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Abstract
1. Water development threatens rivers and their biodiversity. Amphidromous 

shrimp are particularly vulnerable as they require migration between freshwater 
and estuaries to complete their life cycle. The Fitzroy River is a large tropical 
intermittent river undergoing water development that is home to the amphidro-
mous shrimp Macrobrachium spinipes (cherabin), yet little is known about its hab-
itat use and flow- ecology making it difficult to inform sustainable water- take.

2. We investigated habitat associations, distributional patterns suggestive of 
amphidromy, and the influence of water availability by sampling main chan-
nel and floodplain pools along a 350- km river length during 2 contrasting flow 
years. Applying a size- specific abundance model, we estimated abundance per 
size class, site, and year. We then predicted abundance at the landscape scale 
with remotely sensed water to reveal the impact of water availability on the 
meta- population.

3. Our model revealed that juveniles were in greatest abundance in downstream 
main channel pools, whereas adults were in greatest abundance in upstream 
floodplain pools. Abundance varied by year with lower numbers predicted in the 
low- flow year. Longitudinal and habitat patterns remained when our pool- level 
results were scaled to the landscape, and the positive relationship of abundance 
to wet- season flow was strengthened. The predominance of smaller cherabin in 
the lower reaches of the river provides indirect support for an estuarine nurs-
ery and amphidromous life history; however, small individuals observed in land-
locked pools, during late dry season suggests possible within- river recruitment.

4. The importance of water development policies that protect wet- season flow and 
passage along the Fitzroy River is supported by this work. These types of poli-
cies are likely to be important for this and other amphidromous shrimp species 
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2  |    BEESLEY et al.

1  |  INTRODUC TION

Freshwater ecosystems support high biodiversity and deliver nu-
merous goods and services to people but are under increasing pres-
sure from water development (Albert et al., 2021; Reid et al., 2019; 
Vörösmarty et al., 2010). Dams, weirs and water extraction stress 
rivers (Albert et al., 2021; Dudgeon, 2019; Grill et al., 2019) by al-
tering the natural flow regime and disrupting the ecological pro-
cesses that underpin healthy river function (Kondolf et al., 2006; 
Poff et al., 1997). One important process commonly impacted by 
water resource development is hydrological connectivity, i.e., the 
exchange of animals, matter and energy between surface and sub-
surface flows, along the length of the river, and between main chan-
nel and floodplain habitats (Amoros & Roux, 1988; Pringle, 2003).

Changes to hydrological connectivity impacts patterns and 
processes of riverine productivity and biodiversity by altering the 
quality and quantity of aquatic habitats and movement of ani-
mals and nutrients throughout the riverine landscape (Amoros & 
Bornette, 2002; Tockner et al., 1999). For instance, in large low-
land rivers, reduced overbank flow onto the floodplain results in 
reductions of the number, size, and depth of wetlands (Bowen 
et al., 2003; Kingsford, 2000; Theiling & Burant, 2013). As these 
wetlands are typically places of high primary and secondary pro-
duction (Junk et al., 1989) and often support species not found in 
the main river channel, their loss can lead to local declines in bio-
diversity (Beesley et al., 2012; Ward et al., 1999) and system- wide 
decreases in production, e.g. fish stocks (Dutterer et al., 2013; Van 
de Wolfshaar et al., 2011). In the main channel, reduced within- bank 
flow can result in reductions in the size and depth of main channel 
pools and changes in the amount of run/riffle habitat, influencing 
habitat suitability for aquatic biota (Chan et al., 2012). Furthermore, 
decreased or obstructed within- bank flow can impinge or prevent 
animal movement (Beesley et al., 2019; Benstead et al., 1999), creat-
ing considerable risk to migrations between freshwater and marine 
environments that may be important to fulfilling species' life- history 
requirements (Chappell et al., 2019; Jarvis & Closs, 2019). This is 
particularly problematic when migratory species play important 
functional roles (Freeman et al., 2003) by connecting marine and 
freshwater food webs (Engman et al., 2018; Naiman et al., 2009), or 
providing food resources for people (Jarvis & Closs, 2019).

Migratory shrimp are one group of animals that are important 
to healthy river function and are considered particularly vulnerable 
to reduced flow connectivity associated with water development 
(Bauer, 2013; Jarvis & Closs, 2019). Many shrimp species assist in 

transferring energy from detritus to higher trophic levels, such as fish 
(Crowl et al., 2001; Welsh, 1975), and some facilitate the transfer of 
energy from the marine environment to freshwater (Olivier, 2013). 
Many migratory shrimp have an amphidromous life history, i.e., 
they grow, mate and spawn in freshwater, releasing planktonic lar-
vae that drift downstream to an estuarine nursery and then migrate 
upstream as juveniles (Bauer, 2013). Research on amphidromous 
shrimp demonstrates that dams and weirs can limit their upstream 
migration (Benstead et al., 1999; Holmquist et al., 1998), increase 
mortality of drifting larvae (Benstead et al., 1999) and, for some spe-
cies, limit downstream migration of pre- spawning adults (Chappell 
et al., 2019). Instream barriers can cause significant impacts to pop-
ulations inhabiting coastal mountain streams (Holmquist et al., 1998; 
March & Pringle, 2003), but in general, populations inhabiting lon-
ger river systems are considered most at risk from water resource 
development because their larvae must travel further to reach the 
sea (Bauer, 2013). To date, most research examining the current and 
potential impacts of water development on amphidromous shrimp 
in longer river systems have focussed on main channel habitats 
(Mississippi River 3,766 km Barko & Hrabik, 2004; Daly River 355 km 
Novak, Garcia, Pusey, & Douglas, 2017). Few studies have examined 
the floodplain, and none have applied habitat mapping to assess 
landscape- scale impacts linked to altered flow.

The Fitzroy River is a long (700 km) intermittent river in the trop-
ics of north Western Australia that experiences considerable inter- 
annual variability in flow, is facing water development (Petheram 
et al., 2018), and contains the amphidromous caridean shrimp 
Macrobrachium spinipes (henceforth referred to as cherabin). Like 
most species in the river, little is known about the habitat use and 
flow- ecology of cherabin, making it difficult to inform water- take 
rules that limit negative impact on the species (Douglas et al., 2019). 
Water resource development in the Fitzroy River is likely to include 
floodwater harvesting, which may reduce hydrological connectivity 
along the length of the river and between the river and the flood-
plain, impacting the amount and depth of aquatic habitats (Petheram 
et al., 2018; Warfe et al., 2011). If cherabin use the floodplain and 
require migration to and from the estuary to complete their life 
cycle, then water extraction could have substantial impacts on the 
species and on the services it provides. The extent to which cher-
abin use floodplain habitats remains unclear as prior research has fo-
cussed on main channel habitats (Novak et al., 2015; Novak, Bayliss, 
Garcia, et al., 2017). Uncertainty also surrounds its amphidromous 
life history. Macrobrachium shrimp can display considerable vari-
ation in life history among populations (Meireles et al., 2013) and 

across Australia, Southeast Asia and further afield. Further research detailing 
the species life history and describing flow– recruitment relationships will be 
important contributions to understanding this important taxonomic group and 
refining policies for current and future water resource development.

K E Y W O R D S
amphidromy, environmental flow, migratory shrimp, northern Australia, spatial mapping
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    |  3BEESLEY et al.

while there is strong evidence that cherabin is obligately amphidro-
mous in the Daly River (Northern Territory) (Novak, Garcia, Pusey, 
& Douglas, 2017), a perennial river some 740 km to the north, the 
population in the Fitzroy River (Kimberley) may differ. Indeed, ge-
netic analyses indicate that cherabin in the Kimberley are distinct 
from those in the Northern Territory (Mather & De Bruyn, 2003). 
They also have eggs that are considerably larger, i.e., 1.3 mm ver-
sus 0.9 mm (Short, 2004). As meta- analyses of caridean shrimp have 
found that increasing egg size is commonly linked to abbreviated lar-
val development and subsequent loss of the need to reach saltwater 
for survival (Bauer, 2013), it remains possible that cherabin in the 
Fitzroy River may breed successfully in freshwater.

This study aimed to describe the size- related distribution and 
abundance of cherabin in the Fitzroy River, to: (1) reveal habitat as-
sociations; (2) highlight longitudinal patterns suggestive of an amphi-
dromous life history; and (3) investigate links with water availability. 
Cherabin were sampled in the dry season along a 350- km length of 
the lower river in both main channel and floodplain habitats across 
a range of depths. The study was undertaken during 2 years with 
contrasting wet- season flow magnitudes. We developed a multi- size 
class abundance model to estimate relative abundance of cherabin at 
the site- scale while accounting for variable capture probability due to 
cherabin size, sampling method, and environmental conditions. We 
then coupled model outputs with remotely sensed water mapping 
to generate predictions of relative abundance at a landscape scale 
to account for disproportional sampling of habitats and increase the 
relevance of our findings to management. This study is the first, to 
our knowledge, to provide an insight into the system- wide impor-
tance of flow and floodplain habitats for an amphidromous shrimp 
in a large lowland intermittent river. Broadly, our findings contribute 
to knowledge of potential impacts of water development on migra-
tory aquatic species and thus the flow components in most need 

of protection. Specifically, our findings will inform water allocation 
planning to assist the sustainable development of the Fitzroy River.

2  |  METHODS

2.1  |  The study system

The Fitzroy River catchment covers approximately 94,000 km2 and 
is situated within the wet- dry tropics of the Kimberley region of 
Western Australia (Figure 1). Over 95% of the catchment is used 
for dry land pastoralism (Petheram et al., 2018). The Fitzroy River is 
largely undeveloped along its 700- km length except for a 2.6- m high 
weir built in 1957 and located 150- km upstream of tidal influence 
(Kirby et al., 2009). The river has a mean annual discharge of 6,600 
Gl (Petheram et al., 2018), and its flow regime is categorised as pre-
dictable summer highly intermittent (class 10, Kennard et al., 2010). 
The timing of wet (November– April) and dry (May– October) seasons 
is predictable; however, annual variation in flow is high resulting 
in periods of extremely high and very low water availability in the 
catchment (Kennard et al., 2010; Petheram et al., 2018). The study 
took place in the lower 400 km of the river, which is considered most 
likely to be impacted by future water extraction for agricultural pro-
duction (Petheram et al., 2018). In this region, the river displays a 
sinuous main channel with alternating deep and shallow reaches and 
a floodplain dominated by braided distributary creeks (Taylor, 1998). 
During dry periods the main channel contracts to alternating pool 
and sandbar habitats. Pool persistence is linked to channel shape 
and the influx of alluvial or deep groundwater (Taylor et al., 2018). 
Water on the floodplain also contracts markedly during the dry 
season, with pool persistence linked to bathymetry (e.g. maximum 
depth), soil type (clay vs. sand), and groundwater influx.

F I G U R E  1  The location of main 
channel and floodplain sites surveyed for 
cherabin in the Fitzroy River, Kimberley, 
Western Australia. The hatched area 
shows the polygon used for habitat 
mapping and landscape- level predictions. 
This polygon is separated into five zones 
along the length of the river and is used 
in the results to summarise longitudinal 
zonation. The location of the estuary 
and the Camballin Barrage (Barrage) are 
shown using diamonds
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4  |    BEESLEY et al.

2.2  |  Sampling design and survey methods

We sampled cherabin at 45 sites on the Fitzroy River during the dry 
seasons of 2018 (September– October) and 2019 (June– November; 
Figure 1, Table S1). The survey was part of a larger study with multiple 
aims and thus a subset of sites were sampled on multiple occasions in 
2019, making a total of 71 sampling events (Table S2). Sites spanned 
356 river km, from 34 to 389 km upstream of the river mouth/estu-
ary which was defined here as −17.596420°S and 123.589802°E and 
approximates the upstream extent of tidal influence (Figure 1). The 
location of sites sampled in this region of the river were dictated 
by access, permission and other logistic constraints and represent 
a non- random sample. Sites encompassed two mesohabitat types: 
main channel pools (23 sites, 40 sampling events) and floodplain 
pools (22 sites, 31 sampling events; Table S2). Main channel pools 
were located on the main stem of the river but also the Cunningham 
anabranch, a large 53- km long braid of the main channel, and the 
Margaret River, a major tributary that meets the mainstem of the 
river c. 355 km upstream (Figure 1). Floodplain pools were located 
in flood- runner distributary creeks or deflation basins along the 
Fitzroy's floodplain. River discharge was considerably higher in 2018 
compared to 2019, with an annual discharge of 4,308 Gl in 2018 and 
638 Gl in 2019 at Willare gauging station (Figure 2).

Cherabin were sampled using multiple traps (opera and box) and 
beach seines to increase opportunities for detection across sizes 
classes and environmental conditions. Seine nets were used in shal-
low pools, whereas traps were used in deeper sites. Opera traps of 
two dimensions were used: large traps were 700- mm long, 500- mm 
wide, and 300- mm high, with a 25- mm mesh size and 70- mm diam-
eter entry holes; and small opera traps were 625- mm long, 465- mm 
wide, and 250- mm high with a 4- mm mesh size and 80- mm diame-
ter entry holes. Box traps were 380- mm long, 240- mm wide, and 
250- mm high, with a 2- mm mesh size and 35- mm diameter entry 
holes. Opera traps were baited with tinned moist cat food and box 
traps were unbaited. Traps were set during the day or overnight; day 
sets averaged 4.3 hr (range 2.5– 5.9 hr) and overnight sets averaged 
14.6 hr (range 11.7– 19.4 hr). Traps were set along the length of the 
pools, predominantly in bank habitats with high structural complex-
ity (e.g., woody debris, undercut banks, root masses). The number 
of traps set at each site varied among years but ranged from four 
to eight replicates of each trap type (see Table S2), with small- mesh 
opera traps introduced in 2019. Beach seines of two lengths were 
used; the large seine was 10- m long with a 1- m drop and 9- mm 
mesh, the small seine had the same dimensions but was 5- m long. 
The smaller seine was used in smaller pools and when complex hab-
itat restricted use of the larger seine. Seines were dragged through 
the littoral zone perpendicular to the bank. At seined sites, between 
two and seven seine hauls were taken per pool depending on pool 
size. Seine- haul length varied between 3 and 60 m for the large seine 
and between 3 and 25 m for the small seine. Cherabin collected 
were held in aerated water- filled buckets, counted, measured, and 
released. Body size was described using occipital carapace length 
(OCL), i.e., the distance from the orbital margin to dorsolateral 

invagination of posterior margin of the carapace, and was measured 
with Vernier callipers to 1.0 mm. Size classes <20 mm were consid-
ered juveniles and those >20 mm as adults as per Novak et al. (2015), 
with a total length (TL)– OCL calibration of OCL = 0.0429 × TL1.3724. 
This equation was generated with least- squares regression of mea-
surements taken from >3,000 cherabin in the Daly River, Northern 
Territory (See Figure S1).

2.3  |  Environmental factors

During each sampling event, we collected a suite of environmental 
metrics pertinent to our aims. These metrics described site meso-
habitat, distance from the estuary, and relative water availability. 
Mesohabitat referred a site's location, either main channel or flood-
plain. River kilometre referred to the distance upstream from the 
estuary and was determined remotely by vectorising the main stem 
of the river channel and calculating the distance of the site to the ap-
proximate location of tidal influence. For floodplain sites, the short-
est line (Euclidean distance) to the main channel was used to mark 
the main channel equivalent and the distance from this location to 
the estuary was used. This procedure was performed using Near 
Tool in ArcGIS Pro. Water availability was indexed using a categorical 
year variable to account for temporal variation and pool maximum 
depth to account for spatial variation. The year variable (2018, 2019) 
summarised differences in the magnitude of wet season flow as well 
as other annual changes, while maximum depth indexed hydrological 
persistence for a given site (i.e., inversely proportional to the prob-
ability of drying completely). Pool maximum depth was obtained via 
surveying the site to determine the deepest point. As sampling oc-
curred in different months each year (i.e., June to December) and 
pools were in different states of seasonal contraction, the maximum 
depth metric was standardised with a linear mixed- effects model to 
remove temporal variation in maximum depth isolating the spatial 
differences among sites. This variable was termed relative depth and 
was highly correlated with maximum depth (i.e., r2 = 0.84). Methods 
and model code for the standardisation is provided in Supplement 
S2. For each sampling event we also measured water quality (tem-
perature, turbidity, conductivity, dissolved oxygen, pH) by holding 
the tip of a YSI ProDSS multiparameter sonde (Xylem, U.S.A.) 15 cm 
below the water surface. This instantaneous spot measurement was 
taken at one location that was considered representative of the site 
and was undertaken prior to sampling.

Because we expected sampling efficiency to vary with cher-
abin size, sampling method, and environmental characteristics 
(Gwinn et al., 2016), we collected ancillary data on characteristics 
of each exact sample location. At this spatial scale, we measured 
sampling effort as the length of time of traps deployment (hr) or 
the length of the seine haul (m). We recorded trap set times as day 
or night, trap set location water depth (m), and seine haul location 
maximum water depth (m). Because sampling efficiency can de-
cline with the total size of the sample site (Beesley et al., 2014), 
we calculated pool surface area (m2) as the product of maximum 
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    |  5BEESLEY et al.

length and average width to approximate the total benthic area 
that might be available to cherabin for each site. Pool dimension 
measurements were based on a single measurement of pool length 
and an average measurement of pool width based on three to 
seven transects (mean of five) per site. Pool length was capped 
at 2 km for very large pools, and all distance measurements were 
taken using a laser rangefinder (Athlon 1200Y).

2.4  |  Size- structured abundance model

The primary challenge of our analysis was to draw inference across 
different cherabin sizes and environments despite expected vari-
ation in sampling efficiency among sizes and sample- location 
characteristics (Gwinn et al., 2016, 2020; Magoulick et al., 2017). 
To account for these issues, we developed a hierarchical size- 
structured abundance model. The model is a modified and ex-
tended version of the multi- species abundance model of Yamaura 
et al. (2011) where multiple size groups (eight 10- mm size groups 
with centres from 5 to 75 mm OCL) of our model are analogous 
to multiple species of the Yamaura model. Thus, inference on the 
distribution of abundance and capture probability of cherabin can 
be drawn at the population level and size- group level in a single 
analysis. Furthermore, information is transferable among size 
classes, increasing statistical power and decreasing the risk of spu-
rious results, particularly for size classes with sparse data (Link & 
Sauer, 1996; Sauer & Link, 2002). The model estimates abundance 
of cherabin at the site scale, but because of the nature of the pas-
sive sampling methods used and the spatially unique sample rep-
licates, the true space associated with the abundance estimates 
are vague (Gwinn et al., 2019). Thus, our site- scale estimates must 
be interpreted as indices of abundance that have been corrected 
for variable sampling efficiency (here after referred to as relative 
abundance) and thus no units are given (see Gwinn et al., 2019).

2.5  |  Model structure

Our model describes the site- level abundance of cherabin with a 
Poisson distribution as

where �i,j is the expected relative abundance of size class i for the site/
year combination j. The likelihood of the model was specified as

where yi,j,k represents incidence detection data, with 1 indicating that 
at least one cherabin of size class i was detected at site/year j in repli-
cate sample k, and 0 indicates no detection. The parameter pi,j,k is the 
detection probability (i.e. the probability of capturing at least one indi-
vidual) for size class i, at site/year j, in replicate sample k. We connected 
the abundance model to the likelihood by specifying the detection 
probability (p) per Royle and Nichols (2003) as

where ri,j,k represents the individual- based capture probability (i.e., av-
erage capture probability of individual cherabin).

We incorporated covariates into abundance model with a log link 
as

where �1,i is the size- specific intercept and �2,i- �6,i are size- specific 
environmental covariate effects on abundance. Variables D and H 
represent relative depth and mesohabitat of the site, respectively; Y 
represents the year of sample collection; R represents river distance 
from the estuary. The term �3,iHjDj models the potential interaction 

(1)Ni,j ∼ Poisson
(

�i,j
)

(2)yi,j,k ∼ Bernoulli
(

pi,j,k
)

(3)pi,j,k = 1 −

(

1− ri,j,k
)Ni,j

(4)

log
(

�i,j
)

= �1,i + �2,iDj + �3,iHjDJ + �4,iHj + �5,iYj + �6,iRj + �site
i,j

+ �
day

i,j

F I G U R E  2  River discharge at two 
gauges (Willare and Fitzroy Crossing) in 
the lower Fitzroy River during the study 
period
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6  |    BEESLEY et al.

of mesohabitat and relative depth on abundance. The parameters 
�site
i,j

 and �day
i,j

 are size- specific random effects across sites to account 
for non- independence of abundance for sites sampled on multiple 
years (2018, 2019) and across days (Julian day of sampling) to ac-
count for unexplained temporal variation. To evaluate the influence 
of individual size (length, L) on potential effects of the environmen-
tal covariates (i.e. interactions effects), we added a hierarchical layer 
into the model that describes the � parameters as either random 
effects across size classes or a combination of random and fixed 
effects. Specifically, we described �1,i as a random effect across size 
classes because we did not expect these parameters to vary sys-
tematically with length (i.e. �1 ∼Normal

(

�
�

1
, �

�

1

)

). We expected that 
�2,i- �6,i could vary systematically with cherabin size, and thus de-
scribed these as random effects (as �1,i) with a mean (��

2−6
) explained 

by cherabin size as

where �1,� represents the average effect size for the associated � pa-
rameter and �2,� and �3,� describe a flexible relationship of the effect 
size to length that can take on a variety of shapes including flat, mono-
tonic, asymptotic, concave, and convex. The subscript � indexes the � 
parameter, i.e. �2 − �6 of Equation 4.

We incorporated covariates of capture probability ri,j,k into the 
observation sub- model in a series of steps. First, we formulated cap-
ture probability as a function of sampling effort as

where qi,j,k is the catchability coefficient which is the capture prob-
ability per fixed unit of sampling effort. The variable Ej,k is the gear- 
specific effort scaled between 0 and 1 for each sampling method. The 
parameter �g modifies the relationship between catchability and effort 
for each sampling gear (index by subscript g). Values of 1 describe a 
proportional relationship (straight line), values less than 1 describe a 
saturating relationship, and values equal to 0 describe no relationship. 
We formulated qi,j,k as a function of three covariates with sampling 
gear- specific effects using a logit link as

where �1,g represents the mean capture probability of each sampling 
method g; �2,g and �3,g describe the relationship between capture 
probability and length group L; and �4,g and �5,g describe the rela-
tionship between capture probability and pool surface area A and 
the diurnal time of sampling T, respectively. As the diurnal time of 
sampling T was only pertinent to traps that were set either during 
the day or night, this term was not included in code for seine nets. 
All continuous covariates in Equations 4, 5, and 7 were centred on 0 
and scaled to one standard deviation. Full model code is provided in 
Supplement S2.

2.6  |  Model fitting methods

Posterior probability distributions of model parameters were esti-
mated using a Gibbs sampler implemented in JAGS (Plummer, 2003). 
We called JAGS from within program R (R Development Core Team 
2021) with the library RJAGS (http://mcmc- jags.sourc eforge.net). 
All logit- scale parameters of the observation model (�g, �1−5,g) were 
assigned uninformative Student t- distributions with � = 1.57 and 
� = 7.763 as per Gelman and Hill (2006). All log- scale parameters of 
the abundance model (�1−3,�) were assigned flat Normal priors across 
their plausible range with � = 0 and � = 0.1. We applied mildly in-
formative half Student t- distributions as priors to standard deviation 
parameters with � = 1.8 and � = 2. These priors were used to stabi-
lise posterior sampling while having negligible influence on the shape 
of the posterior distributions. To guard against unnecessary model 
complexity, we regularised our model using a Bayesian mixture- 
model approach termed Stochastic Search Variable Selection 
(George & McCulloch, 1993; Hooten & Hobbs, 2015; O'Hara & 
Sillanpää, 2009). Full model code and a description of the Stochastic 
Search Variable Selection process is provided in Supplement S2.

2.7  |  Landscape- scale predictions of abundance

To increase the relevance of our results to water management, 
we scaled pool- level relative abundance to the landscape scale 
via model prediction. We first designated the study area of inter-
est as a 5,807- km2 region of the lower Fitzroy catchment. This area 
is where our sampling occurred and encompassed the majority of 
the Fitzroy's floodplain in the region where water resource de-
velopment is likely to take place (Figure 1, Petheram et al., 2018). 
Within this study region we used satellite imagery to map water 
across the landscape at a pixel level for the late dry season, a time 
when the system is under the most severe water stress, for the 2 
study years (22 November 2018, 18 October 2019). Images were 
several weeks earlier in 2019 because early wet season rain during 
2019 resulted in October rather than November representing the 
most water stressed time of the year. Imagery was obtained from 
five Sentinel- 2 Level- 1C top- of- atmosphere reflectance scenes, 
sourced by USGS Earth Explorer (earth explo rer.usgs.gov) to iden-
tify water. We used the Modified Normalised Difference Water 
Index (MNDWI) (Xu, 2006), to classify 10 × 10 m pixels in the image 
as per the equation: MNDWI = (Green − SWIR)/(Green + SWIR). 
Where MNDWI = Modified Normalised Difference Water Index, 
Green = green band, and SWIR = short- wave infrared. Pixels with 
MNDWI values greater than 0 were considered to represent water 
and were partially validated by a visual comparison with Planetscope 
imagery sourced by PlanetLabs (planet.com). For each water pixel 
we noted mesohabitat type (main channel, floodplain) and its river 
distance from the estuary, as these two covariates were found to be 
useful predictors in our abundance model and were readily obtained 

(5)�
�

�,i
= �1,� + �2,�Li + �3,�L

2
i

(6)ri,j,k = qi,j,kE
�g

j,k

(7)logit
(

qi,j,k
)

= �1,g + �2,gLi + �3,gL
2
i
+ �4,gAj + �5,gTj,k
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    |  7BEESLEY et al.

from remotely sensed data. Covariate values for each pixel were 
then passed through the abundance model, holding all other influen-
tial terms in the model at their mean, to predict relative abundance 
for each cherabin size class in each pool (pixel) in the region. These 
pool- level predictions were then summed across pixels to gener-
ate model prediction of relative abundance at the landscape scale. 
Patterns for juveniles were compiled by summing model outputs for 
the 0– 10-  and 10– 20- mm OCL size classes and patterns for adults by 
summing all size classes >20 mm OCL.

As flow policy rules often have a strong spatial element, we cre-
ated five river zones to highlight longitudinal patterns in cherabin 
relative abundance (Figure 1). Each zone spanned the same length 
of mainstem river channel (72 km) and stretched from the lowest to 
most upstream site sampled (zone 1: 26– 98, zone 2: 99– 171, zone 
3: 172– 243, zone 4: 244– 316, zone 5: 317– 388 river km). All re-
motely sensed mapping was performed in ArcGIS Pro (ESRI, 2020). 
Representative images of mapped aquatic habitat in the five river 
zones are shown in Figures S2– S6.

3  |  RESULTS

A total of 894 cherabin, varying in size from 4 to 79 mm OCL, were 
caught (Figure S7). Of these, 627 were collected in main channel 
habitats (4– 57 mm OCL), and 267 were caught in floodplain habi-
tats (5– 79 mm OCL). Main channel pools varied in depth from 0.3 
to 6.2 m and floodplain pools from 0.1 to 3.2 m (Figure S8). All sites 
displayed good water quality with dissolved oxygen levels >5 mg/L. 
Conductivity and turbidity were highly variable among sites, ranging 
from 60 to 3,500 μS/cm, and 0.04 to 10,269 NTU, respectively.

Our size- structured abundance model revealed that our abil-
ity to detect cherabin varied with gear type, sampling effort and 
water depth. Seine nets were more effective at catching cherabin 
than opera traps, with box traps the least effective. For instance, 
the maximum capture probability in 10- m long seine nets was c. 
0.8 which was two times higher than fine mesh opera traps (c. 0.4), 
seven times higher than large mesh opera traps (c. 0.11) and approx-
imately 30 times higher than for box traps (c. 0.03; Figure 3b– j). 
The size- selectivity of sampling also varied by gear type. Seine nets 
and box traps were better at catching smaller sizes (Figure 3b,h,j), 
whereas opera traps were better at catching medium and larger sizes 
(Figure 3d,f). There was a tendency to catch more cherabin when 
traps were set at night, although this was not significant at the α 
0.05 level (Figure S9). Capture probability increased with effort in a 
linear fashion for the length of a seine haul, but asymptotically with 
time for traps indicating gear equilibration (Figure S10). Lastly, the 
capture probability of cherabin decreased with increasing pool area 
for all gear types (Figure S11).

At the site scale, our abundance model revealed size- related 
habitat and longitudinal patterns. Small and medium size cher-
abin (<40 mm) were in higher abundance in main channel pools, 
whereas large size classes (>40 mm), were in higher abundance 
in floodplain pools. This result is evidenced in Figure 4d by the 

negative parameter estimates for size classes <40 mm and positive 
parameter estimates for those >40 mm. Predicted relative abun-
dances of cherabin <30- mm OCL were also higher in the main 
channel (Figure 5a) compared to the floodplain (Figure 5b) with the 
switch in mesohabitat use occurring at c. 40- mm OCL (Figure 5a,b). 
Patterns in distribution along the length of the river also reflected 
cherabin size. Small and medium sizes (<40 mm), which include 
juveniles (i.e., individuals <20 mm), were found in higher rela-
tive densities in the lower reaches of the river, and large adults 
(>40 mm) were found in higher relative densities further upstream. 
This result is evidenced by parameter estimates in Figure 4f and 
visually represented in Figure 6 where the majority of juveniles 
(OCL < 20 mm) occurred between 0 and 100 km upstream from the 
estuary (Figure 6a,b) and the majority of large adults between 250 
and 350 km (Figure 6f– h). The concentration of juveniles low in the 

F I G U R E  3  Size- based capture probability of cherabin to each 
sampling gear. Panels to the left show estimates of parameter 
means (filled circles) and their associated 90% confidence intervals. 
Letters in parentheses next to gear types indicate their specifics, 
e.g. fm = fine mesh opera trap, lm = large mesh opera trap. Panels 
to the right show parameter means across the different size classes 
and their 90% confidence intervals. Carapace length refers to 
occipital carapace length
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8  |    BEESLEY et al.

river is what would be expected if early life stages swim out of an 
estuarine nursery, i.e., amphidromous life history. However, tiny 
individuals, as small as 5- mm OCL, were also collected in the upper 
reaches of the study area, hundreds of kilometres upstream of the 
estuary (Figure 6a). This finding, together with the fact that small 
juvenile cherabin were collected from land- locked habitats late in 
the dry season (October, November), at least 6 months since the 
cessation of wet season flows (Figure S12), is suggestive of either 
local within- river recruitment, or muted growth due to resource 
limitation at these locations. Water conductivity at these sites 
ranged between 320 and 1,153 μS/cm.

At the site scale, our abundance model also indicated that cher-
abin relative abundance was influenced by water availability. For in-
stance, the abundances were statistically lower for the low- flow year 
(2019) for all size classes (see Figure 4e). There was less support for 
the importance of pool hydrologic persistence as indexed by the rel-
ative depth metric. The 95% Bayesian credible intervals for the effect 
of relative depth and its interaction with mesohabitat overlapped 
zero (Figure 4b,c). However, the effect of both parameters indicated 
a posterior probability of 0.81 for a positive depth response of the 
largest size class on the floodplain, suggesting a trend for deeper 
pools on the floodplain to support greater re abundances of large 
cherabin than shallow pools (Figures 4b, 5b). Patterns in cherabin 
relative abundance with water availability were more uncertain than 
those linked to habitat as evidenced by the larger 95% credible inter-
vals for these terms (Figure 4).

Predictions at the landscape scale amplified the positive impact 
of wet season flow on cherabin relative abundance observed at the 
site scale. For instance, there were on average 3.5 times more juve-
niles and 2.9 times more adult cherabin across the landscape in the 

year following the larger wet season flow (2018 Figure 7, Table S4). 
This result was a direct consequence of the ‘year’ effect in the abun-
dance model and the fact that there was 1.5 times more aquatic hab-
itat, both in the main channel and on the floodplain, late in the dry 
season of 2018 than in 2019 (Table S3). Differences in the area of 
aquatic habitat were especially pronounced for main channel pools 
in the lower reaches of the river (zone 1, Figure 8), with four times 
more aquatic habitat in this zone in the higher flow year of 2018 than 
in 2019 (Table S3).

Habitat and longitudinal patterns in relative abundance at the 
landscape scale were broadly similar to those found at the site 
scale but revealed sections of the river with aggregations of ju-
veniles and adults. For instance, the floodplain supported the 
majority of adults and the main channel supported the majority 
of juveniles (Figure 7b,c; Table S3). Juveniles in the main channel 
were most abundant in lower to mid reaches of the river (<250 km 
upstream from the estuary; Figure 7c), highlighting the potential 
importance of this region for recruitment. Zone 2, between 98 
and 171- km upstream of the estuary was predicted to support 
the greatest number of juveniles (Figure 7c), containing between 
four and nine times more aquatic habitat than zone 1 in 2018 and 
2019, respectively (Table S3). The upstream end of this zone is the 
location of the only instream barrier in the river, the Camballin 
Barrage. Adults on the floodplain were most abundant in zones 
2 (98– 171 km) and 4 (243– 315 km), although considerable un-
certainty surrounded these predictions (Figure 7b). These zones 
contained a large amount of aquatic habitat compared to other 
locations (Table S3), especially zone 2, which contained the large 
distributary creek (Uralla creek), which receives water from the 
Camballin Barrage (Figure 1). The location of high abundances may 

F I G U R E  4  The strength (effect size or parameter value) of covariates on relative abundance of cherabin for different size classes 
(carapace length, mm). Black- filled circles show the mean parameter estimate for each covariate and the horizontal lines shows the 90% 
confidence interval (CI). Where the parameter value for a given size has CIs that overlap zero the covariate is deemed to exert no significant 
relationship. Hab:Dep indicates the interaction between habitat and depth. Main channel and 2018 were the default categories for habitat 
and year in the model, thus the terms for habitat and year shown represent the effect of floodplain and 2019 respectively on the relative 
abundance of different cherabin size classes. CIs are asymmetrical due to model averaging and the zero value for year is not shown as all size 
classes have parameters that are negative. Carapace length refers to occipital carapace length
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    |  9BEESLEY et al.

represent areas of particular importance to the maintenance of 
the meta- population.

4  |  DISCUSSION

This is the first study to describe the distribution and habitat as-
sociations of the highly valued giant freshwater shrimp M. spinipes 
(cherabin) at multiple scales in a large intermittent river. Our analy-
sis revealed influences of water availability on cherabin abundance, 
suggesting temporal variability in flow as a strong influence and 
pool persistence as a weaker influence of the dynamics of this meta- 
population. We also revealed that cherabin abundance differed 
among locations in the river and identified and habitats of high ju-
venile and adult abundance. The predominance of small size classes 
in the lower river provides indirect support for an estuarine nursery 
and an amphidromous life history; however, the collection of small 
individuals late in the dry season in landlocked habitats suggests that 
some level of within- river recruitment may be occurring in this in-
termittent system. Floodplain areas with high adult abundance may 

represent sources of reproductive potential important to popula-
tion maintenance and may be of conservation interest. Our findings 
represent important information on this data- deficient species to 
inform water planning policy and support the conservation of chera-
bin in the face of water resource development (Douglas et al., 2019).

4.1  |  Habitat associations

Our finding of a strong association with habitat is in keeping with 
Macrobrachium research around the world. However, while most 
studies document habitat associations at a within- site scale, such 
as boulders (Snyder et al., 2016) or macrophytes (Montoya, 2003; 

F I G U R E  5  Model predicted relative abundance of cherabin for 
different size classes (carapace length) for the two mesohabitats 
(main channel, floodplain) in pools with different depths (shallow, 
deep). Pool depths shown (shallow, deep) represent the 25th and 
75th percentile of maximum pool depths in the two mesohabitats. 
The size classes shown on the x axis represent the midpoint of the 
size category, i.e. size class 5 represents individuals between 0 and 
10. Carapace length refers to occipital carapace length

F I G U R E  6  Model predicted relative abundance of cherabin 
versus river kilometre (distance from the estuary) for the different 
size classes (occipital carapace length, mm). Size classes <20 mm are 
juveniles and those >20 mm are adults. Dark grey vertical bars on 
the x axis indicate the river km of sites sampled
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10  |    BEESLEY et al.

Torres et al., 2018), our study is one of the few to compare meso-
habitats, i.e. main channel versus floodplain. Mapping floodplain and 
main channel pools of our study region and scaling abundance es-
timates to match this larger spatial scale of inference was critical in 
our intermittent system to achieve relevance to management. While 

our landscape- scale results indicate the importance of the floodplain 
for adult cherabin, the extent to which these individuals contribute 
to metapopulation reproductive output remains unknown as their 
larvae must take a more indirect journey to the estuary than adults 
spawning in the main channel.

F I G U R E  7  Model predicted system wide relative abundance of cherabin in the five river zones for the 2 flow years (2018, 2019) for adult 
(≥20 mm occipital carapace length) and juvenile (<20 mm occipital carapace length) size classes. The five river zones are shown using their 
associated river kms, where 26– 98 km = zone 1, 99– 171 km = zone 2, 172– 243 km = zone 3, 244– 315 km = zone 4 and 315– 389 = zone 5. 
Box plots show upper 75th and lower 25th percentiles, with the solid line in the centre of the box showing the 50th percentile (median), 
the whiskers representing the upper and lower 95th confidence intervals. The y- axis for panels a and b ends at 0.8 to improve visual 
representation of the predictions, but the confidence intervals for adult cherabin in the floodplain between 98– 171 and 243– 315 km extend 
to 1.4 million. Note the different y- axes values for adults and juveniles
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    |  11BEESLEY et al.

The greater abundance of adult cherabin on the floodplain com-
pared to the main channel may be driven by increased growth and/
or survival in this habitat. We were unable to find any published 
research comparing the growth and survival of cherabin, or closely 
related Macrobrachium rosenbergii, in main channel versus flood-
plain habitats. However, tropical floodplains are known to provide 
growth benefits to many aquatic species in northern Australia (Pettit 
et al., 2017) and elsewhere in the world (Junk et al., 1989). In the 
Fitzroy River, increased survival on the floodplain is likely because 
of the absence, or lower abundance, of key aquatic predators such as 
barramundi, fork- tailed catfish and freshwater crocodiles which are 
restricted to the main channel during the dry season. The increasing 
abundance of large cherabin in deep persistent pools on the flood-
plain also indicates that mortality associated with annual drying cy-
cles plays a role in shaping the metapopulation.

4.2  |  Longitudinal patterns and 
evidence of amphidromy

The concentration of juveniles in the lower reaches of the Fitzroy 
River strongly suggests an amphidromous life history. A simi-
lar pattern was found in the perennial Daly River, some 740- km 
north- east of the Fitzroy River (Novak et al., 2015) and has been 
reported for other amphidromous Macrobrachium species (Bauer 

& Delahoussaye, 2008; Novak, Bayliss, Crook, et al., 2017; Ribeiro 
et al., 2020). Amphidromy in the Fitzroy River is also supported by 
photographic documentation of small shrimp migrating upstream 
en masse at the Camballin Barrage during the late wet season (mid- 
February in 2019 and early April in 2020). However, our study also 
provided evidence for some level of recruitment wholly in fresh-
water. For instance, 24 extremely small individuals (OCL 4– 5 mm) 
were collected in several landlocked sites during the late dry season 
(October) of both study years. While we cannot rule out that these 
individuals migrated from the estuary and failed to grow, their size 
was smaller than the cherabin observed migrating and the pools had 
been isolated for 3– 4 months. In the Daly River, very small individu-
als (OCL < 10 mm) were caught more than 300- km upstream of the 
river mouth (Novak et al., 2015), but these were only found during 
the wet season reproductive period (November to April). Thus, we 
postulate that these minute size classes represent a subset of larvae 
that failed to reach the estuary during the preceding wet season, 
survived through the non- feeding larval stage in main channel pools 
with high conductivity (>1,000 mS/cm), and underwent minimal 
growth due to low levels of suitable food, i.e. zooplankton.

Cherabin in the Fitzroy River may exhibit facultative amphi-
dromy and/or may be in the process of evolving the ability to re-
produce wholly in freshwater (i.e., abbreviated larval development). 
For instance, while most amphidromous Macrobrachium larvae must 
reach saltwater by moult stage 1 or perish (Bauer, 2011, 2013), 

F I G U R E  8  Mapping of main channel and floodplain aquatic mesohabitats during the late dry season in the Fitzroy River, following a 
moderate sized wet season (22 November 2018, left panel) and a very small wet season (18 October 2019, right panel), where blue indicates 
wetted habitat. The inset shows the Fitzroy River catchment and the location of the satellite image (red circle) which sits inside zone 1 of the 
river (as per Figure 1).
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12  |    BEESLEY et al.

recent studies indicate that cherabin are able to moult to stages 
2 and 3 in freshwater (Novak, Garcia, Pusey, & Douglas, 2017). 
Cherabin in the western part of their Australian range, which in-
cludes the Fitzroy River, also display a larger ova size, than those in 
the east (Short, 2004), a feature adaptive to reproduction in fresh-
water because it reduces larval vulnerability to starvation (Meireles 
et al., 2013; Oliphant & Thatje, 2013). The capacity to reproduce 
in freshwater is likely to be adaptive in a long and/or intermittent 
river system, like the Fitzroy River, which often experiences small 
wet season flows that may be insufficient to transport larvae to the 
estuary. Bauer (2013) notes that abbreviated larval development 
only evolves in rivers where flows are low and plankton abundance 
is high. In the Fitzroy River, turbid floodplain habitats may provide 
these conditions, as preliminary research indicates that they support 
high zooplankton densities (L. S. Beesley, unpublished data). Given 
the uncertainty that surrounds cherabin life history, targeted re-
search is needed.

4.3  |  The importance of water availability

Our landscape scale predictions suggest that wet season flow is 
important to the maintenance of the cherabin metapopulation by 
promoting recruitment and by sustaining the floodplain habitat 
which supports most of the spawning stock. Evidence support-
ing the first assertion comes from our finding that cherabin re-
cruitment was positively related to the magnitude of wet season 
flow. Relationships between interannual flow magnitude and re-
cruitment of amphidromous shrimps have been proposed in the 
literature (Novak, Garcia, Pusey, & Douglas, 2017) but have rarely 
been quantified. However, positive flow- recruitment relationships 
have been documented for other diadromous species in north-
ern Australian, including Barramundi (Crook et al., 2022; Leahy & 
Robins, 2021) and sawfish (Lear et al., 2019). In tropical northern 
Australia, larger wet season flows are thought to promote chera-
bin recruitment by increasing the number of larvae drifting down 
to the estuary. Flow may also promote recruitment by increasing 
nutrient inputs to the estuary and subsequent food production 
(Burford & Faggotter, 2021), leading to increased growth and sur-
vival of early life stages. Evidence supporting the second asser-
tion comes from our finding that the majority of adult cherabin 
were predicted to live on the floodplain, with large adults par-
ticularly abundant in deeper, more persistent pools. Wet season 
flows that inundate floodplain habitats and replenish drying pools 
will be critical to the survival of adult cherabin as the species can-
not tolerate protracted periods out of water. In the Fitzroy River, 
our current evidence regarding the importance of flow on abun-
dance is based solely on 2 years of data, so other non- flow related 
mechanisms cannot be ruled out. Long- term research is needed 
to confirm a flow– recruitment relationship for cherabin and to re-
veal the functional form of the relationship (e.g., linear, threshold). 
Detailed studies are also needed that describe the relationship be-
tween flow and the extent and depth of floodplain habitat.

4.4  |  Methodological considerations

Accurately describing flow– ecology relationships of river biota can 
be extremely difficult because of marked variation in sampling ef-
ficiencies that often covary with the very same environmental fea-
tures that influence species distributions and abundance (Gwinn 
et al., 2016). This alignment of influential variables makes it difficult 
to disentangle sampling effects from ecological effects and can be 
detrimental to unbiased inference (i.e., inferred patterns in abun-
dance are confounded with patterns in sampling efficiency). This is 
particularly true for highly variable intermittent and flow- managed 
rivers (Gwinn et al., 2016). We overcame this bias by integrating 
data from multiple sampling methods into a hierarchical model of 
abundance that standardised for differential capture probabilities 
resulting from variation in cherabin size, sampling methods and the 
local conditions at the sample. Formally accounting for three- way 
interactions that amalgamate the interdependent influences of or-
ganismal, sampling, and environmental characteristic when model-
ling incomplete detection is devoid in the ecological literature. Our 
reformulation and extension of an existing multi- species modelling 
framework (i.e., Yamaura et al., 2011) to account for these complex 
interactions has revealed that they do indeed exist and have the 
potential to bias inference when unaccounted. Describing these re-
lationships has the potential to improve future cherabin research by 
informing sampling designs and the sharing of information through 
methods such as Bayesian priors (Gwinn et al., 2019). We hope that 
the approach we have taken can serve as an example for future 
studies and stimulate further interest and development of practical 
approaches to account for these idiosyncrasies of aquatic sampling 
and research.

4.5  |  Management implications

The findings of this study, as well as those cited, can guide manage-
ment aiming to mitigate the negative impacts of water develop-
ment on cherabin and other amphidromous species. Firstly, policies 
that maintain sufficient hydrological connectivity along the length 
of the river will be important for conservation success. This in-
cludes: (1) prohibiting the development of infrastructure that can 
create a barrier within the main channel of the river; (2) protecting 
the wet season flows that promote larval drift to the estuary; and 
(3) protecting recessional wet season flows that probably facilitate 
upstream migration of juveniles. Refining these broad recommen-
dations will require research to quantify: (1) the size and timing of 
flow pulses that stimulate adults to release larvae and successfully 
transport them to the estuary; (2) the size and timing of recessional 
wet season flows that support upstream juvenile movement; and 
(3) the extent to which the weir at the Camballin Barrage acts as a 
barrier to juvenile migration. Secondly, policies that maintain con-
nectivity between the main channel and the floodplain during the 
wet season will protect access to, and the persistence of, flood-
plain pools. This is particularly import for the areas of the Fitzroy 
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River that sustain high adult cherabin abundance (100– 400 river 
km), as these aggregations may serve as important reproductive 
stores that support the meta- population. These recommendations 
align with the existing general principles for water planning pro-
posed by Douglas et al. (2019). As water development pressure is 
increasing within the geographic range of cherabin, and the closely 
related species M. rosenbergii, which occurs throughout south- east 
Asia (de Bruyn et al., 2004), refining these recommendation by 
conducting research that targets detailed aspects of flow needs, 
spawning triggers, and recruitment drivers will assist the develop-
ment of water policy to conserve these large, highly valued shrimp 
species.
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