of Agriculture were re-sampled. These
paddocks were not randomly selected at the second sampling.

To do such a study, it is necessary to verify that the same
paddock is being sampled. There were 43 paddocks in the
survey area initially identified for re-sampling. In the
paddocks studied here, either an extension officer or the
farmer under the supervision of an extension officer, took the
original sample. Historical documents containing cursory
paddock details and consultation with previous and current
farmers, as well as a now-retired local extension officer,
were then used to verify that the same paddock was re-
sampled in each instance. Of the 43 paddocks, only 27 were
located with sufficient confidence to be used in this study.

The paddocks were re-tested using the same methods of soil
sampling and laboratory analysis as when previously tested.
These methods are the same as those used in the survey
described above. The laboratory analysis was conducted by
same government laboratory. GENSTAT version 18.1 was
used for statistical analysis of the re-sampled paddocks.

Results

The survey

A summary of the properties of the surveyed paddocks is
provided in Table 2. The paddocks are at a range of
elevations of 0–1007 m AHD and lie within 575–1200 mm
isohyets. The survey was dominated by paddocks under
grazing with other agricultural enterprises in the minority
(Table 3). Those under crops were mainly on the Eastern
Plains and those under horticulture were on the flood plain
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soils of the Mitchell River at Bairnsdale, an area long favoured
for vegetable production (Fig. 1). In general, the surveyed
paddocks on soils developed on sandstones, limestone,
granite or basalt were in the Eastern Uplands, while those on
dune soils, aeolian soil on clay or alluvial soils were on the
Eastern Plains. Paddocks on flood plains were on both the
Eastern Plains and the Eastern Uplands. Consequently, the
characteristics of the paddocks, as described by data
representing various aspects of the environment and farming
systems, are confounded as is typical of data collected in these
kinds of studies, e.g. Robertson et al. (2016). Therefore,
analysis was confined to examining relationships based on
expected cause-and-effect rather than casual co-relation, so
as to efficiently summarise and communicate differences in
soil fertility.

Among the surveyed paddocks, management practices were
inconsistent across enterprises. For example, in paddocks
where records were available on soil testing (n = 115), soil
testing at least every 5 years was undertaken in six of the 10
paddocks under dairying, and in all of the seven paddocks used

for cropping. In contrast, only 28 of the 69 used for grazing for
meat and wool were tested every 2–5 years. In fact, 16 of these
69 were tested at frequencies greater than 10 years. Similarly,
frequencies of fertilising paddocks for cropping, dairying and
grazing differed. For example, where fertiliser records were
available for pasture paddocks (n = 186), all 19 pastures under
dairying were fertilised at least every 5 years with eight being
fertilised more than once a year, whereas only 58 of the 151
pastures grazed by other livestock were fertilised at least every
5 years.

Soil matrix

The majority of the soil samples were coarse textured, mainly
loamy sands, silty loams or loams, with only two being silty
clays and 42 being clay loams or silty clay loams. The heavier
textured examples came from paddocks on limestone, marine
sediments or flood plains, these soils also tended to have higher
organic matter content.

Aeolian soil on clay and dune soils, contained more coarse
sand on average, than soils from other soil classes especially
those formed on basalt or limestone (Table 4). The former are
on landscapes in which beach ridges and stranded beach ridges
and other coastal formations have been re-worked by wind
(Jenkin 1968). Wind and wave action winnows out the finer
particles, which are dispersed further away, leaving behind the
coarser particles. The remaining surface soil samples originated
from colluvial and alluvial environments and were not as coarse,
on average, as those from landscapes affected by wind and wave
erosion. In contrast, soils formed on limestone or basalt contained
significantly more clay and silt.

Across the dataset, total organic carbon was significantly
(P < 0.001) correlated with predicted clay content (r = 0.32). It
was noteworthy that P buffering index was significantly
(P < 0.001) correlated with clay content (r = 0.47) and
total organic carbon content (r = 0.70).

Soil reaction

Soil pH(water) was <6.0 in 202 paddocks with 95 being
moderately acidic (pH 5.5–6.0), 99 strongly acidic (pH
5.0–5.5) and eight very strongly acidic (pH 4.5–5.0). For soil
pH(CaCl2), 202 paddocks had soil pH < 5.2, below which

Table 2. Summary of key soil properties for samples from the survey,
from determinations in laboratory analysis or predicted from MIR

spectrometry
ESP, exchangeable sodium percentage

Soil property Mean Median Skewness Minimum Maximum

Determined
pH(CaCl2) 4.84 4.76 2.00 3.79 7.54
pH(water) 5.60 5.53 1.79 4.64 8.05
Available K (mg kg–1) 226 194 1.86 65 963
Olsen P (mg/kg) 14.4 11.0 2.54 2.9 85.9
Available S (mg kg–1) 14.8 7.48 13.2 0.7 996.5
P buffering index 114.6 97.8 4.96 5.7 1034.2
ESP (%) 3.5 2.7 7.94 0.3 56.5
Total carbon (%) 4.56 4.27 1.74 1.64 16.04
Predicted
Clay (%) 16.0 15.6 0.34 1.8 33.2
Silt (%) 18.6 18.4 –0.04 1.0 35.3
Sand (%) 54.1 54.0 0.24 18.8 91.5
Field capacity (%) 28.4 27.5 0.23 9.4 51.6
Wilting point (%) 10.9 10.3 0.96 3.7 24.5

Table 3. Numbers of paddocks in different agricultural enterprises from the survey, the temporal study and plant tissue testing

Class Grazing Dairy Cropping Horticulture Not
stocked

Other Unknown Temporal
study

Plant
tissue
testing

Marine soils 6 1
Dune soils 4 1 1 2
Aeolian soil on clay 45 3 4 1 12 27
Alluvial soils 9 4 2
Flood plain soils 17 6 4 3 3
Ferrosols on basalt 16 1 1 2 1 4
Limestone soils 19 2 1 4
Sandstones with shallow soils 16 3 1 3
Sandstones with deeper soils 12 1 2 2
Shallow soils on granite 23 2 1 3 9
Deeper soils on granite 19 1 4 2
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aluminium becomes soluble and can affect the growth of low-
pH sensitive pastures and crops such as barley, lucerne and
canola. This result shows that the growth of low-pH sensitive
plants may be limited in the majority of paddocks in this region,
and that in many the acidity was sufficient to limit plants more
tolerant of low soil pH.

The more alkaline samples came from paddocks on
limestone, basalt or from the more intensively managed flood
plains, while the more acidic samples came from paddocks on
granites, sandstones or dunes (Table 4). In fact, paddocks under
horticulture (n = 4) were significantly less acidic than those
under other enterprises (Table 5).

There was no significant difference (P > 0.05) in pH(CaCl2)
between those which had been limed (n = 33) and those
reported to have not been limed (n = 197). However, where
details on liming were provided (n = 18), the lime application
appeared to be sufficient in all but one case.

The mean pH of the survey data (m = 4.84, s = 0.461), as
measured in 0.01 M CaCl2 suspension, was not significantly
different (P > 0.05) to the mean of surface soil samples
submitted to the Department of Agriculture for this region,
over the period from when this method was adopted, i.e.
1985–94 (n = 1052, m = 4.88, s = 0.528). Nor was it
significantly different (P > 0.05) to the mean of surface soil
samples from the Audit (n = 1682, m = 4.87, s = 0.591).

Salinity

Only 11 paddocks were saline, i.e. EC > 0.25 dS m�1. All but
two were from soils developed on marine sediments or flood
plains and these were sodic (ESP > 6%). The remaining two
were from limestone soils and were not sodic. Given salinity is
a minor issue in this region, it is not considered further.

Available P

The Olsen P test results showed that 107 of the 234 surveyed
paddocks were deficient in P for native pastures, i.e. <10 mg
kg�1 Olsen P; and 162 were deficient in P for improved
pastures, i.e. <15 mg kg�1 Olsen P. Twenty-four paddocks
had Olsen P results above which there would be no response to

applied P, i.e. >27 mg kg�1 Olsen P. The paddocks sampled
around Swifts Creek in the Tambo Valley, and around and
north of Buchan in the Buchan Valley were noteworthy for the
number of low Olsen P results (Fig. 2). In contrast, some
paddocks were notable for their high Olsen P results, e.g. 86
mg kg�1. Such high results typically came from paddocks
under dairy or horticulture. The Olsen P data from some
paddocks (n = 13) were so low, i.e. <5 mg kg�1, as to
suggest that little P fertiliser has been applied. Data on
paddock management for these 13 paddocks indicated that
only three received P fertiliser in the last year; while in six,
fertiliser had not been applied for at least 10 years.

Mean Olsen P in paddocks under grazing was significantly
lower than in other enterprises (Table 5). It was evident that
more frequent application of fertilisers resulted in higher soil P
fertility (Table 6). Also, mean Olsen P was significantly lower
(P < 0.001) in paddocks with no history of soil testing
compared to those with a history of soil testing: 9.96 and
13.24 mg kg�1 respectively. Given the difficulties in collecting
information on management for all paddocks in the survey, the
results from this survey suggest that Olsen P data can serve as a
proxy for the intensity of P fertility management.

Soil P fertility in the survey data from 2014 and 2015, was
significantly different (P < 0.01) to samples submitted to the
Department of Agriculture from 1976, when the Olsen P test
was adopted for routine soil testing, to 1994 from locations in

Table 5. Effects of enterprise on pH, Olsen P and available S
Olsen P and available S data were log10 transformed. ANOVA was
restricted to surveyed paddocks in which the enterprise was known.
For each soil property, means with different letters significantly differ

(P < 0.05)

Enterprise n pH(CaCl2) Olsen P
(mg kg�1)

n Available S
(mg kg�1)

P <0.001 <0.001 0.007
Horticulture 4 5.82 a 38.15 a 3 14.45 a
Cropping 8 4.94 b 21.75 ab 8 9.63 ab
Dairy 19 4.98 b 19.18 b 17 8.44 ab
Grazing 186 4.80 b 10.58 c 178 6.42 b

Table 4. Means of soil data for each class from the survey
Data for Olsen P, available K and S were log10 transformed for statistical analysis. For each soil property, means with different letters significantly differ

(P < 0.05)

Class Soil organic
matter

Clay Silt Fine
sand

Coarse
sand

pH(CaCl2) Olsen P Available K Available S

(%) (%) (%) (%) (%) (mg kg�1) (mg kg�1) (mg kg�1)

Marine soils 12.0 ab 19.1 bc 18.0 def 30.5 cde 15.0 cd 4.81 abc 10.31 cde 356.5 a 20.03 a
Dune soils 14.9 a 6.4 g 8.8 g 35.1 abc 38.4 a 4.53 bc 14.38 abc 161.9 bcd 7.67 bcde
Aeolian soil on clay 6.7 fg 10.7 f 11.2 g 38.7 a 27.6 b 4.78 bc 14.18 bcd 155.3 d 6.29 def
Alluvial soils 8.6 de 13.6 de 17.8 ef 38.5 ab 16.5 cd 4.88 abc 16.93 ab 172.7 cd 9.03 bcd
Flood plain soils 9.9 bcd 19.4 b 21.6 cd 32.8 cd 11.8 de 5.08 a 22.30 a 240.5 b 13.57 ab
Sandstones with shallow soils 9.2 cde 15.8 cde 21.0 cde 35.9 b 12.5 de 4.66 bc 9.60 ce 177.8 cd 6.01 defg
Sandstones with deeper soils 8.0 ef 13.1 ef 18.2 ef 39.1 a 15.2 cd 4.61 c 9.46 ce 150.6 d 7.6 cdef
Shallow soils on granite 6.1 g 14.9 de 17.3 f 31.5 cd 18.5 c 4.79 bc 8.25 ef 216.4 bc 4.56 eg
Deeper soils on granite 8.2 ef 16.1 cd 23.0 bc 31.5 cd 13.4 d 4.68 bc 8.91 ce 162.0 d 5.8 defg
Limestone soils 8.6 de 25.0 a 26.8 a 28.6 e 7.1 f 5.18 a 6.41 f 321.7 a 6.84 def
Ferrosols on basalt 10.6 bc 22.8 a 25.1 ab 30.3 de 7.8 ef 4.91 ab 10.33 ce 220.6 bc 10.56 bc
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the East Gippsland Catchment Management Authority region
(n = 2657). Here, means of Olsen P data were 11.60 and 10.25
mg kg�1 respectively. The survey data also significantly
differed (P < 0.01) to the Audit data (n = 1253, m = 10.24).

Available K

The available K test results showed that eight of the 234
paddocks were deficient in K, i.e. <80 mg kg�1, despite five of
these K-deficient paddocks being treated with potassic
fertilisers. Six of these were on aeolian soils on clays.
Given the coarse textures and lower mean total carbon of
the surface soil of this soil class, it is not surprising that K was

deficient as it is easily leached in such soils and there is little
clay to supply exchangeable K or fixed K.

There were no significant differences (P > 0.05) between
means of available K in different enterprises. Paddocks on
marine soils or limestone soils had the highest mean
available K, which contrasted with the soils with coarse-
textured surface soil which were significantly lower (Table 4).

Mean available K in the survey data was significantly
(P < 0.001) higher than the mean available K in samples
from East Gippsland in the Audit (n = 1179, m = 139.8 mg
kg�1). Only 17% of samples collated by the Audit were low in
K, i.e. <80 mg kg�1.

Available S

Thirty-eight of the 234 paddocks returned soil tests that were
deficient in available S, i.e. <4 mg kg�1.

The EC and available S (log10 transformed) were
significantly correlated (r = 0.63; P < 0.001). Paddocks
where salinity will affect agricultural plants (EC > 0.25 dS
m�1, n = 11) had high available S, e.g. the sample with the
highest available S at 996 mg kg�1 had a corresponding EC of
3.40 dS m�1. These saline paddocks were on flood plains,
marine soils or limestone soils. There was no significant
correlation (r = 0.97; P > 0.05) between recent application
of S fertiliser and available S at the 74 paddocks for which
records were available. The significant differences in available

Soil class
Marine soils
Dune soils
Aeolian soil on clay
Alluvial soils
Flood plain soils
Ferrosols on basalt
Limestone soils
Sandstones with shallow soils
Sandstones with deeper soils
Shallow soils on granite
Deeper soils on granite
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Fig. 2. Available P (mg kg�1), as Olsen P, of surveyed paddocks in East Gippsland. Available P is deficient at Olsen P <14 mg kg�1.

Table 6. Mean Olsen P in surveyed paddocks in relation to the
frequency of fertiliser application where records were available

Olsen P was log10 transformed for statistical analysis. Means with different
letters significantly differ (P < 0.05)

Fertiliser frequency n Olsen P (mg kg–1)

<1 year 38 20.36 a
1–2 years 49 13.6 b
2–5 years 35 10.18 cd
5–10 years 30 10.88 bc
>10 years 25 7.96 d
Do not fertilise 9 9.86 bcd
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S under different enterprises (Table 5) could be due to
confounding with class and the position of the paddock in
the landscape, e.g. paddocks on coarse-textured profiles at
high elevations with high rainfall versus those on flood
plains close to the sea. Importantly for natural resources
management, paddocks under grazing were found to have
lower average available S in contrast to those under more
intensive enterprises. Paddocks on granites and aeolian soils
on clay (Fig. 3), where S would be easily leached, appear to be
prone to S deficiency (Table 4) as these dominated the numbers
of those that were deficient, i.e. 30 out of 38.

Plant tissue testing

Plant tissue testing was undertaken to complement the soil
testing. Figure 4 shows which paddocks were tested.

The P and K data from plant tissue testing were
significantly (P < 0.001) correlated with Olsen P and
available K data from soil testing: r = 0.53 and 0.51
respectively.

Analysis of the plant tissue test results showed that the most
common deficiencies were in P (n = 12), S (n = 30), B (n = 21)
and Mo (n = 38). Also, the most common marginal results
were in P (n = 10), S (n = 20), Cu (n = 13) and B (n = 36).
There were a minor number of deficiencies in N (n = 3),
Ca (n = 9), Mg (n = 2) and Co (n = 1). Few visual symptoms of
nutrient deficiencies were recorded when the samples were

taken. However, the most common visual symptom recorded
among the clover samples (n = 59) was stunting of the whole
plant or plant parts (n = 10). Only three plant tissue samples
returned results that indicated that the pasture was limited by
one nutrient: Ca was deficient in one, S was deficient in
another and N was marginal in the third. In the remaining
samples, there were multiple nutrients limiting plant growth,
usually with one nutrient outstandingly deficient and the others
less so or marginal. Severe deficiencies in one nutrient can
induce deficiencies in other nutrients as the plant becomes less
able to exploit soil resources due to poor root growth and plant
function. Low S results often came from paddocks where the
sampler recorded observing either waterlogging or pugging or
both, which suggests that wet conditions preceding tissue
sampling or at sampling may have affected the supply and
uptake of S.

It appears that in the western part of East Gippsland, Mo
deficiencies were more common (Fig. 4). No spatial trends
were obvious among the other nutrients that were most often
deficient, i.e. P, S, Cu and B. For P and S, this appears to
contrast with the spatial trends seen in the soil test results. This
apparent contrast may, in part, be due to the confounding
effects of multiple nutrient deficiencies and the effect of strong
soil acidity on plant growth and nutrient availability. This is in
addition to the criteria used to select paddocks for plant tissue
testing. The objective of testing plant tissue was to assess the
supply of micronutrients, not P and S.

Soil class
Marine soils
Dune soils
Aeolian soil on clay
Alluvial soils
Flood plain soils
Ferrosols on basalt
Limestone soils
Sandstones with shallow soils
Sandstones with deeper soils
Shallow soils on granite
Deeper soils on granite
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Fig. 3. Available S (mg kg�1), as CPC S, of surveyed paddocks in East Gippsland. Available S is deficient at CPC S <4 mg kg�1.
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Temporal changes in fertility

Since the re-sampled paddocks were not selected at random, it
is important to first understand what differences and
similarities there are between the re-sampled paddocks,
paddocks routinely tested during 1975–89 and the newly
surveyed paddocks. Such an understanding will help to
relate the legacy data to the survey data.

The re-sampled paddocks did not appear to be different to
the other paddocks tested during 1975–89. Mean pH(water) of
the re-sampled paddocks at their first sampling was m = 5.63
(n = 27) and the remaining paddocks from which samples were
submitted for this period to the Department of Agriculture had
a mean of m = 5.68 (n = 1906); these means did not
significantly differ (P > 0.05). Mean Olsen P for the initial
sampling of the re-sampled paddocks was m = 9.14 mg kg�1

(n = 25) while the remainder had a mean Olsen P of m = 10.54
mg kg�1 (n = 1738); these means did not significantly differ
(P > 0.05).

However, there are differences in other characteristics
between the re-sampled paddocks and those used in the
survey. We can infer that many paddocks in the region are
not tested or seldom tested as based on the results outlined
above and from recent surveys of land management, e.g.
Australian Bureau of Statistics (2013). In contrast, the re-
sampled paddocks were tested on purpose and we know why
they were tested in most cases. Most were tested to investigate

poor growth (n = 14) or establish fertiliser needs (n = 6), while
two were tested before establishing fertility demonstration sites.
One was sampled to check soil pH and salinity. In four
instances, no indication of the purpose of the test was provided.

Like the surveyed paddocks, most re-sampled paddocks
were used for grazing in 2015. Three exceptions were
paddocks used for either dairying or horticulture, or was not
known. It was not explicitly stated in the historical records what
enterprise each paddock was under at the time of the original
sampling. However, the main industry in this region at that
time was wool production based on clover–grass pastures or
lucerne. Extension officers visiting these paddocks were
supporting meat and wool production: all re-sampled paddocks
were assumed to be used for meat and wool production at the
original sampling. No attempt was made to track land use and
management from the original to the 2015 sampling.

Finally, most of the re-sampled paddocks were on aeolian
soil on clay and soils on granite (Table 3). Aeolian soil on clay
and soils on granite occupy 61% of the study area.

Differences between current soil pH and soil pH
determined at the original sampling were not consistent
over the range of the original data (Fig. 5). Those that were
strongly acidic (pH(water) 5.0�5.5) are now significantly
more alkaline (P < 0.05); their mean dpH(water) was 0.22.
Those that were moderately acidic (pH(water) 5.6�6.0) or
slightly acidic (pH(water) 6.1�6.9) are now significantly more

Soil class
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Dune soils
Aeolian soil on clay
Alluvial soils
Flood plain soils
Ferrosols on basalt
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Sandstones with shallow soils
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Fig. 4. Molybdenum in plant tissue samples (recently matured leaflet and petiole) from pasture legumes taken before flowering, i.e. <25%
flowering. Molybdenum is deficient at <0.4 mg kg�1.
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acidic (P < 0.05); here mean dpH(water) for this class of
paddocks was �0.22.

Differences in the soil tests could be due to many factors
affecting the soil over the intervening four decades. For
example, differences may be due to liming, net imports or
exports of agricultural materials such as hay, application of
alkaline irrigation water, application of ammoniacal acidifying
fertilisers or leaching of nitrate derived from mineralised soil
N, urine or urea. However, it is likely that for those paddocks
determined to be undesirably acidic at the first sampling, the
farmer would have received a recommendation to apply lime.
It appears that this advice was heeded. In fact, five had
recently received lime apparently with varying degrees of
success.

Twenty-five of the 27 paddocks were originally tested for
Olsen P. In most cases, the farmer would have been advised to
apply P fertiliser given the initial test results. All but five had
higher Olsen P results than the initial test results (Fig. 6).

Discussion

Drake and Kehoe (1963) provided an early report on the soils
in East Gippsland. Spencer and Govaars (1974) followed with
a report on the nutrient status of northern East Gippsland. They
concluded that East Gippsland soils, ‘Typically, in the virgin
state they are slightly to moderately acid, deficient in nitrogen,
phosphorus and sulphur, and likely to be deficient in
molybdenum and copper. Potassium although adequate in
the virgin state, could become deficient in a small
proportion of the soils after some years of development’.
Since then, scientists, advisors and farmers have worked
together to encourage the use of soil testing, and the
application of manufactured fertilisers and lime to improve
soil fertility. Analysis of routine soil test data from this region
for 1973–94 and submitted to the Department of Agriculture
(MacLaren et al. 1996; Marchant et al. 2015) suggests that, in
general, there has been a decrease in soil pH and an increase in
soil K fertility with no change in soil P fertility. The most
recent analysis of routine soil testing data from East Gippsland
collated for the Audit indicates that paddocks were generally
acidic and deficient in P with only a few deficient
in K. Although the results reported here are in broad

agreement with these previous studies, there are important
differences.

Acidity and acidification

It can be interpreted from the differences in the soil pH data
from the re-sampled paddocks of the temporal study, that many
of the paddocks in this region may now be more acidic than
they once were. While such a scenario is to be expected given
previous surveys of soil pH changes under pastures in southern
Australia (Lewis et al. 1987b; Ridley et al. 1990; Crawford
et al. 1994), the results from the re-sampled paddocks and the
survey have important implications for long-term management
of farm land in East Gippsland. For example, farmers’ choices
of plant species have become narrow. Fortunately, this district
has several sources of lime, but it is evident that liming
practices could be improved given the lack of difference in
soil pH between limed and un-limed soils. Moreover, the
2011–12 survey of farm management observed that 44% of
farm businesses had never applied or not applied lime since 1
July 2006, and only 16% had applied lime or dolomite in
2011–12 (Australian Bureau of Statistics 2013). This contrasts
with the observations of Scott et al. (2007), who provided
evidence that liming practices in southern NSW were effective
in increasing soil pH. Monitoring of soil pH will be needed
to maintain or improve productivity and manage soil
acidification.

More broadly, the subtle differences between the legacy
data, the data from the re-sampled paddocks and the survey
have important implications on the choices of data used to
support natural resources management at the regional and state
scale. The observations reported here provide evidence that
inferences drawn from collated legacy data are potentially
misleading. The results show how legacy data may become
out-of-date due to ongoing and unaddressed land degradation,
for example, soil acidification in this case or where there are
differences in the adoption of ameliorative management
practices such as liming. Moreover, the observations from
the re-sampled paddocks and the observations of Scott et al.
(2007) show that analysis of legacy data without pertinent
supporting data may not be able to detect multiple disparate
trends. The lessons farmers learn from past participation in
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extension programs and use of soil testing, whether for
improving sustainability or productivity, also need to be
considered (Lemercier et al. 2008; Gazey et al. 2014;
Lobry de Bruyn 2019). Biggs and Searle (2017) have begun
a discussion on how to better quantify and describe the quality
of the data used to map soil types; an equivalent discussion is
needed for data on soil fertility.

Such a discussion would help understand or avoid
problematic outcomes. For example, the Audit estimated
that the area of acidic soils (pH 4.3–4.8) in Australia’s farm
land was 11.3 million ha based on soil survey data, i.e. the data
discussed by Biggs and Searle (2017). In contrast, this area
was estimated to be 21.2 million ha when based on data from
routine soil testing data. The need for this discussion will
become more urgent where future sources of data for mapping
and monitoring become more diverse, e.g. Robinson et al.
(2019).

Phosphorus

Differences in Olsen P between enterprises as observed here
(Table 5) are to be expected given the different intensities in
management of soil fertility (Table 6). Others have observed
how different enterprises have different soil P fertility status
(Sparrow et al. 1999; Cotching et al. 2001, 2002a, 2002b;
Sparling and Schipper 2004; Wheeler et al. 2004; Roger et al.
2014) although their studies were concerned with excessive
application of P, whereas the discussion here is on the
inadequacy of application of P.

The widespread deficiency of P in the surveyed paddocks in
pastures grazed for meat and wool (Table 5), and the
infrequent application of fertiliser (Table 6), is in accord
with a survey of farm management in the 2011–12
financial year (Australian Bureau of Statistics 2013), the
second year after the end of the Millennium Drought. Only
4% of farm businesses in East Gippsland reported applying P
fertiliser in that year. For comparison, this proportion was 18%
for Victoria, and 8% in the Murrumbidgee and Murray natural
resource management regions which cover the area studied by
Scott et al. (2007). Results from our survey (Table 6) would
suggest many from East Gippsland who completed the
2011–12 farm management survey and who did not apply
P, were meat and wool producers. Moreover, it is evident from
Fig. 2 that some local areas may have had little applied P for a
substantial period. Therefore, there is a need to understand
why farmers were not applying P, how to manage low P soils
(Table 4) and why these vary across East Gippsland.

The Olsen P results from the temporal study contrast with
the survey results where many paddocks were deficient in
P. This contrast both re-emphasises the need for contemporary
soil data, rather than relying on legacy data, and supports the
value of statistically designed sampling schemes (de Gruijter
et al. 2006) rather than approaches based on re-purposing
routine soil testing data or offering free soil testing to
interested farmers. While statements recognising the
inherent bias in datasets based on purposive sampling
(Lemercier et al. 2008; Arrouays et al. 2012) may be
candid, inferences drawn for an entire study area may be
problematic in light of the research reported here. It

remains unclear if the few farmers who use soil testing or
engage with extension programs adequately represent
paddocks managed by those who do not. Data from the
Australian Bureau of Statistics (2013) shows that in East
Gippsland soil testing was used by 7% of farm businesses
and that at most 33% of farm businesses participated in farmer
groups in 2011–12. This is further complicated by the findings
of Gazey et al. (2014) on the residual effects of lessons learned
from past participation in extension programs and the use of
soil testing. When Rawlins et al. (2017) compared data from
contemporary statistically designed surveys and a large dataset
collated from commercial soil testing (n = 143 201), the
representativeness of the latter is implied through its size
and maps of its extensive coverage of their study area, in
this case England, Scotland and Wales. They concluded that
collating commercial routine soil testing data has value for
monitoring soil resources although they cautioned that such an
approach is not a replacement for statistically designed spatio-
temporal surveys. The contrast and similarities discussed here
suggests that a farmer’s decision to use or not use soil testing
or advice on managing soil fertility, cannot be ignored when
using approaches that cede control of site selection to the
farmer.

How did the trends in soil P fertility arise? Records were
not sufficiently complete or accurate to elucidate trends in
Olsen P in terms of inputs and outputs of P for each paddock as
has been done in other studies, e.g. Lewis et al. (1987a) and
Matos-Moreira et al. (2017). An alternative approach is
possible. Burkitt et al. (2002) showed how soil test values
of Olsen P and Colwell P, from nine sites across the high
rainfall zone of Victoria, declined when P fertiliser was not
regularly applied. The decline was greater in the more poorly
buffered soils of their study, a characteristic shared by many of
the soils in our study area. The observations on fertiliser
management from this survey (Table 6) showed that
paddocks receiving more frequent applications of fertiliser
had higher Olsen P values. Therefore, soil testing may well
be a better indicator of P management than answers to
questionnaires or inferences from secondary sources,
e.g. statistics on fertiliser sales. However, this necessitates
assuming that the soils of the study area are naturally poor in P,
have similar buffering capacities and either assuming that
surface soil has not been lost or buried by erosion, or
diluted by cultivation. Use of independent quantitative data,
e.g. spectral finger printing (Chapman et al. 2013), to
demonstrate that the same soil was sampled would be
beneficial if affordable.

Potassium

Hosking (1986) reviewed the K nutrition of pastures across
Victoria. It was estimated that some 3 million ha of pastures,
including those in East Gippsland, were affected by K
deficiency at that time. This review presented results from
published and unpublished field trials in East Gippsland that
showed that pastures responded to K fertilisers including in
trials where there were interactions with other fertilisers such
as Mo and P, and with lime in virgin soils sown with
grass–clover mixes. Published and unpublished fence-line
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surveys have found many pastures had less available K
(Peverill and Briner 1981; Hosking 1986; McGowan 1990)
or exchangeable K (Crawford et al. 1995), than in adjacent
unfertilised roadsides or native vegetation. This would suggest
that agricultural production has in the past exploited K reserves
such that the widespread deficiencies may result from not
replacing the K removed in agricultural products. In some,
soils are naturally deficient in K and agriculture may have
exacerbated this condition. However, the results from our
survey suggest either that K deficiencies in East Gippsland
have since been addressed or that K reserves have not been
exploited to the point of being limiting. The Audit reported that
East Gippsland is an area of moderate available K (120–200
mg kg�1), that has low K application rate (1–10 kg ha�1 for the
1992–96 period) but with a positive balance of K application
(National Heritage Trust (Australia) 2001). The results from
the survey reported here accord with the Audit.

Sulfur

Spencer and Govaars (1974) concluded that pasture soils in
East Gippsland were deficient in S as was typical of soils in
eastern Australia (Williams and Steinbergs 1958). The
proportion of deficient paddocks in our 2014–15 survey was
in the minority at 16%.

Lewis et al. (1987b) studied changes in total S under
subterranean clover-based pastures on sandy texture contrast
soils in South Australia after clearing and establishment of
permanent pastures. Accumulation rates ranged within
5.9–10.0 kg�1 S ha�1 year�1. They assumed that the
accumulating soil S was derived from S applied as
superphosphate. However, accession of atmospheric S can
be an important source for soils close to the sea as can
inundation by estuarine waters. Both may have been an
important source of S in some of the paddocks surveyed here.

Micronutrients

There is a dearth of recent reports in the adequacy of
micronutrients for pastures and crops in East Gippsland and
in Victoria in general. Hosking et al. (1986) summarised
available published and unpublished research on pasture
responses to micronutrient fertilisers, from across Victoria,
including many early reports. They concluded that pastures
in East Gippsland were generally deficient in Cu and Mo. They
found only two sites in East Gippsland showed responses to the
application of Zn whereas three showed depressions and the
remaining nine were reported to not have responded to Zn
application. Furthermore, they reported that no pastures
responded to B application, although B deficiency had been
identified in lucerne crops grown in East Gippsland.

Hosking et al. (1986) stated that many pastures have been
treated since these micronutrient deficiencies were recognised.
Since 1986, there has been little documentation of the
application of micronutrients as trace elements in fertilisers
in East Gippsland. In our survey, 11 paddocks were reported to
have been treated with micronutrients: Zn (n = 6), B (n = 4), Cu
(n = 10) and Mo (n = 9), usually as Cu alone, Cu with Mo or a
mix of all four. Of those which were tissue tested, only two
were reported to have been treated with micronutrients, Cu or

Cu and Zn, and neither yielded clover samples that indicated
the pasture was deficient in Cu or Zn.

Data from the tissue testing and fertiliser histories reported
here suggests the situation has changed since 1986. Many
pastures may be deficient in Mo and Cu, and marginal in
B. Hamilton et al. (2015) has since provided evidence of B
deficiency in the subterranean clover component of pastures of
East Gippsland. Their research and the observations reported
here suggest that further work on the supply of B and the soil
conditions affecting its supply to rhizobia and legumes is
warranted in East Gippsland. Given the prevalence of
nutrient deficiencies and acidic soil conditions, interactions
between soil pH, P, S, Mo, B and nodule function also need to
be considered.

Conclusion

Farmland in East Gippsland appears to be generally acidic and
deficient in P but not K or S. The most common micronutrient
deficiency is in Mo followed by B. Data from the re-tested
paddocks and the survey indicates that there are disparate
spatial and temporal trends in pH and P and that there are
differences between enterprises. This emphasises the
importance of having up-to-date soil data with appropriate
supporting data. It was concluded, or rather re-learned, that
when investigating trends in soil fertility, testing randomly
selected paddocks is a preferable source of data compared to
re-purposing data collated from routine soil testing
laboratories especially if such data is legacy data or data
obtained by inviting farmers to submit samples from
paddocks for testing. Moreover, it is suggested that salient
soil tests may be better indicators of recent paddock
management than collecting data from farmers using
questionnaires or other indirect indicators.

The widespread deficiencies in P, Mo and B in the strongly
acidic soils, combined with many farmers not applying
fertilisers, indicates that much pasture production is likely to
be low particularly in pastures grazed for meat and wool. This
suggests that future natural resources management must
separately address farmers who will apply fertilisers to
improve productivity, i.e. high-input farming systems, as
well as those who have adopted nil or low fertiliser input
farming systems.
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