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INTRODUCTION

Marine animals often demonstrate cyclical patterns
of habitat use over diel, tidal and seasonal time
frames. These movements may consist of horizontal
movements to and from a ‘core area’, vertical move-
ments throughout the water column, or both (e.g.

Klimley & Nelson 1984, Chapman et al. 2007, Meyer
et al. 2007). Regular diel vertical movements often
consist of fishes using deeper habitats during day-
time and shallower habitats at night, although there
are many cases where the reverse behavior is seen
(Sims et al. 2005, 2006, Chapman et al. 2007,
Andrews et al. 2009). The function of diel horizontal
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ABSTRACT: Marine predators will often perform diel and seasonal movements associated with
specific habitats. In tropical areas, mesophotic coral reefs may be an important habitat type for
many predators, but their use of these areas has rarely been investigated. We used results of
acoustic telemetry and stable isotope analyses to investigate the diel and seasonal movements of
Galapagos sharks Carcharhinus galapagensis and giant trevally Caranx ignobilis captured from a
mesophotic reef (depth: 50 to 70 m) at an uninhabited Pacific atoll. All predators associated with
mesophotic reefs performed horizontal and vertical movements over seasonal and diel time
frames. Galapagos sharks performed reverse diel vertical movements, diving deeper during the
night than during the day, while giant trevally displayed a mix, with some individuals performing
regular diel movements (deep during the day, shallow at night) and others performing reverse
vertical diel movements. Trevally used very shallow water during the summer spawning periods.
The isotopic compositions of predators suggest they primarily forage in shallow reefs, although
approximately 35% of resources came from mesophotic reefs. Similar to their variability in vertical
movement strategies, giant trevally occupied a wide range of trophic positions, potentially due to
individual specialization in diet and high levels of intra-specific competition. Mesophotic reefs
may provide some prey to upper level predators but also serve as a refuge habitat. The frequent
movements between habitats suggest that marine predators may function as significant trans-
porters of nutrients, particularly from shallow to mesophotic reefs.
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and vertical movements is still not fully resolved but
may include predator avoidance, tracking of prey
movements or behavioral thermoregulation (Sims et
al. 2005, 2006, Andrews et al. 2009).

Animal movements between habitats may result in
nutrient transport from high to low productivity
areas, which can represent a significant contribution
to ecosystem nutrient cycling (Lundberg & Moberg
2003, Schmitz et al. 2010). Predators can directly
influence nutrient cycling by consuming prey in one
habitat, and excreting or egesting in others (Schmitz
et al. 2010). Nutrient transfer has been demonstrated
for planktivorous and herbivorous fishes but far
less is known for large, reef-associated carnivores,
despite the longer range movements performed by
these animals potentially linking distant habitats
(Geesey et al. 1984, Meyer & Schultz 1985, Matich et
al. 2011, McCauley et al. 2012, Ketchum et al. 2014).
For example, diver observations and stable isotopes
suggest that grey reef sharks at a Pacific atoll may
be refuging and foraging in different habitats
(McCauley et al. 2012). These dynamics may be par-
ticularly important for predators making regular and
periodic movements between habitats, both individ-
ually and aggregated or schooling (Schmitz et al.
2010).

Mesophotic coral ecosystems (MCEs) occur at ap -
proximate depths of 50 to 130 m in tropical and sub-
tropical locations (Kahng et al. 2014). Recent studies
have shown that MCEs can contain a high diversity
of invertebrates and fishes, and may provide impor-
tant links to shallower habitats through the export or
import of nutrients and/or larvae (e.g. Bongaerts et
al. 2010, Slattery et al. 2011, Kane et al. 2014). Reef-
associated sharks are known to use vertical habitat
that includes the range of MCEs (i.e. 100s of meters),
although their specific association with these reefs
has not been measured (e.g. Chapman et al. 2007,
Meyer et al. 2010). Due to their deeper location, fish-
ing pressure may be lower on MCEs and could
potentially provide fishes with refuge habitat (the
‘refuge in depth’ hypothesis, Chapman et al. 2007,
Bongaerts et al. 2010). However, there are virtually
no data on movements of fishes between shallow
habitats and MCEs to properly address this hypothe-
sis (e.g. Slattery et al. 2011). The possibility that
mobile animals could transfer nutrients between
shallow reefs and MCEs has already been raised, but
to the best of our knowledge no study has attempted
to quantify this process (Slattery et al. 2011). In order
to determine the direction of nutrient transfer, we
need to be able to clearly differentiate foraging and
refuging habitats.

A combination of telemetry and stable isotope
analysis can allow physical movements of animals to
be correlated with potential locations of foraging
(e.g. Papastamatiou et al. 2010, Carlisle et al. 2012).
The δ15N and δ13C values in an animal’s tissue can
provide information on their trophic position and for-
aging location. Briefly, δ15N values can reflect an ani-
mal’s trophic position, while δ13C values typically
record the source of carbon on which they feed.
Importantly, both δ15N and δ13C values vary in rela-
tion to the isotopic composition of the primary pro-
ducers at the base of the food chain from which the
predator feeds (e.g. Post 2002). However, the spatial
resolution of isotope analysis is such that feeding
locations can generally only be resolved over large
spatial scales and are unsuitable for studies at the
diel scale (Carlisle et al. 2012). A recent study of the
shallow reefs of the remote Northwestern Hawaiian
Islands (NWHI) suggested that the major carbon
source for shallow reef food webs came from benthic
algae (Hilting et al. 2013). However, there are gener-
ally higher abundances of planktivorous fishes on
MCEs, with lower numbers of herbivores, particu-
larly in Hawaii (Slattery et al. 2011, Kahng et al.
2014, Kane et al. 2014). This suggests that phyto-
plankton is a more important carbon source on
Hawaiian MCEs and that it is possible to resolve
predator foraging on shallow versus MCE habitats.
The goal of our study was to use acoustic telemetry to
quantify horizontal and vertical movements of mar-
ine predators (sharks and teleosts) at an MCE sur-
rounding an uninhabited Hawaiian atoll. We then
used the carbon and nitrogen isotopic compositions
of these predators to infer foraging habitats and eval-
uate the direction of nutrient transfer.

MATERIALS AND METHODS

Study site

Pearl and Hermes Atoll (P&H) is an uninhabited
atoll located towards the northern end of the NWHI
chain, and is part of the Papahānaumokuākea Mar-
ine National Monument, one of the world’s largest
Marine Protected Areas (27.9º N, 175.9ºW, Fig. 1). As
such, it has remained unfished for over 14 yr, and has
large numbers of predators, particularly sharks and
trevally (Sudekum et al. 1991, Papastamatiou et al.
2006). The south coastline consists of spur and
groove or flat rock habitat down to depths of 30 m
(see Meyer et al. 2007 for further details), followed by
a gradual increase in depth until the MCEs are
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reached approximately 1 km from shore (Fig. 1). The
top of the MCE is approximately 55 m deep, with a
steep ledge dropping to 65−70 m.

Tagging and sampling

We visited P&H during 2 cruises in the summers of
2011 and 2012, where we caught Galapagos sharks
Carcharhinus galapagensis and giant trevally
Caranx ignobilis using baited hand-lines over the
MCE at the SW corner of the atoll. Predators were
restrained along the side of the boat, measured (total
length, TL) and sexed (sharks). A Miltex 8 mm biopsy
corer was used to remove a small plug (approxi-
mately 1 g) of white muscle along the flank of the
animal. For a proportion of animals, we then made a
2 to 3 cm incision along the ventral surface, im -
planted a V16 acoustic transmitter (69 kHz, Vemco)
into the body cavity and closed the incision using a
single suture. Ten fish (5 giant trevally, 5 Galapagos
sharks) were tagged with V16TP tags which also
measure swimming depth and body temperature
(maximum depth: 340 m, accuracy ±17 m, ±0.5°C),
while an additional 5 animals (4 giant trevally, 1
Galapagos shark) were tagged with V16 transmitters
(i.e. presence/absence only). Transmitters emitted an
acoustic pulse train every 30 to 90 s, and had an esti-
mated battery life of 1324 d. Tagged individuals were
monitored using an array of 7 underwater listening

stations (VR2W, Vemco) deployed
throughout the atoll, 6 close to the
shallow reefs (depth 10 to 30 m) and 1
adjacent to an MCE at 65 m depth
(deep receiver). All receivers were at -
tached to mooring floats and were 1 to
2 m off the bottom. The difference in
the number of receivers in shallow
reefs versus MCEs was simply due to
the logistics of having to perform tech-
nical dives (short bottom time, 1 dive
per day, surface support etc.). Divers
collected reef fishes for stable isotope
analysis using pole spears, on both
shallow reefs (<30 m) and MCEs (55
to 70 m).

We determined receiver detection
ranges for a small number of shallow
reef VR2Ws by towing a V16 test tag
behind a boat and slowly drifting up to
1000 m from the VR2W. A VR100 re -
cei ver logged detections of the test
tags, which were compared with de -

tections from the VR2W to estimate the distance at
which detections ceased (range 500 to 800 m). Due to
limited time at the atoll on expeditions, we were not
able to rigorously range test all receivers under differ-
ent conditions. For further estimates of performance,
we calculated 2 additional metrics of receiver per-
formance using metadata recorded by the VR2Ws: the
rejection coefficient and the noise quotient (Simp -
fendorfer et al. 2008, see Supplement 1 at www.int-
res.com/articles/suppl/ m521 p155_supp.pdf).

Presence/absence analysis

We filtered acoustic data so that at least 2 detec-
tions had to occur within 24 h for ‘presence’ to be
considered valid. Next, we calculated the number of
detections at each receiver and the number of days
each animal was detected at each receiver. We com-
pared the amount of time spent at receivers by Gala-
pagos sharks and giant trevally, using the percent-
age number of days (out of the year monitoring
period) each predator was detected on each receiver.
The percentage number of days was square-root
transformed to meet the assumption of homogeneity
of variance, a Bray-Curtis similarity matrix was gen-
erated, and a 1-way ANOSIM test with 999 random
permutations was used to compare habitat overlap
between the 2 species. The test quantifies overlap
(with the Global R value) and determines if overlap
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(or lack of) is statistically significant. The percentage
number of days detected at each receiver was 
graphically compared using non-metric multidimen-
sional scaling ordinations (nMDS), and SIMPER
analysis was used to determine which receivers were
driving apparent differences in habitat use. All over-
lap analysis was performed using Primer (v. 5.2.9).

We investigated periodicity in acoustic detections
using Continuous Wavelet Transformations (CWTs).
CWTs identify dominant cyclical signals in time series
data sets and track how these change throughout the
time series (e.g. Riotte-Lambert et al. 2013). Essen-
tially, the CWT searches for any cyclical patterns in
acoustic detections at each receiver (e.g. diel or tidal
signals). We determined the number of detections
that occurred on the deep receiver during every hour
of the entire monitoring period, for each individual
predator. We then produced CWTs and associated
point-wise tests (95%) using a Morlet wavelet in the
Sowas package (Maraun et al. 2007) in R v.2.9.1
(R Development Core Team 2013). The CWT identifies
cyclical patterns in detections, while the point-wise
test highlights those that are statistically significant.

We used network analysis to quantify which habi-
tats may be linked by predator movements. Net-
work analysis is traditionally used to quantify rela-
tionships between individuals but has recently been
applied to animal movement data (Jacoby et al.
2012). The network consists of a series of nodes
(receivers) that are linked by edges (i.e. an individ-
ual detected moving from one receiver to another).
We calculated 2 metrics for each individual at each
receiver: degree centrality, which is a measure of
the number of connections going into or out of a
node, and betweenness, which is a measure of how
often a node acts as a bridge between 2 other nodes
(Hanneman & Riddle 2005, Jacoby et al. 2012). We
also calculated Taylor dyadic influence scores for
sharks and trevally, which compare interactions
between nodes to determine if the exchange of
information is symmetrical or asymmetrical (i.e. Are
there equal numbers of movements into and out of 1
node? Hanneman & Riddle 2005). The networks are
biased by the placement of receivers but provide
insight into how the animals move between areas.
We performed network ana lysis on all data com-
bined, but were specifically interested in move-
ments that could transfer nutrients between habi-
tats. Lemon sharks Negaprion brevirostris have
been observed to continue fecal production for up to
110 h after feeding (Wetherbee & Gruber 1990). We
therefore set a filter so that only movements that
occurred within 110 h were considered in the net-

works. All network analysis was conducted using
SOCPROG, a MATLAB-based program (White head
2009), and UCINET v. 6.391 (Analytic Technologies).

Vertical movements and body temperature

Telemetry sensor data (depth and temperature) are
not independent, and residuals may be strongly
autocorrelated, making the use of conventional para -
metric statistics problematic. Furthermore, the time
intervals between data points are not evenly spaced.
To address the relative importance of a diel cycle (h)
and time of year (mo) on depth and body temperature
of predators, we built generalized additive models
(GAM) with a Gaussian error distribution, which
have the advantage of permitting the pattern of tem-
poral autocorrelation to be added to the model
explicitly. We modeled the serial correlation in our
data using a continuous auto-regressive process of
order 1 (AR1) with time as the position variable. The
continuous AR1 specification accounts for the
unequal temporal spacing common in opportunisti-
cally collected time series telemetry data by calculat-
ing the magnitude of serial dependence as a function
of continuous distance between time steps. The most
parsimonious models were selected using corrected
Akaike’s information criteria (AIC), Bayesian’s infor-
mation criteria (BIC) and likelihood ratios. Models
were fit using restricted maximum likelihood with
the mgcv function in the nlme library of R (Wood
2006). The analysis ensured that diel changes in
depth and body temperature were real and not an
artifact of seasonal changes in habitat use (i.e. it com-
pares diel changes in depth/temperature within
months and does not combine them together
throughout the year). We also confirmed patterns
visually by graphically examining diel changes in
depth and temperature within specific seasons.

Stable isotope analysis

Bulk tissue analysis

Predator and reef fish muscle samples were dried
at 60°C and ground into a fine powder. All elasmo-
branchs retain urea in their tissue, which may bias
measures of δ15N values, so urea was extracted from
all shark samples with distilled water (Kim & Koch
2012). Experimental studies with sharks have shown
that this method removes urea without influencing
muscle protein isotopic composition (Kim & Koch
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2012). Shark and reef fish C:N ratios suggested low
tissue lipid content (<3.5 mol/mol) so no lipid extrac-
tion was conducted. However, giant trevally had C:N
ratios approaching 4.0, indicating higher lipid con-
tent which may bias carbon isotope results (Fry et al.
2003). In order to be certain that we were comparing
the isotopic composition of protein between sharks
and trevally, we conservatively decided to extract
lipids from all trevally tissues. Lipid extraction will
not influence δ15N values but will have a small effect
on δ13C (approximately 0.1 ‰, Fry et al. 2003). More
importantly, lipid extraction produced trevally C:N
ratios similar to sharks, allowing for more appropri-
ate comparisons between these species. The δ13C
and δ15N values were determined using an isotope
mass spectrometer (DeltaPlusXP) coupled with a car-
bon-nitrogen analyzer (Costech ECS 4010/ConFlo
IV). δ values are reported as ‰ relative to Vienna
PeeDee Belemnite (VPDB) for C and atmospheric N2

for N. Measurement accuracy was determined using
glycine samples with well characterized % C, % N,
δ15N and δ 13C values, with an overall error < ±0.1‰.

We constructed a series of generalized linear mod-
els (GLMs) to investigate the influence of predator
species and size on bulk tissue δ15N and δ13C values.
In each case, the isotopic composition was set as the
dependent variable, and predator TL was set as co-
variate. We also generated an interaction term be-
tween species and TL. We used a Bayesian mixing
model, which also incorporates uncertainty in preda-
tor and prey isotope and fractionation values, to de-
termine if predators at P&H were foraging on MCEs
(Moore & Semmens 2008). Stomach content analysis
of giant trevally and Galapagos sharks in the NWHI
suggests they consume a wide range of reef fishes, so
we included isotopic results for several guilds includ-
ing planktivores, zooplanktivores, herbivores, and
carnivores (Sudekum et al. 1991, Papastamatiou et al.
2006). These included species that have previously
been identified in stomach contents as well as poten-
tial prey items that were abundant on the reefs. We
calculated prey stable isotope signatures for MCEs
and shallow reefs using a random effects meta-analy-
sis in MetaWin (e.g. Carlisle et al. 2012). The meta-
analysis calculates habitat-specific isotope values by
weighing species means by the inverse of their vari-
ance and between-sample variance. We used MixSir,
a MATLAB-based program, to generate mixing mod-
els with 1 million iterations (Moore & Semmens 2008).
We used diet-tissue discrimination factors (DTDF) of
2.43 ± 0.27 ‰ and 0.86 ± 0.28 ‰ (for δ15N and δ13C, re-
spectively) for sharks (Hussey et al. 2010). For
trevally, we calculated δ15N- and δ13C-specific DTDFs

using the equation for fish published by Caut et al.
(2009) (DTDF δ15N = 2.85 ± 0.17‰, δ13C = 0.19 ±
0.25‰). As a sensitivity analysis, we also ran the mix-
ing models using a variety of published tissue dis-
crimination factors (for both sharks and teleosts) and
using arithmetically lipid-corrected shark bulk iso-
tope values (see Supplement 10).

Compound specific amino acid isotopes

We were interested in the ecological role of preda-
tors on MCEs, in particular their trophic position
(TP). Calculating TP from bulk tissue nitrogen iso-
topic compositions can be complicated by the fact
that these bulk isotope values vary based on where
the animal is foraging (Post 2002). Compound-spe-
cific isotope analysis of amino acids (AA-CSIA)
avoids many of the shortcomings of traditional bulk
tissue isotope analysis. In samples of consumer tis-
sues, ‘source’ amino acids (e.g. phenylalanine [Phe])
appear to retain the isotopic composition of the nitro-
gen (N) sources at the base of the food web, whereas
in predatory fishes, ‘trophic’ amino acids (e.g. glu-
tamic acid [Glu]) become 15N enriched relative to
source amino acids by about ~5.9 ‰ per trophic level
(Popp et al. 2007, Dale et al. 2011, Hannides et al.
2013, Lorrain et al. in press). One key advantage of
this technique is that predator tissue alone is suffi-
cient for estimating TP. There is a constant difference
in δ15N between glutamic acid and phenylalanine for
primary producers of 3.4 ± 0.9‰ (Chikaraishi et al.
2009). We carried out AA-CSIA of predator tissues
and 4 milletseed butterfly fish Chaetodon milliaris
collected on the mesophotic reefs. Dive surveys con-
firm that zooplanktivores are the most abundant
trophic group on Hawaiian MCEs, and of those, C.
milliaris is one of the most abundant (Kane et al.
2014; see Supplement 11). We selected C. milliaris as
a representative MCE zooplanktivore to compare
against isotope values from larger predators (see
McCauley et al. 2012). Muscle tissues were subjected
to acid hydrolysis, esterification of the carboxyl ter-
minus and trifluoracetylation of the amine group
(Popp et al. 2007, Dale et al. 2011). Prior to AA-CSIA,
samples were evaporated to dryness, re-dissolved in
100 to 1000 µl ethyl acetate and analyzed within 24 h.
The δ15N values of individual amino acids were
measured using isotope ratio monitoring gas chro-
matography-mass spectrometry (Delta V Plus/Trace
GC/GC-C III Interface) using methods described by
Dale et al. (2011) and Hannides et al. (2013). All sam-
ples were analyzed at least in triplicate, and uncer-
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tainty in the accuracy of the nitrogen isotope analysis
of amino acids was determined by analysis of
 norleucine and amino adipic acid with known δ15N
values co-injected with every sample. More specifi-
cally, the uncertainty in the accuracy of the isotopic
analysis was determined using the known δ15N value
for norleucine to determine a measured δ15N value of
amino adipic acid, treating it as an unknown. Uncer-
tainty in the accuracy of isotopic values of these inter-
nal reference amino acids co-injected with samples
averaged ±0.4‰ (0.1 to 0.8‰, 1 standard deviation
based on at least triplicate analysis of these com-
pounds in each sample).

We used the results of AA-CSIA to calculate the TP
of each predator using the modified equation:

(1)

where TPGlu/Phe is the TP determined from the meas-
ured δ15N values of Glu and Phe, 3.4 ± 0.9 is the iso-
topic difference between δ15N values of glutamic
acid and phenylalanine in the primary producers
(Chikaraishi et al. 2009), and 5.9 ± 1.0 is the trophic
enrichment factor (TEF) estimated for elasmobranchs
(Dale et al. 2011). The standard deviation of TPGlu/Phe

was determined by propagation of errors using the
analytical uncertainty in the δ15N values of glutamic
acid and phenyl alanine based on replicate analyses
at least in triplicate and the uncertainty in the values
3.4 and 5.9 listed above (see Blum et al. 2013). We
used a hierarchical agglomerative cluster analysis
(Primer 5.2.9) to separate groups of sharks and giant
trevally based on their TP, and GLMs to quantify the
effects of species and animal size on TP. GLMs were
constructed with a Gaussian error distribution in
Minitab v.14.

RESULTS

Presence/absence analysis

We acoustically tagged 6 Galapagos sharks (TL 165
± 22 cm, 3 males, 3 females) and 9 giant trevally (103
± 8 cm) at P&H. We detected 5 Galapagos sharks over
durations of 14 to 368 d (median 334 d, time between
release and last detection), and 8 giant trevally over
durations of 301 to 366 d (median 365 d) from Sep-
tember 14, 2011 until September 29, 2012. In addi-
tion, we detected 5 trevally that were tagged in a
separate study by the West Channel (West CH in
Fig. 1) in shallow water during field work in the sum-
mer of 2010. VR2W performance analysis suggested
that receivers performed similar ly although there
was slightly poorer performance on the deep (MCE)
and west spur and groove (West SP) receivers (Sup-
plement 1, Fig. S1). Galapagos sharks were detected
on shallow reef re ceivers for 20 ± 12% of days, and
on the MCE receiver for 18 ± 30% of days throughout
the year (Table 1). There was a great deal of individ-
ual variability, with only 1 shark detected frequently
on the MCE deep receiver (Supplement 2, Table S1,
at www. int-res. com/articles/ suppl/ m521 p155_supp.
pdf). Giant tre val ly were de tected on shallow reef
receivers for 17 ±14% of days and on the MCE
receiver for 23 ± 19% of days, throughout the year.
There were significant differences in the amount of
time Galapagos sharks and giant trevally spent
within various areas of the acoustic array (1-way
ANOSIM, R = 0.56, p = 0.02, Supplement 3, Fig. S2
at www.int-res. com/ articles/suppl/ m521 p155_supp.
pdf). The differences between species were primarily
explained by trevally spending more time adjacent to
the deep (38% dissimilarity), and the west spur and

TP
( N N ) 3.4

5.9
1Glu/Phe

15
Glu

15
Phe= δ − δ − +
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Receiver Giant trevally Galapagos sharks
ki

out ki
in Bi Days % ki

out ki
in Bi Days % 

detect. (%) detect. detect. (%) detect.

Deep 30 30.8 35 23 (19) 57 (31) 31.5 33.7 66.7 18 (30) 43 (36)
West SP 25.3 25.5 27.5 10 (14) 19 (17) 27.2 26.1 50 19 (12) 56 (36)
SW 18.2 17.6 2.5 7 (4) 22 (23) 8.7 7.6 0 0.7 (0.6) 1 (2)
NW 1.0 0.8 0 0.3 (0.4) 3 (5) 2.2 2.2 0 0.3 (0.5) 0.3 (0.7)
West CH 0.6 0.4 0 0.1 (0.2) 0.2 (0.6) 1.1 1.1 0 0.1 (0.3) 0.07 (0.2)
SE 0.2 0.2 0 0.03 (0.1) 0.05 (0.13) – – – 0 (0) 0 (0)

Mean 12.6 12.6 10.8 14.1 14.1 23.3
SD 12.4 12.7 14.6 12.8 13.3 29.1
CV 99.0 101.0 90.1 94.0

Table 1. Network analysis for giant trevally Caranx ignobilis and Galapagos sharks Carcharhinus galapagensis at Pearl and
Hermes Atoll. Metrics include outward degree centrality (ki

out), inward degree centrality (ki
in), and Betweenness (Bi). The per-

centage of days detected throughout the monitoring period (1 yr; Days detect. [%]) and percentage detections at each receiver 
(% detect.) are given as means (±1 SD). See Fig. 1 for locations of the receivers and definition of abbreviations

http://www.int-res.com/articles/suppl/m521p155_supp.pdf
http://www.int-res.com/articles/suppl/m521p155_supp.pdf
http://www.int-res.com/articles/suppl/m521p155_supp.pdf
http://www.int-res.com/articles/suppl/m521p155_supp.pdf
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groove (27% dissimilarity) receivers. Sharks spent
more time adjacent to the SW receiver (24% dissimi-
larity, SIMPER).

All predators demonstrated diel patterns of detec-
tions at the deep receiver, although diel behavior was
not consistent throughout the year (Fig. 2). Galapa-
gos sharks at P&H were all associated with the MCE
during night-time periods (between 18:30 h and
06:30 h), while trevally behavior was more variable,
with some individuals present at night and some dur-
ing the day (Fig. 2). We did not detect sharks contin-
uously, but those individuals detected during the day
were primarily detected on shallow reef receivers.

CWT analysis also showed that the majority of
trevally demonstrated cyclical patterns of detections
with periods of approximately 8 to 12 d during the
month of February (Supplement 4, Fig. S3  at www.
int-res. com/articles/ suppl/ m521 p155_supp.pdf).

Network analysis revealed that the MCE is a more
important habitat than predicted by frequency of de-
tections alone (Table 1). The deep reef receiver had
the highest degree centrality (measure of the  relative
number of movements into and out of a receiver) and
betweenness (measure of how often a receiver acts
as a link between other receivers) score for both
Galapagos sharks and giant trevally (Table 1). Over-
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Fig. 2. Continuous wavelet transformations (CWTs) and scatter plots for (a,b) a 199 cm male Galapagos shark Carcharhinus
galapagensis, and (c,d) a 109 cm giant trevally Caranx ignobilis. CWT (a,c) identifies cyclical patterns of acoustic detections
and how these change throughout the monitoring period. The x-axis represents days since tagging (September 2011) and the
y-axis is frequency of cyclical patterns. Patterns outside the cone of influence should not be considered. Areas circled in black
are statistically significant (95% point wise test). The red line highlights the location of 24 h periodicity in movements. For 

scatterplots (b,d), each symbol represents a specific acoustic listening station (see Fig. 1)
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all, degree centrality scores were similar for both
sharks and trevally, but betweenness was higher in
sharks. Taylor’s dyadic influence scores for Galapa-
gos sharks showed that movements into and out of
the MCE (deep) receiver were symmetrical (Supple-
ment 5, Table S2  at www.int-res. com/articles/ suppl/
m521 p155_ supp.pdf). The scores were more asym-
metrical for trevally, suggesting that they enter or
exit the MCE via several different routes. When ex-
amining networks from filtered data (i.e. potential
nutrient transfer), it was clear that the ma jo rity of
movements for both sharks and trevally were be-
tween the MCE (Deep) receiver and either the west
spur and groove or the SW receivers (Fig. 3). Giant
tre vally tagged in 2010 adjacent to shallow reefs vis-
ited the MCE receiver but the node had much lower
centrality and betweenness scores (Supplement 6,
Fig. S4, Table S3  at www. int-res. com/articles/ suppl/
m521 p155_supp. pdf).

Vertical movements and body temperature

In all cases, the model that included diel period and
season with serial autocorrelation provided the best
fit to the data, lowering AIC and BIC scores, and max-
imizing likelihood ratios. Galapagos sharks oc cupied
deeper depths at night and moved into shallow water
during the day (Fig. 4, Table 2). Vertical movements
at night included deep dives to the bottom of the
MCE, but only 20 ± 15% were deeper than 60 m. Div-
ing behavior was associated with some diel change in
body temperature, with sharks generally having
cooler body temperatures at night, al though this was
not significant for G2 (Fig. 4, Table 2). Seasonally,
Galapagos sharks were de tected in shallower water
from March to July (p ranges from <0.00001 to 0.05),
and deeper water from October to December (p =
0.007 to 0.04, Supplement 7, Fig. S5 at www.int-
res.com/articles/ suppl/ m521 p155 _ supp. pdf). Galapa-
gos sharks had the coolest body temperatures from
February to March (20 to 22°C), and significantly
warmer temperatures from May to December (24 to
27°C, p < 0.00001, Table 2; Supplement 7, Fig. S6).

With the exception of U4, all trevally showed diel
changes in depth, although the patterns varied by
individual (Fig. 5, Table 2). Fish U3 showed diving
behavior very similar to Galapagos sharks, with 20%
of dives to >60 m during the night and moving up
into shallow water during the day (Fig. 5c,d). Alter-
natively, U1 occupied deeper depths during the day
(but rarely went deeper than 30 m), and moved into
shallower water at night (Fig. 5a,b). Overall, only 9 ±

20% of detected dives were deeper than 60 m. When
correcting for the effect of season, all trevally showed
some diel changes in body temperature, although
again the patterns varied in relation to swimming
depths (Fig. 5, Table 2). There were consistent sea-
sonal changes in swimming depth and body temper-
ature with trevally detected using shallower depths
in May to June (p < 0.00001), and warmest body
 temperatures in May to December (24 to 28°C,
p < 0.00001, Fig. 6, Supplement 8, Fig. S7 at www.
int-res. com/articles/ suppl/ m521 p155_supp.pdf). The
low est body temperatures were from February to
March (minimum 21°C, Supplement 8, Fig. S7).

Stable isotopes

We determined the isotopic composition of bulk
muscle tissue from 12 Galapagos sharks (162 ± 22 cm:
4 males, 8 females) and 25 giant trevally (98 ± 11 cm).
We collected 48 reef fishes (4 species) from shallow
reefs and 21 (4 species) from MCEs. Based on the
MetaWin analysis, shallow and MCE prey fishes had
similar δ15N values (shallow: 7.94 ± 2.89; MCE: 7.57 ±
2.93) but MCE species tended to have lower δ13C val-
ues (shallow: −15.51 ± 4.04; MCE: −18.65 ± 4.60 [Sup-
plement 9, Fig. S8 at www.int-res.com/ articles/ suppl/
m521 p155_supp.pdf]). GLMs re vea led a significant
influence of species (F = 8.82, p = 0.006), TL (F = 6.04,
p = 0.019) and an interaction term between TL and
species (F = 7.39, p = 0.01) on δ15N values. When ana-
lyzed separately, Galapagos sharks were enriched in
15N relative to giant trevally (δ15N = 11.5 ± 0.3‰ and
10.8 ± 0.6‰, respectively). However, while size had a
moderate influence on δ15N values of giant trevally
(t = 2.67, p = 0.014, r2 = 0.2), it had no effect on the val-
ues for Galapagos sharks (t = −0.43, p = 0.68). The
GLM revealed no influence of species (F = 0.14, p =
0.71) or TL (F = 2.43, p = 0.13) on δ13C values.

The results of the mixing model suggest that Gala-
pagos sharks obtain the majority of their carbon from
shallow reefs (median 67%, 47 to 86% [95% CI])
with a smaller contribution from MCEs (median
33%, 14 to 53%). Giant trevally also obtained more
carbon from shallow reefs (median 60%, 48 to 72%),
versus 40% (28 to 52%) from MCEs (Fig. 7). The use
of different discrimination factors did cause some dif-
ference in mixing model results, particularly for
trevally (Supplement 10, Table S4  at www.int-res.
com/articles/ suppl/ m521 p155_supp.pdf). However,
the overall result was always the same, with a greater
proportion of prey taken from the shallow reef and a
larger percentage  contribution of shallow reef prey
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Fig. 3. Network diagrams of individual Galapagos shark (Carcharhinus galapagensis) and giant trevally (Caranx ignobilis)
movements at Pearl and Hermes Atoll. Each node represents an acoustic receiver and the size of the node is proportional to
centrality. Edge thickness is proportional to the actual number of movements that occurred between nodes. Networks only
include movements that occurred within 110 h and represent potential nutrient transfer between habitats. Yellow nodes re-

present receivers where there were no detected movements. See Fig. 1 for the definition of abbreviations
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to shark diet relative to giant trevally. Arithmetic
lipid correction in sharks increased the difference in
percentage contribution of shallow prey to their diet
(i.e. shallow contribution increased, MCE contribu-
tion decreased, Supplement 10, Table S4).

Although bulk tissue δ15N values suggest possible
differences in trophic level between sharks and giant

trevally, these results do not take into account intra-
specific variability at the individual level. Results of
AA-CSIA indicated that phenylalanine in sharks (n =
5, δ15N = −0.45 ± 0.4‰) was depleted in 15N relative
to phenylalanine in giant trevally (n = 14, 0.67 ±
1.13‰). Our estimated TPs for Galapagos sharks
ranged from 4.4 to 4.7, while for giant trevally, TP
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TL Sex Swimming depth Body temp.
(cm) Diel Season Diel Months

t p Range of Month F p Range of Month 
p-values signif. p-values signif.

U1 92 – 4.26 <0.00001 <0.00001−0.96 May, June 2.46 0.001 <0.00001−0.003 All
U2 109 – 5.52 <0.0001 <0.00001−0.89 March−June 8.64 <0.0001 <0.00001−0.37 May−Dec
U3 89 – 22.83 <0.0001 <0.00001−0.64 May−October 12.75 <0.0001 <0.0001−0.88 May−Nov
U4 101 – 0 0.93 0.002−0.74 April−July 5.63 <0.0001 <0.00001−0.23 May−Dec
G1 148 F −2.69 0.008 0.09−0.93 None 2.23 0.001 <0.00001−0.78 May−Dec
G2 168 M −3.72 0.0002 0.0003−0.10 October 0 0.07 <0.00001−0.75 May−Dec
G3 199 M −5.95 <0.00001 <0.00001−0.92 May, June 21.58 <0.0001 <0.00001−0.48 May−Dec

Table 2. Diel and seasonal changes in swimming depth and body temperature for giant trevally Caranx ignobilis (U) and Gala-
pagos sharks Carcharhinus galapagensis (G) at Pearl and Hermes Atoll. TL: total length. Results were obtained from general-
ized additive models, with an included autocorrelation function. Temperature and depth were analyzed over the diel cycle and 

monthly. Months with significant values are given. All values in bold are significantly different
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Fig. 4. Diel changes in swimming depth and body temperature of Galapagos sharks Carcharhinus galapagensis (a,b) G2 and
(c,d) G3 at Pearl and Hermes Atoll. Data were obtained using passive acoustic transmitters from September to December. 

Gaps in data indicate periods where there were no acoustic detections
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Fig. 5. Diel changes in depth and body temperature for giant trevally Caranx ignobilis (a,b) U1 and (c,d) U3 at Pearl and
 Hermes Atoll. Behaviors include (a) regular diel vertical migrations and (c) reverse diel migrations. Data were obtained using
passive acoustic transmitters from December to May. Note the use of different scales on the y-axes. Gaps in data indicate 

periods where there were no acoustic detections

Fig. 6. Seasonal changes in swimming depth for giant trevally Caranx ignobilis at Pearl and Hermes Atoll. Each location is
color coded to identify the receiver where detections were made. The grey column represents the known spawning period for
this species. Data are for (a−d) individuals U1 to U4. See Fig. 1 for locations of the receivers and definition of abbreviations



Mar Ecol Prog Ser 521: 155–170, 2015166

Fig. 7. Mixing model results using δ15N and δ13C values for (a,c) giant trevally Caranx ignobilis and (b,d) Galapagos sharks
Carcharhinus galapagensis. Model results present probability distributions of the proportional contribution of prey from either 

(a,b) mesophotic (>55 m) or (c,d) shallow (< 30 m) reefs

Fig. 8. Top predator trophic positions (TP) as determined from the difference in δ15N values of glutamic acid and phenylalanine
at Pearl and Hermes Atoll. (a) Cluster analysis of Galapagos sharks Carcharhinus galapagensis (CGB) and giant trevally
Caranx ignobilis (CIB) TPs, demonstrating that sharks and a group of giant trevally occupy similar trophic positions. (b) The
range in TP is not related to fish size. (c) Bulk tissue δ15N values are not related to fish size for sharks, but are for giant trevally
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ranged from 3.5 to 4.6 (Fig. 8). Cluster analysis
revealed that 5 trevally were grouped with Galapa-
gos sharks based on their TP, while the remaining
trevally formed separate groups of animals with
lower TPs (Fig. 8). The range of TPs in trevally was
not related to fish size (F = 0.08, p = 0.79). Using the
groups generated from the cluster analysis (based on
TP) we compared the δ15N values of phenylalanine
between sharks, high-TP giant trevally, low-TP
trevally, and 4 individual milletseed butterfly fish.
There were significant differences (1-way ANOVA, F
= 10.11, p < 0.0001, df = 22), mainly due to the 15N
enrichment in phenylalanine in the trevally feeding
at lower TPs (1.28 ± 0.80‰) compared to Galapagos
sharks (−0.45 ± 0.39) and high-TP trevally (−0.46 ±
0.66 ‰). Butterflyfish did not differ significantly from
any group, but the δ15N values of phenylalanine were
closer in range to the lower-TP trevally (0.67 ±
0.76‰). There was no significant effect of species (F
= 1.2, p = 0.3) or TL (F = 0, p = 1.0) on TP.

DISCUSSION

Marine predators at P&H use MCEs over diel and
seasonal time frames, although there is inter- and
intra-specific variability in the extent of this use.
Galapagos sharks performed reverse diel vertical
movements at times, diving near the bottom of the
MCE at night (50 to 70 m) and moving into shallower
water during the day. The deeper dives during the
night lead to cooler body temperatures during this
period. Sharks may be employing a ‘hunt warm, rest
cool’ strategy where they rest in cooler waters, lower-
ing metabolic rates and minimizing energy expendi-
ture (Sims et al. 2006). Giant trevally showed more
variability in vertical behavior, with some individuals
performing regular diel vertical movements, while
others behaved similarly to sharks and performed
reverse diel movements. There were also diel differ-
ences in trevally body temperature, but for some
individuals these changes were small and within the
range of error of the V16PT sensors. The error should
be consistent throughout the time series (i.e. absolute
temperature may vary, but relative differences
should be genuine) but any interpretation of behav-
ioral thermoregulation should be treated cautiously.
All animals showed periods of horizontal diel move-
ments to and from the MCE which tended to match
the patterns of vertical movements (i.e. sharks on the
MCE at night, while trevally were a mix, with some
individuals there during the day and some at night).
Visual observations support these conclusions, as

sharks were rarely seen during daytime dives on the
MCE, but frequently seen at the shallower sites (Y. P.
Papastamatiou pers. obs.).

Although there was individual variability, most
predators demonstrated seasonal movements with
either greater use of the MCE themselves, or shal-
lower water in general. This was particularly pro-
nounced in trevally, where all individuals used shal-
lower waters (even if remaining over the MCE) from
May to July and deeper water from January to
March. Seasonal movements into shallow water in
May correspond with the period when body temper-
atures start to increase and also coincide with the
period of spawning behavior in giant trevally
(Sudekum et al. 1991, Meyer et al. 2007). It is possible
that increasing body temperatures may play an
important role in stimulating spawning behavior in
this species. Galapagos sharks also showed seasonal
changes in horizontal and vertical movements, with
individuals occu pying deeper waters and the MCE
from September to December (summer to fall), which
also corresponded to periods of higher body temper-
atures. However, all tagged individuals were imma-
ture so these movements are not related to mating
(Wetherbee et al. 1996). It is possible that sharks use
the MCEs to access cooler water during the warmer
summer/fall periods.

While the telemetry data suggests that the MCE is
a habitat used by sharks and trevally, results of stable
isotope analysis suggest that predators are obtaining
a greater proportion of their prey from shallow reefs,
with a smaller proportion coming from the MCE.
MCE fish communities at P&H are very different
from shallow water counterparts, with more zoo-
planktivores, and fewer herbivores and secondary
carnivores on the MCEs (Kane et al. 2014, Supple-
ment 11, Fig. S9 at www.int-res.com/articles/ suppl/
m521p155_supp.pdf). The overall MCE com munity
tends to have lower δ13C values compared with the
shallow community (suggesting a more plankton-
based food web), while the predators get the majority
of their carbon from benthic algae-based food webs
(Hilting et al. 2013, present study). While we cer-
tainly did not sample all potential prey items on the
MCE, we did manage to sample representatives of
most of the abundant fishes >10 cm. Furthermore,
when detected on the MCE, most dives performed by
predators were shallower than 60 m, even though the
majority of reef fish biomass is present at depths
>60 m (Y. P. Papastamatiou pers. obs., R. K. Kosaki
unpubl. data). Some of the trevally rarely went below
30 m when detected on the MCE receiver, which
means they were up in the water column. Again,
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accuracy of depth sensors means it is possible that
predators were deeper (or shallower) than the
recorded values.

Sharks caught over MCEs are tertiary predators,
while trevally appear to occupy a range of TPs. Some
individual trevally (occupying higher TPs) forage
similarly to Galapagos sharks, while others forage in
areas, or on prey, that give them a lower TP. One pos-
sibility is that lower TP trevally are consuming the
mackerel scad Decapterus macarellus, a pelagic zoo-
planktivore, while other trevally are feeding on shal-
low reef fishes of higher TP (Sudekum et al. 1991).
Numerous studies are starting to show individual
specialization in diet and behavior of marine preda-
tors, which may reduce inter- and intra-specific com-
petition (e.g. Matich et al. 2011). There is likely to be
strong competition between and within Galapagos
sharks and at least a proportion of giant trevally,
especially at P&H where predator numbers are high
(Sudekum et al. 1991, Papastamatiou et al. 2006).
Further evidence for this is provided by the fine-scale
spatial and temporal partitioning between sharks
and giant trevally, in relation to the amount of time
they spent in different habitats, and the phase shifts
between the 2 species in terms of seasonal utilization
of MCEs.

Our study also suggests that sharks and trevally
may be significant transporters of nutrients from
shallow habitats to MCEs, but to a lesser degree in
the opposite direction. Diel horizontal and vertical
movements between deep and shallow reefs have
also been suggested for reef sharks associated with
an atoll in Belize, although it was not possible to
directly associate vertical movements with particular
habitats or determine the direction of nutrient trans-
fer (Chapman et al. 2007). A shark feeding in shallow
habitats and performing diel movements (or at least
within 110 h) to the MCE will contribute both fecal
and urinary sources of organic material, carbon,
nitrogen and other nutrients. Sharks have absorption
efficiencies of approximately 70 to 86% for organic
material (Wetherbee & Gruber 1993). No data on
organic carbon absorption efficiencies exists for
sharks, but a carnivorous teleost (trout) had approxi-
mate efficiencies of 36% (Penczak et al. 1982). Based
on length−weight regressions, the sharks we caught
weighed 19 to 100 kg (Wetherbee et al. 1996). As -
suming they are consuming 2% body weight per day,
with 65% of the diet coming from shallow reefs, and
50% of fecal production occurring over the MCE,
then each shark may be transporting between 0.02
and 0.09 kg d−1 of organic material and 0.006 and
0.03 kg C d−1, from shallow habitats to MCEs, at least

during the summer and fall months. Mobile preda-
tors could be a significant source of particulate orga -
nic matter to MCEs compared to estimated input
rates via other nutrient cycling processes at other
tropical ecosystems, particularly for exposed fore-
reef habit ats (e.g. Max et al. 2013). Of course, this is a
very crude estimate and we do not know how many
sharks use the atoll or how much time they spend on
the MCE, and we only tracked sharks caught over
the MCE; hence habitat use will be biased towards
those individuals. There may be many individuals
that never use the MCE. Furthermore, we do not
know where egestion and excretion occurs, although
it is highly likely that at least some occurs over MCE
habitats.

There are several caveats with both our telemetry
and isotope results. Telemetry results are based on
small sample sizes and low acoustic coverage, hence
use of MCE habitats is likely greatly underestimated.
We only had 7 receivers for the whole atoll, and only
one of those was in an MCE habitat. Network ana -
lysis only identifies edges between the locations of re-
ceivers, and other areas may be more closely linked
by predator movements. However, our study repre-
sents a minimum estimate of MCE habitat use, and
still identified diel and seasonal movements. Using
carbon and nitrogen isotopic compositions to infer
fine spatial scale locations of foraging also requires
assumptions. Shark muscle has isotope turnover rates
of months to a year, hence the isotopic compositions
of muscle represent feeding activity over a  similar
time frame (Hussey et al. 2012). In addition, sharks
retain urea and trimethyl amine oxide in their tissues,
which means that the dynamics of isotope incorpora-
tion may differ between sharks and teleosts (Dale et
al. 2011, Hussey et al. 2012). In particular, results
comparing isotopic signatures between sharks and
trevally should be treated cautiously, as muscle turn-
over times may vary. However, a recent study found
that bluefin tuna Thunnus orientalis (an endothermic
fish) had similar tissue turnover times to ectothermic
leopard sharks (Madigan et al. 2012). Trevally are not
endothermic, and are likely to have tissue turnover
times similar to or longer than bluefin tuna (due to
their lower metabolic rates). Therefore, it seems un-
likely that differences in tissue turnover times influ-
enced the wide range of trophic positions occupied
by trevally relative to sharks. Finally, we had small
sample sizes for stable isotope analyses, especially for
prey on MCEs. However, the different community
structure found on the MCE and the vertical habitat
use of predators add additional support to our hypo -
thesis (Kane et al. 2014).
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The combination of telemetry and isotopic compo-
sitions allows us to reveal the potential roles of MCEs
for marine predators, and how these vary seasonally
as well as between and within species. We show that
top predators have at least the potential to add signif-
icant contributions of organic carbon to MCEs rela-
tive to other sources of nutrient cycling. A growing
number of studies are considering the potential role
marine predators may have in linking ecological
habitats (e.g. Matich et al. 2011, McCauley et al.
2012, Ketchum et al. 2014), and the combination of
telemetry and stable isotope analysis will allow
greater refinement in predicting the direction and
magnitude of nutrient transport between habitats.
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