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Environmental DNA (eDNA) has emerged as a powerful tool for species
detection and monitoring; however, understanding its dispersion and
transport dynamics and how this influences detectability is essential to
enhance the accuracy of eDNA use. A biophysical model was used to
investigate the spatiotemporal dispersion of Chironex fleckeri eDNA in an
open coastal bay in northern Australia. The model revealed that local
hydrodynamics, geomorphology and meteorological conditions shaped
‘detection shadows’, with eDNA detectability constrained from hundreds
of metres to kilometres from seeding locations. These dispersion estimates
are closely aligned with empirical detections of C. fleckeri medusae and
polyps, demonstrating the utility of biophysical models for estimating
eDNA transport and dispersal dynamics. The findings highlight the
influence of eDNA decay and dilution on detectability and provide
valuable insights for interpreting detections of targeted taxa. Here, we
demonstrate the broader potential of combining biophysical modelling
with eDNA sampling.

1. Introduction
Environmental DNA (eDNA) provides a non-invasive and efficient method
to detect species within their environment [1,2]. It is increasingly being
explored and applied as an ecological survey and management tool to further
understand species’ presence and distributions. Furthermore, it can provide
critical information to stakeholders and decision makers surrounding the risk
management of problematic species [3–7]. However, the accuracy of using
eDNA as a detection method is at times questioned due to fundamental
knowledge gaps surrounding the ‘ecology’ of eDNA [8,9], particularly its
physical transport and dispersion within the natural environment [8,10]. This
understanding is crucial for linking eDNA-based detections to the physi-
cal presence of taxa, thereby distinguishing between true detections and
those arising from allochthonous eDNA. In this context, a ‘true’ detection
is inherently scale- and context-dependent. It refers to eDNA originating
from organisms within the relevant area of interest, rather than from adjacent
habitats via transport. Thus, the interpretation of detections must consider
both the spatial scale of interest and the hydrodynamic connectivity of the
system. Current interpretations of eDNA-based species detections often rely
on eDNA persistence times and thus temporal detection windows. However,
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as highlighted by Thomsen et al. [11], eDNA has the potential to travel significant distances, ranging from tens to hundreds of
kilometres before decaying. Therefore, understanding the spatiotemporal dispersion of eDNA is key for enhancing the accuracy
of eDNA-based species detections and to inform efficient sampling strategies [10,12].

eDNA is largely at the mercy of hydrodynamic forces and meteorological conditions [10,13], which can vary significantly
across environments. For instance, in still water environments, horizontal eDNA transport tends to be limited [14–16], with
maximum distances reported to be only hundreds of metres from source individuals [15,17]. Conversely, in environments with
actively flowing water, eDNA transport has been reported over distances ranging from kilometres [18–21] to tens of kilometres
[22,23]. This dispersion is influenced by numerous extrinsic factors such as flow velocity and river characteristics/morphology
[18,21]. Intrinsic factors such as eDNA decay rates, organism shedding rates and biotic and abiotic conditions may also
influence these processes [24] and interact with extrinsic forces to shape eDNA transport dynamics. Given these interacting
influences and found variability, detailed understandings of eDNA transport across differing environments and conditions are
essential for interpreting eDNA-based detections.

In marine environments, these complexities are amplified due to the interplay of extrinsic factors, such as tides, water
density, wind patterns, ocean currents, bathymetry and coastal geomorphology. These interactions create variable water
movements, both horizontally and vertically, resulting in complex hydrodynamic conditions. As a result, the transport of
eDNA in marine systems likely exhibits significant spatial variability. Empirical studies highlight this with reported maximum
detection distances from known source individuals ranging from hundreds of metres to kilometres [13,25–31].

Biophysical modelling has been successfully utilied to investigate the transport and dispersal patterns of passive particles
in marine systems for numerous applications [32–34]. Subsequently, it has been highlighted as a method to study the transport
and dispersion of eDNA [10,35–38]. Recently, this approach has been utilized to examine eDNA transport and dispersal to
inform and improve sampling designs [35,38,39] and to identify origin locations of eDNA [36,40]. With the incorporation of
known eDNA degradation rates, it is possible for this approach to reveal and allow study of the spatiotemporal distribution of
detectable eDNA from source individuals, termed ‘eDNA shadows’ by Ellis et al. [35]. This approach holds potential to enhance
the interpretation of eDNA detections and the sampling effort required to maximize detections [35]. The use of biophysical
models for this purpose generally lacks ground truthing. Accordingly, comparisons between modelled and measured eDNA
concentrations need to be further explored in marine environments.

eDNA has recently been applied to detect and study problematic jellyfish, specifically the notorious Australian box jellyfish,
Chironex fleckeri [41–43]. Morrissey et al. [41] displayed the efficacy of eDNA both in detecting major life history stages and
in delineating population stock boundaries of the species [41,42]. Using a grid sampling design within an open coastal bay
(Horseshoe Bay of Magnetic Island, Australia), they determined the nearshore distribution of the species, with detections
exclusively at nearshore sites and with non-detections at sites located hundreds of metres to kilometres from shore across
multiple sampling times [42]. Based on these findings, they suggested that C. fleckeri eDNA dispersal is likely limited and
recommended use of biophysical models to test this hypothesis. This presented an opportunity to utilize biophysical models to
evaluate the spatiotemporal dispersal potential of eDNA within an open coastal bay and to compare modelled eDNA transport
with empirical data [42]. Accordingly, this study could aid in the monitoring and management of a deadly species and offer
insights into eDNA dispersal dynamics in open coastal embayments.

The objective of this study was to utilize biophysical models to examine the transport of C. fleckeri’s eDNA within an open
coastal bay under varying conditions, to improve our understanding of the relationship between species presence and eDNA
detections. Specifically, we aimed to determine the following: (i) oceanographic and meteorological influences upon eDNA
transport and dispersion in an open coastal bay, (ii) spatiotemporal dispersion of simulated eDNA, to better understand how
long and at what spatial scale eDNA signals remain viable for detection, and (iii) how modelled transport and estimates of
detection limits compare with empirical field detections of C. fleckeri.

2. Material and methods
2.1. Study area
This study encompassed an open coastal bay, Horseshoe Bay, Magnetic Island, Australia (19.11° S, 146.85° E). Horseshoe Bay
is an approximately 2.5 by 1.7 km shallow bay, buffered by rocky headlands, with a maximum depth of approximately 10 m
(figure 1). The bay has a sandy beach environment, with some fringing seagrass beds and coral reef, and a tidally isolated
freshwater inflow located in its southeast corner. It has an average tidal range of approximately 3.4 m, and the water column is
generally unstratified [42]. This area was selected due to the availability of empirical data on detections of C. fleckeri eDNA [42].

2.2. Study species
Chironex fleckeri, the Australian box jellyfish, is a highly venomous species found along the northern coast of Australia from
Gladstone to Broome, extending into the Indo-Pacific [44]. The species has a polymorphic life history where its medusae stage
is seasonal (Austral summer; October to May) [45,46]. This stage is known to maintain a nearshore distribution in Australia
[42,47,48], and the medusae and polyp stages of this species are specifically known to be present within Horseshoe Bay [42].
Medusae were exclusively detected along the shore of the bay, while polyps were putatively detected within the eastern tidally
isolated freshwater inflow of the bay (figure 1) [42]. The seasonal separation of these life history stages, with medusae occurring
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in waters from September to May and polyps persisting during winter months when medusae are absent, enables their
respective detection via eDNA [41,42]. This ecological knowledge was utilized to inform the approach to modelling (§2.4.1).

2.3. Biophysical model

2.3.1. Hydrodynamic model

The depth-averaged currents around Magnetic Island were simulated using the two-dimensional (2D) version of the Second-
generation Louvain-la-Neuve Ice-Ocean Model (SLIM2D) [49]. SLIM2D was selected due to the bay’s shallow, well-mixed
waters, where eDNA is likely to be mixed throughout the water column [42,50]. Moreover, SLIM2D has previously been
effectively utilized in accurately simulating the hydrodynamics of shallow systems [49,51].

The model domain extended far enough to (i) include key oceanographic processes that can influence the currents around
Magnetic Island and (ii) avoid confounding open boundary errors. Specifically, the model domain encompassed an area from
the middle of the Queensland Plateau to the far south of Magnetic Island, extending from the Queensland coast out into the
Coral Sea (electronic supplementary material, figure S1), as per the domain utilized by Schlaefer et al. [51]. Thereby, the domain
captured the interactions of the North Caledonian Jet of the South Equatorial Current with the continental shelf south of the
Queensland Plateau [52,53].

In SLIM2D, the depth-averaged shallow-water equations are solved for sea surface elevation and zonal (west to east) and
meridional (south to north) current components. The equations are discretized spatially using a second-order discontinuous
Galerkin finite element method and temporally using a second-order implicit Runge–Kutta method [49]. Importantly, because
of the method of spatial discretization, we could use an unstructured grid. Our unstructured grid has coarser elements in open
water and finer elements near coasts and reefs, with the greatest resolution at our study location of Horseshoe Bay (electronic
supplementary material, figure S1). This grid contained 68 403 triangles with side lengths ranging from 25.90 m nearshore to
7.75 km offshore. Each triangle has three degrees of freedom (i.e. there were three axes along which the variable could translate),
so there were 68 403 × 3 = 205 209 degrees of freedom in total. The variation in triangle size enabled us to have a computationally
efficient model that could represent both the large-scale oceanographic influences on Magnetic Island and the fine-scale flows
around complex bathymetry (i.e. coastlines).

We used a standard model set-up. Sea surface elevation and zonal and meridional current components were prescribed at
the open boundaries on the outside of the model domain, and wind was prescribed over the entire domain. Tide and current
data were sourced from eReefs GBR 4 [54], and wind data from the Australian Bureau of Meteorology’s (BoM) Atmospheric
high-resolution Regional Reanalysis for Australia [55]. Additionally, bottom friction dissipation was computed using a Chezy–
Manning scheme, incorporating the Chezy–Manning–Strickler formulation, which accounts for drag as water flows over the
seabed. Finally, turbulent viscosity, an important parameter in eddy simulation, was determined through a Smagorinsky
scheme.

The hydrodynamic model was run for four distinct time periods: two within the Australian box jellyfish season (October
2016 to January 2017 and October 2017 to January 2018) and two outside of the season (June to September 2017 and June to
September 2018). The hydrodynamic fields were simulated every 3 min and saved every 30 min. This high temporal resolution
was utilized to match the fine-scale resolution of the SLIM grid to ensure that complex coastal hydrodynamic features were
effectively simulated.

2.3.2. Hydrodynamic model validation

The fine-scale hydrodynamics at the study location were well represented in the hydrodynamic model. The model was
validated through comparisons to measured tidal anomalies for the area from a local tidal gauge (Maritime Safety Queensland,
Queensland Government) and to water current data collected in Horseshoe Bay at five sites from November 2017 to January

Figure 1. Study site. (a) Magnetic Island, and (b) map of Horseshoe Bay with bathymetry of the bay (1 m interval contour lines) and particle seeding locations (A, B,
C). Outside of the Australian stinger season, particle seeding location is C. Green crosses are indicative of empirical positive field detections of both medusae and polyps,
and red crosses are indicative of negative field detections as per Morrissey et al. [42].
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2018 through use of drag-tilt current meters (electronic supplementary material, figure S2). The skill in modelling water level
anomalies and zonal and meridional current components was assessed through data visualizations and calculation of the
normalized root mean square error of the simulated versus observed data (electronic supplementary material, figure S3 and
tables S1 and S2). Further details can be found in electronic supplementary material, 1.1.

2.4. Simulating environmental DNA particle transport

2.4.1. Particle releases

The transport of passive virtual eDNA particles was simulated by coupling the SLIM Lagrangian particle tracker model with
the hydrodynamic model [49,56]. Herein, ‘particle’ refers to a computational parcel of eDNA mass rather than a discrete cell or
fragment. In the Lagrangian particle tracker, the particles were dispersed based on the currents simulated by the hydrodynamic
model at the grid scale and by horizontal diffusivity from turbulent mixing at the sub-grid scale. The horizontal diffusivity was
parametrized as a function of the local grid cell size using an Okubo scheme following de Brye et al. [57].

Initial particle release concentrations were determined from empirical field concentrations [42]: 200 copies l−1 during the
stinger season, and 100 copies l−1 outside of it. These concentrations reflect the approximate maximum concentration of
C. fleckeri eDNA captured during and outside of the Australian stinger season, respectively [42]. This approach enhanced
the ecological relevance of the simulations, ensuring that the modelled concentrations more accurately reflected real-world
conditions and the sensitivity of the utilized workflow [43]. To produce these concentrations, the numbers of particles released
ranged from 364 477 to 900 773. Although no sensitivity analysis has been conducted on the requirements to model eDNA
dispersal, these numbers were three orders of magnitude greater than the number of particles required to robustly represent
the dispersal of marine plants in a similar environment [58]. Particle releases during the Australian stinger season occurred
from three locations (figure 1). This was undertaken to mirror the known presence and movements of C. fleckeri medusae
along the shore of Horseshoe Bay, which allowed for a spatially variable eDNA source region [42]. Conversely, only a single
location was utilized outside of the Australian stinger season to reflect where C. fleckeri polyps were putatively detected within
Horseshoe Bay (figure 1). A decay function, consistent with known C. fleckeri eDNA decay [43], was applied to the particles
post-release. This function employed three differing decay rates to reflect the various observed stages of particle decay [43]. Use
of this decay function, instead of a first-order decay model that may oversimplify this process [9], aids in recreating real-world
eDNA ‘behaviour’ and provides a more accurate representation of eDNA persistence [36]. This decay function aligned well
with observed decay data [43] through use of a regression analysis (slope = 0.99, intercept = 0.047, R2 = 0.99, p < 0.01). To ensure
robustness, the decay function was applied five replicate times upon each particle release, with randomly selected particles to
be decayed, to capture any potential variation in particle transport. This approach allowed for a more accurate assessment of
variability in dispersion patterns, ensuring that the results reflected a range of possible particle decay scenarios. Particles were
released from each seeding location every 10 h over a 7 day simulation period.

2.4.2. Tidal and wind conditions

The influence of two varying tidal and wind conditions on eDNA transport was examined. Regarding tidal conditions, spring
and neap tidal phases were chosen as they represent the two extremes of the tidal regime. For wind conditions, southeasterly
(SE) and northeasterly (NE) conditions were selected, being the most common for the study area as per the Australian BoM’s
wind data for the Townsville region [59]. A combination of tidal and wind conditions resulted in four scenarios (table 1 and
electronic supplementary material, figure S4), for both during and outside of the Australian stinger season. These scenarios
were utilized to ensure a range of environmental conditions, potentially resulting in variable eDNA transport and dispersion,
were comprehensively represented.

2.4.3. Particle transport analysis

To explore passive virtual eDNA transport, several methods were utilized. Firstly, particle locations were visualized on map
charts for every hour post-release. The map charts were further combined to create animations to effectively visualize temporal
changes in particle movement patterns. Next, an analysis of particle distribution within and outside of Horseshoe Bay through
use of a defined geographical boundary box was undertaken. Boundaries were set as per electronic supplementary material,
figure S5, and the average relative abundance of particles over time within and outside of Horseshoe Bay was calculated.
Additionally, particle distance travelled, in relation to the initial seeding location, was calculated for all particles at each hourly
timestep.

2.5. Comparison of simulated environmental DNA particle transport to field measurements
To compare simulated eDNA particle transport with empirical field measurements [42], log-normalized relative concentration
map plots were created from the simulations. These plots accumulated particle positions across the entire dispersion time for all
releases (n = 17), averaging the five decay scenario replicates, allowing for the visualization of relative particle concentrations.
These plots were created using a 2D histogram approach, in which the study area was divided into a grid of 1 m2 cells. The
1 m2 cells were utilized to capture fine-scale dispersion patterns and to align the results with practical sampling areas where
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samples would be taken. Particle positions were aggregated over the entire simulation period, and the number of particles in
each cell was recorded. A log-normalization was applied to enhance the visibility of regions with lower particle concentrations.
The log-normalized counts were subsequently scaled so that the maximum particle concentration corresponded to a value
of 1. A threshold of <1 particle per grid cell was applied to exclude cells with only transient, one-off particle pass-throughs,
ensuring the plots reflect ecologically meaningful dispersal patterns rather than momentary artefacts of particle movement. A
custom colour map was utilized to enhance visual interpretation, transitioning from blue for low-concentration areas (indicating
particles below the detection limit) to yellow at the detection limit, and red for regions of high particle concentrations. A rapid
transition at the detection limit was used to highlight areas of particular interest.

3. Results
3.1. Hydrodynamics of Horseshoe Bay
The hydrodynamic model of Horseshoe Bay revealed complex circulation driven by tidal currents and influenced by the bay’s
geomorphology (electronic supplementary material, animation S1–S4). Tidal jets entered on the western side during ebb tides
and the eastern side during flood tides, creating dynamic flows that bifurcated upon entering the bay. This formed gyre-like
circulation patterns within the bay and shore-parallel currents. Slower currents occurred nearshore, while faster flows around
the rocky headlands enhanced circulation and flushing in the bay’s central area. Eddies formed near the headlands and along
the bay’s periphery due to interactions between tidal jets and slower coastal waters, additionally creating free shear layers. The
eastern section of the bay, sheltered by the headland, experienced slower flows, resulting in a general area of ‘sticky water’ [60].
These patterns highlighted the spatial variability of water movement throughout Horseshoe Bay.

3.2. General transport patterns of environmental DNA within an open coastal bay
The dispersion of eDNA displayed two main behaviours. Initially, particles remained near the shore, transported by shore-par-
allel currents. Upon leaving the bay or moving offshore, they were quickly advected from the bay by reversing tidal flows
and dispersed broadly (figure 2; electronic supplementary material, figures S6–S13 and animation S5–S12). Currents within
and bordering the bay clustered particles in specific areas, particularly along the sides and periphery of the bay, where eddy
currents created transient aggregations which alternated between being further and closer to seeding locations with tidal
oscillations (figure 2). Tidal flows additionally caused oscillating particle movement within the bay where ebb tides generally
transported particles away from seeding locations, while flood tides brought them closer. While particles from all seeding
locations displayed similar behaviours, their trajectories varied. Those from the eastern side of the bay (seeding location C)
generally travelled along the eastern headland, while those from the central and western side of the bay (seeding locations B
and A) followed the shore and western headland. These transport patterns were consistent during and outside of the Australian
stinger season.

3.3. Retention and transport of environmental DNA
There was great spatial variation in particle retention across the bay where hydrodynamic and meteorological conditions played
a role. During the Australian stinger season, for all scenarios, particle presence within the bay dropped below 1% within 21–25 h

Table 1. Conditions for tidal and wind scenarios, including tidal phase, average wind direction, average wind speed, timing in regard to the Australian stinger season
and start and end date of each scenario.

scenario tidal phase average wind direction average wind speed

(km h−1)

Australian stinger season start date end date

A spring 123.3° (SE) 28.2 during 17 Jan 2018 23 Jan 2018

B spring 43.4° (NE) 19.6 during 26 Dec 2017 1 Jan 2018

C neap 126° (SE) 24.4 during 24 Jan 2018 30 Jan 2018

D neap 45° (NE) 16.9 during 29 Dec 2016 4 Jan 2017

E spring 142.7° (SE) 25.7 outside 28 Jun 2018 4 Jul 2018

F spring 48.9° (NE) 12.3 outside 20 Sep 2017 26 Sep 2017

G neap 145.9° (SE) 26.5 outside 20 Jun 2018 26 Jun 2018

H neap 55° (NE) 18.7 outside 28 Sep 2017 4 Oct 2017
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post-release, with only 1.24–9.87% of particles actually exiting the bay, suggesting a rapid daily turnover largely resulting from
eDNA decay. Retention varied by seeding location (table 2), where particles from the eastern side (location C) exhibited the
longest retention times (<1% at 26 h) and minimal transport outside the bay (<1%), highlighting their persistence within this area
and the dominance of decay on particles in low-energy regions. Those from the western side (location A) exhibited the shortest
retention, followed by central particles (location B), where spring tides increased particle export while neap tides enhanced
retention. However, wind direction had a stronger influence than tide, where SE winds reduced particle retention regardless of
tidal phase. Outside of the stinger season, similar patterns occurred, with particles again being retained within the eastern side
of the bay (<1% at 26 h). Data on particle transport distances from seeding locations can be found in electronic supplementary
material, 4.0.

3.4. Spatiotemporal distribution and detectability of simulated environmental DNA particles
Particles outside of the bay were generally estimated to be below detection limits, aligning with empirical detections (figure 3).
Across all scenarios, the highest particle concentrations occurred near seeding locations and nearshore within the bay. Particle
concentrations decreased with increasing distance from the seeding locations, reflecting the combined effects of particle dilution
and decay. This decline spanned hundreds of metres to kilometres alongshore. Moving perpendicular from shore, this decline
was more rapid, highlighting the retention of particles nearshore.

Under SE winds (figure 3a,c), the dispersion of detectable particles was tighter and more concentrated nearshore within
the bay, while under NE winds (figure 3b,d), particles displayed a broader perpendicular spread. The eastern side of the bay
(seeding location C) exhibited the broadest and most sustained particle concentrations, again showing that particles persisted
longer in this area compared to other locations (figures 3 and 4). Eddy-like patterns were discernible in all plots (figures 3 and
4), indicating that particles were temporarily trapped by this oceanographic phenomenon when exiting the bay. However, these
particles were present at low concentrations, below the detection limit. An exception occurred outside and west of the bay
where particles were estimated to be present at detectable levels in some areas. Despite some variation in the spatial distribution
of particles across scenarios, general trends remained consistent and aligned well with empirical C. fleckeri eDNA detections,
which were restricted to nearshore locations [42].

Figure 2. Maps of Horseshoe Bay displaying simulated eDNA particle transport at 12, 24 and 72 h intervals (a) representative of medusae, during spring tide and SE
wind conditions (scenario A), and (b) representative of polyps, during spring tide and NE wind conditions (scenario F). Red particles were released from location A, blue
from location B and green from location C. Wind direction arrows in the 24 h panels indicate the direction of the wind in both scenarios.
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4. Discussion
4.1. Hydrodynamic and meteorological drivers of environmental DNA transport
This study highlights the necessity of location-specific understandings of hydrodynamic and meteorological drivers of eDNA
transport. Specific hydrodynamic characteristics and localized conditions within Horseshoe Bay produced varied transport
pathways and spatially heterogeneous eDNA distribution patterns, emphasizing the scale-dependent nature of eDNA transport
and its contingency on localized conditions. The simulations revealed the presence of free shear layers, which limit cross-
boundary particle movements [61], reversing tidal flows and shear-induced eddy currents, which drove specific and varied
transport pathways. These oceanographic phenomena resulted in alongshore transport, rapid advection, transient aggregations
of particles in particular areas of the bay and hence controlled the bulk transport of simulated eDNA particles. Additionally,
the bay’s geomorphology resulted in an area of ‘sticky water’ [60], defined as a zone of reduced flow and circulation, along the
eastern shoreline and headland, which resulted in variable retention rates of particles across the bay. Meteorological conditions,
specifically wind direction, also modulated these transport and retention patterns, with SE winds promoting offshore currents
and reduced retention, while NE winds enhanced retention by slowing offshore flows. This effect of wind upon eDNA
transport has previously been observed by Rollan et al. [38], where an introduced eDNA signal was largely influenced by
wind-driven surface currents. Clearly, the interplay of three major extrinsic factors was driving eDNA transport.

Marine systems, whether distinctive, like semi-enclosed bays and open ocean environments, or similar, such as embayments
of various sizes and morphologies, likely demonstrate distinctive eDNA transport characteristics dictated by their unique
hydrodynamics and localized conditions. For instance, Ellis et al. [35] showed, through biophysical models, that open coastline
systems often exhibit greater alongshore eDNA transport than cross-shelf; however, this varies with each system’s exposure to
regional hydrodynamic forces. Similarly, Wolanski et al. [56] showed, again through biophysical models, that passive particles
(representing coral larvae) exhibited differing degrees of retention within embayments due to variations in their morphology
and exposure to prevailing hydrodynamic forces. This study provides a finer-scale examination of the factors responsible
for eDNA transport and showcases significant spatial variability, highlighting the importance of such understandings for the
interpretation of eDNA detections.

4.2. Spatiotemporal dispersion and detectability of environmental DNA
Incorporation of the detection threshold of the C. fleckeri-specific assay [43], with eDNA transport dynamics, described above,
indicated that C. fleckeri eDNA remained detectable from hundreds of metres to kilometres from sources. These spatially

Table 2. Time at which the average relative abundance of particles within Horseshoe Bay dropped below 1% and the maximum average relative abundance of
particles transported outside of the bay during the simulation period. Values represent the median of each particle release (n = 16), with the range shown in
parentheses. Results are presented for each location individually and for combined locations, across scenarios.

scenario tidal phase wind direction location <1% (h) maximum outside (%)

A spring SE A 8 (4–16) 28.89 (8.31–57.29)

B 14.5 (6–22) 8.34 (0–37.3)

C 26 (26–26) 0.02 (0–0.36)

combined 21 (20–24) 9.87 (2.31–26.06)

B spring NE A 17 (6–26) 5.67 (0–39.41)

B 23 (15–26) 1.11 (0–7.68)

C 26 (26–26) 0.01 (0–0.06)

combined 24 (20–26) 2.21 (0–10.63)

C neap SE A 10 (4–18) 21.46 (0–71.81)

B 18 (6–26) 3.54 (0–37.15)

C 26 (20–26) 0.10 (0–1.84)

combined 21 (20–24) 6.01 (0–26.03)

D neap NE A 22 (6–26) 3.04 (0.02–39.84)

B 26 (14–26) 0.12 (0–7.72)

C 26 (26–26) <0.01 (0–0.1)

combined 25 (20–26) 1.24 (0–10.74)

E spring SE C 26 (19–26) 0.05 (0–2.75)

F spring NE C 26 (23–26) 0 (0–0.82)

G neap SE C 26 (24–26) 0.38 (0–0.69)

H neap NE C 26 (26–26) 0.01 (0–0.08)
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small ‘detection shadows’ were largely confined to the bay, shaped by eDNA decay, particle dilution and transport dynamics,
which limited the detectability of simulated eDNA. Environmental conditions within Horseshoe Bay, notably water temperature
(29–33.8°C) [42], are suitable for relatively rapid decay of C. fleckeri eDNA. Experimental work on this species [43] shows that
C. fleckeri eDNA decays rapidly, reaching low levels after approximately a day. When combined with the short water residence
time in the bay, this suggests that detectable eDNA reflects recent shedding and therefore local and current presence, rather
than long-distance persistence or transport. Some particles, despite decay, travelled significant distances from sources; however,
they were unlikely to be detected due to their low density. Detecting these particles would require collecting and filtering
hundreds of litres of water. Consequently, C. fleckeri eDNA exhibited rapid spatial and temporal turnover, with detectable
signals persisting for only short periods, likely on a daily scale. Thus, eDNA-based detections of C. fleckeri likely reflect the
species’ close proximity and current presence [42], reinforcing eDNA’s value as an ecological survey [41,42] and potential
management tool for cubozoans.

Similar findings have been reported by Ellis et al. [35], who also utilized biophysical models to explore ‘detection shadows’ of
invasive Undaria pinnatifida (wakame) and Asterias amurensis (North Pacific sea-star), which ranged between 1 and 3 km in size,
with in situ sampling providing additional support. Numerous field-based studies have also reported that eDNA detections are
typically confined to distances of hundreds of metres to a few kilometres from source individuals [13,25,29]. These findings,
along with the present study, add to increasing evidence of a high site fidelity of eDNA to its source in marine environments
[10]. However, spatial inconsistencies in detections surrounding known source individuals [13,62] do highlight the importance
of understanding eDNA transport dynamics for interpreting detections. Murakami et al. [13] reported inconsistent detection
along transects leading from juvenile Pseudocaranx dentex (striped jack) in a sea cage where occasional absences were found,
even at nearby sampling distances. Further, Strickland et al. [62], through undertaking an encircling sampling array around
individual Malo bella medusae, found inconsistent detection at close distances. These spatial inconsistencies are likely a result
of small-scale eDNA trails that were yet to disperse. Accordingly, understanding of eDNA dispersal in a species-specific and
environmental context would be beneficial for determining the potential for false negative detections, particularly in scenarios
where rapid eDNA decay or dilution may reduce detection probability.

These insights have practical implications for detecting C. fleckeri. Given the species’ nearshore residence [47,63,64] and
the confinement of eDNA signals to nearshore areas, a targeted shoreline sampling strategy may enhance detection success.
Additionally, as C. fleckeri is generally a species of low abundance [41], eDNA may help distinguish its presence between
neighbouring bays and sampling locations, aiding in assessing localized risk to water users [46]. Furthermore, this may allow
for the assessment of medusae movements between locations, an area of research where direct observations are challenging
[45,65], which would be beneficial to understandings of population connectivity [44]. The rapid spatial and temporal turnover
of C. fleckeri eDNA showcases the time-sensitive nature of detections, reinforcing eDNA’s value as a precise and cost-effective
tool for ecological surveys and risk management.

Figure 3. Log-normalized relative simulated eDNA particle concentrations from C. fleckeri medusae for (a) spring tide, SE winds (scenario A); (b) spring tide, NE winds
(scenario B); (c) neap tide, SE winds (scenario C); and (d) neap tide, NE winds (scenario D) during the Australian stinger season. Plots show cumulative relative particle
concentrations over time. Red to yellow colours indicate concentrations above detection limits; blue colours represent those below. Circles indicate positive empirical
C. fleckeri medusae detections, and crosses indicate negative detections, shown only on plots matching empirical sampling conditions (electronic supplementary
material, table S3).
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4.3. Comparison of modelled transport with empirical Chironex fleckeri detection
The simulated ‘detection shadows’ of C. fleckeri eDNA showed strong alignment with positive empirical field detections of
both C. fleckeri medusae and polyps [42]. Empirical non-detections at mid- and offshore locations, where simulated particles
were present but at theoretical concentrations below the detection limit, further reinforce this alignment. In areas where eddies
created transient aggregations of particles, potentially increasing local concentrations to detectable levels, empirical detections
of C. fleckeri eDNA would have been expected as sampling was conducted across multiple times, under varying conditions.
But understandably, negative detections aligned with model predictions where simulated eDNA was below detection limits.
As C. fleckeri medusae are known to reside nearshore [42,47,48], the low simulated eDNA concentrations in mid- and offshore
areas are consistent with expectations based on the species’ presence and distribution. This agreement between modelled and
empirical patterns highlights the ecological validity of the simulations and, in turn, supports the use of biophysical models
to investigate eDNA transport dynamics. This study hence provides additional support to these combined approaches for
investigating this aspect of eDNA ‘ecology’ [35,36,38].

4.4. Limitations, considerations and future directions
This study has demonstrated the considerable value of biophysical models combined with field sampling in revealing the
transport dynamics and spatiotemporal detectability of C. fleckeri eDNA within a dynamic open coastal embayment. However,
like any modelling approach, certain methodological considerations and limitations shape the interpretation of findings and
should be addressed here. One key limitation is the challenge of representing eDNA behaviour in all its complexity. The
model utilized in this study treated eDNA as passive particles, thereby neglecting processes such as aggregation, sinking or
interactions with suspended matter [10,66,67]. Furthermore, eDNA exists across a broad range of particle-size fractions, from
free extracellular DNA to whole cells and mucus-bound aggregates [68]. Differences in buoyancy and degradation rates [69]
among these fractions may influence their respective transport. These factors may therefore alter dispersal patterns, potentially
leading to an overestimation of detectable eDNA signals within this study [10]. The sinking of particles was not considered in
this study due to the well-mixed nature of the bay [42] and the unavailability of data on the specific gravity of eDNA.

The focus on eDNA detectability in this study also raises important considerations. As eDNA detection techniques become
increasingly sensitive, such as with the adoption of digital PCR and CRISPR (clustered regularly interspaced short palindromic
repeats) based assays [5,70], detectable signal ranges may expand. Without corresponding knowledge of eDNA transport
dynamics, these advances may complicate the interpretation of the source of eDNA for ecological survey applications. A

Figure 4. Log-normalized relative simulated eDNA particle concentrations from C. fleckeri polyps for (a) spring tide, SE winds (scenario E); (b) spring tide, NE winds
(scenario F); (c) neap tide, SE winds (scenario G); and (d) neap tide, NE winds (scenario H) outside the Australian stinger season. Plots show cumulative relative particle
concentrations over time. Red to yellow colours indicate concentrations above detection limits; blue colours represent those below. Circles indicate positive empirical
C. fleckeri polyp detections, and crosses indicate negative detections, shown only on plots matching empirical sampling conditions (electronic supplementary material,
table S3).
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clear understanding of spatiotemporal eDNA patterns, tailored to the sampling workflow, is essential to ensure accurate
interpretation of eDNA data. To further advance understanding of eDNA transport dynamics, future studies should explore this
in other environmental contexts. These efforts would refine our understanding of the factors influencing eDNA dispersal and
detectability.

5. Conclusion
This study demonstrates the utility of biophysical models combined with field sampling in understanding eDNA transport
and dispersion within a dynamic marine environment. Furthermore, modelling reveals the critical role of hydrodynamics,
geomorphology and meteorological conditions in shaping spatially constrained eDNA ‘detection shadows’. By incorporating
species-specific eDNA parameters, the model closely aligned with empirical detections of C. fleckeri, hence providing a robust
framework for interpreting eDNA patterns and optimizing sampling strategies. These findings highlight the importance of
environment-specific understandings for eDNA sampling, particularly in systems influenced by complex hydrodynamic forces.
Without field measurements, modelled levels of dispersal could be exaggerated, emphasizing the value of empirical validation
when applying biophysical models to explore eDNA dispersion. While this study focused on an open coastal bay, future
research should extend these methods to varied marine contexts and incorporate additional factors, such as more complex
eDNA dynamics, to further refine this understanding. Overall, this study not only advances our understanding of eDNA
transport dynamics but also demonstrates the broader potential of combining biophysical modelling with eDNA techniques
to enhance interpretations of eDNA-based species detections, to improve sampling strategies and to better understand the
relationship between detections and the present location of target organisms.
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