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Abstract  20 

Word Count: 250/250 words 21 

Attaching bio-telemetry or -logging devices (‘tags’) to marine animals for research and 22 

monitoring adds drag to streamlined bodies, affecting posture, swimming gaits and 23 

energy balance. These costs have never been measured in free-swimming cetaceans. To 24 

examine the effect of drag from a tag on metabolic rate, cost of transport, and swimming 25 

behavior, four captive male dolphins (Tursiops truncatus) were trained to swim a set 26 

course, either non-instrumented (n = 7) or instrumented with a tag (DTAG2; n = 12), and 27 
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surface exclusively in a flow-through respirometer where oxygen consumption (�� O2) and 28 

carbon dioxide production (�� CO2; mL kg-1 min-1) rates were measured and respiratory 29 

exchange ratio (�� O2/�� CO2) was calculated. Tags did not significantly affect individual 30 

mass-specific oxygen consumption, Physical Activity Ratios (exercise �� O2/resting �� O2), 31 

total or net cost of transport (COT, J m-1 kg-1) or locomotor costs during swimming or 32 

two-minute recovery phases. However, individuals swam significantly slower when 33 

tagged (by ~11%; mean±s.d. 3.31±0.35 m s-1) compared to when non-instrumented 34 

(3.73±0.41 m s-1). A combined theoretical and Computational Fluid Dynamics (CFD) 35 

model estimating drag forces and power exertion during swimming suggests drag loading 36 

and energy consumption are reduced at lower swimming speeds. Bottlenose dolphins in 37 

the specific swimming task in this experiment slowed to the point where the tag yielded 38 

no increases in drag or power, while showing no difference in metabolic parameters when 39 

instrumented with a DTAG2. These results, and our observations, suggest that animals 40 

modify their behavior to maintain metabolic output and energy expenditure when faced 41 

with tag-induced drag. 42 

Keywords: DTAG, respirometry, drag, bio-logging, transmitter, cost of transport, 43 

tagging  44 

 45 

Introduction 46 

Bio-telemetry and bio-logging devices (‘tags’) allow for direct measurements of 47 

movement and behavior in free-ranging animals. These technologies have been especially 48 

useful for the study of marine animals, which perform the majority of life functions out of 49 

view. Tag data have provided insights into the physiology, spatial ecology, acoustics, and 50 

kinematics of marine animals, and have been used in combination with other measures 51 

(e.g., prey field sampling, genetics, oceanography) to interpret the role of a tagged animal 52 

in its environment. As technologies have improved, the cost and size of tags have been 53 

reduced, while sensing capabilities have increased. This has led to growth in the number 54 

and diversity of tags and study subjects (Kooyman, 2004; Crossin et al., 2014), as well as 55 
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scientific efforts to deploy tags: the number of permits issued in the United States for 56 

tagging studies on marine turtles alone has tripled in the last decade (Jones et al., 2013). 57 

However, the attachment of external devices is not benign (e.g. see reviews by Wilson 58 

and McMahon, 2006; McMahon et al., 2011). While animal-specific rules intended to 59 

minimize tag impact have been established, e.g., bird tags should not exceed 3 or 5% of 60 

the animal’s body mass (Vandenabeele et al., 2011), there currently exist few guidelines 61 

for aquatic, terrestrial, or flying mammals (American Society of Mammalogists, 1998). 62 

Of 559 published studies having deployed bio-logging tags on free-ranging marine 63 

mammals from 1965 through 2012, only 2.5% addressed device influence, and only 1% 64 

were focused on cetaceans (T. McIntyre1, Personal Communication). The difficulty of 65 

establishing suitable controls by quantifying behavior and energetics from untagged 66 

animals at the same resolution as tagged animals likely limits the ability to perform such 67 

investigations (Shorter et al., 2013). 68 

For marine mammals, hydrodynamic drag is of primary concern, where tag volume, 69 

shape, position, and presence (and if so, size) of an antenna can significantly affect drag 70 

loading (Bannasch et al., 1994; Culik et al., 1994; Wilson et al., 2004; Jepsen et al., 2005; 71 

Vandenabeele et al., 2011). In an experimental study, Skrovan et al., (1999) showed that 72 

instrumented dolphins experience higher drag loading, especially when tags are quite 73 

large compared to the subject. To minimize the impact to the animal, design and analysis 74 

tools (e.g., computer aided design (CAD) and computational fluid dynamics (CFD)) and 75 

physical models are used to estimate and predict drag coefficients and force balances of 76 

tag subjects with a given tag position or orientation (Bannasch et al., 1994; Pavlov et al., 77 

2000; Yanov, 2001; Pavlov and Rashad, 2012; Jones et al., 2013; Shorter et al., 2013). 78 

While these studies have provided useful estimates of the effect of drag from instruments, 79 

the models do not capture the full dynamics of a free-swimming animal. In situ 80 

measurements are required to determine how changes such as body undulation, unsteady 81 

flow, and tag movement (i.e., sliding) affect forces and moments on an animal, and to 82 
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directly couple the effect of tag drag with changes in energy consumption. Previous 83 

studies on drag manipulation in marine mammals have shown changes in metabolic cost 84 

measured directly via respirometry (Feldkamp, 1987), or indirectly by metabolic heat 85 

production (Cornick et al., 2006). It is therefore reasonable to assume that increased drag 86 

from an instrument could translate to an increase in metabolic cost (Boyd et al., 1997; 87 

Jones et al., 2013). Using the doubly-labeled water method, Costa and Gentry (1986) 88 

found an average 19% increase in oxygen consumption in female Northern fur seals at 89 

sea over a number of weeks, when wearing a tag estimated to increase drag by up to 70%. 90 

To our knowledge, no investigations of this kind have been carried out with cetaceans.  91 

As tags designs progress (Balmer et al., 2013; Shorter et al., 2013), it is critical to 92 

quantify the impact of a tag on the subject, and to determine whether amelioration is 93 

required. Here, the modeled increase in drag created by a tag is combined with an 94 

experimental study of the energetic cost of swimming with and without a tag. A 95 

conventional drag model is used to quantify the effect of different swimming speeds and 96 

forces on power output, and to provide insight into the experimental results. It is 97 

hypothesized that the added drag from the tag will result in increased energetic output 98 

during the swimming task. This hypothesis is tested using experiments with four trained 99 

bottlenose dolphins (Tursiops truncatus; Montagu, 1821) that perform a series of 100 

swimming tasks when wearing and not wearing a bio-logging tag (Digital Acoustic 101 

Recording Tag, DTAG2; Johnson and Tyack, 2003). Metabolic parameters and 102 

swimming speed of the animals were measured to determine the energetic and behavioral 103 

effects of instrumentation on a small cetacean. This work presents an experimental design 104 

for the direct measurement of behavioral modifications created by bio-logging tags on 105 

cetaceans for the first time.  106 

 107 

Results 108 

The conceptual model illustrates tradeoffs between swimming speed and drag forces 109 

when wearing and not wearing a tag (Fig. 1A). Individuals swam significantly slower (by 110 

11%; F1,14 = 7.24, P = 0.0176) when wearing a tag (mean±s.d. 3.31±0.35 m s-1) compared 111 

to when non-instrumented (3.73±0.41 m s-1; Fig. 2C). No individual variation in 112 



 5

swimming speed was detected (F3,14 = 2.79, P = 0.0794). Because of this observed 113 

decrease in swimming speed when wearing a tag, the model predicts an average change 114 

in drag of -4.1 N (range -13.3 to 0.4 N) or -7% (-20.5% to 9.3%) when instrumented (Fig. 115 

1A, blue = tag vs. black = no tag). Had individuals maintained the faster swimming 116 

speeds observed during the non-tagged trials, the modeled drag force would have 117 

increased by 10.1 N (8.2 to 11.6 N) or by 15% (12.9 to 16.3%; Fig. 1A, red). Estimates of 118 

power output between non-tagged and tagged trials at their observed speeds were not 119 

significantly different (Fig. 1B, blue, black; Student’s T, T17 = 1.12, P = 0.279). However, 120 

maintaining a faster swimming speed with the increased drag loading created by the tag 121 

would require the animal to significantly increase power output during swimming, by 29 122 

– 59% (Fig. 1B, red; Student’s T, T17 = -2.22, P = 0.041). Slowing down to observed 123 

speeds reduced potential drag loading by 14.3 N (7.7 to 24.8 N) and power expenditure 124 

by 530 W (270 to 920 W) or 41.7% (26.8 to 61.5%).  125 

 126 

During the experiment, respiratory gases were measured for four male bottlenose 127 

dolphins (Table 1) from 11 through 15 Nov 2012, from which metabolic rate was 128 

calculated before, during, and after the animals completed a set swimming protocol, 129 

either non-instrumented (n = 7) or while wearing a DTAG2 (Fig. 3; n = 12). The number 130 

of trials per individual, and the order in which they were performed, are listed in Table 1. 131 

Across individuals, no significant linear trends in swimming �� O2 (range P = 0.130 – 132 

0.581; range R2 = 0.08-0.96) or speed (range P = 0.147 – 0.465; range R2 = 0.21 – 0.59) 133 

with trial number were apparent.  134 

Individuals showed no difference in oxygen consumption rate (�� O2, mL O2 kg-1 min-1) 135 

when wearing vs. when not wearing a tag during rest, swim (Fig. 2A), or two-minute 136 

recovery phases (Table 2). Oxygen consumption rates were significantly different 137 

between individuals for all phases (F3,14 = 4.85, 4.07, 9.11; P = 0.0162, 0.0285, 0.0013, 138 

respectively). The slopes and intercepts of the respiratory exchange ratio (RER, �� O2/ 139 

�� CO2) throughout the recovery period did not significantly differ between tag and no-tag 140 

conditions (Table 2), and significant individual variability was evident in the slopes (F3,14 141 

= 4.37, P = 0.0228) but not the intercepts (F3,14 = 1.46, P = 0.268) of the recovery RER. 142 
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Measured RER values for resting (1.00±0.02) was significantly greater than during 143 

swimming (0.96±0.01; T36 = 7.430, P < 0.001); there was no significant difference in 144 

RER between swimming and recovery (0.97±0.01; T36 = -1.9405, P = 0.060).  145 

 146 

While individuals had significantly different Physical Activity Ratios (PAR; F3,14 = 7.12, 147 

P = 0.0039), being the energetic cost of a specific activity over the resting metabolic rate, 148 

there was no significant effect of wearing a tag (Fig. 2B, Table 2). This parameter 149 

indicates that the swimming task increased �� O2 by a factor of 2.01±0.89 over resting 150 

values, on average. Though it was expected, individual total and net cost of transport 151 

(COTtot, COTnet; J m-1 kg-1) were not significantly greater when wearing (COTtot = 152 

1.32±0.01, COTnet = 0.612±0.095) compared to when not wearing a tag (COTtot = 153 

1.18±0.12, COTnet = 0.371±0.385; T3 = 1.49, 1.41; P = 0.116, 0.125, respectively; Table 154 

2). Similarly, mean individual locomotor costs (LC) were not significantly higher in 155 

tagged (0.47±0.10) vs. non-tagged trials (0.32±0.32, T3 = 0.993; P = 0.197; Table 2). 156 

 157 

Pre-exercise resting metabolic rates were measured when individuals were fasted and 158 

when fed up to 6.2 kg of a mix of herring, capelin and squid, depending on the time of 159 

day. Individuals had significantly higher resting oxygen consumption rates (�� O2) when 160 

fed (n = 28; mean±SD 6.65±1.73 mL O2 kg-1 min-1) compared with fasted (n = 10; 161 

4.34±0.53 mL O2 kg-1 min-1; F1,33 = 21.44; P < 0.001). There was no significant 162 

difference in RER (F1,33 = 1.58; P = 0.217) between fasted (0.994±0.019) and fed 163 

(1.00±0.0203) rest periods. Significant individual variability was observed in resting �� O2 164 

(F3,33 = 5.45; P = 0.0037) and RER (F3,33 = 3.38; P = 0.0298). As such, individuals were 165 

fed during the experimental trials (n = 19). 166 

 167 

 168 

Discussion 169 

 170 

When faced with higher drag loading, either naturally (Williams, 1989) experimentally 171 

(Cornick et al., 2006), or inadvertently (van der Hoop et al., 2013), marine mammals 172 
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have been shown to (1) increase swimming effort by increasing fluke stroke rate and/or 173 

amplitude (Williams, 1989; Cornick et al., 2006; Aoki et al., 2011), (2) reduce the use of 174 

stroke-and-glide gaits (Cornick et al., 2006), and (3) alter the speed and angle of dive 175 

ascents and descents (Boyd et al., 1997; van der Hoop et al., 2013). Experiments have 176 

shown drag-attributed reductions in average swimming speed in Steller sea lions fitted 177 

with harnesses, increasing body drag by 23% (Cornick et al., 2006), and in maximum 178 

swimming speeds by attaching and drag collars to bottlenose dolphins (Lang and Daybell, 179 

1963) and wooden blocks to Antarctic fur seals (Boyd et al., 1997)(Lang and Daybell, 180 

1963). 181 

 182 

In this work, it was expected that metabolic rate would significantly increase due to 183 

additional drag loading from wearing a tag. Instead, (1) an 11% observed reduction in 184 

swim speed when wearing the tag (Fig. 2C), (2) a lack of any significant effect on 185 

measured metabolic parameters (Figs. 2A,B), and (3) the reduced power output predicted 186 

by the model at slower swimming speeds (Fig. 1B) all suggest that tagged animals 187 

modulate their behavior to maintain energy expenditure when faced with greater drag 188 

forces. Individuals slowed to the point where the tag yielded no increases in drag or 189 

power (Fig. 1B). Similar reductions in speed have been associated with drag from tags or 190 

other instruments. Blomqvist and Amundin (2004) found significantly reduced activity 191 

levels in tagged bottlenose dolphins, where fast-swimming behaviors significantly 192 

increased following tag removal. Similarly, bottlenose dolphins instrumented with a 193 

particularly large tag (14 kg, ~22% of frontal area; Davis et al., 1999) swam on average 194 

9-10% slower compared to when non-instrumented (Skrovan et al., 1999), and drag 195 

collars of various diameters reduced maximum swimming speeds by 36% in bottlenose 196 

dolphins (Lang and Daybell, 1963).  197 

 198 

Optimal swimming speed is a function of drag, but not buoyancy or dive depth (Suzuki et 199 

al., 2014), and is proportional to (resting metabolic rate/drag)1/3 (Alexander, 1999; Sato et 200 

al., 2010). Based on this relationship, the influence of tag-related drag should have 201 

decreased optimal swimming speeds in our experimental animals by 1.8% on average. 202 

Given that (1) the dolphins in this study were swimming at speeds much greater than 203 



 8

optimal (observed 2.9 – 4.3 m s-1 vs. estimated optimal 1.6 – 1.9 m s-1), (2) metabolically 204 

optimal (within 10% of COTmin) speeds of bottlenose dolphins are 1.9 – 3.2 m s-1 (Yazdi 205 

et al., 1999), and (3) drag increases with the square of speed, it is not surprising that a 206 

greater reduction in speed was observed.  207 

 208 

The swimming speeds of experimental trials were within routine swimming speeds of T. 209 

truncatus in aquaria (1.2 - 6.0 m s-1; Fish, 1993) and while free-swimming (1.6 - 5.6 m s-210 

1; Rohr et al., 2002). Experimental studies have determined minimum COT (COTmin) to 211 

occur at 2.1 and 2.5 m s-1 (Williams et al., 1993; Yazdi et al., 1999). Although dolphins in 212 

this study swam above reported COTmin speeds (at 2.9 – 4.3 m s-1), they remained in the 213 

metabolically optimal range of swimming speeds for 33% of trials, and showed a 214 

comparable average COT of 1.28 J m-1 kg-1 (compared to 1.29 and 1.16 J m-1 kg-1; 215 

(Williams et al., 1993; Yazdi et al., 1999)).  216 

 217 

In this experiment the animals were required to swim completely submerged in order to 218 

capture all breaths in the respirometry dome (Fig. 3), limiting the duration of the 219 

swimming phase. Previous studies (Taylor et al., 1987; Williams et al., 1993) conducted 220 

exercise tests on a number of mammal species over a minimum of 3-5 minutes, although 221 

�� O2 half times have yet to be established for marine mammals. As such, the swimming 222 

trials conducted in this experiment likely do not allow individuals to reach steady-state 223 

oxygen consumption.  224 

 225 

While the tagged and untagged metabolic parameters measured during the experiment did 226 

not differ, they agree with previous studies on bottlenose dolphins. Mean fasted 227 

(4.34±0.53 mL O2 kg-1 min-1) and fed (6.65±1.73 mL O2 kg-1 min-1) resting metabolic 228 

rates (Table 1) fall within the range of those reported over the last 60 years (4.0 - 7.6 mL 229 

O2 kg-1 min-1; see Table 3 in Yazdi et al., 1999). It is not surprising that individuals 230 

showed different levels of physical fitness, as evidenced by significant individual 231 

variability in the effect of exercise on oxygen consumption rates (PAR) and recovery 232 

from exercise (slope of RER). It was expected that total and net COT would be greater 233 

for each individual when wearing a tag, given the decrease in speed and no difference in 234 
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metabolic rate. High variability in both �� O2 and swimming speed likely affects the ability 235 

to detect statistically significant differences. However, mean COTtot, COTnet, and 236 

locomotor cost contributions are increased when tagged (Table 2); net COT in particular 237 

is nearly double in instrumented individuals. COT was one of the few metabolic 238 

parameters that was not significantly different between individuals, which reinforces the 239 

frequent use of this measure for inter-individual and inter-species comparisons (Tucker, 240 

1970; Schmidt-Nielsen, 1972; Williams, 1999). Tagged (6.52±1.42 W kg-1), non-tagged 241 

(7.83±1.66 W kg-1) and predicted (9.22±1.99 W kg-1) power estimates fall well within the 242 

range (0.3 – 23.7 W kg-1) of mass-specific power estimates for T. truncatus using a 243 

variety of modeling methods across speeds 1-6 m s-1 (reviewed in Fish et al., 2014). 244 

Power may be separately estimated from O2 consumption rates, where tagged (5.72±0.27 245 

W kg-1) and non-tagged power (4.54±0.26 W kg-1) are slightly greater than those 246 

calculated in Yazdi et al., 1999, but within the range of power measured at higher speeds 247 

(2.9 m s-1) in Williams et al., 1993. The disparity in power estimates from mechanical 248 

models and oxygen consumption measurements is an issue that remains unresolved in the 249 

field (Daniel, 1991). 250 

 251 

Importantly, failure to demonstrate a statistically significant difference in metabolic 252 

parameters does not allow for the complete dismissal of instrument effects on metabolic 253 

rate, especially when considering limited sample sizes. It is possible that reduced 254 

swimming speeds observed in this study might be due to factors other than instrument 255 

drag and energy economy, potentially limiting the application of these results to wild 256 

populations. Interpretation of the swimming task by the dolphins may have been variable, 257 

as the discriminatory stimulus provided to animals was for a ‘fast swim’, though not at a 258 

specific pace. Individuals may have experienced additional wave drag from near-surface 259 

swimming (Hertel, 1969), required by the experimental protocol and limited by the depth 260 

of the study site.  261 

 262 

The observed behavioral impacts of tag-associated drag remain applicable to wild 263 

animals. In certain scenarios, wild animals may be able to modulate their swimming 264 

behaviors without affecting fitness (prey capture, or competition with non-tagged 265 
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conspecifics). However, animals may not be able to reduce their top velocities or 266 

acceleration; especially during high-speed pursuits chasing active prey (Aguilar Soto et 267 

al., 2008), the energetic cost due to extra drag would be considerable. In a social context, 268 

cohesion is often maintained between tagged and non-tagged members of a social group 269 

(Wursig, 1982), which would require increased power output and metabolic cost by 270 

tagged individuals to sustain pace (Fig. 1A, B). It is likely that tradeoffs between 271 

managing additional energy expenditure are balanced with the demands that foraging and 272 

social behaviors require: despite 13% and 10% slower ascent and descent rates during 273 

dives, Northern elephant seals with added drag experienced 65% increases in field 274 

metabolic rate (Maresh et al., 2014). The short-term nature of the suction cup archival 275 

tags used here provides confidence that any metabolic or behavioral tag effects would 276 

occur over an extremely short portion of a subject’s life and that these effects would 277 

likely not carry-over after the tag has fallen off. In addition to these concerns of animal 278 

welfare and scientific ethics, data reliability must be considered: it is critical to ensure 279 

that tagged individuals exhibit normal behaviors for measurements to be meaningful and 280 

representative of the remainder of the population (e.g. Wilson and McMahon, 2006).  281 

 282 

While scope of this study limits the creation of hard design rules with respect to tag size 283 

and increased drag loading, the results presented here continue to support the argument 284 

for the creation of tags that minimize drag loading on the animal. The tag used in this 285 

study is an older generation model, the DTAG2. Modeled and measured drag forces on 286 

the current DTAG3 model have been described by (Shorter et al., 2013), in comparison 287 

with two alternative model designs. The current DTAG3 is 1/3 smaller than the DTAG2 288 

(frontal area 24 cm2), with smaller suction cups (4.5 × 1.5 cm, diam × h) holding the tag 289 

close to the attachment surface, minimizing lift forces. A more streamlined urethane 290 

housing containing all of the tag elements (electronics, VHF, and flotation) minimizes 291 

geometric disruptions in the flow around the housing, reducing drag forces. Similar to 292 

previous papers on tag design (Bannasch et al., 1994; Culik et al., 1994; Hazekamp et al., 293 

2009; McMahon et al., 2011; Jones et al., 2013), the Shorter et al., (2013) study suggests 294 

that tag designs should:  295 



 11

(1) Minimize frontal cross-sectional areas while maintaining a smooth exterior to 296 

reduce drag. 297 

 (2) Cover suction cups or other exposed features to reduce flow stagnation and 298 

wake generation. 299 

(3) Reduce lift by minimizing the attachment area and by adding flow channels or 300 

spoilers to reduce differences in flow speed above and below the housing, or redirect 301 

flow to counter lift. 302 

 303 

To move towards establishing acceptable limits of drag associated with instrumentation 304 

(e.g., the 3 or 5% rules for birds), additional studies investigating the degree of impact of 305 

different amounts of drag loading are required, and are underway.  306 

 307 

 308 

Conclusions 309 

 310 

Wearing a tag during the prescribed swimming task presented in this work resulted in no 311 

detectable effect on the oxygen consumption rate of bottlenose dolphins. Behavioral 312 

changes, in the form of reduced swimming speed, appear to be a mechanism by which 313 

individuals avoid increased energy expenditure from tag-induced drag. Further studies to 314 

(1) measure differences in energy consumption when swimming at consistent, established 315 

speeds; (2) identify thresholds below which tag size does not affect metabolic cost; and 316 

(3) investigate individual response to increased drag via modulation of kinematics and 317 

swimming speed are currently underway, and will better link the potential tradeoffs 318 

observed in this study.  319 

 320 

Methods 321 

CFD and Conceptual Model 322 

A conceptual model was used to compare theoretical drag forces on instrumented 323 

and non-instrumented dolphins. Dolphin body drag (Dd; N) was estimated based on the 324 

conventional model of a turbulent flat plate (Hoerner, 1965; Webb, 1975; Fish and Rohr, 325 
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1999) with specific dimensions and estimated surface areas of the four dolphins used in 326 

the experiment (Table 1). The additional drag force imparted to the animal by the 327 

DTAG2 was estimated with Computational Fluid Dynamics (CFD) simulations using 328 

STAR-CCM+ (version 9.04). This commercial code (STAR-CCM+, 2014) solves the 329 

transport equations for continuity and 3-D momentum on a very fine 3-D mesh. The two-330 

layer Reynolds-Averaged Navier-Stokes (RANS) approach for the solution of the k-ε 331 

transport equations was used to model turbulence (Rodi, 1991; STAR-CCM+, 2014). All 332 

simulations used trimmed cell mesh (9.6 m cells) with an extra mesh refinement in the 333 

region located under the tag and a prismatic cell layer at the wall (Fig. 4A). In order to 334 

achieve comparable simulation results to those presented by (Shorter et al., 2013) the 335 

overall simulation domain consisted of a 1.7 m long duct with a 0.4 m x 0.4 m square 336 

cross section. During all of the simulations, the tag was located 1 m from the inlet with 337 

real wall (no slip) flow conditions on the lower wall, and ideal wall (free slip) conditions 338 

on the side and upper walls. Mesh sensitivity was performed using three different meshes 339 

(coarse, medium and fine) with 2 million, 9.6 million and 18 million cells, respectively. 340 

Variation in drag and lift forces from medium to fine mesh was ~1%. To estimate the 341 

inlet velocity profile effect, sensitivity analyses were performed on a shorter domain with 342 

the tag located 0.15 m from the inlet using two velocity profiles, fully developed and 343 

uniform, both with mean flow velocities of 4 m s-1. The drag and lift forces from 344 

simulation with the fully developed flow were 15% and 10% lower than from uniform 345 

flow, respectively. Simulations using a uniform velocity profile were then conducted at 346 

mean flow velocity profiles of 2, 4, 6, 8, and 10 m s-1. For all simulations, the side forces 347 

were considered as self-compensating, because of the tag symmetry. A polynomial 348 

function was used to interpolate forces at flow speeds between simulated points (Fig. 4B).  349 

 350 

Total drag (DT) on an individual was the theoretical drag on each dolphin body (Dd), plus 351 

the contribution of the tag (Dt) when applicable: 352 

 353 

�� � �� � ��       (1)
 

354 

       �
�

�
���	�
� � �� ,     355 

 356 
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where ρ is fluid density (seawater; 1025 kg m-3); U is swimming speed (m s-1); Aw is the 357 

wetted surface area of each dolphin calculated from weight (W) as in Fish (1993: 358 

0.08W0.065; Table 1); and C0 is the profile (Blake, 1983; van der Hoop et al., 2013) drag 359 

coefficient. 360 

 361 

Locomotory power (PL; W) was estimated for each drag condition (tag and no tag) as 362 

 363 

�	 �
��


�
 ,        (3) 364 

 365 

with an efficiency factor η of 0.15 (Fish, 1993; Fish and Rohr, 1999). 366 

 367 

Drag augmentation factors (see e.g. Fish, 1993; Fish and Rohr, 1999) were omitted as 368 

theoretical drag forces from the basic model alone agreed with those of post-parturition 369 

female (Noren et al., 2011) and non-instrumented bottlenose dolphins (Skrovan et al., 370 

1999) estimated by glide deceleration. Locomotor power requirements were similar to 371 

those calculated by Fish (1993) with a hydromechanical model (i.e. following Chopra and 372 

Kambe, 1977). 373 

 374 

The model was populated with individuals’ observed swimming speeds in tagged and 375 

non-tagged conditions. This conventional illustrates our hypothesis and supports our 376 

experimental setup and approach by (1) estimating the drag forces and power 377 

requirements likely experienced during experimental swimming trials, and (2) assessing 378 

the potential energetic benefits achieved by reducing swimming speed when wearing a 379 

tag.  380 

 381 

Experiment 382 

To test the null hypothesis that wearing a tag does not affect metabolic rate, cost of 383 

transport, or swimming behaviors, four captive male T. truncatus (Table 1) were trained 384 

to perform a fully submerged swim around a set course and surface exclusively in a 385 

metabolic dome (Fig. 3), either non-instrumented or while wearing a bio-logging tag 386 
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(DTAG2; Fig. 3). The individual determined the pace of the swimming task, i.e., 387 

swimming speed was not prescribed, and no speed target was provided. The order of 388 

tagged vs. control (i.e., non-tagged) trials was determined randomly, and was made more 389 

random by certain trials being unusable when an individual breathed out of the dome. 390 

Metabolic rate was measured for the duration of each trial, consisting of pre-exercise rest, 391 

swim, and recovery phases. Animals were inactive under the respirometry dome during 392 

rest and recovery phases (Fig. 3C). The swimming course consisted of a 44 m 393 

circumference oval loop departing from and returning to the dome (Fig. 3B). Each trial 394 

consisted of six laps (Fig. 3C): two double-laps, separated by two to three breaths in the 395 

respirometer, and two single laps, again separated by two to three breaths between 396 

excursions. The swimming phase was 1 – 1.5 min in duration, with average breath hold 397 

durations of 19 s (range 10 - 28 s). Animals were reinforced throughout the trial with 398 

positive encouragement and tactile stimulation, and with up to 1.8 kg of a mix of capelin, 399 

herring, and squid five minutes into the recovery phase. Tags were attached by hand on 400 

the dorsal midline halfway between the blowhole and dorsal fin. 401 

Tags 402 

The DTAG2 is a bio-logging tag equipped with depth and temperature sensors, 3-axis 403 

accelerometers and magnetometers sampling at 50 Hz, and two hydrophones sampling at 404 

192 kHz (Johnson and Tyack, 2003). A polyethylene casing houses the electronics, a 405 

syntactic foam float to provide positive buoyancy, a VHF radio beacon with a 44 cm 406 

antenna for tracking, and four 6.3 × 2 cm (diam × h) suction cups for attachment (Fig. 3A, 407 

B). The fully assembled tag weighs 350 g in air, and has a frontal area of 38 cm2, 408 

approximately 3% of the frontal area of the smallest tagged dolphin based on girth. 409 

Respirometry 410 

A floating transparent acrylic dome (59 L internal volume; Stock #02-PD250CA-1687, 411 

California Quality Plastics Inc., Ontario, CA, USA) with circumferential buoyancy was 412 

used to collect respiratory gases and determine the rate of oxygen consumption (�� O2, mL 413 

O2 min-1) and carbon dioxide production (�� CO2, mL CO2 min-1) by flow-through 414 

respirometry (Fig. 3A). A mass flow-meter (Flow Kit Model FK500, Sable Systems 415 
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International, Las Vegas, NV, USA) pulled air into the dome through tube 416 

(approximately 1 L volume) connected to a low-resistance one-way valve at flow rates 417 

between 400 - 500 L min-1. A subsample of this gas was passed via Nafion tubing to fast-418 

response O2 and CO2 analyzers (ML206, Harvard Apparatus, Holliston, MA, USA) with 419 

data recorded at 20 Hz and saved to a laptop computer. The gas analyzers were calibrated 420 

before and after the experiment using a commercial mixture of 5% O2, 5% CO2, balance 421 

N2; and before and after each experimental trial using ambient air. 422 

 423 

While the mass flow meter automatically corrected to standard temperature and pressure 424 

(STP), post-processing was required to correct all volumes to standard temperature, 425 

pressure, and dryness (STPD). Flow was corrected for humidity by (BP – WVP)/BP 426 

where BP was the average daily barometric pressure, and WVP is water vapor pressure 427 

estimated from the Antoine equation using the average daily air temperature (grand mean 428 

25.4°C, daily range 21 – 29°C). Relative humidity (Rh) was assumed to be 100% in the 429 

dome due to regional air humidity measurements (grand mean 66.2%, daily range 44 – 430 

97%) and the effect of exhalation. Assuming 90% Rh instead of 100% Rh resulted in a 431 

difference of 0.3% for flow rate, and 0.5% for instantaneous �� O2, indicating little 432 

sensitivity to this parameter.   433 

 434 

The accuracy of the respirometry system was determined by simultaneous N2- and CO2-435 

dilution tests (Fahlman et al., 2005), where differences between the observed and 436 

expected values were within 2%. Addition of CO2 confirmed that there were minimal 437 

losses by dissolution in seawater (Fahlman et al., 2005). The effective volume of the 438 

system was 53 L, including the volume of the respirometer and the plastic hose to the 439 

analyzers (Bartholomew et al., 1981). With a flow rate of 450 L min-1, this resulted in a 440 

time constant of 0.11 min. The time required to reach a 95% fractional transformation to 441 

a new steady state was 3.2 times this time constant, or 21 s (Fahlman et al., 2004). 442 

From measured gas concentrations, �� O2 (mL O2 kg-1 min-1) was calculated as  443 

 �� � �
�
���������

����������
 ,       (4) 444 



 16

where �� e is the excurrent flow rate; Fe and Fi the excurrent and incurrent fractions of O2, 445 

respectively; and RER the respiratory exchange ratio (�� CO2/�� O2) (Koteja, 1996). Mass-446 

specific average �� O2  and �� CO2 were calculated for each phase by dividing the 447 

integrated instantaneous O2 consumption or CO2 production rates, respectively, over the 448 

duration (min) of the rest, swim (entire duration; i.e., time spent submerged and at the 449 

surface), and the first two minutes of the recovery (0-2 min after exercise) phase. Least-450 

square linear regression analysis on the two-minute recovery phase RER was used to 451 

determine whether drag loading had an effect on the initial anaerobic metabolism 452 

(intercept) or the rate of return to resting values (slope). 453 

The Physical Activity Ratio (PAR; nondimensional) was calculated to detect the 454 

energetic cost of a specific activity over an individual’s reference level (resting metabolic 455 

rate). In doing so, PAR controls for daily variability and for individual size and energy 456 

efficiency (Schutz et al., 2001). This method differs from the concept of metabolic 457 

equivalents (METs) only in that the resting energy expenditure is measured rather than 458 

estimated (Schutz et al., 2001; Byrne et al., 2005). PAR was calculated as the ratio of 459 

�� O2 during the swimming period and the pre-exercise rest period of a given trial. 460 

Mass-specific cost of transport (COT; J m-1 kg-1) describes the energetic cost of covering 461 

a unit distance per unit mass (Schmidt-Nielsen, 1972), and was calculated as the average 462 

mass-specific metabolic rate during the swim and two-minute recovery phases combined 463 

(mL O2 kg-1 min-1; the exercise metabolic rate) divided by average swimming speeds (m 464 

s-1). The average energy conversion for lipid, protein and carbohydrate sources of 20.1 J 465 

ml-1 O2 was used (Schmidt-Nielsen, 1997). 466 

Both maintenance costs and locomotor costs (LC) contribute to cost of transport. The net 467 

cost of transport (COTnet; J m-1 kg-1) can be calculated to provide a measure of locomotor 468 

cost normalized for both body mass and swimming speed (Williams, 1989; Rosen and 469 

Trites, 2002): 470 


���� �
�Exercise Metabolic Rate – Resting Metabolic '()*� � +,*-./ 01,2*-341, 5(6)1-

Swimming speed
.  (5) 471 
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The contribution of LC to COT is then COTnet divided by COT. It is hypothesized that 472 

COT and COTnet would be greater, and that LC would have larger contributions to COT 473 

in tagged trials. 474 

Statistical Analysis 475 

To test whether individuals became conditioned to the respirometry apparatus or 476 

experimental protocol, linear models were fit to swimming V�O2 and swimming speed 477 

vs. trial number for each individual. Two-way ANOVA without interaction were used to 478 

test for the effect of individual and feeding condition (i.e., fasted or fed) on resting 479 

oxygen consumption rates (�� O2; mL O2 kg-1 min-1) and RER in rest periods. Two-way 480 

ANOVA without interaction were also used to test for the effect of wearing a tag on each 481 

individual’s oxygen consumption rates (�� O2) during the three trial phases (rest, swim, 482 

recovery) and PAR, and on least-square linear regression slopes and intercepts of RER 483 

over the recovery phase. Two-sample t-tests were used to compare RER between resting 484 

and swimming, and swimming and recovery periods. One-sided, paired t-tests were used 485 

to determine whether average COT, COTnet, and LC for each individual was significantly 486 

greater when tagged vs. not tagged. Swimming speed was estimated by dividing the 487 

distance of the swimming track (44 m) by the time required for an individual to complete 488 

each lap or set of laps. Two-way ANOVA without interaction were used to test whether 489 

each individual’s swimming speeds were significantly different in tagged compared to 490 

non-tagged trials. All data processing, statistical analyses, and modeling were coded in 491 

MATLAB (R2011a; Mathworks, Inc., Natick, MA, USA). 492 

 493 
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 722 

Figure Legends 723 

 724 

Figure 1. Biologging tags increase the drag forces experienced by bottlenose 725 

dolphins. (A) Envelope of the drag force (N) estimated for the four bottlenose dolphins 726 

in this study when not wearing (black) and wearing (blue) bio-logging tags across a range 727 

of swimming speeds (lines; m s-1) and for specific observed swimming speeds (dots; m s-728 
1). Red dots reflect the predicted drag loading in the tagged condition if individuals 729 

maintained their non-tagged swimming speed. (B) Mean+s.d. power output (W) 730 

estimated for when (blue) wearing a tag, swimming at observed speeds; and (black) not 731 

wearing a tag, swimming at observed speeds; and predicted for when (red) wearing a tag, 732 

if individuals had maintained their non-tagged swimming speed. 733 

 734 

Figure 2. Biologging tags do not significantly affect the metabolic rate of bottlenose 735 

dolphins, but instrumented dolphins swim at significantly lower speeds. (A) 736 
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Individual mean±s.d. (Kolohe, blue; Liko, red; Lono, black; Nainoa, green) and marginal 737 

mean±s.e.m. (white) oxygen consumption rates (�� O2; mL O2 kg-1 min-1), (B) Physical 738 

Activity Ratios (PAR, nondimensional) measured during swimming, and (C) swimming 739 

speeds (m s-1) of four bottlenose dolphins, when not wearing and wearing a bio-logging 740 

tag.  741 

 742 

Figure 3. The experimental setup. (A) Dockside setup of a bottlenose dolphin wearing 743 

a DTAG2 in the respirometry system (see Methods for full description), (B) the 44 m 744 

swimming track departing from and returning to the respirometry dome, and (C) the 745 

phases over which respirometry-based oxygen consumption rates were measured from 746 

four bottlenose dolphins Thick horizontal black lines represent time periods during which 747 

individuals were breathing in the respirometer (Breathe), or performing the swimming 748 

task of specific distances (Swim). Black dots represent pauses between specific laps 749 

where individuals returned to the respirometer for two to three breaths.  750 

 751 

Figure 4. Lift and drag forces on a DTAG2 increase with speed. (A) Lift (red) and 752 

drag (black) forces (N) on a DTAG2, and (B) flow visualization at uniform velocity 753 

profiles of 2, 4, and 6 m s-1 from Computational Fluid Dynamics (CFD) simulations using 754 

STAR-CCM+ (version 9.04) over 9.6 m cells, with extra mesh refinement in the region 755 

located under the tag (A). See text for further CFD details.  756 

 757 

Tables 758 

 759 

Table 1. Measured body length, girth (m) and weight (W, kg), calculated wetted surface 760 

area (m2), mean±s.d. resting metabolic rate (RMR; mL O2 kg-1 min-1) calculated over n 761 

fed trials, and the order of n experimental trials (C = Control; T = Tag) for four male 762 

bottlenose dolphins. Wetted surface area was calculated from weight as Aw = 0.08W0.065 763 

from Fish (1993), based on a number of odontocete species. 764 

 765 

Individual Length 

(m) 

Girth 

(m) 

Weight 

(kg) 

Wetted 

surface 

Mean±s.d. Experimental 

Trial Order 



 26

area (m2) Fed RMR 

(n trials) 

(n trials) 

Kolohe 2.61 0.44 186.9 2.3 6.33±1.54 

(7) 

CTTCT (5) 

Liko 2.54 0.40 160.6 2.2 7.95±1.49 

(8) 

CTTTCT (6) 

Lono 2.73 0.47 249.5 2.9 6.96±1.39 

(6) 

TCT (3) 

Nainoa 2.46 0.41 165.6 2.2 5.22±1.43 

(7) 

CTTTC (5) 

 766 

Table 2. Mean±s.d. oxygen consumption rates (V�O2) during rest, swim, and recovery 767 

phases; Physical Activity Ratio (PAR); slopes and intercepts fit to the Respiratory 768 

Exchange Ratio (RER) during post-exercise recovery; total and net Cost of Transport 769 

(COT); and the contribution of locomotor costs to COT in four male bottlenose dolphins 770 

performing a swimming task while not wearing and wearing a bio-logging tag. Test (F 771 

and t) and p statistics are for the effect of tag in two-way ANOVA with no interaction.  772 

 No tag Tag 
Ftag (1,14) ptag 

Resting �� O2 

(mL O2 kg-1 min-1) 

7.04±1.71 7.01±2.10 0.08 0.787 

Swim �� O2  

(mL O2 kg-1 min-1) 

13.2±2.2 12.4±2.4 0.46 0.508 

Recovery �� O2  

(mL O2 kg-1 min-1) 

13.4±2.4 13.7±3.5 0.01 0.922 

PAR 2.10±1.11 1.96±0.79 0.04 0.840 

RER slope (7.60±7.33)E-6 (9.13±8.17)E-6 0.08 0.781 

RER intercept 0.967±0.017 0.961±0.013 0.69 0.419 

   
t3 p 

Total COT (J m-1 kg-1) 1.18±0.12 1.32±0.14 1.493 0.116 
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Net COT (J m-1 kg-1) 0.371±0.385 0.612±0.095 -1.44 0.125 

Locomotor Cost 

Contribution (%) 

0.32±0.32 0.47±0.10 -0.993 0.197 

 773 
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