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1 | INTRODUCTION

Many fish species are associated with structured biogenic habitats dur-
ing critical early life phases, before moving to separate adult habitats
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Abstract

Structured habitats play an important nursery role during the crucial early juvenile or
post-settlement stages of many fish species. Predominantly, the utility of structured
habitats to juvenile fish is thought to be associated with the provisioning of food or as
a refuge from predation. Although snapper (Chrysophrys auratus) in New Zealand also
have a strong affinity for structured habitats during their post-settlement phase, their
predators are unknown as is the role of predation in determining habitat association.
Here the authors investigated potential predators of post-settlement snapper by
remotely observing interactions of restrained post-settlement snapper with potential
predators and investigating the diet of potential predators. They also conducted tank
experiments with a potential predator, both with and without the presence of struc-
ture. Restrained snapper were infrequently approached by predators, but two new
nocturnal predators were identified. No snapper were observed in the diet of potential
predators, although two piscivores were identified as potential candidates. No preda-
tion occurred during tank experiments, but there was a non-significant indication that
under threat of predation post-settlement snapper may use habitat when it is present
and aggregate together when it is not. The findings suggest that the pulsed nature of
predation may have made it difficult to observe given the methods employed and that
the threat of predation may be sufficient to drive the habitat selection of post-
settlement snapper. Investigating the significance of predation via methods that do not

require direct observations may therefore be more appropriate given this context.
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(Beck et al., 2001; Dahlgren et al., 2006; Heck Jr et al., 2003). These
habitats are termed nurseries because they provide a disproportion-
ately high supply of recruits to the adult population (Beck et al., 2001).
For a species to have such a strong affinity to structured habitat, the
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associated mechanism is likely to be highly important to that species.
These mechanisms are generally accepted to be protection from preda-
tion (Adams et al., 2004; Grol et al., 2011; Lindholm et al., 1999;
Steele, 1999) and elevated growth rates (Harter & Heck, 2006; Naka-
mura et al., 2012; Tupper & Boutilier, 1997). For example, Adams et al.
(2004) assessed the predation mortality of post-settlement pinfish,
Lagodon rhomboides, in aquarium experiments and when tethered in the
field. In both settings, predation was reduced in the most structurally
complex habitats. Alternatively, Nakamura et al. (2012) conducted field
tethering and caging experiments to demonstrate that early juvenile
Pacific yellowtail emperor (Lethrinus atkinsoni) had marginally higher
survival, but significantly higher growth rates among structured sea-
grass habitats compared to coral reefs.

Snapper, Chrysophrys auratus (= Pagrus auratus), are an abundant
coastal fish found in the northern half of New Zealand and are highly
important at cultural, recreational, economic and ecological levels
(Parsons et al., 2014b). Post-settlement stage snapper [<60 mm fork
length (FL)] spend their first few months as benthic juveniles, occupy-
ing shallow estuarine locations before dispersing to a range of habi-
tats/locations. During this post-settlement stage, high abundances are
associated with habitat structure, whereas snapper may be almost
completely absent at immediately adjacent bare sediment sites that
are only tens of metres away (Parsons et al., 2013; Parsons
et al., 2014a; Parsons et al., 2016).

The mechanism explaining the strong habitat association of post-
settlement snapper, however, remains unclear. It is unlikely to be
associated with increased food availability, as post-settlement snapper
largely feed on free-swimming crustaceans that are not associated
with habitat structure itself (Parsons et al., 2015). There is, however,
some evidence that post-settlement snapper may be using structured
habitat to shelter from water flow, which may subsequently allow
snapper to access locations that have a high flux of their preferred
food (Parsons et al., 2015; Parsons et al., 2018). Almost nothing is
known about the predators of snapper in general, let alone whether
predation is connected to habitat association. For example, a compre-
hensive diet study did not document snapper as a prey item
(Williams, 2009), but juvenile snapper have rarely been observed in
the guts of other larger snapper (Lohrer et al., 2008). Direct observa-
tions of predation attempts on juvenile snapper have only been rarely
been documented (Parsons et al., 2018), and there has not been any
investigation of potentially important nocturnal predators (Bassett &
Montgomery, 2011). Some predation experiments have been con-
ducted on juvenile snapper. One such experiment exposed post-
settlement snapper to predators in sea cages, but the predators used
did not behave normally within the confines of the sea cage (Simon
Thrush, University of Auckland, pers. comm.). Further to this, a tank
experiment with post-settlement snapper observed increased struc-
ture use in the presence of a predator (Ross et al., 2007). The lack of
actual predation events, however, could have been due to the blue
cod (Parapercis colias) predator used, which are unlikely to encounter
post-settlement snapper in a natural setting due to limited range and
habitat overlap and are more of an opportunist than specialist

piscivore (Jiang & Carbines, 2002).

Given the importance of predation as a structuring force for many
other fish communities (Dahlgren & Eggleston, 2000; Forrester &
Steele, 2004; Hixon & Carr, 1997; Ryer et al., 2010; Steele, 1998), the
authors of this study sought to identify the predators of post-
settlement snapper and investigate predation as a potential mecha-
nism explaining the habitat association of post-settlement juvenile
snapper. Specifically, they (a) restrained post-settlement snapper in
the field and observed interactions with potential predators during
the day and night, (b) examined the diet of potential predators of
post-settlement snapper in an area where post-settlement snapper
were abundant and (c) experimentally exposed post-settlement snap-
per to a potential predator with and without habitat structure. The
findings do not provide strong evidence that predation is important in
determining the habitat association of post-settlement snapper, but
alternative indirect observations of predation may be more

appropriate.

2 | MATERIALS AND METHODS
21 | Potential predators of restrained post-
settlement snapper

Field trials assessing potential predators of post-settlement snapper
were conducted in Whangarei Harbour, northeastern Aotearoa
New Zealand (Figure 1) in February 2019. Whangarei Harbour is a
mesotidal estuary with a semi-diurnal tide and has neap and spring
ranges of 1.3 and 2.8 m, respectively. The harbour and the habitat fea-
tures within it are an important nursery for post-settlement snapper
(Parsons et al., 2016). The authors selected a site at MacDonald Bank
(174.491° E, 35.810° S) for this part of the present study for several
reasons. In particular, MacDonald Bank offers an extensive area of
sand flats of appropriate depth to conduct experiments, it is devoid of
natural structure, artificial habitat placed on MacDonald Bank attracts
high densities of post-settlement snapper, it has reasonable water
clarity for making observations and it can be accessed only by boat,
reducing the potential for interference. In December 2018 [the time
of peak snapper spawning (Parsons et al., 2014b)] they deployed
10 1.8 x 1.8 m artificial seagrass units (ASU) at a water depth of c.
0.4 m at low tide. ASUs were separated by 20 m. Previous investiga-
tions have demonstrated that post-settlement snapper are attracted
to ASUs in high densities, and are resident to patches separated by c.
10 m (Parsons et al., 2013), so the authors treated ASUs as indepen-
dent replicates. ASUs consisted of a plastic mesh grid with bunches of
ribbon (c. 30 cm long by 1 cm wide) tied to the mesh grid. All ASUs
had a shoot density of 1820 blades m~2, corresponding to the upper
range of subtidal seagrass densities in northeastern New Zealand
(Morrison et al., 2014). ASUs were secured in place with metal pegs
on the sand flats.

In this study, the ASUs were used to attract snapper that were
then observed, to document any interaction with potential predators.
As predator-prey interactions can be rare events, however, increasing

the frequency of these interactions was desirable. As such, the
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FIGURE 1 Map of Whangarei
Harbour showing the locations where
restrained post-settlement snapper
were deployed on artificial seagrass
units (ASUs), and the location of

set nets to capture potential predators
of post-settlement snapper.
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FIGURE 2 Vertical and horizontal Vertical view
diagram views of the remote camera
and infrared illuminator set-up used to
observe restrained post-settlement
snapper. Note that the camera
position changed depending on
whether a daytime or night-time
deployment was being conducted, but
was always 64 cm from the restrained
post-settlement snapper

GoPro camera
positioned for
day-time
deployment

authors also placed a post-settlement snapper restrained within a
clear plastic jar in front of each camera that was recording an ASU (i.
e., an ethical equivalent of tethering). The apparatus used to perform
these observations consisted of a 15 cm high steel stand with a GoPro
Hero 3 camera mounted on top (Figure 2). The steel stand also had a
64-cm-long aluminium bar extending horizontally in front of the cam-
era with an inverted clear plastic jar (9 cm diameter by 14.2 cm high)
mounted on its far end. This plastic jar had holes drilled into it, which
supplied fresh sea water to the post-settlement snapper that would

be placed inside it just before the camera was deployed.

NG

Horizontal view

T~ Plastic jar containing

GoPro camera
positioned for
day-time
deployment

restrained post-settlement
snapper

Metal stand
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GoPro camera
positioned for
night-time
deployment

PVC pipe containing
infrared illuminator

Post-settlement snapper were caught from other locations in the har-
bour using beach seine and retained in a small tank (c. 50 L) with an
air bubbler until being deployed with the camera. Using a surface rope
and float a camera was placed about 1 m from and facing an ASU,
with up to five cameras deployed on different ASUs simultaneously.
Each deployment would provide up to 2.5 h of footage, so once this
time had elapsed the cameras were retrieved via their surface ropes,
batteries and memory cards replaced, and then immediately deployed
onto a different ASU. In this way camera deployments covered a

range of times and tidal states.
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Night-time observations of ASUs and the restrained post-
settlement snapper were also conducted. For these night-time deploy-
ments illumination was provided by a sealed PVC pipe containing an
array of infrared illuminator light-emitting diodes (LEDs) (model
SD-DR50WCS8, MS-Moto), other electronics and batteries, which was
mounted underneath the steel stand. To reduce infrared light reflec-
tance, the GoPro Hero 3 camera was mounted on an additional alu-
minium bar (54 cm long) oriented to the side, but pointing towards
the jar containing the post-settlement snapper 64 cm away (Figure 2).
The infrared illuminator provided a high-powered (35 watt) 140° wide
beam of light at 850 nm [and therefore not visible to many fish
(Kobayashi et al., 2002; Matsuo et al., 2021)] and was pointed at the
restrained post-settlement snapper c. 60 cm away. To enable the cam-
era to see this infrared light source, the authors removed the infrared
filter contained within each GoPro Hero 3 used for night-time camera
work. Each night-time camera apparatus was deployed at about
18.00 hours, although it was still light during the evening. Both the
infrared illuminator and the camera, however, were set up so they
remotely turned on 2 h after deployment. As such, night-time footage
generally started to record from c. 20.00 hours, or c. 30 min after sun-
set, again providing c. 2.5 h of footage.

In terms of video analysis, each camera deployment was assigned
a daytime category, being day, dusk or night, based on whether there
was full light, fading light or darkness, respectively. As such, an indi-
vidual camera deployment could be assigned both day and dusk or
dusk and night categories (which were subsequently treated as sepa-
rate replicates). All videos were watched in their entirety by the same
observer, but often at double speed. When a fish, crustacean or ceph-
alopod large enough to predate on a post-settlement snapper was
observed, the observer would note down the time when it was
observed and what the species was. The relevant segment of the
video would then be replayed at regular speed, noting any interaction
between post-settlement snapper (for both the individual restrained
in the jar and for any other post-settlement snapper in view of the
camera at the time) and the potential predator. During some individual
camera deployments, it was unclear if multiple different potential
predators of the same species had approached the restrained post-
settlement snapper, or if the same potential predator had merely left
the field of view and then returned. For these instances only one
potential predator was denoted.

In addition to documenting predatory interactions with the
restrained post-settlement snapper, the presence of other potential
predators was recorded by documenting any fish, crustacean or ceph-
alopod species that was observed during each video deployment. In
terms of age or size class categorisation, this survey was conducted
during March. For snapper at this time of year, the terms 0+ and
post-settlement are synonymous because snapper spawned that year
will not have yet transitioned out of their post-settlement stage.
There should also be a c. 6 cm or c. 100% difference in the FL of post-
settlement and the next oldest age class (1+ snapper) (Francis, 1994),
providing adequate resolution to categorise post-settlement snapper.
Larger snapper were categorised as either sub-adults (c. 10-25 cm FL)

or adults (>25 cm FL). A similar methodology was followed for other

common coastal fish species where clear size differences were pre-
sent, although only 0+ and >0+ categories were determined. If no
clear and distinct size differences were present, then the presence of
the species was noted without size/age categorisation. The term
post-settlement was reserved for snapper as the authors have a more
detailed understanding of the specific life-history requirements of
snapper during this stage that may not be applicable to O+ individuals

of other fish species.

2.2 | Relative abundance and diet of potential
predators of post-settlement snapper

To provide further insight about potential predators in Whangarei
Harbour, gill nets were set to capture fish large enough to eat post-
settlement snapper. This provided two pieces of information, the rela-
tive abundance of these potential predators and gut contents which
provided insight about diet to better identify which species were most
likely to predate on post-settlement snapper. The authors conducted
set netting in March 2021, the time of year when post-settlement
snapper should be abundant, and therefore available as a food source
to potential predators. Nets were also set at locations where previous
beach seining work had identified seagrass beds and the presence of
post-settlement snapper (Figure 1). Overall four separate sets were
conducted: a daytime set and a night-time set on 2 March 2021, and
two night-time sets on 12 March 2021. The nets used were made up
of a combination of 90 and 115 mm nylon mesh panels, with a total
net length of 200 m per set on 2 March 2021 and 400 m per set on
12 March 2021. Nets were left to soak for 2 h on 2 March 2021 and
12 h on 12 March 2021. When each net was hauled, fish that had
been captured were removed and immediately placed into an ice
slurry, with separate containers for each set. Fish were then immedi-
ately transported to the Northland Marine Research Centre (NMRC)
where each ice slurry container was stored in a chiller until fish could
be processed (1- 12 h depending on the time each net was hauled).
For each individual fish, its species and length were recorded, and its
gastrointestinal tract removed, opened up and immersed in 80% iso-
propyl alcohol (IPA) until gut contents could be examined.

Preserved gut contents were initially poured onto a 1000 pm
sieve, to drain away the IPA. The sieved remains were then spread
out on a sorting tray, with the fullness and digestive state of the
digestive tract categorised onto a five-point scale. Because the inten-
tion of this diet work was to identify fish species that were predating
on post-settlement snapper, gut content identification was conducted
to the lowest taxonomic level that was practically able to be identified
in a short (minutes) period of time per sample. This often meant that
contents were identified only to the class or order level. This was suf-
ficient to determine the general diet composition of a potential preda-
tor, but where a fish was observed in a stomach sample the authors
tried to identify it to the species level so as to determine if a post-
settlement snapper had been consumed. For presentation purposes,
all of the different items observed within fish guts were sorted into

10 gut content categories. The percentage volume of each of these
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categories was estimated and recorded, so that the total % volume of
all the diet items within each gut added to 100%. The average per-
centage volume for each gut content category was then calculated for

each fish species captured.

2.3 | Experimental observations of
post-settlement snapper with a potential predator

Experiments to observe how physical structure influences the behav-
iour of post-settlement snapper in the presence of a potential preda-
tor were conducted at the NMRC during March to June 2019 and
2020. For each of these years, post-settlement snapper were initially
captured by beach seine netting in Whangarei Harbour and held in c.
50 L tanks with oxygen bubblers while they were transported back to
the NMRC and placed into two 700 L tanks receiving flow-through
sea water at 15 L min ~%. Hydrogen peroxide [200 ppm (ppm)] or
chloromine-T (5 ppm) treatments were applied as needed to eliminate
bacterial or fungal infections. Post-settlement snapper were fed to
satiation with Otohime EP1 (1.3 mm) extruded pellets every second
day, with daily removal of mortalities and checks of water tempera-
ture and dissolved oxygen and periodic tank cleaning. Post-settlement
snapper were retained in these tanks until required for an experimen-
tal trial. Due to this period of acclimation to aquaria facilities and the
introduction of a high energy diet, by the time experiments were con-
ducted these snapper had grown to be slightly larger (mean size of
88 and 85 mm FL in 2019 and 2020, respectively) than would usually
be expected for post-settlement snapper (<60 mm FL, Parsons
et al., 2014b). Although there was still a large size differential com-
pared to kingfish (40-50 cm FL), the prey size selectivity of kingfish is
unknown, but can be quite specific in some other species (Blewett
et al., 2006).

Kingfish (Seriola lalandi) were chosen as the potential predator
that post-settlement snapper were exposed to as they have been
observed attempting to predate on snapper (Parsons et al., 2018), and
because hatchery-reared kingfish are readily available at the NMRC.
As such, prior to the commencement of experimental trials, pairs of
kingfish (40-50 cm FL) were captured by hand-netting from NMRC
25,000 L production tanks and placed into a 1700 L tank located
closer to the experimental arena (see below). These kingfish then
remained in this tank and were starved to encourage predation, for 5-
7 days before being used in an experimental trial.

The experimental arena was an 8000 L circular black tank receiv-
ing flow-through water at 30 L min~L. To initiate a trial, 30 individual
post-settlement snapper were captured with a dip-net and transferred
to the experimental arena, and allowed to acclimate for 24 h. At this
stage, two GoPro Hero 3 cameras were suspended on poles on oppo-
site sides of the tank and at an elevation of c. 170 mm from the tank
floor. Post-settlement snapper were then filmed for 1 h before two
kingfish were captured from their holding tank with hand-nets and
transferred to the experimental arena. The authors used two kingfish
because kingfish are a schooling species and the presence of a con-

specific often promotes competitive predatory behaviour towards
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prey (D. Parsons pers. Obs.). After another hour with the presence of
kingfish, the experiment and recording were stopped. The water level
in the experimental arena was then lowered so that fish (post-
settlement snapper and kingfish) could be more easily captured with
hand-nets and killed in a solution of Aqui-S at 150 mg L™%. The treat-
ment that post-settlement snapper were exposed to during these
experimental trials was the presence (or absence for control trials) of
physical structure. This structure was provided by an ASU (as per the
ASUs described earlier in the section on potential predators of
restrained post-settlement snapper) weighted down in the centre of
the experimental arena.

To document the interaction between post-settlement snapper
and kingfish and post-settlement snapper and ASU structure, an
observer first watched a selection of videos both with and without
ASUs present. While watching these videos, the observer kept a list
of behaviours, movements, locations and associations (hereafter just
referred to as behaviours) that were observed. This list was then used
to form an ethogram of behaviours, complete with descriptions of
each behaviour and the categories that would be assigned to describe
it (Table 1). While initially watching these videos, the observer also
paid close attention to how behaviours changed through time. A 5 s
observation period was decided on, as it provided a balance between
being too short (unclear as to which behaviours were being expressed)
and too long (multiple behaviours and categories expressed in the
same period). The same observer then watched all of the videos, cate-
gorising behaviours according to Table 1. Data were recorded by
watching a 5 s observation period every minute for the first 15 min
when only snapper were present, and then every 2 min thereafter.
When kingfish were released into the tank, data recording was done
again every minute for the first 15 min and then every 2 min thereaf-
ter. To assist with estimating distances within the tank, tape on the
tank floor denoted one-twelfth segments. It is important to note that
not all of the behaviours within Table 1 were mutually exclusive. For
example, within a single observation period the avoidance, indepen-
dent movement and predatory aggression behaviours could both
occur if at least 25% of snapper or at least one kingfish was expres-
sing each behaviour. For behaviours where categorical responses
were recorded (such as depth and speed), the average response was
recorded when there was variation within the group of fish.

Behavioural data as described earlier were further refined
before being analysed. Specifically, behaviours with multiple catego-
ries were first broken down into individual response variables repre-
senting each category. Only the most extreme categories were
retained and used in statistical analysis as preliminary data explora-
tion suggested these extreme categories best captured the beha-
vioural response. For example, the aggregation of post-settlement
snapper was recorded into categories 1, 2, 3 and 4, but individual
“Yes” or “No” response variables were created for categories 1 and
4. A similar process was followed for other behaviours with multiple
categories. All response variables now had “Yes or “No” response
categories. As such, the proportion of observation periods denoted
as “Yes” was calculated for periods both before and after the intro-

duction of kingfish into the experimental tank. The obvious exclusion



PARSONS ET AL.

sm FISHBIOLOGY

TABLE 1
experimental trials

Species Behaviour Description

Snapper Aggregation

Ethogram of behaviours (movements, locations or associations) expressed by post-settlement snapper and kingfish predators during

How close the 30 snapper are to each other with “1” being able to fit within an area of one-twelfth of the tank,

“2” able to fit within an area of between one-twelfth and one-quarter of the tank, “3” able to fit within an
area of between one-quarter and one-half of the tank and “4” spread out across at least half of the tank. If
snapper were in multiple separate clusters, then no aggregation rating was provided.

Avoidance

Snapper actively swimming to avoid and reduce proximity to kingfish. Assigned as either a “Yes” or “No” when

at least 25% of snapper expressed this behaviour. Never assigned prior to kingfish being introduced to the

arena.

Independent
movement

Structure use

Snapper movements unaffected by the location of the kingfish. Assigned as either a “Yes” or “No” when at
least 25% of snapper expressed this behaviour.

Snapper remaining in close proximity (c. two body lengths) to structure such as the ASU or the tank wall.

Assigned as either a “Yes” or “No” category when at least 25% of snapper were expressing this behaviour.

Speed
Depth
being near the surface.

Kingfish Aggregation

Relative measure of swimming speed of the snapper with “1” being slow, “2” being medium and “3” being fast.

Relative measure of the depth of the snapper with “1” being near the bottom, “2” being midwater and “3”

How close the two kingfish are to each other with “1” being less than one-twelfth of the tank away from each

other, “2”between one-twelfth and one-quarter of the tank away from each other, “3” between one-quarter
and one-half of the tank away from each other and “4” at least half a tank away from each other.

Following

Kingfish actively following snapper by tracking their movements behind them as they swim around the tank.

Assigned as either a “Yes” or “No” when either of the kingfish expressed this behaviour.

Predatory
aggression

Speed

Depth
being near the surface.

Snapper and
kingfish

Proximity

Kingfish lunging for or chasing snapper at high speed. Assigned as either a “Yes” or “No” when either of the
kingfish expressed this behaviour.

Relative measure of swimming speed of the kingfish with “1” being slow, “2” being medium and “3” being fast.

Relative measure of the depth of the kingfish with “1” being near the bottom, “2” being midwater and “3”

Distance between closest kingfish and snapper with “1” being less than one-twelfth of the tank away from
each other, “2” being within one-twelfth and one-quarter of the tank away from each other, “3” being within

one-quarter and one-half of a tank away from each other, “4” being at least half a tank away from each

other.

Note: Each category was assigned a ranking or categorised as “Yes” or “No” (depending on the behaviour type) from a 5 s observation period. The “Yes” or
“No” behaviours are not mutually exclusive within a species, so that within a single observation period both the avoidance and independent movement
behaviours could be recorded if at least 25% of snapper were expressing each behaviour. ASU, articial seagrass units.

was for behaviours that could not be expressed unless kingfish were
present, specifically: the avoidance behaviour of post-settlement
snapper, all kingfish behaviours and the behaviour representing the
proximity of post-settlement snapper and kingfish (only response
variables after the introduction of kingfish were included for these
variables). This new, larger set of response variables used for data

analysis is detailed in Table 2.

3 | STATISTICAL ANALYSIS
3.1 | Potential predators of restrained
post-settlement snapper

The community of potential predators observed during restrained
post-settlement snapper camera deployments was initially explored
using non-parametric multi-dimensional scaling (MDS) ordination. This
analysis was performed on a Jaccard resemblance matrix of presence-

absence data. A dummy variable was included because some samples

were exactly identical (i.e., samples which did not observe any poten-
tial predators). MDS ordination was followed up with hypothesis test-
ing via a one-way analysis of similarity (ANOSIM) which assessed the
influence of daytime category on the observed potential predator

community.

3.2 | Experimental observations of
post-settlement snapper with a potential predator

The behaviours observed during experimental trials and documen-
ted in Table 2 were initially explored using non-parametric MDS
ordination. This analysis was performed on a Jaccard resemblance
matrix of presence-absence data. MDS ordination was followed up
with hypothesis testing via a two-way ANOSIM which assessed
the influence of treatment (ASU vs. Control) and Year (2019 vs.
2020) on the behaviours expressed by post-settlement snapper
and kingfish predators. All multivariate analyses were conducted

with Primer Version 7 (Devon, United Kingdom), using non-
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TABLE 2 Behavioural response variables expressed by post-settlement snapper and kingfish predators during experimental trials and used in

statistical analysis

Period (before or after kingfish Behaviour (from Response category Response variable
Species introduction) Table 1) represented abbreviation
Snapper Before Aggregation “1” SNA _agg 1
Aggregation “4” SNA_agg_4
Independent NA SNA_ind
movement
Structure use NA SNA _structure
Speed “1” SNA_speed_1
Speed “3” SNA_speed_3
Depth “1” SNA_depth_1
Depth “3” SNA_depth_3
After Aggregation “1” SNA_agg_ 1 _A
Aggregation “4” SNA_agg 4_A
Independent NA SNA_ind_A
movement
Structure use NA SNA_structure_A
Speed “1” SNA_speed_1_A
Speed “3” SNA_speed_3_A
Depth “1” SNA _depth_1_A
Depth “3” SNA_depth_3_A
Avoidance NA SNA_avoidance
Kingfish Aggregation “1” KIN_agg_1
Aggregation “4” KIN_agg_4
Following NA KIN_follow
Predatory aggression NA KIN_pred
Speed “1” KIN_speed_1
Speed “3” KIN_speed_3
Depth “1” KIN_depth_1
Depth “3” KIN_depth_3
Snapper and Proximity “1” Proximity_1

kingfish

Note: Behaviours listed relate to those described on Table 1. Where a behaviour was originally recorded on a categorical scale (i.e., from 1 to 4), only the
extreme categories were chosen for use in statistical analysis. The “response category represented” column refers to which of these categories each
response variable relates to. NA, not applicable because that behaviour was already a “Yes” or “No” variable. Response variable abbreviations are those as

displayed in statistical analysis.

parametric methods that do not have assumptions of balanced rep-
lication and the equivalent of ANOVA variance homogeneity
(Clarke & Gorman, 2015).

4 | RESULTS

4.1 | Potential predators of restrained
post-settlement snapper

A total of 46 individual camera deployments were conducted totalling
>110 h of video footage of restrained post-settlement snapper

(Table 3). On six occasions (all at night) separate predators closely

approached the restrained post-settlement snapper, causing it to
swim vigorously from one side of the jar to the other (Figure 3). On
each of these six occasions the predator remained close to the
restrained post-settlement snapper for an extended period, often last-
ing many minutes, with the restrained post-settlement snapper react-
ing to the presence of the predator often multiple times. Broad squid
(Sepioteuthis australis) and conger eel (Conger sp.) were each responsi-
ble for three of these six nocturnal predatory interactions (Table 3;
Figure 3). In addition to these positive predation encounters, it is
important to note occasions when post-settlement snapper
(restrained or not restrained) did not react to a nearby potential pred-
ator. This occurred on multiple occasions with large eagle ray (Mylio-
batis tenuicaudatus).
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TABLE 3 Number of restrained post-settlement snapper camera
deployments, their duration and observed potential predation events
by daytime category

Hours of Squid Conger eel
Daytime No. of video predation predation
category  deployments footage attempts attempts
Day 36 75.97 0 0
Dusk 9 3.47 0 0
Night 9 31.11 3 3

Note: On eight occasions two different time categories occurred within an
individual camera deployment (e.g., day and dusk or dusk and night
categories both occurred within the same individual deployment).

FIGURE 3

Screenshot images of predators taken during night-
time deployments of restrained post-settlement snapper (in plastic jar
at centre of image). (a) Conger eel and (b) broad squid

The fish and invertebrate community that were filmed around
the ASU in general were dominated by snapper (mostly post-
settlement snapper), piper (Hyporhamphus ihi), 0+ trevally (Pseudo-
caranx georgianus), eagle ray (Myliobatis tenuicaudatus), spotty
(Notolabrus celidotus), conger eel and broad squid (Figure 4). MDS
ordination indicated that separate fish and invertebrate communities
were present at night compared to during the day and at dusk
(Figure 5). This was confirmed by a one-way ANOSIM assessing the
influence of daytime category (R = 0.421, significance level = 0.001).
Correlations of individual species with the MDS axes were domi-
nated by piper (—0.78), post-settlement snapper (—0.53), 0+ trevally
(—0.46), eagle ray (—0.45) and O+ spotty (—0.42) (all abundant dur-
ing the day), as well as adult snapper (0.46) and conger eel (0.44)
(abundant at night).

4.2 | Relative abundance and diet of potential
predators of post-settlement snapper

A total of 237 individual fish from 10 different species were captured
from the four nets that were set in Whangarei Harbour (Table 4). The
most abundant fish species caught were snapper (C. auratus, 83 indi-
viduals), trevally (67 individuals), parore (Girella tricuspidata, 29 individ-
uals), grey mullet (Mugil cephalus, 24 individuals) and rig (Mustelus
lenticulatus, 21 individuals). The average size of all but two of the spe-
cies caught [leatherjacket (Parika scaber) and jack mackerel (Trachurus
sp.)] was in excess of 300 mm. Of the 237 fish caught, 187 had at
least some contents within their digestive tract. Diet varied by spe-
cies, although some species could be grouped together with relatively
similar diets (Figure 6). For example, trevally, rig, snapper and eagle
ray had diets dominated by benthic invertebrates such as benthic
crustacea, polychaetes, bivalves and shell/sand/gravel; parore and
leatherjacket had herbivorous or omnivorous diets dominated by
algae/seagrass; kahawai (Arripis trutta) and hammerhead shark
(Sphyrna zygaena) had piscivorous diets dominated by teleosts; jack
mackerel and grey mullet diets did not fit any categories, with jack
mackerel diet dominated by gastropods and grey mullet diet domi-
nated by shell/sand/gravel (Figure 6). Across all of the fish guts exam-
ined, 10 individuals contained teleosts as part of their diet. Although
the majority of these teleost diet samples were not able to be identi-
fied to species level (except for one spotty and one piper), the uniden-
tified teleost samples had sufficient basic morphological features
present for the authors to be confident that they were not snapper
(e.g., the samples had the wrong body shape or skin colour where it

was present).

4.3 | Experimental observations of
post-settlement snapper with a potential predator

A total of 12 experimental trials observing the interaction of post-
settlement snapper with a potential kingfish predator were conducted
across 2 years. Due to a communication error within the research
team, however, no control trials were conducted in the second year.
Overall, there were no successful predation events on post-
settlement snapper across all of the trials, regardless of treatment or
the year a trial was conducted in. In general a range of different
behaviours were expressed by both post-settlement snapper and
kingfish. The most interaction between kingfish and post-settlement
snapper appeared to occur immediately after kingfish were released
into the experimental tank, when kingfish would follow post-
settlement snapper around the tank. MDS ordination illustrated some
visual separation of the suite of behaviours expressed by post-
settlement snapper and kingfish depending on whether ASU habitat
was present (Figure 7). In particular, a biplot overlay suggested that
when ASUs were present, post-settlement snapper exhibited a strong
correlation between structure use (SNA_structure and SNA_struc-
ture_A) and MDS axis 1 (—0.74 before and — 0.83 after kingfish were
introduced). Conversely, for control trials (i.e., no ASU present) the
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FIGURE 5 Non-metric multiple dimensional scaling (MDS)
ordination of the presence of fish and invertebrate species and age
categories (at different times of the day) observed by camera
deployments conducted with restrained post-settlement snapper.

A biplot of Pearson correlations of contributing species/age groups
with canonical axes is overlaid on the ordination (correlations >0.4
represented). Abbreviations as follows: 0 + _TRE = 0+ trevally,

0+ STY = O+ spotty, GAR = piper, EGR = eagle ray, PS_SNA = post-
settlement snapper, A_SNA = adult snapper, CON = conger eel. A,
Day time; W, Dusk time; |, Night time

response variables denoting high levels of aggregation (SNA_agg_4
and SNA_agg 4_A) had strong correlations with MDS axis 1 (0.77
before and 0.71 after kingfish were introduced). Overall, these obser-
vations qualitatively suggest that post-settlement snapper was associ-
ated with habitat when it was present, and aggregated together when
it was not. Furthermore, the presence or absence of kingfish did not
have a large influence on either structure use or aggregation. Two-
way ANOSIM analysis, however, produced a significant year effect
(R = 0.852, significance level = 0.012), but not a significant effect of
the presence of ASU structure (R = 0.593, significance level = 0.1).

5 | DISCUSSION

This study investigated potential predators of post-settlement snap-
per and whether predation might be linked to habitat association. Per-
haps the main result was the seemingly low levels of interaction with
predators. This occurred despite three separate lines of investigation
that included >100 h of video observation of post-settlement snapper,
some of the first night-time observations of potential snapper preda-
tors enabled by infrared illumination, diet assessment for a large num-
ber of individual potential predators and experimental manipulations
of predators and post-settlement snapper. In other systems the inter-
action between juvenile fish and predators is often conspicuous
(Adams et al., 2004; Hixon & Carr, 1997; Holbrook & Schmitt, 2002;
Steele & Forrester, 2002), but it seems in this system predation may
influence post-settlement snapper and their strong habitat association

in more subtle ways (Preisser et al., 2005).
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TABLE 4 Fish species caught by set net within Whangarei Harbour and associated length distributions
Number caught (number with gut contents present Minimum Average Maximum
Fish species in brackets) length length length
Kahawai (Arripis trutta) 1(1) 369 369 369
Eagle ray (Myliobatis tenuicaudatus) 3(3) 258 469 680
Grey mullet (Mugil cephalus) 24(6) 370 408 510
Hammerhead shark (Sphyrna zygaena) 5(5) 600 650 706
Jack mackerel (Trachurus sp.) 2(1) 229 236 242
Leatherjacket (Meuschenia scaber) 2(2) 264 276 287
Parore (Girella tricuspidata) 29(29) 317 388 447
Snapper (Chrysophrys auratus) 83(72) 210 301 410
Rig (Mustelus lenticulatus) 21(20) 410 661 1005
Trevally (Pseudocaranx georgianus) 67(48) 210 334 525
Note: Lengths listed are in millimetre and are either fork length or total length, depending on the species.
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As mentioned earlier, the investigation of potential predators
through the use of restrained post-settlement snapper provided a
comprehensive volume of remotely recorded observations. Daytime
recordings did not observe any predation attempts, and the fish
communities observed were lacking in potential predators (domi-
nated by post-settlement snapper, 0+ trevally, piper and eagle ray).
This lack of potential predators could have potentially been influ-
enced by the site selected, as habitats lacking in structure and dis-
connected from reefs are known to contain fewer predators
(Dorenbosch et al., 2009; Grol et al., 2011) and the predators that
are present are more likely to be vagile or transient piscivores
(Ault & Johnson, 1998; Hixon & Carr, 1997). Although eagle ray are
large enough to predate on post-settlement snapper, there was a
lack of reaction from post-settlement snapper towards passing eagle

ray. Given the strong reaction of the restrained snapper to night-

2009~
A

FIGURE 7 Non-metric multiple dimensional scaling (MDS)
ordination of behaviours expressed by post-settlement snapper and
kingfish predators [with and without the presence of physical
structure provided by artificial seagrass units (ASUs)] as observed in
tank experiment trials conducted at the the Northland Marine
Research Centre (NMRC). Each data point is labelled with the year in
which that particular experimental trial was conducted. A biplot of
Pearson correlations of contributing behaviours (labels as per Table 2)
with canonical axes is overlaid on the ordination (correlations >0.65
represented). A, Control treatment; W, ASU

time predation attempts (see below), this may rule eagle ray out as
an important predator.

Despite the reduced field of view illuminated at night, three spe-
cies or life stages that were rare or absent during the day (adult snap-
per, conger eel and broad squid) dominated nocturnal fish
communities. Nocturnal fish communities are often overlooked
(Bassett & Montgomery, 2011) but, in some cases, have been found
to exert more predation impact than even more abundant diurnal fish
communities (Danilowicz & Sale, 1999; Helfman, 1978). In the present

study two nocturnal potential predators (conger eel and broad squid)
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were revealed for the first time. On multiple occasions conger eel and
broad squid attempted to predate on restrained snapper. Although
these simple observations are not able to be extrapolated to properly
understand the scale of the predation effect that these two predators
represent, further investigation focusing on these two species (poten-
tially targeted diet work) might be informative. Alternatively, it is pos-
sible that the importance of diurnal predators was underestimated
due to an artefact of the sampling method (Peterson & Black, 1994).
Specifically, active diurnal piscivores, such as kingfish, may have been
less likely to attack post-settlement snapper that were unable to
express a full range of behaviours and therefore visual cues when
restrained within a jar. Alternatively, visual cues are less likely to be
important to the nocturnal broad squid and conger eel. Although tra-
ditional tethering may have proved more appealing to diurnal preda-
tors, this was not possible due to animal ethics considerations.

Diet analysis of fish caught by set net within Whangarei Harbour
did not identify any predation on snapper. Although this result is simi-
lar to that of Williams (2009), it is worth noting a difference of the
present study in that nets were specifically set at a time of year and at
locations where post-settlement snapper were abundant. Despite the
lack of post-settlement snapper, set netting did confirm the presence
of some piscivorous fish species, specifically kahawai and hammer-
head shark. Further investigation of the diet of these two species may
be warranted, although obtaining appropriate sample sizes may prove
challenging considering that catch rates are likely to be low and that
the consumption of small fishes by these predators can be extremely
sporadic (Baker & Sheaves, 2009b). As such, a much more extensive
and temporally replicated set netting effort would likely be required
to identify important predators. Another relevant observation was the
lack of or low proportion of fish in the diet of a number of common
estuarine fish species that were large enough to predate on post-
settlement snapper, such as trevally, rig, eagle ray and larger snapper.
This may suggest these species are not ecologically relevant predators
of post-settlement snapper, although in other systems “minor” pisci-
vores have been observed to inflict greater mortality than more con-
spicuous piscivores (Baker & Sheaves, 2009a), especially on
immediately post-settlement stages which are known to be more vul-
nerable (Almany, 2004). To this end, the sheer abundance of snapper
in general [over 90% of fish biomass in a recent trawl survey was
snapper (Parsons et al., 2021)], however, could potentially suggest
that even low individual rates of piscivory and cannibalism could add
up to being important to post-settlement snapper as a whole. Further
to this, cannibalism has been observed in snapper previously (Lohrer
et al., 2008). Overall, the observations of the diet study conducted
here largely agree with that of a comprehensive study of fish diet
within two northeastern New Zealand estuaries (Williams, 2009).
Another piscivorous species that Williams (2009) identified that the
authors of this study did not, however, is the spotted stargazer (Gen-
yagnus monopterygius). As such, spotted stargazer are another species
where more focused diet assessment may be justified.

Although the lack of replication of control trials in the second
year of tank experiments was ultimately limiting, there was some indi-

cation that post-settlement snapper used habitat when it was present,
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and aggregated together when it was not. Although not statistically
significant, this result is consistent with the use of structure by post-
settlement snapper in field studies (Parsons et al., 2013; Parsons
et al., 2014a), with elevated habitat use observed under predation
threat by Ross et al. (2007), and an adaptive antipredator defence
strategy (i.e., schooling) based on environmental context (e.g., Creel
et al., 2014). The lack of observations of actual predation, however, is
a limitation as it prevented comparison of survival rates with and
without the presence of habitat structure. Longer trials may have
encouraged predation by allowing predators to become accustomed
to the experimental tank or for low probability events such as preda-
tion to play out (previous predation trials have been conducted over
periods of 24 h or more: Lindholm et al., 1999; Manderson
et al., 2000; Adams et al., 2004; Scharf et al., 2006). Longer trials, how-
ever, were not a possibility here due to animal ethics considerations,
but the use of a divider within the tank to allow predator acclimation
before the trial started may have been prudent. In addition, the use of
kingfish that were not experienced with live prey may have influenced
the level of predatory aggression expressed by kingfish and the per-
ception of threat expressed by post-settlement snapper. Although
some have indeed observed a reduction in predation for fish that are
not experienced with live prey (Ellis et al, 2002), others have
observed some level of predation for inexperienced fish and there is
sometimes little difference in predation rates compared to wild fish
(Donadelli et al., 2015; Gillen et al., 1981; Paszkowski & Olla, 1985).
For hatchery-reared juvenile kingfish, the authors know that these
fish display aggression and even cannibalise other kingfish that are
slightly smaller than them (S. Pether, NIWA, pers. comm.,
Moran, 2007). Therefore, although some level of predatory aggression
maybe innate, training the kingfish used in the experiment that juve-
nile snapper were a potential food source would likely have improved
the experiment. For example, acclimation of hatchery-reared fish to
wild environments prior to release can improve behavioural compe-
tence leading to higher survival (Brennan et al., 2006), suggesting that
an improvement in predation competence might also have been
achieved if kingfish were trained. Although it is likely the kingfish did
not fully perceive the juvenile snapper as food, the snapper them-
selves were wild caught, so likely perceived the kingfish as a predator.
Furthermore, that the presence of kingfish predators did not change
the response of the snapper (they used structure when it was present
and schooled when it was not) is consistent with how an antipreda-
tion strategy should be effectively applied; a defensive strategy is
likely to work best if it is being applied before a predator is present.
As such, although this predation trial could undoubtedly have been
improved, it still provided some useful insights.

The nocturnal observations of predation attempts on post-
settlement snapper presented here are a new observation and could
represent a worthy future avenue of more focused investigation. It is
possible, however, that other mechanisms are involved in this habitat
association (e.g., shelter from water flow Parsons et al., 2018), or that
predation is occurring in a temporally pulsed or spatially patchy nature
making it difficult to observe. As such, predation can appear to be

rare, given the methods of sampling employed, but is likely to be
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ecologically significant because it either occurred at different times or

places to where and when the authors were observing (Baker &
Sheaves, 2009b), or because the mere threat of predation had already
caused post-settlement snapper to modify their behaviour (such as
the selection of habitat to occupy) to avoid predation in the first place
(Abrams, 1993; Baker & Sheaves, 2007; Preisser et al., 2005). A poten-
tially more fruitful line of investigation to understanding the mecha-
nisms associated with this crucial life stage would be to indirectly
observe the effect of predation on the abundance of post-settlement
snapper using predator exclosure cages and potentially individual
marking. Such an approach has the advantage of accumulating the
influence of predation within census numbers of the animal of interest
without the need to directly observe infrequent events, and has been
successfully applied in other systems (Heinlein et al., 2010; Hixon &
Carr, 1997; Steele & Forrester, 2002).
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