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Detection of coastal mud odors by loggerhead sea turtles:
a possible mechanism for sensing nearby land
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Abstract For sea turtles, an ability to detect land masses

from a considerable distance away, and to distinguish

coastal areas from the open sea, might be adaptive. The

loggerhead turtle, Caretta caretta, can detect airborne

odorants associated with food. To investigate whether sea

turtles can also detect odors associated with land, we

studied the responses of juvenile loggerheads to odors from

coastal mud. Turtles were tested in a water-filled arena in

which odorants could be introduced to the air above the

water surface. Turtles exposed to air that had passed over a

cup containing mud spent more time with their noses out of

the water than did control turtles exposed to air that had

passed over a cup containing distilled water. The results

demonstrate for the first time that loggerheads can detect

airborne odorants associated with land, an ability that

might play a role in foraging, navigation, or both.

Introduction

Sea turtles migrate immense distances, sometimes crossing

entire ocean basins before returning to their natal region to

reproduce (Carr et al. 1978; Bolten 2003; Musick and

Limpus 1997). How sea turtles navigate is not yet fully

understood, but the ability to detect the Earth’s magnetic

field appears to play a critical role in guiding movements of

turtles at several different life history stages (Lohmann

et al. 2001, 2004, 2012; Luschi et al. 2007). Additional

sensory cues, however, are also likely to be involved in sea

turtle navigation (Avens and Lohmann 2003; Lohmann

et al. 2008a, b).

Turtles have well-developed olfactory systems (reviews

by Bartol and Musick 2003; Southwood et al. 2008;

Schwenk 2008) and are known to detect both waterborne

and airborne odorants (Manton et al. 1972; Constantino and

Salmon 2003; Endres et al. 2009; Endres and Lohmann

2012; Ibáñez et al. 2012). Chemical cues might therefore

be used as a source of navigational information during

migrations (Koch et al. 1969; Luschi et al. 2001; Lohmann

et al. 2008a, b; Jacobs 2012).

In principle, one particularly important use of chemical

cues might be to detect nearby land masses. Such an ability

might be adaptive for turtles at several life stages. For

example, because predators are particularly abundant in

coastal areas, young turtles carried into coastal waters by

ocean currents (Putman et al. 2012a, b) might benefit by

rapidly moving offshore. By contrast, adult turtles

migrating to nesting areas on distant islands or continents

might benefit from an ability to perceive airborne odorants

from terrestrial vegetation, soil, or seabird feces, all of

which might signal that land is nearby. Indeed, sea turtles

might use magnetic cues to arrive in the vicinity of nesting

beaches and then use chemical cues to help pinpoint spe-

cific nesting areas (Lohmann et al. 2008a, b, 2013; Putman

and Lohmann 2008).

As a first step toward determining whether turtles can

perceive airborne odorants associated with land, we studied

the responses of juvenile loggerheads (Caretta caretta) to

air scented with coastal mud. The results indicated that

turtles exposed to mud odors spent more time at the surface

of the water than they did when exposed to air scented with

distilled water or air scented with odors that do not occur in

the ocean. Thus, loggerhead turtles can evidently perceive
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odors associated with land. In principle, migrating turtles

might use this ability to determine when a land mass is

nearby.

Materials and methods

Animals and mud samples

The 10 loggerhead turtles used in the study were obtained

as hatchlings from nests deposited on Atlantic and Onslow

Beaches, North Carolina, USA. Turtles were taken to the

North Carolina Aquarium at Pine Knoll Shores, where they

were raised for 2 months before being transferred to the

University of North Carolina at Chapel Hill. In Chapel Hill,

each turtle was kept in a separate tank in re-circulating

artificial seawater maintained at a temperature of

26–30 �C. Lights in the facility were on for 12 h and off

for 12 h each day. At the time of the experiment, turtles

were between 11.8 and 13.0 cm curved carapace length

(ccl) and approximately 5 months of age.

At both locations where the turtles were raised, they were

fed the Mazuri Omnivore Aquatic Gel-based diet (www.

mazuri.com). During the time of the experiments, turtles were

fed every day.

The samples of coastal mud used in this study were

obtained from Sage Bay in the Pamlico Sound (35.36�N,

76.11�W) North Carolina, USA. Samples were maintained

in closed, Nalgene containers until use.

Experimental setup

Experiments were conducted at the University of North

Carolina in a laboratory located near the facility where

turtles were housed. Trials took place in a fiberglass arena

identical to those in which the turtles were kept. The arena

measured 99 9 53 9 46 cm. One of the short sides con-

tained a clear Plexiglas� window (43 9 36 cm) (Fig. 1).

During all experiments, the arena was filled with artificial

sea water (Crystal Sea�) to a depth of about 30 cm. The

salinity of the water was approximately 28 ppt. The top of

the arena was open to the air.

Airborne odorants were delivered to the arena through a

PVC pipe (length = 89 cm, diameter = 5 cm). One end of

the pipe was angled down toward the surface of the water

in the arena. The other was connected to a t-joint, which

was arranged so that one opening was directed downward

into a plastic cup, while the other opening was located

2 cm from a small fan 13.3 cm in diameter (Fig. 1). The

fan gently blew air into the pipe, over the cup (which

contained either 50 ml of mud or 50 ml of distilled water;

see Experimental protocol), and into the arena. A video

camera recorded turtles through the Plexiglas� window at

the front of the arena (Fig. 1). A curtain prevented turtles

from seeing when an observer approached to present an

odorant.

Experimental protocol

The protocol for testing responses to odors of coastal mud

was based on a protocol used previously to demonstrate

that turtles can perceive dimethyl sulfide (DMS), a natu-

rally occurring volatile odorant (Endres and Lohmann

2012). In the present study, paired trials were used to

monitor the behavioral response of each turtle to (1) the

odor of coastal mud and (2) the odor of distilled water (as a

control). To begin a trial, an empty plastic cup was affixed

to the t-joint and the fan was turned on. A turtle was then

placed into the arena and allowed to acclimate until it

ceased rapid movements (characteristic of escape behavior)

and began to swim steadily, a process that usually took

about 10–20 min (Endres et al. 2009). Once a turtle was

swimming steadily, the video recording equipment was

turned on and the empty plastic cup was replaced with one

containing either dH2O or mud. A trial began after the

turtle surfaced to take its first breath, which was presum-

ably when it first had an opportunity to detect airborne

odorants. The trial was videotaped for an additional 2 min

after the first breath.

Upon completion of the trial, the stimulus cup was

replaced with the empty cup and the fan was left on to

allow lingering odorants to disperse. The door to the room

was also left open to facilitate this dispersal. Once the room

had been aired out for at least 10 min, the door to the room

was shut and the turtle was allowed to acclimate for

another 10 min before it was presented with the second

stimulus. Half of the turtles were exposed to the coastal

Fig. 1 Diagram of the experimental setup. Turtles swam in a

fiberglass arena with a window on one side, through which the

behavior of the turtles was videotaped. Airborne odorants were

delivered to the arena by a gentle stream of air. A small fan moved air

into the PVC pipe, across the top of the stimulus cup, and into the

arena. Thus, air arriving in the arena presumably contained odorants

associated with the PVC pipe and cup, along with the scent of

whatever was placed in the cup
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mud first, whereas the other half were exposed to distilled

water first.

Data analysis and statistics

The videotape of each trial was analyzed by two observers

who had no knowledge of the purpose of the study or

which stimulus had been presented to the turtle. Observers

recorded the time that each turtle spent with its head above

the surface of the water during each trial. This metric was

used previously in a study investigating responses of turtles

to DMS (Endres and Lohmann 2012), because turtles are

thought to sample the air more and thus spend more time at

the surface, when they encounter olfactory stimuli that are

biologically meaningful (Endres et al. 2009). In the present

study, the Wilcoxon signed-ranks test was used to compare

the surface time of turtles exposed to mud odors with the

surface time of turtles during corresponding dH2O controls.

Although the primary focus of our study was to determine

whether turtles perceive odors of coastal mud, an additional

question was whether behavioral responses elicited by such

odors are specific to mud or instead reflect generalized

responses to any novel, airborne odor. As a first step toward

investigating this, we carried out an additional analysis

comparing the responses of turtles to mud odors (obtained in

this study) with responses of the same turtles to essential oils

of lemon, jasmine, and cinnamon (reported previously in

Endres and Lohmann 2012). As in the previous study (En-

dres and Lohmann 2012), the oils are a useful point of

comparison because (1) the odors are almost certainly novel

to the turtles and (2) it is likely that loggerhead turtles can

detect these odors, given the large suite of functional olfac-

tory genes in this species (Kishida et al. 2007). The odorants

tested previously included 3–4 drops of cinnamon essential

oil (Now Foods, Bloomington, Illinois, USA) in 50 ml

dH2O, 3–4 drops of jasmine oil (Now Foods) in 50 ml dH2O,

3–4 drops of lemon oil (Now Foods) in 50 ml dH2O, and 25

drops of cinnamon oil (Now Foods) in 50 ml dH2O. For this

analysis, the Kruskal–Wallis test was used to determine

whether different responses were elicited by the 5 odorants

(coastal mud, jasmine, lemon, cinnamon, and concentrated

cinnamon). The Mann–Whitney U-test was used to analyze

differences between specific pairs of odorants.

Results

Turtles spent more than twice as much time at the surface

when exposed to odors from coastal mud (mean = 15.6 s)

than they did when exposed to odors from dH2O

(mean = 6.1 s) (Fig. 2). The difference in responses to

these two treatments was significant (one-tailed Wilcoxon

signed-ranks test, t = 10, N = 10, P = 0.025).

The analysis of responses to mud odors and the 4 pre-

viously tested non-oceanic odors (cinnamon, jasmine,

lemon, and concentrated cinnamon) revealed that differ-

ences existed in the amount of surface time elicited by the

various odorants (Kruskal–Wallis test, H5 = 18.39,

P \ 0.002) (Fig. 3). Pairwise comparisons (two-tailed

Mann–Whitney U-tests) indicated that surface time during

mud trials was significantly greater than surface time dur-

ing cinnamon trials (U = 87.5, N1 = 10, N2 = 10,

P \ 0.005), jasmine trials (U = 89.5, N1 = 10, N2 = 10,

P \ 0.003), lemon trials (U = 89.5, N1 = 10, N2 = 10,

P \ 0.003), and concentrated cinnamon trials (U = 94.0,

N1 = 10, N2 = 10, P \ 0.001). These comparisons remain

significant if the Bonferroni correction for multiple

Fig. 2 Time (in seconds) that turtles spent with their noses out of the

water in response to odors of coastal mud and odors from dH2O (as a

control). Values indicate means; error bars represent standard error.

Sample sizes were n = 10 turtles for both sets of trials

Fig. 3 Mean change in surface time elicited by each of 5 odorants.

Bars for each odor indicate differences in surface time observed in

experimental trials (in the presence of the odor) relative to the

corresponding dH2O controls. Data obtained with coastal mud odors

in this experiment are compared to data from cinnamon, jasmine,

lemon, and x-cinnamon obtained from the same turtles and reported

previously (Endres and Lohmann 2012). Error bars represent

standard error. See text for details
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comparisons is applied, a practice recommended by some,

but not all statisticians (Perneger 1998).

Discussion

Turtles exposed to air scented with coastal mud spent more

time at the surface than did control turtles (Fig. 2). These

results provide evidence that loggerheads can perceive

airborne odors associated with sediments along the shore.

Why turtles spent more time at the surface when mud odors

were present is not known, but a plausible explanation is

that turtles spend more time sampling the air when they

encounter airborne olfactory stimuli that are biologically

meaningful (Endres et al. 2009; Endres and Lohmann

2012).

Increased surface time was not elicited by several non-

oceanic odors, including cinnamon, jasmine, and lemon

scents (Fig. 3). This suggests that the change in behavior

elicited by mud odors is not a generalized response to all

novel odorants.

One possibility is that turtles detected the non-oceanic

odors, but failed to respond to them behaviorally (Endres

and Lohmann 2012). Alternatively, because cinnamon,

jasmine, and lemon are not odors that turtles are likely to

encounter in the marine environment, it is possible that

turtles might not have evolved the olfactory receptors

necessary to detect some or all of these odors or that they

might have lost the appropriate receptors if they were once

present in terrestrial ancestors.

Although the results demonstrate that turtles can per-

ceive mud odorants, how this ability is used during

migrations, if indeed it is, remains to be determined. In

principle, the ability to detect airborne odors associated

with land might be advantageous to turtles at several life

history stages. For example, such odors might signal young

turtles in the open sea that they are drifting toward shallow,

coastal waters. Because coastal areas often have dense

concentrations of predatory birds and fish, young turtles

might hypothetically respond to land odors by swimming

offshore toward deeper, safer waters, in much the same

way that young loggerheads adjust their swimming direc-

tion in response to regional magnetic fields at the bound-

aries of their migratory route (Lohmann et al. 2001, 2012).

To our knowledge, the possibility that airborne odorants

elicit changes in swimming direction has never been

investigated.

Although shallow, coastal waters are potentially dan-

gerous to small turtles, the same areas can serve as foraging

areas for older turtles that have grown too large for most

predators. Many juvenile loggerheads in the north Atlantic

Ocean, for example, forage in the oceanic region sur-

rounding the Azores Islands (Bolten et al. 1998). For such

turtles, land odors might hypothetically signal the existence

of both a nearby land mass and abundant benthic inverte-

brates that can be exploited as food (McClellan et al. 2010).

Similarly, odorants associated with mud or land might be

used by juvenile turtles to locate favorable foraging areas

in sounds, bays, and coves along the east coast of the USA

(Musick and Limpus 1997).

For adult turtles, airborne odors might play a role in

navigation, as has been proposed for some birds (Nevitt

and Bonadonna 2005; Holland et al. 2009; Gagliardo

2013). In particular, turtles might use odors associated with

land to help locate nesting areas at the end of a long

migration (Lohmann et al. 1999; Luschi et al. 2001; Hays

et al. 2003; Lohmann et al. 2008a). Although juvenile and

adult turtles are thought to use the Earth’s magnetic field to

navigate over large spatial scales (Lohmann et al. 2004,

2007; Luschi et al. 2007), they may also use additional

cues, possibly olfactory, to pinpoint nesting areas once they

arrive in the correct geographic region (Lohmann et al.

2008a, b; Putman and Lohmann 2008). Consistent with this

hypothesis, satellite-tracked sea turtles displaced from an

island appeared to relocate the island more readily when

approaching from a downwind direction (Luschi et al.

2001; Hays et al. 2003). However, because this result might

be attributable to factors unrelated to olfactory cues

(Lohmann et al. 2008a), additional studies are needed to

confirm a role of airborne odors in island-finding or other

aspects of navigation.

An additional consideration is that turtles have been

hypothesized to imprint as hatchlings on both chemical

cues and on the magnetic field of their natal beach and then

use this information to return as adults (Lohmann et al.

2008c, 2013). Although discussions of chemical imprinting

have typically focused on substances dissolved in water

(Owens et al. 1982; Grassman et al. 1984; Grassman and

Owens 1987), our findings raise the possibility that turtles

might imprint on unique airborne odorants that exist at a

home beach or region. In principle, if airborne odors along

different parts of a coastline differ sufficiently (due, for

example, to different plant and microbial communities in

different geographic areas), then turtles might be able to

use airborne odorants associated with land not only to

locate coastlines generally, but perhaps also to help locate

specific nesting areas.

Although such speculation is appealing, it is important

to recognize that our results do not actually demonstrate

that turtles use airborne odorants to detect nearby land. An

alternative interpretation is that the responses observed in

our experiment do not reflect the migratory behavior of

turtles, but instead are related to feeding behavior. Because

the mud used in this study is likely to contain both sulfur

and organic matter, it is conceivable that these or other

volatile components of the mud serve as feeding stimulants
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for turtles. We note that responses similar to those elicited

by mud odors can be elicited by food odors (Endres et al.

2009) and also by DMS, a volatile odorant associated with

high-productivity areas in the ocean (Endres and Lohmann

2012) that is also, under some conditions, present in mud

flats and in marsh sediments (Kiene 1988; Cerqueira and

Pio 1999). Of course, the possibility that mud odors elicit

feeding or foraging behavior in turtles is not incompatible

with the hypothesis that turtles can also, under at least

some circumstances, use such odors to detect the presence

of nearby land masses, particularly after long migrations

through the open sea.

In sum, our results demonstrate for the first time that

loggerhead turtles can detect airborne odors associated

with coastal mud, but the functional significance of this

finding remains to be determined. Turtles in the open ocean

might use this ability to detect nearby land masses; alter-

natively or additionally, the responses we observed might

reflect feeding or foraging responses elicited by volatile

components of the mud that turtles associate with food.

Additional research will be needed to determine what role,

if any, detection of airborne land odorants plays in the

foraging and migratory movements of sea turtles.
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