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Swordfish (Xiphias gladius) are large, highly-migratory pelagic, fishes that make diel, vertical excursions from the warm, surface layer (e.g. 18–
24 �C) to the cold waters (�8 �C) below the thermocline (300–600 m). They possess anatomical traits [e.g. medial red muscle (RM) position
and an associated vascular rete] that could enable metabolic heat-retention and result in RM temperature elevation above ambient, or RM
endothermy. We herein provide: (i) expanded anatomical descriptions of the RM-associated vasculature (i.e. central rete and lateral blood ves-
sels), (ii) new measurements of in vivo temperature, and (iii) heat transfer models to assess the capacities for RM endothermy and physiologi-
cal thermoregulation during vertical movements. Despite the presence of a medial RM and two associated blood-flow pathways (one of
which forms a rete), swordfish exhibited a limited capacity for RM endothermy, with muscle temperatures approaching ambient during pro-
longed periods above or below the thermocline. Our heat transfer models suggest, however, that swordfish may control rates of heat loss or
gain during vertical movements, possibly by altering the route of blood flow supplying the RM. Such physiological thermoregulation likely
contributes to the ability of swordfish to capitalize on food resources below the thermocline, which are out of range for most other active, pe-
lagic fishes.
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Introduction
Swordfish (Xiphias gladius) are large, active, pelagic teleost fishes

that are exploited by large-scale commercial fisheries across all

ocean basins (50�N–50�S; Ward et al., 2000) and make seasonal

migrations from the tropics to foraging grounds in temperate and

sub-polar waters (Abascal et al., 2010). They are also capable of

diel, vertical movements from the warm, upper mixed layer

(�18–24 �C) to cold waters (�8 �C) well below the thermocline

(300–600 m), where they feed on prey associated with the deep-

scattering layer (Carey and Robinson, 1981; Carey and Gibson,

1987; Carey, 1990; Takahashi et al., 2003; Sepulveda et al., 2010;

Dewar et al., 2011).

Initial work on the extensive vertical mobility of swordfish at-

tributed their extreme thermal tolerance to the presence of a

brain and eye heating complex, which is derived from a modified

ocular muscle (i.e. superior rectus) and elevates the temperature

of the eyes and brain above ambient (Carey, 1982; Block, 1986;

Fritsches et al., 2005). Warming of the cranial region was pro-

posed to buffer the central nervous system from rapid tempera-

ture changes, and allow swordfish to tolerate prolonged exposure

to cold water at depth (Carey, 1982; Block, 1986; Fritsches et al.,

2005). Although this hypothesis is well supported, questions re-

main as to how swordfish, which are obligate ram ventilators

(Wegner et al., 2010), cope with the potentially detrimental
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effects that large and rapid temperature changes impose on loco-

motor muscle function (Bennett, 1984; Block and Finnerty,

1994). The thermal tolerance of the swimming muscles may di-

rectly impact the ability of swordfish to exploit a range of envi-

ronments on a seasonal (i.e. movements from tropical to

temperate areas) or daily basis (i.e. vertical movements from the

surface to well below the thermocline) (Brill and Lutcavage,

2001).

In general, fish locomotion is powered by two discretely segre-

gated fibre types, glycolytic, white muscle (WM) that is used dur-

ing short-duration burst swimming, and aerobic, red muscle

(RM) that powers sustained swimming (Johnston, 1981). Studies

of pelagic fishes that have the capacity to elevate RM temperature

above water temperature (i.e. RM endothermy) have shown a

correlation between RM temperatures and sustained swimming

capacity (Block and Finnerty, 1994; Bernal et al., 2001; Dickson

and Graham, 2004). Field and laboratory investigations on the

aerobic capacity and locomotor performance of these fishes sug-

gest that RM endothermy enhances sustained swimming perfor-

mance (e.g. greater swimming speeds, larger maximum annual

migration ranges) by allowing for an RM temperature that is ele-

vated above and fluctuates less then water temperature, a scenario

unlike that present in sympatric ectothermic fishes (Block and

Finnerty, 1994; Dickson, 1995, 1996; Bernal et al., 2001; Dickson

and Graham, 2004; Watanabe et al., 2015).

RM endothermy in fishes is made possible by a suite of mor-

phological and physiological specializations that permit metabolic

heat retention (Carey et al., 1971; Block and Finnerty, 1994; Brill,

1994). More specifically, the RM is positioned medially, or closer

to the vertebrae, and is served by a complex network of arteries

and veins, which form countercurrent heat-exchanging retia

(Carey and Teal, 1966; Carey et al., 1971; Bone and Chubb, 1983;

Graham et al., 1983; Block and Finnerty, 1994; Dewar et al.,

1994b; Patterson et al., 2011). Interestingly, swordfish are the

only teleost species, other than the scombroid fishes, to exhibit a

medially positioned RM that is served by a putative vascular rete;

but, it is unclear to what degree these specializations function to

control RM temperatures, especially during exposure to large and

rapid changes in ambient conditions (Carey, 1990; Figure 1a).

Previous work using acoustic telemetry and archival (i.e. data

recording) tagging has documented the sizeable vertical move-

ment patterns of free-swimming swordfish, showing their exten-

sive capacity to undergo prolonged descents below the

thermocline (Carey and Robinson, 1981; Takahashi et al., 2003;

Sepulveda et al., 2010; Dewar et al., 2011). Records of deep body

temperature (presumably that of the RM) were not, however,

able to confirm a high capacity for RM endothermy (Carey and

Gibson, 1987; Carey, 1990). Rather, the data suggested that body

temperature fluctuated widely during daily vertical movements, a

scenario contrasting that described for fishes with RM endo-

thermy (Carey et al., 1971, 1982; Holland and Sibert, 1994).

Nevertheless, the manner in which body temperature changed

throughout the vertical movement cycle suggested differential

heating and cooling rates (Carey, 1990). This implies that sword-

fish have the ability to modulate heat transfer rates, or to physio-

logically thermoregulate, perhaps by changing the rates or routes

of blood flow to the RM (Carey, 1990; Brill et al., 1994).

There are, to date, no detailed anatomical descriptions of the

RM-associated vasculature and only limited field-based data that

can be used to assess the capacities for RM endothermy or physi-

ological thermoregulation in swordfish. Our objectives were,

therefore, to: (i) provide a more detailed anatomical description

of the vascular blood supply to the RM; (ii) record in vivo tem-

peratures (i.e. RM) of free-swimming swordfish, and (iii) develop

thermodynamic models describing heat transfer between the RM

and the environment during diel vertical movements. Taken to-

gether, our data provide insight into the ecology of swordfish;

and we propose hypotheses on how this wide-ranging species has

(unlike other large, predatory, pelagic fishes) evolved the capacity

to tolerate extreme temperature fluctuations, the cornerstone of

its ability to exploit extensive geographic areas and depths.

Methods
All capture and handling procedures followed guidelines ap-

proved by the University of Massachusetts animal care protocol

no. 13-06 and California Department of Fish and Wildlife

Scientific Collection permit no. SC-2471.

Investigations of RM-associated vasculature anatomy
Swordfish (n ¼ 4; 90–130 cm lower jaw-fork length, LJFL were

captured by pelagic long-line (F/V Eagle Eye II and R/V Oscar

Sette) or deep-set buoy gear (R/V Malolo; Sepulveda et al., 2014).

Specimens were transported back to the laboratory and dissected

to determine the origin and trajectory of the major arteries be-

tween the gills and the RM, and the major veins returning from

the RM to the heart. We exposed and removed the viscera, as well

as any connective tissue and bone, to expose the heart, efferent

branchial arteries (EBAs), dorsal aorta (DA), and post-cardinal

vein (PCV) using an incision from the pectoral girdle to the clo-

aca. We exposed the lateral artery (LA), first described by Carey

(1990), via parasagittal cuts (�5 mm thick) that removed the

overlying skin and superficial WM. Systemic arteries were identi-

fied as any blood vessel originating from the EBA or its associated

branches; this included the DA and LA (Carey, 1990; Dickson,

1994). Veins were similarly identified as any blood vessel that ter-

minated at the pericardial cavity or an associated sinus; this in-

cluded the PCV and its supplying branches. We traced all major

blood vessels posteriorly from the heart (e.g. DA and PCV) or

gills (e.g. LA), as well as any blood vessels running towards and

through the RM until they either became indistinguishable from

the surrounding tissue or joined another identifiable vessel.

Tissue sample blocks (�10 � 10 � 10 mm) extending inwards

from the LA towards the vertebrae were removed and sent to a

commercial laboratory (Mass Histology; Worcester, MA) where

they were dehydrated in a graded ethanol series, cleared in xylene,

embedded in paraffin wax, cut with a microtome (�5 mm thick),

and stained with Masson’s trichrome or H&E to allow visualiza-

tion of the lumen in any blood vessels travelling through the RM,

from the lateral circulation towards the central circulation (i.e.

DA and PCV complex). We distinguished sectioned arteries and

veins by both the relative size of the tunica media (i.e. the layer

comprised of smooth muscle cells intermingled with elastic fibres

is larger in arteries) in the vascular wall and the overall shape (ar-

teries tend to remain circular in histological preparations)

(Young et al., 2000).

Analysis of ambient and body temperature
Swordfish (n ¼ 6; 220–250 cm LJFL, �90–140 kg) were tagged in

the Southern California Bight at �33�000N, 117�50’W. The elec-

tronics package consisted of a Lotek (Newfoundland, CA) model

1410 archival tag affixed to a Wildlife Computers (Redmond,
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WA, USA) MK10 pop-off satellite archival tag (PSAT). The Lotek

tag had a 10 cm external thermistor lead that was inserted into an

8 cm long 3 mm diameter section of inert tubing and attached to

the PSAT plastic, umbrella anchor (Domeier et al., 2005).

Swordfish were tagged using a modified harpoon from the bow

pulpit or using a smaller hand-held tagging stick from the side of

the boat following capture by deep-set buoy gear. The position of

the plastic umbrella anchor was adjusted on the harpoon or tag-

ging stick such that the thermistor tip penetrated the deep tissue

at a depth estimated as proximal to the RM (e.g. for a body mass

between 90 and 140 kg the RM is �10 cm under skin). Tags were

programmed to record ambient temperature (Ta,
�C), RM tem-

perature (TRM, �C), and depth once every minute. The PSATs

were programmed to detach four to 6 days after deployment, and

were recovered using a Gonio 400 (SERPE-IESM, Guidel, France)

signal direction finder. The Ta, TRM, and depth data were down-

loaded from the tags and imported into ACCESS database

(Microsoft Office, 2003, Seattle, WA, USA).

RM endothermy
We quantified the capacity for RM endothermy by measuring the

temperature excess (Tx) of the RM (where Tx ¼ TRM – Ta) during

steady state conditions (i.e. periods of at least 10 min when

changes in TRM and Ta were < 0.1 �C, as in Neill et al., 1976).

Physiological thermoregulation
We quantified the capacity for physiological thermoregulation

during periods of movement below and above the thermocline

using a commonly employed empirical expression that describes

the instantaneous rate of change in RM temperature (dTRM dt�1)

relative to ambient temperature (Ta):

dTRM

dt
¼ k Ta � TRMð Þ; (1)

where t is time (min), and k (D�C min�1 �C�1) is the thermal

rate coefficient, a value encompassing all bodily or environmental

conditions that affect heat transfer (Neill and Stevens, 1974; Neill

et al., 1976; Brill et al., 1994; Dewar et al., 1994b; Bernal et al.,

2001b). Integrating equation (1) with respect to t yields:

Ta � TRM tð Þ½ �
½Ta � TRM 0ð Þ� ¼ e�kt ; (2)

where Ta is the water temperature at depth or at the surface, TRM

(t) is the RM temperature at time t and TRM (0) is the TRM prior

to a change in Ta. Rearrangement of equation (2) enables k to be

calculated for any time period,

k ¼ � 1

t
ln

Ta � TRM tð Þ
Ta � TRM 0ð Þ (3)

and equation (3) can be transformed into a linear function with

the slope –k:

ln Ta � TRM tð Þj j ¼ ln Ta � TRM 0ð Þj j � kðtÞ: (4)

Data (i.e. depth and temperature) were divided into two major

categories: descents and ascents. The former included time pe-

riods over which depth increased and the time-at-depth, and the

latter included time periods over which depth decreased and the

time-at-surface (Figure 2a). For each descent in which Ta de-

creased below 16 �C (i.e. temperature associated with the thermo-

cline; Figure 2a and Supplementary Figure S1), we calculated the

k value (kdescent) for the time-period beginning with and includ-

ing the initial decrease in Ta (i.e. non-steady state), and ending

when either Ta and TRM both reached a steady-state condition or

when an ascent was initiated. Similarly, for each ascent in which

Ta increased above 16 �C, we calculated the k value (kascent) for

the time period beginning with and including the time period

when the Ta began increasing after some time-at depth, and end-

ing when the Ta and TRM both reached steady-state or a new de-

scent was initiated. Last, due to fine scale movements during long

periods spent at depth or the surface, we calculated the Ta for the

time-at-depth (Ta-descent) and the time-at-surface (Ta-ascent) as:

Ta�descent ¼
mean ðTaÞ þ minimumðTaÞ

2
; (5)

Ta�ascent ¼
mean ðTaÞ þ maximumðTaÞ

2
; (6)

where mean, minimum, and maximum pertain only to the Ta

measurements during a specific descent or ascent interval.

To facilitate comparisons between swordfish and other species,

all k values are reported in absolute terms (Carey and Teal, 1969;

Neill and Stevens, 1974, Neill et al., 1976; Dewar et al., 1994;

Bernal et al., 2001b). We report the ratio of kascent to kdescent to ex-

press the difference between rates of RM temperature change dur-

ing exposure to disparate ambient conditions and as a metric of

thermoregulatory capacity (Brill et al., 1994). Unless otherwise

noted, all values are mean 6 standard error.

In order to further assess the capacity for physiological ther-

moregulation, we used a supplementary, predictive modelling ap-

proach, which was similar to that employed previously for bigeye

tunas (Thunnus obesus) (Holland et al., 1992; Holland and Sibert,

1994; Malte et al. 2009). We calculated k values from equation (1)

as applied to non-instantaneous, consecutive vertical movement

cycles, or steady and non-steady state conditions (i.e. entire track-

ing period). The equation (1) was amended to include the theo-

retical temperature change attributed to metabolic heat

production (Tmet) through time (dTmet dt�1; �C):

dTRM

dt
¼ k Ta � TRMð Þ þ dTmet

dt
: (7)

Four different models of heat transfer between TRM and Ta

were employed to determine the number of k values (from 1 to 3

k values) required to best predict the measured TRM for the entire

tracking period. The following possibilities for k were examined:

Model 1: k ¼ constant; The k1 heat transfer mode was perma-

nently employed (Holland et al., 1992; Holland and Sibert,

1994).

Model 2: k1 if Ta < TRM; k2, if Ta � TRM; Two heat transfer

modes, k1 and k2, were differentially employed based on the ab-

solute difference between Ta and TRM (Holland and Sibert,

1994).

Model 3: k1 if Ta–TRM < Tcrit; k2 if Ta–TRM � Tcrit; Two heat

transfer modes, k1 and k2, were differentially employed based on
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an optimized, critical temperature difference (Tcrit) between

TRM and Ta (Holland et al., 1992; Holland and Sibert, 1994).

Model 4: k1 if Ta–TRM < Tcrit; k2 or k3 if Ta –TRM � Tcrit. We

employed k2 if Ta at time t was below the mean surface (Ta) (i.e.

average of Ta measurements recorded at depths shallower than

the thermocline at �70 m; Sepulveda et al., 2010; Figure 2a and

Supplementary Figure S1), and a depth deeper than 70 m. We

employed k3 if Ta(t) was above the mean surface Ta and depth

was shallower than 70 m. In other words, we differentially em-

ployed the three heat transfer modes (k1, k2, and k3) based on an

optimized Tcrit between TRM and Ta, as well as the depth (m) of

the individual relative to the thermocline. More specifically, k1

was used when the thermal gradient (Ta–TRM) was less than the

optimized Tcrit; but if the thermal gradient was greater than the

optimized Tcrit, then either k2 or k3 were used. The k2 mode was

used if the individual was near or below the thermocline, as in-

dicated by Ta values that were cooler than the average surface

Ta throughout the tracking period and a recorded depth below

70 m. The k3 mode was used if the individual was in the warm

waters above the thermocline (i.e. Ta values � the average Ta re-

corded during the time at the surface and depth was shallower

than 70 m). The k3 option was added to Model 4 to account for

activity-dependent changes in the rate of heat transfer during

long-duration surface intervals (time-at-surface). Swordfish

may exhibit different activity levels while at the surface (e.g. pe-

riods of high speed swimming while feeding, steady swimming

during the night, and slow swimming while basking at the sur-

face during the day), which will affect Tmet or blood flow to the

RM, and consequently k and dTRM dt�1 (equation 7) (Brill

et al., 1994).

We estimated all parameters (i.e. k, Tmet, Tcrit) through heuristic

methods of local optimization (i.e. hill-climbing), using numeri-

cal ranges obtained from published values for other active fishes

(i.e. k: from 0 to 1 D�C min�1 �C�1; Tmet: from 0 to 5 �C; Tcrit:

from �20 to 20 �C; Carey and Teal, 1969; Carey and Lawson,

1973; Graham, 1974; Neill et al., 1976; Carey et al., 1985; Carey,

1990; Dewar et al., 1994b; Holland and Sibert, 1994; Bernal et al.,

2001; Kitagawa and Kimura, 2004; Malte et al., 2009). The Tmet

was assumed to be constant throughout the vertical movement

cycle, as there were no significant differences in the rate of vertical

change (i.e. the minimum vertical swimming speed in cm/s) be-

tween descents and ascents (t-test, p ¼ 0.13). The differential

equation (7) was solved in Matlab at each 1-minute time step and

optimized parameters were selected based on the least squared

Figure 1. (a) Swordfish showing RM position and vasculature as described by Carey (1990) [Left panel a1: dorsal-view. Right Panel a2:
transverse section taken at midbody region, as demarcated by double-headed arrow]. (b) Updated diagram of vascular anatomy with
proposed direction of blood flow to and from the RM. The “?” shows unknown origin, drainage, or trajectory of blood vessels. Histological
sections stained with trichrome of the (c) thin-walled and (d) thick-walled lateral branches from a 99 cm LJFL swordfish. Abbreviations: A,
representative artery; ABA, afferent branchial arteries; AVB, arterio-venous bundles; CVR, central vascular rete; DA, dorsal aorta; EBA, efferent
branchial arteries; G, gills; H, heart; ISV, intersegmental vessels; LA, lateral artery; TLB, thick-walled lateral branches; LV, lateral vein; PCV, post-
cardinal vein; RM, red muscle; tLB, thin-walled lateral branches; WM, white muscle; V, representative vein; VA, ventral aorta; VT, vertebrae.
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difference between the observed (TRMo) and predicted (TRMp)

RM temperature measurement (i), or the residual sum of squares

(RSS; Malte et al., 2009):

RSS ¼
Xn

i¼1
ðTRMoðiÞ � TRMpðiÞÞ2: (8)

The best model was selected as that producing the lowest RSS

with the fewest number of parameters. For example, if in Model

3, Tcrit proved unnecessary, local optimization would set Tcrit

equal to 0 and the RSS for Model 2 and Model 3 would be equal

(i.e. Model 2 ¼ Model 3); in this instance Model 2 would be cho-

sen over Model 3. Similarly, if in Model 4 k3 proved to be unnec-

essary, local optimization would cause the k3 value to equal either

k1 or k2 (i.e. 2 k values, Model 3 ¼ Model 4), and Model 3 would

be selected as the best-fit model.

For all analyses, we used data from only the five swordfish

showing diel, vertical movements in our heat-transfer analyses.

Results
RM-associated vasculature anatomy
The ventral aorta (VA), or the principal vessel exiting the heart,

branched into smaller afferent branchial arteries (ABA) that en-

tered the gill arches. The EBAs exited the gills to join the DA,

which was at this point paired. The DA merged posteriorly to

form a single centrally positioned (i.e. under the vertebrae) vessel.

The DA branched between 40 and 70% LJFL to send lateral inter-

segmental arteries towards the RM at every �1–2 vertebral seg-

ments (Figure 1b). Similarly, the small, lateral intersegmental

veins, which drained from the RM, were traced towards the verte-

brae where they joined the PCV (Figure 1b). The PCV travelled

anteriorly from the caudal vein and enlarged to form the com-

mon cardinal sinus that joined the sinus venosus at the

pericardial cavity. A putative central rete, previously described by

Carey (1990) as “one to six layers of vessels”, was evident poste-

rior to the celiacomesenteric artery and consisted of the DA,

PCV, and four or more smaller adjacent arteries and veins, all of

which travelled in contact with each other, directly beneath the

vertebrae and along the length of the fish (Figure 1b).

In addition to the central blood supply (i.e. via the DA and

PCV), swordfish possess an additional, lateral, or subcutaneous,

route of systemic blood supply to and from the RM. A large LA

seemingly originated from a plexus of EBAs and exited the oper-

cular cavity beneath the scapular process of the pectoral girdle

(Figure 1b). The LAs (i.e. one on each side of the body) travelled

posteriorly along the body, within the WM (1 � 2 cm beneath

the skin) and near the horizontal septum. A lateral vein (LV)

ran in tandem with the LA towards the caudal peduncle

(Figure 1b). We could not determine the exact origin or termi-

nation of the LV, but our observations suggest that it could de-

scend medially towards the heart at the scapular process. The

LA and LV were surrounded by a shared sheath of collagenous

connective tissue.

As the LA and LV ran anterio-posteriorly along the body from

30 to 85% LJFL, they divided, sending small, thin-walled vessel

branches through the horizontal septum into the RM (Figure 1b).

Histological sections from these branches, revealed that each con-

tained small collections of juxtaposed arterioles and venules (i.e.

arterio-venous bundle; area �1 mm2; Figure 1b and c). The num-

ber and frequency of these branch-points from the LA and LV ap-

peared to vary between smaller (�90 cm LJFL) and larger

individuals (>120 cm LJFL), but generally occurred every 1–2 cm.

There were also more sizeable, thicker-walled lateral vessel

branches (e.g. 50, 55, and 60% LJFL) in larger individuals, each of

which was composed of several arteries and veins separated by

connective tissue and fat cells (Figure 1b and d).
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Figure 2. Representative vertical movement patterns of free-swimming swordfish (left panel) and water temperature-depth profiles (right
panel) obtained from archival tags for (a) swordfish (91 kg, ID no. 1) displaying extensive vertical movements and (b) a surface-orientated
swordfish (109 kg, ID no. 5). TRM, red muscle temperature; Ta, ambient temperature.
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Ambient and body temperature
We obtained time-series of Ta and TRM data from six

free-swimming swordfish in the Southern California Bight (�90–

140 kg). Five of the six individuals (ID nos. 1,2,3,4, and 6)

displayed diel, vertical movement behaviour. They rapidly de-

scended (37 6 9 min) from the surface to �375 m at dawn, spent

the duration of the day at depth (time-at-depth: 680 6 55 min),

and rapidly ascended (22 6 5 min) to the surface at dusk, where

they spent the duration of the night (time-at-surface: 773 6

24 min) (Figure 2a and Supplementary Figure S1). Some individ-

uals also showed short-lived (27 6 4 min) surface basking events

during the day (Figure 2a and Supplementary Figure S1). On av-

erage, the five swordfish spent 69 6 16% of the night at or above

the thermocline (above 70 m; mean Ta 19.6 6 0.8 �C) and 66 6

16% of the day below the thermocline (mean Ta of 8.8 6 0.1 �C)

(Supplementary Figure S1). This contrasts with the surface-

orientated behaviour exhibited by swordfish # 5 (�110 kg), which

mostly remained above 25 m and spent �98% of the tracking pe-

riod at a Ta � 16 �C (Figure 2b and Supplementary Figure S1f).

RM endothermy
The TRM during descents and time-at-depth was generally ele-

vated above Ta during prolonged periods at depth (e.g. �8–13 h).

During this time, however, the TRM slowly decreased until it ap-

proached and approximated the Ta at depth (Figures 2a and 3a,

and Supplementary Figure S1). The Ta surpassed TRM only during

rapid ascents, but this reversal in thermal gradient was transient

(e.g. average of 42 6 17 min out of 773 6 24 min at surface, or

20% of the total tracking period for n ¼ 5 swordfish), and the

TRM came to closely approximate the Ta at the surface. During

steady-state conditions (i.e. DTa and DTRM < 0.1 �C for �
10 min; Neill et al., 1976) the TRM did not differ from the Ta at

depth (t-test, p ¼ 0.15) or at the surface (t-test, p ¼ 0.32), nor

did the average Tx differ when at depth (Tx ¼ 0.58 6 0.57 �C, n ¼
5) or at the surface (Tx ¼ 0.71 6 0.87 �C, n ¼ 5) (t-test, p ¼ 0.8).

To better visualize the temporal distribution of Ta vs. TRM dur-

ing both steady-state and non-steady state periods (i.e. during ver-

tical movement), Ta and TRM measurements were binned into four

categories: (i) values recorded at depth (�8–12 �C); (ii) values re-

corded at the lower boundary of the thermocline (12–16 �C); (iii)

values recorded at the upper boundary of the thermocline (16–

20 �C); and (iv) values recorded at the surface (20–24 �C)

(Supplementary Figure S1). This analysis showed that Ta and TRM

values were in the warmest category (i.e. at surface, 20–24 �C) for a

similar percentage of the tracking period (both �59%), suggesting

TRM was closely tracking Ta when swordfish were above the ther-

mocline. There was, however, a greater disparity in the distribution

and number of TRM (�4% of the total tracking period) and Ta

(�20% of the total tracking period) measurements in the coldest

category (i.e. Ta � 8–12 �C), suggesting that TRM does not closely

track Ta when swordfish were below the thermocline.

Physiological thermoregulation
Our instantaneous heat transfer analysis (equation 4) using

non-steady state intervals showed that swordfish RM warmed

13 6 4 times faster during ascents than it cooled during de-

scents (mean kascent ¼ 0.0572 6 0.0130 D�C min�1 �C�1 vs.ersus

mean kdescent ¼ 0.0053 6 0.0008 D�C min�1 �C�1; Mann

Whitney Rank Sum Test kascent vs. kdescent, p < 0.01; Table 1 and

Figure 3a and b).

Our non-instantaneous heat transfer analysis (Equation 7), in-

cluding steady and non-steady state intervals, also showed that

more than one k value was necessary to best describe heat transfer

during vertical movements (Table 1; Figure 3c–f). Model 1, which

used a single, permanently employed k1 value, underestimated

the TRM during ascents and overestimated the TRM during

steady-state conditions at the surface. Models 2 and 3, which vari-

ably switched between k1 and k2 values, tended to overestimate

the TRM during descents and the steady-state conditions at depth.

Model 4, which switched between k1, k2, and k3 values, was the

most accurate predictor of TRM in swordfish.

For the five swordfish showing diel, vertical movements, the

average rates of heat transfer for Model 4 were k1 ¼ 0.0049 6

0.0006 D�C min�1 �C�1, k2 ¼ 0.0292 6 0.0046 D�C min�1

�C�1, and k3 ¼ 0.0447 6 0.0048 D�C min�1 �C�1. Values for k1

were similar to kdescent, and values for k2 and k3 were similar to

kascent (paired t-test, all p > 0.05; Table 1). The optimized k1 val-

ues were significantly smaller than k2 and k3 and while k2 and k3

were not significantly different between swordfish, these values

were always unequal within individuals (k1 vs. k2 paired t-test,

p ¼ 0.01; k1 vs. k3 paired t-test, p < 0.01; k2 vs. k3 paired t-test,

p¼ 0.13; Table 1; Figure 3f). A single k1 value was employed for

92 6 6% of the tracking period during descents, time-at-depth,

and steady-state periods during the time-at-surface (Figure 3f).

The k2 and k3 values were employed only during 2 6 2% and

6 6 5% of the tracking period, respectively. As a consequence of

Model 4 rules, k2 was used during initial ascents, and k3 was

used near the end of ascents and during any shallow (i.e. < 70

m), short duration descents occurring throughout the time-at-

surface (Figure 3f). We calculated the ratio of heating to cooling

for the Model 4 results by averaging the statistically similar k2

and k3 values, and dividing that mean by k1 [mean (k2, k3) •

k�1
1 ], which indicated that the RM warmed 8 6 1 times more

rapidly than it cooled.

Additionally, we applied our heat transfer models to the data

collected on free-swimming swordfish by Carey (1990): a �32 kg

(ID no. 10) swordfish captured in the warm waters of the Florida

Straits and a �140 kg swordfish (ID no. 11) captured in the

cooler, more northern waters off of Georges Bank (Carey, 1990).

Both fish exhibited diel, vertical movement behaviour, spending

the evening hours in the upper-mixed layer and the majority of

daylight hours beneath the thermocline (>200 m; Carey, 1990;

Figure 4). The model that most accurately predicted RM temper-

ature (i.e. Model no. 4) showed that both fish used a low-heat

transfer mode (Swordfish no. 10, k1 ¼ 0.0068; Swordfish no. 11,

k1 ¼ 0.0037; Table 1; Figure 4) during descents and then switched

to a high-heat transfer mode during ascents (Swordfish no. 10,

k2 ¼ 0.0107; k3 ¼ 0.0123; Swordfish no. 11, k2 ¼ 0.0261; k3 ¼
0.0690; Table 1; Figure 4). In agreement with the observations

made by Carey (1990), the results of Model 4 indicate that the

�32 kg swordfish warmed nearly twice as fast as it cooled [mean

(k2, k3) • k�1
1 ¼ 1.69], whereas the �140 kg swordfish warmed 10

times more quickly than it cooled [mean(k2, k3) • k�1
1 ¼12.85]

(Table 1).

In summary, it would appear that despite marked differ-

ences in body size (�32 vs. > 100 kg), as well as differences in

thermal stratification between the waters of the northwest

Atlantic Ocean, southwest Atlantic Ocean, and Eastern Pacific

Ocean, thermodynamic Model 4 is able to estimate a

capacity for physiological thermoregulation in free-swimming

swordfish.
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Discussion
Our data corroborate and expand previous observations of two

distinct blood flow pathways to the RM (Carey, 1990) and pro-

vide a more detailed description of the central vascular rete and

lateral circulation. Despite the presence of two circulatory routes

to the RM, as well as the presence of anatomical structures resem-

bling heat-exchanging retia, our in vivo temperature data and

that of others (Carey and Gibson, 1987; Carey, 1990) suggest that

swordfish have a reduced capacity for RM endothermy when

compared with tunas, lamnid sharks, and the common thresher

shark, all of which possess more complex or larger retia (Carey

and Teal, 1966; Carey et al., 1971; Bone and Chubb, 1983;

Graham et al., 1983; Dickson, 1994; Dewar et al., 1994; Patterson

et al., 2011). Our thermodynamic models, which predict how

changes in Ta alter TRM in free-swimming swordfish, are able to

confirm, however, that during descents and ascents swordfish al-

ter rates of whole-body heat transfer (Table 1; Figure 3b and f)

and thus have the ability to physiologically thermoregulate, as

suggested by Carey (1990).

RM endothermy: steady-state RM temperatures and
anatomy
The diel vertical movement patterns shown in Figure 2a and

Supplementary Figure S1 have been recognized as a foraging tac-

tic that allows swordfish to exploit the vertically migrating species

that compose the DSL both during the day (when the DSL de-

scends to deep, cold waters; 250–350 m, �8 �C) and at night
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Figure 3. Representative vertical movement patterns for a 91-kg swordfish (ID no. 1). (a) Entire tracking period showing TRM and Ta during
long-duration descents, surface intervals, and basking events. The area inside the dashed lines represent the region presented in panels b-g.
(b) Results for equation (4). Straight diagonal lines are the linear regression lines used to calculate the kdescent and kascent values for each
respective interval. Results for equation (7) are shown for (c) Model 1, (d) Model 2, (e) Model 3, (f) Model 4, and (g) a modified Model 4
using a high-heat transfer mode (mean of k2 and k3 values) at the surface. In c-g, the secondary axis corresponds to labeled k values. The RSS
for the entire track is provided for each model (Table 1). TRM, red muscle temperature; Ta, ambient temperature; k, thermal rate coefficient.
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(when the DSL ascends to the warmer, surface layer; �18 �C)

(Carey and Robinson, 1981; Carey and Gibson, 1987; Carey,

1990; Takahashi et al., 2003; Sepulveda et al., 2010; Dewar et al.,

2011). Previous recordings of in vivo muscle temperature using

acoustic telemetry (Carey and Gibson, 1987; Carey, 1990) and

our findings, using archival tags, reveal that swordfish are unable

to maintain a TRM consistently above Ta during prolonged time

periods at depth (�8 �C) or at the surface (�20 �C). Instead, dur-

ing movements through the thermocline, the TRM of swordfish

fluctuates by more than �12 �C until reaching an equilibrium

temperature that is similar to ambient conditions at depth or at

the surface (TRM�Ta ¼ Tx < 1 �C; Figures 2a and 3, and

Supplementary Figure S1).

Thus, while swordfish have evolved the hallmarks of RM endo-

thermy (e.g. medial RM position and associated vascular rete;

Carey, 1990; Block and Finnerty, 1994; Dickson, 1994; Bernal

et al., 2009); they do not appear to maintain a steady-state Tx typ-

ical of tunas, lamnid sharks, or the common thresher shark (e.g.

Tx � 2.7 �C; Dickson, 1994). Even though our anatomical find-

ings in swordfish, like those of Carey (1990) show that at least

some of the systemic blood flow to the RM is through a central-

ized vascular rete composed of up to six arteries and veins includ-

ing the DA and PCV (Figure 1a and b), our observations also

verify that their central rete is markedly smaller in size and com-

plexity than that of most tunas (Graham, 1974; Stevens et al.,

1974). Although the central rete of swordfish may act as a rudi-

mentary heat exchanger, its relative simplicity may explain why

the core body temperatures of free-swimming swordfish are lower

than those reported for fishes with RM endothermy (Carey and

Teal, 1966, 1969; Carey et al., 1971; Carey and Gibson, 1987;

Carey, 1990; Block and Finnerty, 1994; Dickson, 1994; Graham

and Dickson, 2004; Bernal et al., 2009).

Physiological thermoregulation: non-steady-state RM
temperature and anatomy
The ability of swordfish to forage on those organisms comprising

the DSL both above and below the thermocline is likely facilitated

by the ability to control rates of whole-body heat transfer (i.e. the

capacity for physiological thermoregulation first described in

tunas by Dizon and Brill, 1979a,b). Despite the low capacity for

RM endothermy in swordfish, our models show that multiple

thermoregulatory modes (i.e. k values) are necessary to simulate

TRM during vertical movements (Table 1; Figure 3 and

Supplementary Figure S1). Swordfish display a low-heat transfer

mode (kdescent, k1) during descents from the surface and through-

out the time-at-depth (Figure 3a, b, and f). This results in slow

rates of TRM decrease, which permits the TRM to remain elevated

above ambient for upwards of 8 h (i.e. non-steady state condi-

tions; Figure 3a, b, and f). During ascents back to the warm upper

mixed layer (Figure 3a, b, and f), swordfish switch to a high-heat

transfer mode (kascent, k2, k3), which rapidly increases TRM due to

the transfer of heat from the water to the fish. During prolonged

periods at the surface, however, swordfish revert back to a low-

heat transfer mode that may (when compared with a high-heat

transfer mode) stabilize TRM during the shallow, short-duration

vertical movements, which are common during surface-foraging

(Figure 3f vs. 3g) (Carey, 1990; Sepulveda et al., 2010). Overall,

our data suggest that during descents through the thermocline

and while at depth, swordfish are able to alter their rates of

whole-body heat transfer to effectively slow the decrease in TRM

by �8 [mean (k2, k3) • k�1
1 ; Model 4] to 13 (kascent kdescent

�1)

times during descents, as compared with the rate of increase in

TRM during ascents above the thermocline.

This capacity for physiological thermoregulation may play an

important role in swordfish thermal ecology, as it likely permits

the RM to operate at temperatures, which are warmer and more

amenable to contractile performance, for a greater percentage of

time within the vertical movement cycle (Supplementary Figure

S1). During the initial descent and time-at-depth, the slow rate of

RM cooling may allow swordfish to maintain faster sustained

swimming speeds relative to other ectothermic species (e.g. bigeye

thresher sharks, Alopias superciliosus; blue sharks, Prionace glauca)

that also forage below the thermocline (Carey and Gibson, 1987;

Nakano et al., 2003; Donley et al., 2007; Bernal et al., 2009).

Additionally, the RM may conductively warm some of the sur-

rounding WM and temporarily enhance WM contractile perfor-

mance during bouts of burst swimming (Johnston and Brill,

1984; Korsmeyer and Dewar, 2001; Bernal et al., 2003). In con-

trast, the ability to rapidly re-warm the RM most likely reduces

the time-at-surface during basking intervals (�20 min, Sepulveda

et al., 2010; Figure 2a), allowing swordfish to quickly return to

depth and exploit the organisms of the DSL during the day

(Carey and Robinson, 1981; Carey and Gibson, 1987; Carey,

1990; Takahashi et al., 2003; Sepulveda et al., 2010; Dewar et al.,

2011). The rapid RM re-warming may also allow swordfish to

minimize any competitive disadvantage relative to surface-

orientated fishes that have not experienced RM cooling

(Altringham and Block, 1997; Donley et al., 2007); making it im-

portant for prey search and capture, as well as predator avoidance

(Stillwell and Kohler, 1982). Last, the ability to control heat trans-

fer rates during ascents and surface intervals may serve to prevent

the possibility of deleterious overheating (Neill et al., 1976; Dizon

and Brill, 1979a,b; Brill et al., 1994; Dewar et al., 1994b;

Altringham and Block, 1997). For example, if swordfish employed

a single, low-heat transfer mode (i.e. see Model 1; i.e. k1; Figure

3c) during the entire vertical movement cycle, our models predict

a marked increase in the time to re-warm the RM, as well as con-

tinued warming to temperatures far above the TRM observed in

free-swimming individuals.

The capacity for physiological thermoregulation in swordfish

is likely associated with the presence of two putative circulatory

routes (i.e. central and lateral circulation), which operate at dif-

ferent heat-exchange efficacies, to perfuse the RM. Although we

observed the formation of small arterio-venous bundles extend-

ing from the large LA and newly described LV into the RM, the

small surface area of blood-vessel contact within bundles makes

effective venous to arterial heat exchange unlikely (Carey and

Teal, 1966; Dickson, 1994; Figure 1b). More specifically, sword-

fish may slow RM cooling by routing blood flow through the cen-

tral vascular rete to effectively retain RM-produced heat (Carey,

1990; Table 1; Figure 3b and f). Swordfish may then expedite RM

re-heating when TRM is below Ta by routing blood flow around

the rete and through the lateral circulation to quickly harness

heat from the environment (Carey, 1990; Table 1; Figure

3b and f).

All swordfish (displaying vertical movement behaviour) in our

study, and the �32 and 140 kg individuals observed by Carey

(1990) (Figure 4), displayed physiological thermoregulation dur-

ing diel, vertical movements, but there were some differences in

the calculated heating to cooling ratios, possibly related to body

size (Table 1; Figure 4 and Supplementary Figure S1). For
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example, the different ratios observed between Carey’s (1990)

small Floridian fish [mean (k2, k3) • k�1
1 ¼2], and the larger,

Georges Bank fish [mean (k2, k3) • k�1
1 ¼10], likely reflect the need

of the former to utilize a low-heat transfer thermoregulatory

mode more often because of lower thermal inertia, which is gen-

erated by greater conductive heat transfer due to smaller girth

and greater convective heat transfer due to smaller vascular heat-

exchanging retia (Dickson, 1994).

Additional variability is likely a consequence of differences in

the position of the thermistor or swimming behaviour. It is im-

portant to consider that all the temperature measurements for

free-swimming swordfish have been obtained by the insertions of

external thermistors via a harpoon (Carey and Gibson, 1987;

Carey 1990; our study); and because individuals were not recap-

tured, it is not possible to ascertain precise thermistor position

relative to the RM. We contend, however, that changes in the

route of blood flow to and from the RM are a major determinate

of swordfish heat balance because: (i) there was no difference in

minimum vertical speeds during descents and ascents, suggesting

little variability in RM-powered sustained swimming; (ii) the

heating to cooling ratios exceeded values that would be expected

due to swimming-dependent changes in blood flow velocity alone

(approximately five times; Stevens and Randall, 1967; Jones and

Randall, 1978; Carey, 1990); and (3) there were no unexpected,

short-lived spikes in deep-body temperature, as might be ex-

pected from any burst swimming (i.e. WM activity).

Swordfish thermal ecology
Swordfish experience daily, prolonged exposure to cold water

(<8 �C) and also undertake extensive annual migrations to high

latitudes (Carey, 1990; Watanabe et al., 2015). The high degree of

thermal tolerance exhibited by swordfish suggests that, for active,

pelagic fishes, thermal niche expansion is not solely reliant upon

the degree to which a species is capable of maintaining a steady-

state Tx across a range of ambient temperatures (i.e. RM endo-

thermy), but rather, as proposed by Brill and Lutcavage (2001),

the ability to regulate the rate of change in TRM during migrations

through different thermal environments, such as during rapid,

vertical movements through the thermocline.

Among, active, large pelagic fishes, the capacity for physiologi-

cal thermoregulation may significantly affect the ability to forage

at depth. Swordfish are among the few active, large, pelagic teleost

fishes that regularly undergo large diel, vertical movements to for-

age on the vertically migrating species within the DSL (Carey and

Robinson, 1981; Carey and Gibson, 1987; Carey, 1990; Takahashi

et al., 2003; Musyl et al., 2004; Bernal et al., 2009; Sepulveda et al.,

2010; Dewar et al., 2011; Figures 2a and 4, and Supplementary

Figure S1). Although other species showing extensive daily verti-

cal movements (e.g. bigeye tuna) make numerous (i.e. up to 20),

short duration descents (<1 h) during the day (Holland and

Sibert, 1994; Musyl et al., 2003; 2004; Bernal et al., 2009; Schaefer

et al., 2009), swordfish are distinct in that they make fewer de-

scents (1–2) and spend much longer times-at depth (i.e. 6–10 h)

(Carey and Robinson, 1981; Carey and Gibson, 1987; Carey,

1990; Takahashi et al., 2003; Musyl et al., 2004; Sepulveda et al,

2010; Dewar et al., 2011). For bigeye tuna, the time-at-depth is

thought to be limited by the change in TRM, as they appear to

maintain a TRM that is greater than Ta and is at least 17 �C
(Holland and Sibert, 1994; Malte et al., 2009), the maintenance of

which may safeguard oxygen transport to the RM, as well as mus-

cle function (Brill, 1994; Holland and Sibert, 1994; Lowe et al.,

2001; Bernal et al., 2009; Malte et al., 2009). Swordfish, like bigeye

tunas, must also cope with cold waters and low dissolved oxygen

concentrations during movement below the thermocline (Carey

and Robinson, 1981; Carey and Gibson, 1987; Carey, 1990; Brill

and Lutcavage, 2001; Takahashi et al., 2003; Musyl et al., 2004;

Bernal et al., 2009; Sepulveda et al., 2010; Dewar et al., 2011).
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Figure 4. Vertical movement patterns for swordfish obtained by Carey (1990): (a) �32 kg swordfish (no. 10) in the Florida Straight and (b)
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Due to the large magnitude of observed fluctuations in the Ta

and TRM (DTa �16 �C, DTRM 	12 �C) of free-swimming sword-

fish, it will be interesting to determine how temperature may in-

fluence oxygen delivery to the RM, or its contractile mechanics.

To date, the effects of extreme temperature fluctuations on

sustained swimming capacity in swordfish remain unknown.

Work on several pelagic fishes, that possess the capacity for RM

endothermy, reveals substantial declines in RM performance and

presumably sustained swimming capacity, with decreasing tem-

peratures (Altringham and Block, 1997; Bernal et al., 2005;

Donley et al., 2007, 2012). For those species with RM endo-

thermy, contractile performance appears to be constrained within

a narrow range of RM temperatures (i.e. < D10 �C; Altringham

and Block, 1997; Bernal et al., 2005; Donley et al., 2007; Syme and

Shadwick, 2011; Donley et al., 2012). Despite presence of retia

and the capacity for physiological thermoregulation in swordfish,

the TRM fluctuates drastically (�8–20 �C), suggesting the RM

must operate over a broader thermal range.

Future work should, therefore, focus on quantifying the rates

of oxygen uptake and offloading and performance of swordfish

RM under varying thermal regimes to better determine if the ca-

pacity for physiological thermoregulation enhances sustained

swimming capacity and possibly foraging success beneath the

thermocline.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the article.
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