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Abstract. Facultative air-breathing fish can persist in hypoxic waters due to their capacity to acquire atmospheric oxygen.
Most studies examining responses of air-breathing fish to aquatic hypoxia have occurred under experimental conditions.

How air-breathing fish respond to hypoxic conditions in the field has received less attention. Using depth sensor transmitters
and an array of acoustic receivers to monitor the facultative air-breathing Australian lungfish (Neoceratodus forsteri), we
investigated habitat preferences and behavioural responses to seasonal hypoxic zones in a riverine impoundment. Three-

dimensional (3-D) kernel utilisation distribution (KUD)models revealed that during stratified conditions, lungfish remained
above the oxycline, rarely venturing into hypoxic waters, whereas during holomixis lungfish used a wider range of depths.
Total volumetric space utilisation did not change significantly during stratified periods, but the distribution of space used
changed, constrained by the oxycline. DespiteN. forsteri having lungs to supplement oxygen requirements, the presence of a

hypoxic zone constrained the core (50% 3-D-KUD) volumetric space used by lungfish to,1.6% of the total available space
of the study area.With increasing demand for new impoundments inmany tropical and subtropical regions, the present study
provides insights to how air-breathing fish species may respond to altered riverine conditions from impoundments.

Additional keywords: habitat preference, kernel utilisation distribution, lungfish, stratification, Vemco positioning

system.
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Introduction

Riverine ecosystems and riverine-adapted biota are under

increasing threat from the construction of dams (Nilsson et al.

2005; Lehner et al. 2011). River impoundments turn lotic sys-
tems into lentic environments, altering many physical, chemical

and biological processes of a natural riverine ecosystem
(Wantzen et al. 2008). One of these changes is the potential
development of thermal stratification through the differential

heating and cooling of surface waters, forming density gradients
that impede vertical mixing between surface waters (epilimnion)
and bottom waters (hypolimnion; Rahman et al. 2005). Reduced
mixing from thermal stratification, combined with oxygen con-

sumption rates in the hypolimnion exceeding photosynthetic
production or replacement via diffusion from the atmosphere, can
result in the formation of sharp dissolved oxygen (DO) gradients,

an oxycline (Müller et al. 2012). DO concentrations below an

oxycline can fall beyond the tolerance limits of many fish species
(Altenritter et al. 2013; Cornelissen et al. 2015), creating hypoxic

conditions that persist until complete remixing of the layers
occurs (holomixis). Tolerable hypoxia thresholds are species
specific, but DO concentrations below ,2 mg O2 L

�1 are con-

sidered hypoxic for most fish (Ekau et al. 2010). Seasonal strat-
ification and the formation of an oxycline can compartmentalise
the total available habitat space within an impoundment, with

considerable effects on fish behaviour (Taabu-Munyaho et al.

2013; Rechencq et al. 2014). These fundamental changes to the
thermal and DO characteristics of rivers following impoundment
present several challenges to riverine-adapted fish species

(Arthington 2009; Liermann et al. 2012).
Fish exhibit a range of behavioural responses to hypoxic

conditions, including surface skimming to access water contain-

ing elevated DO, schooling or size structuring in schools
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to avoid predation, or migration away from hypoxic areas
(Fernandes-Castilho et al. 2007; Johannsson et al. 2014).

Although behavioural strategies provide a mechanism for fish
to respond to hypoxic conditions, theymay come at a cost, which
could affect other aspects of fish fitness, such as increased

energy expenditure, greater risk of predation, impaired ovarian
development, reduced growth rates and decreased immune
capacity (Ekau et al. 2010; Lefevre et al. 2012, 2013; Burt

et al. 2013). Another strategy that has evolved in fish in response
to aquatic hypoxia is bimodal breathing (i.e. the ability to
acquire oxygen from water and air; Graham 1994; Fernandes-
Castilho et al. 2007). Air breathing has evolved independently in

fish on numerous occasions, resulting in 370 species across 49
families globally (Graham 1994). Air-breathing species can be
classified as either obligate, requiring continuous access to air to

maintain oxygen supply and demand, or facultative, whereby
aerial respiration is only required under certain environmental
conditions or periods of increased activity (Graham 1994). The

functional effectiveness of air breathing in fish varies between
species, which reflects the co-evolution of physiological adap-
tations to maximise the effectiveness of these air-breathing
organs, including increased blood oxygen-carrying capacity,

more efficient blood circulatory strategies, altering gill ventila-
tion rates to reduce oxygen losses via the gills and decreased
tissue metabolic rates (Fernandes-Castilho et al. 2007).

A large body of empirical research exists on the physiologi-
cal responses of air-breathing fish to hypoxia in the laboratory or
under experimental conditions, but the behavioural responses of

air-breathing fish to stochastic hypoxia in situ has received far
less attention.Most in situ behavioural studies are limited to visual
observations of air-breathing fish behaviour at small spatial (e.g.

individual territories, experimental pond) and temporal (e.g. from
hours to days) scales (de Lima Filho et al. 2012; Johannsson et al.
2014; Domenici et al. 2015). Developments in acoustic telemetry
technology that combine two-dimensional (2-D) horizontal posi-

tioning with integrated transmitter sensors such as depth can now
provide a third dimension to fish behaviour at larger spatial and
temporal scales (Cooke et al. 2005). Combining the use of high

spatial resolution three-dimensional (3-D) positions with high-
frequency environmental data provides new insights into fish
behaviour and their responses to stochastic driving forces (Rankin

et al. 2013; Donaldson et al. 2014).
The development of 3-D tracking methodologies has also

required advances in data analysis techniques to describe fish
behaviour in both horizontal (i.e. traditional 2-D) and vertical

(i.e. depth) space (Simpfendorfer et al. 2012; Udyawer et al.
2015). Describing vertical behaviour has been variably
attempted, most often independently of 2-D position (Smith

et al. 2011; Matley et al. 2015). The development of 3-D kernel
utilisation distribution (KUD) models has enabled the integra-
tion of both horizontal and vertical movement together to reveal

new insights into fish volumetric space utilisation and complex
behavioural responses to stochastic environmental conditions
(Simpfendorfer et al. 2012).

From a management perspective, it is important to under-
stand the response of air-breathing fish to habitat alterations
resulting from river impoundment. Because some of the regions
of the world that contain the greatest diversity of air-breathing

fish are also experiencing the largest projected growth in new

riverine impoundments (Fernandes-Castilho et al. 2007;
Amarasinghe and Smakhtin 2014; Zarfl et al. 2015), it is

critical that we understand how air-breathing species will
respond in these artificial habitats.

The air-breathing fish used in the present study was the

Australian lungfish (Neoceratodus forsteri). N. forsteri have
been demonstrated empirically to exhibit physiological and beha-
vioural responses to maintain blood oxygen concentrations in the

presence of moderately hypoxic conditions (,3.21 mg O2 L
�1;

Fritsche et al. 1993; Kind et al. 2002). N. forsteri respond to
hypoxia by increasing branchial and aerial respiration rates,
combined with increasing blood flow to the lung and raising the

oxygen-binding affinity of haemoglobin (Fritsche et al. 1993;
Kind et al.2002).Given the physiological capacity ofN. forsteri to
respond to moderately hypoxic conditions, the present study

hypothesised that free-swimming N. forsteri in a riverine
impoundment would exhibit similar spatial use patterns in the
presence of seasonal hypoxic zones. We combined the use of an

acoustic receiver array with coded depth sensor transmitters to
continually position N. forsteri in 3-D space to describe their
behaviour during seasonal hypoxia in a large subtropical river
impoundment. The present study demonstrates the integration of

acoustic telemetry, new sensor technology and 3-D spatial analy-
sis to reveal complex behavioural patterns in response to changing
environmental conditions previously not possible with 2-D track-

ing approaches.

Materials and methods

Study area and species of study

N. forsteri movements and behaviour within a subtropical riv-

erine impoundment, namely Lake Samsonvale (Qld, Australia;
27815049S, 152856012E; Fig. 1) were monitored via acoustic
telemetry. The volume of the impoundment is 222 550 500 m3

when full, with a surface area of 21.8 km2, average depth of
9.4 m and maximum depth of 35.1 m. The impoundment is
classified as a warm monomictic impoundment, stratifying
annually during summer and mixing in autumn (Harris and

Baxter 1996). The impoundment contains an air bubble plume
destratification unit located within the acoustic array at the
deepest section of the impoundment that pumps 200 L s�1 air

through a 550-m-long diffuser located 1 m off the impoundment
substrate (Littlejohn 2004). Throughout the study period, the
impoundment water level remained high, between 90 and 100%

full, as measured by the managing water authority, Seqwater
(Brisbane, Qld, Australia). Aquatic habitat complexity of the
impoundment is low due to the water level fluctuations typical

of subtropical impoundments, inhibiting the development of
extensive littoral zones with macrophyte habitat and tree
clearing undertaken prior to the lake first filling. This research
was conducted under Animal Ethics permit CA 2011/10/551

(Department of Agriculture and Fisheries, Qld, Australia) and
General Fisheries Permit number 140615 (Department of
Agriculture and Fisheries, Qld, Australia).

Fish telemetry

The acoustic array used to study the behaviour ofN. forsteriwas
positioned within the lower reaches of the impoundment adja-

cent to the dam wall (Fig. 1). This array area incorporated some
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of the deepest regions of the impoundment (,35 m), but also
large areas of shallow water (,6 m). The acoustic array com-
prised 26 Vemco VR2-W receivers (Vemco Amirix Systems,
Halifax, NS, Canada) with collocated synchronisation trans-

mitters deployed in a regular grid pattern to create a Vemco
positioning system (VPS) array (Fig. 1). The location of recei-
vers in the VPS array was optimised through range testing and

the resulting array provided metre-level positional accuracy
under typical environmental conditions. The receivers recorded
the time, date and depth of each transmitter whenever a signal

was successfully detected. In addition, nine fixed-position ref-
erence tags were deployed throughout the array to monitor
positional accuracy andVPS performance during the study. This

VPS array allowed for fine-scale position estimates, using
synchronised transmitters and post-data collection calculations
using a three-receiver time-difference-of-arrival (TDOA)
algorithm developed by Vemco (Espinoza et al. 2011). The

array detection range extended up to 500 m from the nearest
receiver (Knight 2012), resulting in a total enclosed area within
the VPS array of 2.16 km2 and 34 552 735 m3.

N. forsteri were tracked using Vemco V13P-1H transmitter
tags (27–300 kHz) with an integrated depth pressure sensor
(�1.7-m accuracy at 34-m water depth and 0.15-m resolution)

transmitting signals nominally every 3 min. Fish were captured
from the North Pine River immediately downstream of the
reservoir using a boat-mounted electrofishing unit. Immediately

before surgery, each fish was sedated using 20 mg L�1 AQUI-S
anaesthetic (AQUI-S New Zealand, Lower Hutt, New Zealand)
until loss of equilibrium. Based on past N. forsteri tagging
studies (Kind 2002), fish were placed ventral surface up in a

supportive trough, keeping fish wet and irrigating the gills
periodically with water containing the same concentration of
anaesthetic. Acoustic transmitters were surgically implanted

using aseptic techniques into the abdomen via a ventral incision
,80 mm forward of the cloaca after removal of two scales to
access the body wall. The incision was then closed with
dissolvable sutures and sealed with tissue adhesive (3M Vet-

bond, St Paul, MN, USA). Fish were given a recommended dose
of oxytetracycline antibiotic to assist with the prevention of
post-surgical infection. All tagging was completed by a veteri-

narian and was overseen by an experienced N. forsteri researcher
with prior tagging experience to ensure rapid surgical times and
monitoring for excessive stress. Tagged fish were monitored in a

holding pen in the impoundment for 2–3 h after surgery to ensure
full recovery from the anaesthetic by observing normal upright
orientation and flight response to disturbance before being

released into the study area. The first 18 days after surgery was
excluded from the analysis to account for recovery time. Any
estimated fish positions overlying land (outliers) were removed
from the dataset and did not undergo further analysis. Outliers

occur as fish venture further outside the geometric boundary of
the acoustic grid array as a result of the three-receiver TDOA
algorithm used to calculate position estimates (Niezgoda et al.

2002; Cooke et al. 2005). The period of acoustic tracking spanned
the austral summer, autumn,winter and part of the spring seasons,
from 1 November 2011 to 30 September 2012. Following

retrieval of raw transmitter data from the receivers, data were
sent to Vemco for calculation of fish positional estimates using
the three-receiver TDOA algorithm.

Environmental conditions

Water temperature, temperature-compensated DO concentra-
tions and salinity were logged using a vertical profiler fittedwith

a YSI 6920 multi-parameter sonde and a 6150 ROX optical
oxygen sensor (Yellow Springs Instruments, Yellow Springs,
OH, USA) located within the acoustic array (Fig. 1). The sonde

0
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0 m

Lake Samsonvale

North Pine
River

0 2 4 km

Receiver array
locations

�35 m

Depth below FSL

Fig. 1. Study location and arrangement of the Vemco positioning system (black symbols) and the position of the

vertical temperature and oxygen profiler (white symbol). FSL, full supply level.
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was calibrated monthly, and parameters recorded at 1-m inter-
vals from the surface to bottom every hour over the study period.

Bathymetry data for the impoundment in 2-m contours was also
available from the dam operators (Seqwater, unpubl. data). The
bubble plume destratification unit was operated near continu-

ously over the study period, with only brief periods of outage for
servicing.

Habitat depth utilisation and effects of stratification

Fish depth utilisation patterns were derived from two measures,
one being the transmitter pressure sensor and the other the
bathymetric depth derived at each estimated fish position deter-
mined using ArcGIS (esri, Redlands, CA, USA). These two

measures of fish depth utilisation were compared with the
available depthswithin the acoustic array by calculating the depth
frequency distribution calculated from86 431 separate 5-m2 grids

based on the available bathymetry from the Lake Samsonvale
managing authority (Seqwater), using ARCGIS binned into 2-m
intervals. In the present study, 2-m depth bins were used to

summarise available depths because the accuracy of the depth
sensors used is �1.7 m at 34-m water depth (Vemco Amirix
Systems). This stated accuracy range would be considerably

better in shallower water depths, because sensor accuracy
improves progressively with decreasing water depth (Veilleux
et al. 2016). Depth utilisation patterns were visualised for all fish
combined and individually over the full study period, over 24-h

diel cycles and in response to oxycline characteristics. To assess
the effect of the oxycline depth on fish depth utilisation patterns,
we compared themeanhourly depth of the oxycline, as defined by

depth at which the DO threshold of ,3.21 mg O2 L�1 was
exceeded, with the mean hourly fish depths recorded from the
individual fish depth sensors.

Activity space

The volume of space used by taggedN. forsteriwas assessed over
the study period to determine the effect of impoundment stratifi-
cation. The study period was divided into two distinct time

periods: (1) a period of stratification (1November 2011–31March
2012); and (2) a period of holomixis (1 April 2012–30 September
2012). The volume of space used was compared between these

two periods by calculating 3-D-KUD using the ‘ks’ package
(Duong 2007) in R (R Project for Statistical Computing, Vienna,
Austria), and rendered using the ‘rgl’ and ‘misc3d’ R packages

(Feng and Tierney 2008; Adler and Murdoch 2016). Calcula-
tions of 3-D-KUD and estimation of volume of core space (50%
contour; 50% 3-D-KUD) and the extent of space (95% contour;

95% 3-D-KUD) used by tagged individuals were conducted
using code adapted fromSimpfendorfer et al. (2012) andCooper
et al. (2014).

Statistical analyses

To determine whether stratification affected activity space for
N. forsteri, the core and extent of the 3-D-KUD was compared

between periods of stratification and holomixis using a linear
mixed-effects model (LMM) framework. Measurements of
volumetric space use were first log transformed to normalise
data before LMM analyses. Here, volumetric space (50 or 95%

3-D-KUD) was the dependent variable and season (stratified v.

holomixis) was the independent variable. The mass and sex of
individuals were also incorporated into the models as fixed

covariates to assess whether biological factors affected volu-
metric space use. Fish ID was included as a random factor in all
LMMmodels to account for variability between individuals and

the repeated measurements from each tagged fish. Models were
constructed using the ‘lmer’ function with restricted maximum
likelihood from the ‘lme4’ package (Bates et al. 2015; Pinheiro

et al. 2016) within the R statistical environment (R Foundation
for Statistical Computing, Vienna, Austria, see http://www.
R-project.org/, accessed 20 March 2016). The significance of
fixed effects was determined using the ‘arm’ package by con-

ducting 1000 posterior simulations of each fixed effect and
evaluating whether the resulting posterior distribution of effect
estimates overlappedwith 0 at the 95% level (i.e. the distribution

of a fixed effect whose 95% credible interval did not overlap 0
was considered significant; Hasler et al. 2016).

Results

In all, 13 adult N. forsteri (5 female, 7 male and 1 unknown)
were tracked within the lower basin of Lake Samsonvale

(Table 1). Tagged fish were detected for 210 days on average
(range 50–312 days). The number of days fish were detected in
either the stratified or holomixis periods was skewed for some

fish, such that four of the 13 fish (fish IDs 6476, 6487, 6496 and
6501) had low numbers of days detected in the stratified period
relative to the holomixis period (Table 1). To reduce bias due to

unrepresentative KUD estimates with low detection rates during
lake stratification, these four fish were excluded from the LMM
analyses. Although individuals were detected throughout the

acoustic array, fish exhibited an affinity for shallower regions of
the array, with fewer detections occurring in the deepest regions
of the array (Fig. 2; distribution of all fish detections are shown
in Fig. S1, available in the Supplementary material to this

paper). There was good agreement between themeasured depths
recorded by the transmitter tags pressure sensor and the calcu-
lated depths derived from the bathymetry depth for each

calculated fish position, with a slight discrepancy in these two
measurements at the 4–6-m depth range (Fig. 2). This difference
is likely due to an increase in the number of sensor detections

coinciding with fish surfacing to breathe air, regardless of the
bathymetric depth the fish was in at the time of surfacing. This
would result in higher frequencies of shallower depths being
recorded from the sensors than calculated from the bathymetric

depths. The highest proportion of all detections (47%) occurred in
the 6–8-m depth range (Fig. 2), despite this depth range com-
prising ,7% of all available depths within the array. N. forsteri

infrequently occupied depths greater than 10–12 m (,14% of all
detections), or depths less than 4 m (7% of all detections).

It has been demonstrated that the destratification unit in Lake

Samsonvale only reduces the strength of thermal stratification
for a short distance (,80 m) around the bubble plume itself
(Littlejohn 2004); thus, most of the acoustic array would not be

heavily affected by the destratification unit. There was no
indication that N. forsteri aggregated near the destratification
bubble plume unit, as indicated by the reduced frequency of fish
detections overlying the deepest area of the array in the vicinity

of the destratification unit (Fig. 2). Temperature profiles
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confirm that the water column was not completely mixed by the

destratification unit, but the thermal gradient did weaken pro-
gressively during the summer months (Fig. 3a). The largest
temperature differential observed between the surface and

bottom in any week occurred in November (6.458C) when
thermal stratification was strongest. This differential declined
fromNovember through to April, when the differential was only
0.578C, indicating holomixis had occurred. The maximum

difference in average weekly temperatures between vertical
measurements was 0.568C in November, indicating only week
thermal stratification, but sufficient to prevent holomixis. For

most of the remaining time the thermal gradient between depths
was much less (ranging from 0.3 to ,0.18C).

A strong oxycline was present between November 2011 and

March 2012 (Fig. 3b; partial pressures of oxygen and fish depth
distribution are shown in Fig. S2 available in the Supplementary
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Table 1. Tracking and morphometric information for Neoceratodus forsteri tagged with acoustic tags and used in the present study

Fish length and weight is for tagged fish. The number of successful Vemco positioning system (VPS) position fixes is over the entire study period. Values in

parentheses show the days detected in periods of stratification and holomixis. Similarly, core (50% three-dimensional kernel utilisation distribution, 3-D-KUD)

and extent (95% 3-D-KUD) volumetric space use is for the full study period. ND, not determined. Interactive plots illustrating the 3-D-KUD for each fish are

shown in the link supplied in Fig S4

Fish ID Length (mm) Weight (kg) Sex Number of VPS fixes Number of days detected 50% 3-D-KUD (m3) 95% 3-D-KUD (m3)

6457 1145 14.6 F 6069 85 (53, 32) 9537 906 535

6458 855 4.7 M 2248 84 (53, 31) 200 794 4 828 949

6467 1090 10.1 M 4295 312 (79, 233) 1 354 344 21 762 528

6469 1170 16.0 F 4356 300 (64, 236) 65 681 8 759 509

6476 974 5.6 M 378 306 (5, 301) 201 604 5 672 442

6481 780 3.9 M 1857 50 (19, 31) 622 161 6 364 905

6486 868 7.0 ND 2275 307 (74, 233) 863 717 16 594 908

6487 1150 17.9 M 4169 81 (17, 64) 571 554 13 092 646

6492 1150 13.2 M 835 88 (57, 31) 1 608 449 14 199 657

6496 1120 14.9 F 3523 311 (7, 304) 260 250 12 868 151

6497 1055 11.4 F 8023 239 (90, 149) 22 220 985 301

6500 1135 14.4 F 700 273 (64, 209) 112 197 6 661 894

6501 1076 10.8 M 664 298 (62, 236) 1 304 788 26 774 654
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material to this paper). A threshold DO value of 3.21 mg O2 L
�1

was used to define the oxycline because DO concentrations

below this concentration have been demonstrated experimen-
tally to elicit physiological and behavioural responses in
N. forsteri (Fritsche et al. 1993; Kind et al. 2002). The strength

of the oxycline (difference between surface and bottom DO
measurements) and the depth of the oxycline were variable
between months. The oxycline was strongest in November

(7.4 mg O2 L�1) at a depth of ,12 m and remained strong
through November into March, ranging between 7.4 and 4.8 mg
O2 L

�1 over this period. The oxycline then decreased in strength
to 3.5 mg O2 L

�1 in April and only 1.7 mg O2 L
�1 in May, and

progressively deepened at the same time. The impoundmentwas
no longer considered stratified in early April, when monthly
average DO differential declined to ,3.5 mg O2 L

�1 at 27-m

depth. The oxycline was closest to the surface in February, when
DO concentrations below 3.21 mg O2 L

�1occurred at 6 m. Over
the stratified months, the average depth of the oxycline was 9 m.

There was an observed reduction in the number of fish
positions calculated between March and July 2012 (Fig. 3).
Possible explanations for this include a decline in VPS perfor-
mance, acoustic interferences or animal behavioural changes.

VPS performancewasmonitored throughout the studywith nine
fixed reference tags located within the array. These reference
tags did not reveal any systematic decrease in performance over

the period in question. Acoustic interferences within the
impoundment from sources such as storm events, rainfall and
flood gate releases were only episodic over this period and

would not account for a consistent decline in detection efficiency.
Data not presented here (D. Roberts, pers. comm.) indicate that
individual acoustic receivers located outside the array to monitor

broad scale fishmovements detected nine of the 13 fish tracked in

the present study variablymigrating into andout of the study array
during the period March–July, indicating migration is the most

likely explanation for the observed decline in detection rates.
Depth use patterns of N. forsteri were strongly affected by

the presence of an oxycline such that for the majority of fish, the

depths recorded by the sensors remained above the average
oxycline depth of,9 m during stratification (Fig. 4). Rarely did
fish venture deeper than 10 m or shallower than 5 m during the

stratified period. During periods of holomixis, fish depth use
was much greater, such that the majority of depth detections
were between 4 and 17 m. A consistent feature of the depth use
patterns between periods of both stratification and holomixis

was the high frequency of detections at depths between 6 and
10 m and the avoidance of shallow water less than 4 m.
Anomalies to this general pattern of depth use occurred in four

fish that were excluded from statistical analysis on the basis of
having a very low proportion of days detected in the period of
stratification compared with total days detected in the array (fish

IDs 6476, 6487, 6496 and 6501) (Fig. 4). These four fish had less
than 21% of total detections in the stratified period of the study,
so were not considered appropriate to compare behaviour
periods of stratification and holomixis. Fish ID 6496 had a

much larger proportion of depth detections high in the water
column during stratification (albeit only 7 days of a total 311
days detection). Fish IDs 6496 and 6501 both showed a greater

proportion of depth detections high in the water column during
holomixis (Fig. 4), but still exhibited a wide total range of depth
use patterns. For the other two fish excluded from analysis (IDs

6476 and 6487), although exhibiting similar patterns of depth
use to the remaining fish, the total number of days detected in
stratified periods was only 5 and 17 respectively. Individual fish

consistently occupied depths above the oxycline throughout the
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stratified period. The grey shaded area encloses four fish thatwere excluded from the statistical analysis on the basis theyhad lowproportions (,21%)

of total days detected in the presence of an oxycline compared with overall total days detected for that fish.
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period of stratification, regardless of whether the oxycline was
deep or shallow, as indicated the majority of hourly average

fish depth detections remaining above the 1 : 1 line (Fig. 5).
There was a strong positive linear relationship between the
average hourly depth ofN. forsteri and the average hourly depth

of the oxycline (R2 ¼ 0.362, P , 0.01; Fig. 5). Diel depth use
patterns indicate that fish occupy shallower depths at dawn,
extending through to midday, regardless of the stratified condi-

tion of the impoundment (diel fish depth plots for stratified and
holomixis periods are shown in Fig. S3 available in the Supple-
mentary material to this paper) and the 95% 3-D-KUD activity
space during daylight hours was consistently closer to the water

surface than at night.
Collectively, the extent (95%3-D-KUD) and core (50%3-D-

KUD) activity space use of tagged fish occupied a small

proportion of the total volume available in the VPS array
(30.22 and 1.58% respectively; Table 2; Fig. 6). The 3-D extent
and core activity space use did not vary significantly between

day or night periods, with only marginally higher volumes
occupied during the day than at night (Table 2). The 3-D space

use of individual fish was variable (Table 1; 2-D and 3-D plots
for individual fish are shown in Fig S4 available in the Supple-

mentary material to this paper), with no significant relationship
detected between the volumetric activity space used and the total
days of detection, fish size or sex (Table 3). The 3-D extent and

core activity space use of three representative fish (Fig. 6b, d, f)
highlights the individual variability observed between periods
of stratification and holomixis and the propensity of fish to

occupy the shallower shoreline and submerged landform areas
of the array. Both the core (50% 3-D-KUD) and extent (95%
3-D-KUD) of activity space appeared more variable during
periods of holomixis compared with stratified periods

(Fig. 7a), and were not found to be significantly different
(Table 3). In the presence of an oxycline, the 50 and 95%
3-D-KUD activity space is constrained by the depth of the

oxycline (Figs 4, 5); however, during holomixis, the 50 and
95% 3-D-KUD space expanded to include a greater range of
depths (Figs 4, 7a) but not a significant increase in the volume of

activity space (Table 3). In contrast with the 3-D-KUD activity
space results, analysis of 2-D activity space found there to be a
significant increase in the 2-D space used during periods of
stratification (oxycline present) compared with holomixis

(Table 3; Fig. 7b).

Discussion

Numerous studies have described the behavioural responses of
fish in the presence of hypoxic conditions; however, the present
study is the first to use an acoustic array to combine 2-D and

vertical space usage together into 3-D models to reveal the
complex behavioural responses of an air-breathing species to
prevailing environmental conditions. Using these methods, we

reject the null hypothesis that free-swimming N. forsteri would
physiologically compensate for the seasonal hypoxia in the lake,
because the behaviour of the tagged N. forsteri was constrained

by the oxycline. However, an unexpected observation was that
individuals maintained comparable volumetric activity space
during stratified periods compared with holomixis. The drivers
for individual N. forsteri to maintain similar total volumetric

space use when faced with a stratified water column and an
oxycline is not clear, but may be related to their constrained
refuge preferences and need to access benthic resources.

Site fidelity and depth utilisation

The findings of the present study generally support those of
previous studies in natural riverine habitats that describe
N. forsteri as a benthic species, typically avoiding areas of open

Table 2. Three-dimensional kernel utilisation distributions (3-D-KUD) of core (50%) and extent (95%) volumetric space use between all hours, day

and night periods, and the proportion of the Vemco positioning system (VPS) array volume occupied in each period

The total volume of Lake Samsonvale is 222 550 500 m3 and the estimated volume of the effective VPS array area is 34 552 735 m3. Data are the mean� s.d.

50% 3-D-KUD (m3) 95% 3-D-KUD (m3)

All Day Night All Day Night

Total 546 664� 135 575 665 271� 212 699 521 888� 232 534 10 443 536� 2 016 873 9 781 712� 1 987 763 9 430 662� 212 392

Percentage of VPS

array volume

1.58� 0.06 1.93� 0.10 1.51� 0.11 30.22� 0.75 28.31� 0.79 27.29� 0.79
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�1) during the period of lake
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indicate when fish were detected above the oxycline, whereas points below
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water and having restricted home ranges (1–1.5 km of river)
centring on a few commonly used refuges (Kind 2011). These
refuge areas would be analogous to the small 50% 3-D -KUDwe

observed in Lake Samsonvale. However, in contrast with
riverine systems where N. forsteri exhibit preference towards
structurally complex habitats in shallow water (2–3 m; Kind

2011), we found N. forsteri rarely used depths less than 4 m,
instead preferring depths between 4 and 17 m during holomixis

and between 6 and 8mwhen an oxycline was present. The depths
we observedN. forsteri using in Lake Samsonvale are uncommon
in the rivers they inhabit but, when present, core activity ranges

can include pools up to 6.9 m deep (Kind 2002).
The disparity in depth preferences of N. forsteri between

riverine systems and Lake Samsonvale may be related to the

lack of submerged structurally complex habitat in the impound-
ment. N. forsteri have an affinity for complex in-stream struc-
tures (e.g. macrophytes beds or woody debris) and areas that
offer shade and protection (e.g. overhanging riparian vegetation

or water lilies; Kind 2002). Being a generalist benthic omnivore
(Kind 2011), these shallow structurally complex habitats would
also offer N. forsteri access to food resources. Littoral macro-

phytes and benthic biota can be negatively affected by fluctuat-
ing water levels and hypoxic zones typical of impoundments
(Beckett et al. 1992; Boschilia et al. 2012; del CarmenHernandez

et al. 2014). The present study followed an extended period of
drought-induced low water levels, resulting in a depauperate
littoral zone. In addition, much of the terrestrial large woody
debris was removed during construction. The lack of structurally

complex habitats in the littoral zone of Lake Samsonvale
may have affectedN. forsteri behaviour through the use of deeper
water as an alternative refuge from ambient light that would be

provided for by structurally complex habitats in rivers. Light
intensity of the water column can strongly influence fish
behaviour (Fujimoto and Iwata 2005; Davidsen et al. 2008) and

fish distribution in impoundments (Raines and Miranda 2016).
The euphotic depth of Lake Samsonvale generally ranges
between 3 and 6 m (Burford et al. 2006). The preferred depth

ranges we observed for N. forsteri (6–8 m) may reflect depths
that offer refuge beyond the euphotic depth of this impoundment,
thus functionally substituting for the lack of structurally complex
habitats.

Hypoxia-driven behavioural responses

The development of a summer oxycline and hypolimnetic
hypoxia is typical for Lake Samsonvale (Littlejohn 2004;

Antenucci et al. 2005) and a common feature of subtropical and
many eutrophic impoundments and lakes (Müller et al. 2012;
Taabu-Munyaho et al. 2013). We contend that the presence of

the oxycline constrained N. forsteri to a narrow range of depths
disproportionate to the available depths in the impoundment and
outside the preferred depth ranges when under holomixis.

Stratification and the development of an oxycline are well
known as drivers of fish behaviour and habitat utilisation pat-
terns in lake ecosystems (Smith et al. 2011; Altenritter et al. 2013;
Cornelissen et al. 2015). Tolerances to lowDO concentrations are

variable among species (Flint et al. 2015), but values below 3 or
4 mg O2 L

�1 are often observed to drive behavioural responses in
fish across a broad range of habitats (Muller and Stadelmann

2004; Smith et al. 2011; Altenritter et al. 2013), including
N. forsteri under experimental conditions (Kind et al. 2002).
Despite air-breathing fish having the capacity to supplement their

oxygen demand in low DO situations, avoidance behaviour under
low DO conditions is often exhibited both in situ and in experi-
mental situations (Kramer 1987; Kind et al. 2002; Fernandes-

Table 3. Statistical outputs of linear mixed-effects models examining

the change in core (50% contour) and extent (95% contour) activity

space in three-dimensional kernel utilisation distributions (3-D-KUD)

and two-dimensional kernel utilisation distributions (2-D-KUD)

between periods of stratification and holomixis

Models included biological variables for mass (weight) and sex of indivi-

duals. Note, the mean intercept, change in intercept and 95% credible

interval values were calculated from 1000 posterior simulations of each

fixed effect and represent the direction and degree of correlation with the

intercept value. The intercept values represent the baseline individual (i.e.

male fish during periods of stratification). Fixed effects whose 95% credible

intervals that do not overlap 0 are considered significant and are shown

in bold

Response Parameter Mean 95% credible interval

log[50% 3-D-KUD] Intercept 12.93 9.96, 16.02

Holomixis �0.95 �2.94, 1.16

Mass �0.01 �0.28, 0.25

Sex: Female �2.32 �4.69, 0.11

log[95% 3-D-KUD] Intercept 16.12 13.35, 18.87

Holomixis �0.67 �2.53, 1.05

Mass �0.07 �0.29, 0.15

Sex: Female �0.23 �2.51, 1.81

log[50% 2-D-KUD] Intercept 11.97 9.88, 13.91

Holomixis 22.02 23.18, 21.84

Mass �0.02 �0.19, 0.14

Sex: Female �1.30 �2.77, 0.21

log[95% 2-D-KUD] Intercept 13.99 12.24, 15.83

Holomixis 22.16 23.26, 21.99

Mass �0.04 �0.18, 0.12

Sex: Female �0.39 �1.80, 0.92
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Fig. 7. Comparison of the core (50% three-dimensional (3-D) kernel

utilisation distribution (KUD)) and extent (95% 3-D-KUD) volumetric

space utilisation patterns of all tagged Neoceratodus forsteri in Lake

Samsonvale analysed using (a) 3-D depth-integrated space utilisation

compared with (b) 2-D space utilisation analysis approaches. The boxes

show the interquartile ranges, with mean values indicated by the horizontal

black line in each box; whiskers represent the 95th percentile range. Black

dots indicate outliers. Activity space between periods of stratification and

holomixis were not significantly different for 3-D space use, but were

significantly different for 2-D space use.
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Castilho et al. 2007). Although taggedN. forsteri did occasionally
venture into moderately hypoxic waters in Lake Samsonvale

(between 3.21 and 2.14 mg O2 L�1), they rarely ventured into
severely hypoxic water (,2.14 mg O2 L

�1).
It has been demonstrated experimentally that N. forsteri

respond to hypoxia through a combination of physiological
responses as well as increased rates of movement, suggesting
an active avoidance of lowDO conditions (Kind et al. 2002).We

found that in the presence of an oxycline, N. forsteri exhibited
altered behaviour, through changes in the depth range used, but
maintained similar total volumetric (3-D) activity space. In
effect, N. forsteri spent more time in open water habitats above

the oxycline by expanding the horizontal (2-D) activity space.
This is illustrated by comparing the differences between 3-D and
2-D core (50% KUD) and extent (95% KUD) of activity space

use between periods of stratification and holomixis (Fig. 6; 2-D
and 3-D plots for individual fish are shown in Fig S4). In this
case, a traditional approach of 2-D space utilisation analysis

would have failed to detect these complex volumetric space use
shifts in response to an oxycline. Behavioural shifts due to
hypoxic conditions have been observed in other air-breathing
species; for example, striped catfish (Pangasianodon hypo-

phthalmus) restricted their habitat utilisation patterns through
active avoidance of hypoxic zones (Lefevre et al. 2011) and the
river-dwelling jeju (Hoplerythrinus unitaeniatus) altered terri-

torial space use in conjunction with increasing air breathing
(de Lima Filho et al. 2012). For a benthic omnivorous species
such as N. forsteri, the presence of an oxycline in a large

impoundment would prevent access to preferred depth habitat,
possibly restricting access to benthic food resources and shelter.
The increase in space use when stratified may reflect an increase

in searching behaviour in an effort to seek out preferred depth
ranges that are not accessible due to the oxycline.

The findings of the present study are in contrast with those of
other studies of impoundment habitat utilisation patterns in

large-bodied fish that typically conclude that the presence of
an oxycline restricts total space utilisation (Smith et al. 2011;
Altenritter et al. 2013; Taabu-Munyaho et al. 2013; Cornelissen

et al. 2015). However, most of these studies dealt with species
potentially more capable of food resource shifts, or with the
capacity to undergo broad-scale migration to seek more favour-

able areas. N. forsteri is a sedentary species with limited
capacity to alter food sources (e.g. shift to pelagic fish or
invertebrate prey). This discrepancy in findings highlights the
importance of integrating the third dimension of depth, whereby

3-D-KUD total volumetric activity space metrics can reveal
more complex but important behavioural shifts not apparent in
2-D approaches or when treating depth separately to horizontal

activity space use.
The altered behavioural patterns observed in N. forsteri in

response to hypoxic zones, expressed as changes to the horizon-

tal space use not the total volumetric activity space used, may
come at a cost to this species. Effects on air-breathing fish
exposed to hypoxia can include reduced digestive performance

(Lefevre et al. 2012), increased risk to predation (de Lima Filho
et al. 2012) and increased energy expenditure (Lefevre et al.

2013). In natural river ecosystems, N. forsteri are likely to
experience hypoxia infrequently, during extreme dry periods

or rainfall run-off events increasing oxygen consumption in

rivers (Grigg 1965; Kind 2011). In artificial impoundments that
are seasonally stratified, the potential effects occur annually and

may persist for several months each year. Our observation that
N. forsteri were more active during the day in the presence of an
oxycline may be driven by their preferred depth refuge (6–8 m).

At this depth, the oxygen levels in the impoundment approach
moderately hypoxic conditions (3.21mgO2 L

�1). Fish spending
time at this depth for daytime refugemay incur an oxygen deficit

that requires supplementing through occasional surfacing to
breathe air. Kind et al. (2002) demonstrated that branchial
ventilation and air breathing rates increase as oxygen tensions
decline, well before moderate hypoxic conditions are reached

(equivalent to 3.21 mg O2 L�1). N. forsteri are primarily a
benthic-dwelling fish and behavioural responses to hypoxic
conditions that force fish to spend more time in open water

areas to maintain optimal blood oxygen concentrations, as
opposed to resting on the benthos, are likely to incur an energetic
cost to the species through greater energy expenditure and

restricted access to benthic habitat for food and refuge. However,
the longer-term ramifications of this behavioural change on
survivorship, reproduction and individual health are unclear and
require further investigation.
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