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A B S T R A C T

Time series data of annual fertiliser application in river basins provide a foundational record of crop management 
practices and environmental change. Here we produce an annual time series of synthetic nitrogen (N) and 
phosphorus (P) fertiliser application for the river basins of the Great Barrier Reef (GBR) catchment area of north-
eastern Australia spanning from 1910 to 2024. We draw on statistical data of basin-scale land use for various 
crop types coupled with known application rates to develop the time series, accounting for the uncertainties in 
both crop area and application rates. The compilation shows that N and P application has declined across four of 
the six natural resource management regions over the past one to two decades, however, there is considerable 
variability at the basin-scale, particularly in the timing of peak fertiliser application. This variability reflects 
changes in land use including shifts in crop types and/or cropped areas, as well as reductions in fertiliser 
application rates. We also show that mill mud/ash application to sugarcane crops provides extra plant-available 
N and P that should be incorporated into farm-scale nutrient budgets. Finally, we evaluate the long-term trends 
in N use efficiency in sugarcane, the dominant crop in the GBR catchment area, and reveal that the industry has 
improved markedly over the past one to two decades while maintaining consistent yields. These data contribute 
an important line of evidence for evaluating long-term trends in water quality and provide insights into the 
changing environmental footprint of croplands within the GBR catchment area.

1. Introduction

Twentieth Century agriculture was revolutionised with the increased 
manufacture of synthetic nitrogen (N) fertiliser, the invention of pesti-
cides, improved field machinery and the development of hardy and 
productive crop varieties (Smil, 2001). These improvements allowed 
farmers to feed the growing population without the need to greatly in-
crease the area of agricultural land (Smil, 2001; Kuhn, 2026). In 
particular, the Haber-Bosch process, used to produce ammonia and urea 
fertilisers, was fundamental to ensure an abundant, secure and afford-
able N supply (Galloway and Cowling, 2002; Galloway et al., 2004). 
Unfortunately, increased N and phosphorus (P) fertiliser usage has led to 
increased losses to the environment resulting in polluted receiving wa-
terways and causing widespread environmental harm (Green et al., 
2004; Beman et al., 2005; Bouwman et al., 2005; Boyer et al., 2006;

Van Meter et al., 2018; Marion et al., 2021; Grinham et al., 2024). These 
impacts have presented challenges for the agricultural sector to improve 
N and P use efficiency and reduce off-paddock fertiliser losses.

The Great Barrier Reef catchment area (GBRCA) of north-eastern 
Australia has been under particular scrutiny, as riverine N and P loads 
have increased several-fold across many of the 35 river basins since the 
arrival of Europeans c. 1850 (Kroon et al., 2012; McCloskey et al., 2017, 
2021). Increased riverine nutrient loads have been linked to negative 
effects on the adjacent coastal and marine ecosystems within the inshore 
GBR (Fabricius et al., 2005; Brodie et al., 2012; Uthicke et al., 2012; 
Thompson et al., 2014; Diaz-Pulido et al., 2024 and references therein) 
and potentially further offshore (Fabricius et al., 2010; Babcock et al., 
2016; Brodie et al., 2017). As a result, governments have focussed on 
encouraging farmers to adopt improved management practices to 
reduce N and P paddock losses and have also regulated N application
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rates for certain crops (Eberhard et al., 2021). These interventions form 

part of the Reef Water Quality Protection Plan which was launched in 
2003 (Carroll et al., 2012) and is now known as the "Reef 2050 Water 
Quality Improvement Plan" (Reef Plan, 2024).

Broad spatial scale studies have evaluated N budgets for Australia (e. 
g. ;Angus and Grace, 2017; Kraak et al., 2024) and the N amount applied 
for the whole GBRCA (Kroon et al., 2016), while at the finer paddock 
spatial scale there has been considerable research on fertiliser applica-
tion, management and efficiency (Thorburn and Wilkinson, 2013; 
Armour et al., 2022; Thorburn et al., 2024). The “six easy steps” method 
for fertiliser application in sugarcane crops was developed to improve 
practices (Schroeder et al., 2010, 2018; Calcino et al., 2018) and was 
subsequently regulated across the GBRCA (Eberhard et al., 2021; Hasan 
et al., 2021; State of Queensland, 2022). Despite the strong focus on 
fertiliser management to reduce nutrient loads to the GBR, there is 
limited knowledge of how the total N and P quantities applied at a river 
basin scale have changed over time, whether application rates have 
reduced and if nutrient use efficiency has increased under improved 
management practices. These measurements require either accurate 
data of annual areas of fertilised land use within a basin coupled with 
average N and P application rates, or detailed annual fertiliser sales/- 
application data for each basin. Unfortunately, fertiliser sales data are 
not publicly available, and the data related to fertilised land use are 
nuanced by reporting districts that overlap multiple river basins as well 
as changing boundaries and reporting parameters over time (Lewis 
et al., 2021).

To date, the only study to compile synthetic N and P fertiliser 
application data for the river basins of the GBR was conducted by Jim 

Pulsford (Pulsford, 1996) who presented a time series from 1910 to 
1990. Pulsford (1996) used the fertilised areas of five separate crop 
groupings (sugarcane, fruit, vegetables, field crops and pastures) re-
ported by the Australian Bureau of Statistics (ABS) and integrated these 
with regional-scale annual industry fertiliser sales records to produce 
the basin-scale time series. The N and P contents of each fertiliser 
product were accounted for to produce the annual totals of synthetic N 
and P applied to each GBR basin (Pulsford, 1996). While there has been 
no recent compilation of synthetic N and P fertiliser application over the 
past 35 years, surveys of fertiliser application rates are gathered to 
inform the Dynamic SedNet model. The Dynamic SedNet model quan-
tifies basin-scale nutrient load reductions as a result of management 
improvements (McCloskey et al., 2021), although the land use area and 
fertiliser application are benchmarked to a “baseline” year and do not 
reflect annual changes in total N and P application. An annual time se-
ries of the cropping areas for the river basins of the GBRCA has been 
compiled by Lewis et al. (2021) which accounts for the statistical dis-
tricts which overlap river basins. A compilation of annual N and P fer-
tiliser application at the river basin-scale is timely, providing an 
additional line of evidence to assess whether nutrient management has 
improved across the GBRCA.

The overarching aim of this contribution is to develop a foundational 
time series of N and P fertiliser use at the river basin scale, revealing 
critical insights into past fertiliser application and management prac-
tices, as well as providing guidance on future management. This aim is 
achieved in three steps: firstly, we compile land use specific ABS district 
data within the river basins of the GBRCA for seven crop groupings 
(sugarcane, fruit and nuts, bananas, vegetables, field crops, cotton and 
dairy pasture) for the years 1990 to 2024. Secondly, we compile avail-
able N and P fertiliser application rates for these crop groupings and, 
using the corresponding land use area data, calculate the amount of 
fertiliser (N and P) applied to each crop grouping within each GBR basin 
between 1991 and 2024. We apply uncertainty estimates, expressed as 
coefficients of variation, for both the cropped area and the corre-
sponding N and P fertiliser application rates to derive uncertainty dis-
tributions for each of the time series. This contribution updates the 
Pulsford (1996) time series to provide synthetic fertiliser N and P 
amounts for the GBR river basins over the extended period 1910 to

2024. We also conduct a case study to examine the plant-available N and 
P from mill mud/ash and animal manure recycled within river basins 
and examine how this contributes to farm-scale N and P budgets. Finally, 
we use the N time series data for the dominant crop, sugarcane, and 
compile the annual sugarcane production data (tonnes harvested) to 
examine the yield and N use efficiency for this industry. This was done 
by examining the tonnes per hectare harvested (i.e. yield) and the ki-
lograms of N per tonne of sugarcane harvested (i.e. efficiency), respec-
tively. This new compilation produces valuable insights into the changes 
in N and P fertiliser application across the GBR river basins and high-
lights the remaining challenges for the agricultural sector in the GBRCA.

2. Background and methods

2.1. The Great Barrier Reef catchment area (GBRCA)

The 423,000 km 2 GBRCA of north-eastern Australia comprises 
numerous streams that discharge into the GBR lagoon. It consists of 35 
separate major river basins and, for management purposes, six natural 
resource management (NRM) regions including Cape York, Wet Tropics, 
Burdekin, Mackay Whitsunday, Fitzroy and Burnett Mary (Fig. 1). The 
climate, vegetation and land use across these 35 basins are highly var-
iable and range from wet tropics rainforest to desert uplands and 
dryland savannah (Furnas, 2003; Lewis et al., 2021; Puignou Lopez 
et al., 2025). Around 72% of the catchment area is used for cattle 
grazing, 15% is conservation land while around 3.5% is used for crop-
ping lands. Sugarcane (1% of the area) is the dominant crop grown in the 
GBRCA and is mostly confined to the coastal floodplains (Lewis et al., 
2021). Despite this seemingly low proportional contribution in area, 
sugarcane contributes 42% of the total average annual load of dissolved 
inorganic nitrogen (DIN = nitrate + nitrite + ammonium) discharged to 
the GBR lagoon (McCloskey et al., 2021). Hence the sugarcane industry 
has been a key focus of government policy and scientific research to 
improve management practices and reduce DIN loads to the GBR.

2.2. The Pulsford compilation

The Pulsford (1996) 1910 to 1990 time series of N and P application 
for GBR river basins involved complex integration of industry sources 
and sales data for different fertiliser products. This included calculating 
the N and P amounts in each product, the ABS data for fertiliser appli-
cation amounts (although no fine spatial scale statistical district data 
were available prior to 1971) and the ABS data for fertilised land use 
areas for the various crop groupings. Pulsford (1996) demonstrated that 
the ABS fertiliser application data produced much lower estimates than 
the corresponding fertiliser sales data and postulated that the ABS 
census data were underestimated. He concluded it was “highly likely that 
census figures, in terms of areas fertilised and tonnages used, became less 
accurate as the complexity of the tables on the [census] form increased” and 
“in more recent times, when direct comparisons can be made with fertiliser 
industry sales data for the same geographic area, considerable differences are 
apparent” (Pulsford, 1996 p. 7). In contrast, Pulsford (1996) contended 
that the ABS data for the fertilised cropping areas would be reasonably 
accurate as primary producers are acutely aware of their cropping area. 
This section of the census form is straight forward to document, is 
consistent over time, and has less potential for error. In any case, it can 
be assumed any errors made on census forms in cropping area would be 
consistent from year-to-year (i.e. low bias) and that changes in the areas 
fertilised likely reflect the major variations in nutrient usage better than 
changes in the fertiliser tonnages applied (Pulsford, 1996). Hence, 
Pulsford (1996) applied the area of land fertilised combined with sales 
data of fertiliser products (normalised for their N and P contents) to 
provide estimates of N and P usage for each local authority statistical 
district which was then allocated to a GBR basin. While Pulsford (1996) 
noted the nuances of allocating fertilised areas reported in the statistical 
districts to a specific GBR basin (see also Lewis et al., 2021), the
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sugarcane area for each basin at that time was used to calibrate the time 
series. At the end of the Pulsford (1996) time series in 1990, sugarcane 
accounted for 71% of the total N use and 55% of the total P use. 

Overall, Pulsford's (1996) compilation provides a unique and valu-
able record that can be updated to examine longer-term fertiliser

application trends in the intensive cropping lands of the GBRCA. It 
cannot be independently validated due to the unavailability of fertiliser 
sales records – so its accuracy must therefore be implied – one test of this 
record can be made from known fertiliser application rates combined 
with the ABS data of area fertilised. Critically, Pulsford (1996) provided

Fig. 1. The Great Barrier Reef catchment area showing the land use of the key crop groupings within the river basins and NRM regions (Data Source: QLUMP, 2021; 
https://www.qld.gov.au/environment/land/management/mapping/statewide-monitoring/qlump).
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the amount of N and P applied to each of five main crop groupings – 
sugarcane, fruit, vegetables, field crops, and pastures – for each basin in 
the last year (1990) of reporting. These data allow us to use the corre-
sponding land use statistics (i.e. area fertilised) for each of these crop 
groupings to impute the specific crop N and P fertiliser rates applied for 
each basin in 1990.

2.3. Land use data compilation

We compiled additional ABS statistics to best capture the fertilised 
area for each of the main crop groupings applied by Pulsford (1996). 
Some of the measured parameters have changed over time and so 
alternative metrics needed to be collated. For example, the 1990 ABS 
statistics reported the “sugarcane area fertilised”, although this was not 
reported in the following years. The ABS statistics continued to report 
the areas of sugarcane cut for crushing (i.e. the main crop harvested for 
sugar production), sugarcane cut for plants (i.e. the billets harvested to 
plant for a new crop), sugarcane standover (i.e. the sugarcane not able to 
be harvested before the next growing season) and sugarcane newly 
planted (i.e. newly planted area) which are summed to represent the 
total sugarcane area. We compared these metrics with the sugarcane 
area fertilised metric in 1990 and found that the total area of sugarcane 
minus the sum of the sugarcane standover area and the newly planted 
sugarcane area were within ± 10% (and mostly within ± 5%) for all 
basins. The newly planted sugarcane represents the area that was under 
fallow (i.e. unfertilised) in the previous season and the standover was 
also not fertilised in the year of reporting. There were a couple of years 
where this metric was not reported and the closest measure was “sug-
arcane cut for crushing” which was applied for those years (Supp. Table 
1). Indeed, the sum of the sugarcane cut for crushing and sugarcane cut 
for plants metrics produce an identical result (to the fertilised sugarcane 
area metric) of which the cut for crushing metric represents the most 
dominant (generally ≥ 95%) area.

Both the fruit (all fruit excluding grapes area – and including nuts) 
and vegetable (vegetables for human consumption) metrics were stable 
over the entire 1990 to 2024 compilation period while the field crops (i. 
e. broadacre crops) were represented by the difference between the total 
cropping area and sum of the sugarcane, fruit, vegetable and cotton 
metrics (Supp. Table 1). We also compiled the total banana area metric 
and considered this separately to the fruit area. Bananas are an impor-
tant crop for several basins of the Wet Tropics NRM region and banana 
specific fertiliser application rate data are available. Similarly, the cot-
ton area was also compiled and considered separately from the field 
crops metric as it makes an important contribution with respect to N and 
P fertiliser application in the Fitzroy Basin and temporal N and P 
application rates are also available for this crop.

The fertilised pasture area was more difficult to capture in our 
analysis. From Pulsford's (1996) data, it was evident that fertiliser 
application to pastures was mostly linked to the dairy industry; how-
ever, the ABS do not report area of dairy land. We compiled the available 
ABS statistics to most closely represent the dairy area for each basin. 
This was done by compiling the ABS statistics for the total dairy cattle 
numbers. Proportional allocations of the dairy cattle numbers for each 
statistical district to river basins were informed by the numbers reported 
in each basin in 2006 (ABS, 2008) following the method of Lewis et al. 
(2021). The five basins with the highest dairy cattle numbers (>2000 
head) coincided with the largest dairy areas reported by the Queensland 
Land Use Mapping Program (QLUMP) including the Mary, Johnstone, 
Burnett, Barron and Herbert (QLUMP, 2021). We used the reported 2021 
QLUMP dairy areas for these five basins with the corresponding 2021 
dairy cattle numbers to inform the stocking rates within each of these 
basins. This analysis revealed stocking rates of 5 dairy cows per hectare 
for the Mary Basin, 7 dairy cows per hectare for the Burnett Basin and 4 
dairy cows per hectare for the Johnstone, Barron and Herbert Basins, 
which were then applied to calculate the dairy pasture area time series 
for these basins, respectively. For the remaining basins which had lower

dairy cattle numbers, 4 dairy cows per hectare were applied to inform 

their dairy pasture area with the exception of the Fitzroy and Burdekin 
basins where 7 dairy cows per hectare were applied to inform the dairy 
pasture area; the Burnett Basin stocking rate was used for these larger 
basins as this is a closer analogy. We note that Pulsford (1996) reported 
relatively high N application to pastures in the Mackay Whitsunday 
basins (Proserpine, O'Connell, Pioneer and Plane), although there are 
few dairy cattle in these basins. Hence, we were not able to replicate 
Pulsford's (1996) pasture fertiliser application for these basins in our 
analysis. The compiled land use area metrics used for each year are 
provided in Supp. Table 1.

The ABS, 2022 provide estimates of the uncertainties reported for 
their district cropping area data such as “relative standard error of 10% to 
less than 25% and should be used with caution”. However, no estimates of 
relative standard error were typically reported by the ABS for cropping 
areas that were mostly > 1000 ha. In these cases, the relative standard 
error ranges from 0% to 9.9% (i.e. within 10%); the driving factors for 
these error ranges are reflected by both the number and con-
sistency/variability of the respondents within the ABS surveys (S. 
Geltner pers comm, 2026). The ABS data also represent a continuous, 
consistent and long-term resource that allows spatial and temporal 
trends to be evaluated. Based on this evidence, we have assigned un-
certainties in the crop area groupings (Table 2).

2.4. Sugarcane production data compilation, and N fertiliser rate and N 
use efficiency calculations

We also compiled ABS production metrics for the sugarcane industry 
including the “cut for crushing” sugarcane area and the corresponding 
total tonnes of sugarcane harvested extending back to when they were 
collectively reported from 1945 (Statistics of the State of Queensland, 
1945-1974; ABS, 2022). Together, these metrics provide a long-term 

time series of the sugarcane yield quantified in tonnes per hectare of 
harvested sugarcane. Furthermore, the sugarcane synthetic N fertiliser 
applied within each basin can be used with the corresponding sugarcane 
fertilised area and total tonnes harvested to calculate long-term time 
series of N fertiliser application rates (kilograms of N applied per hectare 
of sugarcane) and N use efficiency (i.e. kilograms of N per tonne of 
sugarcane), respectively for the sugarcane industry. As we didn't have 
the specific amount of the N fertiliser applied to sugarcane for each basin 
prior to 1990, we only used the basins – Daintree-Mossman (combined), 
Russell Mulgrave, Herbert, Haughton-Burdekin (combined), Proserpine, 
O'Connell-Pioneer (combined), Plane and Burrum – where the dominant 
proportion (i.e. > 80%) of N fertiliser applied can be attributed to the 
sugarcane industry to calculate this long-term N use efficiency. We 
calculated the proportions of the N fertiliser applied to sugarcane to the 
total N applied for each basin in 1990 as reported by Pulsford (1996). 
These proportions were then used along with the total N applied for each 
basin as reported by Pulsford (1996) to estimate the fertiliser N applied 
in sugarcane in the selected basins between 1945 and 1989. As of 2024, 
these basins represent 77% of the total sugarcane area across the 
GBRCA, and the respective basins capture 63% of the sugarcane in the 
Wet Tropics NRM region, 92% in the Burdekin NRM region, 100% in the 
Mackay Whitsunday NRM region and 29% in the Burnett Mary NRM 

region.

2.5. Allocations of statistical data to river basins and data infilling

The allocation of the compiled ABS statistics for each district to the 
GBR river basins was informed by spatial analysis drawing on the 
QLUMP crop areas (total cropping, sugarcane, banana, fruit and nuts, 
and vegetables) from the earliest (1999) and latest (2021) releases 
(QLUMP, 2021). In combination with the ABS statistical district 
boundaries over two separate reporting periods (i.e. local authority 
areas relevant for the 1945 to 2006 period and SA2 areas relevant for the 
2011 to 2021 period) along with the river basin boundaries, we
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Table
 
1

Fertiliser application rate sources for the crop groupings (Armour and Ford, 1996; Daniells, 1995; DPI&F, 2007; Fullelove et al., 1998; Gourley et al., 2012; Harper, 
2014; Irvine-Brown et al., 2024a, 2024b; Jackson et al., 1997; King, 2021; Koci and Nelson, 2016; Leeks, 2019; Meurant et al., 1999; Newett, 2017; Newett et al., 
2018; O'Hare et al., 2004; Olsen, 1992; Owen-Turner et al., 1997; Ross et al., 2000; Roth, 2010; Roth Rural, 2017; Stork et al., 2009; Wright et al., 1997, 2005).
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determined the proportion of each crop group in the statistical district 
that was held within each river basin. These proportions were then 
applied to allocate the ABS statistical district data to each river basin. 
This method differs from the original approach by Lewis et al. (2021) 
who drew on the total cropping area for each basin reported by the ABS, 
2008 from the 2006 census. The application of the QLUMP data provide 
a more robust methodology to inform the allocations of the statistical 
district data of the specific crop groupings to the river basin. However, 
there can be differences in the absolute cropping areas between the ABS 
statistics and the corresponding QLUMP mapping outputs which have 
been discussed in Lewis et al. (2021). Specifically, the QLUMP outputs 
provide the broad area of cropping and do not necessarily capture the 
area that was fertilised in an individual year (i.e. for sugarcane it will 
produce the total sugarcane area which includes paddocks under fallow 

as well as standover). Hence, QLUMP will often overestimate the area of 
cropping that was fertilised each year. In essence, the combination of 
QLUMP spatial outputs to inform the proportional allocations of the ABS 
statistical district data for individual crops draws on the strengths of

both methodologies and provides a robust approach to inform the basin 
crop area time series. Additionally, the data-scaled up to represent the 
NRM region have much higher confidence. For example, our allocations 
of the district data to basins and then summed to represent NRM region 
closely matched (within 5%) the corresponding ABS reports at the NRM 

region scale and there is also agreement with the independent QLUMP 
outputs (see Lewis et al., 2021).

The fine spatial scale ABS statistical data relevant to GBR river basins 
needed to build upon Pulsford's (1996) time series were available from 

1990 to 1997 (inclusive), 2001, 2006, 2011, 2016 and 2021 (ABS, 
2022). Linear interpolation was used to infill periods of missing data 
between 1998 and 2000, 2002-2005 and 2007-2008. For the periods 
2009-2010, 2012-2015 and 2017-2020, NRM-scale data were available 
to inform and impute the basin-level data. This was done by calculating 
the proportional mean of the basin's contribution to its NRM region for 
the two bounding years. This proportion was then multiplied by the total 
value reported for the NRM year to produce the basin area for that year. 
For example, to calculate the vegetable area for the Barron Basin for

Table 2
Contributions of synthetic N and P fertiliser for each crop grouping. Uncertainties used for the areas and fertiliser rates for the 
seven crop groupings to calculate the N and P application for each basin and NRM region.
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2013 we took the mean proportional contributions to the Wet Tropics 
NRM region for 2011 (0.836) and 2016 (0.751) (mean = 0.794) and 
multiplied this by the area of vegetables in the NRM region reported for 
2013 (2654 ha × 0.794 = 2107 ha). The areas of vegetables were not 
reported at the NRM region in 2017 for the Fitzroy, 2018 for the Wet 
Tropics and Mackay Whitsunday and 2019 for the Burdekin and Fitzroy 
NRM regions. Linear interpolation was used to infill those years. Spe-
cifically, we note that sugarcane grown in the GBR catchment area has a 
~ 5-year crop cycle and banana and fruit and nut crops are perennial 
and cycle over much longer timeframes. While vegetable crops are 
annual and can change on individual paddocks from year to year, the 
total vegetable cropping area within a basin often remains highly stable 
over time as evident in our data time series (Supp. Figs. 1–29). Cotton is 
another annual crop largely grown when there is an adequate and 
relatively cheap water supply, but it is grown entirely in the larger ba-
sins (predominately the Fitzroy Basin) which can be allocated directly 
from the NRM-scale reporting. Field crops are the exception where areas 
can vary greatly over successive years across the basins. However, these 
are low value crops, often unfertilised and hence contribute compara-
tively little to the total N and P applied in the basins (Table 2). We 
present the 1990-2024 time series for each crop group's area, as well as 
the N and P applied, for each basin in the supplementary material (Supp. 
Figs. 1–29) as well as the difference in intensive cropping land use areas 
between the QLUMP land use mapping outputs from 1999 to 2021 
(Supp. Fig. 30). Collectively these analyses demonstrate the stability of 
most of the crop groupings over this period.

2.6. Fertiliser rate application data

We applied Pulsford's (1996) N and P fertiliser application amounts 
(kg) in 1990 for the five crop groupings coupled with the corresponding 
fertilised land use area (ha) to calculate N and P application rates (kg. 
ha − 1 ) for each of these crop groupings within each basin. This provided 
a ‘benchmark fertiliser application rate’ for 1990. We note that some of 
the fertiliser application rates were unrealistically high or low in certain 
basins reflecting the difficulty Pulsford had in allocating cropping land 
use areas to an individual basin where statistical districts overlapped 
multiple basins. The basins most influenced by this issue were the 
Daintree, Mossman, Barron, Russell Mulgrave, Tully, Murray, Black, 
Ross, Haughton, Burdekin, O'Connell, Pioneer, Styx, Shoalwater, 
Waterpark, Kolan, Burnett and Burrum. However, when an average of 
these rates was applied for basins where the districts overlapped (or 
when upscaled to NRM region), the N and P application rates agreed 
with known application rates for this time (e.g. Table 1).

Incitec Pivot Fertilisers provided N and P fertiliser application rates 
in the sugarcane industry from 1996 to 2016 for the Wet Tropics (Tully 
to Mossman including Atherton Tablelands), Herbert, Burdekin, Central 
(Proserpine, Mackay and Sarina) and South Queensland (Bundaberg, 
Maryborough, Isis & Rocky Point) districts (Incitec Pivot, 2018). Survey 
data conducted for the Paddock to Reef Integrated Monitoring, Model-
ling and Reporting Program provided basin-specific sugarcane N fertil-
iser rates from 2018 to 2024 (A. Northey, pers comm. 2025). We note 
that the dominant type of synthetic N fertiliser used in the sugarcane 
industry has changed over time from ammonium sulphate until the 
1970s, Aqua Ammonia from the 1970s to early 1980s and urea from the 
1980s to present (Kuhn, 2026). Banana rates were obtained from pub-
lished literature (Armour et al., 2013), the Australian Bananas Growers' 
Council survey data (ABGC, unpublished data) and from Paddock to 
Reef Program records (A. Northey, pers comm. 2025). Thorburn and 
Wilkinson (2013) also provide N rates for sugarcane, bananas, tree 
crops, vegetables (capsicum and tomatoes), cotton and grains. Annual 
cotton N and P application rates from 2016 to 2024 were compiled from 

the Cotton Research and Development Corporation annual grower sur-
veys (e.g. CRDC, 2024) and P rates were obtained from Nachimuthu 
et al. (2022). N and P fertiliser application rates for the other crops of 
the GBR have been compiled from various sources including industry

recommended practices/guides, field trials and the Paddock to Reef 
Program records and are summarised in Table 1. We note that N and P 
recommended rates do not always reflect current industry practice (e.g. 
Stork et al., 2007) and that rates will vary depending on the crop type, 
stage and production, growing season, soil types and nutrient contents 
as well as other factors. In particular, the fertiliser requirements for tree 
crops are based on a rate per tree which is largely informed by crop type, 
soil type and tree age. For fruit and nuts (minus bananas) and vegeta-
bles, our N and P rates were informed by averages reported from survey 
data or recommended rates for the dominant crop in the basin (Table 1). 
For field crops and dairy pastures, we largely drew on the rate calculated 
for 1990 using (Pulsford, 1996) data and the corresponding fertilised 
area with a particular focus on the basins with larger tonnages (>100 t) 
of N and P applied. We note that outside of dairy pastures there is 
negligible N and P applied to other pasture lands (Kuhn, 2026). Given 
the varying quality of the N and P fertiliser rate data across both crop 
type and over time, we ascribed uncertainties to the rate data (noting 
that these are different to the uncertainties applied to the areas of the 
crop groupings above) (Table 2). For fruit and nuts, and vegetables, the 
uncertainties were determined to capture the surveyed or recommended 
rate range for the dominant crops within the basin (Supp. Tables C-F).

2.7. Confidence of N and P fertiliser application for the crop groupings

Average annual district-scale N and P fertiliser rates for sugarcane 
coupled with documented changes in rates over time for bananas and 
cotton are available. Combined with reliable land use area data, this 
provides high confidence in the fertiliser application estimates for basins 
dominated by these crops. Indeed, this captures the majority of basins 
within the GBRCA, with the largest amounts of N and P applied. Across 
the entire GBRCA, these crops represent 78% of the total N fertiliser and 
66% of the total P fertiliser applied (Table 2). We have more limited N 
and P application rates for the other crop groupings including fruit and 
nuts, vegetables, field crops and dairy pastures, where there are esti-
mated rates available for points in time (Table 1) and a 1990 ‘bench-
mark’ from Pulsford (1996). This provides a reasonable estimate of the 
N and P amounts applied in these crops, although the method will not be 
able to document the potential changes in rates over the whole period of 
this study.

2.8. Estimation of total applied N and P with uncertainty

Total fertiliser (N or P) applied is calculated as the product of crop 
area (A, ha) and fertiliser application rate (R, kg.ha − 1 ). Both quantities 
are subject to uncertainty, with the magnitude of uncertainty varying by 
crop type and fertiliser application rate (Table 2; Supp Tables C-F). A 
Monte Carlo simulation framework was used to derive both central es-
timates and associated uncertainty.

Uncertainty in total applied fertiliser (N or P) was propagated from 

two input parameters: land use area and fertiliser application rate for 
key crop groupings. Each parameter was assumed to follow a lognormal 
distribution, because they are both positive and often have right-skewed 
empirical distributions consistent with standard statistical practice for 
such data (Limpert et al., 2001) and with the convention adopted else-
where in GBR catchment load and concentration modelling (e.g. 
Kuhnert et al., 2012). We note that for many crop groupings and basins, 
input distributions are derived from a limited number of reported values 
rather than large empirical samples, preventing formal goodness-of-fit 
testing or non-parametric bootstrapping across the full set of distribu-
tions. We acknowledge this as a limitation of the uncertainty framework, 
particularly for crops subject to rapid land-use transition where a 
heavy-tailed or bimodal distribution may not be fully captured by the 
lognormal parameterisation. However, as total fertiliser applied at the 
basin and regional scale is derived by summing contributions across crop 
groupings and basins at each simulation iteration, and as the crops most 
exposed to rapid land-use transition (fruit and nuts, vegetables) together
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represent a comparatively minor share of the overall N and P budget 
relative to sugarcane, bananas and cotton (78% and 66% of total N and P 
respectively; Table 2), the influence of any bimodality in these inputs on 
reported basin and region-scale uncertainty bounds is expected to be 
limited.

Distribution parameters were derived from reported point estimates 
of crop area and fertiliser application rates specific to each crop within 
each basin and year (1991–2024). Uncertainty for each parameter was 
expressed as a coefficient of variation (CV), calculated from the reported 
uncertainty estimates across land use categories (Table 2).

The corresponding log-scale standard deviation was computed as:

σ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

In 
( 
1 + CV 2 

)√ 

The log-scale mean was defined such that the reported point estimate 
corresponded to the median of the lognormal distribution.

For each Monte Carlo iteration (i), independent random samples of 
land use area and fertiliser application rate were drawn and combined 
multiplicatively to estimate total N and P fertiliser applied:

F (i) = A (i) × R (i)

where A (i) denotes land use area and R (i) denotes fertiliser application 
rate. A total of 10,000 simulations were performed for each river basin 
and year.

The resulting output distributions were summarised using the me-
dian as the central estimate, with uncertainty characterised by the 2.5th 
and 97.5th percentiles. The median was selected as the primary estimate

because the simulated outputs were lognormally distributed and right-
skewed.

To estimate uncertainty at the NRM region scale, total fertiliser 
applied was summed across all river basins within each NRM region for 
each Monte Carlo iteration and year. The resulting regional-scale dis-
tributions were then summarised using the same median and percentile-
based uncertainty metrics as for the basins.

2.9. ABS fertiliser application data

The ABS provides basin-level fertiliser data for 2008/09 which 
included the amounts of chemical fertiliser, dunder, mill mud/ash, an-
imal manure and other fertilisers applied to each GBR basin (ABS, 2010). 
We note this is the only year when such data have been made available 
and so it provides a case study of N and P that are applied at the river 
basin scale. Mill mud/ash is produced as a mill by-product during the 
production of sugar and is redistributed to sugarcane paddocks in the 
surrounding districts. Animal manure is typically applied to paddocks 
where there is an abundant supply; in most cases these are probably 
grain crops (i.e. field crops) and grazing pastures. The amounts of N and 
P from the chemical (or synthetic) fertilisers could not be calculated, as 
the specific fertiliser products were not provided and these vary in their 
N and P contents. However, data were provided on mill mud/ash and 
animal manure, which are of particular interest as they represent reu-
tilised inputs of N and P within basins that should be considered in 
paddock-scale nutrient budgets.

We calculated the N and P proportions in these additives to provide a

Fig. 2. Summary of method steps to compile N and P application amounts for the GBR river basins and NRM regions along with the additional analyses that have 
been performed on the data.
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first order estimate of the “full N and P rate” applied to sugarcane crops 
in the GBR river basins for 2009. As an approximation, we have calcu-
lated the amounts of ‘plant available’ N and P in mill mud/ash and cow 

manure, assuming the animal manure is predominately from cattle, 
given the prevailing land use in the GBRCA. N and P contents in mill 
mud/ash vary across the different sugar mills. We have applied paddock 
application rates (i.e. N and P contents in an application of 100 wet 
tonnes of mud/ash per hectare) obtained from various mills where data 
were available. The data were provided in different forms whereby some 
sugar mills provided individual application rates for wet mill mud and 
wet mill ash while others provided a wet mud/ash combination. As the 
ABS data report dry mud/ash together, we calculated a combined mud/ 
ash rate for the sugar mills that provided the data separately assuming a 
mix of 87% mud and 13% ash (based on the total mill mud and mill ash 
produced in Queensland: Moody and Schroeder, 2014). The moisture 
content of wet mill mud/ash averages 75% (Moody and Schroeder, 
2014) and so the ABS dry mill mud/ash estimates were scaled up by a 
factor of 4 to reflect wet mud amounts in order to calculate the N and P 
contents. We have assumed the plant available N and P in the mill 
mud/ash to range between 16% and 50% and 53% and 86%,

respectively as reported in studies by Moody and Schroeder (2014) and 
Soil, Catchment and Riverine Processes, 2023.

The rates based on 100 wet tonnes per hectare of mill mud/ash 
include 241 kg ha − 1 N and 128 kg ha − 1 P for the Tully Mill in the Tully 
Basin (G. Shannon, pers comm, 2026) and, based on information pro-
vided by P. Larsen (pers comm, 2026): 261 kg ha − 1 N and 212 kg ha − 1 P 
as an average of the Victoria and Macknade Mills (Herbert Basin), 
181 kg ha − 1 N and 271 kg ha − 1 P as an average of the Invicta, Pioneer, 
Kalamia and Inkerman Mills (Haughton and Burdekin Basins), 
180 kg ha − 1 N and 170 kg ha − 1 P for the Proserpine Mill (Proserpine and 
O'Connell Basins) and 250 kg ha − 1 N and 180 kg ha − 1 P for the Plane 
Creek Mill (Plane Basin). The N and P contents (in percent) per tonne of 
mud/ash can be calculated by dividing these rates by 100,000. For the 
basins where N and P contents of mill mud were not available, we 
applied the contents for the Tully Mill to estimate the N and P applied for 
the other Wet Tropics basins (i.e. Daintree, Mossman, Russell-Mulgrave, 
Johnstone and Murray), an average of the Prosperine and Plane Creek 
Mills for the Pioneer Basin (i.e. 215 kg ha − 1 N and 175 kg ha − 1 P) and 
the Plane Mill to estimate the N and P contents for the Burnett Mary 
NRM Basins (i.e. Kolan, Burnett, Burrum and Mary).

Fig. 3. Time series of synthetic N (top) and P (bottom) fertiliser applied at the NRM regions between 1910 and 2024. 1910 to 1990 data are derived from Pulsford 
(1996). Shaded 95% uncertainty intervals were based on Monte Carlo permutations to provide an estimate of uncertainty over our study period (1991-2024).
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For cow manure, we have used an average concentration of 2.0% for 
N and 0.5% for P of which 25% and 30%, respectively are available to 
plants. For a first-order approximation and to illustrate the concept of 
the extra N and P applied to crops, we have assumed that all the mill 
mud/ash and animal manure reported by the ABS was applied to the 
whole sugarcane cropping area in the GBR river basins. While this is not 
realistic (and will be discussed later), our compilation is focussed on the 
broader basin-scale N and P fertiliser applications and not on the finer-
scale paddock/farm level.

An illustration of the method steps including the key data sources, 
analyses and outputs are summarised in Fig. 2.

3. Results

3.1. N and P GBR basin scale time series

The time series data indicate that, with the exception of Cape York, 
Styx (N only) and Fitzroy (N only), the synthetic N and P fertiliser 
application to GBR river basins have either declined or been relatively 
stable over the past one to two decades (Tables 3 and 4; Supp. Figs. 
31–59). The data show that synthetic N fertiliser applied to basins

such as the Proserpine, O'Connell, Plane and Burnett (Supp. Figs. 45, 46, 
48, 57) peaked in the 1990s, whereas the amount of N applied peaked 
for the Johnstone, Herbert and Mary Basins (Supp. Figs. 36, 39, 59) in 
the early 2000s. The peak for other basins such as the Barron, Tully, 
Haughton and Burdekin (Supp. Figs. 34, 37, 42, 43) did not occur until 
the mid-2010s while the Russell Mulgrave peaked as early as the 1980s 
(Table 3; Supp. Fig. 35). In general, the application of synthetic P fer-
tiliser followed similar trends to N, although the peaks in application 
were often not as pronounced (Table 4; Supp. Figs. 31–59).

When comparing five year averages around peak fertiliser applica-
tion time periods with the averages from the last 5 years, marked re-
ductions (> 20%) were observed in nearly all basins with the exceptions 
of Cape York, Barron, Don, Styx, Fitzroy (N only), Kolan, Burnett (N 
only) and Burrum (N only). Basins with the largest reductions (>2000 t) 
from peak synthetic N fertiliser application include Russell Mulgrave, 
Johnstone, Herbert, Haughton, Pioneer, O'Connell and Plane, while the 
largest reductions (>400 t) from peak synthetic P fertiliser application 
include the Russell-Mulgrave, Johnstone, Herbert, Plane, Fitzroy, Bur-
nett and Mary. Several basins have recorded their peak N fertiliser 
application over the past decade including Cape York, Daintree, Tully, 
Haughton, Burdekin, Styx, Shoalwater, Fitzroy and Kolan while P

Fig. 4. Stacked bar graph of NRM region contributions from the seven different crop groupings from 1990 and 2024 for Nitrogen (top) and Phosphorus (bottom).
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fertiliser application has peaked only in the Cape York region over the 
past decade(Supp. Figs. 31–59).

The width of the 95% uncertainty intervals generated by the Monte 
Carlo simulations of basin-scale N and P application amounts (i.e. the 
difference between the 97.5th and the 2.5th percentiles, expressed as a 
percentage of the median) are in the order of ± 36 to 52% for most 
basins, although larger uncertainties of ± 55 to 256% are evident for 
some of the basins with low fertiliser application amounts (e.g. Cape 
York, Black, Ross, Styx, Shoalwater, Waterpark, Calliope, Boyne, Baffle), 
or for basins which contain more mixed land uses such as the Don, 
Kolan, Burnett and Burrum (Supp. Figs. 31–59).

3.2. N and P GBR NRM region scale time series

The NRM scale data show that synthetic N applied in the Wet Tro-
pics, Burdekin, Mackay Whitsunday and Burnett Mary regions rose 
steeply from the 1960s and 1970s (Fig. 3a). The total basin and NRM 

scale N and P applications were estimated using Monte Carlo simula-
tions, which accounted for uncertainty in both crop area and fertiliser

application rates, with 10,000 simulation runs used to derive medians 
and 95% uncertainty intervals. In the Wet Tropics N application peaked 
at 32,000 (29,100 – 35,500) tonnes in 2001 and the Mackay Whitsunday 
NRM region peaked in 1999 at 25,300 (22,500 – 28,300) tonnes. In 
comparison, the synthetic N fertiliser peaked in the Burnett Mary much 
earlier in 1991 at 16,700 (15,000 – 18,900) tonnes while the Burdekin 
peak of 22,300 (19,100 – 26,300) tonnes occurred much later in 2016 
(Fig. 3a). The Fitzroy NRM region increased more steadily from the 
1970s to 1980s and has fluctuated over the past four decades with a peak 
in 2018 of 17,300 (12,700 – 23,700) tonnes. N application has been 
relatively negligible in the Cape York region compared to the other NRM 

regions, peaking in 2024 at 250 (190– 320) tonnes. The amounts of 
synthetic N fertiliser applied in the Wet Tropics, Burdekin, Mackay 
Whitsunday and Burnett Mary NRM regions have declined considerably 
over the past one to two decades where the latest applications are well 
below the peak application periods (and associated uncertainties) 
(Fig. 3a). From their respective N application peaks to the latest 2024 
levels, the declines in synthetic fertiliser were 31% for the Wet Tropics, 
37% for the Burdekin, 49% for the Mackay Whitsunday and 25% for the

Fig. 5. Tonnes of sugarcane crushed (cut for crushing) at the NRM scale from 1945 to 2024. Based on ABS data.

Fig. 6. Sugarcane yield (tonnes crushed per hectare of cane cut for crushing) at the NRM scale from 1945 to 2021. Temporal trends in sugarcane yield were estimated 
using LOESS (local polynomial regression) smoothing. Shaded ribbons indicate 99.9% uncertainty intervals around the smoothed trend for each NRM region. Based 
on ABS data.
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Burnett Mary. The time series data display some year-to-year variability 
with some noted lows and highs; for example, anomalously low syn-
thetic fertiliser application was recorded across the Wet Tropics, Bur-
dekin and Mackay Whitsunday NRM regions in 2011 (Fig. 3a). 

Synthetic P fertiliser application amounts for the Wet Tropics, 
Mackay Whitsunday and Burnett Mary NRM regions rose steeply from 

the 1960s but then remained at fairly consistent levels between the 
1970s/1980s and early 2000s before declining over the past one to two 
decades (Fig. 3b). The steep increase in synthetic P fertiliser application 
in the Burdekin NRM region occurred much later during the late 1980s 
to early 1990s and has remained fairly constant since the mid-1990s, 
peaking in 2005 at 2200 (1900 – 2600) tonnes. In comparison, the 
Fitzroy NRM region has had generally much lower quantities of syn-
thetic P fertiliser applied and, the amounts have remained relatively 
stable from the 1990s to mid-2000s, although marked year-to-year 
fluctuations have occurred over the past two decades. Distinct peaks 
occurred in 2011 at 2700 (2000 – 3700) tonnes and in 2018 at 2400 
(1700 – 3400) tonnes. Similar to N, synthetic P fertiliser application has 
been negligible in the Cape York region relative to the other NRM re-
gions peaking in 2018 at 38 (24 – 59) tonnes (Fig. 3b). The 2024 syn-
thetic P data show that the Wet Tropics is 57% lower than the peak of 
7000 tonnes applied in 1980, the Mackay Whitsunday is 55% lower than 
the peak of 3000 (2700 – 3300) tonnes in 2009 and the Burnett Mary is 
39% lower than the peak of 4200 (3700 - 4900) tonnes in 1991.

3.3. Changing N and P basin and NRM profiles from 1990 to 2024

Time series plots of the land use groupings for each basin over the 
1990 to 2024 period highlight the key crops within each basin (Supp. 
Figs. 1–29). We compiled the quantities of N and P fertiliser applied 
for each crop group and river basin for the study time series boundary 
years 1990 (i.e. the end of Pulsford's time series) and 2024 (i.e. the end 
of this study time series). A comparison of proportional contributions of 
each crop group to total basin N and P in 1990 and 2024 highlights 
changes in synthetic N and P fertiliser application within each basin 
(Supp. Tables 2 and 3; Supp. Figs. 1–29). For example, the data highlight 
the increasing amount of N and P applied in the Barron Basin associated 
with the expansion of sugarcane, fruit and nuts and banana crops at the 
expense of vegetables, field crops and dairy pastures (Supp. Fig. 4). The 
data demonstrate the increasing influence of bananas in the Russell 
Mulgrave and Johnstone Basins with reducing contributions from sug-
arcane, although a decrease occurred in total fertiliser applied in both 
basins (Supp. Tables 2 and 3; Supp. Figs. 5–6). A decline in sugarcane N 
and P tonnes applied (and associated lowered contributions to total 
basin N and P) is also evident in the Kolan, Burnett and Burrum Basins 
which coincide with increased contributions from fruit and nuts (pre-
dominantly macadamias), vegetables (Kolan) and cotton (Burnett) 
(Supp. Figs. 25–28). The proportional contributions of sugarcane to total 
basin N and P fertiliser application have remained generally stable for 
other basins such as the Mossman, Herbert, Proserpine, O'Connell, 
Pioneer and Plane, although the data show considerable declines in total 
application amounts for these basins (Supp. Tables 2 and 3; Supp. Figs. 
33, 39, 45-48). Finally, between the 1990 and 2024 periods, some basins 
display general increases in fertiliser N and P application amounts 
including the Barron (N only), Murray, Ross, Haughton, Burdekin (P 
only), Don, Styx, Fitzroy, Boyne, Burnett (N only), Burrum (N only) and 
the Cape York NRM region (Supp. Tables 2 and 3; Supp Figs. 31, 34, 38, 
41, 42. 43, 44, 49, 52, 54, 57, 58).

At the NRM scale, the comparison between the 1990 and 2024 
synthetic N and P amounts applied across the crop groups show decline 
in application in the Wet Tropics, Mackay Whitsunday and Burnett Mary 
NRM regions (Fig. 4). In the Burdekin NRM region, agricultural expan-
sion in the 1990s following the construction of the Burdekin Falls Dam 

(built in 1987) led to an increase in the sugarcane and vegetable growing 
areas while in the Fitzroy region, the area of cotton increased greatly 
over this period (Fig. 4). The broad-scale data also highlight the

increasing influence of bananas in the Wet Tropics NRM region and 
macadamias (i.e. fruit and nuts) in the Burnett-Mary NRM region 
(Fig. 4).

3.4. Additives of non-synthetic fertilisers

Measures of the additional N and P added to cropping through soil 
conditioners/additives such as mill mud/ash and animal manure were 
calculated using the ABS, 2010 2008/09 statistics. We note that these 
ABS, 2010 data have considerable uncertainty with estimates varying 
between “relative standard error of 10% to less than 25%” and “relative 
standard error between 25% and 50%”. While the ABS, 2010 recommends 
that the data “should be used with caution” these outputs provide the only 
available basin-scale approximation of application and provide an 
indication of the N and P reutilised within each river basin.

Tables 5 and 6 present the amount of N and P, respectively, applied 
to sugarcane in 2009 in each of the GBR river basins from synthetic 
fertilisers using the fertilised area and the reported application rate for 
that year (i.e. this study), together with the quantities of N and P added 
through application of mill mud/ash and animal manure. The data show 

that, in the basins hosting large areas of sugarcane (i.e. >10,000 ha), 
mill mud/ash applications could provide an additional 1% to 11% extra 
plant available N and, 18% to 150% extra plant available P on top of 
synthetic fertiliser inputs. On a basin-scale, application of mill mud/ash 
increases the average plant available N rate in sugarcane by approxi-
mately 2 to 15 kg ha − 1 (Table 5) and increases the available P rate by 
approximately 3 to 20 kg ha − 1 (Table 6).

The contribution of N and P in animal manure is much lower with the 
exception of the Burnett. The largest amounts of animal manure applied 
to cropping areas occur in the larger grazing catchments of the Burdekin, 
Fitzroy, Burnett and Mary Basins suggesting that it is likely applied to 
grain or pasture crops growing adjacent to grazing lands.

3.5. Sugarcane production and N use efficiency

Our assembled fertiliser application time series provides an oppor-
tunity to evaluate the long-term trends in agricultural production and 
nutrient use efficiency since 1945. Here, we focused on the synthetic N 
used in the sugarcane industry which currently (2024) contributes 55% 

of the total synthetic N fertiliser applied across the GBRCA (Table 2). On 
an NRM-scale, the total tonnes of sugarcane cut for crushing rose steeply 
in the Wet Tropics, Burdekin, Mackay Whitsunday and Burnett Mary 
NRM regions from 1945 to the 1990s (Fig. 5). The amount of sugarcane 
produced has steadied in the former three regions over the past few 

decades and declined in the Burnett Mary region. The Fitzroy and Cape 
York NRM regions contribute very low and no sugarcane, respectively 
and will not be considered here further. In terms of sugarcane tonnes per 
hectare yield, the data show general increases in yield for the main 
producing NRM regions from the 1940s to 1970s and a relatively 
consistent yield thereafter (Fig. 6). Average sugarcane crop yields from 

1980 to 2021 are highest in the Burdekin (110 ± 8.0 t ha − 1 ) followed by 
the Wet Tropics (78 ± 9.2 t ha − 1 ), Burnett Mary (76 ± 6.1 t ha − 1 ) and 
Mackay Whitsunday (75 ± 9.8 t ha − 1 ) NRM regions.

The plots of basin-averaged sugarcane N fertiliser application rates 
(kg N.ha − 1 ) and N use efficiency (kg N applied per tonne sugarcane 
harvested, kg N.t − 1 cane) for the Daintree-Mossman, Russell Mulgrave, 
Herbert, Haughton-Burdekin, Proserpine, O'Connell-Pioneer, Plane and 
Burrum Basins show a general increasing trend in the amount of N used 
to produce sugarcane (i.e. decreased N use efficiency) from 1945 to the 
mid 1980s (Fig. 7). Basin-averaged N application rates peaked in the 
1980s and 1990s before reducing over the past two decades (Fig. 7a). 
Sugarcane N use efficiency generally stabilises from the 1980s to early 
2000s before showing a decline over the past two decades (i.e. increased 
N use efficiency) (Fig. 7b). When the total kilograms of N applied to 
sugarcane are summed for each year and divided by the corresponding 
sum of the tonnes of sugarcane harvested, we can estimate the decadal N
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use efficiency for these basins, which in 2024 collectively represents 
77% of the sugarcane area in the GBRCA. From 1951 to 1960 the 
average N use efficiency across these basins, was 1.04 kgN.t − 1 , climbing 
to 1.55 kgN.t − 1 in the 1961-1970 period, 1.99 kgN.t − 1 between 1971 
and 1980, 2.43 kgN.t − 1 in the 1981-1990 period, 2.47 kgN.t − 1 in 1991-
2000, 2.21 kgN.t − 1 in 2001-2010 and 1.90 kgN.t − 1 in 2011 to 2020. We 
note that the standard errors in the N fertiliser applied (in the order of ± 

10 to 15%) and the sugarcane production (±10%) reduce the level of 
confidence in these trends (Supplementary material). However, another 
convincing line of evidence is derived from the knowledge that sugar-
cane yields (tonnes per hectare harvested) have been consistent for the 
past 50 years (Fig. 6) which is supported by independent industry 
datasets (Supp. Figs. 60–71). This finding, coupled with the reduced 
district-average N fertiliser application rates (high confidence data) over 
the past one to two decades (Fig. 7a), clearly highlight improvements in 
N fertiliser management. Hence, we can conclude that N use efficiency 
in the sugarcane industry is the most efficient it has been in 50 years.

4. Discussion

4.1. Basin and NRM scale data trends

Spatial time series compilations of fertiliser N and P application 
provide an invaluable resource to evaluate trends over time and help 
inform decision making and policy development in the context of crop 
management, protection of water resources, food security and climate 
change (e.g. Borbor-Cordova et al., 2006; Hamlin et al., 2020; Coello 
et al., 2025). Our compilation offers an evaluation of trends in N and 
P fertiliser application at both the river basin and NRM region scale. The 
trends in our data such as the steep increase in application from the 
1960s and 1970s are broadly consistent with those reported from USA 
catchments (Howarth et al., 2002; Cao et al., 2018). Hence, these find-
ings likely reflect the trends across the global agricultural sector with the 
increasing availability, affordability and reliance on N fertiliser from the 
~1960s (e.g. Smil, 2001; Galloway et al., 2004; Kuhn, 2026). The 
widespread decline in fertiliser application over the past one to two

Fig. 7. Time series of synthetic N fertiliser application rates for eight sugarcane dominated basins on the GBR catchment area from 1945 to 2024 (top). The N use 
efficiency (kg of N per tonne of sugarcane crushed) in nine GBR river basins from 1945 to 2021 (bottom). Temporal trends in synthetic N use efficiency were 
estimated using LOESS smoothing. Shaded ribbons indicate 99.9% uncertainty intervals around the smoothed trend for each selected basin. Based on ABS pro-
duction data.
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decades (Figs. 3 and 4) reflects a combination of improved farm man-
agement practices, increased knowledge extension to farmers, govern-
ment regulation of fertiliser application rates, changing land 
use/cropping type and increasing costs of fertiliser.

The quantities of N and P fertiliser applied in sugarcane have 
declined considerably between the 1990 and 2024 periods in the Wet 
Tropics, Mackay Whitsunday and Burnett Mary NRM regions (Fig. 4). 
This is explained by reduced fertiliser application rates in the Wet Tro-
pics and Mackay Whitsunday NRM regions (i.e. the sugarcane fertilised 
areas are similar over the two periods), and a marked reduction in 
sugarcane area coupled with reduced application rates in the Burnett 
Mary NRM region. In contrast, the N and P fertiliser quantities applied in 
bananas in the Wet Tropics, cotton in the Fitzroy and fruit and nuts 
(macadamias) in the Burnett Mary have increased from 1990 to 2024 
due to considerable industry expansion (Fig. 4).

At the finer river basin scale, the data responds to intricate changes 
in land use, cropping area, fertiliser rate and crop type. These changes 
are evident in the basin profiles presented in Supplementary Tables 2 
and 3 and Supplementary Figs. 1–29 which highlight the change in 
the amount and proportion of N and P fertiliser applied across the seven 
crop groupings between 1990 and 2024 (see also Supp. Figs. 31–59 for 
full N and P time series from 1910 to 2024). For example, the total 
amount of N fertiliser applied in the Russell Mulgrave Basin has halved 
over this period (Supp. Fig. 35) primarily due to a decline in sugarcane 
area at the expense of urban growth – the human resident population in 
this basin has doubled over the same period (see Lewis et al., 2021). We 
note that our compilation does not take into account the extra N and P 
that would be associated with the urban development. For basins such as 
the Herbert, O'Connell and Plane where the area of sugarcane has been 
relatively consistent over 30 years, the reduction in N fertiliser reflects 
reduced application rates in sugarcane (Supp. Figs. 9, 16, 18). The in-
creases in fertiliser use in the Haughton and Burdekin Basins reflect the 
increased cropping area following the construction of the Burdekin Falls 
Dam in 1987 (Supp. Figs. 12–13).

The construction of basin-scale time series of N and P fertiliser 
application along with productivity measures of yield and nutrient use 
efficiency provides a foundational record to document changing man-
agement in the agricultural sector as well as to understand the envi-
ronmental history of GBR river basins. However, confidence in the 
accuracy of such records requires careful evaluation. Unfortunately, the 
fertiliser sales data which formed the basis of Pulsford's (1996) earlier 
compilation are not available over the more recent ~ 35-year period. 
Hence, the accuracy of our compilation is dependent on reliable annual 
data of fertilised cropping area and reliable data on average N and P 
fertiliser application rates for each of the crop groupings.

We have undertaken various data validation and cross-checking ex-
ercises (see Supp. Material overview) to examine the accuracy of our 
reconstruction (see also Fig. 2). These checks include comparisons with 
independent data on sugarcane cropping area, sugarcane yield and crop 
fertiliser application rate data as well as ABS fertiliser product appli-
cation data from the 2001 survey. These comparisons demonstrate a 
high level of confidence in the reconstructed cropping areas, sugarcane 
yields and sugarcane fertiliser application rates which support our 
approach. However, our 2001 N and P fertiliser application data differ 
from the corresponding 2001 ABS fertiliser application data for that year 
(discussed in the Supp. Material overview). Additional independent 
validation data, which are not currently available, would be required to 
provide a further check of our reconstructed values.

4.2. Fertiliser additives

The application of mill mud/ash on sugarcane paddocks has been 
shown to benefit soil health with additions of organic carbon and nu-
trients to fuel the microbial community and enhance nutrient cycling 
(Liu et al., 2021), although nutrient contents need to be considered to 
avoid the over-fertilisation of crops (Qureshi et al., 2007; Moody and

Schroeder, 2014; Thorburn et al., 2024). The use of mill mud/ash in 
the sugarcane industry provides an effective and innovative approach to 
recycle and dispose this milling by-product (Qureshi et al., 2007). The 
ABS, 2010 provide estimates of the amounts of mill mud/ash and animal 
manure applied in the GBR river basins for the 2008/09 season whereby 
the amounts of plant-available N and P can be calculated (Tables 5 and 
6). Our data show that, on a basin-scale, mill mud/ash contributes up to 
10% additional plant available N (Table 5) and up to 60% to 150% of 
extra plant available P (Table 6) applied on top of synthetic fertiliser. 
Hence, the application of P in mill mud/ash represents a considerable 
addition at a farm-scale, and reliable annual application amounts of mill 
mud/ash are required to develop farm-scale N and P budgets (with the 
redistribution of N and P needing to be recognised in any basin-scale 
nutrient budgeting). It is currently an industry recommendation (and 
regulatory requirement) that farmers take into account, and adjust for, 
mill by-product nutrient content for applications >100 wet tonne-
s/hectare. Mill mud/ash is commonly locally applied at ~100 wet 
tonnes per hectare and, at this rate, N and P application rates associated 
with sugar mill by-products equate to between 140 and 300 kg ha − 1 of N 
and 130 to 370 kg ha − 1 of P (P. Larsen and G. Shannon, pers comm, 
2026). However, these rates do not reflect the plant-available N and P to 
the crop; a mineralisation study of mill mud/ash shows that the pro-
portion of the total N immediately available (i.e. within 1 year of 
application) to the plant is highly variable (16 to 33%) across the sugar 
mills which reflect the quality of the mud/ash (Soil, Catchment and 
Riverine Processes, 2023). Note, these values are lower than that 
earlier reported by Moody and Schroeder (2014), who found 50% 

plant-available N in mill mud. Hence, additional synthetic N and P 
fertiliser inputs may still be required following the application of mill 
mud/ash on a paddock. Paddock-scale water quality trials show elevated 
dissolved inorganic P concentrations leaving paddocks following the 
addition of surface-applied mill mud (Armour et al., 2022).

In contrast, the ABS, 2010 data suggest that the application of animal 
manure provides a relatively limited amount of plant-available N and P 
on paddocks (Tables 5 and 6). Animal manure is likely to improve soil 
health and is an effective way to recycle and dispose of this material in 
the grazing industry.

The addition of N from legume crops grown in the fallow stage of the 
sugarcane cropping cycle has not been considered in this compilation 
but remains critical to incorporate into farm nutrient budgets and also 
likely basin-scale budgets. For example, Park et al. (2010) demonstrated 
that a soybean legume crop can contribute 300 kg ha − 1 of available N to 
the plant crop with a reducing proportion of N from this legume crop 
available up to the 4th ratoon crop; although subsequent studies have 
questioned the availability of the legume N to the crop in the ratoon 
stages (Salter et al., 2019). Legume crops not only provide a valuable 
nutrient addition to the soil, they also improve soil health, break crop 
monocultures, reduce pest/disease risks, and offer potential income 
stream diversification (Garside and Bell, 2007).

4.3. Other natural and anthropogenic sources of N and P

Other natural and anthropogenic sources of N and P should be 
considered to develop complete basin-scale nutrient budgets. These 
include inputs from urban and industrial uses, sewage treatment plant 
discharges, animal excrement including dogs in urban settings and cattle 
on grazing lands as well as atmospheric deposition. We note these inputs 
have not been considered in our compilation. These additions are locally 
important but are, in many cases, clearly more difficult to quantify. 
Indeed, research that considers the complete mass balance of nutrients 
in landscapes are rare but provide critical information on the contri-
butions of different land uses and the dominant processes that add, 
transform and remove N and P (e.g. Borbor-Cordova et al., 2006; Hamlin 
et al., 2020; Karimi et al., 2020).
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4.4. Fertiliser and farm management

While a number of factors can affect sugarcane yield and nutrient use 
efficiency such as climate, soils, and fertiliser management, optimising N 
application rates and fallow management is considered the highest 
priority in the GBRCA (Thorburn et al., 2017; 2022, 2024). The Bur-
dekin NRM region produces the highest sugarcane yields (average: 
110 t ha − 1 ) compared to the other sugarcane producing regions (75 to 
78 t ha − 1 ) due to the abundance of water (under furrow irrigation) and 
sunlight (Fig. 6) (Davis et al., 2014; Thorburn et al., 2022). As such, the 
Burdekin NRM region has the highest N application rates in sugarcane 
compared to the other regions which are under a mix of rainfed and 
supplemental irrigation. The reported sugarcane yield data for the 
Burdekin Mills (Sugar Research Australia, 2025) are consistently in the 
order of 10 t ha − 1 higher than yields calculated for the Burdekin and 
Haughton Basins using the ABS data. We cannot explain this discrep-
ancy, although we note these numbers are within the uncertainty 
bounds used in this study (i.e. sugarcane production and land use area 
have uncertainties of ± 10% each); indeed, the long-term average 
(1990-2021) from the Burdekin Mills is 115 t ha − 1 (Sugar Research 
Australia, 2021) which falls in between our estimates and the recent 
Sugar Research Australia data. Yields over the past 40 years have varied 
from year-to-year likely in response to annual variability in rainfall and 
incidences of disease while longer term trends may be influenced by 
climate variability, improved sugarcane varieties, industry expansion on 
virgin lands (i.e. soils with higher organic carbon), irrigation expansion 
and improved pest/disease controls. Importantly, despite the industry 
perceiving a yield decline in the 1990's (Garside et al., 2005), we have 
found no major trend in yield over this 40-year period (Fig. 6) and the 
yields are consistent with those reported from the mills over 1990-2022 
(Sugar Research Australia, 2021; Supp. Figs. 60–71). The year-to-year 
variability in productivity and nutrient use efficiency also likely provide 
a reflection on changing fertiliser costs, sugar price, and the success of 
the previous season in terms of harvested area and timing (Garside et al., 
2014). The anomalous years with reduced harvests, yields and low N use 
efficiency often follow years with high sugarcane standover following a 
wetter than average year or a major cyclone. For example, several re-
gions recorded low productivity in 1992 and 2012, which followed years 
of high rainfall (1991 and 2011) and Tropical Cyclone Yasi (February, 
2011).

Our compilation reveals that farmers are making considerable strides 
in improved management of synthetic N and P fertiliser application in 
the river basins of the GBRCA. In 2016, nutrient application rates in the 
sugarcane industry were in-line with recommended management prac-
tice, as outlined by the “Six Easy Steps” soil-specific nutrient manage-
ment guidelines for sugarcane production (Incitec Pivot, 2018). The 
application of N and P have reduced markedly over the past one to two 
decades in some river basins to the extent that reductions in catchment 
loads of N (and possibly P) should become apparent in water quality 
monitoring programs where long-term data are available. Indeed, trend 
evaluation of long-term monitoring data across several rivers of the 
GBRCA show that DIN concentrations have declined over the past 
decade which often coincide with decreasing synthetic N fertiliser 
application (James et al., 2026). Basin-scale monitoring data of water-
ways draining different areas of upstream fertilised land use show a 
strong positive relationship between DIN concentration and increased 
cropping area (Hunter and Walton, 2008; Bainbridge et al., 2009; 
Mitchell et al., 2009). Hence, reductions in river DIN loads would be 
expected for some basins and this compilation provides another line of 
evidence to help interpret trends in future analysis of water quality 
datasets.

The N and P time series also provides a foundational dataset to model 
reductions of river basin nutrient loads. In fact, the earlier reductions in 
N and P application achieved for some basins such as the Herbert in the 
early 2000s would not have been captured within the Reef Plan (2024) 
report cards which were initially benchmarked at the 2009 baseline

management scenario. We note that the dynamic SedNet model simu-
lates loads over a 30 year climate period under static land use with 
annual changes in catchment condition, land use practices and 
on-ground remediation activities to quantify load reductions 
(McCloskey et al., 2017, 2021). Hence the reductions in synthetic N and 
P fertiliser application cannot be directly compared and do not neces-
sarily translate to reductions in loads as reported by the model.

These earlier reductions in N and P fertiliser application reflect a 
combination of economic, climatic, social and policy drivers. Economic 
influences include fluctuations in fertiliser input costs and sugar prices. 
At local to regional scales, climatic disturbances such as cyclones and 
flooding also affect application patterns. Differences in farm de-
mographics likely also contribute, with farms in the Wet Tropics often 
characterised by small family-run operations while those in the Burde-
kin and Mackay Whitsunday NRM regions are dominated by larger 
corporate farms. In addition, policy initiatives such as the Sugar Infra-
structure Package (which included increased education on fertiliser 
management) and increased awareness of water quality issues following 
the commencement of the Reef Water Quality Protection Plan in 2003 
may have influenced management practices. It is beyond the scope of 
this compilation exercise to examine these potential drivers. While 
sugarcane farmers have clearly reduced overall synthetic fertiliser 
application rates, data suggest there is still room for improvement in 
accounting for N and P surpluses at the paddock scale (i.e. from legume 
and mill mud inputs). The 2019 Report Card (Reef Plan, 2024) – the 
most recent to report on management practices – suggests that producers 
were a considerable way off achieving the target of 90% of sugarcane 
area under best management practice systems. The low adoption rates to 
reduce off-farm nutrient losses have largely been linked to the limited 
perceived or real benefits of implementing new practices in terms of 
improved productivity, profitability, convenience and risk exposure as 
well as limited access to skilled extension support (State of Queensland, 
2025).

The development of crop-specific nutrient budgets has been 
increasingly used to evaluate the performance of the agricultural in-
dustry through nutrient use efficiency measures (e.g. Lu et al., 2019; 
Karimi et al., 2020; Xia et al., 2021; Zhang et al., 2021; Thorburn et al., 
2022). Our data indicate that nutrient use efficiency in the Queensland, 
Australia sugarcane industry (Fig. 7) is the best it has been in 50 years, 
while the yields have remained consistent over this time (Fig. 6). These 
results are consistent with industry sources and supported by indepen-
dent studies examining other benefits of improved nutrient use effi-
ciency such as reduced greenhouse gas emissions (Renouf et al., 2024). 
Our nitrogen use efficiency estimates also closely match those reported 
by (Thorburn et al. (2022)who termed the kg N.t − 1 cane produced as the 
Nitrogen Loss Reduction Index (NiLRI). This improvement in efficiency 
is testament to the efforts of the Reef Plan program (and farmers 
themselves) through improved education and training available to 
farmers, access to better equipment to apply fertilisers, enhanced 
extension support and regulation as well as the willingness of some 
farmers to trial and adopt improved management practices (Eberhard 
et al., 2021).

The basin-averaged N fertiliser application rates appear to meet the 
district yield potential rates within the regulated Six Easy Steps guide-
lines (Fig. 7a) in agreement with Incitec Pivot (2018) reporting. There 
are a range of options currently being trialled to further improve 
nutrient use efficiency in the sugarcane industry such as the use of 
enhanced efficiency fertilisers, multiple species cover crops grown in the 
fallow and better accounting for farm nutrient budgets, although these 
trials need further testing across a variety of climate and soil types 
(Thorburn et al., 2024). While a large focus of the research has tradi-
tionally been on N management, the sugarcane industry are also looking 
to address other productivity constraints to improve nutrient use effi-
ciency such as crop disease control, soil health and macro- and 
micro-nutrients (S. Clarke pers comm, 2025). Indeed, with N fertiliser 
rates around recommended industry benchmarks, new innovations to
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reduce paddock N losses or to capture and treat runoff water are likely 
needed to achieve water quality targets (Waterhouse et al., 2026). 

The sugarcane industry has been a mainstay within the GBRCA since 
the mid-1860s and has been resilient to changes in farming systems and 
shown innovation towards changing management practices including 
green cane trash blanketing, fertiliser types and application methods 
and pesticide regulation and management (Wood, 1991; Prove et al., 
1995; Johnson and Ebert, 2000; Griggs, 2011; Lewis et al., 2021; 
Kuhn, 2026). While there are ongoing challenges for the agricultural 
industry to further manage fertiliser and pesticide losses from farms, our 
data highlight the encouraging signs that management efforts are 
delivering a measurable improvement in fertiliser use efficiency.

5. Conclusions

This manuscript constructs a foundational record of synthetic N and 
P fertiliser application in the basins of the GBRCA to help evaluate (or 
attribute causation) trends in water quality, assess nutrient manage-
ment, agricultural sustainability and regional planning. The data show 

considerable reductions in the synthetic N and P fertiliser applied in 
most river basins of the GBRCA over the past one to two decades coupled 
with improvements in nutrient use efficiency while maintaining crop 
yields. There are less data on the amount of N and P added to crops 
through applications of mill mud/ash, animal manure and legume crops 
grown and ploughed in during crop fallows. Accounting for these 
additional contributions will be critical to develop N and P mass bal-
ances for cropping systems as well as to construct basin-scale N and P 
budgets.

The accuracy of the compilation was dependent on reliable annual 
fertilised cropping areas coupled with corresponding fertiliser applica-
tion rates for the various crop groupings. The compilation has the 
highest confidence at the broader NRM scale and for basins where N and 
P inputs are dominated by sugarcane, bananas and cotton due to the 
temporal availability of accurate average application rates. In parallel 
with productivity data, the N and P application rates provide insights on 
improvements in management and nutrient use efficiency. This compi-
lation provides a foundation for future studies to perform a mass balance 
of N and P used in cropping systems including fertiliser uptake, trans-
formations and losses.

The reconstruction could be further strengthened through access to 
fertiliser sales data, improved knowledge on regional/local fertiliser 
application rates and greater clarity in future agricultural census 
reporting. If all industries reported district-average fertiliser application 
rate data—as the cotton industry currently does—it would enable 
similar analyses to be conducted in the future with considerably less 
effort and provide greater accuracy. Should reliable basin-scale N and P 
fertiliser application data become available in the future, the outputs of 
this study could be further refined to produce a compilation with 
reduced uncertainty. A more thorough repository of N and P application 
at the basin scale which incorporates additional N and P inputs such as 
through sewage treatment plant releases, urban runoff, industrial re-
leases and grazing animal inputs would further enhance nutrient bud-
gets and nutrient modelling for the GBRCA.

Future studies should use this compilation as a line of evidence to 
evaluate and explain trends in water quality data from the GBR rivers, 
examine its application to model changes in N and P loads to the GBR 
lagoon and help develop an annual repository of fertiliser application to 
benchmark and document trends into the future. The methodology 
developed in this study could be applied internationally to construct 
similar time series of basin-level fertiliser use to assess management 
practice changes, crop fertiliser use efficiency, determine environment 
impacts and evaluate ecological pressures.
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