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A B S T R A C T

With increasing stressors to coral reefs, defining tools that evaluate their dynamics and resilience is important to
interpret system trajectories and direct conservation efforts. In this context, surveys must go beyond conven-
tional monitoring approaches that focus on abundance and biomass of key groups and quantify metrics that
better assess ecological processes and ecosystem trajectories. By measuring a variety of conventional (e.g.
proportional cover of broad benthic groups, biomass of herbivorous fish) and complementary resilience-based
metrics (e.g. algal turf height, coral recruitment rates, juvenile coral densities, herbivorous fish grazing rates),
this study evaluated the ecosystem responses to community-based management in Fiji. The study was conducted
across three paired tabu areas (periodically closed to fishing) and adjacent fished sites. Conventional metrics
reflected no management effect on benthic or herbivorous fish assemblages. In contrast, the complementary
metrics generally indicated positive effects of management, particularly within the benthos. Significant differ-
ences were observed for turf height (33% lower), coral recruitment rate (159% higher) and juvenile coral density
(42% higher) within areas closed to fishing compared to adjacent open reefs. In addition, turf height was in-
versely related to coral recruitment and juvenile coral density, and longer turfs (≥5 mm) were more competitive
in interaction with corals. These results emphasise that conventional metrics may overlook benefits of local
management to inshore reefs, and that incorporating complementary resilience-based metrics such as turf height
into reef survey protocols will strengthen their capacity to predict the plausible future condition of reefs and
their responses to disturbances.

1. Introduction

The status of ecosystems over space and time has long been used as
criterion for prioritisation and decision-making in conservation plan-
ning. Historically, ecosystem assessments have typically focused on
quantifying common status metrics such as biomass and abundance of
target groups, as well as species diversity (e.g. Yoccoz et al., 2001).
Although such assessments offer the advantage of relying on generally
fast and relatively simple estimation methods, their capacity to convey
quantitative information on ecosystem function is limited (Wright et al.,

2006). It is thus important to identify indicators of dynamic processes to
capture a further facet that may help to anticipate the likely trajectory
of ecosystems over time and in response to disturbances (Glaser et al.,
2012). If such indicators can be practically and cost-effectively in-
tegrated into ecosystem assessments, there is scope for (i) evaluating
the effectiveness of conservation tools (e.g. marine reserves) more
thoroughly, (ii) better understanding the impact of disturbances, and
(iii) supporting managers in decision-making (high vs. low-risk con-
servation investments).

Anticipating trajectories of complex and diverse ecosystems such as
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coral reefs is particularly challenging due to the large number of species
fulfilling various functions and responding differently to a changing
environment (Pandolfi, 2015). Conventional coral reef monitoring
protocols focus on measuring cover of broad benthic groups, as well as
fish biomass along replicate transects. Percent cover of benthic organ-
isms fails to provide information on important ecosystem functions for a
variety of reasons. First, high live coral cover is generally interpreted as
a sign of ecosystem health, and the contrary is assumed of high algal
cover. Healthy reefs may however display variable levels of hard coral
and fleshy algal cover depending on their location (Johannes et al.,
1983; Kleypas et al., 1999; Couce et al., 2012). Just as low coral cover
does not necessarily reflect unhealthy reefs, reefs dominated by live
corals must not be unequivocally considered healthy and/or resilient
(Mumby et al., 2014; Anthony et al., 2015). Second, the resolution at
which benthic groups are defined differs strongly among studies. While
a coarse resolution may suffice for an immediate broad diagnosis of
benthic status and ecosystem service provision, it may impair the de-
tection of relationships between particular benthic attributes and fish
communities or behaviours (Mumby et al., 2013). Conventional as-
sessments cannot, for instance, provide information on the colonisation
processes of newly opened space. This space is usually recorded am-
biguously as dead coral, bare rock, pavement or rubble (Harris, 2015),
yet the settlement dynamics of coral larvae or algal propagules (among
others) on available substrate determine the success of critical reef re-
covery processes. There are also limitations to how informative fish
abundances are of the ecosystem functions that fishes sustain. Tidal
changes, time of day, turbidity and variability among surveyors can
lead to variations in the perceived fish abundance (Thompson and
Mapstone, 2002; McClanahan et al., 2007), and some important species
can be wary of divers and thus not encountered in fish censuses
(Kulbicki, 1998). Stationary video cameras have consequently illumi-
nated the previously unknown, yet crucial functional roles of species
that tend to be rare in visual surveys (Hoey and Bellwood, 2009; Plass-
Johnson et al., 2015). Conventional reef status assessments thus risk
providing a superficial level of information that does not convey
functionality and ecosystem robustness, and hence may not provide
enough support for adaptive management decisions. Essentially, al-
though conventional measures of abundance can provide an idea of the
system’s current state, they do not consider whether the system is most
likely to improve or deteriorate over time and overlook important
components of system resilience.

The likelihood of coral reefs changing over time and in response to
disturbances is a product of many factors. In an attempt to improve
predictions of these complex systems, several important ecological
processes have been identified and alternative monitoring tools pro-
posed (e.g. McClanahan et al., 2012). Benthic assessments are in-
creasingly encouraged to consider more dynamic indicators that re-
spond quickly to changes and drive system resilience, such as coral
recruitment success, turf height and coral-algal interactions (Anthony
et al., 2015; Flower et al., 2017). Furthermore, conventional benthic
monitoring often applies broad categories such as ‘dead coral’ or ‘rock’
to describe seemingly ‘free space’ in the reef available for colonisation,
while in reality very little space is actually free of benthic organisms.
Rather, such substrate tends to be overgrown by a diverse assortment of
early colonisers such as turf algae, benthic cyanobacteria or crustose
coralline algae, which differ in their suitability for stony coral larvae to
settle and survive, but are often not adequately captured in monitoring.
To evaluate settlement dynamics on free space, hereon referred to as
biotic substrate colonisation, surveys would benefit from refining the
level of detail in which different benthic categories (e.g. algal turfs,
crustose coralline algae, cyanobacterial mats) are recorded. One of the
fastest colonisers of available substrates are algal turfs (Diaz-Pulido and
McCook, 2002), yet their cover and intrinsic properties are often ne-
glected in surveys (Harris, 2015; Flower et al., 2017). While algal turf
cover itself may not be very informative, it can be a strong predictor of
coral recruitment and subsequent development when combined with

turf height (Birrell et al., 2005; Mumby et al., 2013). For coral reef fish
communities, efforts are increasingly invested towards monitoring key
functional groups separately (Green and Bellwood, 2009) and quanti-
fying herbivory (Fox and Bellwood, 2008; Rasher et al., 2013). Spatial,
temporal and surveyor-related discrepancies, as well as differential
species wariness (Kulbicki, 1998), imply that visual fish biomass sur-
veys should be supported by: (i) remote video surveys, and (ii) para-
meters that reflect longer-term fish functions. The latter can include
algal traits and prey behaviours in response to predatory fish (e.g.
Vermeij et al., 2015).

Here we evaluate the effectiveness of local management using
conventional reef status metrics in combination with a set of com-
plementary metrics that have implications for system resilience.
Conventional (e.g. percent cover of benthic groups, herbivorous fish
biomass) and complementary resilience-based (e.g. algal turf height,
coral recruitment, juvenile coral density, herbivorous fish grazing rates)
metrics were quantified in paired inshore reefs open and closed to
fishing within three locally managed marine areas (LMMAs) in Fiji. We
hypothesised that a substantial discrepancy would be found when in-
terpreting the level of effectiveness from these two different types of
metrics, driven primarily by the limited resolution of conventional
metrics. By quantifying the nature and magnitude of this discrepancy,
we provide a more nuanced approach to evaluate the success of man-
agement. We also evaluate the informative value of measuring turf
height in an inshore Pacific island reef setting by investigating its re-
lationship with ecological processes that are critical for system resi-
lience.

2. Material and methods

2.1. Study area

This study focused on three inshore reef sites within traditional
fishing grounds (qoliqoli), namely Dakuibeqa (Beqa, Rewa Province),
Nasinu (Ovalau, Lomaiviti Province) and Navakavu (Suva, Rewa
Province; Fig. 1). Each qoliqoli contained a locally managed tabu area
(periodically closed to fishing) that had been established for at least
eight years. These locations were selected based on the premise that
Fijian LMMAs represent a good example of effective community-based
management (Techera, 2010; Weeks and Jupiter, 2013). All sites dis-
played similar characteristics regarding reef orientation (i.e. south-east
facing) and topography. At paired reefs within and adjacent to each
tabu area, surveys took place on both reef platforms (1–2 m depth) and
lagoonal slopes (4–6 m depth), covering both inshore reef habitat types
encompassed within all tabu areas. Surveys were carried out between
September 2015 and February 2016.

2.2. Field surveys

2.2.1. Conventional reef status metrics
Conventional metrics of benthic and fish communities were quan-

tified along transects at all survey sites (Table 1). Benthic surveys were
carried out along three 30 m transects within each of the tabu and open
areas, and in both reef habitats, at all sites. Benthic community struc-
ture was assessed using the line-point-transect method (English et al.,
1997), with benthic cover recorded at 50 cm intervals, yielding a total
of 60 points per transect. Fine-scale rugosity was quantified using the
chain-and-tape method (Risk, 1972) with a small link chain (5 mm).
Three replicate rugosity measurements were made along each transect
(averaged per transect), with each measurement covering 5 m linear
distance. Herbivorous fish biomass was quantified at all sites using
underwater visual censuses (UVC) carried out along eight 30 × 5 m
belt transects by a single surveyor (Dickens et al., 2011). The surveyor
recorded the largest and wariest species during a first pass of the
transect, and more site-attached territorial species (e.g. Stegastes spp.)
in the second pass. Individual fishes were identified to the species level
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and assigned to fork length size classes (i.e. 5 cm intervals) to compute
taxonomic richness and biomass, respectively. Biomass values were
obtained using the midpoint of the size class from established length-
weight relationships (Kulbicki et al., 2005; Green and Bellwood, 2009).
Taxonomic richness and biomass were also calculated per functional
feeding group (i.e. browsers, grazers/detritivores, scrapers/small ex-
cavators, large excavators/bioeroders – Green and Bellwood, 2009).

2.2.2. Complementary indicators of ecosystem resilience
Complementary resilience-based metrics were quantified in all

survey sites along transects used for conventional metrics (Table 1). As
proxies of the biotic substrate colonisation dynamics, turf height and
juvenile coral density were quantified (Birrell et al., 2005; Flower et al.,
2017). Turf height was measured to the nearest mm using a plastic ruler
placed perpendicular to the substrate at 30 points under each transect
where algal turfs were observed. We computed the turf index per site as
the product of mean percent turf cover from line-point-transect data

and mean turf height (Steneck and Dethier, 1994; Mumby et al., 2013).
To quantify juvenile coral density, individual juvenile corals (< 3 cm in
diameter) were counted within ten 0.25 m2 quadrats per transect, using
a GOBE Nightsea UV lamp to aid the detection of coral tissue fluores-
cence (Piniak et al., 2005; Baird et al., 2006). Quadrats for juvenile
corals were systematically placed on substrata other than live coral
tissue or sand which would typically be avoided by coral recruits. Ad-
ditionally, along the first 10 m of each transect, each coral colony found
(with at least 50% of its area) within a 1 m belt of the transect line was
assessed for coral-algal interactions. Any type of algae in contact with
the coral was identified to the functional group level, height was
measured for turf algae, and the status of the interaction (i.e. alga
winning, coral winning or neutral) was determined by any visible
mortality, bleaching or overgrowth of either the coral or the algae,
according to Barott et al. (2012).

In the most accessible area, the Navakavu qoliqoli (Suva), 15 re-
cruitment tiles were installed in each reef habitat within the tabu and

Fig. 1. Map of study sites in Fiji. Scaling is consistent across maps of each
study site.

Table 1
Summary of the in situ conventional and complementary metrics selected for site comparisons in the current study.

Metric Interpretations References

Conventional metrics
proportional cover of key benthic

groups
state of benthic reef community according to dominance of different groups Hughes (1994); Norström et al. (2009)

herbivorous fish biomass along visual
transects

high herbivorous fish biomass implies top-down control of algae; (no-take)
management should increase biomass

Mumby et al. (2006); Hughes et al. (2007)

herbivorous fish taxonomic richness
along visual transects

high taxonomic richness reflects ecological insurance; within functional groups reflects
functional redundancy, and more species to replace functions if species are removed

Elmqvist et al. (2003); Nyström (2006)

rugosity a complex reef structure implies a healthier reef and a better habitat for fish; ecosystem
service provision linked to rugosity

Alvarez-Filip et al. (2009); Graham and Nash
(2013)

Complementary metrics
turf height and index ability of coral recruits to settle; herbivorous grazing function; sediment input Birrell et al. (2005); Goatley et al. (2013);

Mumby et al. (2013); Flower et al. (2017)
juvenile coral density ability of coral larvae to settle and of settlers to grow/survive; high abundance

contributes to reef recovery
McClanahan et al. (2012)

coral/algal interactions which key benthic group has a competitive advantage and to what extent; frequency
and severity indicates reef trajectory

Barott et al. (2012); Anthony et al. (2015)

coral recruitment ability of coral larvae to settle and settlers to grow/survive; colonisation of open bare
substrate from coral mortality or predation (e.g. bite scars); high abundance
contributes to reef recovery

McClanahan et al. (2012)

bite (herbivory) rates from video
observations

function and redundancy of herbivorous fish (species); top-down control of algae Fox and Bellwood (2008); Hoey and Bellwood
(2009); Plass-Johnson et al. (2015)
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open areas. Untreated sandstone tiles (15 × 15 cm) were fixed onto
dead coral using 15 cm stainless steel screws. As coral recruits pre-
ferentially settle on the undersides of surfaces, and small variations in
tile angle do not affect coral recruitment patterns (Mundy, 2000), an
angled 8 cm PVC pipe between the underside of the tile and the sub-
strate ensured that tiles were suspended at an angle (∼ 45 ± 20°).
Consequently, sedimentation was limited and recruits were able to
access both tile surfaces. Tiles were installed in mid-October 2015 and
collected in mid-January 2016, thus covering the main spawning times
for broadcast spawning corals in Fiji (Quinn and Kojis, 2008). Upon
collection, both tile surfaces were photographed, and tiles were im-
mersed in 10% household bleach for 48 h, rinsed with fresh water and
dried. Individual recruits on both surfaces were counted and photo-
graphed under a stereo microscope incorporating a digital camera,
followed by identification into major families (Acroporidae, Pocillo-
poridae and other) (Babcock et al., 2003; Ferse et al., 2013). Analyses of
coral recruitment rates focused on the underside of the tiles where 97%
of the recruits settled.

Bite rates of herbivorous fish were quantified through in situ GoPro
video recordings. Video cameras were fixed overlooking reef sub-
stratum for ca. 60 min (n = 4–5 site−1). A 1 m2 quadrat was briefly
placed on the benthos in front of the camera and photographed for
subsequent quantification of grazable substrate (i.e. substrate other
than live corals, sponges and sand). Video analysis excluded the initial
15 min to minimise any diver interference with usual fish behaviour.
For the following 30 min, all nominally herbivorous fish detected
within the frame were recorded to species level in order to assess
taxonomic richness from video recordings. To quantify bite rates, all
herbivorous fish observed feeding within the 1 m2 quadrat frame were
identified to species and the number of bites taken on the substratum
was recorded. Bite rates were scaled to the amount of grazable surface
available from the corresponding quadrat (bites m−2 grazable sur-
face h−1).

2.2.3. Informative value of turf height measurements
To further evaluate the value of incorporating turf height into reef

monitoring, we investigated its relationship with critical ecosystem
processes that determine the continuity and renewal of coral popula-
tions after physical disturbances. To investigate the effect of turf height
on coral recruitment rate, turf height was measured to the nearest mm
at 3 points on each tile surface at collection. The relationship between
juvenile coral density and both turf height and turf index were quan-
tified from transect data. Effects of turf height on coral-algal interac-
tions were evaluated by comparing the outcomes of interactions be-
tween corals and algal turfs< 5 mm and>5 mm, which has previously
been identified as a threshold by which turfs hinder important eco-
system processes (e.g. Birrell et al., 2005).

2.2.4. Water quality assessments
Although the close proximity of paired sites assured similar en-

vironmental conditions, water samples were additionally collected for
subsequent analyses of inorganic nutrient concentrations to provide
further support that observed differences between paired sites were not
driven by water quality. Three water samples of 40 ml were collected
from each site using syringes ca. 10 cm over the seabed without dis-
turbing the sediment. Samples were immediately filtered over 0.45 μm
membrane filters and transported on ice to a dry lab where they were
frozen and maintained at−20 °C until nutrient analysis was conducted.
Inorganic nutrient (nitrate, nitrite and phosphate) concentrations were
measured at the Leibniz Centre for Tropical Marine Research (ZMT),
using a SKALAR Automated Wet Chemistry Analyzer (San++).

2.3. Statistical analyses

The effect of local management and reef habitat on coral recruit-
ment data (Suva only) were investigated using two-way ANOVA models

(aov function – R base package; R Development Core Team, 2013) in-
vestigating single and interactive effects of both factors. Arcsine
transformed percentage benthic cover of live hard coral, fleshy algae
and algal turfs, square root transformed herbivorous fish biomass and
grazing rates, as well as turf height, turf index, juvenile coral counts,
rugosity, and log ratios (percentage winning+1/percentage neutral
+1) of coral-fleshy algae and coral-algal turf interaction outcomes were
each individually tested for their responses to local management, reef
habitat and any interactions between the two factors. Two-way ANOVA
models accounted for the paired design of the study by including an
error term for location to analyse within-subject (location) differences,
and incorporated both management status and reef habitat as fixed
interactive terms. Taxonomic richness of herbivorous fish species in
total and within key functional groups was calculated per site both for
data from UVC and video footage. Paired t-tests compared differences in
taxonomic richness between tabu and open reefs, and also between the
two data collection methods (i.e. UVC vs. videos). Differences in bio-
mass across all herbivorous fish functional groups between tabu and
adjacent open sites were tested by PERMANOVA (Anderson et al.,
2008) using the PERMANOVA+ add-on in Primer v.6 (Primer-E, Ply-
mouth, UK). PERMANOVA tests used the Bray-Curtis similarity coeffi-
cient, with type 3 sums of squares and unrestricted permutation of raw
data, and incorporated the same statistical design as described for the
within-subject (location) ANOVA models. Effect sizes (Cohen’s f2 value)
for each predictor in multiple regressions were calculated according to
Selya et al. (2012), using the formula: Cohen’s f2 = (R2AB − R2A)/
(1–R2AB). Within this formula, R2AB refers to the eta-squared for a
model comprising all predictors, and R2A refers to the eta-squared for a
model comprising all factors minus the predictor of interest (B). Effect
sizes for paired t-tests (Cohen’s d) were quantified using the CohensD
function within the lsr package (Navarro, 2015). According to Cohen
(1988), small, medium, and large effect sizes are defined as f2 ≥ 0.02,
f2 ≥ 0.15, and f2 ≥ 0.35 (for Cohen’s f2), and d≥ 0.2, d ≥ 0.5, and
d ≥ 0.8 (for Cohen’s d), respectively. Results are provided in effect size
values with significance test outcomes (i.e. p values). Using the pwr
package (Champely, 2017), we additionally calculated what effect sizes
for each response variable would theoretically be detectable with 80%
power. This package was also used to calculate the power to detect the
effect sizes that we measured (i.e. how much power did our sampling
and model design have to detect an effect of the predictors; Appendix
C). To test overall differences among sites according to both conven-
tional and complementary metrics, we used principal components
analyses (PCA; prcomp function R) based on Euclidean distances after
removing any collinear terms (R2 > 0.6). To discard that differences
between paired sites were attributable to differences in water quality,
inorganic nutrient concentrations were compared between paired sites
using two-way ANOVA models incorporating location as an error term.
A generalised linear regression model (glm function − R base package),
incorporating a quasi-poisson distribution, evaluated the relationship
between turf height and coral recruitment rate across all tiles from all
sites. A changepoint analysis was run to identify any potential thresh-
olds in mean coral recruitment rate with different turf heights (chan-
gepoint R package; Killick and Eckley, 2013). The effects of turf height
and turf index on juvenile coral density were analysed using generalised
linear regression models (glm function – R base package) on transect
data. Finally, one-way ANOVA models investigated the effect of turf
height (< 5 mm, ≥5 mm) on the log ratio (percentage winning + 1/
percentage neutral + 1) of coral-algal turf interaction outcomes. Model
residuals for all models were extracted and checked visually to confirm
that model assumptions were not violated.

3. Results

Conventional reef status metrics revealed no differences in benthic
or fish communities between tabu and adjacent open areas (Table 2;
Fig. 2a). Benthic cover of hard coral, fleshy algae and algal turfs, as well
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as rugosity, were consistent across tabu and adjacent open reefs re-
gardless of habitat type. The small effect sizes indicate that replication
would have to be increased ca. four-fold to have strong power (i.e. 0.8)
to detect significant differences in these metrics. Furthermore, neither
biomass nor taxonomic richness of herbivorous fishes were affected by
management according to UVC data (Fig. 2a; Fig. 3a; Table 2). Habitat
type itself did however drive large differences according to conven-
tional metrics, with lagoonal slopes exhibiting significantly higher
rugosity, benthic cover of hard coral and herbivorous fish biomass, and
lower cover of fleshy algae, in comparison to reef platforms.

The complementary resilience-based metrics indicated that local
management was driving profound differences in biotic substrate co-
lonisation (Fig. 2b; Table 2). The presence of local management had a
large and significant effect on mean turf height (33 ± 8% lower), ju-
venile coral density (42 ± 22% higher), and to a slightly lesser extent
turf index (33 ± 16% lower). Management also had a very strong ef-
fect on coral recruitment rate at Suva, with significantly more recruits
settling within the tabu area (736 ± 89 recruits m−2) than in the ad-
jacent open reef (284 ± 35 recruits m−2; Table 2; Fig. 4). The positive
effect of local management was consistent across the two reef habitats,
and the most common families of recruits (ANOVA, Acroporidae
p = 0.016; Pocilloporidae p < 0.001; Fig. 4). In terms of coral-algal
interactions, fleshy algae were more competitive against coral colonies
in adjacent open areas, but in contrast algal turfs were more competi-
tive against corals within tabu areas (Table 2; Appendix A).

In contrast to the UVC results, data extracted from video footage
indicated that taxonomic richness of grazers/detritivores (paired t-test,
p = 0.007) and of all functional groups combined (Table 2) were higher
inside tabu areas compared with adjacent open areas (Fig. 3b). Videos

captured a higher taxonomic richness of herbivorous fish within the
browser functional group than UVC (paired t-test, p= 0.04), but UVC
found higher richness of grazers/detritivores (paired t-test p < 0.001)
and scrapers/small excavators (paired t-test p = 0.003) than video
footage. Bite rates of herbivorous fish showed large variation and did
not differ significantly between tabu and adjacent open reefs within
either reef habitat (PERMANOVA, p = 0.752; Fig. 3c). Grazers/detri-
vitores were responsible for most bites among sites, and bite rates on
the reef platform at Ovalau were significantly higher than elsewhere
(PERMANOVA, p < 0.01; Fig. 3c). At Ovalau, turf height was also
lower than at other sites (tabu: 1.6 ± 0.3 mm, open: 2.3 ± 0.1 mm;
Fig. 2b).

A PCA based on conventional metrics revealed similarities of open
sites across the second principal component (24.9% variance ex-
plained), whereas tabu sites were heterogeneously dispersed around the
plot (Fig. 5a). In contrast, when the PCA incorporated more resilience-
based metrics, a clear differentiation of local management was revealed
across the first principal component (43.7% variance explained;
Fig. 5b). The PCA revealed that open reefs were associated with higher
turf height and diversity of excavators as extracted from video footage.
Tabu reefs in contrast exhibited strong positive associations with juve-
nile coral density, bite rates and taxonomic richness of grazers/detri-
tivores and scrapers/small excavators as determined from video foo-
tage. Two sites behaved as anomalies and fitted into the opposing
cluster: the open platform at Ovalau driven by the exceptionally high
bite rates, and the tabu slope at Suva driven by the high taxonomic
richness of large excavators/bioeroders observed within video footage.
The proximity of paired sites and insignificant differences between in-
organic nutrient concentrations (Appendix B) suggested that differences

Table 2
Statistical comparisons of the differences in individual metrics for management (tabu, T vs. open, O), reef habitat (platform, P vs. lagoonal slope, S), and the interaction between the
predictors. Results provided in terms of effect size (Cohen’s f2 or Cohen’s d; large effect = blue, medium effect = light blue, small effect = grey) and significance tests
(< 0.001 = ***,< 0.01 = **,< 0.05 = *). Superscripts refer to statistical designs used: 1within-subject ANOVA, 2paired t-tests, 3two-way ANOVA, and whether the effect size is
presented as fCohen’s f2 (for multiple regressions) or dCohen’s d (for paired t-tests). (For interpretation of the references to colour in this table legend, the reader is referred to the web
version of this article.)
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between paired tabu and open reefs were not driven by water quality.
As well as exhibiting significant responses to management, turf

height was also itself strongly associated to other benthic processes.
Turf height was inversely related to coral recruitment rate (GLM,
p = 0.028), with a threshold height of 5.7 mm identified after which
mean coral recruitment rate dropped from 578 to 133 recruits m−2

(Fig. 6a). Both turf height and turf index were also negatively correlated
with juvenile coral density (GLM, p= 0.03; Fig. 6b and c). In addition
to being detrimental to coral recruitment and succession, algal turfs
with canopy heights ≥5 mm were also significantly more successful in
competition with neighbouring corals compared to those< 5 mm in
height (ANOVA, F(1.70) = 16.02, p < 0.001; Fig. 7).

4. Discussion

By measuring a variety of metrics in paired tabu (periodically closed
to fishing) and adjacent open reefs, this study allowed us to explore the
ability of different approaches to detect changes within benthic and fish
communities under local management in Fiji. The results demonstrate
that contrasting interpretations of management effectiveness can be
made depending on the metrics measured in surveys. According to
conventional metrics, local management failed to induce positive eco-
logical effects in either benthic or herbivorous fish communities.
Conversely, a complementary set of resilience-based metrics that
measured more dynamic ecosystem functions and processes indicated
that local management was promoting ecosystem attributes of im-
portance for securing the continuity and renewal of coral populations.
Particularly, the scope to capture differences in biotic substrate colo-
nisation allowed the detection of changes that have important im-
plications for system resilience that would otherwise have been over-
looked.

As coral recruitment and subsequent growth are key components of
reef recovery (McClanahan et al., 2012), increased recruitment and

juvenile coral densities within tabu areas indicate that local manage-
ment has effectively improved the systemʼs resilience to perturbations.
Laboratory choice experiments and field observations have shown that
both fish and coral larvae preferentially settle on reefs dominated by
coral rather than algal communities (Lecchini et al., 2013), for example
on reefs that have exhibited a positive response to local management
(Dixson et al., 2014). Although the tabu areas in this study did not
exhibit differences in broad benthic groups such as hard coral or fleshy
algae, turf height and turf index were significantly reduced when
compared with adjacent open reefs. Coral recruitment rate indeed
strongly declined with increasing turf height, with a threshold identi-
fied at 5.7 mm turf height above which recruitment rates exhibited a
five-fold decrease, corroborating other studies (Birrell et al., 2005).
Interestingly, turf height and turf index were also significantly nega-
tively related to juvenile coral density despite turf heights on transects
consistently averaging<5 mm, showing the opposite trend to equiva-
lent short-cropped turfs in Micronesia (Mumby et al., 2013). Algal turfs
≥5 mm in height were also significantly more competitive against
neighbouring corals. Under conditions where algae gain a competitive
advantage against corals (as also indicated for fleshy algae outside of
tabu areas), the ability of coral communities to sustain dominance into
the future can be compromised.

In addition to providing information on the effect of local man-
agement on coral recruitment processes, this study provides useful in-
formation on recruitment rates during warmer months on inshore Fijian
reefs, for which data is sparse. Consistent with many previous coral
recruitment studies, the significant majority of recruits settled on the
underside of the tiles (Harriott and Fisk, 1987; Babcock and Mundy,
1996; Doropoulos et al., 2014). Coral recruitment rates at Suva were
relatively high, particularly within the tabu area (mean>700 recruits
m−2), compared with other studies in the region (Gleason, 1996; Quinn
and Kojis, 2008) and elsewhere (e.g. Smith, 1992; Glassom et al., 2004).
Abundances of acroporid and pocilloporid recruits consistently

Fig. 2. Benthic and fish community responses
(mean ± SE) to local management as determined by
(a) conventional and (b) complementary metrics.
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comprised over 80% of the total coral recruit community, but the adult
coral communities at these inshore sites were dominated by poritids
and acroporids (Appendix D). This trend reflects a higher mortality of
juvenile brooders such as pocilloporids compared with spawners such
as acroporids (Doropoulos et al., 2015).

In terms of herbivorous fish communities, conventional surveys into
biomass and taxonomic richness, and complementary measures of
grazing rates, did not indicate any obvious benefits under local man-
agement. Nonetheless, video observations found higher overall taxo-
nomic richness of herbivorous fishes inside tabu areas, and algal turf
characteristics indicate that long-term grazing of herbivorous fish is
greater inside protected areas. Provisional analyses into the functional
space of herbivorous fishes also differed strongly depending on the
method by which fish communities are measured (i.e. present in UVC,
present in video footage or recorded grazing in video footage –
Appendix E). Evidently conflicting interpretations of herbivorous fish
communities can be made depending on the metrics used to measure
them. There are also benefits from incorporating additional video foo-
tage into surveys. Browsers such as Naso (Acanthuridae) fulfil critical
ecological roles in terms of maintaining system resilience (Hoey and
Bellwood, 2009; Ford et al., 2016) but are particularly wary of divers
and can consequently be overlooked during standard UVC (Kulbicki,
1998). Correspondingly, more browsers were encountered in video
observations than during UVC. Although they were only responsible for

Fig. 3. Taxonomic richness of herbivorous fish at each reef, separated by functional group
as determined from (a) UVC, and (b) video footage, and (c) herbivorous fish bite rates
(mean ± SE) for each reef, separated by functional group.

Fig. 4. Coral recruitment (mean ± SE) at each study reef in Suva, with relative con-
tributions of major families (Acroporidae, Pocilloporidae, other).

Fig. 5. Principal components analysis based on Euclidean distances of study reefs, ac-
cording to (a) conventional and (b) complementary metrics. Shaded areas represent the
extent of similarities between reefs of the same management status. Taxonomic richness is
referred to as taxon rich.
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a negligible proportion of bites, their browsing behaviour was probably
limited by the minimal presence of fleshy algal types other than en-
crusting Lobophora. Video recordings of bioassays offering alternative
fleshy algal varieties may reveal further insights into the potential
function of browsing fishes at these sites, indicating their ability to
consume fleshy algae which can bloom following disturbances (Hoey
and Bellwood, 2009; Rasher et al., 2013). Poaching within tabu areas is
a problem in the region, and may explain why there are no conspicuous
benefits of protection in terms of herbivorous fish biomass in baseline
surveys. Poaching may primarily be focused on night-time spearfishing
that removes larger individuals, whilst fishers may still avoid net
fishing within tabu areas thus facilitating survival of smaller in-
dividuals. There are thus many challenges associated with fish surveys,
including temporal- and surveyor-related discrepancies, wariness of
some key species and the potential dilution of conspicuous management
effects on larger individuals caused by poaching. These challenges

indicate that if surveys aim to measure system trajectories and resi-
lience, it would strongly benefit them to incorporate complementary
metrics focusing on long-term responses to fish function, such as biotic
substrate colonisation.

Whilst strong relationships between coral reef benthos and herbi-
vorous fish communities have been established across the Caribbean
region, limited research from the Pacific region suggests that relation-
ships are less clear (Wismer et al., 2009; Mumby et al., 2013; Russ et al.,
2015). Even within the Caribbean region, studies tend to neglect
shallow lagoonal habitats. Thus, this study additionally provides im-
portant information on relationships between coral reef herbivory,
benthic communities and coral recruitment success in the context of
inshore reefs within the Pacific Island region. Due to limited site re-
plication and a lack of long-term data, we are hesitant to draw firm
conclusions on the effectiveness of local management in Fiji. None-
theless, we are confident from our results that local management has
promoted positive system trajectories and resilience dynamics within
the inshore reef ecosystems. Interestingly, a recent analysis of similar
small protected areas nearby in Fiji contrastingly found that manage-
ment significantly affected a variety of conventional metrics (Bonaldo
et al., 2017). For example, the authors observed significantly higher
coral cover, herbivorous fish biomass and species richness, and sig-
nificantly less fleshy algae cover compared to neighbouring fished reefs.
However, there may be a variety of reasons that these results are in
contrast to ours: (i) replication was three-fold higher within each study
area, allowing smaller effect sizes to be detected as significant, (ii) the
reefs were generally closer to shore with the presence of some large
hotels, potentially allowing better enforcement of, and incentives for,
management, with the hotels likely providing alternative livelihoods to
villagers, and (iii) the reefs seem to be in a more degraded state than in
the present study, with for example lower coral cover, implying that the
environment may be more stressful and thus that management may
have more conspicuous and quick effects. However, the results from our
study align well with Mumby (2017), who emphasised that surveys
need to be better prepared to deal with ‘shades of grey’ in reef health as
reefs become increasingly homogeneous in appearance. To achieve this,
the author states that better tools are needed to measure and interpret

Fig. 6. Generalized linear model output with con-
fidence intervals shown in grey for (a) coral re-
cruitment rate as a function of turf height on tiles
(dashed line indicates threshold after which average
recruitment significantly declines), and juvenile
coral density as function of in situ (b) turf height and
(c) turf index.

Fig. 7. Ratio (mean ± SE) of winning vs. neutral interactions (algal perspective) be-
tween short (< 5 mm) and long (≥5 mm) algal turfs in interaction with neighbouring
coral colonies. Larger ratios represent higher competitivity of algal turfs.
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modest changes in reef state, for which the findings of this research are
highly relevant. While confronted with increasing global change, we
may fail to dramatically increase hard coral cover, and boosting resi-
lience of the ecosystem and promoting positive trajectories will become
increasingly important.

Most of the resilience-based metrics that were strongly affected by
management and indicate system resilience (turf height, turf index and
juvenile coral density) represent very quick and cost-effective tools to
include in future monitoring. The effect sizes of these metrics were also
large enough for them to be detected with a high power in relatively
small-scale surveys. Furthermore, whilst reef habitat often had a large
effect on conventional metrics, the resilience-based metrics generally
remained consistent, indicating their suitability across different inshore
environments. Remote videos can facilitate observations of wary or
heavily targeted fish which are important for system resilience (e.g.
browsers) but can be overlooked by conventional UVC. However, whilst
using such videos to quantify grazing rates is important to understand
herbivorous fish functions, the presence of large variability in data
necessitates high replication with associated intensive and time-con-
suming post-hoc analyses. Coral recruitment can provide interesting
information but also requires a relatively large time and cost invest-
ment, and in terms of resilience the same information can be obtained
from juvenile coral counts or turf height which represent much easier
measurements obtained from single time-points. Turf height exhibits
particularly strong potential as an indicator for reef trajectories and
resilience, as it was significantly related to coral recruitment success,
juvenile coral abundances and the outcome of coral-algal interactions.
As well as suppression of herbivory by external factors such as over-
fishing (Mumby et al., 2013; Clausing et al., 2014), increased canopy
height can reflect higher sediment loading and accumulation within the
benthos with associated reductions of grazing (Bellwood and Fulton,
2008; Goatley et al., 2013). Different characteristics of algal turfs can
therefore reflect destabilised and thus degrading reef systems, or re-
covering reefs exhibiting healthy ecological processes. These results
thus emphasise the informative value of incorporating this very simple
measurement into future baseline surveys.

If local communities are not seeing any benefit of management, they
may become disheartened and abandon their measures. Thus, in-
corporating resilience-based metrics, and particularly biotic substrate
colonisation measurements, into monitoring increases the likelihood of
conveying positive effects of management efforts back to communities.
Few monitoring programmes currently include metrics that indicate
aspects of biotic substrate colonisation (Appendix F), demonstrating the
need to re-evaluate key indicators to diagnose coral reef health and
resilience (McClanahan et al., 2012; Anthony et al., 2015; Flower et al.,
2017). Our results do not undermine the importance of including
conventional metrics into surveys, and indeed these measurements are
particularly important over time to understand ecosystem service pro-
vision and confirm long-term trends. Furthermore, this long-term pic-
ture can clarify if processes and functions linked to reef resilience do
eventually translate into higher coral cover.

5. Conclusions

Even under a scenario whereby climate agreements are im-
plemented internationally, > 75% of reefs will experience annual se-
vere bleaching by 2070 (van Hooidonk et al., 2016) and only 10% are
projected to persist by 2100 (Frieler et al., 2012). It is thus important
that managers are provided with the most effective tools to measure
how well management is promoting ecological resilience, as well as to
prioritise resilient areas in which to invest and focus future efforts. In
data-poor regions such as many Pacific island countries and territories,
long-term monitoring data from which to evaluate ecosystem trajec-
tories may not be available. The additional inclusion of relatively
simple, quick and cost-effective indicators that measure aspects asso-
ciated with ecological resilience can overcome this limitation in future

surveys. Measurements that focus on biotic substrate colonisation in
particular can be very easily incorporated and have the resolution to
capture subtle but important differences between increasingly homo-
geneous reefs that provide a strong indication of ecosystem trajectories
and resilience. Monitoring should thus focus on measurements that
respond rapidly to changing conditions and that may indicate whether
the system is likely to exhibit a stable temporal trajectory or to shift to
alternative dominance states in response to future perturbations.
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