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ABSTRACT

Context. Improved tracking technologies increase understanding of fish movement, but care is
required when comparing studies of different design. Aims. We used an approach that allowed
fine-scale tracking to compare results from individual-tracking designs to simulated batch-
marking designs. Methods. Adult Galaxias tantangara (a small freshwater fish) individuals were
tagged with 9-mm PIT tags in a small headwater stream and tracked with an accuracy of | lineal
metre. To evaluate differences between common study designs, data were re-analysed to simulate
both batch-marking section size and tracking resolution between | and 250 m. Key results. Home-
range estimates decreased with a smaller section size and tracking resolution. Batch-marking
simulations differed in 99% of cases, whereas individual tracking simulations differed in only 17%
of comparisons. Comparisons between different methods were rarely statistically equivalent,
being so only when section size or resolution was less than 4 m. Implications. Importantly,
batch-marking studies are often likely to overestimate home-range size, and results from different
studies may be comparable only when resolution is very fine or identical, even if the same method
was used.

Keywords: batch marking, conservation, freshwater, home range, movement, passive integrated
transponder, spatial ecology, threatened species.

Introduction

Understanding the spatial behaviour and requirements of fishes is critical to fish biology
(Koehn and Crook 2013). Interactions between fish and their environment are
imperative to feeding, sheltering and spawning, and in the case of threatened species,
their recovery and conservation often hinges on improvements to spatial availability
and connectivity (Carroll et al. 2015). Designing effective methods to observe fish
movement is not a trivial task; the underwater world differs immensely from the
terrestrial realm, and methods of visual surveillance, identification and tracking come
with complex challenges for the fish biologist. Nonetheless, a proper understanding of
spatial requirements of fish remains at the forefront of designing, implementing and
evaluating effective conservation management strategies (Daly et al. 2021).

The various methods for analysing, interpreting and reporting movement data mean that
study design, and how movement metrics are calculated, must be considered before
findings can be confidently compared among studies. Inherent bias of different marking
approaches is not always immediately obvious, and can lead to confusion and incorrect
assumptions regarding differences among studies or species. As tracking technologies
evolve, new insights into the ecology of fishes will arise and it is critically important
that findings based on new methods can be considered alongside past and current
literature (Gerber et al. 2017). Understanding differences and bias among different
monitoring and tracking methods is particularly important when devising management
plans, policies and priorities.

Monitoring spatial behaviour of fishes, namely movement and home-range characteris-
tics, requires researchers to be able to repeatedly identify individuals or groups of fish.
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Some species have unique and complex pigmentation patterns
which can be used as natural marks and used to track fish
(David and Stoffels 2003; Town et al. 2013; Norman and
Morgan 2016; Mclnnes et al. 2020), but many species require
an artificial mark (Koehn and Crook 2013). Electronic tags
such as radio or acoustic tags are useful in that they allow
individual fish to be tracked and repeatedly identified,
often without being captured; however, they are limited to
fish sizes that can accommodate suitable tag-to-body weight
ratios and are generally less suitable for small-bodied species
(Klinard et al. 2018).

Batch marking may be used when electronic tags are not
appropriate and it is common for marking small fish, where
a group of fish are marked with the same ‘batch mark’.
Popular marking techniques include fin clipping (Berra
1973; Lintermans 1998), injection of coloured dyes or
elastomers (Cadwallader 1976a; Jungwirth et al. 2019) and
coded wire tags (Rash et al. 2018; Lane et al. 2019). Sample
size is limited by the number of possible combinations of
fin clips or colour markings, or the cost of marking and
retrieving fish. Groups receiving the same mark are generally
determined by a series of arbitrary marking sections
designated in the study area, with all fish in the same section
receiving the same mark (Berra 1973; Cadwallader 1976a;
Lintermans 1998). Movement and home range is estimated
using the distance fish are later recaptured away from their
initial marking section. A larger study area means that more
fish may be marked, but often requires larger marking
sections, which affects the resolution of movement observa-
tions (Lucas and Baras 2000); when large sections are used,
estimated distances are similarly large and coarse-scale
results are returned. So as to observe fine-scale movement,
sections must be small and therefore sample size and study
area are often reduced.

When individual fish are tracked with transmitters,
two main metrics are often reported as home range,
namely, total linear length of river or habitat, determined
by the distance between the most up- and downstream
observed positions (Crook 2004a; Broadhurst et al. 2012),
or, alternatively, a narrower range over which an individual
islocated either more frequently (Koehn et al. 2009) or during
certain time periods (Ebner and Thiem 2009). Differences
between these metrics, and those often described in batch-
marking studies, are important; unable to monitor individual
fish, batch-marking metrics are often derived from movement
distances rather than the area over which a fish ranges.
Individual tracking offers many benefits over traditional
batch-marking designs; individual fish can be monitored,
facilitating attribution of behaviours and spatial patterns
to individual characteristics such as fish size, sex or
previous locations (Pillans et al. 2017; Daly et al. 2021). As
technology advances and transmitters become smaller and
cheaper, more studies are able to implement this design
rather than traditional batch-marking approaches (Allan
et al. 2018).
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Stocky galaxias (Galaxias tantangara Raadik) was chosen
for this study as its conservation predicament is representa-
tive of several closely related and recently described species
in the mountain galaxias (Galaxias olidus Giinther) complex
(Raadik 2014); relictual populations of many species exist
only above natural waterfall barriers, which provide a
barrier to introduced predatory trout. Their recent description
means that almost all of these species are largely unstudied,
and fragmentation and contraction of their historical ranges
by introduced trout means that many are of conservation
concern (Lintermans et al. 2020). Effective conservation
management plans are urgently required for these species,
and the establishment of additional populations by ways of
conservation translocation is needed to safeguard popula-
tions and species against localised losses from climate change,
drought, bushfire and habitat destruction. Understanding
spatial behaviour and requirements is critical for effective
management of these species, especially when designing
translocation plans and assessing potential translocation sites.

Observations from past studies indicate that G. tantangara
in Tantangara Creek are largely benthic and cover-oriented
during the day. Small fish (<50 mm) are occasionally
observed swimming in small groups (<10 fish) in the few
slower-moving sections of Tantangara Creek, but this is
uncommon, especially for larger fish. The majority of the
creek consists of shallow cobble-bottomed riffles and fast
runs (mean 12 cm deep and 81 cm wide; see Allan et al.
2021), and fish have often been caught among this substrate
as part of electrofishing surveys in past studies (Allan and
Lintermans 2018; Allan et al. 2021). Its affinity for cover
such as substrate interstices makes G. tantangara a good
candidate for tracking with portable-passive integrated-
transponder (PIT) telemetry; if spooked, it is assumed that
fish will be more likely to ‘go to ground’ and take cover close
to their original location rather than swim large distances
away. As such, spooking by researchers should not create
too much bias towards artificially large movements.

Adult G. tantangara individuals were tagged with 9-mm
PIT tags and tracked using portable-PIT telemetry, with 1-m
spatial resolution. Specific objectives of the study were to
(1) examine differences in movement and home-range metrics
between different simulated study designs and analytical
approaches, (2) determine the suitability of novel portable-
PIT telemetry for monitoring and tracking fish in small
streams, and (3) investigate movement behaviour and home
range of G. tantangara. We expected to see a difference in
home-range estimates when derived from different simulated
study designs and analytical approaches, specifically when
different batch-marking section sizes were used. Additionally,
based on small home ranges of closely related species (Berra
1973) and other small-stream fishes (Hesthagen 1990;
Lintermans 1998; Bell 2001), we expected G. tantangara to
undergo small movements and exhibit a small home range.
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Materials and methods

The care and use of experimental animals complied with
animal welfare laws, guidelines and policies as approved by
the University of Canberra Animal Ethics Committee (CEAE
17-04). This study forms one of the few emerging studies
investigating the ecology of this newly described species, of
which ecological understanding is limited. Findings from
this study will help inform critical conservation management
plans for this species, and other closely related threatened
species by aiding understanding of spatial requirements of
the species. Management actions such as protecting habitat
and stream connectivity, to ensure suitable spatial extents that
facilitate effective feeding, sheltering and spawning behaviours
will draw on this information when developing plans.

Study site

The study was conducted in Tantangara Creek in the upper
Murrumbidgee catchment, Nw South Wales. G. tantangara is
known only from Tantangara Creek above a natural waterfall
(Fig. 1, Raadik 2014; Allan et al. 2021) and is believed to have
been eliminated from over 90% of its historical range because
of introduced predatory Salmonidae, brown trout Salmo trutta
L., and rainbow trout Oncorhynchus mykiss (Walbaum; NSW
Fisheries Scientific Committee 2016; Lintermans and Allan
2019). Salmonids are abundant in the stream immediately
below the waterfall, but G. tantangara is absent. G. tantangara
is found between the waterfall barrier and ~3 km upstream of
the barrier, with fish being most abundant in the first 2 km
upstream of the waterfall (Lintermans and Allan 2019;
Allan and Lintermans 2021; Allan et al. 2021).

Murrumbidgee
River Tantangara
Reservoir
35.75°S -
35.8°S
Tantangara
Creek
35.85°S - N !
3 km
148.55°E 148.6°E 148.65°E
Fig. I. Distribution of Galaxias tantangara indicated by the section of Tantangara Creek bound by

the dashed line. The waterfall barrier is located at the northern boundary of the dashed box. Inset

shows location of map within Australia.
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A 250-m section of Tantangara Creek was the focal reach
for the movement study. The focal reach was located 200 m
upstream of the main waterfall barrier on Tantangara
Creek, and was chosen as it contained a variety of habitat
types present in the upper Tantangara Creek. Mean stream
width was ~60-80 cm, and depth 12 cm. Surveys from
previous studies indicated that fish density was representative
of the wider population (average 1.18 fish m™!; see Allan
et al. 2018). Labelled stakes were installed every 5 m along
the stream bank to mark locations within the focal reach.
Additional markers were installed 30 m up- and downstream
of the focal reach.

Tagging

Fish were tagged over two separate occasions, namely, 17-18
January 2018 and 10-11 January 2019. Fish were captured
by two-pass backpack electrofishing (Smith-Root LR-24,
typical settings 900 V, 60 Hz, 4.2 millisecond pulse width,
25% duty cycle) on both occasions. In 2018, fish for tagging
were captured within a 200 m reach, separated into nine
separate 20-50 m-long sections. In 2019, fish for tagging
were captured within a 250-m reach, that is, the same 200-m
reach as sampled in 2018, plus an additional 50 m immedi-
ately upstream, separated into 10-m sections. After capture
each fish was measured (length to caudal fork, LCF),
weighed (to the nearest 0.1 g) and the section where the
fish was captured was recorded. All fish 69 mm or greater
were retained for tagging, on the basis of findings from an
aquaria pilot study on the closely related G. olidus (Allan
et al. 2018). In total, 69 fish were tagged with 9-mm PIT
tags (HPT9; Biomark, Inc.), by using the same procedure as
outlined in Allan et al. (2018). Once tagged, fish were
recovered in aerated buckets in the shade before being
released into the section where they were captured.

Tracking

Eight tracking surveys were conducted between 24 January
2018 and 2 June 2018, and following tagging in 2019, five
tracking surveys were undertaken between 26 January 2019
and 14 May 2019. All tracking surveys were conducted during
daylight hours. Weather events such as snow and heavy rain
limit access to the field site at the tail end of the monitor-
ing seasons, and the presence of spawning fish limits the
commencement of marking activities (Allan et al. 2021).
A BP Lite antenna (Biomark, Inc.) was used to locate PIT
tags during tracking surveys, and had a read range of ~20 cm.
Tracking surveys involved a researcher scanning the stream
and substrate with the antenna throughout the study area.
Tracking surveys began at the downstream end of the study
area, and the operator moved in an upstream direction,
ensuring that all wetted areas and in-stream substrates were
scanned.
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When a tag was detected, the position of the tag was
recorded with a labelled marker. The location of the marker
was recorded to the nearest metre, using the distance to the
nearest marker peg on the side of the stream, along with the
serial number of the tag. The operator then continued
upstream until the entire study area had been surveyed. The
310-m survey area took ~60-80 min to survey. Immediately
following the first pass of the study area, a second pass was
undertaken, using the same method as for the first pass.

If during the second pass a tag was located in the same
position as recorded in the first pass, the area was disturbed
to determine whether a fish was present and had not
moved, if a fish was present but was deceased or if a tag
had been expelled in that position. The same location was
rescanned with the antenna after disturbance, to see whether
the tag still remained in the same position. Sometimes a fish
was observed swimming away from the spot during
disturbance, whereas other times the tag remained in the
same location. If the tag was still present after disturbance,
a magnet was scanned over the area to collect a tag if it
had been expelled. Tag retention in the aquaria trial showed
a very high tag retention rate, although this may differ in a
wild setting (Allan et al. 2018). Longevity and growth rate
of G. tantangara is not known, but fish 69 mm and greater
are estimated to be 3-4 years of age, and it is possible that
some fish may have died of old age or natural causes
during the study (Allan et al. 2021).

The probability that a particular fish was detected during a
given survey was calculated by dividing the total number of
surveys after a fish was tagged, by the number of surveys
during which a fish was detected.

Detection efficiency

Before each tracking survey, a second researcher placed up to
five ‘dummy’ PIT tags in the stream within the study reach.
These tags were placed among in-stream substrate in places
where fish were expected, and were not visible to the
tracking operator. The location of these tags was not known
by the researcher operating the PIT antenna. Detection of
these hidden tags allowed the effectiveness of the PIT
tracking method for each survey to be estimated, on the
basis of how many hidden tags were detected. The hidden
tags were retrieved after each survey and different hiding
places were used each time, ensuring that their location
was not known by the operator throughout the study.

Data analysis

In total, 40 fish were detected two times or more, and were
used for home-range and movement analysis, and minimum
number of detections did not significantly affect final home-
range estimates; see Results for details. Movement was
calculated as the distance between an observed location
and the previous known location of that fish. Home range
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was defined as the total linear range occupied by an individual
fish, determined by the distance between furthest up- and
downstream locations (Crook 2004a; Broadhurst et al. 2012).
This was chosen as the home-range metric, because this study
was based on a high number of tagged individuals, each with a
low number of locations. Unlike studies with a small number
of individuals and large number of locations (such as some
continuous or fixed-station methods, such as acoustic or
radio-tracking), it was unsuitable to calculate density-based
metrics for individual fish. All data analysis was performed
using R (ver. 4.0.0, R Foundation for Statistical Computing,
Vienna, Austria).

Length and weight were positively correlated for the group
of tagged fish used in home-range analysis (n = 40,
Spearman’s rtho = 0.904, P < 0.001), so length was used
as a measure of size when determining relationships with
home range, distance moved between observed locations and
detection probability by using linear models (Im() function
in R), and when relating size to probability of detection
with a logistic regression model (glm() function in R). The
relationship between detection probability between 2018
and 2019 surveys, for fish tagged in 2018, was determined
using a linear model (Im() function in R).

Simulation study

For the simulation study, tracking data were restructured to
emulate a batch-marking study design. Rather than tracking
individual fish movement to the nearest metre, movement
was categorised as number of ‘sections’ moved from the
initial ‘marking’ location. Simulated marking section sizes
were systematically determined by dividing the focal study
area (250 m) by between 1 and 250 equal-sized sections.
For example, in the instance of 1 equal-sized section, section
size was 250 m; when number of sections was 10, section size
was 25 m; when number of sections was 250, section size was
1 m. The possible section sizes were rounded to the nearest
metre before retaining unique numbers, resulting in 31
simulated section sizes: 1-19, 21, 23, 25, 28, 31, 36, 42,
50, 62, 83, 125 and 250 m. Section sizes encompassed
those often observed in other studies on small stream fishes
(e.g. 12.5 m, Hesthagen 1990; 13 m, Berra 1973; 20 m, Bell
2001; 3.3-26.7 m, Hill and Grossman 1987; 30-39 m, Berra
and Gunning 1972), and larger sizes not used as often, but
included to emphasise the difference between small and
large sections. Section boundaries started at the marker peg
of 0 m, and were arranged in an upstream direction. For
example, when section size was 10 m, sections included
0-9, 10-19 and 20-29 m pegs etc., and included sections
downstream of peg 0: —1 to —10, —11 to —20 and —21 to
—30 m pegs, etc.

To simulate initial marking locations, the post-tagging
release location of each fish was removed from analysis;
instead, the first subsequent detection was considered
the marking location. This distributed marking locations

throughout the study area rather than restricting the
simulation to only a small number of release locations, and
lessened effects of capture, electrofishing and tagging on
fish location.

Individual fish movement was determined as the number
of sections away from its marking location. For example, if
a fish was initially marked in Section 1 and repeatedly
located in Section 3, movement was repeatedly recorded as
two sections, even though the fish was in its same previous
location; this reflects a limitation of batch-marking designs.
Number of sections moved paired with section size was
then used to calculate movement distances and home-range
estimates of tagged fish.

As described by Berra (1973), a movement of one section
may be only a short distance and less than one whole section,
or just under the length of two sections depending on which
end of each section a fish is located. The same goes for
any number of sections moved. As such, movement and
home-range estimates in batch-marking studies are typically
described as a range rather than a single value, with distances
being representative of the number of sections moved, plus
one (Berra 1973; Hesthagen 1990). Accordingly, home
range was reported as a range of values for batch-marking
simulations, whereas the maximum value of the range
was used for statistical comparison between simulations
(below).

Individual tracking data were also restructured to emulate
an individual tracking study with different spatial resolutions,
other than the 1 m originally used in this study. Simulated
spatial resolutions mimicked the section sizes used for
‘marking’ in the batch-marking simulation, namely, 1-19,
21, 23, 25, 28, 31, 36, 42, 50, 62, 83, 125 and 250 m.
Individual fish locations were rounded to the nearest multiple
of the simulated section size. For example, if resolution was
9 m and a fish was located at 7 m, the location was rounded
to 9 m; if resolution was 5 m and a fish was located at 7 m, the
location was rounded to 5 m. Data were then processed in
the same manner as in the original home-range study;
home range was defined as the total linear range occupied
by an individual fish, determined by distance between most
up- and downstream locations. Uncertainty around estimates
is equal to one unit of spatial resolution above and below the
estimate. However, like for other individual tracking studies,
home range was reported as a single value rather than a range
(Crook 2004b; e.g. Broadhurst et al. 2011, 2012).

Home-range estimates of the same section size or spatial
resolution were compared between batch-marking and
individual tracking methods by using Mann-Whitney tests
(wilcox.text()). Estimates from the same method but
different spatial resolutions were compared using Kruskal-
Wallis tests (kruskal.test()), and pairwise Wilcoxon rank
sum tests (pairwise.wilcox.test()) post hoc, to determine
which groups were statistically different from each other.
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Ethics and permits

The study was conducted under NSW NPWS Scientific
Licence (SL101755) and NSW Scientific Collection Permit
(P07,/0007-5.4).

Results

Tracking

Of 69 tagged fish (2018: n = 38; 2019: n = 31), 49 (2018:
n = 28; 2019: n = 21) were detected once or more across
13 separate tracking surveys. Seven tags were recovered,
found among in-stream substrate with the magnet and were
likely to be a result of fish mortality or tag expulsion,
whereas 13 were never detected. Fish with tags that were
either recovered or never detected were grouped together
and compared to those fish whose tags were detected during
surveys. Size was not a significant determinant in modelling
probability of being recovered or never detected (logistic
regression model, z = 0.9, n = 69, P = 0.3). All 20 tags
recovered or not detected were omitted from further analysis.

Fish tagged in 2018 were subjected to all 13 tracking
surveys and were detected between one and nine times
each (mean + s.e.; 4.39 + 0.42 detections per fish), and fish
tagged in 2019 were subjected to five surveys and were
detected between one and four times each (mean + s.e.;

2.19 + 0.24). The second pass of PIT tracking detected an

average of an additional 33% of individual tags not
detected on the first pass (min. 0%, max. 75%, n = 13).

The probability that a particular fish would be
detected during a given survey ranged from 0.07 to 0.60
(mean + s.e; 0.30 + 0.02), and was not significantly
different between fish tagged in 2018 and those tagged
in 2019 (linear model, t = —0.07, n = 49, P = 0.95), or
associated with fish size (linear model, t = —0.8, n = 49,
P = 0.44). However, fish tagged in 2018 were 14% less
likely to be detected in 2019 than they were in 2018
(linear model, t = —2.5, n = 56, P = 0.02).

Detection efficiency of dummy tags was high on all but one
survey. In most instances, detection probability was 1.00.
Mean efficiency of dummy tag detection was 0.86 + 0.07
(mean + s.e.) across all surveys. The PIT tracking antenna
malfunctioned on one of the surveys, resulting in decreased
efficiency on this survey (0.40).

Home range

Fish typically occupied a small home range during the
study, ranging from 0 to 173 m (median 5.5 m; mean + s.e.,
19.1 + 5.6 m, n = 40; Fig. 2; Supplementary material
Table S1). Home range was less than or equal to 5, 10 and
20 linear metres for 48, 68 and 81% of fish respectively.
Two fish had a home range greater than 100 m, with one of
these fish being the second-largest fish tagged in the study
(Supplementary material Table S1). However, home range

201 1

164

124

Number of fish

| []

0 10 20 30 40 50 60 70 80

90 100 110 120 130 140 150 160 170 180

Home range (m)

Fig. 2.
total linear range occupied by fish during the study.
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Frequency histogram of home ranges occupied by Galaxias tantangara from portable-PIT tracking. Home range is the
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was not significantly associated with either fish size
(linear models, t = 1.3, n = 40, P = 0.2), or year of tagging
(linear model, t = —1.6, n = 40, P = 0.1). No significant
relationships were observed between number of detections
and home-range size for individual fish (linear model,
t = 1.9, n = 40, sample size, P = 0.07), or minimum
number of detections required per fish to be included in the
calculation of home range for all fish (linear model, t = 0.9,
n = 119, P = 0.4). No definitive home-range shifts were
observed, although a small number of fish moved large
distances before returning close to their previous location
(Supplementary material Fig. S1). Home range of multiple
individuals overlapped.

Movement

Distances moved by individual fish between tracking
surveys ranged from 0 to 173 m, although most were small
(median 2.0 m; mean + s.e., 10.3 + 2.4 m; n = 119; Fig. 3;
Supplementary material Fig. S1). Movement distance was
less than or equal to 5, 10 and 20 lineal metres in 71, 83
and 89% of instances. Two movements greater than 100 m
were observed in the study, both by the second-largest fish
(fish 306236: 173 and 167 m, Supplementary material
Fig. S1), although fish size was not significantly associated
with movement distances (linear model, t = —0.5, n = 119,
P =0.6). No significant relationships were observed between
the number of detections and movement distance for

90

individual fish (linear model, t = —0.1, n = 119, P = 0.9),
or minimum number of detections required per fish to be
included in movement distances for all fish (linear model,
t=-1.1,n=499, P =0.3).

Simulation study

The simulation study showed significant variability in home-
range estimates between different spatial resolutions, and
between different methods (Table 1; Supplementary material
Table S2). In both batch-marking and individual tracking
simulations, home-range size and uncertainty decreased
with finer spatial resolution. The smallest home-range
estimates came from the smallest batch-marking sections
of 1 and 2 m and individual tracking resolution of 1 m,
whereas the largest estimates came from the largest simulated
section size or tracking resolution of 250 m (Supplementary
material Table S2).

When batch-marking section size and individual tracking
resolution were equal, home range was significantly different
between the methods in all instances when section size or
spatial resolution was greater than 4 m (Supplementary
material Table S3).

Home ranges derived from batch-marking were signifi-
cantly different among all simulated section sizes except for
2 and 3 m (P = 0.077), whereas individual tracking home
ranges differed significantly in only 17% (n = 78) of
instances (Supplementary material Fig. S2, S3.

Number of observations
w B [é)) (e}
o o o o

N
o
1

N
o
1

0

1 —Tr

0 10 20 30 40 50 60 70 80

90 100 110 120 130 140 150 160 170 180

Movement distance (m)

Fig. 3.

Frequency histogram of distances moved by Galaxias tantangara observed from portable-PIT tracking.
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Table 1. A sample of simulated home-range estimates for Galaxias
tantangara based on different tracking methods and spatial resolutions.
Resolution  Quantile Batch marking Individual P
(m) (m) tracking (m)
| 0.50 34 5.50 0.5
0.75 7.5-85 16.25
0.90 42-43 48.20
5 0.50 5-10 5.00 0.03
0.75 10-15 15.00
0.90 45-50 48.00
10 0.50 0-10 10.00 0.003
0.75 1020 20.00
0.90 50-60 44.00

Quantiles of 0.50, 0.75 and 0.90 are commonly reported in other movement and
home-range studies and are provided here for comparison. Column P is values
from Mann—Whitney tests comparing home range obtained from different
methods, but the same spatial resolution. P < 0.05 indicates that the home
range is significantly different between the methods. Complete tables of all
resolutions, quantiles and comparisons is available in Supplementary material
Tables S2, S3.

Discussion

Simulated results indicate that home-range estimates can
be significantly influenced by both tracking technique and
its spatial resolution, with a wide range of final estimates
possible depending on the chosen study design. Moreover,
results from studies with different resolutions were rarely
statistically comparable for batch-marking (differed in 99%
of cases), but not as bad for individual tracking (differed in
only 17% of cases). Results were statistically equivalent
between the two different techniques only when resolution
was less than 4 m, which is uncommon in batch-marking
studies. Portable-PIT telemetry equipment was shown to be
an effective and reliable method to detect small-bodied fish
in a small headwater stream. G. tantangara exhibited small
linear home ranges, equal to 5.5, 16.2 and 48.2 m in 50, 75
and 90% of fish, although some individuals did undergo large
movements (>100 m). Home range at the finest resolution
(1 m, individual tracking) was smaller than reported for
other small galaxiids (e.g. 13-26 m, Berra 1973; 10-20 m
Allibone et al. 2003); we suggest that this is more influenced
by the fine resolution and tracking technique used in our
study, rather than inter-specific differences alone. As such,
current understanding of home range for other species,
particularly those derived from batch marking, may be
substantially overinflated because of large section sizes.

Simulation study

By tracking individual fish and collecting data with 1 m
accuracy, this study provided a unique opportunity to
compare home-range estimates from alternative monitoring
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methods and analytical approaches. Simulations highlighted
the tendency for home ranges to contract as marking section
sizes decrease; home ranges from batch marking decreased
across all simulations until marking area was reduced to
1-2 m. For home ranges at the 50th percentile, fish had
moved less than or equal to only one marking section in all
instances where marking sections were larger than 1 m; the
75th percentile increased this threshold to 5 m. This means
that if reporting home range on the basis of the 50th or
75th percentile, once the marking section is greater than
1 or 5 m respectively, home range is equivalent to the
marking section size and would be easily overestimated.
Given that most studies utilise marking sections greater
than 5 m (e.g. 13 m, Berra 1973; 12.5 m, Hesthagen 1990;
20 m, Bell 2001), it is possible that overestimation of home
range is not uncommon.

Another main difference is highlighted when inspecting
home range for different methods (individual tracking v.
batch marking) using the same spatial resolution or marking
section size. Despite equal spatial resolution, home-range
estimates were significantly different between methods except
when sections were smaller than 4 m (Supplementary material
Table S3). It is likely that deriving home range from movement
distances away from marking locations (as is common in
batch-marking studies), rather than distance between furthest
upstream and downstream fixes, causes this discrepancy. This
will be important as individual telemetry-based methods
become more popular than batch marking.

Individual tracking simulations were not as susceptible to
the effects of varying spatial resolution as were batch-marking
studies, with only 17% of tracking simulations with different
resolution being significantly different, compared with all but
one comparison for batch marking. For example, when 1-,
5- and 10-m resolution was used in individual tracking
simulations, home range at the 90th percentile was equal to
48, 48 and 44 m respectively; the same spatial resolution in
batch-marking simulations resulted in three different home
ranges, namely, 10-20, 20-30 and 30-40 m. In other
words, if home range was calculated for this set of data,
using batch marking and two different section sizes, there
would be a 99.8% chance home-range estimates would be
statistically different. By individual tracking rather than
batch marking, this probability is reduced to only 17%,
and is even less likely when spatial resolutions are similar
(see Supplementary material Fig. S2 and S3).

The simulation study is subject to the same limitations as
was this tracking study and many other tracking studies;
findings do not reflect diel patterns, spawning migrations,
exploratory movements outside the study area or seasonal
changes and the fate of undetected fish is unknown. The
whole study is of course possibly susceptible to the idea of
the restricted-movement paradigm, involving fish which
were never detected, the ability of fish to move out of the
study area, and often weeks between tracking surveys.
Simulations are similarly susceptible, being based on the
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same data, but, nonetheless, this does not affect comparison
between methods, because differences can arise only from
differing approaches to tracking, study design and data
analysis. Given the seemingly sedentary behaviour of many
fish in these data, comparisons between methods and
spatial resolutions may differ for data on more mobile fish.

Tracking

Detection rate of tagged fish in the study was good, with 71%
of all tagged fish being detected at least once during surveys,
and 20% being detected five times or more. When fish were
detected, researchers could mark the location where the
fish were found with confidence, because the short read-
range of the antenna (~20 cm) facilitated high tracking
accuracy. This was also confirmed by in situ dummy tags
hidden by a second operator.

Fate of tags that were never detected after tagging is
unknown; fish were able to move out of the study reach, so
these tags may represent fish that emigrated out of the
study area. This is a limitation of PIT telemetry and most
conventional tagging and marking techniques, compared
with the ability of radio telemetry to track down specific
transmitters. Stationary PIT antennae at the top and bottom
of the focal reach would have been useful in determining
emigration out of the study area, but were logisitcally
unfeasible on the limited budget of the project. This
study encompassed a 310-m reach of a small upland stream;
mean stream width was ~60-80 cm, and depth 12 cm.
Field researchers were generally able to survey the area
in 60-80 min per pass. In-stream habitat in Tantangara
Creek mainly comprises rocky substrates and overhanging
vegetation. Being a small stream with simple habitat
types, the stream was easy to survey with portable-PIT
telemetry equipment. Larger, deeper streams with complex
habitats may be more difficult to survey (Enders et al. 2007),
although manageable providing operators can -effectively
scan all in-stream habitat with tracking equipment. Without
some form of telemetry tag, reliable identification of small
fish among complex cobble and boulder habitat would be
difficult.

Uniquely coded PIT tags are beneficial over conventional
batch marking because individual fish could be tracked
throughout the study. This means that movement metrics
could be compared across fish size and, if known, fish sex,
rather than overall findings for a batch of fish. This level of
detail can provide greater understanding of a species life-
history spatial requirements.

Movement and home range

At finer scales of resolution, the majority of tagged fish moved
small distances and occupied a small home range, whereas a
small portion of fish exhibited larger ranges and underwent
large movements. Freshwater fish in the same population

do not necessarily exhibit similar spatial behaviours;
Gerking (1953) and Funk (1957) described fish displaying
sedentary behaviour around a home, and also those with a
tendency to be more mobile and undergo larger
movements. This concept has been reported in both
riverine and reservoir environments, with both behaviour
types being observed in different individuals simultaneously
(Crook 2004a; Broadhurst et al. 2012; Koster et al. 2020), and
by the same individuals but at different times of year (Ebner
and Thiem 2009; Koehn et al. 2009). Magnitude of large
movements and the exhibition of varying spatial tendencies
will be dictated by habitat connectivity, and may be less
pronounced for small-bodied species in small upland
streams where both natural and man-made barriers may
prevent upstream passage. Whether a species undergoes
spawning-related movements or migrations will of course
influence temporal movement patterns, with homing ability
and site fidelity determining longer-term patterns (Koehn
and Crook 2013). A combination of behaviours is important
in a population for dispersal, resilience to environmental
changes and genetic mixing (Broadhurst et al. 2011; Davis
2017), and must be considered when developing species
management plans. This is especially important when con-
sidering conservation strategies for range-restricted threatened
species, with small population sizes and potential threats of
genetic bottlenecking, if managed incorrectly (Hilderbrand
and Kershner 2000; DeHaan et al. 2017; Fluker et al. 2019).

Movement and home range were not significantly
associated with fish size in this study. However, tagged fish
were no smaller than 69 mm, and were all assumed to be
adult fish (Allan et al. 2021). Riverine freshwater fishes
may exhibit different spatial behaviours at different life-
history stages (Akbaripasand et al. 2011; Fletcher et al.
2019; Herrera et al. 2019); so, fish smaller than those
tagged in this study may possibly display different spatial
behaviours than reported here.

Tracking surveys were not undertaken over the
winter months because the study site was inaccessible (snow-
covered), or during spawning season (November—December;
see Allan et al. 2021) to minimise disturbance to this criti-
cally endangered species. Consequently, the results do
not necessarily represent fish-movement behaviours for all
seasons. However, many tagged fish were located close
to their same positions after the 6 months between June
2018 and January 2019 (e.g fish 395226; Supplementary
material Fig. S1). This suggests that fish may exhibit some
site fidelity, and if significant movements are undertaken
over winter or in relation to spawning, fish may return
to their previous location. Spawning-related movements
are recorded for small-stream galaxiids in New Zealand
(Cadwallader 1976a; Allibone and Townsend 1997; Moore
et al. 1999), although generally only to nearby riffles that
contain suitable spawning habitat. Diel period can affect
movement and activity of freshwater fishes and home-range
estimates can therefore change depending on timing of
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tracking data (Broadhurst et al. 2012; Milano et al. 2013;
Thiem et al. 2013; Dawson and Koster 2018). All tracking
surveys in this study were conducted during daylight hours;
so, if fish exhibit increased activity and movement during
night hours then they are likely to return to a similar
location each day.

Definitive home-range estimates for other species of
freshwater Galaxiidae are scarce; several studies have
included tagged or marked fish in Australia and New
Zealand, although often without specific intention to
determine home range. Without particular focus on home-
range determination, studies have reported that individual
fish often use the same pool or pools (Akbaripasand et al.
2011), or observed high recapture rates within relatively large
study areas (350 m for Galaxias fasciatus, Akbaripasand et al.
2011; 300 m for Galaxias truttaceus, Crook and White 1995).
Cadwallader 1976a specifically investigated the home range
of Galaxias vulgaris and reported 87 and 97% of recaptures
within 100 and 200 m of the marking section, although
mentioned that some fish were caught within the same
24-m marking area 10-11 months after marking. Radio-
tracking of a single Galaxias argenteus suggested that it
stayed within a single 30-m pool across summer and winter
months (David and Closs 2001). Berra (1973) and Allibone
et al. (2003) batch-marked G. olidus and Galaxias postvectis
and found that most recaptured individuals resided in
13-26- and 10-20-m reaches.

However, we suggest that home-range estimates obtained
by batch marking are strongly influenced by the size of
marking sections used, especially when the majority of fish
remain within one to two sections of where they were
marked. For example, Berra (1973) used 13-m sections and
reported home range of 13-26 m, Hesthagen (1990) used
12.5-25-m sections and reported the same for home range,
Bell (2001) recaptured all marked fish within the same
20-m marking section, and several other authors have
reported similar recapture results (Berra and Gunning 1972;
Cadwallader 1976a; Hill and Grossman 1987; Mundahl and
Ingersoll 1989; Lintermans 1998). Estimated home range
cannot be smaller than the marking section of course,
because this is the effective resolution. In instances where
the majority of fish were located in or adjacent to their
marking section, authors suggest that it would be wise to
treat findings as a conservative maximum.

Benefits of individual tracking with 1-m resolution become
obvious when comparing findings with studies using marking
sections of 10-20 m or greater. Although home ranges at the
finest scales in this study may be smaller than in other studies,
authors surmise that the difference is largely due to the use of
a novel tracking technology and analysis approach, rather
than a species- or environment-specific difference. This study
design, particularly the portable-PIT telemetry, facilitated the
collection of data at a much finer scale than in traditional
mark-recapture studies, and allowed individual fish to be
tracked rather than marking batches of fish. The accuracy
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of the portable PIT antenna and labelled marker pegs
throughout the study area meant that fish were confidently
located to within 1 m of their true position.

Importance of understanding study-method bias

Accurate understanding of fish spatial behaviours is critical
for effective conservation and management, especially when
working with threatened species (Cooke et al. 2016; Allan
et al. 2018). However, misleading conclusions may be
drawn from unsuitable comparisons among studies, such as
when studies use different spatial resolutions or monitoring
methods. For example, simulations have shown that statistical
differences can arise among home-range estimates when
batch-marking section size differs, except in one instance of
2 and 3 m. Similarly, only when the finest spatial resolutions
of 4 m or less were compared, were results statistically
equivalent between batch-marking and individual tracking
methods. Spatial ecology and behaviour of the study species,
and the structure of the study site are important too. In
this study, G. tantangara in Tantangara Creek is more of a
benthic rather than a pelagic fish; when tracking pelagic
fish in streams with larger pools or deeper water where tagged
individuals may spook and evade researchers, tracking
technique may need to be modified or changed, so as to
avoid bias introduced from tracking operations.

The tendency for some individuals to exhibit very small
ranges may not be evident by monitoring using traditional
batch-marking methods and commonly used section sizes,
and likewise, the roaming nature of other individuals. If
batch-marking section size is equal to or larger than the
home range of a fish, then home range will be reported as the
same size as the marking areas. This may lead to assump-
tions that disturbance to habitat patches smaller than this
arbitrarily chosen size may have lesser or little impact on
fish. Tracking technology with individual identification and
high resolution may show that fish utilise much smaller
areas of stream, and even small amounts of disturbance
could cause disruption. This is especially relevant because
conservation-related infrastructure interventions are often
constructed in waterways to protect threatened species or
habitats (Broadhurst et al. 2013; Bowie et al. 2018;
Tamario et al. 2019; Waltham and Schaffer 2019), and such
interventions involve some level of in-stream disturbance
and permanent habitat modification or loss (Altenritter
et al. 2019). A sound understanding of fish movement and
home range is critical when considering acceptable levels
of in-stream disturbance, and to ensure that appropriate
measures are taken to reduce disturbance and minimise fish
loss. In instances where large portions or even an entire home
range of fish may be affected by works, it may be appropriate
to conduct detailed investigations into behaviours of affected
fish, and potentially translocate individuals likely to be
affected or retain them for captive breeding, especially for
fish in small populations. Accurate information is also
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important when considering conservation plans such as
captive breeding and translocations, because both captive
and translocated populations should have sufficient spatial
extent over which to roam (Hilderbrand and Kershner
2000; Pittman 2011).

Implications for G. tantangara

Construction of an in-stream barrier has been suggested
to prevent future alien fish invasion from downstream
reaches of Tantangara Creek, augmenting the existing
natural waterfall barrier (Pygas et al. 2019). Construction
of such a barrier will cause in-stream disturbance and some
permanent habitat loss, albeit being worthwhile long term.
Fish in these construction zones may be translocated out of
the affected areas, especially given the critically endangered
status of the species and the small population size and
distribution. When considering reintroduction strategies
for conservation of G. tantangara, sites must be spatially
adequate for fish to undertake regular movement patterns
at appropriate in-stream population densities. Additional
research on diel and seasonal movement patterns, including
spawning-related movements, will be extremely beneficial
to understanding movement behaviours and requirements
of G. tantangara, and help inform the unknown ecology of
many closely related threatened species. Virtually nothing is
known of the movement ecology of the 14 newly described
galaxiids (Raadik 2014). Nonetheless, although the findings
of the current study are limited to adult fish during daylight
hours and do not cover the entire year, they remain critically
important for current conservation and management of this
and other closely related species.

Conclusions

This study has shown that fish home range may be signifi-
cantly overestimated using popular tracking methods, and
results are often not statistically comparable among different
studies. Because range-restricted threatened species continue
to be discovered and studied, it is important that appropriate
tracking technique and spatial resolution is considered, given
the possible sedentary nature of many small stream fishes
and urgent requirement to establish additional populations
in captivity and the wild. When interpreting findings from
past and future movement studies, it is important to under-
stand differences among monitoring methods and their
bias on final results. The authors recommend that expected-
movement and home-range results are considered when
designing future studies, specifically the monitoring tech-
nique and spatial resolution. Similarly, final results must be
presented with respect to their spatial resolution, including
an honest perspective on its suitability.

Supplementary material

Supplementary material is available online.
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