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Abstract. Identifying the most sensitive indicators to changes in fishing pressure is important
for accurately detecting impacts. Biomass is thought to be more sensitive than abundance and
length, while the wariness of fishes is emerging as a new metric. Periodically harvested closures
(PHCs) that involve the opening and closing of an area to fishing are the most common form of
fisheries management in the western Pacific. The opening of PHCs to fishing provides a unique
opportunity to compare the sensitivity of metrics, such as abundance, length, biomass and wariness, to changes in fishing pressure. Diver-operated stereo video (stereo-DOV) provides data on
fish behavior (using a proxy for wariness, minimum approach d
 istance) simultaneous to abundance and length estimates. We assessed the impact of PHC protection and harvesting on the
abundance, length, biomass, and wariness of target species using stereo-DOVs. This allowed a
comparison of the sensitivity of these metrics to changes in fishing pressure across four PHCs in
Fiji, where spearfishing and fish drives are common. Before PHCs were opened to fishing they
consistently decreased the wariness of targeted species but were less likely to increase abundance,
length, or biomass. Pulse harvesting of PHCs resulted in a rapid increase in the wariness of fishes
but inconsistent impacts across the other metrics. Our results suggest that fish wariness is the most
sensitive indicator of fishing pressure, followed by biomass, length, and abundance. The collection
of behavioral data simultaneously with abundance, length, and biomass estimates using stereo-
DOVs offers a cost-effective indicator of protection or rapid increases in fishing pressure. Stereo-
DOVs can rapidly provide large amounts of behavioral data from monitoring programs historically
focused on estimating abundance and length of fishes, which is not feasible with visual methods.
Key words: artisanal fisheries; catch efficiency; compliance; conservation; customary management; fish
behavior; fisheries management; flight initiation distance.

Introduction
Fishing is the most widespread, exploitative activity in
our oceans. To understand its impacts on marine communities, it is important to identify the most sensitive
indicators of fishing pressure (Nash and Graham 2016).
In contemporary fisheries management and conservation, length and biomass are considered to be the first
metrics to respond to protection from fishing (Claudet
et al. 2006) and may detect responses that are not apparent
in abundance data (McClanahan et al. 2007). Recent
studies have identified impacts of fishing on the
behavior of targeted species (Alós et al. 2012, 2015,
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Januchowski-Hartley et al. 2015), yet the sensitivity of
behavioral relative to traditional metrics of changes in
fishing pressure is unknown.
Fisheries management can alleviate the impacts of overfishing (MacNeil et al. 2015), with mounting evidence that
strategies which build upon long-standing cultural practice
can achieve effective compliance and conservation outcomes (McClanahan et al. 2006a, Cinner et al. 2012).
Spearfishing is a commonly used fishing strategy that has
been shown to increase the wariness of targeted species
(Feary et al. 2011, Januchowski-Hartley et al. 2011) and
across the tropical western Pacific, some customary management strategies (e.g., temporal closures) are aimed at
reducing wariness in order to maximize catches (Cinner
et al. 2006, Macintyre and Foale 2007, Cohen and Foale
2013). These traditions have blended with conventional
approaches to marine resource management, manifesting
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in “periodically harvested closures” (PHCs), with variable
harvest regimes that make it difficult to systematically
assess their value to fisheries management (Cohen and
Foale 2013, Goetze et al. 2016).
Fisheries benefits from temporal or rotational closures
through the build-up of abundance and biomass have primarily been demonstrated for sessile or sedentary invertebrates (e.g., Hart 2003, Valderrama and Anderson 2007,
Plagányi et al. 2015). While such benefits are predicted for
reef fish (De Klerk and Gatto 1981, Game et al. 2009),
these have only been demonstrated in a few cases (Cinner
et al. 2006, Bartlett et al. 2009, Jupiter et al. 2012, Goetze
et al. 2016). Traditional community closures often involve
short closure times (i.e., 100 d in Fiji), which may coincide
with the time needed to make fish less wary to spearfishers
(e.g., Januchowski-Hartley et al. 2014), but shorter than
the time needed to produce significant increases in abundance, length, or biomass (McClanahan et al. 2007). To
adequately assess whether PHCs are capable of providing
fisheries benefits, in the short-
term through increased
catch efficiency and in the long-term through increased
biomass, length, or abundance, it is important to expand
assessments beyond abundance, length and biomass data.
Flight initiation distance (FID) is a behavioral response
used as a measure of prey wariness in terrestrial and aquatic
systems (Ydenberg and Dill 1986, Blanchard et al. 1991,
Stankowich and Blumstein 2005). FID in fish has been
shown to be influenced by prior experience where prey
learn and adjust their response based on the risk posed by
a predator (Brown 2003), with FID increasing as risk
increases (Gotanda et al. 2009). For example, on coral
reefs, FID of fish targeted by spearfishers (predators) is
higher in areas open to fishing than in permanently closed
areas (Gotanda et al. 2009, Januchowski-Hartley et al.
2015) or customary closures (Feary et al. 2011, Januchowski-
Hartley et al. 2014). Customary closures have been observed
to reduce FID to an extent that is likely to increase catchability for surgeonfish (Acanthuridae) within six months of
closure, an effect lost in as little as three days when reopened to fishing (Januchowski-
Hartley et al. 2014).
Individual wariness is also associated with body size, with
larger individuals and species often showing greater wariness (Stankowich and Blumstein 2005). This has been
observed in coral reef fishes (Gotanda et al. 2009, Feary
et al. 2011, Januchowski-Hartley et al. 2015), where larger
fish are often preferentially targeted (Dulvy et al. 2004,
Graham et al. 2005). Thus, the relationship between size
and wariness is expected to be less pronounced for targeted
species in areas closed to fishing. Behavioural research of
fishes can be constrained by the time required for FID
data collection, which can disturb other fishes, potentially
biasing future data acquisition.
The opening and closing of PHCs to fishing provides a
unique opportunity to compare the sensitivity of different
metrics to changes in fishing pressure. Diver-operated
stereo video (stereo-DOV) can provide highly accurate
estimates of fish length and position relative to the camera
system (Harvey et al. 2004) and is one of the most effective
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methods for detecting harvest impacts on targeted species
within PHCs (Goetze et al. 2015). Moreover, the distance
between the fish and the camera system at the closest
point, the minimum approach distance (MAD), potentially provides a useful measure of fish wariness that has
been previously used to compare the behavioral response
of fish toward divers (Lindfield et al. 2014). Unlike FID,
MAD estimates can be collected for every individual
encountered, simultaneously with abundance, length, and
biomass surveys, resulting in rapid and extensive replication without altering field protocols. Therefore, using
stereo-DOV may alleviate several of the constraints associated with collecting FID data, while allowing comparisons with other commonly used metrics.
We collected abundance, length, biomass, and wariness data, using stereo-DOV, inside and outside of four
PHCs in Fiji before and after harvest events. We assessed
the ability of PHCs to provide short-term fisheries benefits, by increasing fish abundance, length, and biomass,
and/or decreasing the wariness of targeted species and
examined how the opening of PHCs for harvest events
affects these metrics. We predicted that: (1) fish wariness
will be more sensitive to changes in fishing pressure than
abundance, length and biomass; (2) wariness will increase
with fish length; (3) the wariness of larger targeted species
will be lower in PHCs than in areas open to fishing; and
(4) the wariness of larger targeted species in PHCs will
increase following harvest events.
Materials and Methods
Study area
Surveys were carried out at reefs adjacent to four villages
on Koro (Nakodu, Tuatua) and Ovalau islands (Nauouo,
Natokalau), Fiji, in 2013. Each village had a PHC under a
different management regime (Table 1). PHCs had been
established for 3–7 yr prior to surveys, though the frequency
of prior harvests and level of compliance varied. Surveys
were carried out immediately before and after harvests that
lasted between 1 and 4 d and involved spearfishing and/or
fish drives into gill nets. All historical harvest events were
reported by key informants to have been of similar intensity
to those presented here. Fisheries at each village were small-
scale and artisanal, with the most common methods
including spearguns/Hawaiian slings, gill nets, or hook and
line (Cakacaka et al. 2010), however, the intensity of fishing
pressure varied between locations (Table 1). The extent of
fishing in areas outside of PHCs was ranked on a two-point
scale (high or low), that considered the number of locally
operated boats within a village, the number of boats from
outside the village observed in the fishing area on a weekly
basis, the density of fishers per square kilometer, and fishing
methods used. Highly vulnerable species (including large
predatory reef fish) have been depleted across our study
locations (Goetze et al. 2016), suggesting the influence of
natural predators on fish w
 ariness is relatively low and consistent across villages.
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Table 1. Information on periodic harvest closure (PHC) characteristics, fishing grounds, harvests, and targeted species across the
four villages.
Characteristics

Nakodu

Tuatua

Natokalau

Nauouo

PHC and fishing ground information
Size (km2)
Habitat

0.73
lagoon (1–3 m)

1.34
coastal fringing
reef slope
(5–8 m)
2005
high
low

2.17
lagoon (1–3 m)

3.69
back reef slope
(5–8 m)

2006
high
high

2010
low
high

spearfishing and
fish drive
every 3 months
for several
years prior to
study
1
50.1
2.93
0.25
Chlorurus
spilurus (1),
Scarus niger
(11), Scarus
schlegeli (22)

spearfishing and
fish drive
once in 2011 and
2012

spearfishing

2
94.3
3.38
1
Chlorurus
spilurus (4),
Scarus schlegeli
(9), Scarus
rivulatus (6)

3
39.9
2.44
0.08
Chlorurus
spilurus (3),
Scarus schlegeli
(2), Scarus
rivulatus (1)

Year Est.
Compliance
Fishing pressure outside
Harvest information
Fishing method
Historical harvest regime

Harvest duration (d)
Harvest intensity (h/km2)
Harvest efficiency (fish person/h)
Time closed before previous harvest (yr)
Focal targeted species

2010
high
low
spearfishing and
fish drive
none since
creation
4
1271.60
3.7
3
Chlorurus
spilurus (118),
Scarus rivulatus
(7), Halichoeres
hortulanus (14)

once in 2011 and
2013

Notes: For habitat, depth is given in parentheses. Year Est., year established. For species, number caught is shown in parentheses.

PHC and harvest information
All PHCs were relatively large (0.73–3.14 km2) compared to the median for Melanesia (1 km2; Govan et al.
2009), and varied across habitat, depth, and size of local
fishing ground (Table 1). Compliance levels were based
on surveys with village spokespersons, who rated compliance as low (frequent breaches of rules), moderate
(occasional breaches), or high (infrequent breaches). To
estimate fishing pressure during harvest events (harvest
intensity), we recorded the gear, area fished, time, number
of fishers, and their catch (length, abundance, and species)
during each PHC harvest. Harvest intensity was calculated as the total number of fisher hours per km2 of PHC.
Sampling design
We sampled between three and five sites inside each of
the PHCs and six sites open to regular fishing (three on
each side of each PHC) within the local community’s
fishing ground. Sites were separated by a minimum of
300 m. At each site, six 5 m by 50 m belt transects separated by 10 m were completed, following (Shedrawi et al.
2014). Sampling was conducted 1–2 d before the opening
of each PHC and 1–2 d after the harvest. These four treatments were termed PHC before, open before, PHC after,
and open after.
Sampling technique
Stereo-DOVs were used to collect abundance, length,
and MAD simultaneously. At each site, one person

operated the stereo-DOV system using SCUBA, with a
second diver following at least 10 m behind to avoid influencing fish in front of the camera system. Two alternating
dive teams were used to provide greater surface intervals,
however, the same two experienced divers operated the
stereo-DOV throughout the study and sites were allocated randomly between teams. Both divers used the
same stereo-DOV system, wore a black wetsuit and dive
gear, and used the same cylinders throughout the survey.
The two stereo-
DOV operators initially trained as a
buddy pair in order to standardize swimming speed.
Diver 1 took on average 2 min and 28 s to complete each
50 m transect (n = 246, SE = 0.91 s), while diver 2 took an
average of 2 min and 26 s (n = 228, SE = 1.13 s), suggesting swimming speed was comparable. A relatively
slow-approaching diver has been shown to mimic the
flight cue caused by a spear-fisher approaching prey, with
no influence of spear gun presence on FID (Januchowski-
Hartley et al. 2012). This suggests that the cue for
avoidance behavior here is a combination of the stereo-DOV (which is held out in front) and the diver, which
were both consistent in color, size, shape, and approach
speed. Januchowski-Hartley et al. (2012) found no significant influence of diver type (SCUBA vs. free-diving) on
FID, suggesting that the minor inconsistencies in this
study (i.e., two different people operating the stereo-DOV) are unlikely to have resulted in observer bias.
Biomass was calculated from length estimates using
the standard length–mass equations and values from
FishBase (Froese and Pauly 2015), preferentially selected
from sites closest to Fiji (Jupiter and Egli 2011). Our stereo-
DOV systems used two Canon high-
definition
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cameras mounted 0.7 m apart on a base bar inwardly
converged at 7° to provide a standardized field of view
from 0.5 to 8 m Camera systems were built and purchase
from: http://www.seagis.com.au/hardware.html. Stereo-
video imagery was calibrated using the program CAL
(program available online)11, following the procedures
outlined by Harvey and Shortis (1998). This enabled
measurements of fish length, the distance to (range) and
angle of the fish from the center of the camera, and standardization of the area surveyed. Individuals further than
8 m in front (determined by the minimum visibility) or
2.5 m to the left or right of the stereo-DOV system were
excluded. Out of the 4522 individuals observed across all
focal species (Table 1), only 0.42% (19) were observed at
distances greater than 8 m and were all <40 cm in length
suggesting this cut off did not bias assessments.
Video analysis.—Pairs of videos from the stereo-DOV
systems were viewed in the program EventMeasure (see
footnote 9). Standard procedures for abundance and
identification were followed (Goetze et al. 2015), and data
were extracted from EventMeasure and cleaned following (Langlois et al. 2015). To collect MAD data, the fork
length for each fish was measured when the fish was at the
closest point to the camera and this distance was automatically computed by EventMeasure. If a length measurement could not be made when the fish was at the closest point (i.e., was partly obscured or at a severe angle), a
“3D point” was made, which only requires one common
point to be located on each stereo pair to calculate distance. The 3D points were made as close to the center of
the fish as possible to match the way that distance estimates are calculated when a length measurement is made
(which is essentially a 3D point at the center of the length
estimate). This distance was then entered into the original
length measurement to give a MAD for every individual measured. The angle of the fish from the center of the
stereo-DOV ranged from 0° to 40° and linear regression
showed no evidence of a relationship with the obliqueness
of approach (angle) and MAD (R2 = 0.0012, SE = 0.037).
Species selection
A total of 162 species were caught during harvests.
From each village, the three most abundant species from
the stereo-
DOV surveys that were caught during the
harvest and historically targeted by Fijian fishers
(Jennings and Polunin 1996b) were pooled as “targeted
species.” Due to the large spatial scale of the study, this
resulted in different species being examined across villages, though the bullethead parrotfish (Chlorurus spilurus) appears in all analyses of “targeted species”
(Table 1). The threespot wrasse (Halichoeres trimaculatus) was the only abundant non-target species with a
suitable size range for analyses and was limited to individual village analysis. Fish less than 8 cm were removed
11http://www.seagis.com.au/software_overview.html
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from the analyses, as their length could not be measured
accurately over the full range (8 m; Harvey et al. 2010).
All focal species were reef associated and were <40 cm,
suggesting they have small home ranges (Nash et al.
2015). Indeed the largest and most common target species
were parrotfish, which have been shown to utilize small
patches of coastline (between 0.2 and 1.6 km; Meyer et al.
2010), making it unlikely that movement of fish across
PHCs boundaries has influenced our results, given sampling was completed in each village over such a small time
scale (1–2 d).
Data analysis
To account for variation both within and among the
different species and villages a meta-analytical approach
was used (Gurevitch and Hedges 1999, Osenberg et al.
1999) to model the impact of each PHC and harvest event
on the wariness (MAD), abundance, length, and biomass
of targeted species and to compare the sensitivity of the
metrics to changes in fishing pressure. Log-ratio effect
sizes and confidence intervals were used to quantify proportionate change across all metrics, and account for
variation in the focal species and study locations (Hedges
et al. 1999).
Wariness (MAD).—Linear models were used to assess
the relationships between MAD (m) and fork length
(cm) across the PHC before, open before, PHC after,
and open after surveys (Fig. 1a). Information on samples size and the parameters for each linear model are
provided in Data S1. In areas open to fishing a relatively steep slope is expected, where larger fish targeted by
fishers have a greater wariness compared to smaller fish.
In PHCs, we expect this slope to decrease as a result of
lower wariness in the larger, protected fishes. However,
a decrease in slope could also be caused by an increase
in wariness of smaller fishes. Thus, to compare the linear
relationship of MAD and fish length between PHCs and
open areas and distinguish between impacts to small and
large fishes, the slope (difference in MAD between large
and small fish), and the intercept (difference in MAD for
fish too small to target) are required. Similarly, effect sizes comparing slopes and intercepts are needed to assess
the impacts of harvest events, because we would expect a
greater impact on MAD and wariness of larger fish (due
to preferential targeting).
For each village i, the slope effect size before the harvest, mEb,i, was calculated as the log-ratio of the slope in
the PHC before, βPb,i, to the slope in the open before the
harvest, βOb,i, while the slope effect size after the harvest
mEa,i, was calculated as the log-ratio of the slope in the
PHC after, βPa,i, to the slope in the open after the harvest, βOa,i (see Fig. 1a for conceptual diagram)

(
mEb,i = ln

βPb,i
βOb,i

)

(
and mEa,i = ln

βPa,i
βOa,i

)
.

Minimum approach distance (m)

a

PHC aer, Pa

Open aer, Oa
Open before, Ob

PHC Before, Pb

Fork Length (cm)

8 cm Intercept

average MAD of 8-cm fish (Fig. 1a). An intercept of 8 cm
was chosen because 8-cm fish were the smallest that could
be measured accurately and fish <10 cm were not recorded
from harvest catches. For each village i, the intercept
effect size before the harvest IEb,i, was calculated as the
log-ratio of the Euclidean distance between the average
MAD at 8 cm in the PHC before, yx = 8,Pb,i and the open
before, yx = 8,Ob,i, and after the harvest IEa,i, the log-ratio
in the PHC after, yx = 8,Pa,i and the open after, yx = 8,Oa,i
(Fig. 1a)
(
)
(
)
yx=8,Pb,i
yx=8,Pa,i
.
IEb,i = ln
and IEa,i = ln
yx=8,Ob,i
yx=8,Oa,i
Variance of the intercept effect sizes were calculated as

PHC
harvest

PHC
harvest

b
Abundance, length, biomass, 1/MAD
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vIEb,i =

Pb

σ2Pb,i
nPb,i × y2x=8,Pb,i

+

σ2Ob,i
nOb,i × y2x=8,Ob,i

and

vIEa,i =
Pa
Ob

PHC, P
Open, O

Oa
Time

Fig. 1. (a) Conceptual diagram of the linear models of the
minimum approach distance (MAD) to fish fork length
relationship. Prior to harvest, the slope and intercept of the
MAD to length relationship is expected to be lower within the
periodic harvest closure (PHC; solid and green) than fished
areas (solid and blue). After harvesting the slope and intercept
of the MAD inside the PHC (dashed and red) is expected to be
similar to fished areas (dashed and black), which is expected to
remain unchanged. (b) Conceptual diagram of a theoretical
harvest regime within a PHC (P) and Open area (O) before (b)
and after (a) harvest events. Effect sizes are shown before (Eb, in
grey) and after (Ea, in black) the harvest. [Colour figure can be
viewed at wileyonlinelibrary.com]

Variance of the slope effect sizes were calculated as

vmEb,i =

σ2Pb,i
nPb,i × β2Pb,i

+

σ2Ob,i
nOb,i × β2Ob,i

and

vmEa,i =

σ2Pa,i
nPa,i × β2Pa,i

+

σ2Oa,i
nOa,i × β2Oa,i

where vmEb,i and vmEa,i are the variances associated with the
slope effect sizes mEb,i and mEa,i, σPb,i, σOb,i, σPa,i, and
σOa,i are the standard deviations associated with slopes
βPb,i, βOb,i, βPa,i, and βOa,i, respectively, and nPb,i, nOb,i,
nPa,i, and nOa,i are the number of fish used to calculate
each slope.
The intercept of each linear model (PHC before, open
before, PHC after, and open after) was based on the

σ2Pa,i
nPa,i × y2x=8,Pa,i

+

σ2Oa,i
nOa,i × y2x=8,Oa,i

where vIEb,i and vIEa,i are the variances associated with the
intercept effect sizes IEb,i and IEa,i, σPb,i, σOb,i, σPa,i, and
σOa,i are the standard deviations associated with yx = 8,Pb,i,
yx = 8,IOb,i, yx = 8,Pa,i, and yx = 8,Oa,i, respectively, and nPb,i,
nOb,i, nPa,i, and nOa,i are the number of fish used to calculate each slope.
Fig. 1a shows the expected results from a well-managed
PHC that is impacted by an intense harvest event. PHC
protection results in a negative slope effect size, shown by
a decreased slope in the PHC before relative to the open
before model. There is no difference in the intercepts
before the harvest suggesting the decreased slope in the
PHC before is due to a lower wariness of larger individuals. Post-harvest the slope of the PHC after has
increased so it is comparable to the open after. Here, the
harvest has impacted all sizes of fish because there has
been an increase in slope and the intercept in the PHC
after compared to the open after.
Abundance, length, and biomass.—For each village i, the
effect size before the harvest Eb,i, was calculated as the
log-ratio of the mean abundance, length, or biomass per
replicate in the PHC before, X̄ Pb,i, and the open b
 efore,
X̄ Ob,i, and after the harvest Ea,i, the log ratio in the PHC
after, X̄ Pa,i, and the open after, X̄ Oa,i (see Fig. 1b for
conceptual diagram)
)
(
)
(
X̄ Pa,i
X̄ Pb,i
and Ea,i = ln
Eb,i = ln
X̄ Ob,i
X̄ Oa,i
Variance of the effect sizes were calculated as

vEb,i =

σ2Pb,i
nPb,i × X̄ 2Pb,i

+

σ2Ob,i
nOb,i × X̄ 2Ob,i
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and

vEa,i =

σ2Pa,i
̄2
nPa,i × X
Pa,i

+

σ2Oa,i
̄2
nOa,i × X
Oa,i

where vEb,i and vEa,i are the variances associated with the
effect sizes Eb,i and Ea,i, σPb,i, σOb,i, σPa,i, and σOa,i are the
̄ Pb,i,
standard deviations associated with the means X
̄ Ob,i , X
̄ Pa,i, and X
̄ Oa,i, respectively, and nPb,i, nOb,i, nPa,i,
X
and nOa,i are the number of replicates used to calculate
each mean.
Fig. 1b shows the expected results from a well-managed
PHC that is impacted by intense harvest events. There is
a significantly positive effect size before the harvest (Eb),
suggesting that PHC protection has increased the abundance/length/biomass and reduced fish wariness. The
effect size after an intense harvest (Ea) decreases making
the PHC comparable to open areas.
Meta-analysis framework.—We used a random effects
model, with a restricted maximum-
likelihood estimator to assess the effectiveness of PHCs before and after
harvests and test for heterogeneity using the effect sizes
defined above. Meta-analyses were done using the package metafor (Viechtbauer 2010) in the R language for
statistical computing (R Development Core Team 2014).
Where a significant effect of protection and an impact of
the harvest were detected at the pooled species level for
wariness, abundance, length, or biomass, we explored
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the results of protection and harvest at the level of individual species.
Results
Across the four villages and all focal species, a total of
4522 individuals were observed in the abundance data of
which 79.3% were measured providing length, biomass,
and MAD information for 3585 individuals.
Wariness
Before harvests, the slope of minimum approach distance (MAD)/fish length within PHCs was 25% lower
than in open areas, for the pooled targeted species across
all villages (Fig. 2a). This was due to lower wariness of
larger individuals within the PHC, with no difference in
the intercepts before the harvest (95% CI overlapping
zero; Fig. 2b). This result was most evident in the Nakodu
and Natokalau PHCs, where MAD increased with
fish length for all targeted species and the non-targeted
H. trimaculatus (Table 2, Fig. 3; Data S1). Before the
harvest in Nakodu, the slope of MAD/fish length within
PHCs was 37% lower than in open areas for C. spilurus
and 43% for Halichoeres hortulanus, while in Natokalau
Scarus rivulatus was 55% lower in PHCs compared to
open areas. This indicates a lower wariness of larger
individuals for all three species within the PHCs, with no
difference in the intercepts before harvests.

Fig. 2. PHC vs. Open area log-ratio effect sizes for the pooled targeted species across all villages before and after the harvest
across (a, b) wariness, (c) abundance, (d) length, and (e) biomass metrics. Black dots represent results where the 95% confidence
interval of the effect size does not overlap zero. The superscript H indicates that significant heterogeneity (H < 0.05) was associated
with the effect size.
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heterogeneous, suggesting variation across PHCs.
Targeted species were 136% and 80% more abundant
before and after the harvest, respectively, in the Nakodu
PHC compared to areas open to fishing (Table 2).
Significantly greater abundances of C. spilurus and
S. rivulatus were recorded in the Nakodu PHC before the
harvest (146% and 241% greater than open areas, respectively). S. rivulatus was the only species impacted by the
harvest, with abundance only 5% greater in the PHC
compared to open areas after the harvest. There were no
significant differences in the abundance of the non-target
species H. trimaculatus in the Nakodu PHCs compared
to open areas, before or after harvest (Table 2). There
were no significant differences in the abundance of any
targeted species or the non-target H. trimaculatus between
the Natokalau PHC and open areas before the harvest.
After the harvest there was an increase in S. rivulatus and
a decrease in the non-
target H. trimaculatus in the
Natokalau PHC compared to open areas.

After the harvest, there was no difference in slope
within PHCs compared to open areas in the pooled targeted species across all villages (Fig. 2a). This indicates
an increase in the wariness of larger individuals within
PHCs, with no difference in intercepts after the harvest
(Fig. 2b). However, both the slope and intercept effects
were heterogeneous, suggesting different impacts of the
harvest on fish wariness between PHCs. After the harvest
an increase in intercept was observed for pooled targeted
species in Nakodu and Tuatua, indicating increased wariness across fish of all sizes (Table 2). In the Nakodu
PHC, there was an increase in intercept for C. spilurus,
and slope for C. spilurus, H. hortulanus and S. rivulatus,
making wariness comparable or greater than open areas
(Table 2, Fig. 3). This increased wariness occurred in
larger individuals of S. rivulatus and H. Hortulanus
within the Nakodu PHC, with no difference in the intercepts after the harvest. All sizes of C. spilurus were
impacted by the harvest with a significant increase in the
intercept of the PHC when compared to open areas after
the harvest. In the Natokalau PHC, there was an increase
in slope for C. spilurus after the harvest. The increase in
wariness occurred in larger individuals, with no difference in the intercept after the harvest. For the non-
target species H. trimaculatus, there were no differences
in slope or intercept between the Nakodu or Natokalau
PHCs and open areas, before or after harvests.

Length
On average, there was no difference in mean length of
targeted species between PHCs and open areas, before or
after harvests (Fig. 2d). However, the result after the
harvest was heterogeneous, suggesting variation across
PHCs. In the Natokalau PHC, the mean length of targeted species was 23% smaller than in areas open to
fishing, after the harvest (Table 2). In the Nauouo PHC,
the mean lengths of targeted species were smaller in areas
open to fishing, both before and after the harvest.
The mean lengths of C. spilurus, S. rivulatus, and
Scarus schlegeli in the Natokalau PHC were 18%, 24%,

Abundance
On average, there was no difference in the abundance
of targeted species between PHCs and open areas, before
or after harvests (Fig. 2c). However, this result was

Table 2. PHC vs. open area effect sizes for targeted species and non-target Halichoeres trimaculatus (NT) before and after the
harvest across wariness, abundance, length, and biomass metrics.
Wariness
Slope
Species

Intercept

Abundance

Before

After

Before

After

Before

After

Nakodu
Targeted (pooled)
Chlorurus spilurus
Scarus rivulatus
Halichoeres hortulanus
Halichoeres trimaculatus (NT)

−37
−37
−26
−43
118

22
28
65
62
13

2
−1
9
7
−9

16
12
−1
5
12

136
146
241
40
40

80
119
5
42
24

Natokalau
Targeted (pooled)
Chlorurus spilurus
Scarus rivulatus
Scarus schlegeli
Halichoeres trimaculatus (NT)

−35
−4
−55
1
190

−33
−53
11
−79
−17

−3
−13
5
−7
−20

−1
−6
1
11
−7

14
−8
1
96
15

Nauouo
Targeted (pooled)

−19

13

1

−9

Tuatua
Targeted (pooled)

−2

−32

5

29

Length
Before

Biomass

After

Before

After

1
3
0
6
6

12
9
13
28
12

194
219
221
95
80

164
196
63
215
83

38
−7
64
67
−36

−9
−7
−6
−12
−1

−23
−18
−24
−20
1

1
−19
13
58
38

−47
−55
−41
−12
−41

28

−39

−24

−17

−51

−70

0

−11

3

4

4

4

Notes: Effect sizes (log-ratios) are back transformed and presented as the percentage of increase (or decrease) inside the PHC
compared to outside. Percentages are shown in boldface type when the 95% confidence interval of the effect size did not overlap zero.
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Fig. 3. Linear models for the PHC before (solid green line and dots), PHC after (dashed red line and dots), open before (solid
blue line and dots), and open after (dashed black line and dots) for the three targeted and one non-targeted species H. trimaculatus
(NT) in Nakodu and Natokalau villages. Gray shading shows SE. [Colour figure can be viewed at wileyonlinelibrary.com]

and 20% smaller than areas open to fishing after the
harvest, respectively (Table 2). There was no difference in
the mean length of the non-target species H. trimaculatus
between the Natokalau PHC and open areas after the
harvest.

species when compared to open areas, before or after the
harvest. There was a significant decrease in H. trimaculatus within the Natokalau PHC compared to open areas,
after the harvest.
Discussion

Biomass
On average, there was no difference in the biomass of
targeted species between PHCs and open areas, before or
after harvests (Fig. 2e). This result was heterogeneous,
suggesting variation across PHCs. In the Nakodu PHC,
there was 194% greater biomass of targeted species
before, and 164% after, the harvest compared to areas
open to fishing. At Nauouo, biomass was lower in the
PHC compared to outside before and after the harvest.
Greater biomass of C. spilurus, S. rivulatus, and H. hortulanus was recorded in the Nakodu PHC before the
harvest (219%, 221% and 95% greater than open areas,
respectively; Table 2). S. rivulatus was the only species to
be impacted by the harvest with its biomass being reduced
to 63% greater in the PHC compared to open areas, after
the harvest. Greater biomass of the non-target H. trimaculatus was recorded in the PHC compared to open areas
after the harvest. In the Natokalau PHC, there were no
significant differences in biomass of all three targeted

Diver operated stereo-video (stereo-DOV) provides a
rapid assessment of fish wariness, which is sensitive to
fishing pressure, while simultaneously collecting abundance, length, and biomass information. We observed an
overall decrease in wary behavior of target fish within
PHCs before harvesting and an increase in wary behavior
due to harvests that contrasted with inconsistent results
for abundance, length, and biomass of these species.
Given these inconsistencies, we contend that wariness is
the most sensitive and reliable indicator of changes to
fishing pressure in areas where spearfishing and fish
drives are common. However, a complete picture of
impact may be best evaluated from examining a broad
range of indicators when assessing the effects of fishing
(Shin et al. 2005, Langlois et al. 2012, Nash and Graham
2016), highlighting the benefits of methods such as stereo-DOVs that provide a broad range of information.
While, the intensive pulse fishing associated with harvesting a PHC may not occur in fisheries that do not
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utilize this form of management, the consistent decrease
in wariness associated with PHC protection suggests
these results will be applicable to monitoring no-take
marine reserves, given PHCs function similarly before
they are opened to fishing. The potential for fisheries to
alter social structures as a result of increased wariness,
highlights the importance of understanding fish behavior
for conservation and fisheries management (Bergseth
et al. 2015). The use of stereo-DOVs to monitor no-take
marine reserves will therefore not only provide useful
information on traditional metrics to assess the impacts
of fisheries management, but a rapid and comprehensive
assessment of wariness that can potentially determine
whether spearfishing is having an impact on behavior.
Furthermore, pulse fishing events are likely to occur
where no-take marine reserve management breaks down
(Russ and Alcala 2003, McClanahan et al. 2006b,
Kulbicki et al. 2007), suggesting stereo-DOVs will be
useful for monitoring fish under these circumstances.
Protection benefits of PHCs in terms of abundance and
biomass have been shown to increase as the size of a PHC
increases (Goetze 2016). This suggests that the extent of
wariness is likely to decrease as the size of a closure
increases as less movement of fish is expected across
boundaries and therefore less spill-in of wary behavior
(Januchowski-Hartley et al. 2015).
We observed a positive biomass response to PHC protection in all three target species in one of the four study
villages (Nakodu), which is partly due to high compliance, but also to Nakodu having the longest period of
closure (3 yr) across all villages. In contrast, a consistent
response was not observed in abundance or length. This
is likely because fish weight is a power function of length,
so a few larger individuals can have a large effect on
biomass but not necessarily mean length or abundance.
It can take several years for fish to attain large weights,
so although biomass is sensitive to increases in fishing
pressure it may respond more slowly to protection (Russ
and Alcala 2004, Russ et al. 2005, McClanahan et al.
2007). Conversely, in the Natokalau PHC, there was a
negative harvest impact on the mean length of all three
targeted species, but not abundance or biomass, highlighting the complex relationship between abundance
and biomass and the need to investigate change across
the entire size spectrum (Rochet and Trenkel 2003,
Trenkel and Rochet 2003, Dulvy et al. 2004).
PHCs are now the most widely adopted fisheries management strategy across Melanesia, partially due to their
promotion by conservation and natural resource management organizations. Our results show that PHCs are
capable of increasing catch efficiency potential by
reducing the wariness of targeted fishes. Before harvesting, the most common targeted species were less wary
within all PHCs, with similar results reported in case
studies of PHCs in Papua New Guinea and Vanuatu
(Feary et al. 2011, Januchowski-Hartley et al. 2014).
However, the extent of wariness was not of the same
magnitude across PHCs; the two PHCs where fish were
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significantly less wary recorded greatest harvest efficiencies, suggesting the decrease in wariness translated
into greater catch efficiency. The Nakodu and Natokalau
PHCs had low and high fishing pressure outside of their
boundaries respectively, suggesting fishing pressure
across both villages was sufficient to reduce wariness. We
recorded a rapid increase in targeted fish wariness after
short (1–4 d), harvest events, similar to results in Vanuatu,
where an increase in the wariness of Acanthuridae
occurred after just 3 d of harvesting (Januchowski-
Hartley et al. 2014). PHCs are thus potentially effective
for taming fish, which may translate into short-
term
increases in harvest efficiency. However, with reductions
in wariness possibly facilitating overfishing, longer
closure periods may be needed to ensure increases in
abundance, length and biomass (e.g., McClanahan et al.
2007). While our results suggest that wary behavior can
increase rapidly due to pulse fishing events further effort
is required to investigate how long wary behavior will
persist once an area is closed to fishing. Changes in
behavior observed here were from closures of 1 and 3 yr
and previous studies found an decrease in wariness after
six months of closure (Januchowski-Hartley et al. 2014),
suggesting rapid increases in wariness may take a long
time to recover.
In Nakodu and Natokalau we observed the greatest
effect of PHC protection on the wariness of the pooled
targeted species. In Nakodu, the harvest resulted in
increased wariness across all sizes of the three targeted
species. This is most likely due to the high intensity and
method of harvesting at Nakodu, where a fish-
drive
strategy was utilized, involving up to 70 fishers and “doubling up” of a gill net so that fish as small as 10 cm were
caught. Conversely, in Natokalau, harvest intensity was
lower and spearfishing was the main fishing method used
so only larger individuals were impacted. Fish-
drives
appear particularly effective at increasing wariness across
a broad size range, due to the indiscriminate targeting of
fish and/or degradation of habitat (Jennings and Polunin
1996a) and subsequent increase in anti-predator response
behavior (McCormick and Lönnstedt 2013). In contrast,
relatively light and infrequent harvests potentially only
affect wariness of larger individuals that are expected to
be more sensitive to threats (Stankowich and Blumstein
2005, Cooper and Frederick 2007). Recent studies have
highlighted that similar relationships exists in areas
where line fishing is common (Alós et al. 2012, 2015).
The size of an individual is a major driver of anti-
predator behavior across taxa, and has a generally positive relationship with wariness (Stankowich and
Blumstein 2005). The positive relationship between
MAD and fish length for targeted and non-target species
in Nakodu and Natokalau is consistent with both theoretical (Ydenberg and Dill 1986, Cooper and Frederick
2007) and empirical studies of coral reef fishes (Gotanda
et al. 2009, Januchowski-Hartley et al. 2015, Bergseth
et al. 2016). However, the relationship between size
and MAD was generally stronger for targeted species.
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Reduced threats from natural predators can alter
behavior in fish (Madin et al. 2010), though reduced
numbers of large piscivores on coral reefs, both in Fiji
(Jennings and Polunin 1997, Dulvy et al. 2004, Goetze
et al. 2011) and more generally (Myers and Worm 2003),
suggests that the primary source of predation threat
experienced by coral reef fishes post-recruitment is fishing
activity.
Stereo-DOVs can rapidly provide large amounts of
behavioral data, by using a proxy for fish wariness
(MAD). MAD can be extracted through a simple change
in video analysis (Lindfield et al. 2014), without compromising assessments of abundance and length, providing
a basis for collection of behavioral data from archived
images for comparison with current and future studies.
While, the adoption of stereo video methods is often
inhibited by expensive video equipment, they are now
becoming less expensive, more readily available and
smaller, increasing their appeal for marine monitoring.
In contrast to underwater visual census, stereo-DOV
provides a permanent record of imagery that can be
rapidly collected in the field and reviewed at any time,
which somewhat offsets the extensive time needed to
complete video analysis (Holmes et al. 2013, Goetze
et al. 2015). This also eliminates concerns over increased
bias associated with the greater time needed to make distance estimates using UVC (Watson et al. 1995, Kulbicki
and Sarramégna 1999). Given the benefits of increases
replication of behavioral data, simultaneous collection
of a wide range of metrics and continued reduction in
gear costs as technology develops, stereo-DOVs are an
increasingly attractive tool for the assessment of fisheries
management and conservations strategies.
Behavioral data may be particularly important for scientists to inform monitoring programs, given that we
show wariness is more sensitive to changes in fishing
pressure when compared to abundance, length and
biomass. For example, the impacts of poaching are often
difficult to quantify (Bergseth et al. 2015), and here the
two villages showing discernible behavioral effects were
associated with good compliance. It is possible that
further research can use well enforced no-take marine
reserves to provide a baseline of wary behavior and use
this to discern whether poaching from spear-fishing is
occurring elsewhere. However, the applicability of MAD
in assessing wariness needs to be investigated over a
broader range of fishing types, pressures and management strategies and the extent of movement of wary
behavior across boundaries accounted for in order to
quantify poaching.
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