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ABSTRACT

Context. Banana production in Australia is in three primary sub-regions within tropical North
Queensland and the industry faces a variety of challenges including costs of production, disease and
pests, and environmental impacts. The range of soil characteristics and banana leaf nutrient status on
banana farms has not previously been systematically described. This knowledge gap makes it difficult
to adapt research, management recommendations, and regulations to the needs of the three primary
growing sub-regions. Aims. In this work, we aimed to identify key soil factors that differentiate
growing sub-regions, and provide context for future research and industry regulation.
Methods. We characterised soil and banana leaf samples from 28 banana farms on soil types
accounting for >85% of Australia’s banana production. Key results and conclusions. Variation
in soil properties and leaf nutrient concentrations were driven largely by site- (principal component
1 in both cases) and management-related variables (principal component 2 in both cases).
Management-related foliar nutrient concentrations did not differ between regions despite
differences in the associated soil variables. The most important site characteristics appeared to
be soil parent material and climate. The Mareeba sub-region has basaltic soils, low rainfall and
temperature, whereas the other two sub-regions are hotter, wetter and have a variety of soil
parent materials. Leaf nitrogen concentrations were mostly below the regulated limit for
additional nitrogen fertiliser application. Implications. Our findings can facilitate sub-region-
specific site selection for research, extension, and monitoring and more targeted regulation of
banana production- and environment-related issues.

Keywords: agronomy, climate, crop management, nitrogen allocation, phosphorus nutrition, soil
parent material, tropical crops, tropical soils.

Introduction

Banana production in Australia is approximately 365 000 tonnes/year produced from 
11 280 ha, of which greater than 90% is in North Queensland (ABGC 2017). The region 
is situated between approximately 15°50 0S and 18°20 0S latitude along the east coast of 
Queensland. Production is primarily on coastal plains and slopes, with annual rainfall 
ranging from 1800 to 4500 mm (Murtha 1986). Smaller growing areas exist on nearby 
elevated tablelands, up to 600 m elevation and with annual rainfall of approximately 
1400 mm, supplemented by irrigation (Laffan 1988). 

The variation of soils and plant nutrient status in the banana industry in North 
Queensland has previously been described in general terms. Soils of the region have 
been classified and mapped (Murtha 1986; Laffan 1988; Cannon et al. 1992; Murtha 
et al. 1996; Enderlin et al. 1997; Morrison et al. 2021), the location of banana farms is 
known (DSITI 2015; Biosecurity Queensland 2016; Clark and McKechnie 2020), and 
several reports on banana production and management mentioned soil types (Daniells 
1984; Pattison et al. 2005; Harvey et al. 2018). Additionally, several surveys have 
sampled conventional banana farms in tandem with either organic or unfarmed areas 
(Pattison et al. 2008, 2018a; Geense et al. 2015). However, to our knowledge this is the 
most extensive survey of North Queensland banana farms, both geographically and in 
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number of characteristics analysed, and is the first to sample 
based on maximising soil map unit diversity. 

Understanding the characteristics of the soil used for banana 
production is important for applications such as nutrient 
and disease management, minimising off-site environmental 
impacts, and future expansion of the industry. For example, the 
severity of Panama disease, a current threat to the industry, is 
related to soil properties (Orr and Nelson 2018). Panama 
disease, or Fusarium wilt of banana, is caused by a soil-borne 
fungal pathogen (Fusarium oxysporum f. sp cubense) and the 
potential cost of a currently spreading strain, first detected in 
North Queensland in 2015, is greater than AU$138 million 
per year (Cook et al. 2015; O’Neill et al. 2016). Fusarium 
wilt severity differs among key soils of North Queensland 
(Bowen et al. 2019). Nutrient management, which is affected 
by soil type, has also been of particular concern in this region 
as it drains to the environmentally sensitive Great Barrier Reef 
(Rasiah et al. 2010; Armour et al. 2013; Armour 2018). Banana 
requires high inputs of potassium (K), moderate inputs 
of nitrogen (N) and relatively low inputs of phosphorus 
(Armour 2018). Regulations were recently introduced limiting 
the nitrogen and phosphorus (P) fertiliser application in 
banana production to a maximum of 400 kg N/ha.year, unless 
foliar nitrogen concentration is below 3.5% dry weight, and to 
60 kg P/ha.year, unless foliar phosphorus concentration is 
below 0.22% dry weight (DES 2019). These rates consider 
neither the effect of soil characteristics on the availability and 
retention of nutrients nor the range of soil types currently 
under cultivation. The aim of this research was to characterise 
the soil characteristics and plant nutrient status across the 
banana farms of North Queensland, identify key differences 
between sub-regions and assess the sub-regional applicability 
of current regulations. 

Materials and methods

Site selection

Sampling locations were selected on the basis that they were 
used for banana production and to maximise the variability 
of soil characteristics as well as geographic distribution 
within the North Queensland banana growing region. 
Geology is primarily granite and other acid igneous rocks, 
metamorphosed sediments, alluvium and basalt (Table 1). 
The region was divided geographically into three sub-regions 
(Fig. 1). The sub-regions of Tully and Innisfail are on coastal 
plains and slopes, with summer dominant rainfall ranging 
from an annual average of 1800–4500 mm and mean monthly 
temperatures of 30.3–15.1°C (Murtha 1986). The smaller 
Mareeba sub-region is located on nearby elevated tablelands, 
up to 600 m elevation and with summer dominant rainfall 
with an annual average of approximately 1400 mm, supple-
mented by irrigation and mean monthly temperatures of 
23–16°C (Laffan 1988). 

A total of 28 sampling locations were selected on soil 
map units representing >94% of banana production in 
North Queensland, and >88% of that in Australia (Table 1). 
Geographic data sets were obtained from the Queensland 
Government spatial catalogue and analysed in ArcGIS ver. 
10.3.1. The area under banana production was obtained 
from the ‘Commercial banana production areas for Panama 
disease tropical race 4 program – North Queensland’ data set 
and soil types were obtained from the ‘Soil and agricultural 
land suitability series’ data set. Maps of banana production 
were not available for the two northernmost sites (25 and 26) 
in the Lakeland agricultural region, but soil types chosen were 
representative of banana growing conditions in the region. 
For the purpose of analysis the Lakeland locations have 
been allocated to the ‘Mareeba’ sub-region, to which they are 
geographically and climatically most similar. Soil survey 
layers were clipped to banana growing areas, merged to a 
single layer and subdivided based on primary soil type. Soil 
types were ranked by total area used for banana cultivation 
in this region and those comprising >0.4% of the area were 
sampled. Three classifications were excluded; ‘Stream 
Channel’ as it is based on proximity to streams rather than 
soil characteristics, and ‘Jarra’ and ‘Dingo’ soil types due to 
their small area and restricted access due to presence of 
Fusarium wilt of banana Tropical Race 4. The soil series 
chosen have been described by Murtha (1986), Laffan 
(1988), Cannon et al. (1992), Grundy and Heiner (1994), 
Murtha et al. (1996), Enderlin et al. (1997), and Morrison 
et al. (2021). 

Sampling

Composite soil samples, comprised of 12 samples, were taken 
at each location in February–April 2017. Each sampling area 
was 20 m long and four rows (approximately 35 m) wide. As 
plant species and crop duration have both been shown to 
affect the soil microbiome, sampling areas were restricted 
to fields in which Cavendish bananas (Musa AAA) had been 
grown continuously for at least 2 years; limiting the growing 
time further was not deemed practical (Smalla et al. 2001; 
Garbeva et al. 2004; Shen et al. 2018). At each site the 
samples were combined, homogenised and subsampled. Soil 
samples were taken 0.4 m from in front of the leading banana 
plant pseudostem, at 0.0–0.1 and 0.1–0.25 m depths. Plants 
sampled were mature, but not flowering or bunched, as 
development stage can influence soil and plant nutrition 
(Garbeva et al. 2004). Banana foliar samples were taken 
from the banana plant associated with each soil sample. 
Foliar samples were a 0.20 m-wide strip from the centre of 
the third completely emerged leaf, from each side to the 
midrib (Broadley et al. 2004). Samples were rinsed with 
deionised water, the 12 individual samples were combined 
and the sample was stored at 4°C until drying. 

The fields sampled were managed in a variety of ways. 
Most had received applications of lime to neutralise soil pH 
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Table 1. Sites sampled and their proportion of the banana growing area in North Queensland (NQ).

Site Soil sample Soil map unit Parent material Australian Soil Classification Proportion of NQ
sub-region banana area (%)

1 Innisfail Innisfail Allu.(w) Brown Dermosol 14.8

2 Innisfail Pin Gin Basalt Red Ferrosol 14.5

3 Innisfail Tully Allu.(w) Brown Dermosol 13.7

4 Mareeba Tolga Basalt Red Ferrosol 9.3

5 Innisfail Liverpool Allu.(w) Orthic Tenosol 6.3

6 Innisfail Mundoo Basalt Red Ferrosol 4.9

7 Tully Thorpe Granitic Brown Kandosol 4.6

8 Tully Virgil Allu.(w) Red Kandosol 3.1

9 Innisfail Eubenangee Basalt Red Ferrosol 3.1

10 Tully Coom Allu.(p) Redoxic Hydrosol 2.7

11 Tully Mossman Allu.(w) Yellow Dermosol 2.7

12 Innisfail Galmara Metam. Red Dermosol 2.3

13 Tully Utchee Granitic Red Dermosol 2.1

14 Mareeba Walkamin Basalt Brown Ferrosol 2.1

15 Mareeba Tolga, Rocky Basalt Red Ferrosol 1.4

16 Innisfail Tyson Granitic Red Kandosol 1.3

17 Innisfail Timara Allu.(p) Redoxic Hydrosol 0.9

18 Mareeba Morganbury Granitic Red Kandosol 0.8

19 Innisfail Garradunga Basalt Red Ferrosol 0.8

20 Mareeba Cobra Metam. Red Kandosol 0.8

21 Innisfail Mission Metam. Red Kandosol 0.6

22 Mareeba Ray Basalt Grey Ferrosol 0.5

23 Tully Hillview Granitic Red Kandosol 0.5

24 Innisfail Bulgun Allu.(p) Grey Dermosol 0.4

25 MareebaA Laura Basalt Red Ferrosol –

26 MareebaA Bullhead Basalt Brown Dermosol –

27 Innisfail Coom-Tully Allu.(p) Redoxic Hydrosol/Brown Dermosol –

28 Tully Galmara – Mission Metam. Red Dermosol/Red Kandosol –

Soil series without production area are from unclassified production areas or are combination soil types. Soil map units and classification are fromMurtha (1986), Laffan
(1988), Cannon et al. (1992), Murtha et al. (1996), Enderlin et al. (1997), and Morrison et al. (2021).
AThese sites are in Lakeland, 150 km north-west of Cairns, but they are allocated to the Mareeba sub-region here for convenience.
Allu.(p), poorly drained alluvium; Allu.(w), well drained alluvium; Granitic, Granite or other acid igneous; Metam., metamorphic.

prior to planting, with small doses annually. Most also had 
fertiliser blends applied regularly, with nitrogen primarily 
in the form of urea or ammonium, potassium as potassium 
chloride, phosphorus as either calcium or ammonium phos-
phate, and some calcium, magnesium and micronutrients. 
Sites 4, 14 and 15 (from Table 1) had nitrogen applied as 
calcium and potassium nitrate. In addition to inorganic 
fertiliser blends, sugarcane mill mud, a by-product from sugar 
mills, chicken manure or various ‘biological’ products were 
added to some fields. Site 5 was ‘Ecoganic’, applying  less  
fertiliser, pesticides and nematicides than conventional, and 
site 21 was certified Organic, applying no synthetic nitrogen 
fertiliser, pesticides or herbicides. 

Analysis

All analyses were performed on samples from both 0–0.1 m to 
0.1–0.25 m depths, except for mineralogy, which was 
measured only on the 0.1–0.25 m samples. Chemical analyses 
were carried out by Nutrient Advantage Laboratory, 
Werribee, Victoria. Analysis included (with method codes 
from Rayment and Lyons (2011)): ammonium and nitrate 
nitrogen 7C2b; chloride (1:5 water) 5A2b; boron 12C2; 
electrical conductivity (1:5 water) 3A1; exchangeable cations 
(calcium, magnesium, potassium, sodium) (1 M ammonium 
acetate) 15D3; organic carbon (Walkley and Black) 6A1; pH 
(1:5 water) 4A1; phosphorus buffer index 9I2b; phosphorus 
(Colwell) 9B2; silicon (CaCl2) (Haysom and Chapman 1975); 
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Fig. 1. Sampling locations in North Queensland, Australia centred on
the three towns of Mareeba, Innisfail and Tully. Sites 25 and 26, at
Lakeland, 150 km NW of Cairns, are not shown.

sulfur (mono-calcium phosphate method, MCP) 10B3; total 
nitrogen (combustion) 7A5; total carbon (combustion) 
6B2b; total (acid digest) phosphorus, calcium, copper, iron, 
magnesium, manganese, potassium, sulfur, zinc 17B1 and 
sand, silt and clay (Gee and Or 2002). Water holding capacity 
of each soil was determined using a 1-bar ceramic pressure 
plate with −10 kPa pressure applied to a blended, dried 
sample. After equilibration on the pressure plate, soils were 
weighed, dried for 24 h at 105°C and reweighed, to 
determine water content. 

Soil mineralogy was analysed by CSIRO Land and Water, 
Urrbrae, South Australia. Due to possible dehydration of the 
montmorillonite (smectite) interlayer samples were dispersed 
in 0.25 M calcium chloride, centrifuged at 5150g (Eppendorf 
Centrifuge 5810, Australia) for 10 min, calcium saturated 
again, washed with water then ethanol (centrifuging between 
each step) and oven dried at 60°C. X-ray diffraction 
patterns were recorded with a PANalytical X’Pert Pro Multi-
purpose Diffractometer using iron filtered cobalt Kα radia-
tion, automatic divergence slit, 2° anti-scatter slit and fast 

X’Celerator Si strip detector. The diffraction patterns were 
recorded from 3 to 80° in steps of 0.017° 2 theta with a 
0.5 s counting time per step for an overall counting time of 
approximately 35 min. 

Qualitative analysis was performed on the X-ray diffrac-
tion data using in-house XPLOT and HighScore Plus (from 
PANalytical) search/match software. Quantitative analysis 
was performed on the X-ray diffraction data using the 
commercial package SIROQUANT from Sietronics Pty Ltd. 
Results are presented as a percentage of soil, as opposed to 
a percentage of the clay fraction alone. 

Foliar samples were dried at 70°C, ground to a fine powder 
and analysed by Nutrient Advantage Laboratory, Werribee, 
Victoria for calcium, magnesium, phosphorus, potassium, 
sodium, sulfur, boron, copper, iron, manganese and zinc using 
a nitric acid and hydrogen peroxide digest followed by 
analysis with inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). Ammonia, nitrate and chloride 
were extracted in a 1:125 water extract and analysed by flow 
injection analysis (Kalra 1997). Total nitrogen was analysed 
by combustion (Kalra 1997). Two elemental ratios commonly 
used in diagnosis of nutrient deficiencies, N/P and N/K, were 
also included as variables. 

To assess whether the samples collected were repre-
sentative of North Queensland banana growing soils, the 
soil characteristics were compared to two anonymised soil 
data sets from North Queensland banana farms over the 
period 2012–2017 provided by Incitec Pivot (n = 738) and 
Total Grower Services (n = 1074). Soil characteristics chosen 
for comparison were those in which analysis methodology 
was consistent across all three data sets, i.e. pH (calcium 
chloride), electrical conductivity, cation exchange capacity, 
extractable phosphorus (Colwell), sulfur (MCP), calcium, 
magnesium and potassium (ammonium acetate), iron, 
manganese, copper and zinc (diethylenetriaminepentaacetic 
acid method, DTPA), and boron (hot calcium chloride). 

Principal component analysis

There were 79 foliar nutrient and soil characteristics 
analysed, with a great deal of covariance between these. Thus, 
to reduce the number of predictor variables and collinearity 
between predictors, principal components analysis was per-
formed, using the R platform (R Core Team 2017), on soil 
characteristics and foliar nutrients; to reduce the data set to 
fewer orthogonal variables. Soil characteristics were excluded 
from the principal components analysis if they were redun-
dant analytical methods for the same characteristic to avoid 
overweighting certain components due to multiple inclusions 
of the same information. The reduced list of characteristics 
used for principal components analysis was: water holding 
capacity, pH (CaCl2), electrical conductivity, chloride, nitrate, 
ammonium (KCl), phosphorus (Colwell), phosphorus buffer 
index (Colwell), calcium (ammonium acetate), potassium 
(ammonium acetate), magnesium (ammonium acetate), 
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sodium (ammonium acetate), cation exchange capacity 
(calculated from ammonium acetate), copper (DTPA), iron 
(DTPA), manganese (DTPA), zinc (DTPA), boron (Hot CaCl2), 
sulfur (MCP), organic carbon, silicon (CaCl2), total carbon, 
total nitrogen, carbon-to-nitrogen ratio, total cadmium, 
total calcium, total chromium, total copper, total iron, total 
lead, total  magnesium,  total manganese, total  nickel, total  
phosphorus, total potassium, total sodium, total sulfur, 
total zinc, clay, sand, silt. The foliar nutrient concentration 
data were not reduced prior to principal components 
analysis. 

Data were centred and scaled prior to running principal 
components analysis. Five principal components were 
retained for both soil and foliar analysis, based on their 
explained variance being greater than the average contri-
bution of a single variable (Kaiser–Guttman Rule) (Kaiser 
1991).  Comparisons among  sub-regions based  on  principal  
component values were calculated with a one-way analysis 
of variance followed by Tukey post hoc analysis to 
determine specific group  differences at α = 0.05. 

Principal components results were further analysed in 
relation to climatic variables. Rainfall and minimum tempera-
ture data were obtained from the Australian historical climate 
database SILO (Scientific Information for Land Owners) 
(Jeffrey et al. 2001). Minimum temperature was selected, as 
photosynthesis and growth are reduced at low temperature, 
whereas impacts of high temperature are related to water 
deficiency, which was overcome with irrigation in the 
plants sampled (Turner and Lahav 1983). Monthly rainfall 
and minimum temperature values were obtained for each 
location spanning from June 2016 to February 2017 and 
averaged. A 9-month period was chosen as it represented 
the likely growing period of the plants sampled, based on 
growth rates and plant development stage. 

Results

The soils sampled were diverse, with a wide range of values 
for most properties measured (Fig. 2). The full dataset, 

Fig. 2. Comparison of selected soil characteristics between samples collected for this work (James Cook
University, JCU, n= 28) and data sets provided by Incitec Pivot (IP, n= 738) and Total Grower Services (TGS,
n = 1074). Units are mg/kg except for pH (unitless) and EC (dS/m). Lines represent the median value, boxes
represent the interquartile range, tails represent the most extreme observation within the median ± twice
the interquartile range and points represent outliers. Exch., exchangeable; amm. acet., ammonium acetate;
EC, electrical conductivity.
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including soil characteristics not reported here have been 
published separately (Orr and Nelson 2021). The range of 
values for soil characteristics in this study was close to that 
in the much larger data sets obtained from Incitec Pivot 
and Total Grower Services (Fig. 2). 

Water holding capacity of the soils ranged from 12.3 to 
36.6%, with a median value of 31.0%, and was principally 
determined by the clay content of the soil (R2 = 0.453, 
t26 = 4.832, P < 0.001). Kaolinite was the dominant clay 
mineral, accounting for >50% in most soils. Sampling 
locations (numbers from Table 1) with <50% kaolinite (with 
contents of other clay types >5% shown in brackets) were: five 
(K-Feldspar, Albite, Mica/Illite and Chlorite), nine (Gibbsite 
and Hematite), 23 and 27 (K-Feldspar) and 28 (Mica/Illite). 
Hematite was also common amongst soils of basaltic origin. 

Due to the interrelated nature of soil characteristics many 
were highly correlated. Principal components analysis was 
useful in identifying those characteristics that represented the 
greatest variability within the dataset. For the soil charac-
teristics, principal components 1 and 2 explained 39% 
and 12% of the variability, respectively (Table 2). Principal 
component 1 was most strongly associated with electrical 
conductivity, total cadmium, total iron, cation exchange 
capacity and total nickel concentration, which were largely 
related to clay content and mineralogy. Principal component 2 
was most strongly associated with silt content, total nitrogen, 
sulfur and carbon, and organic carbon concentration, which 
were broadly related to organic matter content (Table 2). 

Foliar nutrient concentrations, like soil characteristics, 
were highly intercorrelated, though less of the variance in 
the dataset was explained by the first principal component 
(Table 2). The foliar first principal component appears 

Table 2. The top five highest loadings for the first two principal
components of the soil and foliar characterisation. While five
principal components were retained only two were logically
interpretable.

Soil principal components 1 and 2

PC1 (39%) Loadings PC2 (12%) Loadings

EC 0.228 Silt content −0.312

Cadmium (Total) 0.225 Nitrogen (Total) −0.287

Iron (Total) 0.218 Sulfur (Total) −0.267

Cation exch. capacity 0.218 Carbon (Total) −0.267

Nickel (Total) 0.215 Carbon (Organic) −0.264

Foliar principal components 1 and 2

PC1 (31%) Loadings PC2 (21%) Loadings

Sulfur 0.392 N/P ratio 0.483

Calcium 0.338 N/K ratio 0.432

Magnesium 0.326 Nitrogen 0.350

Iron 0.309 Phosphorus −0.341

Manganese 0.288 Potassium −0.326

related to particular proteins (sulfur), chlorophyll and 
chloroplasts (magnesium and iron), cell walls (calcium) and 
enzyme cofactors (magnesium, iron and manganese). The 
second principal component was primarily dependent on the 
concentration of nitrogen, alone and relative to the other 
macronutrients phosphorus and potassium (Table 2). 

The soil characteristics differed significantly between 
Mareeba and the other growing sub-regions, based on principal 
components 1 and 2 (Fig. 3). The Mareeba sub-region had a 
greater range in values for principal component 1 (clay content 
and mineralogy), whereas the Innisfail and Tully sub-regions 
had greater variation in principal component 2 (organic 
matter). Soil principal component 1 strongly differentiated 
between basalt soils and those of other parent material and 
is significantly affected by rainfall but not by temperature 
(Fig. 4). The foliar principal component 1 also showed signifi-
cant separation of the Mareeba sub-region from the others 
(Fig. 3). Foliar principal component 1 was significantly related 
to average monthly rainfall and average minimum tempera-
ture for the 9 months preceeding sampling but did not differ 
between soil parent materials (Fig. 4). Foliar principal compo-
nent 2, primarily indicative of the macronutrients nitrogen, 
potassium and phosphorus, does not differ significantly 
between sub-regions. 

The range of foliar nutrients and soil characteristics 
measured here was important for several issues currently 
facing the banana industry. Suppressiveness of North 
Queensland soils to Panama disease, measured using a subset 
of the soils examined here, was positively correlated with clay 
and total iron content (Bowen et al. 2019). We did not identify 

Fig. 3. Principal component 1 and 2 for soil (left) and foliar nutrition
(right) compared between the banana producing sub-regions of Far
North Queensland. Letters indicate groupings based on Tukey post
hoc assessment (α = 0.05), error bars indicate standard error.
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Fig. 4. Soil (left) and foliar (right) principal component 1 compared with soil parent material,
the averagemonthly rainfall and averageminimum temperature at each sampling location over the
9 months preceeding sampling. For parent material, points indicate mean values, error bars
indicate standard error. Allu.(p), poorly drained alluvium; Allu.(w), well drained alluvium;
Basalt; Granitic, Granite or other acid igneous; Metam., metamorphic.

reliable differences in clay content between the sub-regions regulated maximum rate, which was established to prevent 
(F2, 25 = 1.348, P = 0.278) but did in soil total iron content negative off-site environmental outcomes. Total foliar 
(F2, 25 = 4.493, P = 0.022) (Fig. 5), so risk of disease nitrogen content did not differ reliably between banana 
severity may differ between the sub-regions. Total foliar farms in the sub-regions of North Queensland (F2, 25 = 
nitrogen and phosphorus content are important for deter- 0.878, P = 0.428) and was below the regulated limit for 
mining if a grower may increase fertiliser use above the nearly all sites tested (Fig. 5). Total foliar phosphorus 
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Fig. 5. (Top) Total soil iron and clay content from banana farms in the three sub-regions, highlighting the six soils
studied for suppressiveness to Panama disease by Bowen et al. (2019). In that study the Mareeba sub-region soil (Tolga
series) was most suppressive and the Tully sub-region soil (Virgil series) was least suppressive. (Bottom) Foliar nitrogen
and foliar phosphorus concentrations, grouped by sub-region and compared with regulation guideline values. Points
represent individual data values, tails represent minimum and maximum values, boxes represent the interquartile
range and lines represent the median value.

content also did not differ reliably between sub-regions 
(F2, 25 = 0.219, P = 0.805) but many of the samples collected 
exceeded the regulated limit of 0.22% dry weight (Fig. 5). 

Discussion

This is the first study of the north Queensland banana industry 
to systematically analyse soil and foliar properties based 
on their soil classification subunits. The importance of 
both intrinsic soil forming factors such as parent material 
and climate and managed characteristics such as fertiliser 
application is generally accepted (Singh and Schulze 2015; 
Armour 2018). We have determined that a farm’s soil and 
plant nutrient status, relative to the larger growing region, 
was predominantly determined by location and intrinsic 
characteristics (principal component 1), with management 
approaches such as fertiliser being of secondary importance 
(principal component 2). Despite this the importance of 
capturing soil type diversity for banana research within the 
Far North Queensland growing region has only occasionally 
been considered (Rasiah and Armour 2001; McKergow 
et al. 2004; Rasiah et al. 2009, 2010; Armour et al. 2013). 
Pattison et al. (2018a) sampled from a wide range of soil 

types throughout the region and concluded that farm manage-
ment affected soil biological indices more than physical 
and chemical characteristics, but they did not consider the 
effect of soil type on management or biological indices. We 
have shown that variation in the Far North Queensland 
region is principally determined by intrinsic soil forming 
factors and secondarily by management, therefore future 
research should be structured to span key variables and 
parent materials. 

The soil characteristics that most contributed to variation 
in principal component 1 were largely related to parent 
material and weathering (Table 2, Fig. 4). Electrical conduc-
tivity can be related to the amount of rainfall a location 
received or how recently fertiliser was applied, as the soluble 
salts that cause conductivity are flushed away in high rainfall 
areas like Innisfail and Tully, but accumulate in low rainfall 
irrigated areas such as Mareeba (Fig. 4) (Brady and Weil 
2000). Clay and total metal content were highly correlated 
and were largely determined by the parent material of the 
soil. Most of the soils from the area surrounding Mareeba had 
basalt parent material whereas the soils of the Innisfail and 
Tully regions had a variety of parent materials (Table 1) 
(Murtha 1986; Cannon et al. 1992; Enderlin et al. 1997). 
Soil principal component 2 is largely based on managed 
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characteristics such as nitrogen and organic matter-related 
properties. While some variation exists due to inherent site 
variability, many of these characteristics were controlled 
by growers through the application of agri-chemicals and 
management practices such as irrigation and cover cropping. 

The foliar first principal component appears related to the 
secondary nutrients such as magnesium and calcium, those 
that are added either as balance ions in fertilisers, such as 
sulfur, or those not extensively managed with fertilisers, 
such as iron and manganese. Values were generally higher on 
banana farms in Mareeba than the other sub-regions, presum-
ably due to the same variables explaining the difference in 
soil characteristics, i.e. soil parent material and rainfall 
(Anderson 1988). The second foliar principal component, 
which explained a relatively large proportion of the variation, 
covers the major nutrients applied in fertiliser; nitrogen, 
phosphorus, potassium and their ratios. It is perhaps not 
surprising that there is little separation of the sub-regions 
based on these characteristics, as the application of nitrogen, 
phosphorus and potassium is actively managed on most farms, 
typically based on foliar content, to within a narrow range 
(Reuter and Robinson 1997; Armour 2018). 

The results of the principal component analysis could 
be used to guide future sampling and experimentation to 
ensure results are representative of banana farms. Differences 
exist between banana farms in the sub-regions, largely 
attributable to parent material, with basalt soil separating 
from the other materials, and climate variables such as 
temperature and rainfall (Fig. 4). Therefore, if time and 
resources permit, it would be beneficial to incorporate at least 
one location in the Mareeba sub-region and one in either the 
Innisfail or Tully region. Additionally, at least one site should 
be on basalt soils and one on another parent material, as 
conclusions drawn from one sub-region, or parent material, 
may not be applicable to another. 

Our findings here can provide context to research at 
particular sites or on particular soil types. Bowen et al. 
(2019), determined the disease severity of Fusarium wilt of 
banana in a pot trial using soils from six sites that were a 
subset of the samples collected in this work. Disease severity 
was negatively correlated with clay content, field capacity 
water content, extractable boron and the concentration 
of total iron, copper and cadmium (Bowen et al. 2019) in  
agreeance with previous work both in Australia (Peng et al. 
1999) and internationally (Stotzky et al. 1961; Stotzky and 
Torrence Martin 1963; Domínguez et al. 2001). Although 
only six soils were studied, they covered most of the range 
of clay and total iron concentration on North Queensland 
banana farms (Fig. 5). Additionally, we can see that the soil 
types chosen represent 61.7% of the growing area, including 
the five most prominent soil types (Table 1). 

Our findings demonstrate the relationship between the 
banana industry and recently introduced fertiliser regulations 
for nitrogen and phosphorus (DES 2019). All but one location 
had a foliar total nitrogen concentration below the regulated 

value of 3.5% (Fig. 5) and farms would be able to increase 
nitrogen fertiliser use, even if they were already at the 
regulated maximum rate. Conversely, a large number of 
locations have a higher foliar phosphorus concentration 
than the regulated value of 0.22%. This means that farmers 
would be unable to apply phosphorus fertiliser at a rate 
exceeding the regulated limit of 60 kg/ha.year. Also, it is 
interesting to note that there is little difference in leaf 
nitrogen or phosphorus concentrations between the sub-
regions (Fig. 5). This is likely due to the extent to which 
phosphorus and nitrogen content are optimised for yield by 
the farmer, irrespective of location and soil type (Reuter 
and Robinson 1997; Armour 2018). This then raises the 
question whether different management is required for farms 
with different soil types (basalt vs other) and different 
climates (Mareeba vs other) to achieve the same plant 
nutritional and production outcomes. 

Experiments to determine optimal nitrogen rates in banana 
have been undertaken in the Innisfail or Tully sub-region as 
that is representative of the largest proportion of production 
(Prasertsak et al. 2001; Armour et al. 2013). One nitrogen rate 
trial has been performed on a basaltic soil (Pattison et al. 
2018b) and the optimal application rate differed from a 
trial performed on non-basalt soils (Armour et al. 2013) 
though the trials occurred over different years and using 
different forms of nitrogen. Masters (2019) is the only one, 
to our knowledge, to compare nitrogen fluxes on basalt and 
non-basalt soils under banana production in Far North 
Queensland. They found that nitrous oxide emission differed 
considerably between the two locations based on rainfall and 
soil permeability (Masters 2019). Presumably, other nitrogen 
pathways would also differ. The results here suggest that 
it would be beneficial for future nutrient research and 
regulations to take in to account sub-regional variability to 
ensure farmers are not disadvantaged by uniform regulations 
that do not take account of location. 
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