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1 | INTRODUCTION

Knowledge of population demographics and life histories is funda-
mental to the successful and informed management of threatened
species (Sutherland, 2008). Biological parameters such as population

size, survival, movement, and growth represent important measures
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Abstract

Population estimates are required for effective conservation of many rare marine
species, but can be difficult to obtain. The critically endangered red handfish (Thy-
michthys politus) is a coastal anglerfish known only from two fragmented populations
in southeast Tasmania, Australia. It is at a high risk of extinction due to low numbers,
loss of habitat, and the impacts of climate change. To aid conservation efforts, we
provide the first empirical population size estimates of red handfish and investigate
other important aspects of the species' life history, such as growth, habitat associa-
tion, and movement. We surveyed both red handfish local populations via underwa-
ter visual census on scuba over 3 years and used photographic mark-recapture
techniques to estimate biological parameters. In 2020, the local adult population size
was estimated to be 94 (95% confidence interval [Cl] 40-231) adults at one site, and
7 (95% Cl 5-10) at the other site, suggesting an estimated global population of
101 adults. Movement of individuals was extremely limited at 48.5 m (£ 77.7 S.D.)
per year. We also found evidence of declining fish density, a declining proportion of
juveniles, and increasing average fish size during the study. These results provide a
serious warning that red handfish are likely sliding toward extinction, and highlight
the urgent need to expand efforts for ex situ captive breeding to bolster numbers in
the wild and maintain captive insurance populations, and to protect vital habitat to

safeguard the species' ongoing survival in the wild.
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for assessing the success of conservation efforts (Caughley &
Gunn, 1996). Monitoring these parameters can allow managers and
researchers to determine if a population is changing through time,
identify specific habitat requirements, and help avoid issues associ-
ated with shifting baselines, where population declines may go unno-

ticed (Pauly, 1995). An understanding of these parameters can also
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assist in teasing apart the impacts of pressures on a species, such as
stochastic events, human impacts, natural variability in the population
(e.g., births, deaths, movement), and the performance of conservation
intervention (Krebs, 1995). However, accurately estimating these bio-
logical parameters can be difficult (Manning & Goldberg, 2010), espe-
cially when the species of interest is marine and rare (e.g., Bozec
et al., 2011; Durso et al., 2011).

The handfishes (Brachionichthyidae) are an ancient family of ang-
lerfish (Lophiiformes) consisting of 14 species, all of which are con-
fined to Australian waters (Last & Gledhill, 2009). Members of this
family possess modified pectoral fins resembling hands with which
they use to preferentially “walk™ across the sea floor instead of swim-
ming. Handfishes exhibit various qualities that make them particularly
vulnerable to extinction, such as lacking a dispersive pelagic larval
stage, and high energetic cost to reproduction, investing in fewer,
larger eggs that are guarded by the mother during development
(Bruce et al.,, 1997; Last & Gledhill, 2009). These features have con-
tributed to the handfishes being described as the most threatened
family of marine fishes in the world (Stuart-Smith, Edgar, Last,
Linardich, et al., 2020) with the IUCN's Red List assessments listing
7 of the 14 described species in the family as endangered or critically
endangered (see Stuart-Smith et al. 2020a). Three species—the spot-
ted handfish (Brachionichthys hirsutus), Ziebell's handfish (Brachiopsilus
ziebelli) and the red handfish (Thymichthys politus)—are recognized as
critically endangered internationally on the IUCN Red List (Edgar
et al. 2020a; Last et al., 2020; Stuart-Smith et al. 2020b) and nation-
ally on the Australian Environmental Protection and Biodiversity Con-
servation Act, with all three species being the subject of a formal
Australian  government (Commonwealth  of
Australia, 2015).

Red handfish are small (<90 mm) and highly cryptic, inhabiting

recovery plan

temperate coastal reefs less than 6 m deep, and are most often
observed underneath algal canopies (Edgar et al, 2017; Last &
Gledhill, 2009). Once known to exist on the north and east coasts of
Tasmania (Last & Gledhill, 2009), and despite recent comprehensive
searches for new populations of the red handfish (Edgar et al., 2015;
Edgar et al., 2017), the species is now only known from two small
populations in the southeast corner, in an area of habitat totaling
approximately 4000 m? combined. It is considered particularly vulner-
able to extinction, with various continuing pressures possibly contrib-
uting to suspected low population sizes, including habitat loss through
overgrazing by a native urchin (Heliocidaris erythrogramma), various
localized anthropogenic impacts, and potentially climate change
(Bessell et al., 2022). Conservation efforts for the species only began
in late 2018, and include headstarting (i.e., raising fish from eggs in
captivity that are then released into the wild to bolster numbers) (see
Thomas et al., 2019) as well as habitat restoration attempts through
management of urchin numbers (Stuart-Smith et al., 2021). Although
conservation strategies are in place for the species, currently reliable
population estimates for red handfish are lacking. Informal estimates
of population size have proposed that around 100 individuals remain
in the wild (Stuart-Smith et al., 2021), though these have been based
on expert opinion. No formal estimate of population size based on
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field research has been undertaken, despite recognition of the impor-
tance of this for effective conservation.

Mark-recapture is a common approach used to track individuals
through time and can be used to obtain estimates of abundance. The
approach considers encounter histories of marked individuals over
multiple capture events and has been widely used for marine animals
(e.g., Claassens & Harasti, 2020; Grossman et al., 2019; Harasti, 2016;
Harasti et al., 2012; Martin-Smith, 2011; Shine et al., 2021; Van Cise
et al., 2021). Depending on the model used, assessments can be made
of population parameters, such as survival and probability of re-
capture (e.g., Cormack, 1964; Jolly, 1965; Seber, 1965), probability of
entry to a population (e.g., Schwarz & Arnason, 1996), recruitment,
and population growth (e.g., Link & Barker, 2005; Pradel, 1996). These
types of studies often require large sample sizes, which can be chal-
lenging to obtain when working with rare or sparse populations, as is
often the case with threatened species. Therefore, other measures,
such as densities obtained from carefully designed quantitative sur-
veys in key habitat, can be suitable alternatives to track population
trends in rare and threatened species (e.g., Foster & Vincent, 2004;
Sanchez-Camara et al, 2006), including handfish (e.g., Edgar
et al., 2017; Lynch et al., 2022; Wong et al., 2018).

In addition to estimating abundance, mark-recapture studies allow
for the assessment of species' movement patterns. Understanding the
movement patterns of threatened species can be extremely valuable
for conservation efforts. For example, knowledge that a species is
highly mobile will allude to the need for a broader protection network,
with the conservation of the species depending on the condition and
protection of multiple sites (see Runge et al., 2014). Conversely,
understanding that a species is mostly sedentary would suggest the
species may be particularly prone to extinction from stochastic pro-
cesses (e.g., Sekercioglu, 2007).

Non-invasive methods of marking are preferable for studies of
threatened species that require individual identification, such as mark-
recapture studies. One alternative to more traditional invasive
approaches such as tagging is the use of natural marks or patterns of
an animal, recognized from images of animals in the wild. This tech-
nique, known as photo-identification (photo-ID), has been applied to
many marine species, including fishes (e.g., Araabi et al., 2000; Gonza-
lez-Ramos et al., 2017; Martin-Smith, 2011; Read et al., 2003) and a
related handfish. Studies of the spotted handfish (B. hirsutus) have uti-
lized the unique spot patterns along the body of this species to suc-
cessfully photo-ID individuals and to track their abundance, growth,
and movement through time (Bessell, 2018; Moriarty, 2012). Because
red handfish also display unique spots and patterns, an opportunity
exists for application to this species for use in a mark-recapture study.

The primary aim of this study was to reduce uncertainty around
the current population sizes of red handfish. The objectives of this
study were to (1) establish the first estimates of the population size of
red handfish in terms of both abundance (based on mark-recapture
population models) and density (using counts per underwater survey),
and to determine if these two approaches yielded similar results, and
(2) using the field data collected for the population estimates, better

understand other important aspects of the species' life history, such
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FIGURE 1 The study region in southeast Tasmania, Australia.

as growth, movement, and habitat use. These combined objectives
sought to provide information to better guide conservation actions
for red handfish.

2 | MATERIALS AND METHODS

21 | Study area and data collection
The two study sites are located in southern Tasmania (Figure 1) close
to shore, reaching a maximum depth of around 6 m, and consist of
vegetated rocky reefs, and Heterozostera nigricaulis seagrass beds. Site
locations are undisclosed due to concern for disturbance/impact or
poaching (Bessell et al., 2022). Here we refer to these two populations
as “Site 1” and “Site 2. Site 1 is primarily characterized by a high-
complexity rocky reef with defined habitat boundaries of sand or bare
rocky urchin barrens bordering the site (beyond which no red handfish
have been observed in >15 years; T. Bessell, pers obs). It has an
approximate total area of 1000 m?. Site 2 is comprised of a low-
complexity reef and large seagrass beds. It is located within a shel-
tered bay and is approximately 3000 m2. The site's boundaries appear
to vary seasonally, with suitable habitat often continuing around the
bay onto a slightly more wave exposed shore.

We monitored red handfish at the two sites from 2019 to 2021
via two survey approaches. First, in summer 2019 and summer 2020,
Reef Life Survey (www.reeflifesurvey.com) divers completed compre-
hensive censuses over 3 days that systematically searched for fish
across most of the area of both sites. During these censuses,

~1mx50m belt transects (~50 m?) were placed in parallel,

immediately adjacent to each other so that the entire seabed was
searched at each site. Each belt transect was then searched for red
handfish. Then, in 2020-2021, University of Tasmania divers moni-
tored two fixed position transects at Site 1, and three fixed position
transects at Site 2, every 2-4 weeks to assess changes in population
size over time. These transects were 6 m x 50 m (300 m?) belt tran-
sects (modified from Edgar et al. 2020b), with two divers each search-
ing a 3m x 50 m swath either side of the line. This disparity in
transect search areas (300 m? for fixed position transects vs. ~50 m?
for the censuses) was in an effort to maximize time efficiency, area
covered, and the number of fish sighted during the summer 2019 and
2020 censuses with multiple divers in the water at the same time.
Over the 3 years, 141 transects were completed across the two sites,
equating to 20,550 m? searched (Table 1) and totaling over 195 per-
son-hours of underwater visual census effort.

When a red handfish was found, both sides of the fish were
photographed, its length measured using calipers to the nearest milli-
meter, and a broad category of fine-scale habitat (either “seagrass,”
“red algae,” “green algae,” “brown algae,” or “no cover”) was recorded
for the 0.5 m? area (0.5 m x 0.5 m, estimated visually) it was found
within. In cases where fine-scale habitat was evenly split, the immedi-
ate surroundings (within approximately 5 cm) of the individual fish
provided a tie-break. The fish's location was also recorded by a diver
towing a tethered float with a GPS that was time-synchronized with
the diver's camera to allow positioning of the location of each fish to
within approximately <7 m (see Lynch et al, 2015; Schories &
Niedzwiedz, 2012; Wong et al., 2018).

2.2 | Individual identification for mark-recapture
abundance estimation

Red handfish have unique markings in the form of spots, blotches, and
warty growths that allow for individual identification. Using these fea-
tures, individual fish were identified from photographs taken of both
sides of individuals observed during all censuses and surveys. Identifi-
cations were assessed manually by two independent researchers,
aided by the computer-assisted photo-identification software I°S Clas-
sic v4.02 (www.reijns.com/i3s), to reduce the possibility of incorrect
identifications. Once an individual was identified, it was given a
unique identification code, and images were stored in a database. Red
handfish are not currently known to alter their spot patterns (some
individuals observed multiple years apart display the same spot pat-
tern), though some uncertainty exists around the stability of their
patterns. Therefore, this remains a potential source of bias that may
reduce resighting rates, and thus inflate abundance estimates.
Because the identification of red handfish individuals is based on
photographs, we implemented a quality control protocol to remove
poor-quality images from our database to reduce risk of misidentifica-
tion (see Friday et al, 2000; Gowans & Whitehead, 2001; Read
et al., 2003). Similar to the systems developed by Urian et al. (1999)
and Read et al. (2003), we graded photographs on photographic qual-
ity (PQ). Images were assessed for focus and clarity, contrast of spots,
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TABLE 1 Search effort for red handfish from 2019 to 2021.
2019 2020 2021
Censuses® Fixed transects® Censuses® Fixed transects” Censuses® Fixed transects®
Site 1 (1000 m?) 18 (900 m?) - 7 (350 m?) 2 (600 m?) - 13 (3900 m?)
Site 2 (3000 m?) 42 (2100 m?) - 27 (1350 m?) 9 (2700 m?) - 23 (6900 m?)

Note: The values given are the number of transects completed for each survey approach, and the area covered for each survey approach is reported in

parentheses.
2Belt transects that comprised the censuses were ~50 m? each.
bFixed position transects were 300 m2.

angle of the fish relative to the photographer, and visibility of spot
patterns, each on a scale of 1-5, with a lower value being assigned to
better-quality images. The sum of the scores for these five criteria
gave a final PQ score. Images with PQ scores greater than 9 were
omitted from the database. Additionally, we omitted records where

images of only a single side of a fish were available.

2.3 | Abundance and density analysis

Encounter histories of red handfish were created based on first sight-
ings (“captures”) and subsequent resightings (“recaptures”) using
photo-identification as a non-invasive “marking” tool. We pooled
sampling effort by year and ignored resightings within each year for
the purpose of abundance estimation. In addition to the PQ control
protocols outlined earlier, we also excluded records of juveniles from
our mark-recapture analysis because of uncertainty surrounding the
stability of their markings and patterns (T. Bessell, pers. obs). We clas-
sify juveniles as fish <45 mm total length, based on maturity being
reached at approximately >45 mm total length in individuals kept in
captivity at around the 1.5-year mark (J. Stuart-Smith, pers. obs).
Therefore, the population parameters we estimate using mark-
recapture methods are for adult red handfish only.

We primarily analysed our mark-recapture data within the
Programme MARK software (White & Burnham, 1999) using a
POPAN parametrization of the Jolly-Seber model (Schwarz &
Arnason, 1996). We used this model because (1) our primary
objective was to estimate red handfish abundance and (2) the
length of our study period allowed for births, deaths, immigration,
and emigration, in addition to 42 headstarted juveniles that were
released during the study (see below; Stuart-Smith et al., 2021).
The POPAN formulation estimates rates of apparent survival (),
resighting probability (p), probabilities of entry to the population
(pent), and size of the “superpopulation” (N). The superpopulation
parameter is an estimate of the total number of individuals theo-
retically present in the study area between the first and last cap-
ture occasions. Estimates of annual abundance (N;) can then be
derived from the models using estimated values for p. However,
as with other Jolly-Seber models, some parameters risk being con-
founded as a result of being unable to estimate all parameters
before an individual's first “capture” and after their last
(Schwarz & Arnason, 1996). Thus, only abundance for the second

year of our three-year study can be reliably calculated. Although
we do report annual abundance for 2019 and 2021, we place
most emphasis on estimates for 2020, which we consider most
reliable.

Because of the species' limited dispersal capabilities (and longer-
term photographic records from recreational divers), we were confi-
dent that no movement occurs between the two known red handfish
populations. We therefore fit separate models for both Site 1 and Site
2, with the saturated models (i.e., all parameters being time depen-
dent, marked as “t”) for both sites being expressed as @) p( penty.
Subsequent candidate models consisting of parameters that were con-
stant (i.e., the parameter did not vary with time) were marked with a
dot (“.”). We assessed goodness-of-fit (GOF) of our saturated models
using Fetcher's variance inflation factor, ¢ (Fletcher, 2012), because
other built-in GOF routines within MARK were not available for our
data. Generally, a ¢ value of 3 or less indicates a reasonable fit
(Lebreton et al., 1992). We also qualitatively tested the sensitivity of
our models to incremental adjustments of ¢ between the values 1.0-
2.0, observing for changes in model rankings—a change in rankings
following ¢ adjustments indicates potential inadequacy of the final
model. Following these GOF tests, parameters from the saturated
model that could not be justified by the data were excluded, with the
most parsimonious model for each site being selected based on AIC. A
global population estimate was indirectly estimated by summing up
the annual abundances estimated by the models for Site 1 and Site 2.

Importantly, the study spanned a preliminary “headstarting”
effort, where eggs from two clutches were collected from Site 2 in
2019 and reared in captivity. Forty-two individuals were subsequently
released back into the wild in 2020 (28 fish at Site 1, and 14 fish at
Site 2; Stuart-Smith et al., 2021). Eighty surveys were conducted
before this release (10 at Site 1 and 70 at Site 2), and 46 were con-
ducted after release (15 at Site 1 and 31 at Site 2). Thus, any trends in
abundance that we observe between 2020 and 2021 will include the
effect of this direct intervention on population size. We only expected
signs of this intervention to occur between 2020 and 2021 because
this is when any reduced recruitment at Site 2 from egg removal may
have become apparent, and when introduced juveniles (fish <45 mm
long) at both sites may have become large enough for inclusion in the
study.

As an additional measure of population size, we calculated the
density of red handfish per 100 m? based on all the transect counts.

This was calculated based on the following formula:
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Number of sighted fish
Transect search area (m?2)

Density (fish per 100m?) = ( ) x100 (1)

Final densities at each site per year were an average of the calcu-
lated transect densities.

Then, to compare abundance estimates from the mark-recapture
models with the calculated densities, we converted total abundance
estimates from the mark-recapture study and population model to

densities using the following formula:

Abundance estimate

Mark-recapture derived density (fish per 100m?) = ( Site area (m2)

>><100

()

To inform future monitoring efforts for red handfish, and to
track trends through time, we conducted a power analysis to
determine the number of repeated transects required to detect a
significant density change using the “pwr” package in R (R Core
Team, 2022). We only used density data collected from Site 2 in
2021 for this analysis to maintain a standardized transect area,
because transect sizes varied in the previous years. We resampled
the data 3000 times for up to 50 repeated transects, and calcu-
lated the resulting power using the pwr.t.test() function (with a
significance level of 0.05) for detecting three scenarios of change
in red handfish density: 30%, 50%, and 80%. We selected these
scenarios based on the thresholds outlined by the IUCN's Red List
Criteria for future reduction in population size (Criterion A3; see
IUCN, 2012). We set our minimum acceptable power at 0.80
(Quinn & Keough, 2002).

24 | Length, growth, and movement analysis
Length, growth, and movement information was determined using
data from resighted individuals. For these analyses we included all
resighting records, including intra-year records, and records of juve-
niles where positive identification was beyond any doubt. However,
length analysis only included data collected from Site 2 because of the
extremely low population size at Site 1. Growth of resighted individ-
uals was calculated by determining the difference in length between
sightings.

After data for normality was checked, an ANOVA was used
to test for differences in mean length, growth, and net move-
ment values between groups (year, site, or size class), with the
use of a Tukey's HDS post hoc test to distinguish between any
significant differences. To test for differences between length-
frequency distributions between years, we used a bootstrapped
Kolmogorov-Smirnov test with 5000 samples using the ks.boot()
function from the “Matching” package (Sekhon, 2011). Finally,
the distance moved by a fish between resightings was deter-
mined manually using Google Earth Pro (www.google.com/
earth).

200 4

150 1

100 1

Number of identified individuals
()]
o

FIGURE 2
2019 to 2021.

Discovery curve of individual adult red handfish from

3 | RESULTS

3.1 | Abundance and density analysis

During our 3-year study, we made a total of 397 observations of red
handfish: 22 at Site 1 and 375 at Site 2. After removing records of
juveniles (fish <45 mm long), records of fish with only images of one
side, and records with unacceptable photographic quality scores,
225 remaining observations (19 at Site 1 and 206 at Site 2) were avail-
able for mark-recapture analysis (Figures 2 and 3a,b). Of these remain-
ing observations, a total of 184 individual fish sighted between 2019
and 2021 were identified (9 fish at Site 1 and 175 fish at Site 2),
meaning that 18.2% of the database (41 observations) were resight-
ings. Most resightings were of fish observed on two occasions; how-
ever, three individuals were sighted on four separate occasions. The
largest time between the first and last sightings of a red handfish was
935 days, which was initially measured at 46 mm, and was 60 mm on
its last sighting.

After intra-year resightings were removed, capture histories for
174 individuals (9 at Site 1 and 174 at Site 2) were available for use in
building mark-recapture models (Supplementary Material). Both satu-
rated mark-recapture models had reasonable GOF, with Fletcher-¢
values of 1.95 and 2.81 for Site 1 and Site 2, respectively. Addition-
ally, manual incremental increases of ¢ did not affect candidate model
rankings for either site, and thus we were confident the saturated
models sufficiently explained the data. From the set of candidate
models (Supplementary Material), the models with no time effect for

@ or p, but included a time effect for pent (i.e., ®() p() pent), were
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FIGURE 3 (a, b) Number of first N (a) Site 1 (b) Site 2
sightings (black) and resightings (white) of T 4 -
adult red handfish. Percentages are the '§ 57% 80 A 4%
proportion of observations that were '-é 67% 17%
resightings each year. Note differing S 97 604
scales on the y-axis between Site 1 and %
Site 2. (c, d) Mean densities of red 2 4l 20%
handfish using counts per underwater “é 407
survey (black) and densities converted 2
from mark-recapture abundance § 21 - 204
estimates (gray). Error bars are standard % >
errors. See Table 1 for search effort. Note é’ 0

2 :

differing scales on the y-axis between Site
1 and Site 2.

B First sighting [] Resighting

Fish densities (per 100 m?)

1 —

2019

TABLE 2 Jolly-Seber (POPAN) derived annual abundance
estimates of adult red handfish from 2019 to 2021.

Site 1 Site 2
Year Estimate + S.E. 95% C.l. Estimate + S.E. 95% C.I.
2019 NA? NA? 167 + 85 65-429
2020 7+1 5-10 94 £ 46 38-231
2021 6+1 4-9 132 + 68 51-343

Note: That estimates for the year 2020 (in bold) are the primary basis for
conclusions, and caution is advised when interpreting the 2019 and 2021
estimates due to a lack of data from surrounding years on which to anchor
estimates, and due to the addition of captive reared individuals to both
sites in 2020 (therefore artificially increasing recruitment).

?Estimate not available due to only a single observation at this site

in 2019.

chosen based on the AIC for both sites (Site 1: AlCc = 27.25, AlCc
weight = 0.88, parameters =4; Site 2: AlCc=139.13, AlCc
weight = 0.38, parameters = 5). The models indicated that the appar-
ent survival (@) of red handfish at Site 1 (0.63, 95% Cl 0.29-0.87) was
more than double the apparent survival at Site 2 (0.30, 95% Cl 0.12-
0.57; Table 2). Similarly, sighting probability (p) at Site 1 (0.99, 95% ClI
0.99-1.00) was also more than double the sighting probability at Site
2 (0.47, 95% Cl 0.12-0.85). The probability of an individual to enter
the sampled population (pent) at Site 1 was estimated at 0.22 + 0.14
(95% CI 0.06-0.58) for 2020, whereas at Site 2 pent was estimated at
0.33 £ 0.04 (95% Cl 0.26-0.42) for the same year.

2020 2021 2019 2020 2021

o Density estimate from transects
o Density estimate from mark-recapture

The total superpopulation size (N) of adult red handfish across the
whole study period (from 2019 to 2021) was estimated to be 11 (95%
Cl 9-14) individuals at Site 1, and 315 (95% Cl 200-812) individuals
at Site 2. Derived estimates of abundance by site and year are
reported in Table 2. The models estimated abundance in 2020 to be
7 adult fish (95% CI 5-10) at Site 1, and 94 adult fish (95% Cl 40-
231) at Site 2 (Table 2). This suggests a global adult population of
101 fish in 2020.

Density data from direct counts of individuals on transects also
confirmed that the overall density at Site 1 was much lower than at
Site 2 (Figure 3c,d). The highest mean (+ SD) density at Site 1 was in
2020 with 1.41 £ 0.45 fish per 100 m?2, whereas at Site 2 it was 6.76
+ 0.74 fish per 100 m? in 2019. Our data do suggest a decline in red
handfish density over the study period at both sites, though this is
more obvious at Site 2, particularly from 2019 to 2020. Once con-
verted into individuals per 100 m?, density estimates derived from
mark-recapture data were remarkably similar to those derived
from underwater visual census (UVC) counts of fish observed on tran-
sects (Figure 3c,d), noting the potential for inaccurate abundance esti-
mates in 2019 and 2021.

Power to detect significant population change through time
based on the density data from UVC monitoring increased with the
size of the population change to be detected and the sampling inten-
sity used (the number of UVC transects). The power analysis indicated
that at least twelve 50 m x 6 m (300 m?) transects per site would be

required per year to detect interannual population decline or increase
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FIGURE 4 Simulated number of transects required (using 2021
density data from underwater surveys) for detecting red handfish
population size changes under three scenarios of population decline.
Shaded areas represent standard deviations. Horizonal line indicates a
power threshold of 80%.

of 80% or more, with the conventionally accepted 80% power
(Figure 4). To detect a 50% change in density at the same level of
power, at least 27 transects per site would be required. However, to
achieve 80% power of detecting a density change as small as 30%, a

minimum of 70 transects per year would be required.

3.2 | Habitat association

The most frequently used habitat types (Figure 5) at Site 1 were
brown and green algae, with 40.0% of the 20 observations of red
handfish associated with each. The remaining 20.0% of observations
at the site were in the open with no immediate surroundings
(no cover). At Site 2, seagrass was the most frequently used habitat
type, with over half (57.0%) of the 356 fish observations at the site
hiding among seagrasses. A breakdown of habitat association by year
and site can be seen in Figure S1. This was followed by brown algae
(35.7%). Very few individuals were found in other habitat classifica-
tions, with only 3.9% not associated with any algal cover, 3.1% in red

algae, and 0.3% green algae.

3.3 | Length, growth, and movement

Across all observations from Site 2, the mean (+ SD) total length of
red handfish was 58.6 + 11.3 mm (n = 375) and ranged from 10.0 to
80.0 mm. Adult fish (>45 mm) made up 86.6% of all observations,
whereas 13.4% of observations were of juvenile fish (<45 mm). Mean

total length increased slightly over the 3 years, from 56.1 + 12.0 mm

(n = 158) in 2019, to 59.5+ 11.3 mm in 2020 (n = 84), and 61.2
+ 9.8 mm (n = 133) in 2021 (ANOVA, df = 2, F9.07, p < 0.001), and a
Tukey's HDS post hoc test determined that fish mean total length in
2019 was smaller than that in both 2020 and 2021.

A similar annual result was also found in yearly length-frequency
distributions (Figure 6), with Kolmogorov-Smirnov tests detecting a
difference between the 2019 and 2021 distributions (p < 0.01). No
differences were detected between the 2019 and 2020 distributions
(p 2 0.05), or the 2020 and 2021 distributions (p = 0.05). Qualita-
tively, interannual size distribution differences could be seen in the
proportions of smaller- to medium-sized fish between years. For
example, the proportion of individuals over 70 mm (an arbitrary
threshold) remained relatively stable between years, at 16.6% (25 fish),
21.3% (16 fish), and 17.4% (20 fish) in 2019, 2020, and 2021, respec-
tively (Figure 6). However, the proportion of juveniles (<45 mm)
decreased, dropping from 16.6% (25 fish) and 14.7% (11 fish) in 2019
and 2020 to only 6.1% (7 fish) in 2021.

Using our recapture data, growth was fastest in fish less than
50 mm, with rates slowing as fish grew larger (Table 3). The highest
growth rates were recorded in the two smallest size classes, though
there was a lack of observations of fish <40 mm in our dataset from
which to reliably estimate growth at smaller size classes. The mean (+
SD) growth rate across all size classes was 11.4 +26.0 mm per
year (n = 54).

The mean (+ SD) net movement rate of resighted fish was
48.5+77.7 m (n = 53; Table 3). The greatest net distance moved
by a fish was 99.5 m, although 12 of the 54 resighted individuals
had moved less than 10 m, with one fish recorded only 0.3 m
away from the original sighting (544 days later; noting GPS loca-
tion error is larger than this distance). No differences in mean net
movement were observed between the four 10-mm length classes
from 40 mm to 80 mm (Table 3; ANOVA, df = 3, F1.36, p = 0.05),
nor in mean net rate of movement (ANOVA, df =3, F0.39,
p 2 0.05). However, movement was higher in fish whose time at
large (i.e., the time between sightings) was greater than a year
(mean = 37.4 + 31.3 m, n = 25) compared to those whose time at
large was less than a year (mean=19.1+185m, n=33;
ANOVA, df=1, F4.92, p=<0.05). We detected no movement
between the two populations, although we did not conduct any

searches for red handfish outside of the core study sites.

4 | DISCUSSION

This is the first study to collect quantitative field-based observations
to estimate the global population of the critically endangered red
handfish at its two known populations. We estimate abundance to be
low; even at the highest 95% confidence limit at the population with
the greatest number of fish, the mark-recapture model predicted no
more than 231 adult individuals in 2020, making this species likely
among the rarest of marine fishes in the world. A separate study of
the detectability of red handfish in our transect-based survey

methods has shown the method to be highly effective at locating
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FIGURE 5 Habitat association of red Site 1 Site 2
handfish at the two known populations.
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individuals when present (Bessell et al., 2023), giving confidence that
the estimates of population size we report here are accurate.

Our mark-recapture density estimates were also comparable to
density estimates based on underwater transect counts (Figure 3c,d).
This concordance in estimates provides a reasonable level of confi-
dence in the status of the species' population and suggests that either
approach or ideally their combination can provide reliable estimates
for tracking population trends through the future. Using density data
as a metric of population size would be more cost-effective for future
monitoring of the species, as it only requires the underwater survey
data. Adding estimates of abundance requires the additional steps of
taking and processing images, implementing photo-identification soft-
ware, and running developing mark-recapture models, though it pro-
vides the added benefit of estimating survival.

Small population size is a substantial risk to the ongoing survival
of the red handfish. Specifically, small populations suffer from a loss
of genetic variation, an increased likelihood of inbreeding, and an
increased susceptibility to stochastic and catastrophic events
(e.g., Allentoft & O'Brien, 2010; Furlan et al, 2012; Grueber
et al., 2010), all of which increase the risk of extinction. This highlights
the need for management strategies for red handfish that increase
numbers in the wild, such as establishing ex situ captive breeding and
translocation programmes. These efforts would benefit from future
research to formally estimate the minimum viable population (MVP;
see Shaffer, 1981) size of the species, as this could act as a lower tar-
get for ongoing bolstering efforts.

Our results indicate the need for urgent intervention to prevent
extinction. First, we observed a declining trend in observed fish den-
sity at Site 2 (the main stronghold for the population) from 2019 to
2020 (Figure 3d). This was halted (or possibly slightly reversed) after
the release of 14 headstarted individuals in late 2020 (Stuart-Smith
et al., 2021), with an increase in individuals in the 50-60 mm size clas-
ses indicating the possibility that headstarted fish were contributing
to the population (rather than any increase occurring from immigrat-
ing adults). The headstarting effort and releases were intended to
boost numbers, and indeed our results show some positive signs
(albeit non-significant, and without any “control” populations to

assess population trends in the absence of intervention). Furthermore,

it is unknown whether the headstarted individuals were the only fish
observed at Site 1 and thus prevented local extinction, or whether
they had no impact on population numbers. Although headstarting
has led to improved conservation outcomes in some marine species,
including seals (Gerrodette & Gilmartin, 1990) and sea turtles (Heppell
et al.,, 1996), there is uncertainty surrounding the effectiveness of the
approach for fishes, which are known to be underrepresented in
the conservation translocation literature (see Bajomi et al., 2010;
Seddon et al., 2005). However, the purpose of this study was not spe-
cifically to evaluate the success of the 2020 release event, and clearly
more research is needed to determine the efficacy of this approach
for red handfish. With wide confidence intervals in population esti-
mates in any given year, and without additional populations to provide
“controls” or any knowledge of population trends in the absence of
intervention, it is likely that headstarting will need to be continued for
a number of years before it can be concluded to be successful or
otherwise.

We recommend sustaining a release programme over a longer
timeframe, and possibly with more individuals released at each popu-
lation (in combination with habitat restoration). Morris et al. (2021)
found that release programmes that were spread across multiple years
were more likely to be successful, and that the number of individuals
released significantly influences a programme's likelihood of success.
We can use our results to help guide the number of fish to be
released. For example, we estimated apparent survival (@) at Site
2 (independent of a time effect) to be approximately 0.30. Assuming
the mean clutch size per egg mass is around 60 fish, we could expect
up to 18 fish per clutch to survive to 1 year old (if mortality is not
higher in the first year, which it likely would be) and up to six of those
to recruit to the adult population at 2 years old. Therefore, releasing
30 captively reared 1-year-old fish in this population might provide
similar recruitment to approximately two egg clutches naturally hatch-
ing in the wild.

Second, the number of new juvenile fish observed at Site
2 declined, whereas mean fish size over the 3 years increased (as total
abundance declined), indicating that the population grew older with
progressively less recruitment during the study. It is likely that suc-

cessful recruitment varies annually depending on the conditions
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FIGURE 6 Length-frequency distributions of red handfish at Site
2 from 2019 to 2021.

(e.g., temperatures, habitat availability, stochastic events), and this
apparent reduction could be attributed to successive poor recruitment
years. We also cannot rule out that the collection of eggs for head-
starting in 2019 led to reduced recruitment or the reduced number of
juvenile (<45 mm) fish in 2021, even though natural mortality would

presumably be far greater in the wild than in captivity. We note,

however, that it is difficult to locate very small individuals during sur-
veys, and have limited understanding of juvenile behavior or habitat
use. The size of newly hatched individuals is ~5 mm (Stuart-Smith
et al, 2021), but we did not observe any individuals smaller than
30 mm in our study. Although the poor ability of divers to detect fish
<30 mm in the wild leaves room for uncertainty in patterns of recruit-
ment, such fish are YOY, so they should appear in surveys within a
year. As such, it seems clear that recruitment from the 2020 breeding
season was lower than that from the 2018 and 2019 seasons. The
downward population trends combined with an approaching “demo-
graphic cliff” of aging adults and few juveniles could lead to a rapid
decline and local extinctions at one or both populations.

Another important consideration when interpreting our trends
is the potential for natural spatiotemporal variability in the popula-
tion or site-selection bias (Fournier et al., 2019). This bias is evi-
dent when researchers unknowingly begin monitoring a site during
a peak abundance period for a population that naturally shows
peaks and troughs. This would inevitably result in the detection of
an initial population decline. Although this bias may be a possibil-
ity at Site 2 considering our short study (and thus the observed
declines should be interpreted with caution), Site 1 has been vis-
ited and qualitatively monitored to varying degrees for almost
25 years. In fact, Site 1 was described as once containing “hun-
dreds of individuals® in the 1990s (Last & Gledhill, 2009), and fol-
lowing a significant population decline at the site, is thought to
have been home to fewer than 10 adults at any given time since
around 2010. A potential cause of this decline was thought to be
an increase in abundance of the native urchin H. erythrogramma
at the site (Last & Gledhill, 2009), which has a demonstrated abil-
ity to overgraze macroalgae when in large numbers (Valentine &
Johnson, 2005). The declines observed in our study at Site
2 should therefore be treated as a cause for concern, particularly
considering an increased abundance of native urchins at the site
was recently identified as among the greatest pressures to the
species' ongoing survival at both sites (Bessell et al., 2022).

The abundances estimated by mark-recapture models may be
impacted by biases or uncertainties that could affect their accuracy.
One such bias may be introduced through misidentification of individ-
uals, either by incorrectly judging one individual as two, or incorrectly
judging two individuals as one. We aimed to control this bias to the
best of our ability by having two independent researchers screen
the database for resightings, as well as through the use of computer-
assisted identification. We note, however, that Antennariidae, another
family of Lophiiformes, have been known to change color (Pietsch &
Arnold, 2020; Randall, 2005), and the closely related spotted handfish
(B. hirsutus) have also displayed minor color changes (mostly slight fad-
ing of color and spots) while in captivity (Bessell, 2018). Although red
handfish are not currently known to exhibit changes in their pattern-
ing, this remains a potential source of bias that may result in a lower
resighting rate, and thus a potential overestimation of abundance.
However, the concordance of our density estimates from mark-
recapture methods with observations of densities from underwater

transects (which do not rely on recognition of individuals) suggests
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TABLE 3 Summary statistics of resighted red handfish by size class (with standard deviations in parentheses).
Size at first Number of Mean time at Mean Mean growth rate Mean net Mean net movement
sighting (mm) resightings large (days) growth (mm) (mm/year) movement (m) rate (m/year)
30-39 1 681 36.0 19.3 - -
40-49 9 390 (£329) 11.2 (+6.5) 20.1 (x16.1) 43.9 (£36.5) 48.2 (+35.8)
50-59 12 238 (+232) 3.6 (+4.2) 11.6 (+17.0) 19.8 (+27.2) 33.2 (+31.4)
60-69 23 375 (£297) 3.3(x3.1) 11.1 (£36.4) 26.6 (£26.1) 66.8 (+117.9)
70-79 9 301 (£242) 1.8 (£3.2) 3.0 (£5.5) 26.1 (x17.9) 43.4 (£22.3)
All size classes 54 352 (+284) 5.3 (+6.8) 11.4 (x26.0) 26.7 (+26.8) 48.5 (£77.7)

that issues associated with failing to recognize individuals are unlikely
to have greatly impacted our population estimates.

An additional potential source of bias is associated with the prob-
lem of small sample size. This may arise due to low animal densities,
low probabilities of capture, or inadequate sampling design
(White, 1982). Given rare and threatened species are often found in
low densities, mark-recapture studies of these types of species are
often hindered by this problem (Calvert et al, 2009; O'brien
et al., 2005). For example, Harasti (2016) experienced a low abun-
dance of White's seahorse (Hippocampus whitei) at two of his four
study sites that prevented mark-recapture abundance estimation at
those sites. Considering the risk for introduction of biases due to small
sample size, the parameters predicted here, especially those for Site
1, should be interpreted with caution. Because our main objective
was to produce statistically based abundance estimates, we place less
emphasis on other parameters estimated by these models, even
though understanding patterns in natural mortality could provide
important additional information, if considered robust.

This was also the first study that made a concerted effort to
explore movement in this species. The greatest observed net distance
moved by an individual during our study was just under 100 m over
approximately 1.5 years, though on average, most moved around
25 m between sightings (Table 3). For comparison, a similar study of
the related (but larger) spotted handfish found mean movement to be
around 210 m, and as high as 567 m in 1.5 years (Bessell, 2018;
Moriarty, 2012). These movement data suggest red handfish have
small home ranges (though this is possibly a product of the limited
availability of suitable habitat), which highlights an important conser-
vation consideration: low movement means the species is extremely
vulnerable to site-specific impacts and stochastic events. This is fur-
ther compounded by the species' poor dispersal capabilities due to
having no larval phase and directly recruiting to the benthos after
hatching (Bruce et al., 1997; Last & Gledhill, 2009), in addition to
being limited to specific types of habitat. Therefore, the most effec-
tive conservation strategies for remnant red handfish populations at
present will be highly site-specific, and should ideally be supported by
dedicated protected areas at both sites with limited or no boating and
fishing activity (which have been identified as being connected to
important threats; Bessell et al 2021). For example, protective zoning
has been documented to assist in the conservation of other rare and

threatened species, including gray nurse shark (Carcharias taurus)

(Lynch et al, 2013) and various species of anemonefish (Scott
et al., 2011). Supplementing site protection with careful management
of a range of direct sources of habitat destruction (e.g., via the
habitat-grazing urchin H. erythrogramma, and urban development), will
likely yield the greatest opportunity for the recovery of red handfish.
We note, however, that the resighting rates reported here, and there-
fore the data from which net movement is determined, are relatively
low (18.2%) for a small species with low mobility (though, Martin-
Smith (2011) yielded comparable resighting rates of 21%-27% in a
similar study of cryptic weedy seadragons [Phyllopteryx taeniolatus] in
Tasmania). Given the scuba-based survey methods that we used
in our study were recently found to be effective at detecting red
handfish across different habitats (57%-97% detection probabilities;
Bessell et al., 2023), our low resighting rate could be explained by a
poor ability of the photo-identification software to recognize individ-
uals using spot patterns, high rates of mortality, or migration.

An interesting finding of this study is the apparent importance of
seagrass as a habitat for the species. Previously red handfish were
thought to be associated with shallow rocky reef habitats, where it
hides among a canopy of Sargassum spp. and Caulerpa spp. (Edgar
et al., 2017; Last & Gledhill, 2009). However, over half of all observed
individuals observed at Site 2 in this study were found hiding among
seagrass. This was also true of the juveniles we observed, with 55.6%
of all juveniles being found in seagrass. Seagrasses have been known
to provide a nursery for juveniles of many species of fish (reviews by
Pollard, 1984; Whitfield, 2017), and may play a similar role for red
handfish. Although brown algal covered rocky reefs (e.g., Sargassum
spp., and Cystophora spp.) are undoubtably still an important habitat
type for the species, it seems likely that adjacent or interspersed algal
covered reef and seagrass may provide a beneficial combination of
cover from predators and suitable breeding habitat (observations
of egg masses guarded by females at Site 2 have been exclusively on
seagrass). Indeed, many (but not all) historical observation sites of red
handfish, including by early European settlers in the 1800s (Last &
Gledhill, 2009), were from locations that have both shallow reef and
seagrass habitats present. An unpublished report from a study at Site
1 in 1999 also noted the presence of seagrass, with some handfish
observed to have laid eggs among the seagrass (Green & Bruce, 2000;
M Green pers. comm.). As this was the only known population of red
handfish from the early 2000s until 2018, it is probable that the
almost complete disappearance of seagrass alongside the reef at this
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location (albeit previously sparse; prior to monitoring of the red hand-

fish population in 2010) had propagated the belief that the species
was only found on rocky reef. Our findings are alarming given that
seagrasses are declining globally (Waycott et al., 2009), in addition to
seagrass extent in Tasmania having been estimated to have decreased
by nearly 25% between 1950 and 1990 (Rees, 1993). Seagrass in the
region is known to be influenced by tide, wind, light availability, water
quality, as well as temperature (Macreadie et al., 2018). Considering
Tasmania is a hotspot for ocean warming (Oliver et al., 2018;
Ridgway & Dunn, 2007), and the role of seagrass as nursery for other
fish species (Pollard, 1984), the probable importance of seagrass for
red handfish (at least in its remaining populations) warrants manage-
ment consideration.

Monitoring small, cryptic, and rare marine species is challeng-
ing due to low detection, often resulting in such species being
underrepresented  in  biodiversity  surveys (Ackerman &
Bellwood, 2000; Bozec et al., 2011; Willis, 2001). This challenge
can be hard to overcome, and therefore it may be necessary in
extreme cases, as is the case for red handfish, for management
decisions to be made using the limited data that are available.
Given the limitations of collecting data for these types of species,
and the importance of these data for conservation decision-
making, there is a need to improve monitoring approaches for
cryptic and sparse marine species, including exploring novel or
modern approaches. For example, the use of environmental DNA
(eDNA) methods is rapidly developing and has been applied to
rare and cryptic species (Bessell et al., 2023; Nester et al., 2020;
Nester et al, 2023). Additionally, artificial intelligence, coupled
with image or video-based methods (e.g., autonomous underwater
vehicles), may represent another approach to improving data col-
lection capabilities (e.g., Gonzalez-Rivero et al, 2020; Saleh
et al, 2022), though this approach would be better suited to
unvegetated habitats where animals are not concealed beneath
the canopies of seaweeds.

This research confirms the severity of the red handfish's pre-
sent status via a detailed estimation of current population size,
based on the last known locations of the species and was a vital
step for the conservation effort for this critically endangered spe-
cies, providing a sound baseline for which future efforts of popu-
lation protection and restoration can now be evaluated against.
The low estimated abundances of red handfish are cause for con-
cern and, coupled with a low movement capacity and an apparent
decline in density over the 3years, highlight the need for an
urgent intensification of conservation action for the species. Our
results provide clear evidence for the need for immediate inter-
vention, alongside ongoing monitoring, preferably directly addres-
sing the small population size species, and the need for managing
its habitat. Specifically, we suggest:

1. Bolstering wild population numbers via headstarting and establish-
ing a captive breeding programme;
2. Establishing insurance populations through the release of captive

fish to new sites;

3. Establishing protected areas to manage critical habitat for red
handfish populations and to potentially assist in buffering against
current anthropogenic and climate change-associated ecological
impacts, and;

4. Continued management of site-specific habitat-destroying pro-
cesses, including improving understanding of their impacts, as well

as active habitat and ecosystem restoration strategies.

Although other effective and important steps toward conserva-
tion exist (e.g., facilitation of in situ spawning via artificial spawning
habitats, gene banks, estimating the minimum viable population) the
recommendations mentioned earlier are likely the most direct and
important options, and are therefore urgently needed to safeguard

the species against extinction in the wild.

AUTHOR CONTRIBUTIONS

Tyson J. Bessell, Jemina Stuart-Smith, Rick D. Stuart-Smith, Neville
S. Barrett, and Tim P. Lynch conceived the idea for the study. Tyson
J. Bessell, J Jemina Stuart-Smith, Rick D. Stuart-Smith, and Olivia
J. Johnson collected the data. Tyson J. Bessell analysed the data. All
authors assisted in interpretation of results. Tyson J. Bessell led the
writing of the manuscript. All authors contributed critically to manu-

script development and gave approval for publication.

ACKNOWLEDGMENTS

This work was supported with funding from the Australian govern-
ment's National Environmental Science Program, the Department of
Agriculture, Water and the Environment, Sea World Research and
Rescue Foundation Inc., the Sustainable Marine Research Collabora-
tion through the Institute for Marine and Antarctic Studies, and multi-
ple donors to the Handfish Conservation Project. The authors wish to
acknowledge the following people: Louise de Beuzeville, Ella Clausius,
Antonia Cooper, Adam Duraj, Callum Dyson, Mellissa Elliman, Kate
Fraser, Andrew Green, Mark Green, Alexander Hormann, Justin Hulls,
Tyson Jones, Jessica Kube, Felicity McEnnulty, Kris O'Keeffe, Lizzi
Oh, Martin Puchert, Jane Ruckert, Kevin Smith, and John Turnbull.
Additional thanks to Lincoln Wong for statistical assistance. The
authors also thank Reef Life Survey, and the National Handfish
Recovery Team for their support of this research. All data were col-
lected under the approval of the University of Tasmania Animal Ethics
Committee (permit AO017741).

ORCID

Tyson J. Bessell \= https://orcid.org/0000-0003-4823-5653

REFERENCES

Ackerman, J. L., & Bellwood, D. R. (2000). Reef fish assemblages: A re-
evaluation using enclosed rotenone stations. Marine Ecology Progress
Series, 206, 227-237.

Allentoft, M. E., & O'Brien, J. (2010). Global amphibian declines, loss of
genetic diversity and fitness: A review. Diversity, 2, 47-71.

Araabi, B. N., Kehtarnavaz, N., McKinney, T., Hillman, G., & Wursig, B.
(2000). A string matching computer-assisted system for dolphin photo-
identification. Annals of Biomedical Engineering, 28, 1269-1279.

5U80 1] SUOWILLIOD BAIER.ID 3|qed1|dde 3y Aq peusAoB a.e AP YO ‘98N J0'SINJ 0 AIRIGITBUIIUO AB]IA O (SUOIPUOO-PUE-SWLB)W0Y" B IW ARG UIIUO//'SANU) SUORIPUOD PUe SWL. | 8} 885 *[7Z02/80/T] Uo ArIGIT8UIIUO AB]IM *[10UN0D UoReasa IIPIN PUY UIEOH BUOIEN AQ TGOST Q)/TTTT OT/I0p/w00Aa v AReid]|puIu0//SdNy WO papeojumod 't ‘202 ‘6798560T


https://orcid.org/0000-0003-4823-5653
https://orcid.org/0000-0003-4823-5653

BESSELL ET AL.

Bajomi, B., Pullin, A. S., Stewart, G. B., & Takacs-Santa, A. (2010). Bias and
dispersal in the animal reintroduction literature. Oryx, 44, 358-365.
Bessell, T. J. (2018). Using autonomous photo-identification systems and oto-
liths to estimate age, growth and movement of the spotted handfish, In

Institute for Marine and Antarctic Studies. University of Tasmania.

Bessell, T. J.,, Appleyard, S. A., Stuart-Smith, R. D., Johnson, O. J,
Ling, S. D., Heather, F. J., Lynch, T. P, Barrett, N. S., & Stuart-Smith, J.
(2023). Using eDNA and SCUBA surveys for detection and monitoring
of a threatened marine cryptic fish. Aquatic Conservation: Marine and
Freshwater Ecosystems, 33, 431-442.

Bessell, T. J., Stuart-Smith, J., Barrett, N. S., Lynch, T. P., Edgar, G. J,
Ling, S., Appleyard, S. A., Gowlett-Holmes, K., Green, M., Hogg, C. J.,
Talbot, S., Valentine, J., & Stuart-Smith, R. D. (2022). Prioritising con-
servation actions for extremely data-poor species: A risk assessment
for one of the world's rarest marine fishes. Biological Conservation,
268, 109501.

Bozec, Y.-M.,, Kulbicki, M., Lalog, F., Mou-Tham, G., & Gascuel, D. (2011).
Factors affecting the detection distances of reef fish: Implications for
visual counts. Marine Biology, 158, 969-981.

Bruce, B. D., Green, M. A,, & Last, P. R. (1997). Aspects of the biology of
the endangered spotted handfish, Brachionichthys hirsutus
(Lophiiformes: Brachionichthyidae) off southern Australia. In Proceed-
ings of the 5th Indo-Pacific Conference (pp. 369-380). Nouméa.

Calvert, A. M., Bonner, S. J., Jonsen, |. D., Flemming, J. M., Walde, S. J., &
Taylor, P. D. (2009). A hierarchical Bayesian approach to multi-state
mark-recapture: Simulations and applications. Journal of Applied Ecol-
ogy, 46, 610-620.

Caughley, G., & Gunn, A. (1996). Conservation biology in theory and practice
(1st ed.). Wiley.

Claassens, L., & Harasti, D. (2020). Life history and population dynamics of
an endangered seahorse (Hippocampus capensis) within an artificial
habitat. Journal of Fish Biology, 97, 974-986.

Commonwealth of Australia. (2015). Recovery plan for three Handfish spe-
cies. Department of the Environment.

Cormack, R. (1964). Estimates of survival from the sighting of marked ani-
mals. Biometrika, 51, 429-438.

Durso, A. M., Willson, J. D., & Winne, C. T. (2011). Needles in haystacks:
Estimating detection probability and occupancy of rare and cryptic
snakes. Biological Conservation, 144, 1508-1515.

Edgar, G., Stuart-Smith, R., Cooper, A., & Jacques, M. (2015). Systematic
surveying of two threatened Handfish species. Report for the Depart-
ment of the Environment. The Reef Life Survey Foundation and Insti-
tute of Marine and Antarctic Studies.

Edgar, G., Stuart-Smith, R., & Last, P. R. (2020). Brachionichthys hirsutus.
In The IUCN red list of threatened species [Online]. The IUCN Red List of
Threatened Species. Available at https://www.iucnredlist.org/species/
2958/121210485 Accessed 17 May 2023.

Edgar, G. J., Cooper, A., Baker, S. C., Barker, W., Barrett, N. S,
Becerro, M. A., Bates, A. E., Brock, D., Ceccarelli, D. M., Clausius, E.,
Davey, M., Davis, T. R, Day, P. B., Green, A., Griffiths, S. R., Hicks, J.,
Hinojosa, I. A., Jones, B. K., Kininmonth, S., ... Stuart-Smith, R. D.
(2020). Establishing the ecological basis for conservation of shallow
marine life using reef life survey. Biological Conservation, 252, 108855.

Edgar, G. J., Stuart-Smith, R. D., Cooper, A., Jacques, M., & Valentine, J.
(2017). New opportunities for conservation of handfishes (Family Bra-
chionichthyidae) and other inconspicuous and threatened marine spe-
cies through citizen science. Biological Conservation, 208, 174-182.

Fletcher, D. J. (2012). Estimating overdispersion when fitting a generalized
linear model to sparse data. Biometrika, 99, 230-237.

Foster, S. J., & Vincent, A. C. J. (2004). Life history and ecology of sea-
horses: Implications for conservation and management. Journal of Fish
Biology, 65, 1-61.

Fournier, A. M. V., White, E. R,, & Heard, S. B. (2019). Site-selection bias
and apparent population declines in long-term studies. Conservation
Biology, 33, 1370-1379.

sm FISHBIOLOGY

Friday, N., Smith, T. D., Stevick, P. T., & Allen, J. (2000). Measurement of
photographic quality and individual distinctiveness for the photo-
graphic identification of humpback whales, Megaptera novaeangliae.
Marine Mammal Science, 16, 355-374.

Furlan, E., Stoklosa, J., Griffiths, J., Gust, N., Ellis, R., Huggins, R. M., &
Weeks, A. R. (2012). Small population size and extremely low levels of
genetic diversity in Island populations of the platypus, Ornithor-
hynchus anatinus. Ecology and Evolution, 2, 844-857.

Gerrodette, T., & Gilmartin, W. G. (1990). Demographic consequences of
changed pupping and hauling sites of the Hawaiian monk seal. Conser-
vation Biology, 4, 423-430.

Gonzélez-Ramos, M., Santos-Moreno, A., Rosas-Alquicira, E., & Fuentes-
Mascorro, G. (2017). Validation of photo-identification as a mark-
recapture method in the spotted eagle ray Aetobatus narinari. Journal
of Fish Biology, 90, 1021-1030.

Gonzalez-Rivero, M., Beijbom, O., Rodriguez-Ramirez, A., Bryant, D. E. P.,
Ganase, A., Gonzalez-Marrero, Y., Herrera-Reveles, A., Kennedy, E. V.,
Kim, C. J. S., Lopez-Marcano, S., Markey, K., Neal, B. P., Osborne, K.,
Reyes-Nivia, C., Sampayo, E. M., Stolberg, K., Taylor, A., Vercelloni, J.,
Wyatt, M., & Hoegh-Guldberg, O. (2020). Monitoring of coral reefs
using artificial intelligence: A feasible and cost-effective approach.
Remote Sensing, 12, 489.

Gowans, S., & Whitehead, H. (2001). Photographic identification of north-
ern bottlenose whales (Hyperoodon ampullatus): Sources of heteroge-
neity from natural marks. Marine Mammal Science, 17, 76-93.

Green, M. A, & Bruce, B. D. (2000). Spotted Handfish recovery plan: Final
report: Year 1 (1999) for environment Australia: Endangered species pro-
gram. CSIRO Marine Laboratories.

Grossman, A., Daura-Jorge, F. G., de Brito Silva, M., & Longo, G. O.
(2019). Population parameters of green turtle adult males in the
mixed ground of Atol das Rocas, Brazil. Marine Ecology Progress
Series, 609, 197-207.

Grueber, C. E., Laws, R. J., Nakagawa, S., & Jamieson, I. G. (2010). Inbreed-
ing depression accumulation across life-history stages of the endan-
gered takahe. Conservation Biology, 24, 1617-1625.

Harasti, D. (2016). Declining seahorse populations linked to loss of
essential marine habitats. Marine Ecology Progress Series, 546,
173-181.

Harasti, D., Martin-Smith, K., & Gladstone, W. (2012). Population dynamics
and life history of a geographically restricted seahorse, Hippocampus
whitei. Journal of Fish Biology, 81, 1297-1314.

Heppell, S. S., Crowder, L. B., & Crouse, D. T. (1996). Models to evaluate
Headstarting as a management tool for long-lived turtles. Ecological
Applications, 6, 556-565.

IUCN. (2012). IUCN red list categories and criteria: Version 3.1 (2nd ed.).
Gland.

Jolly, G. M. (1965). Explicit estimates from capture-recapture data with
both death and immigration-stochastic model. Biometrika, 52,
225-247.

Krebs, C. J. (1995). Two paradigms of population regulation. Wildlife
Research, 22, 1-10.

Last, P. R., Edgar, G., & Stuart-Smith, R. (2020). Brachiopsilus ziebelli. In
The IUCN red list of threatened species [Online]. The IUCN Red List of
Threatened Species. Available at https://www.iucnredlist.org/species/
123423098/123424339 Accessed 17 May 2023.

Last, P. R., & Gledhill, D. C. (2009). A revision of the Australian handfishes
(Lophiiformes: Brachionichthyidae), with descriptions of three new
genera and nine new species. Zootaxa, 2252, 1-77.

Lebreton, J.-D., Burnham, K. P., Clobert, J., & Anderson, D. R. (1992).
Modeling survival and testing biological hypotheses using marked ani-
mals: A unified approach with case studies. Ecological Monographs, 62,
67-118.

Link, W. A, & Barker, R. J. (2005). Modeling association among demo-
graphic parameters in analysis of open population capture-recapture
data. Biometrics, 61, 46-54.

5U80 1] SUOWILLIOD BAIER.ID 3|qed1|dde 3y Aq peusAoB a.e AP YO ‘98N J0'SINJ 0 AIRIGITBUIIUO AB]IA O (SUOIPUOO-PUE-SWLB)W0Y" B IW ARG UIIUO//'SANU) SUORIPUOD PUe SWL. | 8} 885 *[7Z02/80/T] Uo ArIGIT8UIIUO AB]IM *[10UN0D UoReasa IIPIN PUY UIEOH BUOIEN AQ TGOST Q)/TTTT OT/I0p/w00Aa v AReid]|puIu0//SdNy WO papeojumod 't ‘202 ‘6798560T


https://www.iucnredlist.org/species/2958/121210485
https://www.iucnredlist.org/species/2958/121210485
https://www.iucnredlist.org/species/123423098/123424339
https://www.iucnredlist.org/species/123423098/123424339

BESSELL ET AL

e FISHBIOLOGY 1

Lynch, T., Green, M., & Davies, C. (2015). Diver towed GPS to estimate
densities of a critically endangered fish. Biological Conservation, 191,
700-706.

Lynch, T. P., Green, M., Wong, L. S. C, Bessell, T. J,, Cooper, A,
Valentine, J., Barrett, N., Ross, D. J., McEnnulty, F. R,, & Foster, S. D.
(2022). Assessment of conservations actions for the critically endan-
gered spotted handfish (Brachionichthyidae), following curation of
data collected by multiple investigators into a long-term time-series.
Journal for Nature Conservation, 69, 1-12.

Lynch, T. P., Harcourt, R., Edgar, G., & Barrett, N. (2013). Conservation of
the critically endangered Eastern Australian population of the Grey
nurse shark (Carcharias taurus) through cross-jurisdictional manage-
ment of a network of marine-protected areas. Environmental Manage-
ment, 52, 1341-1354.

Macreadie, P. I., Sullivan, B., Evans, S. M., & Smith, T. M. (2018). Biogeogra-
phy of Australian seagrasses: NSW, Victoria, Tasmania and temperate
Queensland. In A. W. D. Larkum, G. A. Kendrick, & P. J. Ralph (Eds.),
Seagrasses of Australia: Structure, ecology and conservation (pp. 31-59).
Springer International Publishing.

Manning, J. A., & Goldberg, C. S. (2010). Estimating population size using
capture-recapture encounter histories created from point-coordinate
locations of animals. Methods in Ecology and Evolution, 1, 389-397.

Martin-Smith, K. (2011). Photo-identification of individual weedy seadra-
gons Phyllopteryx taeniolatus and its application in estimating popula-
tion dynamics. Journal of Fish Biology, 78, 1757-1768.

Moriarty, T. (2012). Can a spotted handfish (Brachionichthys hirsutus)
change its spots? Assessing photo-identification and spot matching
software to study a critically endangered species. In Institute of Marine
and Antarctic Studies (p. 103). University of Tasmania.

Morris, S. D., Brook, B. W., Moseby, K. E., & Johnson, C. N. (2021). Factors
affecting success of conservation translocations of terrestrial verte-
brates: A global systematic review. Global Ecology and Conservation,
28, e01630.

Nester, G. M., De Brauwer, M., Koziol, A., West, K. M., DiBattista, J. D.,
White, N. E., Power, M., Heydenrych, M. J., Harvey, E., & Bunce, M.
(2020). Development and evaluation of fish eDNA metabarcoding
assays facilitate the detection of cryptic seahorse taxa (family: Syng-
nathidae). Environmental DNA, 2, 614-626.

Nester, G. M., Heydenrych, M. J,, Berry, T. E., Richards, Z., Wasserman, J.,
White, N. E., De Brauwer, M. Bunce, M. Takahashi, M. &
Claassens, L. (2023). Characterizing the distribution of the critically
endangered estuarine pipefish (Syngnathus watermeyeri) across its
range using environmental DNA. Environmental DNA, 5, 132-145.

O'brien, S., Robert, B., & Tiandry, H. (2005). Consequences of violating the
recapture duration assumption of mark-recapture models: A test using
simulated and empirical data from an endangered tortoise population.
Journal of Applied Ecology, 42, 1096-1104.

Oliver, E. C. J.,, Lago, V., Hobday, A. J,, Holbrook, N. J, Ling, S. D., &
Mundy, C. N. (2018). Marine heatwaves off eastern Tasmania: Trends,
interannual variability, and predictability. Progress in Oceanography,
161, 116-130.

Pauly, D. (1995). Anecdotes and the shifting baseline syndrome of fisher-
ies. Trends in Ecology & Evolution, 10, 430.

Pietsch, T. W., & Arnold, R. J. (2020). Frogfishes: Biodiversity, zoogeography,
and behavioral ecology. John Hopkins University Press.

Pollard, D. A. (1984). A review of ecological studies on seagrass—Fish com-
munities, with particular reference to recent studies in Australia.
Aquatic Botany, 18, 3-42.

Pradel, R. (1996). Utilization of capture-mark-recapture for the study of
recruitment and population growth rate. Biometrics, 52, 703-709.
Quinn, G. P, & Keough, M. J. (2002). Experimental design and data analysis

for biologists. Cambridge University Press.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing https://www.R-
project.org/

Randall, J. E. (2005). A review of mimicry in marine fishes. Zoological Stud-
ies, 44,299-328.

Read, A. J., Urian, K. W., Wilson, B., & Waples, D. M. (2003). Abundance of
bottlenose dolphins in the bays, sounds, and estuaries of North Caro-
lina. Marine Mammal Science, 19, 59-73.

Rees, C. (1993). Tasmanian seagrass communities. In Centre for Envrion-
mental Studies. University of Tasmania.

Ridgway, K. R., & Dunn, J. R. (2007). Observational evidence for a south-
ern hemisphere oceanic supergyre. Geophysical Research Letters, 34,
1-5.

Runge, C. A, Martini, T. G., Possingham, H. P., Willis, S. G., & Fuller, R. A.
(2014). Conserving mobile species. Frontiers in Ecology and the Environ-
ment, 12, 395-402.

Saleh, A., Sheaves, M., & Rahimi Azghadi, M. (2022). Computer vision and
deep learning for fish classification in underwater habitats: A survey.
Fish and Fisheries, 23, 977-999.

Sanchez-Camara, J., Booth, D. J., Murdoch, J.,, Watts, D., & Turon, X.
(2006). Density, habitat use and behaviour of the weedy seadragon
Phyllopteryx taeniolatus (Teleostei:Syngnathidae) around Sydney,
New South Wales, Australia. Marine and Freshwater Research, 57,
737-745.

Schories, D., & Niedzwiedz, G. (2012). Precision, accuracy, and application
of diver-towed underwater GPS receivers. Environmental Monitoring
and Assessment, 184, 2359-2372.

Schwarz, C. J., & Arnason, A. N. (1996). A general methodology for the
analysis of capture-recapture experiments in open populations. Bio-
metrics, 52, 860-873.

Scott, A., Malcolm, H. A., Damiano, C., & Richardson, D. L. (2011). Long-
term increases in abundance of anemonefish and their host sea anem-
ones in an Australian marine protected area. Marine and Freshwater
Research, 62, 187-196.

Seber, G. A. (1965). A note on the multiple-recapture census. Biometrika,
52,249-259.

Seddon, P. J., Soorae, P. S., & Launay, F. (2005). Taxonomic bias in reintro-
duction projects. Animal Conservation Forum, 8, 51-58.

Sekercioglu, C. H. (2007). Conservation ecology: Area trumps mobility in
fragment bird extinctions. Current Biology, 17, R283-R286.

Sekhon, J. S. (2011). Matching: Multivariate and propensity score matching
with balance optimization.

Shaffer, M. L. (1981). Minimum population sizes for species conservation.
Bioscience, 31, 131-134.

Shine, R., Brown, G. P., & Goiran, C. (2021). Population dynamics of the
sea snake Emydocephalus annulatus (Elapidae, Hydrophiinae). Scien-
tific Reports, 11, 20701.

Stuart-Smith, J., Edgar, G. J., Last, P., Linardich, C., Lynch, T., Barrett, N.,
Bessell, T., Wong, L., & Stuart-Smith, R. D. (2020). Conservation chal-
lenges for the most threatened family of marine bony fishes (hand-
fishes: Brachionichthyidae). Biological Conservation, 252, 108831.

Stuart-Smith, J., Lynch, T., McEnnulty, F., Green, M. Devine, C.,
Trotter, A., Bessell, T., Wong, L., Hale, P., Martini, A, Stuart-
Smith, R., & Barrett, N. (2021). Conservation of handfishes and their
habitats - final report 2020 (p. 78). University of Tasmania.

Stuart-Smith, R., Edgar, G., & Last, P. R. (2020). Thymichthys politus. In The
IUCN red list of threatened species [Online]. The IUCN Red List of
Threatened Species. Available at https://www.iucnredlist.org/species/
123423510/123424379 Accessed 26 March 2020.

Sutherland, W. J. (2008). The conservation handbook: Research, management
and policy. John Wiley & Sons.

Thomas, P., Boyer, D., Oehler, D., Silver, S., & Perrotti, L. (2019). Head-
starting as a conservation strategy for threatened and endangered
species. In A. Kaufman, M. M. Bashaw, & T. Maple (Eds.), Scientific
foundations of zoos and aquariums: Their role in conservation and
research (pp. 91-111). Cambridge University Press.

Urian, KW., Hohn, AA., Hansen, LJ., 1999. Status of the photo-
identification catalog of coastal bottlenose dolphins of the western North

5U80 1] SUOWILLIOD BAIER.ID 3|qed1|dde 3y Aq peusAoB a.e AP YO ‘98N J0'SINJ 0 AIRIGITBUIIUO AB]IA O (SUOIPUOO-PUE-SWLB)W0Y" B IW ARG UIIUO//'SANU) SUORIPUOD PUe SWL. | 8} 885 *[7Z02/80/T] Uo ArIGIT8UIIUO AB]IM *[10UN0D UoReasa IIPIN PUY UIEOH BUOIEN AQ TGOST Q)/TTTT OT/I0p/w00Aa v AReid]|puIu0//SdNy WO papeojumod 't ‘202 ‘6798560T


https://www.r-project.org/
https://www.r-project.org/
https://www.iucnredlist.org/species/123423510/123424379
https://www.iucnredlist.org/species/123423510/123424379

BESSELL ET AL.

Atlantic: Report of a workshop of catalog contributors. National Oceanic
and Atmospheric Administration.

Valentine, J. P., & Johnson, C. R. (2005). Persistence of sea urchin
(Heliocidaris erythrogramma) barrens on the east coast of Tasmania:
Inhibition of macroalgal recovery in the absence of high densities of
sea urchins. Botanica Marina, 48, 106-115.

Van Cise, A. M., Baird, R. W., Harnish, A. E., Currie, J. J,, Stack, S. H,,
Cullins, T., & Gorgone, A. M. (2021). Mark-recapture estimates suggest
declines in abundance of common bottlenose dolphin stocks in the
main Hawaiian islands. Endangered Species Research, 45, 37-53.

Waycott, M., Duarte, C. M, Carruthers, T. J. B. Orth, R. J,
Dennison, W. C., Olyarnik, S., Calladine, A., Fourqurean, J. W.,
Heck, K. L., Hughes, A. R., Kendrick, G. A., Kenworthy, W. J,
Short, F. T., & Williams, S. L. (2009). Accelerating loss of seagrasses
across the globe threatens coastal ecosystems. Proceedings of the
National Academy of Sciences, 106, 12377-12381.

White, G. C. (1982). Capture-recapture and removal methods for sampling
closed populations. Los Alamos National Laboratory.

White, G. C., & Burnham, K. P. (1999). Program MARK: Survival estimation
from populations of marked animals. Bird Study, 46, S120-5139.

Whitfield, A. K. (2017). The role of seagrass meadows, mangrove forests,
salt marshes and reed beds as nursery areas and food sources for
fishes in estuaries. Reviews in Fish Biology and Fisheries, 27, 75-110.

~x FISHBIOLOGY 1@ Mi

Willis, T. J. (2001). Visual census methods underestimate density and
diversity of cryptic reef fishes. Journal of Fish Biology, 59, 1408-1411.

Wong, L. S. C, Lynch, T. P., Barrett, N. S., Wright, J. T., Green, M. A, &
Flynn, D. J. H. (2018). Local densities and habitat preference of the
critically endangered spotted handfish (Brachionichthys hirsutus):
Large scale field trial of GPS parameterised underwater visual census
and diver attached camera. PLoS One, 13, e0201518.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Bessell, T. J., Stuart-Smith, R. D.,
Johnson, O. J,, Barrett, N. S., Lynch, T. P,, Trotter, A. J., &
Stuart-Smith, J. (2024). Population parameters and
conservation implications for one of the world's rarest marine
fishes, the red handfish (Thymichthys politus). Journal of Fish
Biology, 104(4), 1122-1135. https://doi.org/10.1111/jfb.
15651

85U8017 SUOWIWOD BA 11810 8ot [dde 8y} Aq peusenob afe Sap1e YO ‘8SN JO S9INJ 10} ARIq1T 8UIUO A8|IAN UO (SUOTHPUOD-PUR-SLLIBI WD A8 | M Ale.q Ul |Uo//StY) SUORIPUOD pue swie 1 84} 88S *[7202/80/7T] Uo Aiqiauljuo AS|IM *|10UN0D UyoKeesay [EOIPSIN PUY UifesH [euoieN Aq TSOST Qi TTTT 0T/10p/uoo 48| im Arelq i jpul|uoy/:sdny woly papeojumod ‘v ‘vZ0Z '6798560T


https://doi.org/10.1111/jfb.15651
https://doi.org/10.1111/jfb.15651

	Population parameters and conservation implications for one of the world's rarest marine fishes, the red handfish (Thymicht...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study area and data collection
	2.2  Individual identification for mark-recapture abundance estimation
	2.3  Abundance and density analysis
	2.4  Length, growth, and movement analysis

	3  RESULTS
	3.1  Abundance and density analysis
	3.2  Habitat association
	3.3  Length, growth, and movement

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


