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Abstract
Estuarine and adjacent inshore habitats have long been recognised as important nursery areas for fishes before they disperse 
to coastal habitats. Assessing nursery function supports spatial and fisheries management, yet work commonly focusses on 
singular habitat types. Re-considering how juvenile fish connect habitats may improve our understanding of nursery function 
and the scales that recruits are supplied to coastal fisheries. This study quantified the juvenile movements of two harvested 
fishes in south-eastern Australia, luderick (Girella tricuspidata) and yellowfin bream (Acanthopagrus australis). Acoustic 
tags were used to track 33 luderick and 20 yellowfin bream from seagrass meadows for up to ~400 days in Jervis Bay Marine 
Park. Both species had relatively small home ranges (< 7 km2) and exhibited site attachment to seagrass meadows where 
they were released. Most luderick and yellowfin bream were detected moving 100’s metres to kilometres to reefs adjacent 
to seagrass, although these movements were not habitat shifts. Rather, reef-ward movements represented repeated visits 
that lasted days to months before fish returned to seagrass, suggesting that these movements may be explorations in search 
of suitable adult habitat. Strong retention within an existing marine reserve was observed, with only five of 33 fish tagged 
within reserves crossing the boundary into fished waters. Overall, our results demonstrate that juvenile fish use and connect 
multiple habitat types during their movements. These findings support the broadening of the nursery concept from single 
habitats to a mosaic of functionally connected habitat patches (dubbed ‘seascape nurseries’).
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Introduction

Estuarine and inshore habitats provide important nursery 
areas for fishes and are vital for sustaining many fisheries 
worldwide (Beck et al. 2001; Sheaves et al. 2015). Nursery 
areas are commonly perceived as discrete, homogenous habi-
tats that promote juvenile survival and growth and contribute 

recruits to adult populations in coastal and offshore habitats 
(Beck et al. 2001; Heck Jnr et al. 2003; Dahlgren et al. 2006). 
Classically, for example, seagrass meadows are known to be 
nurseries for many reef-associated fish before they disperse 
to adult populations (Pittman and McAlpine 2003; Gillanders 
2007; Sambrook et al. 2019). Whilst the nursery-role con-
cept provides an important framework for identifying key 
fish habitat, defining nurseries as singular units may be too 
simplistic because it does not account for dynamic processes 
such as species movements between habitats during juve-
nile life stages (Sheaves et al. 2006, 2015; Nagelkerken et al. 
2015; Litvin et al. 2018). To address the complexities of juve-
nile fish using multiple habitats, it has been suggested that 
the concept should view nurseries as spatially explicit sea-
scapes of interconnected habitats, coined ‘seascape nurseries’ 
(Nagelkerken et al. 2015). Quantitative data on the movement 
of juvenile fish and connectivity between habitats are essen-
tial to properly understand whether the nursery-role concept 
needs to be refined, as well as quantifying the contribution 
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of nurseries to adult populations. The ongoing losses of 
vegetated habitats due to human disturbances underscore 
the need for this information, as it may disrupt connectivity 
and reduce the number of recruits entering coastal fisheries 
(Barbier et al. 2011; Sheaves et al. 2014; Murray et al. 2022; 
Stamp et al. 2022; Rees et al. 2023).

Whilst previous studies have highlighted strong con-
nectivity for juvenile fish amongst vegetated habitats, and 
between nursery areas and nearby coastal adult populations, 
there are few examples where juvenile movements have been 
directly quantified. Instead, current understanding on juve-
nile fish movements and ontogenetic habitat shifts comes 
largely from studies observing changes in abundances or size 
classes between habitats (Olds et al. 2012; Swadling et al. 
2019, 2021; Berkström et al. 2020; Rees et al. 2021), natu-
ral tags such as otolith microchemistry (Gillanders 2002; 
Russell et al. 2021), or mark-recapture studies (Morton 
et al. 1993; Gray et al. 2012). For instance, Swadling et al. 
(2019) observed a higher abundance and diversity of fish 
on temperate rocky reefs close to large seagrass meadows. 
Such observations have been attributed to a greater number 
of recruits dispersing from seagrass nurseries to adjacent 
reefs in comparison to those farther afield. Fish may also 
move between habitats when they are in close proximity, to 
access resources and thereby increase the carrying capacity 
of reefs (this concept is termed landscape complementation; 
Dunning et al. 1992). Although such methods are useful for 
inferring movement pathways, they do not provide the direct 
measurements required to explicitly determine the spatial 
and temporal scales over which fish use habitats.

Acoustic telemetry provides the ability to quantify the 
movement, space-use and connectivity of habitats by fishes 
across spatiotemporal scales (Donaldson et al. 2014; Hussey 
et al. 2015; Taylor et al. 2017a). Studies adopting acoustic 
telemetry have largely focussed on tracking the movement 
of adult fish, providing valuable insights for species ecology 
and helping inform marine management and conservation 
(Donaldson et al. 2014; Crossin et al. 2017; Taylor et al. 
2017a). Acoustic tracking of smaller fish has been limited 
by transmitter size, as high transmitter size to body mass 
ratios can have negative effects on fish health and behaviour 
(Jepsen et al. 2005; Brown et al. 2006; Thorstad et al. 2013). 
Therefore, literature describing the tracking of juvenile tel-
eost fish movements in the marine environment has gen-
erally been restricted to species with larger (e.g., > 30 cm) 
body sizes (Childs et al. 2015; Taylor et al. 2017b; Murray 
et al. 2018; Staveley et al. 2019; Duffing Romero et al. 2021; 
Stamp et al. 2021). Advances in technology leading to the 
miniaturisation of acoustic transmitters means that track-
ing the movements of small marine fishes and juvenile life 
stages (< 20 cm) is increasing (Pursche et al. 2013, 2014; 
Huijbers et al. 2015; Aspillaga et al. 2021; Matley et al. 
2021; Szekeres et al. 2022).

Marine reserves have been established worldwide to con-
serve biological diversity and social values (Spalding et al. 
2008; Gaines et al. 2010; Hernandez et al. 2021), and there 
is growing evidence of their co-benefits for harvested fishes 
(Le Port et al. 2017; Goetze et al. 2021; Knott et al. 2021). 
To provide effective conservation benefits to fishes, marine 
reserves are best configured to account for the habitats 
used from day-to-day movements to life-cycle migrations 
(Kramer and Chapman 1999; Grüss et al. 2011). If reserves 
are too small or do not contain the requisite habitats, indi-
viduals may cross reserve boundaries and be exposed to fish-
ing pressure, or unprotected habitats may be lost or degraded 
(Kramer and Chapman 1999; Grüss et al. 2011). Knowledge 
of the movement patterns of fishes is thus required to assist 
reserve design and assess effectiveness (Crossin et al. 2017; 
Weeks et al. 2017). In particular, information on dispersal 
and connectivity patterns will allow reserve design to protect 
species throughout their life history or support fished areas 
through the spill-over or emigration of individuals from pro-
tected areas (Goni et al. 2008; McCook et al. 2009; Grüss 
et al. 2011).

In this study, we used acoustic telemetry to quantify the 
juvenile movement patterns and connectivity of two com-
mon species important for recreational, commercial and 
indigenous fisheries in south-eastern Australia: luderick 
(Girellidae: Girella tricuspidata) and yellowfin bream 
(Sparidae: Acanthopagrus australis). Luderick are omni-
vores which predominantly consume green and red algae 
but also often feed on invertebrates, with juveniles consum-
ing zooplankton and shifting to an adult diet at lengths of 
90–100 mm (Morrison 1990; Clements and Choat 1997; 
Raubenheimer et  al. 2005). Luderick are estimated to 
become reproductively active at approximately 4 years of 
age and lengths of ~286 mm and ~295 mm fork length for 
males and females, respectively (Gray et al. 2012). In com-
parison, yellowfin bream are primarily carnivorous ben-
thic feeders and mature at fork lengths between 200 and 
240 mm, with most juveniles becoming functional males at 
2 years of age (Pollock 1985; Curley et al. 2013). For both 
species, seagrasses are known to be the preferred nursery 
habitats, and adults are commonly found on shallow coastal 
rocky reefs (Curley et al. 2013). The study was undertaken 
in a temperate Marine Park (Jervis Bay Marine Park—
JBMP) which contains multiple ‘no-take’ marine reserves, 
and the remainder is zoned to allow recreational fishing and 
some forms of commercial fishing. The specific aims of this 
study were to determine (1) if juvenile fish exhibit small-
scale site attachment within seagrass areas or if they move 
amongst a mosaic of patch types (i.e., seascape nurseries), 
(2) the occurrence and spatial scale of juvenile habitat shifts 
to adult populations on rocky reefs and (3) the movement of 
juvenile fish in relation to a no-take marine reserve within 
the JBMP.
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Methods

Study Site and Receiver Array

Juvenile fish movements were quantified within Jervis Bay 
(35° 8′ S, 150° 43′ E), a large coastal embayment in south-
eastern Australia spanning 120 km2 (Fig. 1). The embayment 
is dominated by oceanic conditions and contains a mosaic of 
intertidal and subtidal rocky reef, seagrass and unconsoli-
dated soft sediments, plus tidal creeks with seagrass, man-
grove and saltmarshes also feeding into the Bay (Fig. 1). 
The predominant species of seagrass within the embayment 
is Posidonia australis, a slow growing, persistent species 
with large strap-like leaves (30–60 cm long and 6–14 mm 

wide). Populations of P. australis are listed as endangered 
in six NSW estuaries; however, this does not include mead-
ows in Jervis Bay and rates of decline for the species here 
are relatively low (West and Glasby 2022). Other species 
of seagrass are also found within the Bay, although mainly 
within the tidal creeks, and these include Zostera muelleri 
subsp. capricorni and Halophila species which are both 
smaller and more transient than P. australis (Kilminster et al. 
2015). Jervis Bay forms the central area of JBMP, which has 
a multiple-use zoning scheme that contains several ‘no-take’ 
marine reserves (hereafter termed NTMR) covering ~20% of 
the overall area where it is not permitted to remove or harm 
marine biota (Fig. 1). The remaining areas of the Bay are 
habitat protection zones where recreational fishing and some 

Fig. 1   The Jervis Bay Marine 
Park acoustic array located in 
New South Wales, Australia. 
Points depict the location of 
acoustic receivers, and no-take 
marine reserves (NTMR) are 
shown by hatched areas. Rocky 
reef habitat is shown in brown 
and seagrass in green. The 
locations fish were tagged and 
released are included
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forms of commercial fishing are allowed and there are small 
areas (0.2%) designated as special purpose zones.

An acoustic receiver array of 49 Vemco VR2W and 
VR2tx acoustic receivers was established within JBMP to 
passively track tagged fish (Fig. 1). Acoustic receivers were 
strategically placed on almost every reef within Jervis Bay, 
along with the seagrass and creeks where fish were tagged 
in the current study. This array was designed to assess move-
ment patterns within seagrass and small estuarine nursery 
habitats along with the usage of adjacent rocky reef habitats 
and any potential ontogenetic shifts in habitat. In addition, 
an acoustic gate across the mouth of Jervis Bay was present 
to allow for the detection of tagged fish leaving or entering 
the Bay (Fig. 1). Acoustic receivers were separated by a 
minimum of 500 m and placed no farther than 300 m from 
the shoreline. Most of the acoustic receivers were attached to 
rope moorings, which consisted of sections of railway track 
(~50 kg) and a subsurface polystyrene buoy that maintained 
receivers in an upright position (hydrophones oriented to 
the surface). Receivers were fixed at least 1 m below the 
buoy and 2 m above the sea floor. The exceptions were the 
receivers within the creeks at depths less than 3 m, where 
receivers were attached to moorings with shorter ropes or 
on star pickets embedded into sediments.

Fish Collection and Acoustic Tagging

Fish were captured using hook and line in JBMP between 
June 2018 and February 2020 (Table 1). Tagging was con-
centrated within the Hare Bay NTMR (i.e., Hare Bay and 
Carama Inlet), but also occurred at other locations including 
Currambene Creek and Moona Moona Creek (Fig. 1). All 
luderick were below the size that the species reaches sexual 
maturity, whereas 7 of the 20 yellowfin bream were expected 
to be reproductively mature. We elected to tag a range of size 
classes (Tables 1; S1) to allow the best chance of quantifying 
the dispersal of individuals to adult populations, given that 
the size or age class the species perform ontogenetic habitat 
shifts is not well understood.

All fish were captured in or directly adjacent to sea-
grass meadows and were surgically implanted with Vemco 
V7-4x acoustic tags (7 mm diameter, 18 mm length and 0.7 g 
weight in water, ~400 d battery life: Innovasea, NS, Can-
ada). These coded tags were programmed to randomly emit 
a unique signal every 180–240 s at a frequency of 69 kHz. 
Prior to the surgical implantation of acoustic tags, fish were 
placed in an aerated 50 L holding tank for a minimum of 
15 min to recover from capture and were visually examined 
for general health and condition. Fish were then anaesthe-
tized using 60 mg L−1 Aqui-S® solution before being trans-
ferred to a wetted cradle for surgery. A 10 mm incision was 
made in the ventral surface of the fish toward the rear of the 
peritoneal cavity in which the tag was inserted. Before sur-
gery, all surgical equipment and acoustic tags were treated 
with povidone-iodine antiseptic (Betadine® solution) to pre-
vent infection. Once the tag was inserted, the wound was 
sutured using one or two dissolving stitches tied with a dou-
ble surgeon’s knot (Ethicon coated VICRYL, 3-0 needle). 
Fish were then transferred to another aerated 50 L holding 
tank and monitored for 30 min before release at the approxi-
mate location of capture.

Data Processing

Detection data for tagged individuals were corrected for time 
drift and then filtered to remove any detections that occurred 
less than 180 s apart, which was the minimum tag ping rate. 
Detections within 180 s of each other were assumed to be 
suspect and classified as false detections caused by tag colli-
sions and interference from background noise (Simpfendorfer 
et al. 2015). Fish that were recorded on receivers for less than 
10 days, had fewer than 50 detections and were not detected 
leaving the Bay (i.e., not detected on receivers in the gate or 
arrays outside of JBMP) were removed from subsequent anal-
yses. These criteria led to the exclusion of four fish (Luderick 
16, 29, 32 and Bream 2; Table S1). Additionally, data for 
Luderick 24 were excluded from formal analyses because it 
had unexpected movement patterns during the final 10 days 

Table 1   Summary data for the 53 tagged fish

Values for fork length, number of detections and days at liberty represent the means and in parentheses are the minimum and maximum values

Species Location Tagging year n Fork length (mm) Number detections Days at liberty

Luderick Hare Bay 2018 13 181.2 (146–216) 1740.7 (193–4975) 322.3 (26–409)
Currambene Creek 2019 15 182.3 (145–231) 13919.8 (0–86496) 257.2 (0–413)
Moona Moona Creek 2019 5 168.8 (160–185) 71664.2 (5723–145700) 252.4 (20–409)

Yellowfin bream Hare Bay 2019 9 244.9 (166–298) 11080.1 (665–37618) 364.2 (156–409)
Carama Inlet 2019/20 11 193.2 (145–284) 4555.8 (656–13467) 340.8 (7–409)
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that it was detected, which was likely due to a predation event 
(Fig. S3).

Data Analysis

Home‑Range Estimation

To estimate the home range of juvenile fish, we used Brown-
ian Bridge Movement Models (BBMMs). BBMMs were 
selected over other utilisation distribution methods because 
they account for the time interval and estimated pathway 
travelled between successive detections (Bullard 1991; 
Horne et al. 2007). They also incorporate location error, an 
important caveat in acoustic telemetry where the successful 
detection of an individual is dependent on them being within 
a receiver’s detection range (Kessel et al. 2014). Estimates 
of locations for the BBMMs were produced using a mean 
position algorithm to create centres of activity for each fish 
(Simpfendorfer et al. 2002). Two smoothing parameters were 
required to create the BBMM (Horne et al. 2007). First, the 
Brownian motion variance parameter (σ2

m) estimates the 
variance in a fish’s position between two points using a 
maximum likelihood approach. Second, the location error 
was also required, and this was set as the predicted receiver 
detection range of 85 m based on previous range testing 
(Swadling et al. 2020). Home-range estimates derived from 
BBMMs were calculated as 50% (core home range) and 95% 
(home range extent) utilisation distributions.

Spatial Movement Networks

We used movement networks generated using network anal-
ysis to further explore patterns of movement and connectiv-
ity of tagged individuals within the JBMP array. Network 
analysis was used as it can identify movement corridors and 
connectivity within and between patches, which is often 
overlooked in typical space-use metrics (Lédée et al. 2015, 
2021; Whoriskey et al. 2019). The method is embedded 
within graph theory and investigates relationships between 
nodes (acoustic receivers) that are connected by edges (fish 
movements), with all the combined edges represented as a 
network (Finn et al. 2014; Jacoby and Freeman 2016).

Directed and weighted movement networks were formed 
from square movement matrices. The colour of nodes (i.e., 
receivers) illustrated the proportion of detections recorded 
for a given fish, and the colour of the edges was weighted by 
the number of movements between nodes (i.e., connectivity). 
All nodes were placed in their actual (latitude and longitude) 
locations to assist with the interpretation of space-use and 
connectivity. Each network was tested against 10,000 ran-
domly generated network structures to determine whether 
fish exhibited non-random movement patterns. Random 
networks for each individual were generated using a link 

re-arrangement approach via bootstrapping (Croft et al. 
2011) whilst retaining the same degree of distribution from 
the original network. Network-level metrics (i.e., degree, 
betweenness, closeness and transitivity) were then calculated 
from each randomly generated graph and tested against met-
rics from the original network using a one-sample Wilcoxon 
signed rank test (ɑ = 0.05). Core use receivers (CUR) were 
quantified to further define highly visited areas within each 
individuals’ network following the methodology of Becker 
et al. (2016), which used centrality degree (i.e., the total 
number of ingoing/outgoing movements from a receiver) to 
rank the receivers within individual networks.

Relationships Between Movement, Species and Length

Generalised additive mixed models (GAMMs) were used 
to examine whether observed movement patterns varied 
between species and the fork length of fish. Yellowfin bream 
considered to be mature (i.e., > 220 mm) were excluded 
from the analyses, so that species comparisons were made 
for juveniles. Preliminary data exploration was performed 
to assess for potential outliers, normality of the data and 
collinearity between the explanatory variables (Zuur et al. 
2009). Models were fitted with the transmitter ID as a ran-
dom factor to account for within-individual replication. 
Akaike information criterion corrected for small sample 
sizes (AICc) was used to compare models, with the best fit-
ting model containing the lowest AICc and fewest variables 
(Burnham and Anderson 2003). All analyses and plots were 
created using the statistical computing programme R (R 
Core Development Team 2021) and the packages adehabi-
tatHR (Calenge 2006), igraph (Csardi and Nepusz 2006), 
Vtrack (Campbell et al. 2012), glatos (Holbrook et al. 2017), 
mgcv (Wood and Wood 2015) and ggplot2 (Wickham 2016).

Results

We tracked 33 luderick and 20 yellowfin bream between 
August 2018 and May 2021, recording a total of 739,584 
detections within the JBMP array. There were 18 luderick 
(55%) and 14 yellowfin bream (70%) still being detected 
at the end of the study, nominated as ~400  days from 
deployment or the expected date the transmitters would 
cease functioning (Fig. 2). The number of days between 
the first and last detection of fish in the array (i.e., days at 
liberty; Table 1) was not explained by fork length or spe-
cies (Table 2). Both species were often detected moving 
between nursery seagrass habitats and rocky reefs; how-
ever, there was no evidence of individuals permanently 
shifting habitats (Fig. 2). Instead, movements to reefs gen-
erally lasted days to weeks before being detected again in 
seagrass habitats. No fish were observed to permanently 
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leave Jervis Bay; only one fish was detected on the gate 
receivers before returning to its release location on two 
occasions (Bream 10; Figs. 2b and S4). Multiple luder-
ick tagged in Currambene Creek had large gaps in detec-
tion histories between December 2019 and April 2020 
(Fig. 2a), and this can be attributed to the loss of a receiver 
over this time period.

Species Home Ranges

Both luderick and yellowfin bream had comparatively small 
home ranges (Figs. 3 and 4). Core-use areas were not found 
to correlate with predictor variables (Table 2) and ranged 
from 0.019 to 0.27 km2 (mean = 0.046 km2 ± 0.05) for luder-
ick and 0.02 to 0.39 km2 (mean = 0.165 km2 ± 0.12) for 

Fig. 2   Detections through time for tagged a luderick and b yellow-
fin bream at receivers located in seagrass ‘nurseries’ (blue), rocky 
reefs (red) or the acoustic gate (yellow). The location of tagging is 
represented by the shape of black dots, with squares = Hare Bay, 

circles = Currambene Creek, triangles = Moona Moona Creek and 
black diamonds = Carama Inlet. Crosses indicate the anticipated date 
on which battery failure occurred. Fish with no detections are not 
included
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yellowfin bream. Extent home range differed between spe-
cies, with juvenile yellowfin bream predicted to move over 
larger areas than luderick (R2 = 42.9; Table 2, Fig. 3a). Data 
points for the extent home range of luderick were widely 
spread, which can be attributed to the release locations, as all 
fish moving over areas greater than 0.3 km2 and detected at 
over 4 nodes were released in Hare Bay (Table S1; Fig. 3a). 
Indeed, further inspection of the home ranges revealed that 
there were differences between release locations, with luder-
ick in creeks moving over smaller areas than those tagged 
in the seagrass meadows of Hare Bay (Fig. 4a). However, 
this was unsurprising given that the area of waterway is 
restricted in creeks. In contrast, yellowfin bream released 
in Carama Inlet moved over slightly larger areas than fish 
in Hare Bay, which was largely driven by an outlier, where 
one large fish (Bream 10: 284 mm FL) moved over 6.1 km2 
(Fig. 4b).

Movement Networks: Habitat Use and Connectivity

Metrics calculated from the movement networks of all 
tagged fish were significantly different from random 
(P < 0.001),  so all networks were used in the analyses.  
The number of nodes visited by juvenile fish was best 
explained by species, with yellowfin bream predicted to visit 
more nodes than luderick (R2 = 42.7; Table 2; Fig. 3b). Spe-
cies was the best predictor for the number of edges within 
individual networks, with the number of edges in yellowfin 
bream networks being substantially higher than that of luder-
ick networks (R2 = 45.4; Table 2; Fig. 3c).

Both species were observed to use the seagrass habitats 
where they were released disproportionately more than 
other habitats. This was evident by the high proportion 
of detections and number of CURs at the receiver nearest 
to release sites (Figs. 5 and S1–S5). It was notable that 

Table 2   Best generalised 
additive mixed models 
(GAMMs) predicting movement 
metrics of tagged fish

All models within ± 2 AICc are presented and the most parsimonious models are in bold

Response Model AICc ΔAIC R2 (%)

Core area (50% BBKUD) Null (~ tag ID) 24.07 0 < 1
~Species 24.35 0.28 10.5

Extent area (95% BBKUD) ~Species 71.69 0 42.9
~Species + fork length 73.68 1.99 42.9

Number of nodes visited ~Species + fork length 173.68 0 48.6
~Species 174.16 0.48 42.7

Number of edges ~Species + fork length 276.545 0 52.9
~Species 278.54 1.995 45.4

Number of days at liberty Null (~ tag ID) 521.14 0 < 1
~Fork length 522.1 0.96 2.53
~Species 522.2 1.06 2.28

Network density Null (~ tag ID) 76.43 0 < 1
~Species 78.38 1.95 1.18

Fig. 3   Predictions from the best fitting generalised additive mixed 
model for a extent (95% BBMM) home ranges (km2), b number 
of nodes visited and c number of edges within the networks. Fitted 
GAMM predicted means (points) are included, and error bars rep-

resent ± SE. Symbols in a and b illustrate the different release loca-
tions, with squares = Hare Bay, circles = Currambene Creek, trian-
gles = Moona Moona Creek and diamonds = Carama Inlet
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luderick released in Hare Bay were primarily detected in 
the eastern section of this large seagrass habitat, whereas 
yellowfin bream moved more widely across the sea-
grass in Hare Bay (Figs. 5, S1, S4 and S5). There were 
strong linkages between Hare Bay and Carama Inlet, 
with many fish detected moving in and out of this creek 
system (Figs. 5, S1, S4 and S5). Nine luderick and five 

yellowfin bream released in Hare Bay moved up to 2 km 
into Carama Inlet before returning to the Bay (Figs. S1 
and S4). All but one yellowfin bream released in Carama 
Inlet were observed to egress into Hare Bay, where they 
showed wide-ranging movements before returning to the 
creek (Fig. S5). Movements into the Bay were less fre-
quent for luderick released in creeks, with two fish from 

Fig. 4   Comparison of core 
(50% BBMM) and extent (95% 
BBMM) home ranges for all a 
luderick and b yellowfin bream 
tagged at different sites within 
Jervis Bay Marine Park. Solid 
points represent mean values 
and bars are ± standard devia-
tion

Fig. 5   Individual movement 
networks illustrating con-
nectivity and space use for a 
representative luderick tagged 
in a Hare Bay, b Currambene 
Creek and c Moona Moona 
Creek and a representative 
yellowfin bream tagged in d 
Carama inlet and e Hare Bay. 
The colour of nodes illustrates 
the proportion of detections 
at a given receiver and edge 
colour shows the number of 
movements (i.e., connectivity) 
between receivers. Crosses on 
nodes denote core-use receivers, 
and the ‘x’ represents where the 
fish was released post-tagging. 
Black dots are receivers where 
fish were not detected
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Moona Moona Creek and no fish from Currambene Creek 
detected in the Bay (Figs. S2 and S3).

Individual movement networks revealed that both species 
frequently visited reef habitats which were directly adjacent 
to seagrass meadows. These reef-ward movements were 
predominantly observed for luderick and yellowfin bream 
released in the Hare Bay NTMR, where they moved 100’s of 
metres to kilometres from seagrass meadows to nearby rocky 
reefs (Figs. 5, S1, S4 and S5). Two luderick were detected 
egressing from Moona Moona Creek, repeatedly mov-
ing ~500 m to the reef at the mouth of this tributary (Fig. S3). 
There was some evidence of larger-scale movements from 
seagrass to reef habitats around the Bay, with one luderick 
and four yellowfin bream detected on reefs up to 10 km from 
release sites (Figs. S1, S4 and S5). Importantly, no fish were 
detected to permanently disperse to reef habitats and instead 
appeared to visit reefs for short periods of time before return-
ing to the sites where they were released.

No‑Take Marine Reserve Use

A total of 33 fish were tagged within the Hare Bay NTMR, 
which consisted of 13 luderick and 20 yellowfin bream 
(Table 1). Most fish tagged within this NTMR were never 
detected outside of the NTMR (Fig. S6). Only one luderick 
and four yellowfin bream were detected to cross the reserve 
boundary and spent short periods (days) outside the NTMR 
(Fig. S6). However, the one luderick (Luderick 5) was con-
sistently detected outside of the NTMR over a 4-month 
period (March–June) before returning to Hare Bay (Fig. S6). 
It was notable that these movements outside of the NTMR 
occurred between December and March for three of the four 
yellowfin bream, which would be when ocean temperatures 
were warmest. Two yellowfin bream moved into a different 
NTMR, moving from Hare Bay NTMR to the Groper Coast 
NTMR (Figs. S4 and S5).

Discussion

Assessing the habitat use and movement of juvenile fish sup-
ports a more comprehensive understanding of fish-habitat 
linkages and seascape connectivity. This study offers novel 
insights into the movement patterns of juvenile fish belong-
ing to two exploited species, luderick (Girella tricuspidata) 
and yellowfin bream (Acanthopagrus australis) in a temper-
ate marine park. Although juveniles of both species exhib-
ited site attachment to seagrass habitats, many fish made 
wide-ranging movements across seagrass meadows and to 
adjacent habitats. Yellowfin bream typically moved over 
larger areas than luderick; however, both species generally 
had small home ranges. Our study has indicated that there 
is strong connectivity between seagrass and adjacent rocky 

reef habitats for juveniles of these species, with a higher 
number of fish detected moving to reefs directly adjacent to 
seagrass than to reefs farther away. However, these reef-ward 
movements were unexpectedly not unidirectional ontoge-
netic habitat shifts, and fish instead made frequent visits to 
adjacent reefs before returning to seagrass. There was also 
no observed export of individuals to populations along the 
open coast, with no fish recorded leaving the JBMP array. 
Overall, these findings have important implications for the 
characterisation of nursery areas and provide quantitative 
data to support the inferred connectivity of juvenile fish 
from seagrass habitats to adjacent reefs made by previous 
observational studies (Dorenbosch et al. 2005; Olds et al. 
2012; Rees et al. 2018; Swadling et al. 2019; Berkström 
et al. 2020).

Numerous fish species perform ontogenetic habitat shifts 
connecting juvenile populations in vegetated nearshore habitats 
to adult populations on reefs, yet the spatiotemporal scale of this 
dispersal has remained unclear (Pittman and McAlpine 2003; 
Sambrook et al. 2019; Swadling et al. 2021). We provide some 
of the first telemetry data demonstrating that juvenile fish move 
from seagrass to rocky reef habitats across relatively small spa-
tial scales (100’s m to km’s). Contrary to predictions, however, 
these seagrass-reef movements were not permanent, and fish 
made repeated short visits to adjacent reefs before returning 
to the seagrass areas from which they were released. It is pos-
sible that as fish grow, they perform exploratory movements 
outside of their routine home ranges to adjacent reefs prior to 
permanently dispersing. This ‘area expansion’ behaviour where 
juvenile fish move to adult habitats and then return to nursery 
areas has been previously observed in telemetry studies (Childs 
et al. 2008; Huijbers et al. 2015; Murray et al. 2018; Stamp et al. 
2021). For example, Murray et al. (2018) reported that juvenile 
Leerfish (Lichia amia) tagged in South Africa routinely made 
excursions out of estuaries to open coastal areas and attributed 
this to exploratory behaviour before a permanent ontogenetic 
habitat shift. Such a life-history strategy would allow later-stage 
juveniles to access the resources they require without the costs 
of permanently dispersing.

The lack of permanent dispersal over the timescale of the 
current study (~400 days) may suggest that many fish can 
remain in seagrass as adults and fewer fish perform explicit 
ontogenetic shifts to reef habitats than previously theorised. 
Indeed, this is supported by the larger mature yellowfin 
bream tagged in this study showing site-fidelity to seagrass 
habitats and previous observations of both species being pre-
sent in seagrass as adults in the study system (Kiggins et al. 
2018; Rees et al. 2018). It would be significant if few indi-
viduals permanently disperse to adult populations on reefs, as 
it would suggest that these species exist as a metapopulation, 
with a large proportion of the population not dispersing and 
contributing individuals to the larger metapopulation (i.e.,  
not supplying recruits to coastal populations). Such a result 
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may indicate that connectivity between inshore and coastal 
populations of the study species may be limited, and the 
depletion of coastal populations could take substantial time 
for stocks to rebuild from estuarine recruits. Alternatively, 
it could be possible that the nursery function of the habi-
tats examined in this study may be limited, although this is 
unlikely. Future research quantifying the movements of these 
species over longer time periods is therefore needed to deter-
mine whether limited dispersal persists over multiple years. 
Furthermore, future work should compare the contribution of 
recruits to coastal populations in multiple systems to test the 
generality of our results, or whether intraspecific variations 
in movement patterns for juveniles occur, to better under-
stand the nursery function of estuarine and inshore habitats.

The nursery-role concept has been essential for identi-
fying key fish habitats to be included in conservation and 
management strategies, yet it has been argued that current 
definitions of nurseries may not incorporate complexities 
associated with seascape connectivity (Sheaves et al. 2006; 
Nagelkerken et al. 2015; Litvin et al. 2018). In the current 
study, we reveal that whilst both juvenile luderick and yel-
lowfin bream tagged at several sites in Jervis Bay exhibit 
strong site attachment to small areas of seagrass habitat, they 
can show wide-ranging movements and connect a mosaic 
of different patch types. For instance, fish tracked in the 
Hare Bay NTMR frequently moved across large areas of 
seagrass, into creeks (i.e., Carama Inlet) and to rocky reefs 
directly adjacent to seagrass. This implies that the juvenile 
fish tracked in this study are not obligately bound to certain 
patch types (e.g., seagrass) and that they can use multiple 
spatially connected habitats to access food or shelter. These 
findings demonstrate that the current framework for defining 
nursery areas as discrete or singular habitats could be refined 
to view nurseries as a combination of habitats that fish regu-
larly use and visit during juvenile and subadult life stages. 
This ‘seascape nursery’ approach offers a more realistic 
definition of nursery areas and would assist resource man-
agers to identify appropriate areas for management actions 
(Nagelkerken et al. 2015; Sheaves et al. 2015; Bradley et al. 
2019; Pittman et al. 2021).

There was strong site fidelity observed for fish released 
in the Hare Bay NTMR, with few individuals crossing the 
reserve boundary. This finding adds to the growing litera-
ture demonstrating that many fishes have small home ranges 
and remain inside NTMRs over relatively long time peri-
ods (Ferguson et al. 2013; Pittman et al. 2014; Harasti et al. 
2015; Kendall et al. 2017; Novak et al. 2020). Strong reten-
tion within NTMRs has been previously observed for adult 
luderick in JBMP (Ferguson et al. 2013, 2016), along with 
multiple species belonging to Sparidae in Australia (Harasti 
et al. 2015) and abroad (Parsons et al. 2003; March et al. 
2011; La Mesa et al. 2013; Abecasis et al. 2015). For exam-
ple, Harasti et al. (2015) reported that juvenile and adult pink 

snapper (Sparidae: Chrysophrys auratus) displayed site fidel-
ity to a NTMR in NSW for up to 1249 days. A total of five 
fish in the current study moved across reserve boundaries but 
all returned to the NTMR after spending days to months in 
fished waters. These movements provide evidence of spill-
over from the NTMR into adjacent fished populations which 
can influence biodiversity, productivity and ecological func-
tioning (McClanahan and Mangi 2000; Halpern et al. 2009; 
Weigel et al. 2014; Di Lorenzo et al. 2020).

The utilisation of multiple habitats by juvenile fish and 
the gradual increase in species home range with size have 
important yet rarely considered implications for marine 
reserve design (Nash et al. 2015; Carr et al. 2017; Balbar 
and Metaxas 2019). Currently, connectivity and ontogenetic 
habitat shifts are infrequently considered in spatial conser-
vation strategies (but see Weeks 2017; Balbar and Metaxas 
2019; Friesen et al. 2019), which is undoubtedly due to the 
paucity of empirical data on the movement of fishes across 
the seascape at various life-stages. For instance, Balbar and 
Metaxas (2019) reported that for 746 marine protected areas 
located across six countries, only 11% considered connectiv-
ity as an ecological criterion by managers designing them. 
In the face of limited information, marine reserves are often 
designed to protect a portion of the habitat in an area (i.e., 
habitat representation; Sala et al. 2002; Airamé et al. 2003; 
Rondinini 2011; Hernandez et al. 2021), with little under-
standing of how they are connected through processes such 
as animal movement. The use of multiple habitats at juvenile 
life stages in this study highlights that simply representing 
habitats within marine reserves may not allow their conserva-
tion potential to be reached. Instead, it may be more appro-
priate for reserve design to protect areas where there are a 
variety of habitats in close proximity. This strategy should 
incorporate connectivity and maximise conservation benefits 
by protecting a large proportion of the population during their 
movements. It would also safeguard key fish habitats (e.g., 
seagrasses, mangroves and saltmarshes) into the future that 
are currently under pressure (Waycott et al. 2009; Dunic et al. 
2021; Swadling et al. 2023; Rees et al. 2023).

Conclusion

Our results demonstrate that juveniles of two co-occurring 
species important for fisheries show small-scale site attach-
ment to seagrass habitats, but frequently move between dif-
ferent areas such as creeks and rocky reefs. The routine use of 
multiple habitat types by juvenile fish has important ramifi-
cations for the nursery-role concept. Specifically, these find-
ings highlight that the concept should be refined from view-
ing nurseries as discrete habitat types and instead consider 
them as mosaics of functionally connected patches within the 
seascape (i.e., seascape nurseries; Nagelkerken et al. 2015). 
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Although fish were detected moving to rocky reefs directly 
adjacent to seagrass at greater rates than to reefs farther away, 
these movements did not represent permanent dispersal to 
adult populations, with many individuals making repeated 
visits to reefs. The reef-ward movements could be driven by 
exploratory movements as fish grow, which would correspond 
to changing resource requirements, maturation and reduced 
predation risk (Kimirei et al. 2013; Grol et al. 2014). Overall, 
gaining a more quantitative understanding on nursery func-
tion and the movement patterns of juvenile fish across the 
seascape, including habitat-use and the spatiotemporal scale 
of ontogenetic habitat shifts, will help improve knowledge on 
species-habitat linkages and better inform managers to assist 
the design of conservation strategies such as marine reserves.
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