
Vol.: (0123456789)

Landsc Ecol          (2025) 40:175  
https://doi.org/10.1007/s10980-025-02197-8

RESEARCH ARTICLE

The impact of a decade of urbanisation on a semi‑aquatic 
mammal in a subtropical freshwater ecosystem

Charlotte J. Rayner   · Tamielle Brunt · 
Annabel L. Smith 

Received: 21 April 2025 / Accepted: 6 August 2025 
© The Author(s) 2025

strongest effect observed for increased NDBI. Occur-
rence declined in highly urban, sparsely vegetated 
areas over the study period, indicating habitat selec-
tion preference for healthy waterways and a tolerance 
threshold to the accumulating effects of urban stream 
syndrome through time.
Conclusions  These findings occurred despite mini-
mal variation to the catchment landscape over the 
11-year study, indicating platypus response was due 
to prolonged urban exposure rather than land-use 
change. This study supports concerns that platypus 
declines are being driven by urbanisation. It also 
presents a widely applicable approach for catch-
ment managers to dynamically assess urban impacts 
in freshwater ecosystems using remote-sensing met-
rics and long-term distribution data collected by 
citizen scientists. To mitigate freshwater degrada-
tion and localised extinction risk of platypus, policy 
recommendations include riparian buffer protection 
(> 30 m) and water-sensitive urban design.

Keywords  Freshwater ecosystem · Imperviousness · 
Land use · Remote sensing · Conservation · Citizen 
science

Introduction

Freshwater ecosystems constitute only 0.01% of 
global water and cover 0.8% of the Earth’s surface 
(Gleick 1998). However, relative to this limited 

Abstract 
Context  Urbanisation replaces vegetation with 
impervious cover, impeding water filtration and 
increasing runoff contamination. These changes con-
tribute to the ‘urban stream syndrome’—a suite of 
negative impacts on freshwater ecosystems and asso-
ciated species.
Objectives  Assessed how urbanisation, meas-
ured using landscape metrics related to variations in 
impervious cover (‘imperviousness’) impacted plat-
ypus (Ornithorhynchus anatinus) occurrence over 
11 years in southeast Queensland, Australia.
Methods  Leveraging citizen science data (477 
annual platypus observations, 67 sites across five 
catchments, 2013–2023) and satellite imagery, 
urbanisation was quantified using three remotely-
sensed metrics: Normalised Difference Vegetation 
Index (NDVI), Normalised Difference Built-up Index 
(NDBI), and urban land cover. Five scenarios based 
on temporal variation in platypus occurrence and 
imperviousness were modelled for each metric.
Results  All metrics showed imperviousness neg-
atively impacted platypus occurrence, with the 
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distribution, their importance for biodiversity is dis-
proportionate: freshwater provides habitat for up to 
10% of all recorded species (Dudgeon et  al. 2007; 
Balian et al. 2008; Strayer and Dudgeon 2010; Lynch 
et  al. 2016; Reid et  al. 2019). Despite their impor-
tance, freshwater ecosystems are among the most 
threatened habitats in the world (Harrison et al. 2018; 
Ahmed et  al. 2022). Species that rely on freshwa-
ter are at high risk of extinction due to high rates of 
endemism and the natural fragmentation and physi-
cal isolation of freshwater ecosystems (Dudgeon 
et al. 2007). These vulnerabilities are exacerbated by 
the importance of freshwater as a human resource. 
Global industrial, agricultural and domestic  demand 
for water is projected to increase by 20-30% within 
the next three decades—from 4,600 km3 per year in 
2016  to up to  5,500 to 6,000 km3  per year by 2050 
(Boretti and Rosa 2019;  He et  al. 2021), and main-
tenance of natural flow regimes is rarely considered 
as a primary objective in water resource management 
(Harrison et  al. 2016; Vörösmarty et  al. 2018). Of 
the 33,243 freshwater species assessed for the Inter-
national Union for Conservation of Nature Red List, 
10,571 (31.8%) are listed as threatened. A further 
6,402 species (19.3%) are listed as Data Deficient, 
preventing their conservation status from being deter-
mined (IUCN 2024). He et  al. (2019) recorded an 
88% decline in freshwater megafauna between 1970 
and 2012. Understanding the causes underlying these 
declines is crucial for effectively managing risks to 
freshwater ecosystems and biodiversity.

Over 80% of threatened freshwater species are 
affected by habitat degradation caused by agriculture, 
forestry, urbanisation, and infrastructure development 
(Collen et  al. 2014). The degradation of freshwater 
ecosystems caused by the extraction, diversion, con-
tainment, contamination, and/or flow disruption of 
water in urban landscapes has been described as the 
‘urban stream syndrome’ (Fig.  1) (Paul and Meyer 
2001; Walsh et  al. 2005). Broadly, the urban stream 
syndrome can be defined as anthropogenic impacts 
in urban landscapes which cause freshwater ecologi-
cal degradation – including an increase in the sur-
face area of infrastructure (hereafter ‘impervious-
ness’) proximate to freshwater ecosystems (Paul and 
Meyer 2001; Walsh et  al. 2005). The scope of this 
study focused on imperviousness, which has a com-
plex suite of impacts including increased urban runoff 
(Fig.  1a), reduced riparian vegetation (Fig.  1b) and 

increased impediments to natural hydrological con-
nection and flow (Fig.  1c). These effects are associ-
ated with cumulative stressors including reductions in 
freshwater vegetation quality, habitat loss, degraded 
water quality, disrupted flow regimes, and declines 
in freshwater biodiversity (Walsh et  al. 2005; Walsh 
et  al. 2016; Craig et  al. 2017; Ahmed et  al. 2022). 
The urban stream syndrome is an important concep-
tual framework for freshwater science as it allows the 
impact of imperviousness on freshwater species to be 
assessed in a generalisable way across studies.

Imperviousness (a proxy for urbanisation) has 
been recognised as a primary driver of freshwa-
ter ecological degradation for the last five decades 
(Slonecker et  al. 2001). There have been several 
reviews of the effects of the urban stream syn-
drome on freshwater quality, with all finding nega-
tive impacts (e.g., Walsh et al. 2005; Dudgeon et al. 
2007; Ramírez et  al. 2012). However, attempts to 
untangle the various mechanisms associated with 
this syndrome have been difficult. This is firstly due 
to limitations in data availability and methodology. 
Data covering relevant threats across a wide spati-
otemporal scale are needed to adequately assess the 
impacts of urbanisation (Filbee‐Dexter et al. 2017). 
Second, freshwater ecosystems respond to multi-
ple stressors, which are unique to each system and 
have additive, synergistic and interactive effects 
on biodiversity that cannot be examined indepen-
dently of one another (Folt et  al. 1999; Ormerod 
et  al. 2010; Piggott et  al. 2015). Fortunately, these 
stressors do not need to be considered in isolation 
to inform catchment management and mitigate fur-
ther declines in freshwater biodiversity (Selkoe 
et al. 2015). Advances in remote sensing technolo-
gies have resulted in open-access databases (e.g., 
Open Data Cube, Landsat, and Sentinel), which 
include freely-available, high-resolution satel-
lite imagery. These databases have improved the 
ease and accessibility of quantifying impervious-
ness (Zhang et al. 2022; Kuiper et al. 2023), mean-
ing that multiple methodologies have emerged. For 
example, vegetation indices such as Normalised 
Difference Vegetation Index (NDVI) and Normal-
ised Difference Built-up Index (NDBI) are spectral 
imaging estimates of landscape features (net pri-
mary productivity and urban density, respectively) 
derived from satellite data. Reductions in catch-
ment-level NDVI scores have revealed that riparian 
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vegetation loss negatively affects river species 
richness, genetic connectivity and distribution pat-
terns (e.g., Mcfarland et al. 2012; Chen et al. 2021; 
Benedetti et al. 2023; Brunt and Smith 2025). High 
NDBI values, indicative of increased urbanisation, 
have also been shown to negatively affect freshwa-
ter quality, riparian density, and species diversity 
(Andem et al. 2022). Despite the emergence of vari-
ous approaches, the optimal approach for measur-
ing catchment imperviousness has not yet been 
determined (Orr et al. 2020), suggesting a need for 

research examining different methods to develop a 
more unified framework for freshwater biodiversity 
conservation.

Freshwater species at high trophic levels, espe-
cially tertiary consumers, are disproportionately 
susceptible to urbanisation and associated ecosys-
tem dysfunction caused by imperviousness (Fig.  1). 
Imperviousness reduces water quality, microhabitat 
heterogeneity (such as stable pool and riffle zones) 
and basal resources (e.g., allochthonous organic mat-
ter input) on which consumer species rely (Paul and 

Fig. 1   Summarised effects of the urban stream syndrome—
reflected by an increase in imperviousness—on freshwater flu-
vial ecosystems, derived from the scientific literature. Impervi-
ousness is primarily associated with a increased urban runoff, 
b riparian cover removal and c impervious impediments. These 
impacts result in the degradation of freshwater ecosystem 
habitat features including habitat structure, water quality, and 
flow, which impact species in the freshwater food web. Species 
characterised by slow life history strategies, high body mass, 
complex habitat requirements, and specialised feeding strate-
gies (e.g., platypus as tertiary consumers [d]), are highly sus-
ceptible (Brönmark et al. 1992); He et al. 2019; Su et al. 2021). 
Numbers refer to literature that supports these pathways: 
1) Walsh et  al. 2005; 2) Zhou et  al. 2019; 3) Selaković et  al. 
2022; 4) Klamt et  al. 2011; 5) Paul and Meyer 2001; 6) Li 

et al. 2020; 7) Lake 2000; 8) Grant and Temple-Smith 2003; 9) 
Meyer et al. 2005; 10) He et al. 2021; 11) Gell et al. 2009; 12) 
Kingsford 2000; 13) Serena et al. 2014; 14) Ferrão-Filho and 
Kozlowsky-Suzuki 2011; 15) Sitati et al. 2021; 16) Wiederkehr 
et  al. 2020; 17) Herrero et  al. 2018; 18) He et  al. 2018; 19) 
Zhang et al. 2019; 20) Mor et al. 2022; 21) Holostenco et al. 
2021; 22) Bonnineau et al. 2021; 23) He et al. 2019; 24) Iriarte 
and Marmontel 2013; 25) Rai et  al. 2023; 26) Sulliván et  al. 
2021; 27) Hawke 2020; 28) Connolly et  al. 1998; 29) Serena 
and Williams 2010; 30) Serena and Williams 2022; 31) Cole-
man et al. 2018; 32) Escoda, Fernández‐González and Castre-
sana 2019; 33) Mijangos et al. 2022; 34) Serena and Pettigrove 
2005; 35) Martin et al. 2014; 36) White and Walsh 2020; 37) 
Collen et al. 2014; 38) Gregory et al. 1991
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Meyer 2001; Walsh et al. 2005). These species often 
have slow life-history strategies, increasing their over-
all exposure to cumulative urban stressors and extinc-
tion risk (Cooke et al. 2019). Tertiary consumers also 
face increased biomagnification risk as contaminants 
in runoff move up through the food web (Kidd et al. 
1995; Woodward and Hildrew 2002).

The platypus (Ornithorhynchus anatinus), a semi-
aquatic monotreme endemic to eastern Australia, fits 
this high-risk profile (Fig. 1d). Despite rarely moving 
over land, platypuses are highly mobile – maintaining 
a typical home range between 0.5–15 km structured 
by the natural fragmentation and linearity of water-
ways (Serena and Williams 2013; Bino et  al. 2015; 
Bino et  al. 2018). Low flows due to altered hydro-
logical regimes can limit the availability of water they 
depend on for movement and reproduction (Walsh 
et  al. 2016; Brunt and Smith 2025). At the other 
extreme, flashier flows scour in-stream channels and 
erode riparian zones where platypus exclusively for-
age, rest, and nest (Walsh et al. 2005). Characterised 
by a specialised benthic foraging strategy, urban run-
off introduced into these systems can also increase 
levels of sedimentation and contaminants, decreasing 
the diversity and richness of their pollution-sensitive 
macroinvertebrate prey (Paul and Meyer 2001; Col-
len et  al. 2014). Platypus movement can be further 
restricted by the implementation of new barriers 
(e.g., dams and weirs), which reduces habitat quality 
(Serena et  al. 2014; Bino et  al. 2019). These struc-
tures increase predation risk, energy expenditure and 
the risk of heat stress as platypus dispersal is forced 
over land (Robinson 1954; Grant and Dawson 1978; 
Fish et al. 2001), ultimately limiting gene flow (Kolo-
myjec 2010; Furlan et al. 2013; Alberti 2015; Brunt 
and Smith 2025). Studies of platypus populations 
indicate urbanisation and river regulation has led to 
genetic differentiation (Furlan et  al. 2013; Mijan-
gos et  al. 2022; Brunt and Smith 2025), population 
declines, and local extinctions (Grant 1998; Serena 
and Pettigrove 2005; Serena et al. 2014; Martin et al. 
2014; Coleman et al. 2021). In southeast Queensland, 
water quality and connectivity has been found to be 
essential for platypus persistence in urban landscapes 
(Brunt and Smith 2025; Brunt et  al. 2025). Around 
the city of Melbourne, imperviousness and urban 
stormwater runoff negatively impacted platypus 
through habitat degradation (Serena and Pettigrove 
2005; Martin et  al. 2014). These land use changes, 

combined with the species’ long lifespan, low fecun-
dity, and slow reproductive strategy, limit their ability 
to recover from population declines caused by cumu-
lative urban stressors (Bino et  al. 2019; Coleman 
et al. 2021; Brunt et al. 2025). However, the extent of 
these declines and whether these patterns are broadly 
generalisable across their range is unknown.

Another major limitation in our knowledge about 
platypus populations is how distributional patterns 
change over time. The platypus’ elusive habit makes 
declines difficult to detect (Bino et  al. 2019). Until 
recently, compared to their southern counterparts, 
studies of Queensland platypus have been sparse 
and irregular (e.g., Stone 1983; Grimley 1995; Brunt 
et al. 2021; Brunt 2023; Brunt and Smith 2025), par-
ticularly in regards to population estimates and spe-
cies distribution patterns. While localised declines are 
widely reported (Grant 1998; Serena and Pettigrove 
2005; Serena et  al. 2014; Martin et  al. 2014; Cole-
man et  al. 2021; Brunt et  al. 2025), the last attempt 
to list the species’ conservation status as nationally 
threatened (Hawke, Bino and Kingsford 2020) was 
rejected due to understudied regions lacking evidence 
of baseline platypus population dynamics and the 
resultant reliance on assumption-based models about 
the magnitude of threats and their impact on platypus 
declines (Australian Government 2025). This is espe-
cially concerning given urbanisation is increasingly 
impacting southeast Queensland, with new infrastruc-
ture required to keep up with predicted population 
growth estimates from 3.1 million to up to 4.9 million 
by 2041 (Queensland Government 2019, 2021; ABS 
2021). Thus, further assessment of the status of platy-
pus in this region is necessary to provide population 
evidence that can contribute to conservation action.

The objective of this study was to evaluate the 
effect of urbanisation on platypus occurrence over 
an eleven-year study period using three different 
remotely-sensed metrics imperviousness. Specifi-
cally, we asked: has platypus distribution changed 
over time and can this be explained by changes in 
urbanisation? We combined the largest long-term 
observational dataset of platypus ever collected in 
Queensland (2013–2023) with satellite-derived veg-
etation indices (NDVI and NDBI) and urban land 
cover data to assess the impact of imperviousness on 
freshwater ecosystems. We predicted that impervi-
ousness would negatively affect platypus occurrence 
for all three metrics of imperviousness. A strength of 
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our study is that we examined changes in impervious-
ness dynamically: measures were derived for each 
year of the study separately, rather than static meas-
ures which are often used in other studies because of 
data limitations. Thus, each year of platypus observa-
tions had a corresponding level of imperviousness. 
Understanding the impact of imperviousness on plat-
ypus occurrence will help manage the threats posed 
by the urban stream syndrome, ultimately improving 
catchment management for conservation of freshwa-
ter biodiversity.

Methods

Study region

The study was conducted in southeast Queensland, 
a region with a subtropical climate influenced by 
warm northern tropical systems and fluctuations in 

the southern high-pressure ridge (Queensland Gov-
ernment 2023a). Seasonal average temperatures are 
14 °C in winter, 20 °C in spring/autumn, and 24 °C in 
summer, with the frequency of hotter days predicted 
to increase in the future (Queensland Government 
2020). Mean annual rainfall is 1030 mm, though there 
is a high variability in average precipitation. Rainfall 
variation is driven by local factors such as topography 
and vegetation, and broader-scale weather patterns 
such as the El Niño–Southern Oscillation, with pre-
cipitation predicted to decrease in the future (Queens-
land Government 2020). The study region encom-
passed five catchments: Albert River, Coomera River, 
Nerang River, Mudgeeraba Creek, and Currumbin 
Creek (Fig. 2). The region is characterised by a range 
of broad vegetation groups, including wet sclerophyll 
forests, dry open woodlands, subtropical, complex 
evergreen notophyll vine forests, palustrine wet-
lands, and freshwater swamps on coastal floodplains 
(Neldner et  al. 2023). Waterways flowing through 

Fig. 2   This study examined platypus (Ornithorhynchus anati-
nus) distribution across southeast Queensland, Australia. a The 
study region is shown in red over the Australian distribution of 
platypus in yellow (ALA 2024); b Variation in antecedent rain-
fall (mm) (total rainfall for Feb-Jun, the five months prior to 
platypus breeding season) over the study period (2013–2023) 

(BOM 2024); c Map of the study area across five catchments 
and location of sixty-seven platypus observational sites (black 
circles) across three local government areas (LGAs). Back-
ground shading on the map represents elevation, with darker 
shading indicating higher elevation
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these catchments have perennial flows, though some 
smaller tributaries may have seasonal or ephemeral 
flow. The historical removal of approximately 75% of 
native vegetation in southeast Queensland for agricul-
ture and infrastructure (industrial, commercial, and 
residential) has impacted catchment hydrology and 
sedimentation, causing declines in water quality and 
losses in aquatic biodiversity (Bunn et al. 2007).

Platypus observational dataset

Platypus occurrence data were obtained from an 
observational survey database: Watergum’s Platy-
pusWatch program. Watergum is a not-for-profit 
organisation involved in environmental citizen sci-
ence, invasive species control and restoration, reveg-
etation, and research projects in southeast Queensland 
(Watergum Community Inc. 2025). As a quality con-
trol and to foster long-term community engagement, 
volunteers involved in PlatypusWatch were required 
to attend a two-hour induction prior to conducting 
an observational survey to learn protocols for safety 
and platypus identification. The data produced by 
PlatypusWatch was identified as having potential 
to advance scientific knowledge and guide water-
way management due to the standardised collection 
effort, sufficient timescale and geographic extent, and 
research indicating that engaged, trained volunteers 
can produce data that is of equivalent or higher qual-
ity than hired field assistants, particularly when the 
task procedure is straightforward (presence-absence 
determinations) and no equipment is requirement 
(Oberhauser and Prysby 2008; Kosmala et al. 2016). 
Up to five catchments were surveyed twice per year 
between 2013 and 2023, except in 2017 when only 
one survey was conducted due to severe tropical 
cyclone Debbie (Table  S1). Surveys were timed to 
coincide with known periods of high platypus activity 
in this region: the mating season (July–October) and 
puggle emergence from burrows (March–April). Each 
survey event began fifteen minutes before first light. 
Observers were paired to reduce imperfect detection 
(Kosmala et al. 2016) and remained at their allocated 
site for 2.5  h. If platypus were present, observers 
immediately messaged the time of sighting to a sur-
vey coordinator to mitigate duplicate positive sight-
ings. At the end of each survey event, all observers 
reconvened to tally sightings and report any further 
information to the coordinator.

A total of sixty-seven sites across five catchments 
was used in the current study (Fig. 2) but the sum of 
sites across all catchments included in the data set 
were not uniform across years, ranging from 31 in 
2015 to 123 in 2021 (overall mean number of sites per 
catchment = 15 (Table  S1). Coomera River, Mudg-
eeraba Creek, and Currumbin Creek were surveyed 
throughout the study period, while Nerang River and 
Albert River were added to the program in 2016 and 
2018, respectively (Table S1). These differences are a 
result of the PlatypusWatch growing in size and fund-
ing since inception, allowing more observation sites 
and catchments to be included in recent years. As a 
council-funded citizen science project, sites were pre-
dominantly on public land and publicly accessible, 
however, fifteen sites on private land were included in 
collaboration with private landholders. We assumed, 
based on platypus movement and home range data 
(Serena and Williams 2013; Bino et  al. 2015; Bino 
et  al. 2018), that sites located within 200  m from 
another site were not independent. Considering this, 
and to mitigate the risk of spatial auto-correlation, 
twenty-five sites located within 200 m from another 
site were merged to form eleven independent sites. 
Seventeen sites that were only observed for a sin-
gle year within the study period (2013–2023) were 
excluded. This resulted in a total of 824 biannual 
observations across the sixty-seven sites and eleven-
year study period (Table S1).

Definition of catchment‑scale study areas

We considered the catchment to be a more appro-
priate scale for spatial analysis than the local site-
level (e.g., < 1 km around the observation site). This 
was because platypus are genetically structured by 
regional topography and river systems, forming 
discrete population units in catchments (Akiyama 
1998; Kolomyjec et  al. 2009; Gongora et  al. 2012; 
Brunt and Smith 2025). Platypus are also sensitive to 
catchment-scale modification (Serena and Pettigrove 
2005; Magierowski et al. 2012; Bino et al. 2019). For 
example, the nearest large stream and catchment area 
were found to be useful indicators of platypus pres-
ence in high-order streams (Lunn 2015). Catchment-
scale urbanisation has also been found to reduce the 
abundance of sensitive macroinvertebrate taxa (the 
primary food source for platypus) due to habitat qual-
ity degradation (Walsh and Kunapo 2009; White and 
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Walsh 2020). Thus, to define catchment-scale site 
boundaries, a digital elevation model from QSpa-
tial (Queensland Spatial Catalogue 2013) was pro-
cessed with r.watershed, with the minimum size of 
drainage basins set to 10km2 (GRASS Development 
Team 2024) in QGIS 3.38.2. Catchment boundaries 
then were defined from this model using r.fill.dir to 
generate depressionless elevation and flow direction 
layers. Mean catchment size was 86.8km2 (Albert 
River = 248.2km2; Coomera River = 85.8km2; Nerang 
River = 28.9km2; Mudgeeraba Creek = 24.4km2; Cur-
rumbin Creek = 13.5km2, Fig.  2c). Study area poly-
gons were manually modified to include a 200  m 
buffer behind each study site, and to account for 
runoff and stream order, included all upstream riv-
ers, tributaries, and drainage lines (Queensland Spa-
tial Catalogue 2023) within catchment boundaries 
(drainage basins defined using the r.watershed tool), 
resulting in upstream site areas being larger than 
downstream sites. For example, the most upstream 
site in Albert River measured 248.2km2, while the 
most downstream site was 216.5km2. To account for 
this variation, mean imperviousness was calculated 
for each site based on the respective area. Hereafter, 
‘site’ refers to the catchment-scale area related to 
each observation point.

Imperviousness metrics

Three different methods of measuring imperviousness 
were derived to assess changes in imperviousness 
over time; vegetation indices NDVI and NDBI, and 
urban land cover. These metrics were selected over 
others on merits of relevancy to spatiotemporal analy-
sis in urban and freshwater systems, data accessibil-
ity (freely downloadable and open-source geospatial 
files), and widespread applicability and transferabil-
ity to GIS programs likely to be utilised by catch-
ment managers. Vegetation indices are calculated by 
transforming multiple spectral bands which have high 
sensitivity to leaf structure and morphology (Bened-
etti et al. 2023), allowing for contextual assessment of 
vegetation cover with imperviousness across a wide 
spatial scale (Slonecker et al. 2001). NDVI is one of 
the most widely used vegetation indices. It quantifies 
net primary productivity, with high NDVI (> 0.36) 
indicative of a higher vegetation cover and produc-
tivity, making it inversely related to imperviousness 
(Rouse et  al. 1974). NDBI quantifies the extent of 

urbanisation, with greater NDBI values indicating 
greater imperviousness (Anderson 1976). NDVI and 
NDBI were derived from Landsat 8–9 Operational 
Land Imager (USGS 2024), which provide one image 
approximately every sixteen days at 30 m resolution. 
The earliest date with available imagery within the 
study area was April 27, 2013. Satellite imagery was 
downloaded from EarthExplorer on June 15, 2024. 
For each year of the study, we selected images taken 
between November-February of each year, a period 
which is typically greener after rain. For each study 
site, NDVI was calculated as:

where NIR is the near-infrared portion of the elec-
tromagnetic spectrum (0.75–1.5  μm) and Red is 
the red portion of the electromagnetic spectrum 
(0.6–0.7 μm). NDBI was calculated as:

where SWIR is the short-wave infrared portion of the 
electromagnetic spectrum (1.57–1.75 μm).

Water is characterised by NDBI values of 1 and 
NDVI values of -1 due to high infrared reflectance. 
This does not accurately reflect platypus habitat 
because water represents the highest quality habitat 
for that species. Thus, an additional polygon layer 
for watercourses was added and values were reclassi-
fied with the highest pervious value (Brunt and Smith 
2025). Mean NDBI and NDVI values were then 
extracted for each site.

Land use databases are open-source mapping prod-
ucts, often provided by government authorities, which 
describe how parcels of land are classified within a 
region, allowing for the isolation of urban areas in 
mapping software (Anderson 1976). High urban land 
cover within catchments have been associated with 
sensitive macroinvertebrate loss (Snyder and Young 
2020), reduced fish fitness (Uphoff et  al. 2011), and 
declines in waterbird biodiversity (Xie et  al. 2020; 
Sulliván et  al. 2021). For this study, land use map-
ping series datasets were downloaded from Queens-
land Spatial Catalogue on June 23, 2024 (Queens-
land Government 2023b). Only three years of data 
were available within the study period (2013, 2019 
and 2023) so land use analysis was restricted to that 

(1)NDVI =
(NIR − Red)

(NIR + Red)

(2)NDBI =
(SWIR − NIR)

(SWIR + NIR)
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timeframe. Urban areas (classified as residential land-
use, mining, and commercial services) were extracted 
in QGIS for each year, then urban land cover (ULC) 
was calculated as:

where the study area represents the catchment area 
defined above. Greater urban land cover values are 
related to increased imperviousness.

Statistical analysis

We were interested in long-term temporal changes in 
platypus occurrence, rather than seasonal variation. 
Thus, from the 824 biannual surveys (2013–2023) 
(Table  S1), annual observations were consolidated, 
with presence values representing a platypus observa-
tion at any time during the two survey events for each 
year. Sites surveyed only once per year due to logisti-
cal constraints were also retained as an annual record. 
The resulting presence/absence (occurrence) com-
prised 477 annual observations. Data were analysed 
using binomial generalised additive mixed models 
(GAMMs), fitted by maximum likelihood using the 
mgcv and gamm4 packages in R version 4.4.1 (R 
Core Team 2024). GAMMs allow non-linear relation-
ships between predictor and response variables by fit-
ting smooth functions to each predictor. This allows 
for variability of observations within groups speci-
fied with random effects. The tensor product spline 
function t2 was used to focus on important patterns 
while ignoring unnecessary noise by separating each 
penalty into penalised and unpenalised components, 
allowing for basis functions and penalties for all pair-
wise combinations of components (Wood, Schiepl 
and Faraway 2013). Thin plate regression (bs = tp) 
(Wood 2003) and fused lasso splines (bs = fs) (Wood 
2023) were included to construct flexible models 
which capture main effects and factor-level smooth 
deviations for each model term without overfitting 
data (Wood 2023). To mitigate temporal autocorrela-
tion, for NDVI and NDBI (11 years of data available), 
year was modelled as a smoothed term (e.g., k = 4). 
For ULC (only 3 years of data available; 2013, 2019 
and 2023), year was treated as linear (k = 3) to avoid 
overfitting. Each model included study site nested 
within catchment as a random effect to account for 

(3)

ULC =

�∑

(UrbanLandCoverWithinStudyArea)
∑

(StudyArea)

�

repeated sampling of sites across years and the spa-
tially clustered nature of sites within catchments. 
Using the ape package (Paradis et al. 2024), Moran’s 
I tests revealed no significant spatial autocorrelation 
in the residuals of the top-ranked models (p > 0.05).

Previous studies indicated that the amount of rain-
fall recorded five months prior to platypus breeding 
season (antecedent rainfall) positively influenced 
reproductive success and habitat quality (Serena et al. 
2014; Brunt 2023). Thus, we conducted preliminary 
analysis to determine which of three temporal vari-
ables was the best predictor of temporal changes in 
platypus occurrence: year as a numeric variable 
(0–11), mean antecedent rainfall or total antecedent 
rainfall. We extracted mean and total antecedent rain-
fall for February and June of each year of the study 
from the closest weather station to each site (BOM 
2024) (Fig.  2b). Each of the three imperviousness 
metrics j were then fitted separately in a full interac-
tion model with each temporal variable i (temporal 
variablei × impervious metricj). We ranked models 
within each j using the second-order Akaike’s Infor-
mation Criterion (AICc) in AICcmodavg (Mazerolle 
2023) in R. This preliminary step indicated that year 
was the best temporal predictor for all three impervi-
ousness metrics. Thus, we used year as the temporal 
predictor variable for the remainder of the analysis 
and did not consider rainfall further.

To determine how year and imperviousness 
affected platypus occurrence, a set of five GAMMs 
were fitted for each imperviousness metric separately. 
A global model, including an interaction between 
year and imperviousness, was fitted to assess whether 
the effect of imperviousness on platypus occurrence 
changed across years. An additive model was fit-
ted to test the effects of year and imperviousness on 
platypus occurrence separately. Year-only and imper-
viousness-only models were then fitted to determine 
if there were independent effects of these variables. 
Finally, a null model with no variation was included 
to examine the relative strength of the parameterised 
models. Models were ranked by AICc. We considered 
the best model as the one with the lowest AICc values 
and highest model weight. Models with ∆ AICc <|2| 
were assumed to be approximately equivalent (Hegyi 
and Garamszegi 2011). As a measure of model fit, we 
calculated marginal (variance explained by the fixed 
effects only) and conditional (variance explained by 
the full model, including random effects) R2 for each 
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model using the performance package (Nakagawa 
and Schielzeth 2013; Lüdecke et al. 2025).

Results

Between 2013 and 2023, across 477 annual 
observations (derived from 824 pooled obser-
vations) (Table  S1), 233 platypus observations 
(presences) were recorded (overall annual sight-
ing probability = 47.8%, presence range across 
years = 35.0–61.5%). Presences were recorded in 
all five catchments, with fifty-five of the sixty-seven 

sites recording at least one positive sighting over 
the study’s duration (35.5% overall presence). All 
three imperviousness variables were included in 
the top model as predictors for platypus occurrence 
(Tables  1, 2 and 3; Table  S2). For all impervious-
ness metrics, all models including imperviousness 
variables improved the fit of the null model by ∆ 
AICc > 2 and all first and second-ranked mod-
els were approximately equivalent ∆ AICc <|2| 
(Tables 1, 2 and 3; Table S2). Each model indicated 
that platypus occurrence probability decreased with 
increasing imperviousness.

Table 1   Model selection results for platypus (Ornithorhynchus anatinus) occurrence as a function of Normalised Difference Vegeta-
tion Index (NDVI), ranked by smallest to largest AICc scores

K, number of estimated parameters for the model; AICc, second-order Akaike’s Information Criterion; Δ AICc, change in AICc; 
Culm Wt, cumulative AICc weights; Log Lik., log-likelihood

Model K AICc Δ AICc AIC Weight Culm Wt Log Lik

NDVI only 5 585.12 0.00 0.57 0.57 −287.49
NDVI + year 7 586.69 1.57 0.26 0.84 −286.22
NULL 3 588.99 3.87 0.08 0.92 −291.47
Year only 5 589.47 4.35 0.07 0.98 −289.67
NDVI × year 11 592.33 7.22 0.02 1.00 −284.88

Table 2   Model selection results for platypus (Ornithorhynchus anatinus) occurrence as a function of Normalised Difference Built-
up Index (NDBI), ranked by smallest to largest AICc scores

K, number of estimated parameters for the model; AICc, second-order Akaike’s Information Criterion; Δ AICc, change in AICc; 
Culm Wt, cumulative AICc weights; Log Lik., log-likelihood

Model K AICc Δ AICc AIC Weight Culm Wt Log Lik

NDBI × year 11 583.52 0.00 0.45 0.45 −280.47
NDBI only 5 584.01 0.49 0.35 0.80 −286.94
NDBI + year 7 585.72 2.20 0.15 0.95 −285.74
NULL 3 588.99 5.47 0.03 0.98 −291.47
Year only 5 589.47 5.95 0.02 1.00 −289.67

Table 3   Model selection results for platypus (Ornithorhynchus anatinus) occurrence as a function of urban land cover (ULC), 
ranked by smallest to largest AICc

K, number of estimated parameters for the model; AICc, second-order Akaike’s Information Criterion; Δ AICc, change in AICc; 
Culm Wt, cumulative AICc weights; Log Lik., log-likelihood

Model K AICc Δ AICc AIC Weight Culm Wt Log Lik

ULC × year 6 190.08 0.00 0.45 0.45  − 88.72
ULC only 4 191.35 1.27 0.24 0.68  − 91.53
NULL 3 192.18 2.09 0.16 0.84  − 93.00
ULC + year 5 193.26 3.18 0.09 0.91  − 91.40
Year only 4 193.90 3.81 0.07 1.00  − 92.80
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For NDVI, the NDVI-only and additive models 
improved the fit of the null model by ∆ AICc > 3 
(Table  1). There were differences among catch-
ments in NDVI but, across all sites, there was mini-
mal change in urbanisation over the study period 
(range = 0.24–0.44) (Fig.  S1a). The first-ranked 
model was the NDVI only model (Δ AICc relative 
to null model = 3.87, AICc weight = 57%, Table  1), 
indicating that platypus occurrence increased with 
mean NDVI (i.e. a positive effect of more vegetated, 
pervious surfaces on platypus) (Fig. 3a). The second-
ranked, additive model was approximately equivalent 
to the NDVI-only model (∆ AICc < 2) and similarly 
showed a positive relationship between mean NDVI 

and platypus occurrence (Δ AICc relative to null 
model = 2.3, AICc weight = 26%, Table  1). Overlap-
ping confidence intervals suggested that the interac-
tion effect between year and NDVI was not strong 
(Fig. 3b).

For NDBI, all models improved the fit over the 
null model by ∆ AICc > 5, except for the year only 
model (Table  2). There were catchment level differ-
ences in NDBI, but there was minimal overall change 
in urbanisation over the study period (range = -0.27 −
-0.03) (Fig. S1b). The first-ranked model included an 
interaction between mean NDBI and year (Δ AICc 
relative to null model = 5.47, AICc weight = 45%, 
Table  2). This model indicated that, when NDBI 

Fig. 3   Effect of Normalised Difference Vegetation Index 
(NDVI) on platypus (Ornithorhynchus anatinus) occurrence 
in southeast Queensland, Australia (model estimates and 95% 
confidence intervals). Positive NDVI values are correlated with 
higher vegetation and inversely related to high urbanisation. a 

The first-ranked model included NDVI only and b the second-
ranked model included an additive relationship between NDVI 
and year (NDVI was modelled as a numeric predictor but pre-
sented here at minimum, mean, and maximum values for pres-
entation)
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values were high (i.e. high levels of impervious-
ness), platypus occurrence decreased over time. 
When NDBI values were low (i.e. low levels of 
imperviousness) platypus occurrence increased over 
time (Fig. 4a; Table S2). The probability of platypus 
occurrence was not strongly related to mean NDBI 
values. The second-ranked model included NDBI 
only (Δ AICc relative to null model = 4.98, AICc 
weight = 35%, Table 2), and was approximately equal 
to the first-ranked model (∆ AICc < 2) (Table  2). 
This model showed platypus occurrence probability 
decreased with increasing mean NDBI (i.e. a nega-
tive effect of imperviousness on platypus) (Fig.  4). 
Model fit estimates suggested that the influence of 

imperviousness metrics was not strong (conditional 
R2

< 0.5 ), though NDBI was marginally stronger than 
NDVI (Table S2).

For urban land cover, the interaction and ULC-
only models improved the fit of the null model by 
∆ AICc > 2 (Table 3). There was substantial varia-
tion in site level ULC (0.03 − 0.71) and notable dif-
ferences among catchments, but there was minimal 
change in ULC over the study period (Fig.  S1c). 
The first-ranked model was the ULC and year inter-
action model (Δ AICc relative to null model = 2.09, 
AICc weight = 45%, Table  3). This model indi-
cated that, when urban land cover was high, platy-
pus occurrence probability increased towards the 

Fig. 4   Effect of Normalised Difference Built-up Index (NDBI) 
on platypus (Ornithorhynchus anatinus) occurrence in south-
east Queensland, Australia (model estimates and 95% con-
fidence intervals). High urbanisation is indicated by higher 
NDBI values. a The first-ranked model included an interaction 

between NDBI and year (NDBI treated as a numeric predictor 
in analysis but presented within minimum, mean, and maxi-
mum categories for the purposes of presentation) and b the 
second-ranked model included NDBI only
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end of the study period. When urban land cover 
was low, platypus occurrence declined over time. 
However, platypus occurrence was approximately 
equal for all urban land cover values towards the 
end of the study period (Fig.  5a). The second-
ranked ULC-only model was roughly equivalent to 
the interaction model (∆ AICc < 2) and to the null 
model (Δ AICc relative to null model = 0.82, AICc 
weight = 24%, Table 3) and showed platypus occur-
rence probability was negatively related to increas-
ing urban land cover (Fig. 5b).

Discussion

Freshwater ecosystems are threatened by environ-
mental consequences associated with the urban 
stream syndrome. By analysing three different 
remotely-sensed metrics of imperviousness and the 
largest long-term observational dataset of platypus 
in Queensland, Australia, this study showed that 
high levels of urbanisation were negatively associ-
ated with platypus distribution over the eleven-year 
period between 2013 and 2023 (Tables  1, 2 and 3; 
Figs. 3, 4 and 5). Platypus distribution was positively 
associated with sites characterised by high riparian 

Fig. 5   Effect of urban land cover (ULC) on platypus (Orni-
thorhynchus anatinus) occurrence in southeast Queensland, 
Australia (model estimates and 95% confidence intervals). 
High urbanisation is indicated by higher urban land cover val-
ues. a The first-ranked model included an interaction between 

ULC and year (ULC treated as a numeric predictor in analysis 
but presented within minimum, mean, and maximum catego-
ries for the purposes of presentation) and b the second-ranked 
model included ULC-only
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vegetation cover (increased NDVI) and negatively 
correlated to more urban sites (increased NDBI and 
ULC), reflecting the species’ dependence on healthy, 
vegetated freshwater ecosystems. Despite overall 
catchment urbanisation changing minimally over this 
period (Fig.  S1), high levels of imperviousness had 
measurable negative effects on platypus presence. 
Thus, our results indicate that how platypus respond 
to urbanisation changes over this eleven-year period, 
even if urbanisation itself does not change substan-
tially. These findings suggest that prolonged urban 
exposure (i.e., the consequences of the urban stream 
syndrome through time) could act as an environmen-
tal filter capable of driving freshwater upper trophic 
consumers from urban to non-urban regions. This 
is likely due to the cumulative degradation of criti-
cal habitat features (e.g., riparian complexity, prey 
availability, hydrological integrity and connectivity) 
(Fig. 1). These impacts may be compounded by slow 
life-history strategies, pollution biomagnification, and 
dispersal barriers which limit recruitment and recov-
ery from sustained stressors (Kidd et al. 1995; Wood-
ward and Hildrew 2002; Olden et  al. 2011; Cooke 
et al. 2019). This study presents a widely applicable 
approach for catchment managers to dynamically 
assess the impact of urbanisation on freshwater eco-
systems using long-term distribution data of higher 
trophic consumers and simple remote-sensing met-
rics. As urbanisation continues to threaten freshwater 
ecosystems, effective waterway management must 
prioritise hydrological integrity and connectivity 
(e.g., water extraction regulations, barrier removal, 
stormwater treatment), riparian vegetation preserva-
tion and restoration (> 30  m riparian buffers, stock 
exclusion, habitat enhancement strategies), and water-
sensitive urban design (e.g., green–blue infrastructure 
and harsher limits on developments near major riv-
ers). Such management would need to be applied syn-
ergistically with private, public and government enti-
ties across entire the catchment, considering upstream 
and downstream linkages and addressing land-use 
impacts to mitigate cumulative stressors that drive 
population declines (Briggs 1995; Hughes 2018; Wu 
et al. 2020; Griffiths, Licul and Imprey 2022).

High imperviousness was demonstrated to nega-
tively impact platypus distribution (Tables 1, 2 and 3; 
Figs. 3a, 4b, 5b), a species characterised as a carnivo-
rous/insectivorous secondary consumer (Marchant 
and Grant 2015; Hawke et al. 2022). What could be 

the mechanisms driving these observations? Follow-
ing an example pathway of urban stream syndrome 
(summarised in Fig. 1), the reduced stormwater filtra-
tion correlated with riparian cover removal reduces 
the provision of benthic organic matter for macroin-
vertebrate prey, which are also impacted by the nega-
tive effects these urban stressors have on water qual-
ity (Lunney et al. 2004; Walsh et al. 2005) (Fig. 3a). 
The abundance and diversity of macroinvertebrate 
prey are further impacted by in-stream scouring and 
increased contaminants carried by stormwater runoff 
(Paul and Meyer 2001; Walsh et al. 2005; Collen et al. 
2014). The increased turbidity from bank erosion and 
runoff also impairs platypus foraging efficiency (Gust 
and Handasyde 1995; Serena and Pettigrove 2005) 
and the resultant sediment settles and accumulates in 
pools. These impacts affect platypus habitat complex-
ity, with the species favouring healthy riparian zones 
characterised by overhanging vegetation, coarse 
benthic substrate, large woody debris, and undercut 
banks (Serena et al. 2001; Milione and Harding 2009; 
Coleman et al. 2021). As top predators, platypus pres-
ence is likely representative of far broader conse-
quences within the freshwater food web than demon-
strated here. Other apex predators indicate freshwater 
quality due to their functional role in the trophic sys-
tem and interactions between urbanisation and their 
distribution, reproduction, behaviour, and life history 
traits (Fig. 1). For example, dippers (Cinclus spp.), a 
passerine endothermic predator with a similar feeding 
niche to platypus (insectivores), are useful bioindi-
cators of freshwater health (Maznikova et  al. 2024). 
This is because urbanisation typically has a strong 
effect on their lower trophic level prey abundance and 
water quality (bottom-up reduction in energy flow) 
(Maznikova et  al. 2024). Similarly, the extirpation 
of Barbus meridionalis—an endangered freshwater 
apex predator—triggered a trophic cascade resulting 
in major changes to the ecosystem’s overall structure 
and function (top-down reduction in energy flow) 
(Rodríguez-Lozano et  al. 2015). The negative con-
sequences of platypus’ reliance on quality freshwater 
habitat features and basal resources impacted by the 
accrued effects of urban stream syndrome is evident 
in their reduced presence in response to high levels 
of urbanisation (Tables 1, 2 and 3; Figs. 3, 4 and 5). 
However, as platypus can be found in degraded habi-
tats where water quality and riparian vegetation are 
low, they do not reveal the high-impact, short-term 
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shifts in habitat quality that are broadcast by the dis-
appearance of more sensitive freshwater bioindica-
tors such as those mentioned above. Instead, their 
distribution acts as a valuable general index for the 
long-term degradation of freshwater ecosystems and 
that a critical threshold has been crossed, highlight-
ing their importance as a priority species for monitor-
ing and research in urban rivers. Catchment manag-
ers can assess urban impact in freshwater ecosystems 
through the analysis of distribution patterns of similar 
freshwater predators capable of describing ecosystem 
response to urbanisation due to their susceptibility to 
urban stressors (He et al. 2019; Su et al. 2021).

Catchment managers require tools to understand 
the impacts of urbanisation on freshwater ecosys-
tems, but the suite of available measures of urbani-
sation have made this task difficult. By comparing 
three different remotely-sensed measures of impervi-
ousness, this study goes some way towards address-
ing this problem. As predicted, we found that of three 
different imperviousness metrics, NDBI showed 
the greatest increase over the null model in describ-
ing platypus distributions (Table  2). This is likely 
because NDBI was specifically designed to rapidly 
and accurately map urban areas using spectral bands 
that characterise imperviousness (Zha et  al. 2003). 
Comparatively, while NDVI effectively assesses long-
term changes in the density of riparian canopies, the 
index is influenced by temporal variations in vegeta-
tion greenness and regions characterised by reduced 
vegetation density such as cleared agricultural pas-
tures (Pace et  al. 2022). This made NDVI a slightly 
weaker representative of imperviousness in our study. 
The variability in site imperviousness across years for 
the vegetation indices (Fig. S1a-b) can be explained 
by the high temporal dynamics of river corridors and 
spatial heterogeneity which can be difficult to distin-
guish with spatial imagery at 30 m resolution (Kne-
htl et al. 2018). NDBI for example has been found to 
overestimate imperviousness due to its inability to 
differentiate between urban, sand, and barren land-
scapes with similar spectral properties (Agarwal and 
Verma 2022). While not ideal, these indices do have 
broad spatiotemporal applicability given how these 
scores are derived (spectral bands from freely avail-
able open-source global satellite imagery). Land 
cover data sets on the other hand are limited by spa-
tial and/or temporal availability, depending on the 
region (Smith et  al. 2010; Wickham et  al. 2013). 

For this study, there were only three years’ worth of 
publicly available spatial products that fit the study’s 
region and duration, thus the derived models could 
not be reasonably compared to vegetation indices. 
Regardless, the metric coefficients similarly showed 
weak overall influence on platypus occurrence, with 
random effects more greatly contributing to change 
over time (Table S2; Fig. 2c). The three government-
designated urban land cover classifications (min-
ing, residential and commercial land use) limited the 
capacity to accurately represent fine-scale heteroge-
neity (areas with < 10% imperviousness) and change 
in these catchments (Smith et  al. 2010). These fac-
tors likely contributed to the urban land cover models 
barely improving the fit over the null model (Table 3). 
Therefore, for the purposes of this study, given the 
limited availability of data for land cover, the vegeta-
tion indices more effectively represented changes in 
platypus distribution. Despite these constraints, this 
study indicated negative impact of catchment urbani-
sation on platypus occurrence for all imperviousness 
metrics (Tables 1, 2 and 3; Figs. 3, 4 and 5). Catch-
ment managers should consider available resources 
(e.g., data sets, funding, time), relevant climate and 
environmental variables, and the variation in the 
number and severity of urban stressors when select-
ing a spatial approach to assess impacts on freshwater 
ecosystems.

The persistence of platypus at moderately low 
densities of vegetation (Fig.  3b) and high levels of 
imperviousness (Fig. 4a) at the beginning of the study 
period has been found in other studies. Platypus have 
been known to tolerate disturbed habitat conditions 
(Grant and Temple-Smith 2003), with populations 
occurring in waterways bordering cleared agricultural 
(Lunney et  al. 1998) and urban landscapes (Serena 
et al. 1998; Serena and Pettigrove 2005; Brunt et al. 
2018). Platypus are also rarely sighted in sparsely 
vegetated, heavily urbanised landscapes, such as 
within fifteen kilometres of Melbourne’s inner-city 
suburbs in Victoria (Serena and Pettigrove 2005; 
Klamt 2017). Studies from Victoria have shown 
reaches capable of supporting platypus populations 
were characterised by a threshold of 11% catchment 
imperviousness associated with drainage connection 
(Serena and Pettigrove 2005; Martin et  al. 2014), 
indicating platypus are sensitive to urbanisation and 
stormwater runoff. The decline in platypus occur-
rence at higher imperviousness over the study period 
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(Fig.  4a) correlates with other reports of declines 
and localised extinctions with prolonged exposure to 
urbanisation (Grant 1998; Serena et  al. 2014; Brunt 
et al. 2025; Brunt and Smith 2025). This trend is fur-
ther evidenced in recent southeast Queensland platy-
pus environmental  DNA studies (Wildlife Preserva-
tion Society of Queensland 2024; Brunt et  al. 2021; 
Brunt 2023), which have revealed 24% of repeat-
edly sampled waterways in the Greater Brisbane 
region no longer show platypus presence; declines 
that have occurred within the span of two decades 
(1990–2016). This was similarly evident in our results 
(Figs.  3a, 4b), with platypus distribution positively 
associated with regions characterised by healthy 
riparian vegetation (Fig.  3a) and low urbanisation 
(Fig. 4b) despite there being little change in urbanisa-
tion over the 11-year study (Fig. S1). These findings 
(Tables 1, 2 and 3; Figs. 3b, 4a, 5a) led us to extrapo-
late that it was platypus response to urbanisation that 
changed with time, rather than urbanisation itself.

The suggestion that prolonged urban exposure 
is driving platypus population declines across an 
urbanisation gradient is consistent with source-sink 
metapopulation dynamics (Driscoll 2007). Local 
extinctions can be caused by temporary or permanent 
changes in habitat quality (in this study, vegetation 
removal, bank destabilisation, increased anthropo-
genic disturbance, flashier flows and waterway pol-
lution) which can prevent habitat patches from being 
immediately recolonised (Hanski 1999). Global avian 
studies, for example, have provided evidence of this 
non-random filtering of regional species pools in 
urban areas (Santini et  al. 2019; MacGregor-Fors 
et  al. 2022). However, research into the long-term 
effects of urbanisation in river systems is relatively 
less developed. Importantly, platypus occupancy was 
negatively impacted by high levels of imperviousness 
over time (Tables 1, 2 and 3; Figs. 3, 4 and 5), despite 
little overall change in catchment imperviousness 
throughout the study period (Fig. S1). It is also possi-
ble that the trend of high platypus occurrence at high 
NDBI values at the beginning of the study period to 
low occurrence at low NDBI levels towards the end 
of the study (Fig. 4a) correlated with the peak in total 
antecedent rainfall in 2022 (Fig.  2b). The potential 
explanation for this phenomenon being that platypus 
were unable to take advantage of high rainfall condi-
tions in highly urban areas due to the link between 
imperviousness and flashier flows and/or stormwater 

runoff (Fig.  1), resulting in platypus occurrence 
declines in these areas. Given that it is platypus 
response to urbanisation rather than the change in 
urbanisation itself, we suggest that prolonged urban 
exposure could be an environmental filter driving 
this shift in regional patch occupancy. This concept is 
corroborated by prior studies that have attributed dif-
ferences in platypus distribution to stormwater runoff 
(Martin et al. 2014) and stream flow (Coleman et al. 
2021). Further research is required to investigate this 
pattern of significant rainfall periods followed by 
decreased platypus presence in urban regions. The 
accrued impacts of urban stream syndrome through 
time may have serious implications for a species 
such as the platypus, which is sensitive to urbanisa-
tion and selective in its choice of habitat, potentially 
resulting in stochastic extinction if densely vegetated 
refugia is no longer available in catchments. Further 
investigation (e.g., combining occupancy model-
ling approaches with detailed demographic research) 
would be required to interrogate whether prolonged 
exposure to urbanisation imposes a non-random envi-
ronmental gradient on freshwater species from urban 
to vegetated regions.

To reduce the cumulative stress driven by long-
term urban impacts to freshwater ecosystems and pre-
vent extinction risks, proactive, adaptive and multi-
disciplinary conservation is critical. Such efforts 
must pull together scientists, government entities and 
stakeholders at the catchment-scale to be effective 
(Hughes 2018). Isolated, non-integrative interven-
tions that do not directly address the causes of the 
urban stream syndrome are unlikely to be effective 
due to the numerous and interlinked impacts on fresh-
water systems (Hughes 2018). Catchment managers 
should prioritise preserving and/or restoring vegeta-
tion by actions such as widescale revegetation and the 
implementation of riparian buffers (> 30  m on both 
sides of the waterway) to enhance habitat quality by 
accommodating platypus nursing burrows, increasing 
bank stability, providing woody substrate and coarse 
organic matter, regulating water temperature due 
to increased shade, increasing habitat connectivity 
with the expansion of green corridors, and improv-
ing water quality through the filtering of urban run-
off (Bino et al. 2019; Wu et al. 2020; Griffiths et al. 
2022). Overall, improving riparian vegetation may 
increase platypus movement due to increased con-
cealment as they swim, forage, and disperse through 
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waterways, especially in urban environments where 
threats intensify (Bino et  al. 2019). To limit imper-
vious encroachment and stormwater impacts, zoning 
laws should be enforced to restrict major development 
near waterways and green–blue infrastructure should 
be promoted (e.g., permeable pavements, bioswales 
and raingardens) (Perini and Sabbion 2017). Inno-
vative water-sensitive urban designs should also be 
considered such as the network of “smart” rainwa-
ter tanks to be deployed in an urban catchment east 
of Melbourne, Australia, designed to regulate flows 
and provide water during periods of drought (Fletcher 
et  al. 2021; Melbourne Water 2025). Incentives for 
weed management, revegetation, and stock exclu-
sion via fencing by private landholders have also 
proven to be a highly successful and sustainable strat-
egy (Manci 1989; Griffiths, Licul and Imprey 2022; 
Malcher et  al. 2023). Further actions designed to 
improve water quality and hydrological integrity such 
as upgrading stormwater treatment through biofilters 
or sediment traps to reduce contaminant loads and 
removing or modifying barriers like dams and weirs 
to restore natural flow and allow platypus dispersal 
will also mitigate threats to freshwater ecosystem 
health and platypus persistence.

The greatest limitation of the imperviousness met-
rics used in this study is that they preclude inference 
as to which stressors associated with urban stream 
syndrome are causing declines in platypus occur-
rence. Disentangling multiple stressors from impervi-
ousness (Fig.  1) is difficult due to the various ways 
they can interact with one another (e.g., additively, 
synergistically, antagonistically) (Folt et  al. 1999; 
Ormerod et al. 2010; Piggott et al. 2015), as well as 
how often these stressors are masked by background 
climate variables (Lin et  al. 2020). Additionally, 
the imperviousness metrics applied in this study do 
not fully encompass the full suite of anthropogenic 
impacts described by the urban stream syndrome and 
are, at best, proxies for a much wider array of pro-
cesses impacting these catchments. The severity of 
stressors, as well as the influence of high-impact, 
single-point stressors are also not considered. For 
example, because freshwater ecosystem function is 
highly reliant on river connection and regular flow 
regimes (Meyer et  al. 2007), dams (spatially con-
stituting a very small area of imperviousness) are 
highly detrimental – disrupting freshwater species 

dispersal pathways, fragmenting populations, and 
reducing genetic diversity and adaptive potential in 
semi-aquatic mammals (Coleman et al. 2018; Escoda, 
Fernández‐González and Castresana 2019; Mijangos 
et  al. 2022). Being a primarily fluvial species, dams 
have proven to act as barriers to platypus movement 
and gene flow (Kolomyjec et al. 2009; Gongora et al. 
2012; Furlan et  al. 2013; Hawke, Bino and Kings-
ford 2020; Mijangos et  al. 2022). Because no dams 
impacted the study catchments during the 11-year 
period (Seqwater 2025), conclusions capable of being 
drawn from this study have limited applicability to 
the management of systems with high-impact, single 
stressors like dams. Given these limitations, model-
ling the effect of habitat variables (e.g., river dis-
charge rates, river connectivity, attenuated runoff) on 
freshwater biodiversity may more effectively identify 
stressors contributing the greatest impact. We also 
emphasise the value of corroborative methods such 
as combining environmental DNA and observational 
surveys for independent quality control in future stud-
ies (Brunt and Smith 2025). Such techniques and 
knowledge will be important to inform targeted catch-
ment management actions to conserve freshwater bio-
diversity. The importance of using high-resolution, 
region-wide mapping for assessing urban impact over 
time, identifying priority regions for intervention, and 
taking appropriate efforts to reduce the consequences 
of urbanisation should also not be overlooked. The 
identification of urban impact is a first step which will 
hopefully galvanise efforts towards a multi-discipli-
nary framework to investigate the underlying threat-
ening processes driving these declines so targeted 
management actions can be developed. The continued 
monitoring and development of longitudinal datasets 
will assist in identifying further contractions in plat-
ypus distribution and/or provide baseline estimates 
of population sizes which can be used as evidence 
to improve the species’ conservation status in future 
State and Federal assessments, ensuring the persis-
tence of this iconic animal.

Acknowledgements  We respectfully acknowledge that this 
study was conducted on the lands of the Yugambeh, Bund-
jalung, and Kombumerri people. We thank Rebecca Cramp and 
Simon Hart valuable advice on a manuscript draft. This pro-
ject was made possible by support from Watergum Community 
Inc., including all coordinators and volunteers who contributed 
to data collection. Support was gratefully received from City of 
Gold Coast and Logan City Council.



Landsc Ecol          (2025) 40:175 	 Page 17 of 22    175 

Vol.: (0123456789)

Author Contributions  CJR, TB and ALS conceived and 
designed the study. CJR performed material preparation, data 
curation, formal analysis, investigation, methodology, figure 
creation and project administration under guidance from ALS. 
The manuscript draft was written by CJR. All authors con-
tributed to subsequent versions of the manuscript, read, and 
approved the final manuscript, and agree to be accountable for 
all aspects of the study in ensuring that questions related to the 
accuracy or integrity of any part of the work are appropriately 
investigated and resolved.

Funding  Open Access funding enabled and organized by 
CAUL and its Member Institutions. The authors declare that no 
funds, grants, or other support were received during the prepa-
ration of this manuscript.

Data Availability  All data and R code generated and/or ana-
lysed during this study have been archived on the Zenodo Pub-
lic Repository: https://​doi.​org/​10.​5281/​zenodo.​14279​089.

Declarations 

Conflict of Interest  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Agarwal A, Verma S (2022) Analysis of urban area extracted 
from NDBI and classification approach by using satellite 
data. In: 2022 International Conference on Engineering 
and Emerging Technologies (ICEET). Kuala Lumpur, 
Malaysia

Ahmed SF, Kumar PS, Kabir M, Zuhara FT, Mehjabin A, 
Tasannum N, Hoang AT, Kabir Z, Mofijur M (2022) 
Threats, challenges and sustainable conservation strate-
gies for freshwater biodiversity. Environ Res 214:113808.

Akiyama S (1998) Molecular Ecology if the Platypus (Orni-
thorhynchus anatinus). Doctural Dissertation, La Trobe 
University, Melbourne, Australia

Alberti M (2015) Eco-evolutionary dynamics in an urbanizing 
planet. Trends Ecol Evol 30(2):114–126.

Andem BA, Ibor O, Oku EE, Ekanem SB, Chukwuka AV, 
Adeogun OA (2022) Urbanisation gradients, riparian-
loss and contaminant effects on macroinvertebrate dis-
tribution within a tropical river (Nigeria). Chem Ecol 
38(6):503–526.

Anderson JR (1976) A Land use and land cover classification 
system for use with remote sensor data. Govt Print Off, 
Indiana University, United States, U.S

Atlas of Living Australia [ALA] (2024) Spatial Portal. 
Accessed 11 September 2024

Australian Bureau of Statistics [ABS] (2021) Regional Popu-
lations. https://​www.​abs.​gov.​au/​stati​stics/​people/​popul​
ation/​regio​nal-​popul​ation/​2019-​20#​data-​downl​oads-​
geopa​ckages. Accessed 11 September 2024

Balian EV, Segers H, Lévèque C, Martens K (2008) Fresh-
water animal diversity assessment: an overview of the 
results. Hydrobiologia 595(1):627–637.

Benedetti Y, Callaghan CT, Ulbrichová I et  al (2023) EVI 
and NDVI as proxies for multifaceted avian diversity in 
urban areas. Ecol Appl 33(3):e2808.

Bino G, Grant TR, Kingsford RT (2015) Life history and 
dynamics of a platypus (Ornithorhynchus anatinus) 
population: four decades of mark-recapture surveys. 
Sci Rep 5:16073.

Bino G, Kingsford RT, Grant T, Taylor MD, Vogelnest L 
(2018) Use of implanted acoustic tags to assess platy-
pus movement behaviour across spatial and temporal 
scales. Sci Rep 8:5117.

Bino G, Kingsford RT, Archer M et al (2019) The platypus: 
evolutionary history, biology, and an uncertain future. J 
Mammal 100(2):308–327.

Bonnineau C, Artigas J, Chaumet B et  al., (2021) Role of 
Biofilms in Contaminant Bioaccumulation and Trophic 
Transfer in Aquatic Ecosystems: Current State of 
Knowledge and Future Challenges. In: Reviews of 
Environmental Contamination and Toxicology (Con-
tinuation of Residue Reviews). Springer International 
Publishing

Briggs M (1995) Evaluating Degraded Riparian Ecosystems to 
Determine the Potential Effectiveness of Revegetation. 
In: Proceedings, Wildland Shrub and Arid Land Restora-
tion Symposium: Las Vegas, NV, October 19–21, 1993/
compilers, Roundy BA et  al. Intermountain Research 
Station, Forest Service, U.S. Dept. of Agriculture

Brönmark C, Klosiewski SP, Stein RA (1992) Indirect effects 
of predation in a freshwater, benthic food chain. Ecology 
73(5):1662–1674.

Brunt T, Smith AL (2025) Habitat quality and water availabil-
ity affect genetic connectivity of platypus across an urban 
landscape. Anim Conserv.

Brunt T, Adams-Hosking C, Murray P (2018) Prime real estate 
for the platypus (Ornithorhynchus anatinus): habitat 
requirements in a peri-urban environment. Queensl Nat 
56(4/5/6):25–39

Brunt T, Cecil M, Griffith J, Adams-Hosking C, Murray P 
(2021) Where are the platypuses (Ornithorhynchus 
anatinus) now? A snapshot in time of their distribution 
in southeast Queensland. Aust Mammal 43(3):368–372.

https://doi.org/10.5281/zenodo.14279089
http://creativecommons.org/licenses/by/4.0/
https://www.abs.gov.au/statistics/people/population/regional-population/2019-20#data-downloads-geopackages
https://www.abs.gov.au/statistics/people/population/regional-population/2019-20#data-downloads-geopackages
https://www.abs.gov.au/statistics/people/population/regional-population/2019-20#data-downloads-geopackages


	 Landsc Ecol          (2025) 40:175   175   Page 18 of 22

Vol:. (1234567890)

Brunt T, Cecil M, Griffiths J, Adams-Hosking C, Murray PJ, 
Smith AL (2025) Environmental DNA reveals habitat 
variables driving platypus (Ornithorhynchus anatinus) 
distribution across an urbanised landscape. Ecol Evol 
15(1):e70783.

Brunt T (2023) Platypus populations in a subtropical, urban 
landscape: an analysis of distribution, habitat, and con-
nectivity. PhD Thesis, The University of Queensland, 
Brisbane, Australia.

Bunn SE, Abal EG, Greenfield PF, Tarte DM (2007) Making 
the connection between healthy waterways and healthy 
catchments: South East Queensland, Australia. Water 
Supply 7(2):93–100.

Bureau of Meteorology [BOM] (2024) Climate Data Online. 
Australian Government. Accessed 23 August 2024

Chen P, Liu H, Wang Z, Mao D, Liang C, Wen L, Li Z, 
Zhang J, Liu D, Zhuo Y, Wang L (2021) Vegetation 
dynamic assessment by NDVI and field observations 
for sustainability of China’s Wulagai River Basin. Int J 
Environ Res Public Health 18(5):1–20.

Coleman RA, Gauffre B, Pavlova A, Beheregaray LB, Kearns 
J, Lyon J, Sasaki M, Leblois R, Sgro C, Sunnucks P 
(2018) Artificial barriers prevent genetic recovery of 
small isolated populations of a low-mobility freshwater 
fish. Heredity 120(6):515–532.

Coleman RA, Chee YE, Bond NR, Weeks A, Griffiths J, Ser-
ena M, Williams GA, Walsh CJ (2021) Understand-
ing and managing the interactive impacts of growth in 
urban land use and climate change on freshwater biota: 
a case study using the platypus (Ornithorhynchus anat-
inus). Glob Change Biol 28(4):1287–1300.

Collen B, Whitton F, Dyer EE, Baillie JEM, Cumberlidge 
N, Darwall WRT, Pollock C, Richman NI, Soulsby A, 
Böhm M (2014) Global patterns of freshwater species 
diversity, threat and endemism. Glob Ecol Biogeogr 
23(1):40–51.

Connolly J, Obendorf D, Whittington R, Muir D (1998) Causes 
of morbidity and mortality in platypus (Ornithorhyn-
chus anatinus) from Tasmania, with particular refer-
ence to Mucor amphibiorum infection. Austral Mammal 
20:177–187.

Cooke RSC, Eigenbrod F, Bates AE (2019) Projected losses of 
global mammal and bird ecological strategies. Nat Com-
mun 10(1):2279.

Craig LS, Olden JD, Arthington AH, Entrekin S, Hawkins 
CP, Kelly JJ, Kennedy TA, Maitland BM, Rosi EJ, Roy 
AH, Strayer DL, Tank JL, West AO, Wooten MS (2017) 
Meeting the challenge of interacting threats in freshwater 
ecosystems: a call to scientists and managers. Elements: 
Sci Anthropocene.

Driscoll DA (2007) How to find a metapopulation: habitat frag-
mentation. Can J Zool 85(10):1031–1048.

Dudgeon D, Arthington AH, Gessner MO, Kawabata ZI, 
Knowler DJ, Lévêque C, Naiman RJ, Prieur-Richard AH, 
Soto D, Stiassny MLJ, Sullivan CA (2007) Freshwater 
biodiversity: importance, threats, status and conservation 
challenges. Biol Rev 81(2):163–182.

Escoda L, Fernández-González Á, Castresana J (2019) Quan-
titative analysis of connectivity in populations of a semi-
aquatic mammal using kinship categories and network 
assortativity. Mol Ecol Resour 19(2):310–326.

Ferrão-Filho ADS, Kozlowsky-Suzuki B (2011) Cyanotoxins: 
Bioaccumulation and effects on aquatic animals. Mar 
Drugs 9(12):2729–2772.

Filbee-Dexter K, Pittman J, Haig HA, Alexander SM, Symons 
CC, Burke MJ (2017) Ecological surprise: concept, syn-
thesis, and social dimensions. Ecosphere.

Fish FE, Frappell PB, Baudinette RV, MacFarlane PM (2001) 
Energetics of terrestrial locomotion of the platypus Orni-
thorhynchus anatinus. J Exp Biol 204(4):797–803.

Fletcher T, Burns M, Lavau S, Walsh C, Russell K, Wallis B, 
Coleman R, Bergman D (2021) Saving Melbourne’s 
platypus with smart water storage. The University of 
Melbourne. https://​pursu​it.​unime​lb.​edu.​au/​artic​les/​sav-
ing-​melbo​urne-s-​platy​pus-​with-​smart-​water-​stora​ge. 
Accessed 22 June 2025

Folt CL, Chen CY, Moore MV, Burnaford J (1999) Syner-
gism and antagonism among multiple stressors. Limnol 
Oceanogr 44(3):864–877.

Furlan EM, Griffiths J, Gust N, Handasyde KA, Grant TR, 
Gruber B, Weeks AR (2013) Dispersal patterns and pop-
ulation structuring among platypuses, Ornithorhynchus 
anatinus, throughout south-eastern Australia. Conserv 
Genet 14(4):837–853.

Gell P, Fluin J, Tibby J, Hancock G, Harrison J, Zawadzki A, 
Haynes D, Khanum S, Little F, Walsh B (2009) Anthro-
pogenic acceleration of sediment accretion in lowland 
floodplain wetlands, Murray-Darling Basin, Australia. 
Geomorphology 108(1–2):122–126.

Gleick PH (1998) The human right to water. Water Policy 
1(5):487–503.

Gongora J, Swan AB, Chong AY, Ho SYW, Damayanti CS, 
Kolomyjec S, Grant T, Miller E, Blair D, Furlan E, 
Gust N (2012) Genetic structure and phylogeography 
of platypuses revealed by mitochondrial DNA. J Zool 
286(2):110–119.

Grant TR (1998) Current and historical occurrence of platy-
puses, Ornithorhynchus anatinus, around Sydney. Aust 
Mammal 20:257–266.

Grant TR, Dawson TJ (1978) Temperature regulation in the 
platypus, Ornithorhynchus anatinus: maintenance 
of body temperature in air and water. Physiol Zool 
51(1):1–6.

Grant TR, Temple-Smith P (2003) Conservation of the platy-
pus, Ornithorhynchus anatinus: threats and challenges. 
Aquat Ecosyst Health Manage 6:5–18.

GRASS Development Team (2024) Geographic Resources 
Analysis Support System (GRASS) Software, Version 
8.4.1. Open Source Geospatial Foundation. https://​grass.​
osgeo.​org/​grass​84/​manua​ls/r.​water​shed.​html. Accessed 
July 26 2024

Gregory SV, Swanson FJ, McKee WA, Cummins KW (1991) 
An ecosystem perspective of riparian zones. Bioscience 
41(8):540–551.

Griffiths J, Walker E, Imprey R, Licul S (2022) Assessing the 
conservation status of platypuses of the Orara Valley and 
potential impacts of the 2019/20 bushfires. EnviroDNA. 
https://​www.​coffs​harbo​ur.​nsw.​gov.​au/​files/​share​dasse​ts/​
public/​v/1/​envir​onment/​plants-​and-​anima​ls/​ed212​6cr2_​
jba_​platy​pus_​orara​valley_​final.​pdf. Accessed 22 June 
2025

https://pursuit.unimelb.edu.au/articles/saving-melbourne-s-platypus-with-smart-water-storage
https://pursuit.unimelb.edu.au/articles/saving-melbourne-s-platypus-with-smart-water-storage
https://grass.osgeo.org/grass84/manuals/r.watershed.html
https://grass.osgeo.org/grass84/manuals/r.watershed.html
https://www.coffsharbour.nsw.gov.au/files/sharedassets/public/v/1/environment/plants-and-animals/ed2126cr2_jba_platypus_oraravalley_final.pdf
https://www.coffsharbour.nsw.gov.au/files/sharedassets/public/v/1/environment/plants-and-animals/ed2126cr2_jba_platypus_oraravalley_final.pdf
https://www.coffsharbour.nsw.gov.au/files/sharedassets/public/v/1/environment/plants-and-animals/ed2126cr2_jba_platypus_oraravalley_final.pdf


Landsc Ecol          (2025) 40:175 	 Page 19 of 22    175 

Vol.: (0123456789)

Grimley A (1995) Feeding Ecology of Platypuses (Ornitho-
rhynchus anatinus) in Small Waterways of South-East 
Queensland. Honours dissertation, University of Queens-
land, Brisbane, Australia

Gust N, Handasyde K (1995) Seasonal-variation in the ranging 
behavior of the platypus (Ornithorhynchus-anatinus) on 
the Goulburn River, Victoria. Aust J Zool 43:193–208.

Hanski I (1999) Habitat connectivity, habitat continuity, 
and metapopulations in dynamic landscapes. Oikos 
87(2):209–219.

Harrison IJ, Green PA, Farrell TA, Juffe-Bignoli D, Sáenz L, 
Vörösmarty CJ (2016) Protected areas and freshwater 
provisioning: a global assessment of freshwater pro-
vision, threats and management strategies to support 
human water security. Aquat Conserv 26(S1):103–120.

Harrison I, Abell R, Darwall W, Thieme ML, Tickner D, Tim-
boe I (2018) The freshwater biodiversity crisis. Science 
362:1369–1369.

Hawke T, Bino G, Shackleton ME, Ross AK, Kingsford RT 
(2022) Using DNA metabarcoding as a novel approach 
for analysis of platypus diet. Sci Rep 12(1):2247–2247.

Hawke T, Bino G, Kingsford RT (2020) A national assess-
ment of the conservation status of the platypus. Austral-
ian Conservation Foundation. https://​www.​unsw.​edu.​au/​
conte​nt/​dam/​pdfs/​unsw-​adobe-​websi​tes/​scien​ce/​platy​
pus/​2021-​10-​platy​pus-1.​pdf. Accessed 10 July 2024

Hawke T (2020) The platypus: historical, ecological, and 
behavioural advances to improve the conservation of an 
elusive species. PhD Thesis, University of New South 
Wales, Sydney, Australia.

He F, Bremerich V, Zarfl C, Geldmann J, Langhans SD, David 
JNW, Darwall W, Tockner K, Jähnig SC (2018) Fresh-
water megafauna diversity: patterns, status and threats. 
Divers Distrib 24(9/10):1395–1404.

He F, Zarfl C, Bremerich V, David JNW, Hogan Z, Kalinkat G, 
Tockner K, Jähnig SC (2019) The global decline of fresh-
water megafauna. Glob Change Biol 25(11):3883–3892.

He F, Thieme M, Zarfl C, Grill G, Lehner B, Hogan Z, Tock-
ner K, Jähnig SC (2021) Impacts of loss of free-flowing 
rivers on global freshwater megafauna. Biol Conserv 
263:109335.

Hegyi G, Garamszegi LZ (2011) Using information theory as a 
substitute for stepwise regression in ecology and behav-
ior. Behav Ecol Sociobiol 65(1):69–76.

Herrero A, Gutiérrez-Cánovas C, Vigiak O, Lutz S, Kumar R, 
Gampe D, Huber-García V, Ludwig R, Batalla R, Sabater 
S (2018) Multiple stressor effects on biological quality 
elements in the Ebro River: Present diagnosis and pre-
dicted responses. Sci Total Environ 630:1608–1618.

Holostenco DN, Ciorpac M, Taflan E, Tošić K, Paraschiv M, 
Iani M, Honț Ș, Suciu R, Rîșnoveanu G (2021) Genetic 
diversity of Stellate sturgeon in the Lower Danube River: 
the impact of habitat contraction upon a critically endan-
gered population. Water 13(8):1115.

Hughes J (2018) Freshwater Ecology and Conservation: 
Approaches and Techniques. Oxford University Press

[IUCN] International Union for Conservation of Nature (2024) 
The IUCN Red List of Threatened Species, Version 
2024–1. www.​iucnr​edlist.​org.  Accessed 8 September 
2024

Iriarte V, Marmontel M (2013) River dolphin (inia geoffrensis, 
sotalia fluviatilis) mortality events attributed to artisanal 
fisheries in the western Brazilian Amazon. Aquat Mamm 
39(2):116–124.

Kidd KA, Schindler DW, Hesslein RH, Muir DCG (1995) 
Correlation between stable nitrogen isotope ratios and 
concentrations of organochlorines in biota from a fresh-
water food-web. Sci Total Environ 161:381–390.

Kingsford RT (2000) Ecological impacts of dams, water diver-
sions and river management on floodplain wetlands in 
Australia. Austral Ecol 25:109–127.

Klamt M, Thompson R, Davis J (2011) Early response of 
the platypus to climate warming. Glob Change Biol 
17(10):3011–3018.

Klamt MA (2017) Platypus in a changing world: impacts of 
land use and climate. PhD Thesis, Monash University, 
Melbourne, Australia.

Knehtl M, Petkovska V, Urbanič G (2018) Is it time to elimi-
nate field surveys from hydromorphological assessments 
of rivers?—Comparison between a field survey and a 
remote sensing approach. Ecohydrol. https://​doi.​org/​10.​
1002/​eco.​1924

Kolomyjec SH, Chong JYT, Blair D, Gongora J, Grant TR, 
Johnson CN, Moran C (2009) Population genetics of the 
platypus (Ornithorhynchus anatinus): a fine-scale look at 
adjacent river systems. Aust J Zool 57(4):225–234.

Kolomyjec SH (2010) The history and relationships of north-
ern platypus (Ornithorhynchus anatinus) populations: a 
molecular approach. PhD Thesis, James Cook University, 
Townsville, Australia.

Kosmala M, Wiggins A, Swanson A, Simmons B (2016) 
Assessing data quality in citizen science. Front Ecol 
Environ 14(10):551–560.

Kuiper SD, Coops NC, Hinch SG, White JC (2023) Advances 
in remote sensing of freshwater fish habitat: a systematic 
review to identify current approaches, strengths and chal-
lenges. Fish Fish 24(5):829–847.

Lake PS (2000) Disturbance, patchiness, and diversity in 
streams. J North Am Benthol Soc 19(4):573–592.

Li SH, Hong L, Jin BX, Zhou JS, Peng SY (2020) Spatiotem-
poral patterns of impervious surface area and water qual-
ity response in the Fuxian lake watershed. J Environ Pub-
lic Health 2020:4749765–4749812.

Lin P, Yang L, Zhao S (2020) Urbanization effects on Chinese 
mammal and amphibian richness: a multi-scale study 
using the urban-rural gradient approach. Environ Res 
Commun 2(12):125002.

Lüdecke D, Makowski D, Ben- Shachar M, Patil I, Waggoner 
P, Wiernik BM, Thériault R, Arel- Bundock V (2025) 
Package ‘performance’. The Comprehensive R Archive 
Network.

Lunn T (2015) Causal processes of a complex system: model-
ling stream use and disturbance influence on the platypus 
(Ornithorhynchus anatinus). Honours thesis, University 
of Tasmania, Hobart, Tasmania, Australia.

Lunney D, Grant T, Matthews C, Esson C, Moon C, Ellis M 
(1998) Determining the distribution of the platypus 
(Ornithorhynchus anatinus) in the Eden region of south-
eastern New South Wales through community-based sur-
veys. Aust Mammal 20:239–250.

https://www.unsw.edu.au/content/dam/pdfs/unsw-adobe-websites/science/platypus/2021-10-platypus-1.pdf
https://www.unsw.edu.au/content/dam/pdfs/unsw-adobe-websites/science/platypus/2021-10-platypus-1.pdf
https://www.unsw.edu.au/content/dam/pdfs/unsw-adobe-websites/science/platypus/2021-10-platypus-1.pdf
http://www.iucnredlist.org
https://doi.org/10.1002/eco.1924
https://doi.org/10.1002/eco.1924


	 Landsc Ecol          (2025) 40:175   175   Page 20 of 22

Vol:. (1234567890)

Lunney D, Grant T, Matthews A (2004) Distribution of the 
platypus in the Bellinger catchment from community 
knowledge and field survey and its relationship to river 
disturbance. Proc Linn Soc N S W 125:243–258

Lynch AJ, Cooke SJ, Deines AM, Bower SD, Bunnell DB, 
Cowx IG, Nguyen VM, Nohner J, Phouthavong K, Riley 
B, Rogers MW, Taylor WW, Woelmer W, Youn SJ, 
Beard TD (2016) The social, economic, and environmen-
tal importance of inland fish and fisheries. Environ Rev 
24(2):115–121.

MacGregor-Fors I, García-Arroyo M, Quesada J (2022) Keys 
to the city: an integrative conceptual framework on avian 
urban filtering. J Urban Ecol. https://​doi.​org/​10.​1093/​jue/​
juac0​26

Magierowski RH, Davies PE, Read SM, Horrigan N (2012) 
Impacts of land use on the structure of river macroinver-
tebrate communities across Tasmania, Australia: spatial 
scales and thresholds. Mar Freshw Res 63:762–776.

Malcher J, Critchell K, Matthews TG, Lester RE (2023) 
How wide, how much? A framework for quantify-
ing the economic and ecological outcomes of altering 
riparian width on agricultural land. Sci Total Environ 
897:165342–165342.

Manci KM (1989) Riparian ecosystem creation and restora-
tion : a literature summary. U.S. Dept. of the Interior, 
Fish and Wildlife Service, Research and Development

Marchant R, Grant TR (2015) Productivity of the macroinverte-
brate prey of the platypus in the upper Shoalhaven River, 
New South Wales. Mar Freshw Res 66(12):1128–1137.

Martin EH, Walsh CJ, Serena M, Webb JA (2014) Urban 
stormwater runoff limits distribution of platypus. Austral 
Ecol 39(3):337–345.

Mazerolle MJ (2023) AICcmodavg: Model Selection and Mul-
timodel Inference Based on (Q)AIC(c). The Comprehen-
sive R Archive Network. https://​CRAN.R-​proje​ct.​org/​
packa​ge=​AICcm​odavg. Accessed 16 July 2024

Maznikova VN, Ormerod SJ, Gómez-Serrano MA (2024) Birds 
as bioindicators of river pollution and beyond: specific 
and general lessons from an apex. Ecol Ind 158:111366.

Mcfarland TM, Van Riper C, Johnson GE (2012) Evaluation of 
NDVI to assess avian abundance and richness along the 
upper San Pedro River. J Arid Environ 77(1):45–53.

Meyer JL, Paul MJ, Taulbee WK (2005) Stream ecosystem 
function in urbanizing landscapes. J N Am Benthol Soc 
24(3):602–612.

Meyer JL, Strayer DL, Wallace JB, Eggert SL, Helfman GS, 
Leonard NE (2007) The contribution of headwater 
streams to biodiversity in river networks1. J Am Water 
Resour Assoc 43(1):86–103.

Mijangos JL, Bino G, Hawke T, Kolomyjec SH, Kingsford RT, 
Sidhu H, Grant T, Day J, Dias KN, Gongora J, Sherwin 
WB (2022) Fragmentation by major dams and implica-
tions for the future viability of platypus populations. 
Commun Biol 5(1):1127–1127.

Milione M, Harding E (2009) Habitat use by platypus (Orni-
thorhynchus anatinus) in a modified Australian Wet 
Tropics catchment, north-eastern Queensland. Austral 
Mammal 31:35–46.

Mor J, Muñoz I, Sabater S, Zamora L, Ruhi A (2022) 
Energy limitation or sensitive predators? Trophic and 

non-trophic impacts of wastewater pollution on stream 
food webs. Ecology (Durham) 103(2):e03587.

Nakagawa S, Schielzeth H (2013) A general and simple method 
for obtaining R2 from generalized linear mixed-effects 
models. Methods Ecol Evol 4(2):133–142.

Neldner VJ, Niehus RE, Wilson BA, McDonald WJF, Ford AJ, 
Accad A (2023) The Vegetation of Queensland. Descrip-
tion of Broad Vegetation Groups, Version 6.0. Queens-
land Herbarium and Biodiversity Science.  https://​www.​
des.​qld.​gov.​au/__​data/​assets/​pdf_​file/​0029/​81929/​descr​
iptio​ns-​of-​broad-​veget​ation-​groups.​pdf. Accessed 10 
July 2024

Oberhauser KS, Prysby MD (2008) Citizen science: creat-
ing a research army for conservation. Am Entomol 
54(2):103–105.

Olden JD, Kennard MJ, Lawler JJ, Poff NL (2011) Challenges 
and opportunities in implementing managed relocation 
for conservation of freshwater species. Conserv Biol 
25(1):40–47.

Ormerod SJ, Dobson M, Hildrew AG, Townsend CR (2010) 
Multiple stressors in freshwater ecosystems. Freshw Biol 
55(1):1–4.

Orr JA, Vinebrooke RD, Jackson MC, Kroeker KJ et al (2020) 
Towards a unified study of multiple stressors: divisions 
and common goals across research disciplines. Proc R 
Soc Lond B Biol Sci 287(1926):20200421.

Pace G, Gutiérrez-Cánovas C, Henriques R, Carvalho-Santos 
C, Cássio F, Pascoal C (2022) Remote sensing indicators 
to assess riparian vegetation and river ecosystem health. 
Ecol Indic 144:109519.

Paradis N et al., (2024) ape: analysis of phylogenetics and evo-
lution. Compr R Arch Network. https://​doi.​org/​10.​32614/​
CRAN.​packa​ge.​ape

Paul MJ, Meyer JL (2001) Streams in the urban landscape. 
Annu Rev Ecol Syst 32(1):333–365.

Perini K, Sabbion P (2017) Urban Sustainability and River 
Restoration: Green and Blue Infrastructure. John Wiley 
& Sons, Incorporated

Piggott JJ, Townsend CR, Matthaei CD (2015) Reconceptualiz-
ing synergism and antagonism among multiple stressors. 
Ecol Evol 5(7):1538–1547.

Queensland Government (2023b) Land use mapping series. 
Department of Environment, Tourism, Science and Inno-
vation (DETSI). . Accessed 10 March 2024

Queensland Government (2019) Queensland Government 
Population Projections: Regions 2017–2041. Queens-
land Government Statistician’s Office. https://​www.​qgso.​
qld.​gov.​au/​stati​stics/​theme/​popul​ation/​popul​ation-​proje​
ctions/​regio​ns. Accessed 13 September 2024

Queensland Government (2020) Climate science, analytics 
and reporting. Department of Climate Change, Energy, 
the Environment and Water (DCCEEW). https://​www.​
qld.​gov.​au/​envir​onment/​clima​te/​clima​te-​change/​clima​te-​
scien​ce,-​analy​tics-​and-​repor​ting#​reg-​im-​sum. Accessed 
13 September 2024

Queensland Government (2021) Population Counter. Queens-
land Government Statistician’s Office. https://​www.​qgso.​
qld.​gov.​au/​stati​stics/​theme/​popul​ation/​popul​ation-​estim​
ates/​state-​terri​tories/​qld-​popul​ation-​count​er. Accessed 13 
September 2024

https://doi.org/10.1093/jue/juac026
https://doi.org/10.1093/jue/juac026
https://CRAN.R-project.org/package=AICcmodavg
https://CRAN.R-project.org/package=AICcmodavg
https://www.des.qld.gov.au/__data/assets/pdf_file/0029/81929/descriptions-of-broad-vegetation-groups.pdf
https://www.des.qld.gov.au/__data/assets/pdf_file/0029/81929/descriptions-of-broad-vegetation-groups.pdf
https://www.des.qld.gov.au/__data/assets/pdf_file/0029/81929/descriptions-of-broad-vegetation-groups.pdf
https://doi.org/10.32614/CRAN.package.ape
https://doi.org/10.32614/CRAN.package.ape
https://www.qgso.qld.gov.au/statistics/theme/population/population-projections/regions
https://www.qgso.qld.gov.au/statistics/theme/population/population-projections/regions
https://www.qgso.qld.gov.au/statistics/theme/population/population-projections/regions
https://www.qld.gov.au/environment/climate/climate-change/climate-science,-analytics-and-reporting#reg-im-sum
https://www.qld.gov.au/environment/climate/climate-change/climate-science,-analytics-and-reporting#reg-im-sum
https://www.qld.gov.au/environment/climate/climate-change/climate-science,-analytics-and-reporting#reg-im-sum
https://www.qgso.qld.gov.au/statistics/theme/population/population-estimates/state-territories/qld-population-counter
https://www.qgso.qld.gov.au/statistics/theme/population/population-estimates/state-territories/qld-population-counter
https://www.qgso.qld.gov.au/statistics/theme/population/population-estimates/state-territories/qld-population-counter


Landsc Ecol          (2025) 40:175 	 Page 21 of 22    175 

Vol.: (0123456789)

Queensland Government (2023a) Climate change in the South 
East Queensland region. Version 1. Department of Cli-
mate Change, Energy, the Environment and Water 
(DCCEEW). https://​www.​qld.​gov.​au/__​data/​assets/​pdf_​
file/​0023/​67631/​seq-​clima​te-​change-​impact-​summa​ry.​
pdf. Accessed 13 September 2024

Queensland Spatial Catalogue (2013) Digital elevation model 
- 3 second - Queensland. Queensland Department of 
Resources. http://​qldsp​atial.​infor​mation.​qld.​gov.​au/​catal​
ogue/​custom/​search.​page?​q=%​22Dig​ital elevation model 
- 3 second - Queensland%22. Accessed 13 June 2024

Queensland Spatial Catalogue (2023) Watercourse lines - 
North East Coast drainage division - southern section. 
Queensland Department of Resources. http://​qldsp​atial.​
infor​mation.​qld.​gov.​au/​catal​ogue/​custom/​search.​page?​
q=%​22Wat​ercou​rse lines - North East Coast drainage 
division - southern section%22. Accessed 16 June 2024

R Core Team (2024) The R Project for Statistical Computing. 
The R Foundation. https://​www.r-​proje​ct.​org/. Accessed 
July 26 2024

Rai A, Bashir T, Lagunes-Díaz EG, Shrestha B (2023) The 
effect of physiographic and hydrologic complexities and 
their alterations on the distribution of obligate freshwater 
dolphins. Ecol Evol 13(5):e10106.

Ramírez A, Engman A, Rosas KG, Perez-Reyes O, Martinó-
Cardona DM (2012) Urban impacts on tropical island 
streams: some key aspects influencing ecosystem 
response. Urban Ecosyst 15(2):315–325.

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson 
PTJ, Kidd KA, MacCormack TJ, Olden JD, Ormerod SJ, 
Smol JP, Taylor WW, Tockner K, Vermaire JC, Dudgeon 
D, Cooke SJ (2019) Emerging threats and persistent con-
servation challenges for freshwater biodiversity. Biol Rev 
Camb Philos Soc 94(3):849–873.

Robinson KW (1954) Heat tolerances of Australian mono-
tremes and marsupials. Aust J Biol Sci 7(3):348–360.

Rodríguez-Lozano P, Verkaik I, Rieradevall M, Prat N (2015) 
Small but powerful: top predator local extinction affects 
ecosystem structure and function in an intermittent 
stream. PLoS ONE 10(2):e0117630.

Rouse JW, Jr Haas RH, Schell JA, Deering DW (1974) Moni-
toring vegetation systems in the Great Plains with ERTS. 
NASA. Goddard Space Flight Center 3d ERTS-1 Symp., 
Vol. 1, Sect. A, Greenbelt, Maryland, United States.

Santini L, González-Suárez M, Russo D, Gonzalez-Voyer A, 
Hardenberg A, Ancillotto L, Brose U (2019) One strat-
egy does not fit all: determinants of urban adaptation in 
mammals. Ecol Lett 22(2):365–376.

Selaković S, Säterberg T, Heesterbeek H (2022) Ecological 
impact of changes in intrinsic growth rates of species at 
different trophic levels. Oikos. https://​doi.​org/​10.​1111/​
oik.​08712

Selkoe KA, Blenckner T, Caldwell MR et al (2015) Principles 
for managing marine ecosystems prone to tipping points. 
Ecosyst Health Sustain 1(5):1–18.

Seqwater (2025) DAMS AND WEIRS. https://​www.​seqwa​ter.​
com.​au/​dams-​and-​weirs. Accessed 1 June 2025

Serena M, Pettigrove V (2005) Relationship of sediment 
toxicants and water quality to the distribution of platy-
pus populations in urban streams. J N Am Benthol Soc 
24(3):679–689

Serena M, Williams GA (2010) Factors contributing to platy-
pus mortality in Victoria. Vict Nat 127(5):178–183

Serena M, Williams GA (2013) Movements and cumula-
tive range size of the platypus (Ornithorhynchus anati-
nus) inferred from mark–recapture studies. Aust J Zool 
60(5):352–359.

Serena M, Williams GA (2022) Factors affecting the frequency 
and outcome of platypus entanglement by human rub-
bish. Austral Mammal 44(1):81–86.

Serena M, Thomas JL, Williams GA, Officer RCE (1998) Use 
of stream and river habitats by the platypus, Ornitho-
rhynchus anatinus, in an urban fringe environment. Aust 
J Zool 46(3):267–282.

Serena M, Worley M, Swinnerton M, Williams G (2001) Effect 
of food availability and habitat on the distribution of plat-
ypus (Ornithorhynchus anatinus) foraging activity. Aust 
J Zool 49:263–277.

Serena M, Williams G, Weeks A, Griffiths J (2014) Varia-
tion in platypus (Ornithorhynchus anatinus) life history 
attributes and population trajectories in urban streams. 
Aust J Zool 62:223–234.

Sitati A, Raburu PO, Yegon MJ, Masese FO (2021) Land-use 
influence on the functional organization of Afrotropical 
macroinvertebrate assemblages. Limnologica 88:125875.

Slonecker ET, Jennings DB, Garofalo D (2001) Remote sens-
ing of impervious surfaces: a review. Remote Sens Rev 
20(3):227–255.

Smith ML, Zhou W, Cadenasso M, Grove M, Band LE (2010) 
Evaluation of the National Land Cover Database for 
hydrologic applications in urban and suburban Baltimore, 
Maryland. J Am Water Resour Assoc 46(2):429–442.

Snyder CD, Young JA (2020) Identification of management 
thresholds of urban development in support of aquatic 
biodiversity conservation. Ecol Indic 112:106124.

Australian Government (2025) Species nominations not pri-
oritised for assessment. Department of Climate Change, 
Energy, the Environment and Water (DCCEEW). https://​
www.​dcceew.​gov.​au/​envir​onment/​biodi​versi​ty/​threa​
tened/​nomin​ations/​speci​es-​not-​prior​itised-​asses​sment. 
Accessed 13 July 2025

Stone G (1983) Distribution of the platypus (Ornithorhynchus 
anatinus) in Queensland. Brisbane, Queensland National 
Parks and Wildlife Service

Strayer DL, Dudgeon D (2010) Freshwater biodiversity con-
servation: recent progress and future challenges. J N Am 
Benthol Soc 29(1):344–358.

Su H, Feng Y, Chen J, Chen J, Ma S, Fang J, Xie P (2021) 
Determinants of trophic cascade strength in freshwa-
ter ecosystems: a global analysis. Ecology (Durham) 
102(7):1–12.

Sulliván SMP, Bohenek JR, Cáceres C, Pomeroy LW (2021) 
Multiple urban stressors drive fish-based ecological net-
works in streams of Columbus, Ohio, USA. Sci Total 
Environ 754:141970.

United States Geological Survey [USGS] (2024) EarthEx-
plorer. https://​earth​explo​rer.​usgs.​gov/. Accessed 1 July 
2023

Uphoff JH, McGinty M, Lukacovic R, Mowrer J, Pyle B (2011) 
Impervious surface, summer dissolved oxygen, and fish 
distribution in Chesapeake Bay subestuaries: linking 

https://www.qld.gov.au/__data/assets/pdf_file/0023/67631/seq-climate-change-impact-summary.pdf
https://www.qld.gov.au/__data/assets/pdf_file/0023/67631/seq-climate-change-impact-summary.pdf
https://www.qld.gov.au/__data/assets/pdf_file/0023/67631/seq-climate-change-impact-summary.pdf
http://qldspatial.information.qld.gov.au/catalogue/custom/search.page?q=%22Digital
http://qldspatial.information.qld.gov.au/catalogue/custom/search.page?q=%22Digital
http://qldspatial.information.qld.gov.au/catalogue/custom/search.page?q=%22Watercourse
http://qldspatial.information.qld.gov.au/catalogue/custom/search.page?q=%22Watercourse
http://qldspatial.information.qld.gov.au/catalogue/custom/search.page?q=%22Watercourse
https://www.r-project.org/
https://doi.org/10.1111/oik.08712
https://doi.org/10.1111/oik.08712
https://www.seqwater.com.au/dams-and-weirs
https://www.seqwater.com.au/dams-and-weirs
https://www.dcceew.gov.au/environment/biodiversity/threatened/nominations/species-not-prioritised-assessment
https://www.dcceew.gov.au/environment/biodiversity/threatened/nominations/species-not-prioritised-assessment
https://www.dcceew.gov.au/environment/biodiversity/threatened/nominations/species-not-prioritised-assessment
https://earthexplorer.usgs.gov/


	 Landsc Ecol          (2025) 40:175   175   Page 22 of 22

Vol:. (1234567890)

watershed development, habitat conditions, and fisheries 
management. N Am J Fish Manag 31(3):554–566.

Vörösmarty CJ, Rodríguez Osuna V, Cak AD, Bhaduri A, 
Bunn SE, Corsi F, Gastelumendi J, Green P, Harrison I, 
Lawford R, Marcotullio PJ, McClain M, McDonald R, 
McIntyre P, Palmer M, Robarts RD, Szöllösi-Nagy A, 
Tessler Z, Uhlenbrook S (2018) Ecosystem-based water 
security and the Sustainable Development Goals (SDGs). 
Ecohydrol Hydrobiol 18(4):317–333.

Walsh CJ, Kunapo J (2009) The importance of upland flow 
paths in determining urban effects on stream ecosystems. 
J N Am Benthol Soc 28(4):977–990.

Walsh CJ, Roy AH, Feminella JW, Cottingham PD, Groffman 
PM, Morgan RP (2005) The urban stream syndrome: 
current knowledge and the search for a cure. J N Am 
Benthol Soc 24(3):706–723.

Walsh CJ, Fletcher TD, Vietz GJ (2016) Variability in stream 
ecosystem response to urbanization: unraveling the influ-
ences of physiography and urban land and water manage-
ment. Prog Phys Geogr 40(5):714–731.

Melbourne Water (2025) Monbulk Creek Smart Water Net-
work upgrade project. Yarra Ranges Council. https://​
www.​melbo​urnew​ater.​com.​au/​servi​ces/​proje​cts/​monbu​
lk-​creek-​smart-​water-​netwo​rk-​upgra​de-​proje​ct. Accessed 
22 June 2025

Watergum Community Inc. (2025) PlatypusWatch. https://​
water​gum.​org/​platy​puswa​tch/. Accessed 2 April 2024

White JY, Walsh CJ (2020) Catchment-scale urbanization 
diminishes effects of habitat complexity on instream 
macroinvertebrate assemblages. Ecol Appl 30(8):1–12.

Wickham JD, Stehman SV, Gass L, Dewitz J, Fry JA, Wade 
TG (2013) Accuracy assessment of NLCD 2006 land 
cover and impervious surface. Remote Sens Environ 
130:294–304.

Wiederkehr F, Wilkinson CL, Zeng Y, Yeo DCJ, Ewers RM, 
O’Gorman EJ (2020) Urbanisation affects ecosystem 
functioning more than structure in tropical streams. Biol 
Conserv 249:108634.

Wildlife Preservation Society of Queensland (2024) Platy-
pusWatch Network Environmental DNA project. https://​
wildl​ife.​org.​au/​our-​work/​conse​rvati​on-​progr​ams/​platy​
puswa​tch-​netwo​rk/. Accessed 15 September 2024

Wood SN (2003) Thin plate regression splines. J R Stat Soc 
Series B Stat Methodol 65(1):95–114.

Wood SN, Scheipl F, Faraway JJ (2013) Straightforward inter-
mediate rank tensor product smoothing in mixed models. 
Stat Comput 23(3):341–360.

Wood S (2023) Mixed GAM Computation Vehicle with Auto-
matic Smoothness Estimation. The Comprehensive R 
Archive Network. https://​cran.r-​proje​ct.​org/​web/​packa​
ges/​mgcv/​mgcv.​pdf. Accessed 25 September 2024

Woodward G, Hildrew AG (2002) Food web structure in river-
ine landscapes. Freshwater Biol 47(4):777–798.

Wu J, Dai Y, Cheng S (2020) General trends in freshwater eco-
logical restoration practice in China over the past two 
decades: the driving factors and the evaluation of resto-
ration outcome. Environ Sci Eur. https://​doi.​org/​10.​1186/​
s12302-​020-​00335-4

Xie S, Wang X, Ren Y, Su Z, Su Y, Wang S, Zhou W, Lu F, 
Qian Y, Gong C, Huang B, Ouyang Z (2020) Factors 
responsible for forest and water bird distributions in 
rivers and lakes along an urban gradient in Beijing. Sci 
Total Environ 735:139308–139308.

Zha Y, Gao J, Ni S (2003) Use of normalized difference built-
up index in automatically mapping urban areas from TM 
imagery. Int J Remote Sens 24(3):583–594.

Zhang Y, Wang XN, Ding HY, Dai Y, Ding S, Gao X (2019) 
Threshold responses in the taxonomic and functional 
structure of fish assemblages to land use and water qual-
ity: a case study from the Taizi River. Water 11(4):661.

Zhang J, Khoshbakht M, Liu J, Gou Z, Xiong J, Jiang M (2022) 
A clustering review of vegetation-indicating parameters 
in urban thermal environment studies towards various 
factors. J Therm Biol 110:103340.

Zhou X, Yang Z, Luo Z, Li H, Chen G (2019) Endocrine dis-
rupting chemicals in wild freshwater fishes: species, 
tissues, sizes and human health risks. Environ Pollut 
1987:462–468.

Boretti A, Rosa L  (2019) Reassessing the projections of the 
World Water Development Report. Npj Clean Water 
2(1).

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://www.melbournewater.com.au/services/projects/monbulk-creek-smart-water-network-upgrade-project
https://www.melbournewater.com.au/services/projects/monbulk-creek-smart-water-network-upgrade-project
https://www.melbournewater.com.au/services/projects/monbulk-creek-smart-water-network-upgrade-project
https://watergum.org/platypuswatch/
https://watergum.org/platypuswatch/
https://wildlife.org.au/our-work/conservation-programs/platypuswatch-network/
https://wildlife.org.au/our-work/conservation-programs/platypuswatch-network/
https://wildlife.org.au/our-work/conservation-programs/platypuswatch-network/
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
https://doi.org/10.1186/s12302-020-00335-4
https://doi.org/10.1186/s12302-020-00335-4

	The impact of a decade of urbanisation on a semi-aquatic mammal in a subtropical freshwater ecosystem
	Abstract 
	Context 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study region
	Platypus observational dataset
	Definition of catchment-scale study areas
	Imperviousness metrics
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References


