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1.  INTRODUCTION 

The ocean has a large vertical variation of physical 
environments (e.g. temperature, light level, oxygen 
concentration) and biological environments (e.g. pri-

mary production), and marine fishes can easily expe-
rience different environments by moving vertically 
over distances of several hundred meters. The knowl-
edge of how and why marine fishes perform vertical 
movements would thus contribute to our understand-
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ing of the ecology of marine fishes (Andrze jaczek et 
al. 2019). Given that large marine predators exert top-
down control on marine ecosystems (Heithaus et al. 
2008, Estes et al. 2011), it is especially important to 
understand the vertical movement patterns of preda-
tory fishes and the factors that contribute to vertical 
movement patterns; these behaviors and factors have 
interested re searchers for several decades (e.g. Carey 
& Scharold 1990). Some of the functions that have 
been suggested to be involved in the vertical move-
ment of marine predatory fishes (and are not mutually 
exclusive) include foraging, mating, locomotion cost-
saving, thermoregulation, and navigation (Weihs 
1973, Carey & Scharold 1990, Klimley 1993, Willis et 
al. 2009). However, despite the great geographic vari-
ation of topographic features in oceans, few studies 
have examined how the vertical movement of marine 
predatory fishes may differ between coastal and pela -
gic habitats in relation to topographic features. 

Improvements in electronic tagging technology 
have allowed the recording of the behavior, internal 
states, and ambient environments of free-living mar-
ine predatory fishes (Block et al. 2011, Hussey et al. 
2015). However, analyses of vertical movements be -
come more difficult when there is a lack of clear 
boundaries between each vertical movement, or 
when different functions overlap in the same vertical 
movement (Andrzejaczek et al. 2019). For example, 
several vertical movements of marine predatory 
fishes can change in frequency and amplitude over 
time (e.g. Kitagawa et al. 2000, Shepard et al. 2006). 
The vertical movement patterns of a variety of marine 
predatory fishes occasionally change dramatically 
during their migrations, such as reproductive migra-
tion (Block et al. 2001, Tone et al. 2022) and coast-to-
offshore migration (Stehfest et al. 2014, Coffey et al. 
2017). These studies indicated great variability in the 
vertical movements of marine predatory fishes and 
thus complexity in the classification of movement pat-
terns. Cluster analyses have been used to objectively 
classify these vertical movement patterns to determine 
depth profiles (Jorgensen et al. 2012, Andrzejaczek et 
al. 2018, Furukawa et al. 2020). Although a cluster 
analysis for a depth profile is useful for understanding 
the vertical movement patterns of marine predatory 
fishes and the driving factors of vertical movements, 
the use of cluster analyses has been limited to use in 
some epipelagic fishes (e.g. sharks, Jorgensen et al. 
2012, Andrzejaczek et al. 2018; yellowtail Seriola 
quinqueradiata, Furukawa et al. 2020). 

Vertical movements of marine predatory fishes are 
driven by physiological and ecological processes. 
Since the water in which fish live has high thermal 

conductivity, the ability of fish to maintain their body 
temperature during vertical movement is a factor 
that can be used to determine their vertical distri -
bution and the duration of vertical movement. For 
ex ample, in fishes with low physiological thermal tol-
erance, such as ectothermic dolphinfish Coryphaena 
hippurus (Furukawa et al. 2015), the duration of ver-
tical movement below the thermocline is limited to a 
short period of time. Bigeye tuna Thunnus obesus, an 
endothermic fish (Holland et al. 1992), and swordfish 
Xiphias gladius, a regional endothermic fish (Stoehr 
et al. 2018), both have high physiological thermal 
 tolerance and can remain below the thermocline for 
longer periods of time. Thus, the analysis of thermal 
re sponses using continuous data of body tempera-
tures (e.g. peritoneal cavity and muscle tempera-
tures) of marine fishes during the vertical movement 
of the fish can help us understanding the effects of 
water temperature changes with depth on the verti-
cal distribution and movement of marine fishes (e.g. 
Holland et al. 1992). Even in ectothermic fishes, it is 
suggested that the thermal responses vary by species 
and body mass (Nakamura et al. 2020, Watanabe et 
al. 2021). Although most species of fish are ecto-
therms, reports on the temperature responses of ecto-
therms have been limited to a few species. 

The greater amberjack Seriola dumerili is a com-
mercially valuable large reef-associated fish with a 
circumglobal distribution from tropical to temperate 
waters (Gold & Richardson 1998, Nakada 2008), and 
it is the largest carangid with a maximum reported 
size of 190 cm total length and a maximum recorded 
body weight of 80.6 kg (Froese & Pauly 2009). Al -
though this species is considered an opportunistic 
feeder, a difference in prey-species preference in 
adult greater amberjack was observed among sam-
ples collected from different locations in the central 
Mediterranean Sea; one specimen consumed mostly 
pelagic organisms (Sley et al. 2016) and another con-
sumed both pelagic and demersal fishes (Andaloro & 
Pipitone 1997). These reports imply that there may 
be multiple foraging patterns in the vertical and hor-
izontal movements of greater amberjack. 

Several studies using electronic data loggers and 
transmitters showed that greater amberjack spend 
the majority of their time below the thermocline and 
rarely inhabit the surface mixed layer (Murie et al. 
2011, Jackson et al. 2018, Tone et al. 2022), but a de -
tailed analysis of the vertical movement patterns of 
these fish has not yet been conducted. The majority of 
the research on the behavior of adult greater amber-
jack in the field has been conducted near a coast 
(Murie et al. 2011, Jackson et al. 2018), and adult 

136



Tone et al.: Habitat use by greater amberjack

greater amberjack had been thought to be associated 
primarily with topographic features and to rarely mi-
grate long distances. However, our recent biologging 
study in the East China Sea (ECS) revealed that adult 
greater amberjack inhabit more diversified habitats 
during the pre- and post-spawning periods than pre-
viously thought (Tone et al. 2022). Interestingly, Tone 
et al. (2022) showed that greater amberjack migrate 
offshore at bottom depths deeper than 1000 m, far be-
yond the usual depth range (50−200 m), suggesting 
that these fish do not always aggregate on bottom 
structures such as natural reefs. Based on these re-
sults, we speculated that adult greater amberjack 
may have 2 types of vertical movement patterns: one 
associated with the topographic features in coastal 
habitats and another that is not associated with topo-
graphic features in offshore habitats. Tracking the 
vertical movements of adult greater amberjack, 
which has multiple feeding behaviors and migrates 
be tween different oceanographic environments, will 
therefore provide new insights into the relationships 
between the vertical movements of marine predatory 
fishes and both oceanographic features and behav-
ioral factors. 

We conducted the present study to clarify the rela-
tionships between vertical movements and both 
oceanographic features and physiological factors in 
greater amberjack, which is one of the top predators 
in the ECS. To accomplish this, we used published 
data of free-swimming greater amberjack (Tone et 
al. 2022) and objectively classified the vertical move-
ment patterns of greater amberjack by performing a 
cluster analysis for the depth profile. We also ana-
lyzed the peritoneal cavity temperature of tagged 
greater amberjack during their vertical movement to 
gain a greater understanding of the response of the 
peritoneal cavity temperature to variations in the 
ambient temperature. Finally, we examined spatial 
and temporal variations in the vertical movement 
patterns of greater amberjack, and we discuss the 
influence of oceanographic and physiological factors 
on these variations. 

2.  MATERIALS AND METHODS 

2.1.  Field experiments 

Greater amberjack were captured by commercial 
hand-line fishing in coastal waters (22.8−23.1° N, 
121.4° E) off Green Island in southeastern Taiwan in 
November 2016 and November 2017. Of these, 22 
fish with fork lengths of 68−101 cm were selected for 

tagging, and all tagged fish were assumed to be ma-
ture based on the estimated size at maturity (Harris et 
al. 2007). The tagging deployment and tag specifica-
tion details are described by Tone et al. (2022). 

We used either a temperature−depth recorder 
(TDR-Mk9; Wildlife Computers) or a pop-up satellite 
archival tag (MiniPAT; Wildlife Computers). The 
TDR-Mk9 recorded depth (range: 0−1700 m; resolu-
tion: 0.5 m ± 1.0%) every 1 s, external and internal 
temperatures (−40 to +60°C; 0.05 ± 0.1°C) every 5 s, 
and light measurements (470 nm; logarithmic range: 
5 × 10−12 to 5 × 10−2 W cm−2) every 30 s. The MiniPAT 
re corded depth (0−1700 m; 0.5 m ± 1.0%), ambient 
temperature (−40 to +60°C; 0.05 ± 0.1°C), and light 
measurements (470 nm; logarithmic range: 5 × 10−12 
to 5 × 10−2 W cm−2) at time intervals of 3 or 5 s for each 
tag (Table 1). Each of the fish was also tagged with 
2 conventional plastic dart tags with contact informa-
tion placed at the base of the second dorsal fin on 
both the right and left sides. Each tagging procedure 
never exceeded 5 min. 

The MiniPAT detaches following a pre-programmed 
deployment duration and then transmits its position 
and a portion of archived data via Argos satellites. 
However, only low-resolution, summarized data are 
transmitted to the satellites due to the limited battery 
capacity and restricted transmission capability. Such 
summarized data may conceal key behaviors such as 
foraging and spawning that occur at finer timescales 
(Fisher et al. 2017). Therefore, a physical recovery of 
the MiniPAT was re quired to access the dataset of the 
entire record and to understand the details of vertical 
movements of the greater amberjack. The recovery of 
the detached MiniPATs at sea was attempted by using 
a CLS RGX-134 digital receiver with an RG-58 direc-
tion-finding antenna (CLS America), following the 
procedure described by Fisher et al. (2017). 

2.2.  Data management and analysis 

Seven of the TDR-Mk9s and 5 of the MiniPATs 
were physically recovered (Table 1). Of these, 2 tags 
(GA10A and GA24A) stopped recording due to 
mechanical problems (on 14 August and 8 March 
2018). We thus obtained data in durations from 7 to 
273 d (mean: 111 d) (Table 1). We plotted and ana-
lyzed the time-series data of depth and temperature 
using R 4.1.0 software (R Core Team 2021) and IGOR 
Pro software (ver. 6.1; WaveMetrics). The release and 
recapture days were removed from the analyses be -
cause there were fewer data points for these days 
compared to the other days, which would have made 

137



Mar Ecol Prog Ser 699: 135–151, 2022

it difficult to analyze the dataset on a daily scale. To 
visualize the vertical temperature structure experi-
enced by the tagged fish, we constructed daily verti-
cal ambient temperature profiles by estimating the 
mean ambient temperature at 10 m depth intervals. 

To objectively define the daily vertical movement 
patterns, we performed a hierarchical cluster analy-
sis for the depth profile of each individual fish. Hier-
archical cluster analyses have been used to distin-
guish the vertical movement patterns of several 
marine fishes (e.g. Jorgensen et al. 2012). In the pres-
ent study, we defined a ‘dive’ as beginning when a 
tagged fish descended >10 m from its mean daytime 
or mean nighttime depth and ending when the fish 
subsequently ascended >10 m from each mean 
depth. We defined ‘dive step’ as the vertical distance 
from the starting point of the dive to the greatest 
depth reached during each dive, and we defined 
‘dive duration’ as the time elapsed during each dive. 

We calculated the daily behavioral components 
(i.e. mean depth, standard deviation of depth, maxi-
mum depth, minimum depth, mean dive step, and 
mean dive duration) for each individual, and these 
components were used in the hierarchical cluster 
analysis. The daily behavioral components were ana-
lyzed for each individual at each of 3 diel time peri-
ods: daytime (sun above the horizon), twilight (sun 
be tween 0 and 6° below the horizon, corresponding 
to civil twilight), and nighttime (sun lower than 6° 
below the horizon). The 3 diel time periods were de -
termined by the altitude of the sun, calculated using 
the estimated daily location data of each fish. 

Hierarchical cluster analysis was performed on the 
pooled data of all individuals using the ‘City block’ 
measure and Ward’s method (using the ‘hclust’ func-
tion in R). Although the ‘Euclidian’ distance measure 
ap pears to be the most commonly used distance 
measure for a hierarchical clustering analysis, since 
distance is computed in multi-dimensional space, the 
Euclidian measure is inappropriate if the dimensions 
are of differing scales, such as in the vertical mi gration 
of fish (Jorgensen et al. 2012). We therefore calculated 
the ‘City block’ distance, also a very commonly used 
measure for hierarchical clustering ana  lyses; it is sim-
ply the average distance along each dimension, and it 
is more appropriate for discrete data. 

In addition, Ward’s method tended to produce com-
pact groups of well-distributed sizes and was the least 
sensitive to small outlier groups among several meth-
ods (Fig. S1 in the Supplement, www.int-res.com/
articles/suppl/m699p135_supp.pdf). The number of 
vertical movement patterns (i.e. clusters) was deter-
mined by a visual inspection of the behavioral data 
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and the dendrogram. The difference value of depth 
(i.e. the vertical swimming speed) was computed for 
5 s time windows. 

The daily location data of each fish were estab-
lished from recorded light data with the use of a hid-
den Markov model built by the tag manufacturer 
(WC-GPE3; Wildlife Computers). The details of the 
horizontal movements of these tagged greater 
amberjack in the ECS were reported by Tone et al. 
(2022). 

2.3.  Analyses of the fish peritoneal cavity 
 temperature 

To examine the response of the peritoneal cavity 
temperature of greater amberjack to variations in the 
ambient water temperature, we used a heat-budget 
model (Holland et al. 1992). The change in the peri-
toneal cavity temperature of the greater amberjack is 
proportional to the difference between the ambient 
water temperature and the peritoneal cavity temper-
ature, and can be calculated using the following 
equation: 

               (dTb(t))/dt = k(Ta(t) – Tb(t)) + T·m + ε           (1) 

where Ta(t) is the ambient water temperature (°C) as 
a function of time t (min), Tb(t) is the peritoneal cavity 
temperature of the fish (°C) as a function of time t 
(min), k is the whole-body heat-transfer coefficient 
(°C min−1 °C−1), T·m is the rate of temperature change 
due to internal heat production (°C min−1), and ε is 
white Gaussian noise. Since k is known to vary with 
the ambient temperature (Holland & Sibert 1994, 
Kitagawa & Kimura 2006), we examined 2 different 
possibilities for the value of k: 

(A)                      k = a constant value, 

(B)                    , 

where Model (B) assumes different whole-body heat-
transfer coefficients k between an increase and a 
decrease in the peritoneal cavity temperature; k1 is at 
cooling, and k2 is at warming. We estimated the 
parameters for each model by using a maximum-
likelihood method. The ‘optim’ function in R was 
used to maximize the likelihood by adjusting all 
parameters. To select the best-fit model, we used the 
Bayesian information criterion (BIC; Schwarz 1978) 
of models (A) and (B). The model that had the lowest 
BIC value was regarded as the more parsimonious 
model. To investigate the contribution of T·m to the 

changes in Tb, we compared the BIC value between 
the model with T·m and the model without T·m. 

3.  RESULTS 

3.1.  Vertical movement pattern 

The clustering of daily depth profiles (a total of 
1331 d) from all pooled individuals (7 to 273 d) 
(Table 1) allowed us to distinguish 5 clusters repre-
senting 5 vertical movement patterns (Fig. 1A). The 
dendrogram shows the relative distances between 
the vertical movement patterns, representing differ-
ences in the daily depth profiles. To visualize the 
diurnal changes in the depth profile of each vertical 
movement pattern, we calculated the characteristics 
(maximum, median, 25th–75th percentile, and 2.5th–
97.5th percentile values) of vertical distribution and 
diving behavior at 1 h intervals from 00:00 to 24:00 h 
Taiwan Standard Time (UTC + 8 h) (Fig. 1B−D). 

Cluster 1 was characterized by the fish swimming 
in a shallower zone compared to the other clusters 
during all periods of the daytime, twilight, and night-
time (Fig. 1B). The mean ± SD depths of this cluster 
were 64.2 ± 16.3 m in the daytime, 60.7 ± 10.1 m in the 
twilight, and 61.2 ± 10.3 m in the nighttime. This clus-
ter was also characterized by having the shortest step 
dives (daytime: 20.2 ± 27.0 m; twilight: 9.0 ± 7.0 m; 
nighttime: 8.7 ± 8.1 m) of all clusters. This cluster 
accounted for only 6.8% of the total period. 

Cluster 2 was distinguished by frequent periodic 
dives to ca. 150 m during all periods of daytime, twi-
light, and nighttime. The mean ± SD depth and dive 
step of this cluster during the daytime (nighttime) 
were 127.3 ± 24.6 (112.4 ± 24.1) m and 44.9 ± 44.5 
(40.8 ± 46.2) m, respectively (Table 2). The mean ± SD 
depth and diving distance at twilight for this cluster 
were 129.8 ± 30.6 and 40.5 ± 40.4 m, respectively. 
Cluster 2 was also characterized by the deepest dive 
(up to 521.0 m) of all of the modes (Table 2, Fig. 1B). 
This cluster accounted for only 4.9% of the total period. 

Cluster 3 had common characteristics with diel ver-
tical movements (DVMs, i.e. going to deeper depths 
during the daytime and to shallower depths during 
the nighttime). The mean ± SD dive step in cluster 3 
during the daytime was 44.9 ± 44.5 m (Table 2). As a 
result, tagged fish in cluster 3 reached a depth of ap -
proximately 150−250 m during the daytime (Fig. 1B). 
During the nighttime (and twilight), the mean ± SD 
dive step in cluster 3 was 26.0 ± 33.2 (29.0 ± 34.6) m. 
Cluster 3 accounted for 24.1% of the total period. In 
clusters 2 and 3, the nighttime vertical swimming 

k
k1; Ta t Tb t

k2; Ta t Tb t
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speeds (cluster 2: 0.064 ± 0.055 m s−1, cluster 3: 
0.047 ± 0.039 m s−1) were 2−3 times faster than the 
vertical swimming speeds of the other clusters. 

Cluster 4 showed behavior with characteristics of 
both cluster 1 and cluster 3 (i.e. short-step dives and 
DVMs) (Fig. 1B). The total frequency of cluster 4 was 
15.0% (Table 2). 

Cluster 5 had a vertical movement pattern that was 
similar to that of cluster 4, but the swimming was at a 
slightly deeper zone (daytime: 105.1 ± 15.0 m, twi-
light: 101.6 ± 8.9 m, nighttime: 104.2 ± 11.3 m) and 
showed slightly longer step dives than cluster 4. The 
mean ± SD dive step during the daytime (nighttime) 
for cluster 5 was 32.8 ± 31.4 (15.2 ± 18.7) m (Table 2). 

140

Fig. 1. (A) Dendrogram of greater amberjack vertical behavior, determined from a hierarchical cluster analysis of diving pat-
terns. (B) Hourly changes in the overall swimming depth; the median (solid line), 25th–75th percentile (darker shading) and 
2.5th–97.5th percentile (lighter shading), and the dive depths as the median (circle), max. (gray circle), 25th–75th percentile (ver-
tical solid line) and 2.5th–97.5th percentile (vertical dashed line) in each cluster. (C) Hourly changes in dive step; the max. (gray 
circle), 25th–75th percentile (darker shading), and 2.5th–97.5th percentile (lighter shading). (D) Hourly changes in vertical swim-
ming speed; the max. (gray circle), 25th–75th percentile (darker shading) and 2.5th–97.5th percentile (lighter shading). The data  

were pooled from all individuals. Taiwan standard time is UTC + 8 h



Tone et al.: Habitat use by greater amberjack

Cluster 5 was the most common of all clusters, ac -
counting for 49.2% of all time periods. 

The vertical movement patterns of the fish 
changed spatiotemporally as shown in Figs. 2 & 3 
and Fig. S2. Around the shallow ridge (<500 m) on 
Green Island, around the southern tip of the ECS, 
and along the east coast of Taiwan, clusters 1 and 5 
were predominantly detected from November 
through April (Figs. 2 & 3). Tagged fish swam mainly 
in a mixed layer (20−22°C) in clusters 1 and 5 
(Fig. 3C,D; Fig. S2). However, the tagged fish occa-
sionally experienced colder water (17−19°C) without 
vertical movements in clusters 1 and 5 (e.g. mid-
November to mid-December; Fig. 3C,D). 

In offshore locations at bottom depths >1000 m, 
cluster 3 was predominant (Figs. 2 & 3A,B). In addi-
tion, the fish made vertical excursions with wide 
depth ranges in thermally stratified waters in clus-
ter 3 (Fig. 3C,D; Fig. S2). As a result, the tagged fish 
ex perienced a wider range of ambient temperatures 
(9.5−28.1°C) in cluster 3 than in clusters 1 and 5 
(12.7−27.4°C) (Table 2). Cluster 3 became dominant 
after January when clusters 1 and 5 tapered off 
(Fig. 3C,D; Fig. S2). 

In cluster 2, the fish also experienced a wide range 
of ambient temperatures (9.5−26.9°C) (Table 2), be -
cause the fish swam vertically in stratified water sim-
ilar to cluster 3 (Fig. 3C,D; Fig. S2). 

Cluster 4 was observed in both coastal and offshore 
areas (Figs. 2 & 3A,B; Fig. S2), and this cluster was 
often observed in the period between cluster 3 and 
cluster 5 (Fig. 3C,D; Fig. S2). Especially in fish 
GA20A, cluster 4 was observed continuously from 
mid-January to mid-April (Fig. S2). 

3.2.  Ambient temperatures, peritoneal cavity 
temperatures, and swimming behavior during 

vertical movements 

The tagged fish periodically made vertical move-
ments, and they experienced a wide ambient tem-
perature range (9.6−27.1°C) during their vertical 
movements (Table 3, Figs. 3 & 4). During the vertical 
movements, the details of the temperature changes 
differed between the peritoneal cavity temperature 
and the ambient temperature; the ambient tempera-
ture rapidly decreased with diving, whereas the peri-
toneal cavity temperature changed slowly (Fig. 4) 
and rarely dropped below 16°C (Fig. 5). The dive 
durations ranged from 1 to 317 min (Fig. 6A), with 
95% of the dives lasting <21 min (Fig. 6B). Long-
duration dives lasting >50 min were rarely confirmed 
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(<0.05% of the total; Fig. 6C). The median dive dura-
tion was 3 min. 

The calculated BIC value of each model showed 
that the variable-k model (B) had a lower BIC than the 
constant-k model (A) in all 7 of the fish tagged with a 
TDR-Mk9 (Table 3). In the variable-k model (B), all 
ana lyzed fish showed lower heat-transfer co effi cients 

during cooling (k1) compared to that during 
warming (k2). In the variable-k model, since 
the version with T·m yielded a lower BIC value 
than the version without T·m in all fish ana-
lyzed, we adopted the model with T·m (Table 
3). The ranges of values of k and T·m produced 
by the variable-k model (B) with T·m for each 
fish were as follows. k1: 3.65 × 10−2 to 6.32 × 
10−2°C min−1 °C−1, k2: 5.22 × 10−2 to 8.83 × 
10−2°C min−1 °C−1, and T·m: 3.05 × 10−3 to 7.31 
× 10−3°C min−1 (Table 3). The ratio of k2 to k1 
in model (B) with T·m for each fish ranged 
from 1.29 to 1.70 (mean: 1.47). 

4.  DISCUSSION 

Our analyses provided new insights into 
the vertical movements and thermoregula-
tion of greater amber jack Seriola dumerili. 
We observed mainly 2 different vertical 
movement patterns of greater amber jack, 

which varied over spatiotemporal scales. Around sea -
mounts, continental slopes with an undulating seabed, 
and coastal areas, the fish made short-step dives (av-
eraging <35 m; clusters 1 and 5) (Figs. 2 & 3). In well-
stratified offshore regions, the fish showed DVMs 
(cluster 3) (Figs. 2 & 3). 

4.1.  Vertical movement patterns of  
greater  amberjack 

In this study, clusters 3 and 5 were the most domi-
nant vertical movement patterns of greater amber-
jack, as 73.3% (cluster 3: 24.1%, cluster 5: 49.2%) of 
the total recording period was classified into these 2 
clusters (Table 2). The vertical movement patterns of 
individual fish varied greatly depending on their 
habitat (Fig. 2). Eastern Taiwanese waters are charac-
terized by the Kuroshio Current (which flows north-
ward along the coast) and by variable seabed topog-
raphy, including steep slopes cut by gullies and 
canyons, linear ridges, and deep basins (Yu & Song 
2000). Around the topographic areas (e.g. the shallow 
ridge and the southern tip of the ECS), the tagged 
greater amberjack showed short-step dives (clusters 1 
and 5) (Figs. 2 & 3). In general, zooplankton, micro-
nekton, and fishes frequently aggregate on these un-
dulating seabed topographies due to up welling and a 
topographic blockage mechanism (Genin 2004). 

Tagged greater amberjack experienced cold 
water (17−19°C) without any vertical movements 
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Fig. 2. Distribution of greater amberjack and the fractions of 
the behavioral clusters. The sizes of the circles indicate the 
cumulative total number of observed days in each 0.25° × 
0.25° grid cell. The red square indicates the release location  

of the tagged individuals
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Fig. 3. (A,B) Horizontal distri-
bution of 2 greater amberjack 
(GA09A and GA10A) plotted 
over bathymetry images. Cir-
cles indicate the most proba-
ble daily positions of each 
fish. Solid (dashed) grey line 
shows the 500 m (1000 m) 
bathy metric contour. (C,D) 
Time-series data for swim-
ming depth with the vertical 
thermal structure, and the 
vertical be havioral clusters 
obtained from 2 greater am-
berjack (GA09A, GA10A).  

Ta: ambient temperature
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around the topographic area in clusters 1 and 5 
(Fig. 3C,D), which indicates that the fish would 
have experienced upwelling. This suggests that 
greater amberjack would be attracted to these 
topographic features (i.e. the shallow ridge and the 
southern tip of the ECS) for foraging. The main 
components of the stomach contents of adult 
greater amberjack sampled around topo graphic 
features are demersal and pelagic prey (Andaloro 
& Pipitone 1997), suggesting that topographic fea-
tures could provide preferable feeding grounds for 
greater amberjack. Although the mean bottom 
depth in waters of eastern Taiwan is >1000 m, the 
topographic features where clusters 1 and 5 were 
ob served (i.e. the shallow ridge and the southern tip 
of the ECS) have a very shallow depth (50−200 m) 
(Fig. 3). Thus, greater amberjack may reach the 
topographic features, which are preferable feeding 
grounds, with short-step dives. 

We also observed that as tagged fish moved from 
coastal to offshore areas, the vertical movement pat-
tern shifted from cluster 5 to cluster 3. For example, 
the vertical movement pattern of fish GA10A shifted 
from cluster 5 to cluster 3 in March (Fig. 3D), when it 
migrated to an offshore region where the Kuroshio 
Current flows. As the water depth in offshore regions 
of eastern Taiwan (>1000 m) is more than twice the 
maximum swimming depth (521.0 m) of the tagged 
greater amberjack, the fish are not able to reach the 
sea bed. Greater amberjack are thus unable to en -
gage in reef-associated swimming in the offshore 
region of eastern Taiwan. 

The tagged fish showed DVMs, using greater 
depths during the daytime (116.1 ± 31.5 m) than the 
night time (100.8 ± 19.1 m) in the offshore region 
(Table 2, Fig. 1B). The deeper-by-daytime and 
 shallower-by-nighttime pattern (i.e. DVM) has been 
re ported in pelagic predatory fishes including blue 
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Fish ID       Ta (°C)          Tb (°C)     Model             k                       k1                       k2                   T·m              BIC         ΔBIC    k2 k1
−1 

                  (range)         (range)         k    T·m  (°C min−1 °C−1) (°C min−1 °C−1) (°C min−1 °C−1)  (°C min−1) 

 
GA07A    20.7 ± 2.3     21.0 ± 1.9       A     +      5.45 × 10−2              NA                    NA           1.41 × 10−2   −607734    12049      NA 
               (10.2−27.2)   (14.3−27.0)      A     −      5.25 × 10−2              NA                    NA                 NA         −598153    21630      NA 
                                                            B     +            NA              4.43 × 10−2        7.51 × 10−2     3.05 × 10−3   −619783        0         1.70 
                                                            B     −            NA              4.30 × 10−2        7.68 × 10−2           NA         −619457      326       1.79 

GA09A    20.6 ± 1.7     20.8 ± 1.5       A     +      6.64 × 10−2              NA                    NA           1.25 × 10−2  −1223072    7497       NA 
               (11.9−27.4)   (15.5−25.7)      A     −      6.33 × 10−2              NA                    NA                 NA        −1211827   18742      NA 
                                                            B     +            NA              5.69 × 10−2        8.83 × 10−2     5.56 × 10−3  −1230569       0         1.55 
                                                            B     −            NA              5.35 × 10−2        9.31 × 10−2           NA        −1229003    1566      1.74 

GA10A    20.0 ± 1.7     20.1 ± 1.5       A     +      7.01 × 10−2              NA                    NA           1.08 × 10−2  −2094525    6160       NA 
               (11.7−28.1)   (13.7−25.6)      A     −      6.70 × 10−2              NA                    NA                 NA        −2069370   31314      NA 
                                                            B     +            NA              6.32 × 10−2        8.15 × 10−2     7.07 × 10−3  −2100685       0         1.29 
                                                            B     −            NA              5.75 × 10−2        8.74 × 10−2           NA        −2093347    7338      1.52 

GA11A    20.6 ± 1.8     20.8 ± 1.6       A     +      4.50 × 10−2              NA                    NA           7.32 × 10−3   −298444      788        NA 
               (12.7−27.2)   (16.4−25.4)      A     −      4.28 × 10−2              NA                    NA                 NA         −295529     3702       NA 
                                                            B     +            NA              3.96 × 10−2        5.22 × 10−2     4.63 × 10−3   −299231        0         1.32 
                                                            B     −            NA              3.55 × 10−2        5.55 × 10−2           NA         −298436      795       1.56 

GA20A    21.4 ± 1.6     21.6 ±1.5       A     +      5.51 × 10−2              NA                    NA           1.00 × 10−2  −1384634    6822       NA 
                (9.5−27.0)   (15.25−25.8)     A     −      4.97 × 10−2              NA                    NA                 NA        −1348798   42657      NA 
                                                            B     +            NA              4.88 × 10−2        6.74 × 10−2     7.31 × 10−3  −1391455       0         1.38 
                                                            B     −            NA              4.10 × 10−2        7.45 × 10−2           NA        −1376956   14499     1.82 

GA23A    20.7 ± 1.5     20.9 ± 1.3       A     +      4.33 × 10−2              NA                    NA           9.24 × 10−3  −1216519   11724      NA 
               (10.9−26.3)   (15.3−25.5)      A     −      3.98 × 10−2              NA                    NA                 NA        −1192654   35589      NA 
                                                            B     +            NA              3.65 × 10−2        5.91 × 10−2     5.00 × 10−3  −1228243       0         1.62 
                                                            B     −            NA              3.26 × 10−2        6.38 × 10−2           NA        −1222959    5284      1.96 

GA24A    22.0 ± 1.4     22.2 ± 1.2       A     +      4.92 × 10−2              NA                    NA           8.26 × 10−3  −1063585    6561       NA 
               (12.7−26.2)   (15.0−25.8)      A     −      4.38 × 10−2              NA                    NA                 NA        −1034723   35424      NA 
                                                            B     +            NA              4.32 × 10−2        6.27 × 10−2     5.93 × 10−3  −1070147       0         1.45 
                                                            B     −            NA              3.61 × 10−2        6.96 × 10−2           NA        −1058369   11778     1.93

Table 3. Temperature information and result summary of parameters estimated using the heat-budget models for greater amberjack. 
The column ‘Model k’ indicates A: the fixed heat-transfer coefficient (k) model or B: the variable-k model. The column ‘Model T·m‘ in-
dicates +: including or −: not including the rate of temperature change due to internal heat production (T·m) in the model. k: in the 
fixed-k model. k1: k at cooling in the variable-k model. k2: k at warming in the variable-k model. BIC: Bayesian information criterion;  

Ta: ambient water temperature, Tb: peritoneal cavity temperature, NA: not applicable
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shark Prio nace glauca (Carey & Scharold 1990), 
sword  fish (Carey & Robison 1981), and Atlantic blue -
fin tuna Thunnus thynnus (Block et al. 2001). Those 
studies suggested that DVMs are associated with for-
aging in the deep scattering layer (DSL). The DSL off 
eastern Taiwan during the daytime was generally 
ob served around depths of 180−280 m (Chou et al. 
1999). The depths of the daytime vertical movements 
by tagged fish in the present study (approaching 

~150−250 m) (Fig. 1B) are roughly consistent with the 
depths of the DSL, suggesting that the DVMs of the 
greater amberjack could be related to the DSL. Clus-
ter 3 would thus represent not reef-associated forag-
ing behavior, but rather a foraging behavior in accor-
dance with the DVMs of prey in offshore regions. 

Cluster 3 may be related not only to foraging but 
also to reproductive behavior. Cluster 3 was ob -
served after January, and it appeared frequently 
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Fig. 4. (A) Example of time-series data of swimming depth (black), ambient temperature (green) and peritoneal cavity tem-
perature (orange) obtained from an individual tagged greater amberjack (GA10A). (B) Expanded view of the boxed portion  

in panel (A)
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and continually in February−April (Fig. 3). For 
example, 2 females (GA10A and GA14P) showed 
the cluster 3 pattern that continued for >1 wk in 
February−April (Fig. 3D; Fig. S2). The greater 
amberjack of the ECS spawn in the Kuroshio Cur-
rent off eastern Taiwan (Tone et al. 2022) from Feb-
ruary to April (Hase gawa et al. 2020). An associa-
tion between DVM and reproductive behavior 
during the spawning season has been observed in 
several pela gic fishes, including At lan tic bluefin 
tuna (Block et al. 2001), European eel Anguilla 
anguilla (Aarestrup et al. 2009), and New Zealand 
longfin eel A. dieffenbachii (Jellyman & Tsukamoto 
2010). In addition, several fishes that spawn floating 
eggs (e.g. greater amberjack, Tachihara et al. 1993; 
Pacific halibut Hippo glossus steno lepis, Seitz et al. 
2005; Japanese flounder Paral ich thys olivaceus, 

Yasuda et al. 2013; Atlantic halibut H. hippoglossus, 
Fisher et al. 2017) have been ob served performing 
rapid vertical swimming during spawning, also 
known as a ‘spawning rise’. 

A laboratory study indicated that spawning greater 
amberjack engaged in spawning rises during the 
nighttime and early morning (~03:00 to 05:00 h) that 
were >3× faster than any of their other swimming 
(Tachi hara et al. 1993). In the present study, tagged 
fish engaged in cluster 3 behavior demonstrated 
rapid vertical swimming (max.: 0.47 m s−1) in the 
night  time (Fig. 1D). This rapid vertical swimming 
was >10× faster than the average vertical swimming 
speed of cluster 3 (daytime: 0.051 m s−1, twilight: 
0.047 m s−1, nighttime: 0.047 m s−1) (Table 2). Indeed, 
in our previous study using the same behavioral data 
of greater amberjack (Tone et al. 2022), we observed 
rapid vertical swimming during the continuous DVM 
associated with spawning behavior. 

These results suggest that the continual cluster 3 
that appeared from February to April in the offshore 
water may have been comprised of 2 behaviors (for-
aging and reproductive behavior); however, the 
present analyses were unable to distinguish between 
the 2 behaviors. Specific body vibrations have been 
reported in the greater amberjack during spawning 
behavior in an aquarium (Sakaji et al. 2018). Because 
the archival tags that we used (MiniPAT and TDR-
Mk9) did not have accelerometers to measure body 
vibrations, it was not possible to identify spawning 
events. Further research is needed to identify whether 
cluster 3 behavior represents foraging and/or repro-
ductive behavior. 

Cluster 2 was characterized by frequent dives to 
~150 m during the entire day and by the deepest dive 
(up to ~520 m) of all of the behavior patterns (Table 2, 
Fig. 1B). The frequent dives might be for naviga-
tion, foraging, behavioral thermoregulation, preda-
tor avoid ance, or a combination of these behaviors 
(Carey & Scharold 1990, Klimley 1993, Andrzejaczek 
et al. 2019). In some pelagic predatory fishes, deep 
dives have been postulated to be associated with 
navigation because geomagnetic and depth cues can 
be obtained at great depths (Klimley 1993). The 
greater amberjack in the ECS undertake seasonal 
north−south migrations that are >1000 km, and they 
can return to locations with fidelity of <10 km (Tone 
et al. 2022). The navigation hypothesis thus cannot 
be ruled out for greater amberjack. The vertical 
movements for navigation observed in the previous 
studies occurred mainly during the twilight period, 
when the intensity of the Earth’s magnetic field 
reaches its maximum (Willis et al. 2009), whereas the 
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Fig. 5. Frequency distribution of the swimming depth from 
all individuals during the daytime (red) and nighttime (blue), 
with the vertical profile of mean temperature and standard 
deviation in each bin. Green: ambient water temperature  

(Ta); orange: peritoneal cavity temperature (Tb)
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frequent dives of the greater amberjack in the pres-
ent study occurred not only during the twilight 
period but also during both the daytime and night-
time. The navigation hypothesis is therefore unlikely 
to be the main function of the frequent dives in clus-
ter 2 in the greater amberjack. 

Another possible main function of the frequent 
dives in cluster 2 is foraging behavior. In cluster 2, 
tagged fish were observed swimming vertically in 
well-stratified waters, as in cluster 3 (Fig. 3). Olfac-
tory and gustatory stimuli that are useful for locating 
prey are distributed more extensively in the horizon-
tal plane than vertically, due to current shear be -
tween water layers of different densities (Carey & 
Scharold 1990). Moving vertically in stratified waters 
would thus be an effective strategy for detecting cues 
to prey locations. Interestingly, the tagged fish swam 

to similar depths in cluster 2 (127.3 ± 24.6 m) and 
cluster 3 (116.1 ± 31.5 m) during the daytime 
(Table 2), but nighttime diving occurred only in clus-
ter 2 (Fig. 1). This difference in diving behavior be -
tween the 2 clusters implies that the greater amber-
jack could switch to a different foraging behavior 
be   tween cluster 2 and cluster 3. 

For example, if greater amberjack cannot find an 
area with sufficient food resources such as the DSL 
during the daytime, they will need to continue forag-
ing during the nighttime. Indeed, several pelagic 
predatory fishes have been reported to shift their ver-
tical movement patterns according to the distribution 
of their prey (e.g. Queiroz et al. 2012, Stehfest et al. 
2014). Because the prey of greater amberjack is 
diverse (Andaloro & Pipitone 1997, Sley et al. 2016), 
changes in vertical movement patterns between 
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Fig. 6. (A) Duration frequency of each dive obtained from all individual greater amberjack. The maximum dive time was 317 min.  
(B) Enlarged view of the 0 to 21 min portion of (A). (C) Enlarged view of the 50 to 317 min portion of (A)
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cluster 2 and cluster 3 may be a response to shifts in 
available prey species. 

Our results suggest that clusters 3 and 5 reflect the 
foraging behavior of the greater amberjack when the 
fish are in areas of high food concentrations, whereas 
cluster 2 may reflect alternative foraging behavior 
when the fish are in a resource-poor area. Synthesiz-
ing these results, we propose that the abundance of 
prey would have the greatest influence on vertical 
movement patterns (i.e. diving depth and the occur-
rence of DVM) of greater amberjack. Although they 
are known to be associated primarily with topo-
graphic features (Murie et al. 2011, Jackson et al. 
2018), greater amberjack in the ECS migrate to off-
shore regions during the spawning season (Tone et 
al. 2022). A possible reason for this offshore migra-
tion is so that the fish can experience a slowly elevat-
ing water temperature regime to induce final oocyte 
maturation and ovulation (Tone et al. 2022). 

The vacuity index values (= percentage of empty 
stomachs) of mature greater amberjack decrease in 
the early stage of spawning (Anda loro & Pipitone 1997, 
Sley et al. 2016), suggesting that greater amberjack 
may require more energy during the gamete-devel-
opment phase (i.e. November to January). However, 
since offshore regions (e.g. the Kuroshio Current) are 
areas of low productivity, their prey abundance will 
be lower there than in coastal regions. Greater 
amberjack may thus have changed their behavior 
from the reef-associated foraging behavior to the 
DVM pattern to satisfy their energy requirements for 
gamete development and subsequent spawning 
activity. This finding supports the hypothesis that 
greater amberjack might change their foraging strat-
egy depending on their habitat. 

4.2.  Behavioral thermoregulation of 
greater amberjack 

The frequent dives observed in clusters 2 and 3 
would also be affected by the physiological con-
straints. As mentioned, deep water (e.g. the DSL) 
may provide an attractive foraging environment for 
greater amberjack. However, our data demonstrated 
that the tagged fish did not stay at the depth of the 
DSL throughout the daytime: rather, they exhibited 
frequent vertical movements. The ambient tempera-
ture in deep water (approximately <16°C) is colder 
than that at the depth where greater amberjack are 
usually observed (20.0°−22.0°C) (Table 3, Fig. 5). 
This suggests that deep, cold water would be a phys-
iologically limiting factor for greater amberjack. 

Our present study is the first to record the peri-
toneal cavity temperature of greater amberjack, and 
we successfully described the behavioral responses 
of the fish to the surrounding thermal environment. 
The peritoneal cavity temperature of the tagged fish 
fluctuated according to the ambient water temp -
erature changes (Fig. 4). The heat budget model 
showed that all of the individual fish tagged with a 
TDR-Mk9 had a higher k-value during warming 
compared to cooling (Table 3). According to Holland 
et al. (1992), bigeye tuna undergo physiological 
thermoregulation by changing their k-value by 2 
orders of magnitude. In contrast, the ratio of the 
changes in k of greater amberjack was within 1 
order of magnitude, which indicates that these fish 
do not undergo physiological thermoregulation as 
do bigeye tuna. 

The k and the ratio of k for fishes of various sizes 
are strongly correlated with body mass (Nakamura et 
al. 2020, Watanabe et al. 2021). We observed that the 
k and the ratio of k of greater amberjack were not ex -
ceptional among fishes of similar body mass, as 
shown in these previous studies. In our present ana -
tlyses, the calculated BIC values were lower in the 
variable-k model with T·m than the version without T·m 
in all tagged fish (Table 3). A temperature elevation 
≥2.7°C above the ambient temperature has been pro-
posed as a benchmark for determining whether 
fishes are able to retain their body temperature as 
endo thermic (Dickson 1994). In greater amberjack, 
the mean temperature difference between the ambi-
ent water temperature and peritoneal cavity temper-
ature was 0.2°C (Table 3). These results indicate that 
greater amberjack are ectothermic fish, in which the 
physiological heat must be relatively small or negli-
gible in thermoregulation. 

If a greater amberjack, an ectothermic fish, re mains 
in deep, cold water throughout the daytime, its body 
temperature will drop to the temperature of the ambi-
ent water temperature. Since the fish cannot physio-
logically maintain its body temperature in cool water 
below the optimal habitat temperature, it is then 
 necessary to find a way (i.e. behavioral thermo -
regulation) to stay in cool water to do it. Several fishes 
with large k-values have been reported to maintain 
their peritoneal cavity temperature in cool water by 
performing periodical short-duration dives rather 
than a single long-duration dive (e.g. chum salmon 
Oncorhynchus keta; Azumaya & Ishida 2005). In the 
present study, the median duration of periodic dives 
was <3 min (Fig. 6). Here, we used Eq. (1) to simulate 
a peritoneal cavity temperature change when a 
tagged fish showed periodic short-duration dives 
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(3 min) or a single long-duration dive (50 min), as 
shown in Fig. 7. During the periodic short-duration 
dives, the estimated peritoneal cavity temperature al-
most never dropped below 16°C (Fig. 7A). 

In contrast, during the single long-duration dive, 
the peritoneal cavity temperature dropped below 
16°C and then decreased until it became equal to 
the ambient water temperature (Fig. 7B). The 
greater amberjack shifted from descents to ascents 
before their peritoneal cavity temperature became 
<16°C (Figs. 4 & 5). These results indicate that peri-
odic short-duration dives by this species are likely to 
be for be havioral thermoregulation, which enables 
greater amberjack to access deep, cold water while 
maintaining their peritoneal cavity temperature. We 
thus postulate that the duration of the vertical 
movement of greater amberjack would be limited 
by physiological constraints to maintain their body 
temperature. 

4.3.  Conclusions 

The results of this study demonstrated that the 
 vertical movement pattern of greater amberjack is 
re lated mainly to foraging behaviors associated with 
topo graphic feature changes and is limited by phy -
sio logical constraints for the maintenance of body 
temperature. It is thus likely that greater amberjack 
make frequent and repeated vertical movements in 
order to balance the trade-offs between foraging 
and thermoregulation. We also observed that per-
forming a cluster analysis using depth profiles is 
effective for classifying vertical movements even in 
pelagic fish that do not use a specific point (e.g. the 
sea surface or seabed) as a starting point of the ver-
tical movement. 

The functions of the vertical movement pattern with 
short-step dives similar to cluster 5 (i.e. cluster 4), 
which was observed in both offshore and coastal 
areas, remain unclear. In addition to foraging and 
behavioral thermoregulation, it has been suggested 
that the purposes of vertical movement include navi-
gation, predator avoidance, and energy conservation 
(Weihs 1973, Carey & Scharold 1990, Klimley 1993, 
Andrzejaczek et al. 2019). For example, negatively 
buoy ant fishes can conserve locomotion costs by 
alternating passive gliding during descents and 
active swimming during ascents compared with con-
tinuous horizontal swimming (Weihs 1973, Gleiss et 
al. 2011). Since there are many large predatory fishes 
(e.g. sharks) that are potential predators of greater 
amberjack in eastern Taiwanese waters (Chiang et 
al. 2014), some of their vertical movements might re -
present evasion from predators. Further tagging sur-
veys using acceleration data loggers to simultane-
ously record swimming speeds and tail beat activity 
(Kawabe et al. 2004, Furukawa et al. 2011) and 
miniaturized camera tags (Nakamura et al. 2015) will 
contribute to our understanding of the behavioral 
factors of the vertical movements. 
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Fig. 7. Estimated peritoneal cavity temperature changes of 
a single greater amberjack (GA10A) when it showed (A) 
periodical short-duration (3 min) dives and (B) a single 
long- duration (60 min) dive. Green: ambient water temper-
ature; orange: estimated peritoneal cavity temperature, 
which was calculated using values of k1 (heat-transfer co-
efficient; cooling) = 6.32 × 10−2 °C min−1 °C−1, k2 (heat-
transfer coefficient; warming) = 8.15 × 10−2 °C min−1 °C−1, 
and T·m (the rate of temperature change due to internal 
heat production) = 7.07 × 10−3 °C min−1 from the archival  

tag attached to the fish (GA10A)
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