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Abstract Coral reefs are subjected to unprecedented

levels of disturbance with population growth and climate

change combining to reduce standing coral cover and

stocks of reef fishes. Most of the damage is concentrated in

shallow waters (\30 m deep) where humans can com-

fortably operate and where physical disturbances are most

disruptive to marine organisms. Yet coral reefs can extend

to depths exceeding 100 m, potentially offering refuge

from the threats facing shallower reefs. We deployed baited

remote underwater stereo-video systems (stereo-BRUVs)

at depths of 10–90 m around the southern Mariana Islands

to investigate whether fish species targeted by fishing in the

shallows may be accruing benefits from being at depth. We

show that biomass, abundance and species richness of

fishery-targeted species increased from shallow reef areas

to a depth of 60 m, whereas at greater depths, a lack of live

coral habitat corresponded to lower numbers of fish. The

majority of targeted species were found to have distribu-

tions that ranged from shallow depths (10 m) to depths of

at least 70 m, emphasising that habitat, not depth, is the

limiting factor in their vertical distribution. While the

gradient of abundance and biomass versus depth was

steepest for predatory species, the first species usually

targeted by fishing, we also found that fishery-targeted

herbivores prevailed in similar biomass and species rich-

ness to 60 m. Compared to shallow marine protected areas,

there was clearly greater biomass of fishery-targeted spe-

cies accrued in mesophotic depths. Particularly some spe-

cies typically harvested by depth-limited fishing methods

(e.g., spearfishing), such as the endangered humphead

wrasse Cheilinus undulatus, were found in greater abun-

dance on deeper reefs. We conclude that mesophotic depths

provide essential fish habitat and refuge for fishery-targeted

species, representing crucial zones for fishery management

and research into the resilience of disturbed coral reef

ecosystems.
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Introduction

Coral reefs provide resources for millions of people but are

under severe threat from local and broad-scale impacts

including coral bleaching, storm damage, coastal devel-

opment, sedimentation and fishing pressure (Hoegh-Guld-

berg et al. 2007; Newton et al. 2007; Bridge et al. 2013).

Fishing, in particular, is recognised as the most widespread,

exploitative activity in the marine environment, driven by

its importance as a provider of protein to a large part of the

human global population (Jennings and Kaiser 1998; Pauly
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et al. 2005). Fishing impacts are especially relevant on

coral reefs, where an estimated 6 million fishers depend on

coral reefs worldwide, evidently supporting the socio-

economic well-being of numerous coastal communities

(Teh et al. 2013). Unfortunately, coral reef fishery catches

have declined around the world in recent decades (Newton

et al. 2007; Cuetos-Bueno and Houk 2015), prompting calls

for improved management of this valuable resource (Houk

et al. 2012).

Threats to coral reefs are ever increasing yet typically

concentrated on the shallowest depths where fishing pres-

sure is most focused and where disturbances such as storms

and coral bleaching are most influential (Bongaerts et al.

2010; Bridge et al. 2013; Graham et al. 2015). Once-pro-

ductive habitats near shore and closer to population centres

have deteriorated in many locations, prompting fishers to

access new fishing grounds or adopt more efficient fishing

practices. For example, since the middle of last century,

industrial fishing fleets have responded to diminishing

global catches by targeting fishes in deeper waters to

maintain high catch rates (Pauly et al. 2005; Morato et al.

2006). On tropical reefs, such a shift in fishing practices to

deeper depths has been observed for sea cucumber fisheries

(Friedman et al. 2011) and SCUBA has been used for

spearfishing to access deeper waters and target high value

but vulnerable coral reef fish that have declined in shallow

depths (Lindfield et al. 2014). Targeting fish in increasingly

deeper water has been termed ‘‘fishing down the deep’’,

and it was recognised a decade ago that rather than

exploiting the last refuges for commercial fish species,

deep-water habitats should be new candidates for conser-

vation (Morato et al. 2006).

Coral reefs that lie below conventional SCUBA diving

depths ([*35 m) are commonly referred to as meso-

photic coral ecosystems (MCEs) that represent the extent

of the lower distributional limit of zooxanthellate, reef-

building corals (Kahng et al. 2014). MCEs are closely

linked to shallow reef areas, usually forming a contiguous

or semi-contiguous belt of habitat along a depth gradient.

While previous work has demonstrated that some fish and

other reef organisms have depth ranges that traverse the

shallow and mesophotic zones (Brokovich et al. 2008;

Slattery et al. 2011; Fitzpatrick et al. 2012; Kahng et al.

2014), the majority of coral reef research has focused on

shallow waters (\30 m) due to technical and logistical

constraints on working at mesophotic depths (Kahng et al.

2014). Despite the limitations in studying MCEs, recent

studies have revealed that these depths may provide critical

refuge habitats; at least one species of fish has been found

to be genetically connected between shallow and meso-

photic zones (Tenggardjaja et al. 2014), and corals found

on deeper reefs can contribute substantially to larval

production compared to shallow reefs (Holstein et al.

2015). It is therefore likely that deep-water reefs may also

serve as refuges for coral reef fishes subjected to fishing

pressure.

Our study aimed to address the question, ‘‘Do MCEs

sustain populations of reef fish species that are targeted by

fishing within the shallower reef zones?’’ The waters sur-

rounding the southern Mariana Islands are exceptionally

clear, allowing light penetration to great depths, and sub-

sequently allow the development of extensive MCEs, with

hard coral recorded to a depth of 150 m (Blyth-Skyrme

et al. 2013). The shallow reefs of the region are subject to

intense fishing pressure as people still commonly linefish,

spearfish, net and glean to augment their protein intake as

they have for millennia (Amesbury and Hunter-Anderson

2003; Houk et al. 2012; Cuetos-Bueno and Houk 2015). To

address the study question, we quantified the structure of

mesophotic fish communities using baited remote under-

water stereo-video systems (stereo-BRUVs) in a depth-

stratified design.

Methods

Study area

The southern Mariana Islands (Fig. 1) include the coral

reef islands and submerged banks of Guam and the Com-

monwealth of the Northern Mariana Islands (CNMI).

These islands are home to over 200,000 people and have

received among the highest levels of fishing pressure in the

region, resulting in reduced fish stock abundances and

diminished ecological function (Houk et al. 2012; Cuetos-

Bueno and Houk 2015).

Sampling locations were chosen to represent a range

of depths, wave exposures and levels of fishing pressure

found in the southern Mariana Islands. Accordingly,

some sites were located in marine protected areas and at

sheltered and exposed locations of inshore and offshore

reefs (Fig. 1; Table 1). MCEs were sampled at the off-

shore locations of Galvez Bank, Garapan Anchorage and

the inshore coastal waters of Rota. Galvez Bank is a

submerged reef located 22 km south-west of Guam

(Fig. 1). The shallowest depth is 20 m, but the majority

of the bank is within 30–40 m depth with consolidated

reef that extends to depths of at least 70 m. Garapan

Anchorage is situated off the west coast of Saipan and is

closer to shore, but covers a similar depth range of

approximately 20–100 m (Fig. 1). Garapan Anchorage

consists of an inner terrace and an outer terrace (also

known as double reef) and forms the largest shallow

insular shelf (58 km2) in the entire Mariana Archipelago
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(Blyth-Skyrme et al. 2013). Previous surveys using

towed video camera sleds at Garapan Anchorage iden-

tified extensive areas of MCEs on both the inner and

outer terraces, with the greatest hard coral cover in the

60–80 m depth range, associated with a large stand of

Euphyllia stony coral (Blyth-Skyrme et al. 2013).

Fig. 1 Study locations in the

southern Mariana Islands.

Mesophotic sites are indicated

as black circles, inshore

euphotic depths (\35 m) are

indicated as stars, with MPA

sites in Guam coloured yellow.

The 100 m contour line is

shown in blue for Garapan

Anchorage and Galvez Bank

Table 1 Summary details of the number of sites and stereo-BRUV replicates surveyed at each location

Location MPA status Shore/exposure Sites Stereo-BRUVs Min. depth (m) Max. depth (m)

Galvez Bank Fished Offshore exposed 14 54 31 68

Garapan inner terrace Fished Offshore sheltered 5 21 60 91

Garapan outer terrace Fished Offshore sheltered 7 33 33 68

Rota Fished Inshore exposed 2 10 38 65

Fished Inshore sheltered 3 11 40 62

Guam North Fished Inshore exposed 8 40 10 32

MPA Inshore exposed 4 20 10 32

Guam West Fished Inshore sheltered 8 40 10 33

MPA Inshore sheltered 6 30 10 32

Saipan South Fished Inshore sheltered 8 40 9 31

Tinian Fished Inshore exposed 8 40 10 32
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Sampling methods

Fish communities were sampled using baited remote

underwater stereo-video systems (stereo-BRUVs). These

systems are a practical and cost-effective technique for

surveying reef fish across a range of depths and habitats

(Langlois et al. 2010). The stereo-BRUVs consisted of two

Sony CX-7 high-definition video cameras in purpose-built

underwater housings that were mounted on a base bar,

0.7 m apart and inwardly converged at 8�. Detailed infor-

mation on the design and photogrammetric specifics of

these systems is presented in Harvey et al. (2010). Each

system was baited with 1 kg of chopped and crushed

Pacific saury (Cololabis saira), which was placed in a

plastic-coated wire basket and suspended 1.2 m in front of

the two cameras. The systems were left to film on the

seafloor for 60 min during daylight hours before they were

retrieved.

MCEs of Galvez Bank, Garapan Anchorage and Rota

were sampled in February and March 2010 with a fleet of

eight stereo-BRUVs during a research cruise on the NOAA

vessel Oscar Elton Sette. Sampling positions were hap-

hazardly chosen at least 250 m apart with GPS coordinates

selected from multibeam bathymetry data (PIBHMC 2010)

with a focus on consolidated and preferably high-com-

plexity reef. These deployments were grouped into sites

(3–5 replicates) that were spatially clustered together

within a similar depth range (Table 1). The coastal waters

of Guam, Tinian and Saipan were sampled at depths of 10

and 30 m (as presented in Lindfield et al. 2014). Sampling

was attempted in deeper water (30–100 m) at these loca-

tions, but the benthic substrate was found to be predomi-

nantly sand so we did not continue sampling. A total of 42

sites (5 replicates per site) were sampled around these

coastal waters between 1 July and 29 October 2010.

Overall, the 73 sites sampled represent data from 339

stereo-BRUVs (Table 1).

Data processing

Stereo-BRUVs video footage was analysed using spe-

cialised software, EventMeasure-Stereo (www.seagis.com.

au). The maximum number of any one species seen at once

during a 60-min recording (MaxN) was used as the mea-

sure of relative abundance, with fish measured for fork

length (mm FL) at the time of MaxN. To ensure accuracy

of the length measurements (see Harvey et al. 2010) while

accurately identifying and counting as many fish as pos-

sible, we used the following guidelines: small-bodied

individuals up to 100 mm length were only counted within

4 m of the cameras; fish to 500 mm were counted to 8 m

distance; and larger fish were counted to a maximum dis-

tance up to 10 m from the cameras. For individual fish that

could not be measured (e.g., obscured from one of the

camera views), we used the average length for that species

from that site to calculate biomass.

Historical catch data from Guam were used to classify

coral reef fish species targeted by fishing. Fishery-targeted

species were selected by reviewing data collected from

creel surveys conducted by the Guam Department of

Aquatic and Wildlife Resources (DAWR) and the Western

Pacific Fisheries Information Network. We selected the top

one hundred fish species that contributed to the total bio-

mass of landings from inshore and offshore creel surveys

(excluding the landings of deep-water bottom fish caught

below the depths of this study). We excluded four small

species that are not regarded as fishery targets, but were

ranked in this list as they are commonly encountered and

sometimes retained by fishers (Melichthys vidua, Balista-

pus undulatus, Odonus niger and Cephalopholis urodeta).

In addition, we also included some larger-bodied species

that were similar in appearance to other fish species in the

list and expected to be retained by fishers, including the

majority of species from families Carangidae, Epinepheli-

dae, Lutjanidae, Lethrinidae, the Scarinae tribe of Labridae

and the Naso genus of Acanthuridae.

Fishery-targeted species recorded on the stereo-BRUVs

were measured for length and converted to biomass

(g) using the relationship weight (g) = a 9 length (mm

FL)b. The a and b values required for calculating length–

weight relationships were derived from power regressions

using accurate fish lengths and weights provided by Guam

DAWR. When adequate sample sizes did not allow the

formulation of locally derived a and b values, we used data

from other sources (Froese and Pauly 2013). Each fish

species was grouped into one of five trophic groups: (1)

primary consumers (including herbivores and detritivores);

(2) secondary consumers (including invertivores, coralli-

vores, and omnivores); (3) planktivores (primarily con-

suming zooplankton); (4) piscivores (including species

with fish as the dominant diet item) excluding sharks; and

(5) sharks. Trophic classifications followed Sandin and

Williams (2010) except for Lethrinus rubrioperculatus,

which has been recently classified as a piscivore in this

region (Trianni and Tenorio 2012). Fish species analysed in

this study are listed in Electronic Supplementary Material

(ESM) Table S1, along with trophic groupings, length–

weight relationship values and the maximum and minimum

depth ranges recorded.

Environmental variables were measured for each repli-

cate stereo-BRUVs deployment. Habitat metrics of struc-

tural complexity, reef slope and the benthic cover of five

habitat types [live coral, macroalgae, turf algae, crustose

coralline algae (CCA) and unconsolidated sediment] were

visually estimated from the imagery of the video cameras.

Estimates of structural complexity followed those used by
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Wilson et al. (2007), where 0 = no vertical relief, 1 = low

and sparse relief, 2 = low but widespread relief, 3 =

moderately complex, 4 = very complex with numerous

fissures and caves, 5 = exceptionally complex with numer-

ous caves and overhangs. Reef slope was also estimated on a

6-point scale from flat to vertical wall. Benthic cover for the

five habitat types was graded, where 0 = trace (0 %),

1 = sparse (1–10 %), 2 = low (10–25 %), 3 = medium

(25–50 %), 4 = dense (50–75 %), 5 = very dense

([75 %). We extracted values for the distances to deep

water (100 m contour), land and the nearest boat ramp using

ArcGIS. Maximum depth (m) was recorded using digital

depth gauges attached to the stereo-BRUVs.

Individual stereo-BRUVs deployments were clustered

into depth groups (e.g., the 30 m depth group ranged from

25.0 to 34.9 m). To show differences between the inshore

and offshore locations, the 30 m depth groups sampled at

Galvez Bank and Garapan Anchorage were separated from

the 30 m sites at the inshore waters of Guam, Tinian and

Saipan. Rota was the only inshore location where meso-

photic depths ([35 m) were sampled but these data were

presented together due to a low number of replications and

the similarity of the fish community variables to the off-

shore locations. To visualise the depth ranges for the main

species from each trophic group along with their relative

abundance, a heatmap plot was made by averaging the

relative abundance counts (MaxN) for each species over all

replicates at each depth group and then ranking the abun-

dance values on a standard scale. Graphical plots were

created with the ggplot2 package (Wickham 2009) in the R

language and environment (R Core Team 2014).

Statistical analyses

To investigate which explanatory variables contributed to

the observed differences in the reef fish assemblage bio-

mass, we used two complementary multivariate methods:

multivariate regression trees (MRTs) and distance-based

redundancy analysis (De’ath 2002). Explanatory variables

for each site (averaged from replicates) were as follows:

depth (9–91 m), marine protected area status (fished or

MPA), jurisdiction (Guam or CNMI), shore and exposure

(inshore/offshore and exposed/sheltered), distance to land,

travelling distance to the nearest boat ramp, distance to

deep water (100 m contour), the seven habitat metrics and

the spatial covariables of latitude and longitude.

MRTs are a powerful and robust method used to analyse

complex ecological data including imbalanced designs with

both numeric and categorical explanatory variables (De’ath

2002). This method determines clusters that are comparable

in species dissimilarity, with each cluster defined by a set of

environmental variables (Borcard et al. 2011). MRT anal-

ysis was first done to identify the main explanatory

variables and any interactions that may be contributing to

the structure of the assemblage. To reduce the importance of

large values, but still give low weights to rare species, the

fish data were Hellinger-transformed prior to analysis by

dividing the biomass of each species by the site total and

square root transforming the result (Borcard et al. 2011).

We ran the model 100 times to select the optimal tree size

for predictive accuracy and chose the tree size that min-

imised the cross-validated relative error (following Borcard

et al. 2011). The results of the MRTs are graphically dis-

played with threshold values for each split displayed at each

tree ‘‘node’’. Analyses were done using the R package

mvpart (De’ath 2014).

Indicator values for the MRT were calculated from the

Dufrêne and Legendre Index (DLI; Dufrêne and Legendre

1997) using the function indval in the R package labdsv

(Roberts 2013). This index is maximal when all individuals

of a species are found at the particular tree node and when

that species is represented at all of those sites (Dufrêne and

Legendre 1997). The statistical significance of the indicator

values (i.e., the probability of obtaining by chance an

indicator value as high as that observed) is assessed by

means of a permutation test (Borcard et al. 2011). A

maximum of ten species that are significant indicators

(p\ 0.05) were displayed on the MRT and ordered by

decreasing DLI values.

To identify other explanatory variables that may be

important for structuring the assemblage over environ-

mental gradients, we used the distance-based linear mod-

elling (DISTLM) procedure in the PERMANOVA ? add-

on package for PRIMER v6 (Anderson et al. 2008).

Between-sample dissimilarity for this multiple regression

analysis was constructed with a Bray–Curtis dissimilarity

matrix and square root-transformed biomass data. Model

selection was based on the modified Akaike’s information

criterion (AICc), and the best procedure was used to

identify the simplest models with the greatest explanatory

power. Distance-based redundancy (db-RDA) routine was

then used to perform a constrained ordination on the fitted

values from the best model (Anderson et al. 2008). To

visualise the ordination, total biomass values for each site

were scaled as bubbles and the fish species that were cor-

related (Pearson values[0.4) with the assemblage varia-

tion were displayed as vectors indicating the strength and

direction of the relationships.

Results

Diversity and depth distributions

Overall, 7332 individual fish of 100 species and 17 families

were counted (ESM Table S1). The majority (75 %) were
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observed with depth distributions traversing the shallow

(B35 m) and mesophotic zones ([35 m). Only 17 fishery-

targeted species were not observed at mesophotic depths,

whereas eight species were observed only from mesophotic

depths. Of the 32 species of primary consumers that are

targeted by fishing, the majority (76 %) had depth ranges

extending to mesophotic depths with eight species only

recorded at depths\35 m, and three species (Acanthurus

lineatus, A. triostegus and Naso brachycentron) only

recorded in depths less than 15 m.

Consolidated reef and live coral was observed to a

maximum depth of 73 m at Galvez Bank (ESM Fig. S1c).

At greater depths, the benthos was dominated by uncon-

solidated sediment including rubble, sand and foraminifera

to the maximum depth sampled of 94 m at the inner bank

of Garapan Anchorage (ESM Fig. S1d). Average values of

the visually estimated habitat metrics are presented in

Table 2; structural complexity was greatest at the inshore

euphotic depths and also at the 50 m depth group. At

depths greater than 70 m, structural complexity was low,

which corresponds to a lack of live coral and high pro-

portions of unconsolidated sediment (Table 2). When

habitat variables were analysed with a principal compo-

nents analysis, replicates from the deeper sites (80–90 m)

and one site from 70 m were clearly separated from the

majority of shallower replicates due to an increased pro-

portion of unconsolidated sediment and lower structural

complexity (ESM Fig. S2). Importantly, the other sites (at

depths of 10–70 m) showed no clear pattern with the

measured habitat variables among depth groups, indicating

similar broad habitat characteristics across the depth range

from 10 to 70 m.

Fish community variables of biomass, abundance and

species richness peaked at depths of 50–60 m (Fig. 2).

These values declined at greater depths, which correspond

to the increased proportion of unconsolidated sediment at

depths of 70–90 m (Table 2; ESM Fig. S2). At the inshore

euphotic depth groups of 10 and 30 m, the comparison of

the surveyed MPAs in Guam to all fished locations

revealed only a slight (1.1–1.2 times) increase in biomass,

abundance and species richness at 10 m depth. Average

biomass of fishery-targeted species increased steadily with

increasing depth to a maximum of 70 m, where values

were over three times greater than in shallow inshore

waters at depths of 10–30 m. Greater biomass in deeper

Table 2 Average values of the

visually estimated habitat

metrics recorded from the

stereo-BRUVs by depth group.

Relative scales range from 0

(lowest) to 5 (greatest)

Depth group Inshore euphotic Offshore or inshore mesophotic

10 m 30 m 30 m 40 m 50 m 60 m 70 m 80 m 90 m

Structural complexity 2.3 2.7 1.2 1.8 2.1 2.3 1.9 0.3 0.2

Reef slope 0.8 1.4 0.4 0.6 1.0 0.8 0.6 0.0 0.0

Live coral 1.7 1.3 1.4 1.6 0.8 1.7 1.9 0.0 0.0

Macroalgae 1.6 2.3 2.7 2.3 2.3 2.0 1.9 2.3 2.2

Turf algae 3.0 2.3 2.0 2.0 2.1 2.0 1.8 2.0 1.3

CCA 1.4 1.8 1.6 1.7 1.7 1.5 1.3 0.7 0.2

Unconsolidated sediment 0.1 0.4 0.5 0.4 1.2 0.9 0.9 3.0 3.7
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water was attributed to a greater proportion of higher

trophic levels, piscivores (including sharks) and secondary

consumers. The relative abundance of fishery-targeted

species was greatest in the 50–60 m depth groups and was

driven by greater numbers of secondary consumers

(Fig. 2b). The increase in relative abundance between the

inshore euphotic depths and peak abundances in meso-

photic depths was only by a factor of *1.7, which indi-

cates that the observed threefold increase in biomass was

due to the size (length) of fish being greater in mesophotic

depths. The abundance of primary consumers was greatest

at 10 m depth (mean MaxN = 13) and then relatively

consistent at depths of 30–60 m with an average of 6–8 fish

per replicate, whereas species richness for this trophic

group was relatively consistent over 10–60 m. Species

richness of fishery-targeted species peaked at 50–60 m,

averaging 14 species per stereo-BRUVs deployment, due

to greater diversity of piscivores and secondary consumers

(Fig. 2c).

The depth distribution and relative abundance of the ten

most abundant fishery-targeted species for each trophic

group (Fig. 3; ESM Table S2) show that the majority of

these species were present from 10 m depth to at least 70 m.

Some species were found in greater proportions in deeper

water (indicated by the warmer colours in Fig. 3), such as

the piscivores Lethrinus rubrioperculatus, Variola louti and

Lutjanus bohar. The humphead wrasse Cheilinus undulatus

steadily increased in abundance to 70 m, whereas other

species such as the primary consumers Naso lituratus and

Chlorurus spilurus declined in abundance with increasing

depth. Most of these primary consumers were still found to

depths of 70 m and some were found in greatest relative

abundance in mesophotic depths (e.g., the rabbitfish Siganus

argenteus and the surgeonfish Acanthurus nigricauda).
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Assemblage structure of fishery-targeted species

Depth was the only explanatory variable that best predicted

identifiable assemblage groups of fishery-targeted species

(Fig. 4). The optimal multivariate regression tree (based on

predictive accuracy) explained 19 % of the variation in the

assemblage structure, identifying two distinct assemblage

groups. The relatively low percentage variance explained is

not unusual for studies such as this, which contain large

numbers of species occurring with low abundance (Cappo

et al. 2007). The primary split in the tree occurred at a

depth of 33.5 m, which generally separated the assem-

blages between euphotic and mesophotic reefs, with the

deeper waters sampled at Rota, Garapan Anchorage and

Galvez Bank on the left side of the tree. The next most

important split was at a depth of 20 m, separating the

shallow (10 m) inshore reefs from the 30 m depth group.

Indicator species (Dufrêne and Legendre index; DLI) were

listed to characterise the assemblage structure at each level

of the tree (Fig. 4). The top two indicator species for the

mesophotic depths were the shark Triaeonodon obesus and

the grouper V. louti. Indicator species for the shallowest

depth group (10 m) included the parrotfish Scarus psittacus

and wrasse C. trilobatus, and depths of 20–33 m were

characterised by the parrotfish S. schlegeli and the grouper

Epinephelus fasciatus.

Further examination of the relationships between tar-

geted fish assemblage biomass and environmental variables

using DISTLM revealed that 38.9 % of the variation could

be attributed to a combination of the seven environmental

variables. Depth again contributed to the highest percent-

age variance explained, accounting for 14 % of the vari-

ability in assemblage structure, followed by distance to

land (11 %). As indicated by the size of the bubbles in the

db-RDA plot, there was a trend of increasing biomass in

the direction of increasing depth (Fig. 5a). Species corre-

lated with increasing depth were the grouper V. louti and

wrasse C. undulatus, whereas in conjunction with distance

to land, the emperor Lethrinus rubrioperculatus and shark

T. obesus were more frequently observed (Fig. 5b). Fish

that were particularly associated with higher structural

complexity and reef slope included the snapper Lutjanus

bohar and unicornfish N. hexacanthus.

Discussion

Increasing depth had a greater positive influence on the

biomass and assemblage structure of coral reef fishes than

the other explanatory variables measured. Considering

coral reef fisheries are predominantly focused on the

shallowest depths, the results highlight the role of deeper

coral reefs in providing important refuge from fishing

pressure. Where consolidated reef dominated the benthic

habitat, total fish biomass increased threefold from 10 to

70 m depth, with most of the biomass consisting of pis-

civorous species. As fishing activities typically target large-

bodied piscivores, the relative biomass of this trophic

group can provide a useful indicator of fishing pressure

(Jennings and Polunin 1996; Weijerman et al. 2013).

Depth >= 33.5 Depth < 33.5

n=21 n=23

Depth 
< 20.4 m

Depth  
>=20.4 m

Error : 0.809 
(19.1% variance explained) 

CV Error : 0.908 
SE : 0.393

Scarus psittacus 39 
Cheilinus trilobatus 34 
Scarus rubroviolaceus 22 
Naso tonganus 17 
Chlorurus spilurus 62 
Carcharhinus melanopterus 37 
Naso lituratus 71 
Naso unicornis 16 
Lethrinus xanthochilus 12 

Scarus schlegeli 47 
Epinephelus fasciatus 42 
Epibulus insidiator 41 
Naso hexacanthus 28 
Caranx melampygus 68 
Macolor spp. 43 
Lutjanus bohar 46 
Cephalopholis argus 27 
Siganus punctatus 16 

Triaenodon obesus 29 
Variola louti 50 
Lethrinus rubrioperculatus 55 
Cheilinus undulatus 27 
Gymnosarda unicolor 22 
Aprion virescens 34 
Carangoides orthogrammus 17 
Carcharhinus amblyrhynchos 12 
Balistoides viridescens 20 
Lethrinus erythracanthus 13 

n=29

Fig. 4 Multivariate regression

tree analysis defining relative

biomass of fishery-targeted

species in terms of explanatory

variables. The number of sites

that correspond to the

combination of explanatory

variables is shown at the

terminal leaves. The top ten

significant (p\ 0.05) indicator

species for each leaf are listed in

order of decreasing Dufrêne and

Legendre Index values along

with the number of sites where

each species was recorded
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Moreover, the storage of biomass at depth has particular

resonance given the positive relationship with reproductive

capacity (Hixon et al. 2014). Although the most commonly

observed piscivores were typically recorded in greatest

abundance at mesophotic depths, they still had vertical

distributions spanning the depth gradient to the shallow

reefs. Hence, we regard MCEs as important habitats for

species that are susceptible to fishing pressure on coral

reefs.

Because fishing activities predominantly target easily

accessible shallow locations, it is likely that fishing pres-

sure has contributed to the lower biomass of targeted

species at inshore euphotic depths (10–30 m). However,

the trend of increasing biomass with depth may also be

attributed to piscivores being naturally more abundant at

mesophotic depths, preying on the abundant small plank-

tivorous species commonly found on deep coral reefs

(Thresher and Colin 1986; Kahng et al. 2010; Bejarano

et al. 2014). The processes driving the trophic interactions

on MCEs are not clear, but it is likely that upwelling and

internal waves on deeper reefs support high levels of

nutrients and associated plankton growth (Slattery et al.

2011). Nonetheless, the observed biomass trend in the

southern Mariana Islands is likely to be more pronounced
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coloured for each location with

MPA sites shown as hollow

rings. b Vector plot showing the

strength and direction of the

relationships for species and
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compared to lightly fished reefs, as less fishing pressure

typically corresponds to greater biomass of fished species

on shallow coral reefs (Dulvy et al. 2004; Williams et al.

2015). The comparison of the inshore fished sites to that of

two MPAs in Guam revealed little difference when all data

were pooled across locations and jurisdictions. However,

within a location such as Guam West, the positive effects

of MPA refuge were apparent with at least two times

greater fish biomass than nearby fished sites at 10 m depth

(Lindfield et al. 2014). Similarly, Richards et al. (2012)

reported biomass of large-bodied reef fish in the southern

Mariana Islands to be approximately half of that observed

at the remote and unpopulated northern islands. In the

absence of comparable baselines for unfished reefs over

large depth gradients, it is difficult to determine the relative

impact of fishing on the observed trend of increasing bio-

mass with depth. However, it is clear that greater levels of

fish biomass are currently stored on mesophotic coral reefs

compared to protected area refuges in Guam.

Deeper reef areas are clearly linked to the shallow

inshore waters, with the majority of targeted species found

at depths \35 m also occurring on MCEs. However, the

degree of connectivity of individual fish between depth

strata remains a question of interest if they are to provide a

source population to repopulate shallower depths (Slattery

et al. 2011). Recent research has shown that for at least one

species of damselfish, high levels of genetic connectivity

between shallow and mesophotic populations are possible

(Tenggardjaja et al. 2014). In addition, studies on the for-

aging behaviour of two predatory species, the Galapagos

shark and giant trevally, revealed that these predators made

regular diel movements between MCEs and shallow reefs

at an uninhabited Pacific atoll (Papastamatiou et al. 2015).

These predatory fish also varied seasonally in their relative

use of MCE and shallow water habitats, yet their prey was

primarily from shallow reefs. As the fishery-targeted spe-

cies in this study have relatively large home ranges (Green

et al. 2014) and are found over the range of depths where

reef was present, it is likely that significant mixing between

shallow reefs and MCEs could occur. However, additional

tagging or genetic studies may be needed to confirm this.

To be viable reproductive refuges, fish inhabiting MCEs

should be sources of reproductive output. Indeed, a popu-

lation of a depth generalist coral was shown to be more

fecund and abundant on deeper reefs, thereby acting as an

important source of recruits (Holstein et al. 2015). The

same is likely for reef fish. We were able to demonstrate a

threefold increase in biomass between 10 and 60 m with

the differences in biomass and abundance indicating that

fish were larger at mesophotic depths. As there is a strong

relationship between fish size and reproductive output

(Taylor and McIlwain 2010; Hixon et al. 2014), the larger

fish living on deeper reefs are likely a critical source of

recruits. Although ‘‘free-spawning’’ into the water column

is a common reproductive strategy, especially in larger-

bodied reef fish that aggregate to spawn (Colin 2012), the

fate and movement of the resulting fish larvae are difficult

to determine. Recent modelling of connectivity between

deep and shallow reefs revealed that deeper submerged

reefs could export a substantial proportion of larvae per

unit area for several coral species on the Great Barrier Reef

(Thomas et al. 2015). Although horizontal connectivity

(among habitats of the same depth) was shown to be more

common than vertical connectivity, approximately half of

all recruits originating from deeper reef habitats should

settle on shallow reef habitats (\10 m depth) (Thomas

et al. 2015). The process of self-recruitment may be crucial

for sustaining coral reef fisheries in the southern Mariana

Islands, as populations of at least one targeted fish species

show relative isolation from the rest of Micronesia (Priest

et al. 2012). Hence, the identification of refuge habitats and

their influence on supporting fishery resources is of key

interest for fishery management.

Marine fisheries refugia have been described as unal-

tered areas that serve as sources of replenishment for

exploited fish stocks to compensate for the effects of

overfishing and to enhance fishery yields (Dugan and Davis

1993). Such areas of refuge have been created worldwide

through the implementation of MPAs with effectiveness

judged by the amount of fish biomass accrued (Edgar et al.

2014). Our results highlight the role of depth as a form of

de facto MPA if the fishing methods used to capture tar-

geted species are restricted by depth. Reef fish that rarely

take bait, such as herbivorous species, compromise the

bulk of coral reef fishery landings in Micronesia (Houk

et al. 2012), and these fish are commonly caught using

predominantly shallow water (\20 m) fishing methods

such as spear guns and gill nets (Cinner et al. 2009; Houk

et al. 2012; Lindfield et al. 2014). As we recorded many

targeted species on shallow reefs ranging into mesophotic

depths, the deeper reef areas can provide some level of

protection from depth-limited fishing methods.

The humphead wrasse (C. undulatus) is of particular

conservation concern as this species is listed as endangered

on the IUCN Red List of Threatened Species (Russell

2014). Historical catch data in Guam suggest that SCUBA

spearfishing is the main method used to capture this large

iconic species (Lindfield et al. 2014). By extending the

depth range sampled in our previous study, we found the

average abundance of C. undulatus steadily increased into

mesophotic depths. Previous studies also found increasing

depth to be the strongest predictor of this species’ distri-

bution in the Mariana Archipelago where it is heavily

fished (Richards et al. 2012). We recorded the highest

average biomass of C. undulatus at the inshore mesophotic

depths of Rota where SCUBA spearfishing is banned and
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where human population densities are lower than in the

other southern Mariana Islands. Humphead wrasse was

present in 38 % of replicates at Rota, yet only recorded in

5 % of the stereo-BRUV deployments at the inshore

euphotic depths. Mesophotic depths can therefore provide

critical refuge to vulnerable coral reef fish species, partic-

ularly those species that are not typically harvested by line

fishing methods.

It is well known that herbivorous fish decline in abun-

dance with increasing depth (Thresher and Colin 1986;

Brokovich et al. 2010; Kahng et al. 2010; Bejarano et al.

2014). However, at least for fishery-targeted herbivores,

our results suggest that as long as consolidated reef habitat

is available, these fish can still be found in similar relative

abundance and species richness at depths greater than 10 m

to at least 60 m. But it is important to note that the impact

of fishing is also likely to influence the observed depth

distribution, as herbivores dominate the fishery catches in

the region (Houk et al. 2012; Lindfield et al. 2014). The

dominant macroalga we observed at mesophotic depths

was calcareous Halimeda spp, which is regarded as highly

resistant to fish grazing (Lewis 1985). However, hard reef

surfaces supported layers of turf algae, a known food

source for herbivores (Choat et al. 2004) which may pro-

vide an important food source in MCEs. The relationship

between herbivorous fish and algae over a wide depth

gradient (1–65 m) was investigated in more detail by

Brokovich et al. (2010). Their study found herbivorous fish

abundance declined rapidly within the first 10 m, and

despite large variability in their data set, they also found

little difference from 10 to 65 m. These results prompt

further questions about processes driving the vertical dis-

tribution of herbivorous fish. Although the relative domi-

nance of these functionally important species is known to

be greatest in shallow waters (\10 m), their contribution to

the ecology of deeper coral reefs should not be overlooked.

Unlike other studies describing patterns of mesophotic

reef fish assemblages (Brokovich et al. 2008; Garcia-Sais

2010; Bejarano et al. 2014; Wagner et al. 2014), this study

focused on fishery-targeted species. The use of baited sta-

tions is beneficial for attracting targeted predatory species

without decreasing the abundances of herbivores when

compared to unbaited video stations (Harvey et al. 2007).

However, it is important to note that the biomass structure

of trophic groups presented here from stereo-BRUVs data is

not comparable to data collected by other sampling tech-

niques such as diving surveys, as the count is non-instan-

taneous. The area of attraction of fish to a stereo-BRUV

system is highly dependent on species, with predatory fish

such as sharks, snappers and emperors expected to approach

the system from greater distances and in higher relative

abundance than that of small-bodied territorial species.

We show that MCEs can provide critical refuge habitat,

especially for fishery-targeted species at higher trophic

levels. As defined by the Western Pacific Regional Fishery

Management Council’s fisheries ecosystem plan for the

Mariana Archipelago (WPRFMC 2009), essential fish

habitat in the coral reef ecosystem includes the water

column and all benthic substrate to a depth of 50 fathoms

(91.4 m). Consequently, increased knowledge of fish

communities inhabiting MCEs is vital for effective

ecosystem-based fisheries management. We suggest MCEs

can provide refuge from shallow water fishing methods and

could be the last stand for threatened coral reef fish, hence

representing key areas for research and management.
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