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Abstract
1.	 Reducing nutrient losses from agricultural catchments is critical for improving water 
quality issues in rivers, estuaries and oceans. Floodplain reforestation has been pro-
posed as a potential nature-based solution to reducing nutrient loss. However, the un-
derlying microbial and nutrient mechanisms of floodplains remain poorly understood.

2.	 We conducted a field experiment in North Queensland comparing nitrate leaching and 
soil microbial assemblages (bacteria, fungi, nematodes) between intensively farmed 
sugarcane and adjacent mature Melaleuca forest restored on floodplain land. Five ni-
trate application rates (0–100 kg N/ha) were applied to replicate 4 m × 4 m plots, with 
nitrate leaching assessed using ion-exchange resins and microbial communities char-
acterised by amplicon-based metabarcoding.

3.	 Nitrate leaching increased linearly with fertiliser load in sugarcane plots but remained 
low and unresponsive to load in the Melaleuca forest. Differences were attributed 
to higher soil organic carbon in Melaleuca plots, supporting decomposer-dominated 
microbial communities that immobilise nitrogen during organic matter breakdown, in 
contrast to sugarcane soils dominated by ammonia-oxidising bacteria that rapidly con-
vert ammonium to leachable nitrate.

4.	 Microbial community composition differed significantly by vegetation type across 
all three taxonomic groups. Melaleuca plots were enriched in bacterial decomposer 
traits including chitinolysis and cellulolysis, while sugarcane plots were dominated by 
nitrification-associated taxa, with these functional differences correlated with meas-
ured nitrate leaching and organic matter decomposition rates. Fungal communities in 
sugarcane plots were dominated by disturbance-tolerant Ascomycota, while Melaleuca 
plots supported more stable Basidiomycota-rich assemblages. Nematode diversity in-
creased with nitrate loading but was lower in Melaleuca soils.

5.	 Soil microbial communities showed strong concordance in compositional shifts across 
bacteria, fungi and nematodes, suggesting coordinated food web responses to veg-
etation type and nitrogen load. Functional trait analysis revealed that microbial traits, 
rather than diversity alone, may better explain nitrate retention and loss dynamics.

6.	 Practical implication: Reforesting floodplains with native vegetation such as 
Melaleuca can significantly reduce nitrate leaching by promoting microbial 
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1  |  INTRODUC TION

The eutrophication of freshwater, estuarine and marine ecosystems 
from excessive use of fertilisers on land has become one of 
the planet's most ubiquitous adverse human impacts (Jwaideh 
et al., 2022; Maure et  al., 2021; McDowell et  al., 2020). The type 
of land use and particular management practices have a pivotal 
role in shaping the microbial assemblages of that land and their 
capacity to control nitrogen cycling (Bissett et  al., 2011; Cookson 
et al., 2007; Zhao et al., 2024). Excess nitrogen from fertilisers can 
leach or volatilise, contributing to water pollution and greenhouse 
gas emissions (Jones et  al.,  2014; Jwaideh et  al.,  2022; Menegat 
et al., 2022). However, the extent of these losses depends not only 
on soil properties and hydrology but also on the composition and 
functions of soil microbes (Huddell et al., 2023; Krüger et al., 2021; 
Liu et al., 2025).

Land use change involving the conversion of one vegetation 
type to another can influence microbial community structure 
and function, altering nitrogen retention and loss pathways (Wan 
et al., 2021; Xue et al., 2022; Yang et al., 2023). Aside from the influ-
ence of land slope and soil type, vegetation type is highly influen-
tial on nitrogen retention and removal (Hill, 2019; Lv & Wu, 2021; 
Walton et  al.,  2020). Vegetation type affects soil microbial as-
semblages through differences in root exudates, root structure, 
organic matter inputs and associated shifts in soil chemistry and 
moisture (Jin et al., 2017; Saleem et al., 2018; Zhang et al., 2017). 
These factors, in turn, modulate microbial-driven nitrogen cy-
cling processes such as nitrification, denitrification and nitrogen 
fixation (Das et al., 2022; Li, Tian, et al., 2019; Zhao et al., 2021). 
Evidence from the riparian buffer literature suggests that forested 
riparian buffers have greater denitrification and plant nitrogen re-
moval rates than grass. In early forest growth stages, nutrient re-
moval from plant growth is high, while in mature forests, the high 
levels of soil carbon, leaf litter, and root exudates promote greater 
denitrification (Lyu et al., 2021; Zhang et al., 2010). Furthermore, 
plant residues differ between vegetation types, which then affects 
the soil microbial assemblages and their ability to support denitri-
fication (Audet et  al., 2021; Rich et al., 2003; Truu et al., 2020). 
For example, Rich et  al.  (2003) compared the denitrifying com-
munities from adjacent meadow and forest soils in Oregon, USA. 
They observed distinct denitrifier communities according to veg-
etation type and site, with a significant shift in the proportional 

abundances of dominant denitrifying genotypes from meadow to 
forest soils, and a corresponding order of magnitude higher de-
nitrifying enzyme activity (used as a proxy for denitrification) at 
the meadow sites than the forest sites. Understanding how land 
use and nitrogen inputs interact with soil microbes is therefore 
critical for optimising management strategies that enhance soil 
fertility and ultimately protect water quality.

When land is converted to cropping, soils are frequently tilled, 
kept in monocultures and enriched with inorganic fertilisers, which 
can also disturb and alter the diversity and composition of soil mi-
crobial communities (Li et al., 2020; Puissant et al., 2021; Vukicevich 
et al., 2016). High nutrient availability can favour copiotrophic, fast-
growing bacteria specialising in nitrogen transformation, potentially 
outcompeting slower growing or more specialised microbes and 
reducing soil microbial diversity (Liu et al., 2020; Shao et al., 2025; 
Wang et al., 2021). Forested ecosystems have comparatively limited 
nutrient availability, less frequent disturbance, greater structural 
complexity and a higher abundance of organic inputs from leaf litter 
and woody debris. These conditions support greater fungal biomass, 
more diverse nematode and bacterial communities supported by 
heterogeneous resources (Martens et al., 2004; Peng et al., 2021; 
Shi et  al.,  2019). As a result, forest soil biota can exhibit greater 
functional redundancy, resilience to environmental fluctuation and 
nitrogen retention capacity (Delgado-Baquerizo et  al.,  2020; Li, 
He, et al., 2019; Rodriguez-Ramos et al., 2021). For example, Li, He, 
et al. (2019) found that converting subtropical forest to agriculture 
reduced fungal and bacterial nitrate immobilisation by 81% and 61%, 
respectively. The bacterial decline was potentially driven by lower 
soil organic carbon (SOC) and carbon-to-nitrogen (C/N) ratios, while 
the fungal decline may also reflect increased pH and available phos-
phorus. Ultimately, long-term reductions in disturbance frequency, 
diversification of plant inputs and rebuilding of soil organic matter 
are key strategies to foster microbial communities that improve ni-
trogen retention and soil health.

In regions where the degradation of water quality from agricul-
tural practices needs to be mitigated, such as in Australia's Great 
Barrier Reef (GBR) catchment, understanding how different veg-
etation types influence microbial nitrogen cycling is particularly 
important. Excess nitrogen from intensive agriculture, including 
sugarcane cultivation, is a major contributor to water quality deg-
radation in the GBR, promoting algal blooms, reducing water clarity 
and promoting the growth of pests like the Crown of Thorns starfish 

processes that retain nitrogen. These findings support the use of floodplain resto-
ration as a nature-based solution for improving water quality outcomes. Microbial 
traits potentially offer practical indicators for monitoring the effectiveness of res-
toration and indication of ecosystem services.

K E Y W O R D S
floodplain restoration, Great Barrier Reef water quality, ion exchange resin, metabarcoding, 
nitrate leaching, nitrogen cycling, nitrogen enrichment, soil microbes
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(Lewis et al., 2024; McCloskey et al., 2021). As a result, significant 
efforts are being made to reduce nitrogen loss, including policy in-
terventions and incentive-based programmes (Coggan et al., 2021; 
Hamman et  al.,  2022; van Grieken et  al.,  2019). For example, 
Queensland's Reef Credit Scheme provides financial incentives for 
land management changes that demonstrably improve water qual-
ity, including practices that reduce dissolved inorganic nitrogen loss 
(Eco-Markets,  2020; GreenCollar,  2017). Given that much of the 
nitrogen transported to the GBR occurs during flood events, strat-
egies that enhance nitrogen retention in flood-prone areas are par-
ticularly relevant (Brodie et al., 2012; Davis et al., 2017).

Floodplains act as temporary nitrogen sinks during flood events, 
where vegetation type plays a critical role in determining whether 
nitrogen is retained through plant uptake and microbial denitrifica-
tion or lost through leaching to groundwater (Gordon et al., 2020; 
Kretz et  al.,  2021; Noe & Hupp, 2009). While considerable atten-
tion has been made to the role of riparian zones in water quality im-
provement, the effectiveness of broader floodplain reforestation in 
reducing nitrogen loss remains underexplored (Gordon et al., 2020; 
Lyu et  al.,  2021; Zhang et  al.,  2010). Floodplain reforestation may 
be a strategy to reduce nitrogen transport to downstream ecosys-
tems (Kaden et al., 2023). While similar to riparian zones, floodplain 
terraces often become waterlogged and ponded for short periods 
after a flood has receded, with floodwaters either slowly leaching, 
draining or evaporating, whereas riparian zones on sloped embank-
ments do not remain ponded after floodwater recession. Reforested 
floodplains can remove nitrogen delivered from floods through 
denitrification and vegetation sequestration (Gordon et  al., 2020). 
Denitrification occurs when denitrifying bacteria decompose leaf 
litter and associated organic matter in hypoxic environments where 
metabolism relies on nitrate reduction instead of oxygen, such 
as when nitrate-laden water leaches through the soil column (Li 
et al., 2022; Pan et al., 2022). Yet, the extent to which forests sup-
port microbial assemblages that enhance nitrogen removal, such as 
nitrogen delivered from floodwater, relative to existing agricultural 
land uses, remains poorly understood.

In Australia's GBR catchment, Melaleuca forests, which histori-
cally covered extensive floodplain areas in the region (that are now 
dominated by sugarcane), have the ability to enhance nitrogen re-
tention through plant uptake and microbial denitrification (Adame 
et al., 2019, 2020). Reforesting marginal or retired agricultural land 
to Melaleuca-dominated systems has been proposed as a strategy 
to reduce nitrogen loss and improve hydrological and ecological 
functions (Canning, 2025; Waltham et al., 2020, 2021). However, 
the extent to which reforested Melaleuca forests influence micro-
bial assemblages and nitrogen cycling, particularly in comparison 
to sugarcane, remains unclear. By comparing microbial community 
composition, nitrogen metabolism traits and nitrate leaching rates 
between these two land uses, this study aims to assess whether  
transitioning from sugarcane to Melaleuca enhances nitrogen 
removal from floodwaters. Specifically, the following questions 
were examined:

1.	 Do nitrate leaching rates differ with application rates between 
sugarcane and reforested Melaleuca systems?

2.	 Do soil biological communities (bacteria, fungi and nematodes) 
differ between sugarcane and reforested Melaleuca systems 
following nitrate application?

3.	 Are potential differences in soil communities most strongly linked 
with metabolic traits, soil chemistry or nitrate leaching rates?

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The experiment occurred at a sugarcane farm adjacent to Palm Creek 
in Forrest Beach, Queensland. Palm Creek is a lowland distributary 
of the Herbert River, which is a 288-km long river that drains a 
catchment area of 9842 km2. Headwaters begin in the National Parks 
across the Great Dividing Range within the Atherton Tablelands, 
travel through primarily mixed cropping and dairy farming and then 
drain intensive sugarcane cropping in the lowland coastal areas near 
Ingham. The site (EPSG:4326; Lat: −18.728, Long: 146.264) floods 
during the wet season with nitrate-laden water draining from the 
upstream sugarcane fields (Mitchell et al., 1997; Vilas et al., 2020; 
Yao et  al.,  2021). Within the site, the experiment covered 1 ha of 
sugarcane and an adjacent 1 ha of mature Melaleuca forest that had 
been restored in the early 1990s. The dominant geology at the site 
is Quaternary coastal and estuarine sediments, with soils largely 
composing clay on river alluvial plains (Grundy et al., 2015; McKenzie 
et al., 2012). As a result, the site is typical of the coastal sugarcane 
farms within Queensland's wet tropics where Melaleuca forests have 
the potential to be restored (Waltham et al., 2021). Permission to use 
the study site for the experiment was obtained from the landholder 
(John Cardillo) via Greening Australia prior to commencement.

2.2  |  Experiment

Nitrate leaching from topsoil was examined over 6 weeks after ni-
trate application, at five load rates, across randomised soil plots 
(4 m × 4 m) within the sugarcane and mature Melaleuca forest. The 
experiment was conducted for 6 weeks between 11 November 
2022 and 23 December 2022 to capture the onset of monsoonal 
rains when most nutrients are mobilised but ended shortly before 
any flooding. Nitrogen was applied as potassium nitrate (KNO3) 
dissolved in 10 L of water, evenly sprayed over the trial plots using 
an electronic spray gun. Application rates were 0 kg N/ha (control), 
25 kg N/ha, 50 kg N/ha, 75 kg N/ha and 100 kg N/ha, with plots rep-
licated at three random locations across each of the sugarcane and 
Melaleuca patches, yielding a total of 30 plots. Soil chemistry and 
biota were assessed in each plot immediately prior to nitrate ap-
plication and again 6 weeks after the experiment end using an ion-
exchange method detailed below.
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2.3  |  Soil chemistry and decomposition

To characterise the soil within each plot, a standard agricultural soil 
test measuring nutrients and other key properties was conducted 
at the beginning and end of the experiment. Within each plot, five 
randomly located soil cores were collected to a depth of 20 cm, 
pooled, thoroughly mixed and analysed for a common suite of 
agronomic analytes at the Environmental Analysis Laboratory at 
Southern Cross University (File S1).

As the addition of nitrogen can promote the decomposition 
of organic detritus, potentially mineralising organic nitrogen that 
contributes to leaching, wood decomposition was also assessed. 
Wood decomposition rates were compared between plots by bury-
ing wooden stirring sticks (~15 cm × 1.5 cm × 0.2 cm) under 10 cm 
of soil at three random locations within each plot. Decomposition 
was measured by subtracting the dried mass at completion from 
the initial dry mass after drying the sticks for 3 days at 70°C. Similar 
methods have previously found that these decomposition measures 
are concordant with measures of natural decomposition (Arroita 
et al., 2012; Leifheit et al., 2015; Ostertag et al., 2008).

2.4  |  Assessment of nitrate leaching

Nitrate leaching from topsoil (at 30 cm depth) over the study period 
was estimated using the ion-exchange resin method, with one resin 
bag buried in the centre of each plot prior to the nitrogen application. 
Ion-exchange resins are increasingly used in both agricultural (e.g. Hess 
et al., 2020; Karhu et al., 2021; Woodward et al., 2022) and ecologi-
cal studies (Borken & Matzner, 2004; Guerrieri et  al.,  2021; Ibrahim 
et al., 2021) to assess nitrate leaching and have been shown to be effec-
tive compared to the more traditional lysimeter methods (Pampolino 
et al., 2000; Wey et al., 2021). Unlike lysimeters, resins passively cap-
ture nitrate over time, providing an integrated measure of leaching be-
tween sampling periods, which is particularly useful in environments 
where nitrate loss can be highly variable. Additionally, given the flood-
prone nature of the study site and the associated challenges of access, 
ion-exchange resins offer a practical alternative to in situ sensors, re-
ducing the risk of equipment loss or damage and eliminating the need 
for frequent site visits (Qian & Schoenau, 2002).

The ion-exchange resin approach involved burying meshed 
bags (50 cm2) containing 50 g of nitrate-selective ion exchange resin 
(Resinex NR-1) at a depth of 30 cm below undisturbed soil accessed 
via a replaced soil core (as in Singh et al., 2018) and left in situ for the 
6-week experimental period. Resinex NR-1 is a high purity, premium 
grade, cross-linked polystyrene divinylbenzene resin that is highly 
selective for nitrate ions, even with high background sulphate. It has 
also been shown to have very low nitrate displacement (and con-
sequently greater nitrate retention) by organic material (Edgar & 
Boyer, 2022). A nitrate-selective resin was necessary given that the 
sites examined are coastal with the potential for interference from 
high sulphate soils. In the laboratory, nitrate in the resin was ex-
tracted by adding 200 mL of 2 M KCl and agitated for 2 h at 300 rpm, 

with the filtrate analysed for nitrate using UV spectrophotometry 
following the American Public Health Association et al. (2017) pro-
tocols. Given the strong bind between nitrate and resin, not all the 
nitrate could be recovered from the extraction; calibration adjust-
ments were thus required.

A calibration relationship between nitrate applied to resin and 
that recovered was derived with a lab recovery experiment. Twenty-
two sterilised plastic jars containing 50 g of Resinex NR-1 were spiked 
with differing quantities of nitrate-N, delivered as potassium nitrate 
(KNO3) dissolved in 100 mL of milli-Q water. Nitrate spikes included 
three replicates of the following quantities: 0, 18, 36, 66, 88, 109 
and 131 mg NO3

−-N, along with an additional single trial of 175 mg 
NO3

−-N. Spiked samples were agitated for 1 h at 300 rpm and then 
left for 24 h for nitrate binding prior to extraction testing. To extract 
nitrate from the resin, the supernatant was drained from the resin and 
the resin then mixed with 200 mL of 2 M KCl for 2 h at 300 rpm. The 
nitrate concentration within the extractant was then quantified using 
UV spectrophotometry with a detection limit of 0.01 mg/L. Linear re-
gression forced through the origin was used to characterise the rela-
tionship between nitrate spiked and nitrate recovered (slope = 0.434, 
R2 = 0.99, F1,21 = 1977, p < 0.001), indicating a mean recovery rate of 
43.4% across the calibration range (0–175 mg NO3

−-N). All field ex-
traction values were divided by this recovery factor to estimate true 
nitrate leached. Repeatability was high, with coefficients of variation 
across replicated spike levels ranging from 0.7% to 5.3%.

Linear regression, using R 4.3.3 (R Core Team, 2025), was used to 
examine whether nitrate leaching rates differed between nitrogen 
application rates and/or vegetation type.

2.5  |  Soil metabarcoding

A portion of each soil sample was also sent to Metagen Australia 
for metabarcoding of eukaryotic, bacterial/archaeal and nematode 
communities using the following primer sets: NF1/18S2rB 
(Porazinska et al., 2009), Pro341F/Pro805R (Takahashi et al., 2014) 
and Nemf/18Sr2b (Sikder et  al.,  2020) for eukaryotic, bacterial/
archaeal and nematode communities, respectively.

DNA was extracted from 10 g subsamples of soil using a modi-
fication of the modular universal DNA extraction protocol (Sellers 
et al., 2018). Briefly, this involved 10 g soil samples being mixed with 
sterile garnet sand and lysis buffer before being processed in a SPEX 
2010 Geno Grinder homogeniser (SPEX SamplePrep, NJ) at 1700 
strokes per minute for 5 min. After centrifugation to remove soil par-
ticles, 9 mL of the supernatant was treated with a flocculant solution 
designed to remove humic acid contaminants. Samples were again 
centrifuged, and DNA was recovered from 10 mL of the supernatant 
using SPRI beads (Oberacker et  al., 2019). The purified DNA was 
then eluted in 200 μL of Tris–HCl pH 8.0 and was assessed for yield 
and quality using the Quantifluords DNA system (Promega, MI) and 
agarose gel electrophoresis.

A two-step PCR protocol was used to generate dual-
indexed amplicons adapted from the Illumina protocol for 16S 
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Metagenomic Sequencing Library Preparation (three technical 
PCR replicates). For the first PCR, each reaction contained 2 μL 
of template DNA, 4 μL 5× MyTaq Red PCR buffer, 0.5 μM of each 
gene-specific primer and 0.2 μL MyTaq DNA polymerase in a total 
volume of 20 μL. PCR conditions were 95°C for 3 min, 25 cycles of 
95°C for 30 s, 52°C for 30 s and 72°C for 40 s and a final extension 
step at 72°C for 5 min. Amplicons from PCR1 were diluted 1 in 10 
in 10 mM Tris–HCl pH 8.0. Dual indexed PCR amplicons were pro-
duced using 2 μL diluted PCR1 amplicon as template DNA, 0.5 μM 
of each index primer, 5 μL 5× MyTaq Red PCR buffer and 0.2 μL 
MyTaq DNA polymerase in a final volume of 25 μL. PCR conditions 
for the second PCR were 95°C for 3 min, 15 cycles of 95°C for 30 s, 
65°C for 30 s, 72°C for 40 s, followed by a final extension at 72°C 
for 5 min. The concentration of PCR amplicons was then measured 
by fluorimetry using the Quantifluor dsDNA system. Amplicons 
were then pooled at equimolar concentrations, purified using SPRI 
beads normalised to a concentration of 10 nM and sequenced by 
the IMB Sequencing Facility at the University of Queensland on an 
Illumina MiSeq (2 × 300 bp).

Sequences were demultiplexed with DeML (Renaud et al., 2015). 
Sequence variants and taxonomic inference were done in the DADA2 
package within R 3.5.1 (Callahan et al., 2016; R Core Team, 2025). 
Briefly, the read pairs were truncated to 270 and 240 bp for 18S and 
16S amplicons. For the 16S amplicon, reads were removed if the ex-
pected errors in the forward reads exceeded 2 and, in the reverse, 
if they exceeded 3. For the 18S amplicon, the cut-off for expected 
errors was 3 in the forward read and 4 in the reverse. For both am-
plicons, chimeras were identified and removed with the ‘consensus’ 
method of the ‘removeBimeraDenovo’ function. The naïve Bayesian 
Classifier was used to assign taxonomy to genus level for the 16S 
amplicon with version 128 of the Silva reference database (Quast 
et al., 2013) and to species level with the PR2 database version 4.12 
(Guillou et al., 2013) for the 18S amplicon using the ‘assignTaxonomy’ 
function of DADA2 (Callahan et al., 2016).

2.6  |  Data analysis of biotic assemblages

Raw amplicon sequence variant (ASV) data were processed sepa-
rately for bacterial (16S), fungal (18S) and nematode (metabarcod-
ing) datasets. Each dataset was normalised using cumulative sum 
scaling (CSS) prior to analysis of diversity and composition. CSS was 
used to account for differences in sequencing depth while retaining 
data, reducing biases from uneven sampling effort. All analysis was 
carried out using the microeco and vegan packages in R 4.3.3 (Liu 
et al., 2021; Oksanen et al., 2026; R Core Team, 2025).

Shannon diversity was calculated for bacterial, fungal and nema-
tode assemblages using CSS-normalised ASV counts using the lme4 
package in R 4.3.3 (Kuznetsova et  al., 2017; R Core Team,  2025), 
Mixed effects linear regression models were used to assess the ef-
fects of nitrate load (kg N/ha) and land use (sugarcane or Melaleuca) 
on the Shannon's diversity of each assemblage. Plot was included as 
a random effect to account for repeated sampling before and after 

nitrate application. All pre-application samples were assigned a ni-
trate load of 0 kg N/ha.

Using the vegan package, distance-based redundancy analysis (db-
RDA) with Bray–Curtis dissimilarity was used on post-application data 
to assess assemblage differences (relative ASV abundance following 
CSS normalisation) by nitrate load and land use. Pairwise similarity in 
the structure of bacterial, fungal and nematode ordinations was eval-
uated using Procrustes analysis with the protest function (permuta-
tions = 999). The envfit function identified post-application correlations 
between ordination axes and soil indicators or functional traits using 
permutation tests (n = 999). PERMANOVA was conducted on the joint 
pre- and post-application data, with plot included as a strata term to ac-
count for repeated measures, to assess community differences before 
and after nutrient application. Soil process indicators assessed in the en-
vfit analysis included the nitrate leaching rate, decomposition rate and 
the post-experiment differences in total carbon, total nitrogen and car-
bon:nitrogen ratio from their pre-experiment baseline. Functional trait 
gradients were evaluated using the relative abundance of taxa classified 
with a given trait or guild (e.g. nitrogen fixation) using the FAPROTAX 
database for bacteria (Louca et  al., 2016; Sansupa et  al.,  2021), the 
FUNGuild database for fungi (Nguyen et al., 2016) and the Nemaplex 
database for nematodes (Ferris, 1999). While the trait databases store 
data on many traits, only those considered highly relevant for nitrogen 
processes were examined (Table 1). Nematodes were classified based 
on their feeding groups (e.g. bacterivores, fungivores, plant parasites, 
omnivores, predators) and coloniser–persister (CP) scores ranging from 
1 (r-strategists) to 5 (K-strategists), which reflect life-history traits and 
sensitivity to disturbance (Bongers & Bongers, 1998; Ferris et al., 2001). 
Bacterivores with low CP scores often dominate nutrient-enriched soils 
and can accelerate nitrogen mineralisation through microbial grazing, 
while higher CP nematodes may indicate stable, resource-limited con-
ditions and slower nutrient cycling (Bongers & Bongers, 1998; Ferris 
et al., 2001; Ferris & Bongers, 2006).

Differential abundance of microbial taxa in response to nitrogen 
load and land use was assessed using the glmm_beta method in the 
microeco package, which fits generalised linear mixed models with 
a beta distribution using the glmmTMB package (Brooks et al., 2017; 
McGillycuddy et  al.,  2025). Relative abundance (bounded 0–1) was 
modelled with nitrogen load and vegetation type as fixed effects, and 
plot as a random effect to account for repeated sampling before and 
after nitrate application. Pre-application samples were assigned a ni-
trogen load of 0 kg N/ha. Taxon-level estimates and p-values for fixed 
effects were obtained directly from the fitted models and then cor-
rected for multiple testing using the Benjamini–Hochberg method.

3  |  RESULTS

3.1  |  Soil chemistry and nitrate leaching

All soil samples had similar texture, nitrate-N (4.58 ± 2.33 mg/kg in 
cane; 4.72 ± 2.53 mg/kg in Melaleuca) and total C:N (15.14 ± 0.95 in 
cane; 15.07 ± 0.92 in Melaleuca). Relative to the Melaleuca plots, the 
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6 of 19  |     CANNING and TINK

cane sites had slightly higher pH in water (4.85 ± 0.20 vs. 4.11 ± 0.06) 
but slightly lower pH in CaCl2 (3.95 ± 0.07 vs. 4.00 ± 0.06), lower 
electrical conductivity (0.18 ± 0.13 vs. 3.03 ± 0.48 dS/m), lower 
ammonium-N (2.80 ± 0.78 vs. 6.72 ± 1.54 mg/kg), lower cation ex-
change capacity (CEC) (7.75 ± 0.71 vs. 24.34 ± 3.42 cmol(+)/kg) and 
lower organic carbon (2.31 ± 0.23% vs. 6.22 ± 1.17%) (File S1).

Nitrate leaching increased with nitrogen load in sugarcane 
plots (β = 1.48, t = 8.48, p < 0.001), but the relationship was signifi-
cantly weaker in Melaleuca plots (interaction: β = −1.33, t = −5.40, 
p < 0.001; Figure  1). There was no significant difference in base-
line nitrate leaching between vegetation types (β = 9.87, t = 0.65, 
p = 0.52). The overall model was significant (F₍3,26₎ = 38.3, p < 0.001; 
R2 = 0.82).

3.2  |  Soil microbial communities

Diversity of bacteria and fungi was not linked with nitrate load or 
vegetation type (Bacteria: nitrate load: t = 1.98, df = 56, p = 0.053; 
vegetation: t = −0.18, df = 56, p = 0.857; fungi: nitrate load: t = −1.61, 
df = 56, p = 0.113; vegetation: t = 0.23, df = 56, p = 0.817). In contrast, 
nematode diversity increased with nitrate load and was lower in 
Melaleuca plots (nitrate load: t = 4.52, df = 42.88, p < 0.001; vegeta-
tion: t = −3.20, df = 27.31, p = 0.003; Figure 2).

The db-RDAs indicated that community composition across 
all three taxonomic groups was primarily structured by vegeta-
tion type, with additional gradients within each vegetation type 
linked to nitrate load (Figure  3; Table  2). For bacteria, multiple 
functional traits were significantly associated with vegetation type 
differences: ureolysis (r2 = 0.39, p = 0.011), nitrification (r2 = 0.36, 
p = 0.011), chitinolysis (r2 = 0.30, p = 0.011), cellulolysis (r2 = 0.46, 
p = 0.011), aerobic ammonia oxidation (r2 = 0.30, p = 0.011) and 
aerobic nitrite oxidation (r2 = 0.34, p = 0.011). Bacterial community 
composition was also significantly correlated with environmental 
variables: nitrate leaching (r2 = 0.38, p = 0.038), mass loss (r2 = 0.50, 
p = 0.020) and total carbon difference (r2 = 0.50, p = 0.020). For 
fungi, no functional traits were significantly associated with the 
RDA axes. However, several environmental variables were nitrate 
leaching (r2 = 0.52, p = 0.0025), mass loss (r2 = 0.68, p = 0.0025) 
and total nitrogen difference (r2 = 0.36, p = 0.020). For nematodes, 
no functional traits were significantly associated with community 
composition. However, nitrate leaching (r2 = 0.38, p = 0.038) and 
mass loss (r2 = 0.50, p = 0.020) were significantly correlated with 
differences between vegetation types.

Procrustes tests indicated strong concordance in community 
composition patterns among the three groups: bacteria and fungi 
(r = 0.86, p = 0.001), bacteria and nematodes (r = 0.77, p = 0.001) and 
fungi and nematodes (r = 0.83, p = 0.001).

TA B L E  1 Summary of microbial functional traits assessed in this study, including bacterial and fungal processes relevant to nitrogen 
cycling, organic matter decomposition and soil nutrient dynamics.

Traits Description

Bacteria Ureolysis Converts urea to ammonia, contributing to nitrogen availability and soil fertility.

Nitrate respiration Uses nitrate as a terminal electron acceptor under anoxic conditions, reducing nitrate 
leaching and contributing to nitrogen loss pathways.

Nitrogen respiration Includes pathways for reducing nitrate/nitrite to nitrogen gas, completing denitrification.

Nitrate reduction Reduces nitrate to nitrite; a key step in both denitrification and dissimilatory nitrate 
reduction pathways.

Nitrogen fixation Converts atmospheric nitrogen (N2) into ammonia, supplying nitrogen to plants in nitrogen-
poor soils.

Nitrification Oxidises ammonia to nitrate via nitrite; increases nitrogen availability but can contribute to 
leaching.

Aerobic ammonia oxidation Converts ammonia to nitrite in oxygenated soils; the first step of nitrification.

Aerobic nitrite oxidation Converts nitrite to nitrate, completing aerobic nitrification.

Chitinolysis Degrades chitin from fungal cell walls and arthropods, aiding nutrient turnover.

Cellulolysis Breaks down cellulose from plant residues, contributing to carbon cycling.

Fermentation Anaerobic degradation of organic matter, producing substrates for other anaerobes.

Fungi Soil saprotroph Decomposes organic matter in soil, releasing nutrients for plant uptake.

Plant saprotroph Breaks down dead plant material, contributing to carbon cycling and soil formation.

Endophyte Lives within plants without causing harm; can enhance plant growth, nutrient uptake and 
stress resistance.

Arbuscular mycorrhizal (AM) Forms mutualistic associations with most crops; improves phosphorus and water uptake.

Ectomycorrhizal (ECM) Associates with many trees; enhances nitrogen and phosphorus uptake in forest soils.

Wood saprotroph Degrades lignin and cellulose in wood, playing a key role in carbon turnover in forest 
systems.
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    |  7 of 19CANNING and TINK

Volcano plots highlighting the relative influence of each genus 
in differentiating between vegetation and nitrogen treatments for 
the three assemblages, as determined using generalised linear mixed 
models, are shown in Figure 4 and File S2.

4  |  DISCUSSION

4.1  |  Nitrate retention mechanisms

Nitrate leaching increased linearly with higher nitrogen load in sug-
arcane plots but was much lower in the reforested Melaleuca plots. 
Higher organic carbon and complex litter inputs in Melaleuca plots sup-
ported microbial communities dominated by decomposers (chitinolytic 
and cellulolytic bacteria), which retain nitrogen in biomass during or-
ganic matter breakdown (Adame et al., 2019; Hanrahan et al., 2018; Orr 
et al., 2007). Root systems of mature Melaleuca will also be more ex-
tensive and deeper than those of sugarcane, improving nitrate uptake 
and contributing to nitrate retention. While the Melaleuca plots had 
higher CEC, this alone does not explain the lower leaching, as higher 
CEC can sometimes result in increased nitrate availability for leaching. 
Rather, the consistent difference in organic carbon between vegeta-
tion soil types provides a stronger explanation, as carbon availability 
supports microbial immobilisation of nitrogen during decomposition of 
complex organic substrates (Adame et al., 2019; Di & Cameron, 2016; 
Shrestha et al., 2014). Reforestation of these floodplains clearly alters 
their functioning and improves the ability to reduce nitrogen losses in 
the surrounding agricultural landscapes. Active replanting or simply 
removing barriers that could restrict inundation of existing floodplain 
forests is a promising nature-based solution to the issue of agricultural 

eutrophication of receiving waterways (Gergel et al., 2005; Shrestha 
et al., 2014; Welti et al., 2012).

4.2  |  Microbial community responses to vegetation 
type and nitrogen enrichment

In this study, nitrate addition did not lead to significant short-term 
changes in the diversity of bacteria or fungi in either the sugarcane 
or reforested Melaleuca plots. While some global meta-analyses 
have shown that nitrogen fertilisation can reduce microbial di-
versity (Yang et al., 2022), particularly at high rates or over longer 
periods, other studies highlight that diversity is not a consistent 
predictor of microbial functional or compositional change (Bebber & 
Richards, 2022; Zhou et al., 2020).

In contrast, nematode diversity increased with nitrate loading 
and was lower in reforested Melaleuca plots. This pattern aligns with 
studies suggesting that nematodes, particularly lower trophic lev-
els like bacterivores, can respond positively to increased resource 
availability under nitrogen enrichment (Azpilicueta et al., 2014; Song 
et al., 2016). Global syntheses show that nematode diversity often 
declines with high nitrogen addition, especially in cold or dry regions 
(Xing et  al., 2022), but can increase in warm, moist systems as in 
our study site. The elevated nitrate leaching in the sugarcane plots 
may have stimulated microbial activity and created a resource-rich 
environment favouring opportunistic nematode taxa. In contrast, 
the lower diversity in Melaleuca plots could reflect more stable, 
resource-limited conditions or suppression of certain trophic groups 
due to the differing microbial communities, root structures and/or 
soil chemical properties. Alternatively, ammonium toxicity has also 

F I G U R E  1 The relationships between the applied nitrate applied to plots versus the nitrate leached across plots in the sugarcane field 
and the restored Melaleuca patch.
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8 of 19  |     CANNING and TINK

F I G U R E  2 Shannon diversity of (a) bacterial, (b) fungal and (c) nematode amplicon sequence variants (ASVs) across a nitrate application 
gradient in plots from the sugarcane field (red) and the restored Melaleuca patch (blue). Boxplots summarise diversity before nitrate 
application, while dots show plot-level diversity 6 weeks after application.
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    |  9 of 19CANNING and TINK

F I G U R E  3 Distance-based redundancy 
analysis (db-RDA) plots showing (a) 
bacterial, (b) fungal and (c) nematode 
community composition 6 weeks after 
nitrate application. Colour gradient 
represents nitrate application rate (light 
to dark blue: 0–100 kg N/ha). Circles 
indicate sugarcane plots; triangles indicate 
Melaleuca plots. Blue arrows show traits 
with correlated relative abundance; green 
arrows show correlated environmental 
variables.
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10 of 19  |     CANNING and TINK

been proposed as a driver of nematode suppression under nitrogen 
addition (Wei et al., 2012). The substantially higher ammonium con-
centrations in Melaleuca plots (6–7 mg/kg) compared to sugarcane 
plots (2–3 mg/kg) suggest that toxicity effects may have contributed 
to reduced diversity, potentially through selective suppression of 
sensitive trophic groups or altered microbial interactions (Oka, 2010; 
Su et al., 2017; Wei et al., 2012). Clearly, nematodes are responsive 
indicators of nutrient enrichment, but further work is needed to 
understand exactly how they respond to differences in vegetation, 
moisture and nutrient enrichment.

The db-RDA results for bacterial assemblages revealed strong as-
sociations between community composition, environmental gradients 
and functional traits. Melaleuca plots were enriched in decomposer 
traits (chitinolysis and cellulolysis), supported by generalist decom-
poser taxa including Sporosarcina (Firmicutes), Bacteroidetes and 
Deltaproteobacteria that retain nitrogen in biomass during slow break-
down of woody litter. In contrast, sugarcane plots were consistently 
dominated by Nitrosococcus (Nitrosococcaceae), a rapid ammonia-
oxidising bacterium (AOB) that dominates in fertilised, disturbed soils, 
across all nitrogen application rates. The consistent enrichment of 
Nitrosococcus in sugarcane soils, combined with the linear increase in 
nitrate leaching with applied nitrogen, suggests that active nitrifica-
tion by this AOB is the primary driver of rapid ammonium-to-nitrate 
conversion and subsequent nitrate loss. In contrast, Sporosarcina and 
Bacteroidetes-dominated Melaleuca soils retain nitrogen in microbial 
biomass during slow organic matter breakdown, reducing nitrate avail-
ability for leaching (Chisholm et al., 2024; Di et al., 2009). Functional 
trait assessment from metabarcoding is inferential rather than direct 
measurement of process rates. Nitrification rates or enzyme assays 
could provide complementary validation. However, the strong correla-
tion between bacterial community composition and measured nitrate 
leaching (r2 = 0.38, p = 0.038), combined with consistent enrichment 
of taxa with known metabolic capabilities (Nitrosococcus for nitrifica-
tion, Sporosarcina and Bacteroidetes for chitinolysis and cellulolysis), 

provides ecological coherence to the mechanistic interpretation. Even 
gene-level approaches face similar limitations as gene presence does 
not ensure expression under field conditions. Nonetheless, differ-
ences in functional traits from shifts in community may provide bet-
ter insight into the observed difference in nitrogen fate than nitrogen 
input rate or diversity metrics alone. The correlations between nitrate 
leaching and both fungal (r2 = 0.52, p = 0.003) and nematode (r2 = 0.38, 
p = 0.038) community composition further support this interpretation, 
suggesting that the observed differences in nitrogen fate are reflected 
coherently across multiple trophic levels rather than being an artefact 
of bacterial community analysis alone.

Fungal community composition varied significantly with ni-
trate load and vegetation type, yet their role in mediating nitrate 
retention remains unclear relative to other drivers. Sugarcane plots 
showed higher nitrate leaching, mass loss and total nitrogen change, 
consistent with nutrient turnover under disturbance and fertilisa-
tion. These plots were dominated by stress-tolerant Ascomycota 
such as Penicillium and Exophiala, consistent with r-strategist fungi 
that proliferate in disturbed, nutrient-rich environments (Allison 
et al., 2007; Bai et al., 2022; Liu et al., 2022). In contrast, Melaleuca 
plots supported higher relative abundance of Basidiomycota and 
litter-associated Ascomycota genera, aligning with more stable K-
strategist fungal communities known to dominate in undisturbed 
systems and contribute to organic matter retention (Liu et al., 2022; 
Manici, Caputo, De Sabata, & Fornasier,  2024; Manici, Caputo, 
Fornasier, et al., 2024). While relative ASV abundance of functional 
traits was not associated with community composition, this may re-
flect a signal-to-noise problem arising from high functional variabil-
ity within taxonomic groups or incomplete trait databases.

The Ascomycota:Basidiomycota (A:B) ratio, although not directly 
assessed here, has been proposed as a qualitative indicator of soil 
carbon cycling and afforestation effectiveness (Manici, Caputo, 
Fornasier, et al., 2024). Given the observed correlation between mass 
loss and nitrate leaching in our study, the A:B ratio may also hold 

TA B L E  2 PERMANOVA results testing the marginal effects of nitrate load and vegetation type on bacterial, fungal and nematode 
community composition using Bray–Curtis dissimilarities. p-values reflect the independent contribution of each predictor while accounting 
for the other, based on 999 permutations stratified by sampling waypoint.

Taxon Factor F df R2 p

Bacteria Nitrate load 15.47 1, 56 0.187 0.001

Vegetation 11.18 1, 56 0.135 0.001

Fungi Nitrate load 4.31 1, 56 0.068 0.001

Vegetation 2.71 1, 56 0.043 0.001

Nematodes Nitrate load 6.2 1, 56 0.093 0.001

Vegetation 4.85 1, 56 0.072 0.001

F I G U R E  4 Volcano plots showing differentially abundant genera for (a) bacteria, (b) fungi and (c) nematodes in response to nitrate load 
and vegetation type (Melaleuca vs. sugarcane) 6 weeks after nitrate application. Each panel displays model estimates (effect sizes) on the 
x-axis and negative log-transformed unadjusted p-values on the y-axis. Red points indicate genera with significant increases, blue points 
indicate significant decreases and grey points are not statistically significant (p ≥ 0.05). The dashed line denotes the p = 0.05 threshold. 
Results are based on GLMMs fitted to cumulative sum scaling (CSS)-normalised data with plot included as a random effect to account for 
repeated sampling before and after nitrate application.
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12 of 19  |     CANNING and TINK

potential as an indicator of nitrate loss risk, warranting further inves-
tigation. Basidiomycota are often associated with stable, K-strategist 
communities and complex organic matter decomposition, whereas 
Ascomycota tend to dominate in disturbed or nutrient-enriched sys-
tems (Liu et al., 2022; Manici, Caputo, De Sabata, & Fornasier, 2024; 
Manici, Caputo, Fornasier, et al., 2024). A shift towards Ascomycota 
dominance may therefore reflect reduced organic matter retention 
and increased nutrient turnover, both of which could contribute to 
nitrate leaching. If supported by further research, the A:B ratio could 
offer a simple, scalable proxy for fungal contributions to nutrient re-
tention under different land use or fertiliser regimes.

Beyond decomposition, long-term shifts in fungal communities 
could alter soil structural properties that affect nitrate retention. Fungi 
contribute to soil aggregation via traits such as dense hyphal networks 
and low leucine aminopeptidase activity (Lehmann et al., 2020). If nitrate 
enrichment selectively favours r-strategist fungi with limited structural 
contributions, this could impair aggregate stability and reduce the soil's 
physical capacity to retain nitrate over time. This may reduce the soil's 
structural capacity to retain nitrate, particularly when combined with 
other stressors such as reduced precipitation that further destabilise 
aggregates and diminish glomalin-related proteins (Huang et al., 2022). 
Nitrogen addition may also stabilise recalcitrant organic matter frac-
tions while reducing overall respiration and microbial activity in bulk 
soils (Swanston et al., 2004). These findings raise concern that nitrate-
driven fungal shifts could degrade soil structure and compromise long-
term nitrate retention, warranting further research.

While nematode CP scores and trophic composition were not 
significantly associated with nitrogen load or vegetation type, nem-
atode community composition was correlated with both nitrate 
leaching and wood mass loss. This suggests a response to under-
lying shifts in soil nutrient dynamics not captured by existing trait 
groupings. Previous studies have shown that nitrogen enrichment 
reduces total nematode diversity and suppresses herbivores, om-
nivores and predators, while favouring bacterivores in a non-linear 
fashion, potentially due to ammonium toxicity and altered microbial 
food resources (Bongers & Ferris,  1999; Wei et  al.,  2012). These 
responses can differ seasonally or contextually across systems 
(Liang et  al., 2009; McSorley, 2012), limiting the predictive power 
of trophic categories. Buchan et al. (2013) also found that free-living 
nematode additions enhanced nitrifier abundance and nitrate lev-
els, though causality remained unclear. Despite the absence of de-
tectable trait-level shifts in this study, the congruent structuring of 
bacterial, fungal and nematode assemblages across nitrate and veg-
etation gradients points to coordinated reorganisation of soil food 
webs in response to nitrogen loading.

4.3  |  Long-term stability and climate 
considerations

The long-term stability of microbial communities in restored 
Melaleuca systems remains an open question. The short duration 
of this study precludes direct assessment of temporal community 

stability. When stability is examined indirectly by comparing the de-
gree of compositional change in response to nitrogen enrichment as 
a press disturbance, both vegetation types showed similar sensitiv-
ity. Communities shifted comparably along the nitrogen gradient in 
the db-RDA, and the absence of significant CP score differences be-
tween vegetation types provides no evidence that the two systems 
differ in successional maturity or disturbance history as captured by 
that metric. Rather, vegetation type established fundamentally dif-
ferent community states with distinct taxonomic composition and 
functional trait profiles that persisted across the nitrogen gradient, 
consistent with vegetation acting as a strong environmental filter on 
baseline community composition. Regular cultivation in sugarcane 
fields periodically resets soil communities, meaning that, at any given 
point, the sugarcane system likely occupies an earlier and more vari-
able seral stage position compared to Melaleuca, where communi-
ties can develop continuously without disturbance-driven resetting. 
Whether the nitrate retention capacity observed here persists over 
longer timeframes remains unknown, as both this study and existing 
assessments of denitrification in Melaleuca systems rely on snapshot 
measurements that cannot capture temporal variation in process 
rates. Longer term sampling across multiple cultivation cycles and 
disturbance events would be needed to characterise this temporal 
variability and its consequences for nitrogen cycling.

Future research should investigate how the frequency, dura-
tion and extent of inundation potentially shape microbial nitrogen 
cycling. Hydrological modifications, such as bund walls or drainage 
channels, may disrupt microbial processes critical for denitrification 
and nitrate retention. Repeated nitrogen deposition (such as from 
regular floods) may favour denitrifiers, enhancing denitrification po-
tential during high nitrogen inputs (Kong et al., 2010; Li et al., 2022; 
Wang et  al.,  2018), whereas infrequent inputs may act as pulse 
disturbances that, over time, shift into press disturbances, restruc-
turing microbial networks (Li et al., 2021; Philippot et al., 2021). As 
climate change alters rainfall and flood regimes, it will be essential 
to understand how these dynamics interact with vegetation and soil 
biota. This is particularly important in flood-prone systems, where 
drying–rewetting cycles and vegetation-driven microbial selection 
may influence both nitrogen retention and loss pathways over time 
(Gordon et al., 2008; Hansen et al., 2019). While nitrogen enrichment 
can increase mineral-associated carbon (Beillouin et  al., 2023; Xu 
et al., 2021), in soils with high C:N ratios, it may initially stimulate mi-
crobial decomposition and accelerate the loss of particulate organic 
matter, potentially reducing total SOC and compromising nitrogen 
retention through decreased aggregation and microbial immobilisa-
tion (Cui et al., 2022; Huang et al., 2022; Zhang & Shangguan, 2023). 
Practical and affordable indicators of nitrate retention and removal 
are also needed to demonstrate restoration performance, with mi-
crobial indicators showing promise in this context. Future research 
should validate candidate taxa and traits across diverse soil types, 
vegetation communities and hydrological conditions, linking micro-
bial composition to measured nitrate fluxes over time to ensure indi-
cators are reliable, scalable and suitable for integration into practical 
monitoring and ecosystem service payment schemes.
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Climate projections for the Far North Queensland region indi-
cate that tropical cyclones are expected to become less frequent 
but more intense, accompanied by reduced average rainfall, fewer 
heavy precipitation days, more consecutive dry days and rising 
temperatures of 1.1°C–3.2°C by 2090 depending on emissions 
scenario, suggesting flood events may deliver larger pulse nitrogen 
loads with longer and hotter dry intervals between them (State of 
Queensland, 2024). However, observed trends in severe tropical cy-
clones making landfall along the GBR coastline over the past five 
decades show that the most recent decade recorded more severe 
events than the previous two combined, with the highest intensity 
cyclone on record occurring during 2010–2019 (Duke et al., 2024). 
Longer dry intervals and higher temperatures between flood events 
may alter soil moisture regimes and microbial community compo-
sition, potentially reducing denitrification capacity and nitrogen 
immobilisation ahead of the next flood pulse, and therefore com-
promising the ability of reforested floodplains to respond to nitrate-
laden floodwaters when they arrive. Conversely, more intense flood 
events delivering larger nitrogen pulses may periodically overwhelm 
even well-functioning microbial communities. These dynamics rein-
force rather than diminish the case for floodplain reforestation as 
the organic carbon-rich soils and decomposer-dominated commu-
nities of mature Melaleuca systems are likely more buffered against 
such fluctuations than disturbed agricultural soils, though empirical 
testing across flood events of varying intensity remains a priority.

4.4  |  Management and economic implications

Our results indicate that reforesting floodplains can enhance soil mi-
crobial pathways that mitigate nitrogen losses from floods, benefit-
ing downstream ecosystems like the GBR (Adame et al., 2019; Davis 
et al., 2017). However, while large areas are suitable for restoration 
(Canning, 2025; Canning & Duke, 2026; Waltham et al., 2021), the 
economic feasibility of scaling up floodplain reforestation depends 
on the funding mechanisms used. Active restoration of Melaleuca 
forests and woodlands across Australia has been estimated at 
AU$5648 per ha for cleared land in 2020 dollars, with landscape-
scale restoration across approximately 17,600 ha estimated at 
approximately AU$29 million net present value excluding land pur-
chase and landholder stewardship costs, and carbon market revenue 
potentially covering 77%–302% of restoration costs depending on 
carbon pricing scenarios (Mappin et  al., 2022). In the GBR sugar-
cane context, modelling by Kandulu et al.  (2018) suggests that the 
broader environmental benefits of reducing nitrogen loss through 
land use change consistently exceed the private profit reductions 
farmers would incur, yet without compensation, farmers have little 
financial incentive to change, highlighting the need for incentive-
based interventions that transfer some of the societal benefit back 
to landholders. However, single-outcome payment for ecosystem 
service schemes, such as those focused solely on carbon or water 
quality, often struggle with financial viability, high assessment costs 
and difficulties demonstrating additionality, particularly for the 

variable and spatially complex processes such as denitrification that 
underpin the benefits observed in this study (Canning et al., 2021). 
More integrated funding approaches that value multiple ecosystem 
services, such as common asset trusts modelled on Latin American 
water funds which pool investment across multiple services and 
reduce administrative burden through bundled payments and 
landscape-scale planning, will be needed to scale up floodplain re-
forestation efforts at the scale required to deliver meaningful water 
quality outcomes for the GBR while explicitly managing potential 
trade-offs (Canning et al., 2021; Salzman et al., 2018).

Managing these trade-offs will require consideration of the full 
range of ecosystem service outcomes from floodplain reforestation. 
The decomposer-dominated microbial communities of Melaleuca 
soils, reflected in significant correlations between mass loss and 
community composition across all three taxonomic groups, could 
periodically mobilise nitrogen during dry intervals between flood 
events, while the anaerobic conditions that promote denitrification 
may also stimulate methane and nitrous oxide production, poten-
tially offsetting water quality benefits with greenhouse gas costs. 
These trade-offs do not diminish the value of floodplain reforesta-
tion as a nitrogen management strategy but highlight the importance 
of accounting for multiple ecosystem service outcomes when de-
signing and evaluating restoration programmes.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
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File S2. Summary tables of differential abundance model outputs 
from glmmTMB beta regression models, presented separately for 
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bacteria, fungi and nematodes. Each table lists taxon-level estimates 
of fixed effects (intercept, nitrogen load, vegetation type), along 
with standard error, and p-value. Models were fitted using CSS-
normalised relative abundance (bounded 0–1), with plot included 
as a random effect to account for repeated sampling before and 
after nitrate application. Pre-application samples were assigned a 
nitrogen load of 0 kg N/ha.
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