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a b s t r a c t

Remote oceanic islands often display high levels of biodiversity and endemism, making them important
locations for marine parks aimed at conserving biodiversity. To determine whether marine parks are
reaching conservation objectives requires consistent assessments of their effectiveness through time.
Lord Howe Island and Balls Pyramid are World Heritage listed remote oceanic islands in the Tasman Sea
that support a diverse assemblage of fishes including many endemic and protected species. To conserve
the region’s unique marine biodiversity, state and Commonwealth marine parks including no-take
zones and partially protected zones open to line fishing were established. After approximately 5, 9 and
13 years of protection of shelf habitat we tested for changes in the marine park’s fish assemblage across
management zones through time using baited remote underwater video systems (BRUVs). We detected
no difference in total fish abundance, diversity, or assemblage composition between management
zone types. The relative abundance of targeted carangids, yellowtail kingfish and silver trevally were
2 and 1.6 times greater in no-take zones than partially protected zones respectively, however, the
substantial variation in their abundances among locations and sites meant that these differences were
not statistically significant. No clear difference in the relative abundance of endemic, near-endemic
and protected species were observed between management zone types. Generally, the abundance and
diversity of fishes varied most among locations, sites and sampling years. The overall lack of difference
in the fish assemblage between management zone types and its stability through time suggests current
anthropogenic threats are relatively minor, and the marine park’s condition is reasonably healthy.
Future surveys of the marine park’s fish assemblage will be valuable to test for body-size differences
between zone types and to monitor trends in condition, particularly in response to possible changes
in the number, frequency and intensity of anthropogenic threats.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Remote oceanic islands represent areas of global biological
ignificance as they often support disproportionate levels of bio-
iversity, including many endemic species (Allen, 2008; Edgar
t al., 2004; Roberts et al., 2002). Biodiversity associated with
mall remote oceanic islands is also more susceptible to stochas-
ic natural disturbances and anthropogenic threats as species
ften have restricted ranges and low abundances making them
ore vulnerable to impacts (Kier et al., 2009). Consequently, it is
ritical that remote oceanic islands receive appropriate conserva-
ion management to ensure adequate protection of their unique
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biodiversity and maintenance of ecosystem function (Edgar et al.,
2010, 2008).

Marine parks have become an important tool to manage an-
thropogenic threats to biodiversity (Gell and Roberts, 2003;
Halpern, 2003) and may be particularly useful in protecting areas
of global biological significance, such as remote oceanic islands.
‘No-take’ marine reserves, where all forms of fishing and devel-
opment are prohibited and the less restrictive ‘partially protected
areas’, are commonly used to protect vulnerable habitats and lo-
cal biodiversity (Kelaher et al., 2014). To determine whether this
management tool meets conservation objectives often requires
ongoing monitoring involving spatial and/or temporal compar-
isons among marine park zones (Gerber et al., 2005; Pomeroy
et al., 2005). Ideally, assessments of marine park effectiveness
should include a comparison before and after the establishment
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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f the marine park. However, in the absence of this information
onitoring marine parks through time is essential to build a con-

emporary ecological baseline to assess any future change related
o marine park zoning (Glasby, 1997; Kelaher et al., 2014). Given
he vulnerability of marine biodiversity associated with remote
ceanic islands, long-term monitoring data of these systems are
ncredibly valuable, providing evidence to inform policy makers
nd managers regarding management practices.
Lord Howe Island and the nearby Balls Pyramid are remote

ceanic islands with unique biodiversity and natural history
Edgar et al., 2010; Roberts et al., 2002). The islands are located
00 km east of Port Macquarie, NSW, Australia, at a latitude of
1◦50’S in the Tasman Sea. They are geographically positioned on
he Tasman Front; the oceanographic boundary between tropi-
al and temperate water masses (Nilsson and Cresswell, 1980).
s a result, the region has a unique composition of tropical,
ubtropical and temperate marine biota, including the southern-
ost coral reef co-existing with abundant and diverse temperate
acro-algal communities (Edgar et al., 2010; Linklater et al.,
019). Owing to the islands isolation, the region also supports rel-
tively high levels of endemism among algae, fishes and marine
nvertebrates (Allender and Kraft, 1983; Baird et al., 2017; Edgar
t al., 2010; Hobbs et al., 2009; Kraft, 2000; Krug et al., 2018;
imbs et al., 2020; Ponder et al., 2000). In acknowledgement of
hese biological attributes, the Lord Howe Island Group received
NESCO World Heritage listing in 1982 (Environment Australia,
000).
To protect and conserve Lord Howe Island’s marine biodi-

ersity, the NSW government proclaimed the Lord Howe Island
arine Park (LHIMP) in 1999 encompassing state waters (<3 nm

from land) (Marine Estate Management Act 2014; Jordan et al.,
2016) and in 2000 the Lord Howe Island Marine Park (Common-
wealth waters) was proclaimed by the federal government in
the adjacent Commonwealth waters (3–12 nm) (National Parks
and Wildlife Conservation Act 1975). In 2013, the Commonwealth
Lord Howe Marine Park (LHMP) was proclaimed (Environment
Protection and Biodiversity Conservation Act 1999), which extended
the area protected in Commonwealth waters by about 20 times.
To manage human activities on shelf habitats, multiple ma-
rine park management zones were established in the state and
Commonwealth waters. These included sanctuary zones in the
LHIMP and national park zones in the LHMP, which are no-take
zones (IUCN Protected Area Category II) that prohibit extrac-
tive activities. Both marine parks also include various partially
protected areas (IUCN Protected Area Category IV) where some
forms of fishing are permitted. In the LHIMP, the partially pro-
tected ‘habitat protection zones’ allow charter boat operations
and recreational line fishing but no spearfishing or any form
of commercial fishing (Kelaher et al., 2014). In the LHMP, the
‘recreational use zone’ allows recreational fishing but no char-
ter fishing, commercial fishing or spearfishing. In contrast, the
LHMP’s habitat protection zones do allow these fishing methods
along with some methods of commercial fishing under authori-
sation (details available at: https://parksaustralia.gov.au/marine/
parks/temperate-east/lord-howe/). An exception is the habitat
protection zone (Lord Howe) of the LHMP, which also prohibits
spearfishing. Enforcement of zoning regulations first came into
effect in the state and Commonwealth waters in 2004 and 2002,
respectively.

The LHIMP and LHMP comprises a rich assemblage of fishes,
with more than 490 species documented in its waters, most of
which inhabit shallow inshore areas (Allen and Paxton, 1974;
Allen et al., 1976; Davis et al., 2018; Francis, 1991; Francis, 1993;
Francis and Randall, 1993; Parker, 1993). Most species are tropical
with broad ranges, however, total biomass of fishes is heavily
skewed towards temperate species (Edgar et al., 2010) and ap-
proximately 4% of the inshore fishes are endemic to the Lord
2

Howe Island and Norfolk Island region (Allen et al., 1976). One
study has examined the effectiveness of the LHIMP management
zones in safeguarding the region’s fish assemblage but focussed
on shallow-water inshore habitats only two years after the parks’
establishment (Edgar et al., 2010). With the exception of Rees
et al. (2018b), which examined LHIMP and LHMP zoning on the
abundance of the carangid, Seriola lalandi, no research has evalu-
ated long-term zoning effects on fish assemblages occupying the
extensive shelf habitat (20–50 m) of Lord Howe Island and Balls
Pyramid. Therefore, the effect of the LHIMP and LHMP zoning and
general changes in the whole demersal fish assemblage through
time in this habitat type remains unknown. This is despite the
shelf habitat being the most extensive habitat type protected in
state waters of the LHIMP.

This study aimed to assess changes in the spatial and temporal
patterns of demersal fish assemblages in no-take zones (NTZs)
and partially protected areas (PPAs) on shelf habitat in the LHIMP
and LHMP. Our study surveyed fish assemblages after approx-
imately 5, 9 and 13 years of the marine parks’ establishment.
We tested the general null hypotheses that there would be: 1)
no difference in species composition and abundance between
NTZs and PPAs; and 2) that any differences in the abundance and
diversity of fish in NTZs compared with PPAs would be consistent
through time. We were also interested in temporal trends in
the abundance of key fished and endemic species, as they may
indicate whether these species are being adequately conserved
or whether any additional management actions may be required.
Another key objective of the study was to provide a contemporary
baseline for fish assemblages on shelf habitats in the Lord Howe
Island region from which future changes can be quantified.

2. Methods

2.1. Study region and fish assemblage

Sampling was carried out in the NSW Lord Howe Island Marine
Park (LHIMP: within 3 nm of land) and the adjacent Common-
wealth Lord Howe Marine Park (LHMP: >3 nm from land) (Fig. 1).
The LHIMP and LHMP fish assemblage comprises species of spe-
cial importance, such as Coris bulbifrons and Epinephelus daemelii,
which are listed as ‘vulnerable’ and ‘near threatened’ on the
IUCN red list, respectively (Choat and Pollard, 2010; Pollard and
Sadovy, 2018). Under the NSW Fisheries Management Act 1994,
hree species of fish; E. daemelii, Chaetodontoplus ballinae and
Girella cyanea are protected. Several species from the fish assem-
blage are targeted by recreational fishers and charter boat fishing
operations. The predominant target species are Seriola lalandi and
Pseudocaranx dentex, which are caught and sold locally by charter
boat operators to restaurants on the island (effectively the sole
providers of fresh fish to the island’s local and tourist population)
(Figueira and Hunt, 2012). To a lesser extent fishers target Lethri-
us spp., G. cyanea and C. bulbifrons as well as seasonal pelagic
ishes. Fishing activity is likely to result in by-catch of certain
pecies; most notably Carcharhinus galapagensis that often depre-
ate hooked catch (Robbins et al., 2011). No commercial fishing
s allowed in the state waters of the LHIMP. Some commercial
ishing is permitted in the Habitat Protection Zones of the LHMP,
owever, the target species are predominantly highly mobile
elagic fishes (e.g. tuna) as part of the Eastern Tuna and Billfish
ishery and the Southern Bluefin Tuna fishery. The Southern and
astern Scalefish and Shark Fishery is not permitted to operate
ithin 25 nautical miles of Lord Howe Island and Balls Pyramid
AFMA, 2018).

https://parksaustralia.gov.au/marine/parks/temperate-east/lord-howe/
https://parksaustralia.gov.au/marine/parks/temperate-east/lord-howe/
https://parksaustralia.gov.au/marine/parks/temperate-east/lord-howe/
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Fig. 1. A map of survey sites (black circles) in the state Lord Howe Island Marine Park (LHIMP: <3 nautical miles of land) and the Commonwealth Lord Howe Island
arine Park (LHMP: >3 nautical miles from land). The Lord Howe Island shelf is in the north and the Balls Pyramid shelf to the south. The 3 nautical mile line is
isplayed around Lord Howe Island and Balls Pyramid. Regions in white represent no-take zones (NTZs) while regions in grey, partially protected areas (PPAs).
.2. Survey design and data collection

Fish assemblages were surveyed using baited remote under-
ater video systems (BRUVs). Each BRUV contained a Canon
G21 video camera within an underwater camera housing con-
tructed by SeaGIS Pty (www.seagis.com.au). Sixteen sites were
ampled on the Lord Howe Island and Balls Pyramid shelves
omprising coral reef, relict reef, rubble and rock habitat between
he depth of 25 and 50 m (Linklater et al., 2019). Eight sites were
n the LHIMP and eight sites in the LHMP, with an even sampling
ffort between NTZs and PPAs (n = 8 per zone). At each site, 4
RUVs were deployed at least 150 m apart for a minimum of
5 min to ensure a 30 min sample. Previous studies have indi-
ated that a 30 min deployment provides a representative sample
3

of fish assemblages at this latitude (Harasti et al., 2015). Each site
was sampled in 2009, 2013 and 2017. Sampling occurred between
the 10th to 19th of November in 2009, the 22nd to 30th April in
2013 and the 19th of October to 18th of December in 2017. For
the 2009 sampling, bait consisted of 1 kg of crushed pilchards
(Sardinops sagax); a highly effective bait (Wraith et al., 2013).
Due to a limited supply of bait, the same kilogramme of bait was
re-used for up to 4 BRUV deployments. In 2013 and 2017, bait
consisted of a fresh 500 g of crushed pilchards for each BRUV
deployment.

Footage from each BRUV was analysed in the laboratory us-
ing EventMeasure software (www.seagis.com.au). For each de-
ployment, species richness and relative abundance (MaxN) was
recorded. Species richness was the number of species of fish ob-
served during the each BRUV deployment. The relative abundance

http://www.seagis.com.au
http://www.seagis.com.au
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Fig. 2. Non-metric multidimensional scaling (nMDS) ordination of Lord Howe Island fish assemblage. Points closer together in ordination space represent sites with
more similar species compositions.
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of fishes, MaxN, was the maximum number individuals of one
species viewed at any one time during the sample (Parker and
DeMartini, 1995). MaxN values for individual species were then
summed to generate total relative abundance, Total MaxN, for
each sample.

2.3. Statistical analysis

Multivariate and univariate PERMANOVA analyses (Anderson,
2001; Clarke, 1993) were carried out with the PRIMER-E v7 pack-
age using type III sums of squares with 9999 permutations. Mul-
tivariate differences in fish assemblages between management
zones were tested using a 4 factor PERMANOVA on Bray–Curtis
dissimilarity values calculated from fourth root transformed data.
The factors were year (3 levels and random), zone (2 levels and
fixed; NTZ and PPA), location (4 levels nested within zone and
random) and site (2 levels nested within location and random).
Non-metric multidimensional scaling (nMDS) was used to gener-
ate two-dimensional ordinations to visualise variation in the fish
assemblage. Univariate analyses to examine differences in Total
MaxN, species richness and the abundance of key species were
tested using 4 factor PERMANOVA’s with the factors as previously
described for the multivariate analyses. All univariate analyses
were completed using Euclidian distance of raw data to create
similarity matrices.

Key species examined included those that were common,
fished or caught as by-catch by fishers and endemic, near en-
demic or protected fishes under the NSW Fisheries Management
ct 1994. Common species were those recorded on >50% of
eployments across all years (Chaetodontoplus conspicillatus, Coris
icta, Pseudolabrus luculentus, Sufflamen fraenatum and Tham-
aconus analis). Fished species were Lethrinus nebulosus, Pseu-
ocaranx dentex and Seriola lalandi (Figueira and Hunt, 2012).
alapagos whaler sharks: Carcharhinus galapagensis were also
ncluded in this category as they are often caught as by-catch
nd usually released alive by charter fishing operators (Figueira
nd Hunt, 2012). Endemic and near endemic species included
mphichaetodon howensis, Genicanthus semicinctus, Scorpaena car-
inalis and Coris bulbifrons. A number of endemic, near endemic
nd protected species displayed patchy distributions with low
bundances making robust statistical analyses difficult. For these
 t

4

Table 1
Results of a permutational multivariate analysis of variance (PERMANOVA) com-
paring demersal fish assemblages between zones using Bray–Curtis similarity
measures following fourth root transformations. Factors were: Year (Ye, random
with 3 levels: 2009, 2013 and 2017), Zone (Zo, fixed with 2 levels: NTZ and
PPA), Location (Lo, random with 4 levels nested in zone) and Site (Si, random
with 2 levels nested in location). Values in bold indicate statistical significance
at α = 0.05.
Source df SS MS Pseudo-F P(perm)

Ye 2 11 401 5 701 2.33 0.006
Zo 1 7 697 7 697 0.70 0.845
Lo(Zo) 6 69 903 11 651 2.18 <0.001
YexZo 2 866 2 933 1.20 0.282
Si(Lo(Zo)) 8 30 834 3 854 1.86 0.001
YexLo(Zo) 12 29 371 2 448 1.18 0.156
YexSi(Lo(Zo)) 16 33 217 2 076 1.21 0.050
Res 141 241 260 1 711
Total 188 429 410

species; Chaetodon tricinctus, Chaetodontoplus ballinae,
Epinephelus daemelii and Girella cyanea, patterns between man-
gement zones were described. Post hoc pairwise comparisons
ere made on terms of interest in the model that were sta-
istically significant in the main PERMANOVA analysis. Monte
arlo random draws were used to obtain correct P-values where
ufficient permutations (<50) were not available in pair wise
nalyses (Anderson et al., 2008). Following PERMANOVA, post-
oc pooling of lower order terms was performed if P >0.25, to
ncrease the power of the main tests (Underwood, 1997). Plots
ere created using the ‘‘ggplot2’’ package (Wickham, 2016) in R
tatistical computing language (R Core Team, 2020).

. Results

In total 10,050 individuals from 134 species were recorded
rom BRUV deployments in 2009, 2013 and 2017. No differences
ere detected in fish assemblages between NTZs and PPAs (Fig. 2,
able 1). The major difference in the fish assemblage was among
ocations followed by sampling times and sites (Fig. 2, Table 1).
imilarly, there was no difference in total relative abundance of
ishes nor species richness between NTZs and PPAs. However,
here were strong differences in total relative abundance and
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Fig. 3. Mean (± SE) total relative abundance and species richness between zones in 2009, 2013 and 2017 (n = 4). Shaded bars represent partially protected areas
PPAs) and clear bars represent no-take zones (NTZs).
able 2
esults of a PERMANOVA comparing (a) total MaxN and (b) species richness between zones using Euclidian distance. Factors were as listed in Table 3.1. Values in
old indicate statistical significance at α = 0.05. Data stemming from pooling procedures outlined in Underwood (1997) referred to ‘Pooled’.
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm)

(a) Total MaxN (b) Species richness

Ye 2 3352 1 676 0.43 0.674 Ye 2 22 11 0.25 0.776
Zo 1 11110 11 110 0.89 0.521 Zo 1 125 125 0.44 0.822
Lo(Zo) 6 80059 13 343 2.69 0.021 Lo(Zo) 6 1220 203 2.27 0.005
YexZo 2 7104.6 3 552 0.90 0.430 YexZo 2 365 182 4.23 0.059
Si(Lo(Zo)) 8 28084 3 511 0.53 0.824 Si(Lo(Zo)) 8 472 59 2.09 0.042
YexLo(Zo) 12 47094 3 925 0.59 0.821 YexLo(Zo) 12 518 43 1.53 0.115
YexSi(Lo(Zo)) 16 105710 6 607 1.31 0.181 Pooled 157 4426 28
Res 141 711100 5 043 Total 188 7158
Total 188 993790
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species richness among locations (Fig. 3a, b; Table 2a, b). Gener-
ally, the locations including site 15 and 16, and site 9 and 10 had
the greatest total relative abundance through time. The highest
species richness was generally recorded at sites 5, 6, 9, 12, 15
and 16 across the three sampling years.

The abundance of common species: Chaetodontoplus conspicil-
atus, Coris picta and Pseudolabrus luculentus were not influenced
by zone type (Fig. 4a, b, c; Table 3a, b, c). In general, abundances
were highly variable among years at the site level. The abundance
of Sufflamen fraenatum and Thamnaconus analis differed among
ears but was dependent on zoning. In NTZs, the abundance of
. fraenatum was greater in 2013 compared to 2009 and 2017. In
contrast, the abundance of S. fraenatum in PPAs was lower in 2009
compared to 2013 and 2017 (Fig. 4d, Table 3d). The abundance
of T. analis was greater in 2009 compared to 2013 and 2017
inside NTZs, while in PPAs their abundance was greater in 2017
compared to 2013 (Fig. 4e, Table 3e).

The abundance of fished species: Lethrinus nebulosus, Pseudo-
aranx dentex, Seriola lalandi and by-catch species: Carcharhinus
alapagensis did not differ between NTZs and PPAs (Fig. 5, Ta-

ble 4). For the abundance of C. galapagensis, strong differences
mong locations and sampling times were observed. C. galapa-
ensis were significantly more abundant in 2017 than in 2013 or
009 (Fig. 5a; Table 4a). The abundance of L. nebulosus differed
 C

5

mong sites and sampling times (Fig. 5b, Table 4b) with no
lear pattern being obvious. Clear differences in the abundance
f carangids; P. dentex and S. lalandi was observed among loca-
ions and sites (Fig. 5c, d; Table 4c, d). Although not statistically
ignificant, there was a 1.6 times greater number of P. dentex in
TZs compared to PPAs. This difference was due to three NTZ
ites (9, 10 and 11) consistently recording higher abundances of
. dentex (Fig. 5c). Similarly, there was 2 times more S. lalandi
ndividuals recorded in NTZs compared to PPAs, primarily driven
y high abundances at site 9 and 10 across each sampling time
Fig. 5d).

The abundance of endemic or near endemic species: Am-
hichaetodon howensis and Genicanthus semicinctus did not differ
etween management zones (Fig. 6a, b; Table 5a, b). The abun-
ance of A. howensis was highly variable through space and time
hile the abundance of G. semicinctus differed strongly among

ocations. Generally, higher abundances of G. semicinctuswere ob-
erved at sites 5, 6, 9 and 12. No individuals of G. semicinctus were
bserved at site 1, 2 and 8 across all sampling times. The endemic
oris bulbifrons differed among years but only in PPAs, where in
017 and 2013 there was a greater abundance compared to 2009
Fig. 6c; Table 5c). There was a trend for more C. bulbifrons in NTZs
han PPAs in 2009, however this was not statistically significant.
lear differences in the abundance of C. bulbifrons were observed
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Fig. 4. Mean (± SE) relative abundance of common species; (a) Chaetodontoplus conspicillatus, (b) Coris picta, (c) Pseudolabrus luculentus, (d) Sufflamen fraenatum and
e) Thamnaconus analis between zones in 2009, 2013 and 2017 (n = 4). Shaded bars represent partially protected areas (PPAs) and clear bars represent no-take
ones (NTZs).
mong locations, with generally higher abundances recorded at
ite 16 while no individuals were recorded at sites 1, 2, and 8
hroughout the study. Similarly, there was a significant difference
n the abundance of Scorpaena cardinalis among years but only in
PAs, with a greater abundance observed in 2009 compared to
013 and 2017 (Fig. 6d, Table 5d).
Other endemic, near endemic and protected species displayed

ow abundances and patchy distributions among replicates, sites,
6

locations and zones. The abundance of Chaetodon tricinctus ap-
pears to be stable between years as individuals were observed
at 5 sites in 2009, 6 sites in 2013 and 9 sites in 2017 (Fig. 7a).
Chaetodontoplus ballinae, exhibited a distinct pattern in their spa-
tial distribution. With the exception of one individual observed at
site 10 in 2017, all other recordings were at one location (site 1
and 2) across all survey years (Fig. 7b). The number of individuals
of the protected E. daemelii varied among sampling years, with
10 individuals observed in 2009 compared to 6 individuals in
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able 3
esults of a PERMANOVA comparing the abundance of common species; (a) Chaetodontoplus conspicillatus, (b) Coris picta, (c) Pseudolabrus luculentus, (d) Sufflamen

fraenatum and (e) Thamnaconus analis between zones using Euclidian distance. Factors are the same as those listed in Table 3.1. Values in bold indicate statistical
significance at α = 0.05. Data stemming from pooling procedures outlined in Underwood (1997) referred to ‘Pooled’.
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm)

(a) C. conspicillatus (b) C. picta

Ye 2 8.6 4.3 1.95 0.189 Ye 2 23.3 11.7 1.01 0.395
Zo 1 2.1 2.1 1.20 0.377 Zo 1 41.7 41.7 1.89 0.226
Lo(Zo) 6 20.1 3.4 1.20 0.082 Lo(Zo) 6 94.2 15.7 1.25 0.329
YexZo 2 0.6 0.3 0.13 0.880 YexZo 2 24.9 12.5 1.08 0.372
Si(Lo(Zo)) 8 12.1 1.5 1.37 0.217 Si(Lo(Zo)) 8 78.1 9.8 0.91 0.492
YexLo(Zo) 12 26.5 2.2 1.99 0.027 YexLo(Zo) 12 138.2 11.5 1.07 0.441
Pooled 157 173.9 1.1 YexSi(Lo(Zo)) 16 172.8 10.8 1.99 0.018
Total 188 244.7 Res 141 764.7 5.4

Total 188 1346.9

(c) P. luculentus (d) S. fraenatum

Ye 2 18.8 9.4 2.20 0.154 Ye 2 7.8 3.9 13.24 0.000
Zo 1 5.2 5.2 0.58 0.713 Zo 1 0.0 0.0 0.24 0.564
Lo(Zo) 6 91.6 15.3 2.14 0.052 Lo(Zo) 6 2.6 0.4 0.96 0.506
YexZo 2 2.3 1.1 0.27 0.765 YexZo 2 2.0 1.0 3.38 0.035
Si(Lo(Zo)) 8 37.9 4.7 1.18 0.372 Si(Lo(Zo)) 8 3.6 0.5 1.54 0.148
YexLo(Zo) 12 51.4 4.3 1.06 0.427 Pooled 169 50.0 0.5
YexSi(Lo(Zo)) 16 64.5 4.0 1.84 0.030 Total 188 66.4
Res 141 309.5 2.2 Pairwise comparison:
Total 188 583.9 NTZ: 2009 = 2017 < 2013, PPA: 2017 = 2013 > 2009

(e) T. analis

Ye 2 4.1 2.1 2.86 0.062
Zo 1 0.5 0.5 0.24 0.547
Lo(Zo) 6 11.6 1.9 0.95 0.524
YexZo 2 6.1 3.1 4.28 0.016
Si(Lo(Zo)) 8 16.4 2.1 2.85 0.005
Pooled 169 121.5 0.7
Total 188 160.5
Pairwise comparison:
NTZ: 2009 > 2013 = 2017, PPA: 2017 > 2013; 2009 = 2013 = 2017
Table 4
Results of a PERMANOVA comparing the abundance of fished and by-catch species; (a) Carcharhinus galapagensis, (b) Lethrinus nebulosus, (c) Pseudocaranx dentex and
(d) Seriola lalandi between zones using Euclidian distance. Factors are the same as those listed in Table 3.1. Values in bold indicate statistical significance at α =
0.05. Data stemming from pooling procedures outlined in Underwood (1997) referred to ‘Pooled’.
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm)

(a) C. galapagensis (b) L. nebulosus

Ye 2 69.9 34.9 4.34 0.016 Ye 2 1.5 0.8 1.48 0.271
Zo 1 7.1 7.1 0.27 0.539 Zo 1 0.2 0.2 0.34 0.896
Lo(Zo) 6 285.3 47.5 4.50 0.020 Lo(Zo) 6 10.8 1.8 1.53 0.184
YexZo 2 16.6 8.3 1.03 0.363 YexZo 2 0.4 0.2 0.39 0.688
Si(Lo(Zo)) 8 84.5 10.6 1.31 0.235 Si(Lo(Zo)) 8 9.3 1.2 1.54 0.215
Pooled 169 1360.2 8.0 YexLo(Zo) 12 6.1 0.5 0.67 0.776
Total 188 1809.9 YexSi(Lo(Zo)) 16 12.2 0.8 1.76 0.039

Res 141 61.0 0.4
Total 188 101.7

(c) P. dentex (d) S. lalandi

Ye 2 11.9 5.9 1.26 0.330 Ye 2 0.8 0.4 0.07 0.957
Zo 1 7.7 7.7 0.43 0.827 Zo 1 17.7 17.7 0.61 0.337
Lo(Zo) 6 139.3 23.2 1.46 0.043 Lo(Zo) 6 227.5 37.9 1.99 0.081
YexZo 2 11.3 5.6 1.19 0.350 YexZo 2 2.0 1.0 0.16 0.887
Si(Lo(Zo)) 8 110.6 13.8 3.70 0.001 Si(Lo(Zo)) 8 152.5 19.1 3.09 0.001
YexLo(Zo) 12 56.8 4.7 1.27 0.228 Pooled 169 1041.7 6.2
Pooled 157 586.0 3.7 Total 188 1445.5
Total 188 926.4
2013 and 2017 (Fig. 7c). A decline in the number of protected
G. cyanea was also apparent over survey years, with 30 individ-
als observed in 2009 and just 7 individuals in 2013 and 2017
Fig. 7d). The highest abundances of G. cyanea observed across all
ampling years were at the PPA location containing site 5 and 6
Fig. 7d).

. Discussion

The effects of no-take marine reserves in protecting coral and
emperate reef fish assemblages has been well documented in
7

the literature (Goetze et al., 2021; Guidetti et al., 2014; Lester
et al., 2009). The current study, provides a rare example of an
assessment of potential ecological change in fish assemblages be-
tween no-take zones (NTZs) and partially protected areas (PPAs)
in a remote oceanic setting, where human pressures are relatively
minimal (Cinner et al., 2018). In our study we identified no clear
changes in the fish assemblage related to NTZ protection through
time. Rather, most variation in the abundance and diversity of
fishes was observed among sampling years, locations and sites.
The lack of difference between marine park zones contrasts with
many international studies that have demonstrated substantial
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Fig. 5. Mean (± SE) abundance of fished and by-catch species; (a) Carcharhinus galapagensis, (b) Lethrinus nebulosus, (c) Pseudocaranx dentex and (d) Seriola lalandi
etween zones in 2009, 2013 and 2017 (n = 4). Shaded bars represent partially protected areas (PPAs) and clear bars represent no-take zones (NTZs).
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ifferences in the assemblage of fishes in reef habitats within
TZs and zones open to fishing (Babcock et al., 2010; Lester et al.,
009; Russ et al., 2008; Sciberras et al., 2013, 2015). No clear
hange in the fish assemblage in NTZs may appear unexpected,
onsidering that LHIMP and LHMP zones are relatively large in
ize (CAPAD, 2018), old in age (>10 years), remote, and well
nforced; all of which are key criteria for successful NTZs (Edgar
t al., 2014). However, the lack of a clear difference between
anagement zones is most likely due to the relatively healthy
 w

8

ondition of the marine park’s environment and relatively minor
uman impacts in the region.
The abundance of the targeted carangids, Seriola lalandi and

seudocaranx dentex was 2 and 1.6 times greater in NTZs than
PAs respectively, however, these differences were not statisti-
ally significant. This was unexpected, as both species are caught
n relatively high numbers for the local restaurant trade (Figueira
nd Hunt, 2012). There are several possible explanations for the
ack of difference between zone types. First, the levels of fishing
ithin the marine parks PPAs (which excludes several forms of
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Fig. 6. Mean (± SE) relative abundance of endemic, near endemic and protected species; (a) Amphichaetodon howensis, (b) Genicanthus semicinctus, (c) Coris bulbifrons
nd (d) Scorpaena cardinalis between zones in 2009, 2013 and 2017 (n = 4). Shaded bars represent partially protected areas (PPAs) and clear bars represent no-take
ones (NTZs).
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ommercial fishing) may be of a low enough intensity to have
o significant effects on the abundances of these fishes. Second,
he NTZs in the region may not be an appropriate size to encom-
ass the movement patterns on these species, which may lead
o exposure to fishing pressure in adjacent PPAs. Alternatively,
he substantial variation in their abundance among locations can
ake it difficult to detect even large effects of marine park
oning. It appears that this variation may be attributable to dif-
erences in habitat structure among the sites (within each of the
one types) and its effect on the abundance of carangids. Rees
t al. (2018b) found the abundance of S. lalandi was substantially
 A

9

reater in NTZs compared to PPAs, but only on reefs display-
ng high structural complexity. It is highly likely that a similar
attern would be observed for P. dentex, as their abundances
ere consistently high at the same locations as S. lalandi. Future
urveys in these marine parks should closely monitor carangid
umbers to see whether effect sizes between NTZs and PPAs
row through time and to apply acoustic telemetry techniques
o better understand their movement patterns in relation to zone
oundaries.
No clear difference in the abundance of the carcharhinid shark:

archarhinus galapagensis was observed between NTZs and PPAs.
s C. galapagensis is often incidentally caught as by-catch this
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esults of a PERMANOVA comparing the abundance of endemic, near endemic and protected species; (a) Amphichaetodon howensis, (b) Genicanthus semicinctus, (c)
oris bulbifrons and d) Scorpaena cardinalis between zones using Euclidian distance. Factors are the same as those listed in Table 3.1. Values in bold indicate statistical
ignificance at α = 0.05. Data stemming from pooling procedures outlined in Underwood (1997) referred to ‘Pooled’.
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm)

(a) A. howensis (b) G. semicinctus

Ye 2 1.6 0.8 0.86 0.455 Ye 2 4.5 2.2 0.58 0.581
Zo 1 1.0 1.0 0.48 0.790 Zo 1 1.8 1.8 0.59 0.713
Lo(Zo) 6 12.9 2.1 1.61 0.147 Lo(Zo) 6 47.0 7.8 1.58 0.034
YexZo 2 3.8 1.9 2.04 0.176 YexZo 2 3.5 1.8 0.46 0.655
Si(Lo(Zo)) 8 8.8 1.1 1.00 0.480 Si(Lo(Zo)) 8 24.0 3.0 1.01 0.438
YexLo(Zo) 12 11.1 0.9 0.85 0.617 YexLo(Zo) 12 46.4 3.9 1.30 0.216
YexSi(Lo(Zo)) 16 17.5 1.1 2.07 0.014 Pooled 157 466.2 3.0
Res 141 74.5 0.5 Total 188 593.7
Total 188 131.2

(c) C. bulbifrons (d) S. cardinalis

Ye 2 1.3 0.6 2.46 0.091 Ye 2 5.7 2.8 6.76 0.002
Zo 1 0.8 0.8 0.40 0.426 Zo 1 0.7 0.7 0.36 0.456
Lo(Zo) 6 4.9 0.8 3.18 0.005 Lo(Zo) 6 11.1 1.8 4.42 0.001
YexZo 2 3.5 1.8 6.86 0.001 YexZo 2 2.5 1.3 3.00 0.048
Pooled 177 45.4 0.3 Pooled 177 74.0 0.4
Total 188 55.7 Total 188 94.1

Pairwise comparison: Pairwise comparison:
NTZ: 2009 = 2013 = 2017, PPA: 2017 = 2013 > 2009 NTZ: 2009 = 2013 = 2017, PPA: 2017 = 2013 < 2009
finding may indicate that the current level of fishing in the
LHIMP and LHMP may not be resulting in a measurable effect on
this species. It is worth noting however, that a fast swimming
mobile shark species, such as this, is expected to be capable
of moving large distances. Consequently, the size of the NTZs
may not be large enough to adequately protect this species from
incidental by-catch mortality. Furthermore, considering the ex-
pected mobility of C. galapagensis, results on spatial comparisons
etween management zones need to be interpreted with cau-
ion as relative abundance estimates for this species may not
e independent. There is also the possibility that C. galapagensis
bundance estimates are influenced by the presence of boats,
s depredation of fishing catch by C. galapagensis is an issue
n the region (Mitchell et al., 2018a,b). Further research on the
ovement patterns of C. galapagensis is required to determine
hether the NTZs are of sufficient size to encompass their home
ange and to better understand their possible movements among
imultaneously deployed BRUVs and behaviour towards boats
Mitchell et al., 2021).

We note that C. galapagensis were the most prevalent species
across the LHIMP and LHMP being recorded on 96% of deploy-
ments. In comparison to marine parks at similar latitudes on
mainland Australia (Solitary Islands and Port Stephens-Great
Lakes Marine Parks) (Malcolm et al., 2007) and globally (Mac-
Neil et al., 2020), the relative abundance and commonality of
this carcharhinid shark appears much higher in this location
compared to others. Anecdotal evidence from local fishers and
tourism operators suggests that the number of C. galapagensis has
increased in recent decades. Our findings provide support for this
observation, with the abundance of C. galapagensis significantly
increasing through time with a greater abundance recorded in
2017 (mean MaxN = 5.6) compared to 2013 (mean MaxN =

.7) and 2009 (mean MaxN = 4.2). This is a promising finding
iven the global decline in shark numbers and their important
rophic position in marine ecosystems (Dulvy et al., 2014; Speed
t al., 2019; Stevens et al., 2000). However, additional research
s required to validate their abundances given the potential for
nflated counts due to BRUV spacing and possible attraction to
oats.
Another key finding from the study was the discrete and con-

istent differences in the abundance of certain species among lo-
ations during each sampling period. The protected Girella cyanea,
ere recorded in relatively high abundances at only one PPA
10
location (site 5 and 6) through time. The result is likely to be
driven by this location’s shallower water and proximity to Lord
Howe Island, as G. cyanea appear to be common in nearshore
waters of the LHIMP (Edgar et al., 2010). The protected Ballina an-
gelfish; Chaetodontoplus ballinae, also exhibited strong patterns in
their spatial distribution, with individuals being recorded at one
location in the Balls Pyramid NTZ across all years. The presence
of C. ballinae at this location is again likely to be related to depth,
with sites at this location approximately 10 m deeper compared
to other locations. This observation confirms those by Speare et al.
(2004) who recorded 12 individuals of C. ballinae on the deeper
margins of the Lord Howe Island and Balls pyramid shelf (27–100
m) using BRUVs and towed video surveys. Therefore, it is likely
that this species may be more common than previously thought
and these observations highlight the advantages of using remote
survey techniques to sample biological assemblages at depths
greater than those generally surveyed by conventional survey
methods, such as SCUBA (Fetterplace et al., 2018). Discrete and
consistent differences among locations over time are important
considerations for the conservation management of the LHIMP
and LHMP, as it highlights the locations and their habitats that
are representing and protecting biodiversity.

Most endemic, near endemic and protected species examined
in this study displayed similar abundances between manage-
ment zones and across time. Surprisingly, the abundance of Coris
bulbifrons increased in PPAs from 10 individuals in 2009 to 22
individuals in 2017. This is a promising finding given their re-
stricted range, low abundances and their targeting by fishers in
nearshore environments of Lord Howe Island (although catch and
release is often practiced). Genetic research has indicated that
there are relatively high levels of contemporary gene flow be-
tween the populations in the LHIMP to the surrounding Elizabeth
and Middleton Reefs situated in the LHMP (van der Meer et al.,
2015). The abundance of Scorpaena cardinalis remained stable in
NTZs over time but decreased in PPAs, which was unexpected as
S. cardinalis is unlikely to be heavily targeted by fishers.

The abundance of two protected species; Epinephelus daemelii
and Girella cyanea displayed a general declining trend between
2009, 2013 and 2017. However, both species were recorded in
very low numbers making accurate assessments of their abun-
dance through time difficult. Nevertheless, highlighting general
trends in the abundance of protected species is important, par-
ticularly for E. daemelii as their numbers have been significantly
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Fig. 7. Mean (± SE) abundance of endemic, near endemic and protected species; (a) Chaetodon tricinctus, (b) Chaetodontoplus ballinae, (c) Epinephelus daemelii, and
d) Girella cyanea between zones in 2009, 2013 and 2017 (n = 4). Shaded bars represent partially protected areas (PPAs) and clear bars represent no-take zones
NTZs).
educed in Lord Howe Island and mainland Australia due to
istoric overfishing (Harasti et al., 2014; Pogonoski et al., 2002).
imilarly, recent surveys of E. daemelii at Elizabeth and Middle-
on Reefs within the LHMP (Commonwealth waters) have also
eported declines in the number of sightings between 2013 and
018 (Edgar et al., 2018). Further research using BRUVs and a
ontinued targeted monitoring program (Harasti et al., 2014;
arasti and Malcolm, 2013) is required to determine whether the
eclining trend through time observed in this study is genuine.
nterestingly, the distribution of E. daemelii was exclusively re-
tricted to the Lord Howe Island shelf and all individuals observed
11
were adults. Previous research has shown that E. daemelii lar-
vae recruit into intertidal and shallow subtidal reef habitat then
migrate onto deeper reefs with age (Francis et al., 2016; Harasti
et al., 2014). This may explain their absence on the Balls Pyramid
shelf where intertidal habitat is limited, and possibly highlights
the importance of Lord Howe Island’s lagoon and nearshore habi-
tats as nursery areas for E. daemelii, although juveniles were
not observed in intertidal pools in a recent study (Davis et al.,
2018). Previous research has demonstrated the pronounced ef-
fect that seascape connectivity of nursery and adult habitats can
have on the abundance of certain fishes (Rees et al., 2018a).
Further research in the Lord Howe Island region is required
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o better understand the ontogenetic migration of E. daemelii
rom nearshore to offshore shelf habitats. Although there was a
triking decrease in the abundance of G. cyanea, it is likely that
his pattern was mostly driven by their schooling behaviour and
atchy distribution in deep habitats, as this species is much more
ommon in nearshore habitats (Davis et al., 2018; Edgar et al.,
010; Hobbs et al., 2009). However, complementary data from
hallower habitats would be beneficial in future surveys to better
ssess the spatial and temporal trends of this species.
The temporal differences observed in the Lord Howe Island

ish assemblages may not be indicative of changes in response to
nthropogenic threats but rather natural variability or discrep-
ncies in our sampling method among years. For example, the
009 sampling was completed in November where the average
ea temperature is 21 ◦C compared to 23 ◦C degrees in April
nd 20 – 22.5 ◦C in October to December when the 2013 and
017 sampling were undertaken (Allen et al., 1976). This is likely
o impact the composition of tropical, subtropical and temperate
pecies within the assemblage. There were also differences in the
mount of bait and degree of bait replenishment between the
009 and later surveys that may have influenced the observed
hanges in the fish assemblage between the sampling periods.
lthough, differences in bait volume have been shown to have
imited impact on BRUV data (Hardinge et al., 2013). Despite the
isparities in our sampling time and method, consistent patterns
mong locations for certain species suggests that any discrepan-
ies, caused by methodological variations, had a minimal impact
n the temporal patterns we observed. Consequently, changes in
pecies abundances are more probably due to natural fluctuations
n species abundances, for example from variation in successful
ecruitment among years. Such cyclic patterns in species abun-
ances have been observed over a 12-year period in an Australian
ainland marine park at a similar latitude (Malcolm et al., 2015).
e encourage ongoing future BRUV monitoring in the LHIMP and

HMP, using standardised sampling methodology, at consistent
ime–frequencies (e.g. every 4-5 years) to help disentangle zoning
ffects from sampling artefacts and natural variability.
A number of modifications to the LHIMP and LHMP monitoring

rogram could be introduced that are likely to provide benefits
o the ongoing management of these marine parks. First, future
urveys should aim to use stereo-BRUVs, which can provide body-
ize data in a non-destructive and cost effective manner that is
omparable to fisheries-dependent methods (Langlois et al., 2012,
015). As fishing often removes larger-bodied individuals from
opulations (Jackson et al., 2001), assessments of no-take zone
ffectiveness incorporating body-size metrics are more likely to
e sensitive to fishing effects than assessments only using count
ata (Claudet et al., 2010; Bosch et al., 2021). Without body-
ize data there is a possibility that fishing effects may have
one undetected in this study. Second, future assessments of
he marine parks would benefit from an external reference loca-
ion, which would provide an opportunity to test whether both
TZs and PPAs provide benefits relative to areas outside the
arine park boundaries (see Knott et al., 2021). Third, the use
f spatially balanced sampling designs that incorporates the 16
ong-term monitoring sites (Foster et al., 2017) and generates
andom survey sites across the study region would provide a
ore representative picture of the fish assemblage across the
ord Howe Island and Balls Pyramid shelf. A spatially balanced
ampling design for future surveys would also provide the op-
ortunity to better explore fish-habitat relationships and build
patially-explicit species distribution models to assist with the
ngoing management of the marine park (Rees et al., 2021).
 t

12
5. Conclusions

Overall, there were no clear changes in the fish assemblage,
diversity, total abundance and abundance of key species be-
tween no-take zones (NTZs) and partially protected areas (PPAs)
within the LHIMP and LHMP. This is likely to be a result of
the relatively pristine environment and minimal anthropogenic
threats that exist currently and prior to the establishment of
the marine park. We note, however, that our assessment did
not examine differences in body-size or biomass across zone
types, which may be more sensitive to anthropogenic threats
in the region. Many species, including some targeted, endemic,
near endemic and protected species displayed consistent patterns
of abundances between zones across the three sampling years,
suggesting that shelf fish assemblages are relatively stable in
the LHIMP and LHMP through time. With possible increases in
human pressures within the region (e.g. climate change, tourism
operations and fishing) our study provides an important contem-
porary baseline from which to monitor potential future change
in the marine park’s fish assemblage. These monitoring data will
aid policy-makers and managers by providing an indication of
the ecological responses of fish populations to conservation and
fisheries management actions.
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