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ABSTRACT: Externally attached remote-sensing devices used to study animals in their environment are a possible source of disturbance, notably in terms of drag, for diving species. The aim of
the present study was to assess the possible effect of device-induced drag on the diving performance of great cormorants Phalacrocorax carbo. Based on wind-tunnel measurements, we assessed
the effect of device size on drag and derived a formula to predict how drag changes as a function
of both swim speed and device cross-sectional area. Tests on captive cormorants indicated that
drag had an effect on the energy expenditure (using dynamic body acceleration as a proxy) during
the dive. Wind tunnel-derived drag metrics were combined with data from the literature to construct a model predicting the power consumption of diving cormorants according to device size.
Applying the model to dive data from 6 free-living great cormorants (recorded using implanted
time-depth recorders) indicated that a device constituting only ca. 3% of the bird’s cross-sectional
area could cause a 1.7% increase in power consumption when swimming. However, if a bird
maintains constant power underwater, e.g. by decreasing foraging speed with increasing drag,
this would result in a 7.1% reduction in the distance travelled during the bottom (active hunting)
phase of the dive. Device-related increases in drag are also likely to reduce the maximum speeds
achievable by these pursuit predators. The present study highlights the interaction between both
drag coefficient and swim speed for diving animals with externally attached devices.
KEY WORDS: Bird · Foraging · Data-logger · Transmitter · Hydrodynamics · Swimming energetics
Resale or republication not permitted without written consent of the publisher

Externally attached devices such as biologgers
have transformed the way ecologists study animals,
allowing them to investigate the positions and movements of animals in the wild and to relate these to the
environmental characteristics (Cooke et al. 2004,
Ropert-Coudert & Wilson 2005, Rutz & Hays 2009).
However, the possible impact that external devices
could have on the animals, an aspect that has been

particularly well documented for birds in recent
years (e.g. Wilson et al. 1986, Calvo & Furness 1992,
Barron et al. 2010, Vandenabeele et al. 2011), is
cause for concern. A recent study examining the
effect of flipper bands on penguins over 10 yr found
that the small, seemingly inoffensive, identification
bands can affect population processes (Saraux et al.
2011). The study determined that flipper-banded
king penguins Aptenodytes patagonicus had 39%
lower breeding success and 16% lower survival rate
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than unequipped conspecifics over the decadal study
period. The exact cause for this effect is unknown,
but indirect calorimetry work on Adélie penguins
Pygoscelis adeliae in a swim canal indicates that it
may be energy-based, because the addition of a flipper band caused metabolic power requirements for
normal underwater swimming to increase by 24%
(Culik et al. 1993). The extremely low drag coefficient of penguins (0.003, the lowest determined for
any bird; Clark & Bemis 1979) may explain how such
small external objects impacted the carriers so profoundly. Thus, although it appears that small external
bodies should have minimal or no effect, the actual
increase in turbulence in the water flow, or drag, can
be relatively substantial (Culik & Wilson 1991, Bannasch 1995).
The drag caused by external bodies attached to
animals has been measured by a relatively small
number of studies. Obrecht et al. (1988) and more
recently Bowlin et al. (2010) examined the effect of
the form and size of external devices on the drag of
different bird species, using models in a wind tunnel.
Pennycuick et al. (2012) reported a dramatic increase
in drag for harness-equipped common starlings Sternus vulgaris during flight in a wind tunnel. A similar
approach, using water instead of air, was adopted by
Watson & Granger (1998) to assess the impact of
external devices on swimming turtles, while Wilson
et al. (2004) used model penguins moving up a swim
channel to determine the drag associated with the
presence of external antennae. Ideally, however,
such studies need to be expanded to include free-living animals so as to put their findings into a behavioural and ecological context.
To achieve this, we determined the drag of various
devices on a model great cormorant Phalacrocorax
carbo in a wind tunnel, and then used the same
devices on great cormorants trained to swim underwater in a defined experimental set-up. Measurements of swim speed can be combined with loggerrecorded depth and tri-axial acceleration so that bird
energetic response and performance can be assessed
in relation to drag, using overall dynamic body acceleration (ODBA) as a qualitative proxy for the metabolic rate associated with movement (Wilson et al.
2006, Green et al. 2009, Halsey et al. 2009, Gleiss et
al. 2011, Elliott et al. 2013). In the present study we
consider how external devices of defined drag might
impact the behavioural ecology of foraging wild
birds, using data derived from great cormorants
implanted with time-depth recorders (see Grémillet
et al. 2005 for details). In this we focus on the critical
bottom phase of the dive, when most of the foraging

activity occurs. Amongst the main effects expected to
emerge as a result of the drag associated with external devices fitted to swimming birds are (1) a reduction in swim speeds to maintain the power costs at
same level as during unequipped swimming, and (2)
an increase in energy expenditure associated with
maintaining the same swim speeds as in unequipped
birds.
These 2 hypotheses are not mutually exclusive.
Our investigation goes further than simply observing
device effects by developing a method to quantify
them. Ultimately there is a need to assess the behavioural responses of animals equipped with any form
of instrumentation in order to quantify the likely impact on an animal’s foraging efficiency and energetic
outlay, as these are the mechanisms by which devices
may ultimately affect population-level processes.

MATERIALS AND METHODS
Wind tunnel measurements
We conducted wind tunnel experiments in the
Swansea University engineering facility which houses
a unit that provides laminar air flow for speeds up to
28 m s−1 (see Orme et al. 2001 for details). A wooden
(pine) model of a great cormorant was handcrafted in
the underwater swimming position based on attitudes of diving birds taken from photos and videos
and using dimensions provided by the frozen carcass
of an adult bird. The 925 g model was secured in the
wind tunnel test section using 3 supporting struts
(Fig. 1) connected to a balance system that measured
the drag experienced by the model. The drag force
was first measured over a range of model body

Fig. 1. Wooden model of a great cormorant Phalacrocorax
carbo mounted on 3 struts in the test section of a wind tunnel
(Swansea University facility, UK). The struts are connected
to balances that allow measurement of the drag experienced
by the bird model when exposed to various air speeds (emulating the swim and/or flight speeds of the species)
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Table 1. Examples of device size (cross-sectional area) fitted
on various seabirds, including cormorants, and bottomphase swim speeds recorded for great cormorants Phalacrocorax carbo, gathered from the literature. NA: not available;
Avg.: average; Max.: maximum
Study

Device
size (cm2)

Swim speed
(m s−1)

Paredes et al. (2005)
Tremblay et al. (2005),
Watanuki et al. (2006)
Watanuki et al. (2008)
Ropert-Coudert et al.
(2006)
Grémillet et al. (2003)
Voslamber & Van
Eerden (1991)
Wilson & Wilson (1988)

1.7−1.9
2

NA
NA

3.46
3.14

NA
Avg.: 0.8,
range: 0.2−4
1.35
1.4

NA

Ross (1976)

NA

NA
NA

Depth dependent,
range: 0.2−4
Max.: 3

angles to define the angle where this was at the
minimum before setting the model in this position for
further trials. The balance was calibrated using standard masses and all readings for drag were transformed into force (N).
The drag on the model (without device) was determined for a range of air speeds that emulated
swimming speeds displayed by great cormorants in
the wild (from ~0.2 to ~1.8 m s−1, Ropert-Coudert et
al. 2006; see Table 1). The air speeds corresponded to
the Reynolds number (Re) equivalent to that of the
required swimming speeds, thus compensating for
the different viscosities of air and water. Measurements were then made from the model fitted with 4
different device sizes (the same as in the experimental set-up with live birds, see ‘Captive bird trials’
below). Devices were constructed from polyurethane
foam with a cuboid shape, equivalent height to width
ratio (0.56), and cross-sectional areas of 7.88 to
11.25 cm2 (Table 2). Devices were attached to the
lower back of the model bird, as recommended by
Bannasch et al. (1994), and this same position was
used for the captive cormorant trials (see ‘Captive
bird trials’ below). The results from this experimental
phase were later combined with published data to
develop a method to help quantify the power required for the bird to swim as a function of drag.

Captive bird trials
Six adult great cormorants weighing between 1.77
and 2.79 kg were used for the captive bird trial. They
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Table 2. Dimensions and frontal cross-sectional area of the
different-sized devices used in wind tunnel tests and deployed on captive great cormorants. For device orientation,
the dimensions Length and Height define the plane conventionally described by x and y, respectively
De- Length Width
vice
(cm)
(cm)

1
2
3
4

8.30
8.30
8.30
8.30

3.75
3.90
4.30
4.50

Height
(cm)

2.10
2.20
2.40
2.50

Cross-sectional area
(cm2)
(% of crosssection
of the bird)
7.88
8.58
10.32
11.25

6.3
6.8
8.2
9.0

were housed communally in a 130 m2 outdoor aviary
at the Edgbaston campus at Birmingham University.
Details of bird care are given in White et al. (2007).
The cormorants had been previously trained to swim
through an underwater channel 2.8 m long fashioned
from stainless steel grating and sunk in a 1 m deep,
8 × 4 m tank (White et al. 2007) that was continuously
replenished with freshwater.
Cormorants were equipped with the same polyurethane foam units (Table 2) attached with Tesa
tape (Wilson & Wilson 1989) to the same lower-back
position as used in the wind tunnel drag tests. The
polyurethane blocks had been constructed with a
hollow to house small multiple-channel loggers (5.6 ×
2.4 × 1.5 cm; total mass in air 19.7 g). These loggers
were set to record tri-axial acceleration (in the
dorso−ventral, anterior−posterior, and lateral axes)
and depth at 12 Hz, with absolute accuracies of > 0.05
× g and 0.02 m, respectively. The combined unit of
logger + polyurethane foam was made neutrally
buoyant in freshwater by adding small lead weights
where necessary. During trials, the time taken for a
bird to swim through the 2.8 m straight section of the
channel was determined using a stopwatch, and the
procedure was filmed. The birds performed between
0 and 30 runs per day over 6 consecutive days and
each of the 4 differently sized units was tested on
each individual bird.
Speed, rate of change of depth, duration and total
overall dynamic body acceleration (ODBA) were
calculated for all dives, along with the descent and
ascent durations (see Halsey et al. 2007 for definition). ODBA correlates well with energy expenditure in moving animals (Wilson et al. 2006, Green
et al. 2009, Halsey et al. 2009, Gleiss et al. 2011,
Elliott et al. 2013) and was determined by a 3 stage
process: (1) the running mean over 2 s for each of
the 3 orthogonal acceleration channels was used to
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determine the static acceleration from the signal
(Shepard et al. 2008); (2) the static acceleration values were subtracted from the raw acceleration
recorded for each channel to derive the dynamic
acceleration (Wilson et al. 2006), and (3) the
dynamic values were made positive and summed
(Gleiss et al. 2011).

speed (p > 0.05), but a very clear linear relationship
between the coefficients of these relationships (m)
and device cross-sectional area (Xs, cm2) described
by m = 0.0222Xs + 0.5482 (r2 = 0.97, p = 0.001).
Thus, the relationship between drag and speed as a
function of device cross-sectional area could be
given by:
FD = (0.0222Xs + 0.5482)v 2

Free-living bird data
Dive data from 6 great cormorants breeding on
Disko Island, West Greenland (69° 30’ N, 54° 05’ W)
equipped with implanted data loggers (see Grémillet
et al. 2005 for details) were used to quantify the variation in dive parameters as a function of maximum
depth. These data were assumed to be representative of the normal behaviour of birds in the wild,
since implanted devices impose none of the drag
constraints incurred with externally attached devices
(e.g. Green et al. 2004, Ritchie et al. 2010). Dive
parameters, including bottom duration and maximum depth, were calculated for 20 dives from each
bird (120 dives in total). Particular attention was paid
to the critical bottom phase of the dive, when most of
the feeding activity occurs. The correlation between
bottom duration and maximum depth was determined and then used to simulate the effect of drag on
unequipped versus equipped birds during the bottom phase.
Analyses were performed using Origin (v. 8.5.1,
OriginLab, USA). All statistical tests were carried out
using SPSS (SPSS® Release 16.0.1 v. 2007) and p <
0.05 was considered statistically significant.

(1)

assuming the intercept to be 0, given there was no
significant relationship.

Captive bird trials
The 6 captive cormorants conducted a total of 233
dives, with individuals executing between 5 and 88
dives. This variation in the number of dives was primarily due to some individuals showing clear avoidance behaviour towards repeated capture for the fitting of the different devices. Thus, we pooled all data
rather than performing extensive analysis at the individual level. Mean swim speed for individual birds
varied between 1.02 and 1.28 m s−1. For the dive
descent and ascent phases, the increase in device
size resulted in a significant decrease in the rate of
change of depth (Pearson’s correlation test, descent:
N = 233, r2 = 0.13, p < 0.001; ascent: N = 233, r2 = 0.08,
p < 0.001), but did not have a significant effect on the
ODBA.
However, calculation of the overall drag (obtained
using the regressions performed between the swim

RESULTS
Wind tunnel measurements
There was a clear and significant increase in drag
with swim speed for the model cormorant equipped
with variously sized devices (Fig. 2). The relationships between swim speed (v, m s−1) and drag (FD,
N) according to device size were: bird model only,
FD = 0.0073 + 0.5494v 2; model with Device 1, FD =
0.0041 + 0.7042v 2; with Device 2, FD = 0.0042 +
0.7591v 2; with Device 3, FD = 0.0039 + 0.7751v 2;
with Device 4, FD = 0.0042 + 0.7990v 2 (all p < 0.001).
Larger devices elicited higher drag values for any
given swim speed (Fig. 2). We found no relationship
between device cross-sectional area and the intercepts from the relationship between drag and swim

Fig. 2. Drag on a model of a great cormorant with differentsized devices attached (for device sizes see Table 2), as a
function of swim speed. Each data point represents the mean
of 3 trials
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speed and the drag for the different sized squares —
Eq. [1]) showed a significant effect, with increasing
(mean) ODBA with drag for the entire dive given by:
ODBAdive = 0.14FD + 0.46

(2)

(N = 233, r2 = 0.07, p < 0.001) and increasing (mean)
ODBA with drag for the descent phase given by:
ODBAdescent = 0.24FD + 0.53

(3)

(N = 233, r2 = 0.08, p < 0.001), although both relationships had notably little of their variation
explained by this. No significant effect was found
between drag and ODBA for the ascent phase of the
dive.

Combining data from wind tunnel tests with
published data
We derived an equation relating power consumption to drag, based on the relationship found between
drag (FD) and swim speed (v) for an unequipped bird
(see ‘Wind tunnel measurements’ above):
FD = 0.5494v 2 + 0.0073

(4)

and the calculations by Schmid et al. (1995), which
give the power input (Pi) of great cormorants swimming in a water canal as a function of swim speed:
Pi = 3.6v 3 − 12.2v 2 + 21.5v + Pr

(5)

where Pr is the power consumption of the bird resting
at the water surface, which is equal to 14.1 W kg−1.
Plotting Pi against FD for different speeds for an
unequipped bird gives the relationship:
Pi = 28.72 + 1.31FD2
(r2 = 0.99, p < 0.001)

Free-living bird data
All dive parameters showed a linear relationship
with maximum depth (D, m) except for the bottom
duration (BT, s), where a second-degree polynomial
best described the relationship with maximum depth
reached during the dive (Fig. 4):
BT = −0.3882D 2 + 6.5752D + 3.1797

(8)

DISCUSSION
(6)

The previously derived equation that relates drag
to cross-sectional area and swim speed (Eq. 1) becomes, after simplification:
Pi = 28.72 + [1.31 (0.0222Xsv 2 + 0.5482v 2)]2

Fig. 3. Energy consumption of a great cormorant swimming
underwater as a function of speed derived from the equation
from Schmid et al. (1995) [Eq. (5)] in comparison to the values obtained using Eq. (7), derived in this study. Eq. (7) relates power input to speed and cross-sectional area of a device and can therefore be used to estimate the energy spent
by great cormorants wearing any kind of device when
swimming underwater

(7)

The estimations for the power consumption of an
unequipped bird as a function of speed found using
Eq. (7) or that of Schmid et al. (1995) (Eq. [5])
appeared to be in good agreement (Fig. 3). Eq. (7)
therefore can be used to estimate the power consumption of cormorants wearing different-sized
devices based on cross-sectional areas of external
units commonly used on cormorants (1, 2 and
4 cm2) and swimming speeds up to 4 m s−1 (which
includes device dimensions and swim speeds found
in the literature; Table 1).

Since the use of externally attached devices such
as biologgers is intended to help scientists elucidate
the behaviour of animals in their environment, it is
crucial to ensure that this approach does not compromise the animals. Indeed, the potential disturbance
that externally attached devices can cause to fitted
individuals can lead to a biased representation of
their normal behaviour. It is therefore imperative to
understand the way devices can affect animals and to
ultimately minimise this impact. Although it is
acknowledged that devices need to be small, lightweight and streamlined to reduce possible effects,
there is a need to quantify these effects to inform
studies. The present study features a refined quantitative assessment of the impact of external electronic
tags on a diving bird, the great cormorant, in terms of
drag and energetics.
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Response of swimming birds to increasing
device size
The results from our captive trials did not appear to
be as clear as expected, primarily due to the limitations of the experimental set-up, which did not allow
a thorough assessment of the diving behaviour of
birds that habitually dive to depths in excess of 10 m.
However, some changes occurred in the swimming
behaviour of the captive cormorants that could be
attributed to the presence of external devices. There
were slower rates of change of depth during the
descent and ascent phases and based on the power
proxy derived from acceleration, ODBA (Wilson et al.
2006, Green et al. 2009, Halsey et al. 2009, Gleiss et
al. 2011, Elliott et al. 2013), an apparently fairly small
impact of drag on the energetics during the active,
descent and bottom phases of the dive. Although this
effect is dissipated in the observed variability and
was likely masked by the limitations of the experimental set-up (see below), it is likely that in the wild,
when birds dive to much deeper depths, the problem
would be exacerbated. Support for this is given by
the clear increase in drag with device size evident
from the wind tunnel measurements (Fig. 2). Among
the factors that could explain this are (1) the relatively short distance that our experimental laboratory
birds had to travel underwater (2.8 m), which will
tend to increase ‘boundary’ errors, such as the
amount of spring that birds put into initiating their
dive (cf. Wilson et al. 1992) and therefore the speed at
which they first begin their descent, and (2) the
marked ability of cormorants to adjust inhaled air
volumes for dives (cf. Sato et al. 2002), profoundly
affecting buoyancy and therefore the energy used to
dive (cf. Wilson & Zimmer 2004). Therefore, in con-

trast to ODBA data derived from wild birds, which
concur very closely with predicted energy expenditure scenarios (Wilson et al. 2006, Gómez-Laich et al.
2011), we conclude that the use of ODBA as a metric
for determining the effects of external tags on the
energetics of laboratory cormorants shows too much
variation to be properly descriptive (cf. Enstipp et al.
2011).

Effect of attached devices on the foraging of birds
Consequently, we combined the results from the
wind tunnel experiments on the drag associated with
external devices with data from a previous study
(Schmid et al. 1995), which had examined the power
consumption of cormorants swimming in a water canal, in order to model how external devices might
affect the energetics of swimming cormorants. We
thus derived an equation that linked power input
from diving cormorants with swim speed and device
size (Eq. 7). We now use this equation together with
data from wild great cormorants diving with dragfree internal devices, to examine the extent to which
external devices may affect foraging performance. In
this, for simplicity, we concentrate on the bottom
phase of the dive, ignoring descent and ascent phases
(where buoyancy effects tend to dominate rather than
drag; Lovvorn 1999, Watanuki et al. 2003, Wilson et
al. 2011). The bottom phase of the dive is also the period where great cormorants specifically engage in
foraging for their benthic prey (Wilson & Wilson 1988,
Wanless et al. 1993, Grémillet et al. 1999).
Three different scenarios are explicitly examined:
(1) the energetic costs and bottom durations that
result from cormorants maintaining a given swim
speed while carrying different-sized devices, (2) the
distance penalty incurred by cormorants maintaining
constant power costs by modulating speed while
swimming with different-sized devices, and (3) the
capacity for burst swimming in prey capture for cormorants wearing different-sized devices.

Scenario 1: Consequences of maintaining
bottom speed

Fig. 4. Relationship between time spent at the bottom and
the maximum depth reached by free-living great cormorants Phalacrocorax carbo; grouped by bins with an interval of 2 m depth. Data were collected using internal loggers
(Grémillet et al. 2005)

Great cormorants underwater swim at a variety of
speeds (see data summarized in Table 1) but normal
values appear to be of the order of 0.8 to 1.4 m s−1. We
can use Eq. (7) to calculate the power requirements
of unequipped birds to swim at these 2 (range limits)
speeds and compare them to the power requirements
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of birds swimming at the same speeds wearing differently sized devices (we chose cross-sectional
areas of 1, 2 and 4 cm2) covering the range of dimensions common to devices that are used on cormorants
(see Table 2). Here, the power increments to swim at
speeds of 0.8 and 1.4 m s−1, even while wearing the
large (4 cm2 cross-sectional area) devices, were only
predicted to be between 0.2 and 1.7% higher than
unequipped birds (28.94 and 30.76 W compared to
28.88 and 30.23 W, respectively). Assuming that wild,
unequipped great cormorants have bottom durations
that vary with depth according to Eq. (8), we can calculate the energy spent during the bottom phase by
birds if they swim at 0.8 and 1.4 m s−1 by multiplying
bottom duration by power requirements. Subsequently, assuming that device-equipped birds use
the same total amount of energy during the bottom
phase, we can calculate the length of time that these
birds would spend during the bottom phase of their
dives to varying depths. Again, this process showed
minimal differences between equipped and unequipped cormorants (amounting to a maximum of
1.72%), equating to bottom durations being reduced
by less than 1 s, even if the equipped birds are wear-
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ing larger devices and swimming at the higher
speeds (Fig. 5A).
The increasing and then decreasing form of the
bottom duration versus depth relationship derived
from our free-living great cormorants (Fig. 4) is typical among diving endotherms (e.g. McIntyre et al.
2010, Zimmer et al. 2010, Doniol-Valcroze et al.
2011, Cook et al. 2012) and is considered to be a
result of 2 processes. One process is that, in order to
optimise foraging time on the seabed, deeper dives
(which have longer transit durations; e.g. Shepard
et al. 2009, Cook et al. 2012) should have increasing
bottom durations (e.g. Wilson et al. 2011, GómezLaich et al. 2012). However (second process), as
total dive durations increase, animals have to spend
disproportionately longer periods at the surface
recovering from dives (e.g. Butler & Jones 1997,
Wilson & Quintana 2004, Halsey & Butler 2006).
Thus, as diving endotherms approach (and exceed)
their aerobic dive limit (see Butler 2004 for discussion of this), they have to incur a reduction in bottom duration (e.g. Chappell et al. 1993, Kooyman &
Kooyman 1995, Bevan et al. 1997). Our modelled
effect of device-induced changes in the bottom
duration does not change this process and nor,
indeed, does it appreciably change the length of
time that great cormorants would be able to stay on
the bottom during dives even if these birds do not
change swim speed with device size (cf. Wilson et
al. 1986).

Scenario 2: Bottom distance penalties associated
with maintaining constant power input

Fig. 5. (A) Predicted duration that great cormorants equipped
with different-sized devices would spend during the bottom
phase, assuming they maintain their travel speed irrespective of device size, and thereby vary their power requirements (see ‘Discussion: Effect of attached devices on the foraging of birds: Scenario 1’). (B) Predicted distance travelled
during the bottom phase of dives to different depths, made
by great cormorants equipped with different-sized devices,
assuming they change speed so as to maintain constant
power requirements. Continuous bold lines: predicted values for an unequipped bird swimming at 1.4 m s−1; lines with
triangles, circles and stars: predicted values from birds
wearing devices with cross-sectional areas of 1, 2 and 4 cm2
and swimming at 1.37, 1.34 and 1.30 m s−1, respectively

One option suggested for device-equipped diving
birds is that they might maintain power input at a
constant level during swimming by reducing speed
with increasing device size (Wilson et al. 1986, van
der Hoop et al. 2014).
Similarly to what has been recently observed for
dolphins (van der Hoop et al. 2014), we expect to see
a reduction in the swim speed of great cormorants as
one strategy to reduce the extra metabolic cost of
swimming with a device. This is because at slower
speeds, the increase in drag created by a device
attached to an animal swimming underwater would
decrease and could even be nullified as shown by the
computational fluid dynamics model performed by
van der Hoop et al. (2014). However, by reducing
their swimming speeds and if the amount of energy
devoted to one dive is to remain the same as when
unequipped, one consequence will be that the dis-
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tance covered by equipped birds will be shorter.
More precisely, if great cormorants do this, unequipped birds swimming at 1.4 m s−1 would have
the same power requirement (30.23 W) as birds
equipped with devices with cross-sectional areas of
1, 2 and 4 cm2 swimming at about 1.37, 1.34 and
1.30 m s−1, respectively. The distance that these birds
would cover during the bottom phase of their dives
(derived by multiplying the swim speed by the bottom duration taken from Eq. 8) decreases by ca. 2.1,
4.3 and 7.1% compared to the unequipped birds, for
birds wearing the smaller to the larger devices,
respectively (Fig. 5B). If distance swum equates to
number of prey encountered or to the probability that
prey will be encountered (see Wilson et al. 1996),
great cormorants reducing speed to maintain power
use during diving may substantially affect their foraging capacity when carrying external devices of the
size modelled here.

Scenario 3: Capacity for burst swimming
in prey pursuit
Some studies note that great cormorants catch prey
underwater after a pursuit phase (Ashmole 1971,
Cooper 2008), during which time speeds may greatly
exceed the mean values used in the present study
(Table 1), with some speed estimates being as high as
4 m s−1 (Wilson & Wilson 1988, Ropert-Coudert et al.

2006). Our model of the effect of attached devices
allows us to equate the power used by an unequipped bird to swim at any given speed with the
speeds that variously equipped birds could swim at
for that power. This speed equivalence approach
(Fig. 6) showed increasing disparity between equipped and unequipped birds with increasing speed
such that, for example, a great cormorant equipped
with a device with a cross-sectional area of 4 cm2
could not even reach the 4 m s−1 speed reached by
unequipped birds. While a 7% reduction is more or
less appreciable, the possible detriment here lies in
the compromised capacity of the bird to catch faster
prey. Other things being equal, faster prey tend to be
larger, for reasons discussed in Peters (1983), and
therefore also represent a greater source of nutrients.
In essence, perhaps the most telling detriment to a
great cormorant carrying an external tag of the types
modelled here lies in the extent to which the birds
pursue large, fast prey. In fact, great cormorants consume a wide variety of prey, both in terms of species
and size (Harris & Wanless 1993, Veldkamp 1995,
Grémillet et al. 2004), so that e.g. the great cormorants found in Normandy (France), which mainly
feed on small fish-like labrids (Grémillet & Argentin
1998), are unlikely to be substantially affected by the
burst-speed power problem whereas great cormorants in Iceland, which can take large sandeels and
bull-routs (Lilliendalht & Solmundsson 2006), certainly will be affected.

Determination of device detriment in cormorants

Fig. 6. Predicted power equivalence speeds for great cormorants swimming underwater with variously sized devices.
Continuous bold line: an unequipped bird (to highlight the
difference between encumbered and unencumbered birds);
lines with triangles, circles and stars: birds wearing devices
with cross-sectional areas of 1, 2 and 4 cm2, respectively.
Note the increasing divergence with increasing speed

Our study highlights a number of important issues
in attempts to determine the drag-related detrimental effects of externally attached tags to birds in general, and cormorants in particular. A major finding is
that it is inappropriate to extrapolate linearly between device dimensions (here represented by crosssectional area) and device detriment. A device with a
cross-sectional area of 4 cm2 constitutes about 3% of
the cross-sectional area of a great cormorant at its
maximum point of girth (ca. 127 cm2), but this is only
predicted to cause a roughly 1.7% increase in power
consumption to swim at normal foraging speeds.
However, if the birds maintain power use at a constant level during dives, the same device should
reduce the distances travelled along the seabed by
some 7.1%, and ultimately make it impossible for the
birds to catch prey that can swim faster than 3.5 m s−1
(assuming the birds can normally achieve burst
speeds of 4 m s−1). This highlights the dangers of
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simple rules used by ethical bodies to judge the detriAlthough the results may indicate that devices of the
mental effects of externally attached tags.
size we used have a negligible effect on cormorant
In this regard, 2 factors are critical in the drag
foraging behaviour, this conclusion needs to be temissue. One is the drag imposed by the device itself in
pered for 2 main reasons: (1) any effect, even if
relation to the drag coefficient of the animal. Pubapparently small, needs to be considered over long
lished values for the drag coefficients of cormorants,
period of time (Saraux et al. 2011), and (2) the
determined by a variety of methods (cf. Lovvorn et al.
acknowledged, appreciable weaknesses in our meth2001, Ribak et al. 2005), accord roughly with our estiodology. Critically though, our work does show that
mation of around 0.02 (for a calculated surface area
the animals most likely to be affected by the placeof 0.12 m2 and Re = 10−6). However, the effect of comment of external loggers are those that habitually
pliant surfaces (Bannasch 1995, Choi et al. 1997) and
swim fast and have low drag coefficients. Based on
precise measurement protocols can lead to appreciathis, we propose that those investigators wishing to
ble variation in estimates (cf. Lovvorn et al. 2001,
undertake studies on high swim-speed vertebrates
Ribak et al. 2005; see Pennycuick 1989 for discusestimate (1) the drag coefficients of their subjects, (2)
sion), so drag values, including ours, need to be
the amount of time devoted to high-speed phases,
treated with caution. Nevertheless, values for corand (3) whether high speed manoeuvres are critical
morant drag are nothing like as low as the surface
for e.g. prey acquisition; so as to quantify better the
drag coefficients ascribed to e.g. penguins, which are
impact of any proposed devices. Considering the
reported to be of the order of 0.003 (Clark & Bemis
great number of studies using externally-attached
1979, Bannasch 1995). The lower the drag coefficient
biologging technology, this approach would provide
of the animal carrier, the more critical the effects of
essential information for best practise in biologging.
an attached device are likely to be. This may explain
why, for example, the simple attachment of a flipper
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