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Summary
Chemoreception may function throughout an entire
and larval suppression were not positively correlated.
animal lifetime, with independent, stage-specific selection
Suppression of cannibal-avoidance behavior in larvae was
pressures leading to changes in physiological properties,
unaffected by most structural modifications of the arginine
behavioral expression, and hence, trophic interactions.
molecule. Adult behavior, on the other hand, was strongly
When the California newt (Taricha torosa) metamorphoses
influenced by even subtle alterations in the parent
from an entirely aquatic larva to a semi-terrestrial
compound. Reactions to arginine in both adults and larvae
juvenile/adult form, its chemosensory organs undergo
were eliminated by blocking the external openings of the
dramatic reorganization. The relationship between newt
nasal cavity.
life-history stage and chemosensory-mediated behavior
Stimulating adult predatory search in one case and
was established by comparing responses of adults (as
inhibiting larval cannibal avoidance in the other, arginine
determined here) to those of conspecific larvae (as studied
is a chemical signal with opposing behavioral effects and
previously). Bioassays were performed in mountain
varying ecological consequences. Significant differences
streams, testing responses of free-ranging adults to 13
between responses of adults and larvae to changes in
individual L-amino acids. Relative to stream water
arginine structure suggest alternative, chemosensory
receptor targets. Although arginine reception functions
(controls), adults turned immediately upcurrent and
throughout an entire newt lifetime, an ontogenetic shift in
moved to the source of arginine, glycine or alanine release.
larval and adult chemoreceptive ability changes behavioral
These responses were indicative of predatory search.
expression, and thus, reflects the unique selection
Arginine was the strongest attractant tested, with a
pressures that act at each life-history stage.
response threshold (median effective dose) of
8.3⫻10–7·mol·l–1 (uncorrected for dilution associated with
chemical release and delivery). In contrast to adult
Key words: arginine, amino acid, tetrodotoxin, TTX, newt,
behavior, arginine suppressed cannibal-avoidance and
salamander, Taricha torosa, predator, prey, cannibalism, chemical
failed to evoke search reactions in larvae. For a common
signal, olfaction, adult-larval interaction, odor plume, feeding,
foraging, search.
set of arginine analogs, the magnitudes of adult attraction
Introduction
Cellular mechanisms of chemosensory reception are highly
conserved across all metazoans (Ache, 1994; Hildebrand and
Shepherd, 1997; Ache and Young, 2005). The same signal
molecules therefore can be used in chemical communication
by phylogenetically diverse species. In the ocean, for
example, dimethylsulfoniopropionate (DMSP) and its
metabolites [dimethylsulfide (DMS) and acrylic acid]
convey information that spans multiple trophic levels and
accelerates material exchange rates among bacteria
(decomposers),
phytoplankton
(primary
producers),
zooplankton (secondary consumers) and seabirds (apex
predators) (Nevitt et al., 1995; Zimmer-Faust et al., 1996;
Wolfe, 2000; Steinke et al., 2006). Such compounds play

important roles in mediating ecological interactions that
structure populations and communities.
Many neurotoxins also have effects at multiple trophic levels,
including acting as chemosensory stimuli for resistant consumer
species (Schulz et al., 1993; Weller et al., 1999; Macel and
Vrieling, 2003). The guanidine alkaloid, tetrodotoxin (TTX), for
instance, serves as a chemical defense or venom for a biodiverse
assemblage of animal and microbial species (Kim et al., 1975;
Sheumack et al., 1978; Miyazawa et al., 1986; Kogure et al.,
1996). It acts as a potent neurotoxin by binding to and blocking
voltage-gated sodium channels on nerve and muscle cell
membranes (Narahashi, 1994; Cestèle and Catterall, 2000).
Notably, California newt (Taricha torosa) larvae escape
cannibalism by detecting the poison (TTX), which is well-

THE JOURNAL OF EXPERIMENTAL BIOLOGY

Newt chemosensory ecology 1777
known as a chemical defense for adult conspecifics (Zimmer et
al., 2006). Following release from adult skin, TTX acts as a
reliable olfactory cue, warning larvae of imminent danger. For
individuals of the same newt species at different life-history
stages, TTX operates in a dual role – both alerting (conspecific
larval) prey and defending (adults) against predators.
Stimulating a behavioral response in one case and inhibiting
neural activity in the other, TTX has opposing physiological
effects with strong, but contrasting, ecological consequences.
The TTX-mediated predator-avoidance reaction of newt
larvae is notably absent when adults are eating alternative prey
(worms) (Kerby and Kats, 1998). In this case, larval hiding
behavior is suppressed by the stream-borne presence of the
free-amino acid, L-arginine (Ferrer and Zimmer, 2007).
Arginine is abundant in the body fluids of worms, and released
upon injury into stream water (see ‘Amino acid composition of
worm body fluids’ in the Results). From previous studies, both
TTX and arginine bind receptors through charged interactions
with their terminal guanidinium moieties [TTX (see Kao, 1986;
Hille, 2001); arginine (see Bryant et al., 1989; Kalinoski et al.,
1989; Lipsitch and Michel, 1999)]. Suppression might
therefore arise from competitive interactions between these two
molecules for common receptor binding sites. Presumably, the
presence of dissolved arginine indicates a reduction in
cannibalism risk for larvae, as a consequence of adult feeding
preferences. Although a generalist forager (Stebbins, 1972;
Hanson et al., 1994), adult Taricha torosa prefer worms over
conspecific young (Kerby and Kats, 1998).
The suppressant effect of arginine on newt larval behavior is
uncharacteristic as this molecule is best known as a feeding
stimulant/attractant for many species of aquatic and terrestrial
predators (Caprio and Byrd, 1984; Zielinski and Hara, 1988;
Kang and Caprio, 1997; Carr et al., 1996; Tabuchi et al., 1996).
Similarly, adult newts are voracious carnivores and eat a wide
variety of invertebrate prey, including insects, snails and isopods,
in addition to worms and conspecific young (Stebbins, 1972;
Hanson et al., 1994). Consequently, arginine might act as an
adult feeding attractant rather than a suppressant. The present
investigation was performed using field experiments that
quantified the behavioral responses of free-ranging adult newts
to arginine and 12 other L-amino acids. Results show an
ontogenetic shift in adult/larval chemosensory reception that
changes the expression of arginine-mediated behavior and
determines the fates of trophic interactions. This is the second
of two companion manuscripts describing the behavioral
mechanisms of chemoreception as a consequence of life history
stage in the California newt. The present paper is written from
the perspective of an adult predator, with comparisons to the
larval stage. By contrast, the accompanying paper is written from
the perspective of the larval prey (Ferrer and Zimmer, 2007).
Materials and methods
Amino acid analysis of worm body fluids
Amino acids are abundant in tissues of marine and
freshwater invertebrates (Sutcliffe, 1962; Firling, 1977;

Edwards, 1982; Herzog and Liappis, 1987; Carr et al., 1996;
Zimmer et al., 1999), and they act as feeding stimulants/
attractants for diverse predatory species (Carter and Steele,
1982; Carr, 1988; Valentincic and Captrio, 1994; Coman et
al., 1996; Hara, 2006; Keiichiro et al., 2006). In the present
study, worm (Eisenia rosea Gates 1942) prey of adult newts
(Taricha torosa Rathke 1883) were collected on three
occasions (April 14, August 26 and October 12, 2004) from
natural streamside sediments at the field study site. On each
date, 20 worms were held in plastic specimen jars containing
moist sediment during transit to the laboratory. In the lab,
worms were rinsed thoroughly with organic-compound-free
artificial stream water (in mmol·l–1: NaCl, 3.0; KCl, 0.2;
CaCl2, 0.2; Hepes, 1.0) to remove all sediment, and starved
for 48·h to void gut contents. They were weighed (wet mass)
and sliced (each with a single cut), then fluid contents were
extruded into a vial containing 1·ml artificial freshwater. The
resulting solutions were centrifuged (10·000·g), clarified
further by filtration (0.2·m pore size), and samples frozen
immediately at –80°C.
Each filtrate was subsequently analyzed in triplicate using
high-performance liquid chromatography (HPLC; Beckman
System Gold v. 8.10, 126 binary Solvent Module, and 507
Autosampler; Beckman-Coulter, Inc., Fullerton, California,
USA). After pre-column derivatization of amino acids with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, 20-l
aliquots were injected onto a reversed-phase column (35°C,
silica base bonded C18 Nova-Pak column, 4-m particle size,
60·Å pore size, 3.9·mm inner diameter ⫻ 150·mm; Waters,
Milford, Massachusetts, USA) using modifications of
AccQTag (Waters) labeling and separation chemistry (Cohen
and Micheaud, 1993; Zimmer et al., 1999). Using HPLCgrade reagents, a series of gradients with increasing organic
modifier, starting at 150·mmol·l–1 sodium acetate–8·mmol·l–1
triethylamine–6·mol·l–1 ethylene-diamine-tetraacetic acid
(pH adjusted to 5.83 with phosphoric acid and filtered to
0.45·m) and ending with 60:40 acetonitrile:H2O, eluted the
amino acids at a constant flow of 1.0·ml·min–1. Separated
amino acids were assayed spectrofluorometrically (Jasco FP920 fluorescence detector with a 5·l flow cell; excitation,
=250·nm; emission, =395·nm; with slits measuring 18·nm
and a gain of 100) at a data collection rate of 2·Hz. Identities
and concentrations of the amino acids were based on retention
times and peak areas, respectively, of external standards
(Pierce, Rockford, Illinois, USA).
Field site and study animal
Experiments were performed along a 4·km stretch of Tuna
Canyon Creek in the Santa Monica Mountains, Malibu,
California, USA (34°03⬘40⬙N, 118°68⬘51⬙W) between April
and November, 2004. There was no trail access to the stream,
largely eliminating pedestrian traffic. All equipment and
solutions were carried to the study site. This stream section
included 35 pools that contained 103 adult newts (Taricha
torosa). Individual newts were captured, measured (with
Vernier calipers), and weighed (using a battery-operated scale)
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on site, before immediate release. Adult mean length and mass
were 7.3·cm (±0.5·cm s.d.) and 14.7·g (±1.5·g s.d.),
respectively, and the vast majority (82.5%) of animals were
males. Statistical analyses (Fisher exact tests) showed no
significant difference between male and female responses to
any test or control solution (data available upon request), so
results were combined across gender.
Stream beds consisted of poorly-sorted sand, gravel and
cobble, with small, submerged rocks (0.05–30·cm diam.).
Qualitative visualizations, using Rhodamine WT dye,
indicated complex, three-dimensional flows within pools.
Flow speed and direction were determined near (<30·cm
distant) free-ranging adults using an electromagnetic current
meter (Model 523, Marsh-McBirney Corp., Frederick,
Maryland, USA). The two-dimensional sensor (1·cm diam.)
was mounted on a 1-m-long arm on top of a tripod, and
programmed to record velocities (at 1·Hz, over 10·min
intervals) in the along-stream and vertical directions. Overall,
107 flow records were taken during the study, with replicates
for each pool collected at either a monthly or bi-monthly
interval. In each recording, the flow sensor was placed 2·cm
above the substrate – the elevation of a typical adult nose.
Temperature, conductivity, pH, and light intensity were
determined every other day to characterize adult habitats
(Table·1).
Table·1. Properties of the physical environment and
concentration dilution associated with chemical stimulus input
and delivery
Percentile
Variable*
Pool size (surface area, m2)
Maximum pool depth (m)
pH
Conductivity (μS)
Temperature (°C)
Light intensity (μmol·m–2·s–1)
Stimulus dilution factor (⫻10–4)
Flow, along channel (cm·s–1)
Speed (u)
Fluctuating component (u⬘)†
Flow, vertical (cm·s–1)
Speed (w)
Fluctuating component (w⬘)†

Median

10th

90th

4.02
0.38
8.02
1146
17.8
15.8
2.62

0.40
0.18
7.84
1123
17.1
13.2
1.13

5.05
0.59
8.10
1175
18.5
21.1
4.22

2.6
0.6

2.0
0.4

3.6
1.0

0.5
0.5

0.1
0.3

1.2
0.7

Data are combined for 35 stream pools along a 4-km stretch of
Tuna Canyon Creek (Malibu, California, USA), between April and
November 2004.
*In each 10-min sampling period, stream water temperature,
conductivity and pH, were recorded 2·cm above the bed at 0.1·Hz.
Simultaneously, light intensity was measured at 0.1 Hz on the surface
of the stream bed. Pool size was determined from digital images by
computer analysis.
†
Calculated as the standard deviation (root mean square) using
repeated measurements (600 electromagnetic current meter
recordings) taken over 10-min intervals.

Field bioassays
A test chemical or control solution was introduced to a freeranging Taricha torosa adult in each 5·min trial. An
investigator hid behind rock boulders that lined the stream, and
continuously released solution through transparent
polyethylene tubing (2·mm i.d.). The tubing was threaded in a
hand-held 3-m length of transparent acrylic rod (5·mm i.d.).
Positioned 2·cm above the stream bottom, the tip was,
nominally, 30·cm upstream of a targeted adult. A constant
delivery rate was achieved by using a microprocessorcontrolled syringe pump (KD Scientific Inc., Holliston,
Massachusetts, USA) in conjunction with a 12·V battery and
voltage inverter. Each solution exited the tubing at 10·ml·min–1
and passed through a foam-diffusing tip, thus minimizing
hydrodynamic disturbances. The exit speed of 1.3·cm·s–1 was
essentially isokinetic with surrounding flow.
Dilution of the test solutions due to stimulus input and
delivery from the point of origin to an adult newt was
determined by fluorometric measurements (Table·1). After
substituting Rhodamine WT dye (prepared at 1·g·l–1) for a test
or control solution, fluorescence was recorded (over 5·min) in
76 replicate trials with a fluorometer (model 10-AU-005,
Turner Designs, Mountainview, California, USA). Stream
water was evacuated continuously (1·ml·min–1) through
polyethylene tubing (2·mm i.d.) and a custom-built flowthrough detector cell (50·l volume). Field measurements were
calibrated on site using dye standards prepared with stream
water at five different concentrations.
Selection of test chemicals for field bioassays
Field experiments with adult newts, (1) tested for effects of
L-amino acids, (2) generated a dose–response curve for
arginine, and (3) determined the activities of arginine structural
analogs. Several amino acids were examined for their relative
capacity to evoke behavioral responses. Chosen compounds
included aspartate and glutamate (acidic), arginine and lysine
(basic), glycine and alanine (short-chain neutral), leucine and
valine (nonpolar side chain), cysteine, methionine and taurine
(sulfur containing), and phenylalanine and tryptophan (ring
containing). Each amino acid was introduced at 10–5·mol·l–1.
Arginine was also presented at 10–4, 10–5, 10–6, 10–7 and
10–8·mol·l–1 in a dose–response experiment. Finally, bioassays
were run (at 10–5·mol·l–1) using arginine and arginine analogs
having deletions, substitutions or additions to the carbon chain,
or the guanidinium, carboxyl or amine functional groups
(Fig.·1). Worm fluids, diluted to a final (total) arginine
concentration of 10–5·mol·l–1, and stream water served as
controls in the first and second experiments. Arginine (at
10–5·mol·l–1), as a control, was substituted for worm fluids in
experiment 3. Each test or control solution was bioasssayed on
10–15 different adults.
To minimize the likelihood of retesting the same solution on
a given individual, each compound (and concentration) was
presented only to one adult within a particular pool. Previous
research has shown that, over months to years, individual adults
exhibit strong site fidelity to a specific pool (Watters and Kats,
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Fig.·1. Structural formulae of arginine analogues, as tested in this study.

2006). Otherwise, the order of presentation across all test or
control treatments for each trial was determined, within a given
experiment, using a random numbers generator. All solutions
were prepared with Nanopure ddH2O at a stock concentration
of 10–2·mol·l–1 in the laboratory, and then stored at –80°C. They
were transported to the field on dry ice, thawed immediately
prior to use (<5·min), and diluted rapidly to the desired
concentrations in stream water.
Determining the role of nasal chemoreception in mediating
behavioral response
A field experiment was used to determine the role of nasal
chemoreception in mediating adult behavioral responses.
Specifically, 30 newts were captured by hand (sterile latex
gloves). Each individual was drawn from a different stream
pool. The nasal cavities were then blocked by applying inert
silicon gel (0.1·ml) to the external openings, or nares, with a
sterile cotton swab. These newts were released back into their
home pools and given 30·min to recover, during which they
were observed to swim near the bottom with no apparent ill
effect. Next, each individual was tested, using procedures
described above, with either 10–5·mol·l–1 arginine or stream
water (control). Fifteen individuals were tested with each
solution. To control for animal handling, a second group of 30
adults was tested in the same manner. This time, however, gel
was applied to newt foreheads rather than to their nares, prior
to testing. If control animals (gel on foreheads) showed strong
responses to arginine, but adults with blocked nares did not,
then the nasal cavity would be implicated as the principal
chemoreceptive site. After each trial, gel was removed and the
adult marked to prevent recapture and retesting.

Results
Amino acid composition of worm body fluids
Worm (Eisenia rosea) fluids were characterized by high
concentrations (262·mmol·kg–1 body mass) of amino acids
(Table·2). Of the 15 compounds assayed, dicarboxylic acids,
glutamate and aspartate were the two most abundant,
accounting for almost 28% of the total composition. Amino
acids with small, non-polar functional groups (alanine and
glycine) also were common and made up 20% of the extract.
By contrast, lysine and arginine (two basic amino acids)
occurred only at lower concentrations. Arginine, in particular,
was scarce relative to the other substances. However, a
concentration of 5·mmol·kg–1 mass was roughly 106 times
higher than in natural stream water at the study site (data not
shown).
Description of inactive and chemically-stimulated behavior in
the field
The behavior of free-ranging adult newts changed
dramatically as a function of stimulus conditions. Without a
chemical attractant present, adults lay motionless on the stream
bed or swam (or walked) near the bottom, frequently changing
direction. There was no tendency for an animal to orient with
respect to flow. Once contact was made with a chemical
attractant, however, the newt turned and swam rapidly
upstream into the plume (Fig.·2). Movement continued along a
direct path until arrival at the odor source. Newts often altered
the position of their nostrils relative to the bottom. While
navigating in and around an odor plume, adults raised their
snouts, vertically into the water column, or buried them down
into the stream bed. Combined attractant/dye releases showed
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Table·2. Concentrations and percentage compositions of the
15 most abundant free amino acids (L-isomers) in worm body
fluids
Amino acid
Glutamate
Aspartate
Alanine
Glycine
Serine
Leucine
Valine
Lysine
Threonine
Isoleucine
Proline
Phenylalanine
Tyrosine
Arginine
Methionine
Total

Concentration
(mmol·kg–1·body mass)

% composition*

44.5±13.5
27.8±10.5
27.0±7.7
24.8±7.5
20.1±7.1
19.7±5.0
17.2±5.2
16.5±1.8
14.5±4.9
13.1±4.0
11.7±3.5
8.4±2.8
6.7±2.4
5.0±2.4
4.7±2.1
261.7±114.4

17.0±0.1
10.6±0.8
10.3±0.3
9.5±0.1
7.7±0.4
7.5±0.4
6.6±0.1
6.3±1.4
5.5±0.2
5.0±0.1
4.6±0.1
3.2±0.1
2.6±0.2
1.9±0.3
1.7±0.2
100.0

Values are means ± s.e.m.
*Percentage molar concentrations.

that these adults were adjusting the position of their snouts as
a means of contacting individual odor filaments within the
plumes.
Behavioral responses to arginine and other amino acids
The different amino acids elicited varying responses in newt
foraging activity (Fig.·3). A positive behavioral response was
here defined as an adult turning upstream and swimming
towards the source of chemical release. Of the 13 amino acids
tested, three were significantly more active than the stream

water control and comparable to worm fluids. There was,
however, no significant correlation between amino acid
concentration in worm body fluids and percentage of animals
responding (Kendall’s Tau: =0.07, d.f.=10, P=0.79).
Furthermore, no significant association was found between
percentage of animals responding and either amino acid bulk,
hydrophilicity, or charge [see descriptors in Hellberg et al.
(Hellberg et al., 1987); Kendall’s Tau: ⭐0.18, d.f.=10,
P⭓0.44, all three comparisons]. The basic amino acid,
arginine, was the most stimulatory compound tested at
10–5·mol·l–1 (Fisher exact test: P=0.003). Further analysis
showed that adult newts responded to arginine in a dosedependent manner (Fig.·4; F-test: F1,3=19.9, P<0.0001). The
median effective dose (ED50), or threshold, was estimated as
8.3⫻10–7·mol·l–1 (uncorrected for dilution associated with
chemical release and delivery). Alanine and glycine, both
short-chain neutral amino acids, also were significantly more
attractive at 10–5·mol·l–1 than freshwater alone (P=0.011 and
P=0.033, respectively). Taurine, one of three sulfur-containing
amino acids tested, elicited elevated levels of adult behavior,
although not significantly (P=0.08). This compound differs
from other amino acids as it contains an S terminus rather than
a C terminus and has a substituted oxygen in place of the
amino group. Cysteine and methionine, the other sulfurcontaining test solutions, caused 30 and 25% response,
respectively – less activity than caused by taurine. Although
glutamate did not exhibit significantly higher responses than
freshwater controls (P=0.16), it was twice as active as
aspartate, a slightly smaller (and more highly charged) amino
acid (P=0.40).
Behavioral responses to structural analogs of arginine
Activation of adult foraging behavior was intolerant to even
subtle changes in arginine structure. Removal (agmatine), or
esterification (N-omega-nitro-L-arginine methyl ester), of the

Fig.·2. (A) Tested adult newts
inhabited stream pools along a
4·km stretch of Tuna Canyon
Creek in Malibu, California, USA.
In each 5-min trial, an investigator
hid behind rock boulders that lined
the stream, and continuously
released solution (treatment or
control)
though
transparent
polyethylene tubing. The tip of the
tubing was placed, nominally,
30·cm upstream of a free-ranging
adult newt. (B–E) Successive
images (at 3·s intervals) showing
an adult (gray arrow) detecting an
attractant (arginine, at 10–5·mol·l–1)
odor
plume,
turning,
and
swimming upstream to the source
(white open circle). The principal
along-channel axis of stream flow
is denoted by a white arrow.
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Fig.·5. Percentage of newts swimming upstream to the site of arginine
analog or control (stream water) solution release. Each compound was
tested at 10–5·mol·l–1, with separate experiments performed for (A)
carboxyl substitutions, (B) amine substitutions, (C) carbon chain
substitutions, and (D) guanidinium substitutions. Arg, arginine; Guan,
guanidine; AGB, agmatine; AME, arginine methyl ester; GAA,
guanidinacetate; GBA, guanidinobutyrate; HA, homoarginine;
AGPA, ␣-amino-␤-guanidinopropionate; Lys, lysine; NA, N--nitroL-arginine; NV, norvaline. Asterisks denotes a significant difference
between larval responses to test and control (stream water) solutions,
using a Fisher exact test (P<0.05).

or shortening (L-␣-amino-␤-guanidino-propionate), the
arginine side chain by one carbon length reduced activity by
over 40% and 50%, respectively (Fig.·5C). Likewise,
modification (N--nitro-L-arginine), or removal (norvaline), of
guanidinium caused a profound reduction in behavioral
responses. However, guanidinium, by itself (guanidine), was
ineffective in inducing activity (Fig.·5A,D).
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control

20
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Fig.·3. Percentage of newts swimming upstream to the site of amino
acid or stream water (control) release. Each compound was tested at
10–5·mol·l–1; functional groups are illustrated above respective bars.
Arg, arginine; Ala, alanine; Gly, glycine; Tau, taurine; Glu, glutamate;
Lys, lysine; Cys, cysteine; Leu, leucine; Phe, phenylalanine; Met,
methionine; Asp, aspartate; Trp, tryptophan; Val, valine; WF, worm
fluids with a corresponding arginine concentration of 10–5·mol·l–1).
Asterisks denote a significant difference between larval responses to
test and control (stream water) solutions, using a Fisher exact test
(P<0.05).
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Fig.·4. Effects of concentration of arginine on percentage of newts
swimming upstream (open circles) to the site of solution release.
Stream water (striped triangle) and worm fluids (closed square; with
a corresponding arginine concentration of 10–5·mol·l–1) served as
controls. Concentrations are not corrected for dilution associated with
chemical release and delivery.

The role of nasal chemoreception in mediating behavioral
responses to arginine
Adult newts possess a nasal cavity, extending from the outer
skin surface to the inner roof of the mouth. In behavioral
experiments, adults with external nares blocked by inert
silicon gel did not react to 10–5·mol·l–1 arginine, whereas
control animals immediately swam upstream in response to the
same stimulus (Fig.·6; Fisher exact test: P<0.001). Application
of stream water had no effect on animals of either group. In
adults, the nasal cavity is an important conduit of stimulusladen water that enables tracking of arginine-scented odor
plumes.
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Fig.·6. Percentage of newts swimming upstream to the site of
10–5·mol·l–1 arginine or stream water (control) release. Inert silicon gel
was applied either to the forehead (control) or to the nares of newts
to block the nasal cavities. Asterisk denotes a significant difference
between newt responses to arginine and control (stream water)
solutions, using a Fisher exact test (P<0.01).

Discussion
The ontogenetic basis for shifts in chemosensory reception
and behavior
The dissolved free-amino acid (DFAA), arginine, has
opposing behavioral effects and contrasting ecological
consequences on two life history stages of the same newt
species (Ferrer and Zimmer, 2007) (current study). It stimulates
(adult) predatory search in one case and inhibits (larval)
cannibal-avoidance in the other. When exposed to an arginine
plume in freshwater streams, adult newts increase locomotion
with respect to flow direction (rheotaxis) and odor input source.
By contrast, arginine suppresses the stimulatory effects of
tetrodotoxin (TTX) on larval swimming, thereby eliminating
their cannibal-avoidance reactions (Fig.·7).
Nasal chemoreception explains these contrasting newt
behaviors. The occlusion of external nares eliminates adult
attraction and larval swimming in response to arginine and
TTX, respectively. Both olfactory and vomeronasal organs are
housed in the nasal cavity (Døving et al., 1993; Døving and
Trotier, 1998). Although vomeronasal sensory cells of some
reptiles detect arginine (Hatanaka, 1990), chemosensitivity to
this compound in amphibians is attributed at present to
olfaction (Vogler and Schild, 1999; Manzini and Schild, 2004).
Reorganization of the olfactory epithelium at metamorphosis
thus may explain opposing behaviors to the same compound.
As a consequence of life-history stage, profound changes occur
in salamander olfactory epithelial morphology (Getchell et al.,
1984; Stuelpnagel and Reiss, 2005) and electrophysiological
responses to applied chemical stimuli (Arzt et al., 1986).
Moreover, behavioral tests on California newt larvae and adults
in response to arginine analogs suggest distinct chemosensory
receptor populations in each life-history stage. For a common
suite of analogs, the magnitudes of adult attraction and larval
suppression were not positively correlated (Kendall’s Tau:

=–0.25, d.f.=5, P=0.57). In fact, suppression of TTX-induced
behaviors in larvae was tolerant of most structural modifications
(Ferrer and Zimmer, 2007). Changes in the carboxyl terminus
and carbon side chain had no effect on response to arginine. The
only compound that failed to dampen larval responses
significantly was lysine, indicating that the guanidinium group
is vital for receptor interactions. By contrast, adult behavior was
strongly influenced by even subtle alterations in the parent
molecule. Minor changes to arginine, such as esterification of
the carboxyl group or addition (or deletion) of a single carbon
atom to the side chain, destroyed all bioactivity in adults.
Similar transformations in chemoreception are observed in
frogs and toads. As a function of larval age, olfactory receptor
neurons in Xenopus laevis increase specificity for certain amino
acids. This finding suggests an ontogenetic shift in patterns of
receptor protein expression (Manzini and Schild, 2004).
Furthermore, frog olfactory epithelium and olfactory bulb
undergo extreme reorganization to accommodate the transition
from a totally aquatic larva to a semi-terrestrial adult form
(Altner, 1962; Freitag et al., 1995; Reiss and Burd, 1997). Unlike
larvae, adults must detect hydrophilic waterborne stimuli, as well
as hydrophobic airborne substances. At metamorphosis, nasal
cavity morphology is refined and physiological properties are
modified, resulting in two distinct classes of olfactory receptor
neurons (Freitag et al., 1995; Reiss and Burd, 1997). Whereas
Class I receptors are specialized for detecting water-soluble
compounds, Class II receptors detect only gaseous volatiles in
adults. Ultimately, new central projections connect Class I
receptor cells to the ventrolateral olfactory bulb in adults (Reiss
and Burd, 1997; Gaudin and Gascuel, 2005).
The role of arginine in mediating trophic interactions
The chemosensory basis for animal perception of DFAAs,
including arginine, has been studied extensively for more than
50 years (Steiner, 1957; Case, 1964; Johnson and Ache, 1978;
Caprio and Byrd, 1984; Ellingsen and Døving, 1986; Derby et
al., 1996; Sorensen and Caprio, 1998; Speca et al., 1999;
Valentincic et al., 2000; Luu et al., 2004). These compounds
are renowned feeding stimulants and attractants for diverse
aquatic and terrestrial predatory species (for reviews, see Carr,
1988; Bernays and Wcislo, 1994; Carr et al., 1996; Zimmer and
Butman, 2000; Markison, 2001; Rogers and Newland, 2003).
With the exception of arthropods and teleost fish, DFAAs are,
however, taken up rather than released by live, intact, marine
and freshwater animals (Manahan et al., 1983; Stephens, 1988;
Wright and Manahan, 1989; Manahan, 1990; Zimmer et al.,
1999). Species in 18 classes, representing 13 phyla, remove
DFAAs from sea-, stream- or lake-water (e.g. Pearse and
Pearse, 1973; Crowe et al., 1982; Manahan et al., 1982; Rice
and Stephens, 1987; Qafaiti and Stephens, 1988; Lesser and
Walker, 1992; Baines et al., 2005). Even in cases where total
DFAAs and arginine are released from live, intact, aquatic
arthropods and teleost fish, rates are extremely low and,
therefore, unlikely to attract predators within native
environments (Zimmer et al., 1999).
By contrast, total DFAA and arginine concentrations are
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especially
high
within
the
tissues
and
blood/hemolymph of marine and freshwater
invertebrates (1–500·mmol·kg–1 body mass)
(Edwards, 1982; Dooley et al., 2002; Hiong, 2004),
including common prey (insects, worms and snails)
of adult newts (Stebbins, 1972; Hanson et al., 1994).
Once compromised by injury or abrasion,
invertebrate prey tissues leach total DFAAs at fluxes
of 0.07 to 7·mmol·min–1·kg–1 (body mass). At these
rates, the prey act as natural attractants to flesh-eating
Great horned owl
Garter snake
Western grebe
scavengers and predators within aquatic habitats
(Bubo virginianus)
(Thamnophis couchii)
(Aechmophorus occidentalis)
(Zimmer et al., 1999). Single cuts (with a knife blade)
that penetrated worm (Eisenia rosea) integument
2° predators
caused total DFAA release at 1–4·mmol·min–1·kg–1
(body mass), and, more specifically, arginine
discharge at 0.02–0.07·mmol·min–1·kg–1 (body mass)
(R.K.Z., unpublished data). This flux of arginine,
when scaled proportionally for actual worm body
mass (1·g per individual), was almost identical to that
introduced by the syringe pump assembly in the
present field experiments (with release at 10–5·mol·l–1
and 10·ml·min–1). Thus, following release from
physically abraded or injured worms, arginine
potentially functions as a natural stream-borne
Newt adult
attractant to predatory adult newts.
Ar
g
(Taricha torosa)
Mechanisms of injury are often associated with
processes that affect prey densities. Landslides, for
1° predator
instance, are common during winter and spring
months along the banks of southern California
mountain streams. They bring large subsidies of
Arg
terrestrial/fossorial invertebrates, especially worms
Newt larva
Worm
(Eisenia rosea), into nearby freshwater habitats
(Taricha torosa)
(Eisenia rosea)
Suppression of
(Kerby and Kats, 1998) (R.P.F., unpublished
Conspecific
Alternative
predator avoidance
observations). These events dramatically increase
prey
prey
local stream invertebrate populations, and facilitate
injury and death to displaced terrestrial animals.
Fig.·7. Schematic depiction of predator–prey interactions involving Taricha
torosa, and the chemosensory cues that mediate them. Arg, arginine; TTX,
Adult newts feed on such subsidies in response to
tetrodotoxin. This graphic summarizes combined results from eight published
chemical cues, while ignoring conspecific larvae
investigations (Elliot et al., 1993; McAllister et al., 1997; Kerby and Kats, 1998;
(Kerby and Kats, 1998). This switching behavior of
Mobley and Stidham, 2000; Brodie et al., 2005; Zimmer et al., 2006; Ferrer and
adults may significantly reduce cannibalism, promote
Zimmer, 2007) (present study).
coexistence between individuals of different lifehistory stages, and therefore stabilize newt
1977; Walde and Davies, 1984; Williams et al., 1993; Kratz,
populations. Arginine release from tissues of compromised
1996) (but see Peckarsky and Dodson, 1980; Feltmate et al.,
worm prey may partly or entirely trigger the switching from
1986; Peckarsky, 1991). Given the dose-dependent response of
larval to alternative prey. Total DFAA and arginine
adult newts to arginine, they would be attracted to rich patches
concentrations in amphibian tissues and blood are 10–20 times,
of invertebrate prey that summarily sustain high densities of
or more, lower than those in worms, insects, and other stream
attacking predators, including carnivorous insects. This trophic
invertebrates (Gallardo et al., 1994; Emelyanova et al., 2004).
cascade could, in turn, have significant effects on community
Consequently, these molecules are much more likely to signal
structure. Adult newts foraging on invertebrate prey may directly
the presence of injured invertebrates than conspecifics.
contribute to species-specific population declines. Conversely,
Arginine may well determine predator-prey interactions at
newt consumption of insect predators may increase survivorship
multiple trophic levels. Streams of the southern California
of invertebrate prey that are predators and prey for other species.
coastal mountains are numerically dominated by insects (Cooper
In this manner, potentially complex trophic interactions within
et al., 1986; Dudley et al., 1986) (R.P.F., unpublished data).
natural food webs are instigated by chemicals – like arginine –
Moreover, densities of insect predators are often positively
released from compromised prey.
associated with their invertebrate prey (Hildrew and Townsend,

1784 R. P. Ferrer and R. K. Zimmer
We thank Dr Cheryl Ann Zimmer for her help in every
aspect of this project. Amy Nichols, Graham Ferrier, Daniel
Schar and Drs Lee Kats, Shannon Olsson, and Jeffrey Riffell
also contributed significantly with ideas and stimulating
discussions. All experimental protocols were approved by the
Animal Research Committee at UCLA. This research was
supported by awards from the US National Science
Foundation (IBN 01-32635 and OCE 02-42321) and the
UCLA Council on Research.
References
Ache, B. W. (1994). Towards a common strategy for transducing olfactory
information. Semin. Cell Biol. 5, 55-63.
Ache, B. W. and Young, J. M. (2005). Olfaction: diverse species, conserved
principles. Neuron 48, 417-430.
Altner, H. (1962). Untersuchungen über Leistungen und Bau der Nase des
südafrikanischen Krallenfrosches Xenopus laevis (Daudin, 1803). Z. Vergl.
Physiol. 45, 272-306.
Arzt, A. H., Silver, W. L., Mason, J. R. and Clark, L. (1986). Olfactory
responses of aquatic and terrestrial tiger salamanders to airborne and
waterborne stimuli. J. Comp. Physiol. A 158, 479-487.
Baines, S. B., Fisher, N. S. and Cole, J. J. (2005). Uptake of dissolved organic
matter (DOM) and its importance to metabolic requirements of the zebra
mussel, Dreissena polymorpha. Limnol. Oceanogr. 50, 36-47.
Bernays, E. A. and Wcislo, W. T. (1994). Sensory capabilities, informationprocessing, and resource specialization. Q. Rev. Biol. 69, 187-204.
Brodie, E. D., III, Feldman, C. R., Hanifin, C. T., Motychak, J. E.,
Mulcahy, D. G., Williams, B. L. and Brodie, E. D., Jr (2005). Parallel
arms races between garter snakes and newts involving tetrodotoxin as the
phenotypic interface of coevolution. J. Chem. Ecol. 31, 343-356.
Bryant, B. P., Harpaz, S. and Brand, J. G. (1989). Structure/activity
relationships in the arginine taste pathway of the channel catfish. Chem.
Senses 14, 805-815.
Caprio, J. and Byrd, R. P., Jr (1984). Electrophysiological evidence for
acidic, basic, and neutral amino acid olfactory receptor sites in the catfish,
Ictalurus punctatus. J. Gen. Physiol. 84, 403-422.
Carr, W. E. S. (1988). The molecular nature of chemical stimuli in the aquatic
environment. In Sensory Biology of Aquatic Animals (ed. J. Atema, R. R.
Fay, A. N. Popper and W. N. Tavolga), pp. 3-28. New York: SpringerVerlag.
Carr, W. E. S., Netherton, J. C., Gleeson, R. A. and Derby, C. D. (1996).
Stimulants of feeding behavior in fish: analyses of tissues of diverse marine
organisms. Biol. Bull. 190, 149-160.
Carter, J. A. and Steele, D. H. (1982). Attraction to and selection of prey by
immature lobsters (Homarus americanus). Can. J. Zool. 60, 326-336.
Case, J. F. (1964). Properties of the dactyl chemoreceptors of Cancer
antennarius (Stimpson) and C. productus (Randall). Biol. Bull. 127, 428446.
Cestèle, S. and Catterall, W. A. (2000). Molecular mechanisms of neurotoxin
action on voltage-gated sodium channels. Biochimie 82, 883-892.
Cohen, S. A. and Micheaud, D. P. (1993). Synthesis of a fluorescent
derivatization reagent, 6-aminoquionyl-N-hydroxysuccinimidyl carbamate
and its application for the analysis of hydrolysate amino acids via high
performance liquid chromatography. Anal. Biochem. 211, 279-287.
Coman, G. J., Sarac, H. Z., Fielder, D. and Thorne, M. (1996). Evaluation
of crystalline amino acids, betaine and AMP as food attractants of the giant
tiger prawn (Penaeus monodon). Comp. Biochem. Physiol. 113A, 247-253.
Cooper, S. D., Dudley, T. L. and Hemphill, N. (1986). The biology of
chaparral streams in southern California. In Proceedings of the Chaparral
Ecosystem Research Conference (ed. J. DeVries), pp. 139-152. Davis:
California Resources Center.
Crowe, J. H., Crowe, L. M., Roe, P. and Wickham, D. (1982). Uptake of
DOM by nemertean worms: association of worms with arthrodial
membranes. Am. Zool. 22, 671-682.
Derby, C. D., Hutson, M., Livermore, A. and Lynn, W. H. (1996).
Generalization among related complex odorant mixtures and their
components: analysis of olfactory perception in the spiny lobster. Physiol.
Behav. 60, 87-95.
Dooley, P. C., Crouch, P. J. and West, J. M. (2002). Free amino acids in

claw muscle and haemolymph from Australian freshwater crayfish at
different stages of the moult cycle. Comp. Biochem. Physiol. 131A, 625-637.
Døving, K. B. and Trotier, D. (1998). Structure and function of the
vomeronasal organ. J. Exp. Biol. 201, 2913-2925.
Døving, K. B., Trotier, D., Rosin, J. F. and Holley, A. (1993). Functional
architecture of the vomeronasal organ of the frog (genus Rana). Acta Zool.
74, 173-180.
Dudley, T. L., Cooper, S. D. and Hemphill, N. (1986). Effects of macroalgae
on a stream invertebrate community. J. North Am. Benthol. Soc. 5, 93-106.
Edwards, H. A. (1982). Free amino acids as regulators of osmotic pressure in
aquatic insect larvae. J. Exp. Biol. 101, 153-160.
Ellingsen, O. F. and Døving, K. B. (1986). Chemical fractionation of shrimp
extracts inducing bottom food search behavior in cod (Gadus morhua L.).
J. Chem. Ecol. 12, 155-168.
Elliot, S. A., Kats, L. B. and Breeding, J. A. (1993). The use of conspecific
cues for cannibal avoidance in California newts (Taricha torosa). Oecologia
110, 546-549.
Emelyanova, L. V., Koroleva, E. M. and Savina, M. V. (2004). Glucose and
free amino acids in the blood of lampreys (Lampetra fluviatilis L.) and frogs
(Rana temporaria L.) under prolonged starvation. Comp. Biochem. Physiol.
138A, 527-532.
Feltmate, B. W., Baker, R. L. and Williams, D. D. (1986). Distribution of
the stonefly nymph Paragnetina media (Plecoptera: Perlidae): influence of
prey, predators, current speed and substrate composition. Can. J. Fish.
Aquat. Sci. 43, 1970-1981.
Ferrer, R. P. and Zimmer, R. K. (2007). The scent of danger: arginine as an
olfactory cue of reduced predator risk. J. Exp. Biol. 210, 1768-1775
Firling, C. E. (1977). Amino acid and protein changes in the haemolymph of
developing fourth instar Chironomus tentans. J. Insect Physiol. 23, 17-22.
Freitag, J., Krieger, J., Strotmann, J. and Breer, H. (1995). Two classes of
olfactory receptors in Xenopus laevis. Neuron 15, 1383-1392.
Gallardo, M. A., Ferrer, M. I. and Sánchez, J. (1994). Presence of an XAG
carrier in frog (Rana esculenta) red blood cells. J. Membr. Biol. 139, 97102.
Gaudin, A. and Gascuel, J. (2005). 3D atlas describing the ontogenic
evolution of the primary olfactory projections in the olfactory bulb of
Xenopus laevis. J. Comp. Neurol. 489, 403-424.
Getchell, M. L., Rafols, J. A. and Getchell, T. V. (1984). Histological and
histochemical studies of the secretory components of the salamander
olfactory mucosa: effects of isoproteronol and olfactory nerve section. Anat.
Rec. 208, 553-565.
Hanson, K., Snyder, J. and Kats, L. (1994). Natural history notes: Taricha
torosa diet. Herpetol. Rev. 25, 62.
Hara, T. J. (2006). Feeding behaviour in some teleosts is triggered by single
amino acids primarily through olfaction. J. Fish Biol. 68, 810-825.
Hatanaka, T. (1990). Unitary responses of the turtle vomeronasal receptor
cells. Bull. Fac. Educ. Chiba Univ. 38, 31-38.
Hellberg, S., Sjoestroem, M., Skagerber, B. and Wold, S. (1987). Peptide
quantitative structure-activity relationships: a multivariate approach. J. Med.
Chem. 30, 1126-1135.
Herzog, H. U. and Liappis, N. (1987). The plasma composition of larval
Aeshna cyanea Müller – III. The effect of different external media and
temperature on the free amino acids. Comp. Biochem. Physiol. 87B, 427431.
Hildebrand, J. G. and Shepherd, G. M. (1997). Mechanisms of olfactory
discrimination: convergent evidence for common principles across phyla.
Annu. Rev. Neurosci. 20, 595-631.
Hildrew, A. G. and Townsend, C. R. (1977). The influence of substrate on
the functional response of Plectrocnemia conspersa (Curtis) larvae
(Trichoptera: Polycentropidae). Oecologia 31, 21-26.
Hille, B. (2001). Ion Channels and Excitable Membranes. Sunderland, MA:
Sinauer Associates.
Hiong, K. C., Peh, W. Y. X., Loong, A. M., Wong, W. P., Chew, S. F. and
Ip, Y. K. (2004). Exposure to air, but not seawater, increases the glutamine
content and the glutamine synthetase activity in the marsh clam Polymesoda
expansa. J. Exp. Biol. 207, 4605-4614.
Johnson, B. R. and Ache, B. W. (1978). Antennular chemo-sensitivity in the
spiny lobster, Panulirus argus: amino acids as feeding stimuli. Mar. Behav.
Physiol. 5, 145-158.
Kalinoski, D. L., Bryant, B. P., Shalusky, G., Brand, J. G. and Harpaz, S.
(1989). Specific L-arginine taste receptor sites in the catfish, Ictalurus
punctatus: biochemical and neurophysiological characterization. Brain Res.
488, 163-173.
Kang, J. and Caprio, J. (1997). In vivo responses of single olfactory receptor

THE JOURNAL OF EXPERIMENTAL BIOLOGY

Newt chemosensory ecology 1785
neurons of channel catfish to binary mixtures of amino acids. J.
Neurophysiol. 77, 1-8.
Kao, C. Y. (1986). Structure-activity relations of tetrodotoxin, saxitoxin and
analogues. Ann. NY Acad. Sci. 479, 52-67.
Keiichiro, I., Takahashi, K., Nakano, T., Sato, M. and Omori, M. (2006).
Chemoreceptive foraging in a shallow-water scavenging lysianassid
amphipod: role of amino acids in the location of carrion in Scopelocheirus
onagawae. Mar. Ecol. Prog. Ser. 317, 193-202.
Kerby, J. L. and Kats, L. B. (1998). Modified interactions between
salamander life stages caused by wildfire-induced sedimentation. Ecology
79, 740-745.
Kim, Y. H., Brown, G. B., Moher, H. S. and Fuhrman, F. A. (1975).
Tetrodotoxin: occurrence in atelopid frogs of Costa Rica. Science 189, 151152.
Kogure, K., Do, H. K., Kim, D. and Shirayama, Y. (1996). High
concentration of neurotoxin in free-living marine nematodes. Mar. Ecol.
Prog. Ser. 136, 147-151.
Kratz, K. W. (1996). Effects of stoneflies on local prey populations:
mechanisms of impact across prey density. Ecology 77, 1573-1585.
Lesser, M. P. and Walker, C. W. (1992). Comparative study of the uptake
of dissolved amino acids in sympatric brittle stars with and without
endosymbiotic bacteria. Comp. Biochem. Physiol. 101A, 217-223.
Lipsitch, D. L. and Michel, W. C. (1999). Physiological evidence for the
discrimination of L-arginine from structural analogues by the zebrafish
olfactory system. J. Neurophysiol. 82, 3160-3167.
Luu, P., Archer, F., Bertrand, H. O., Fan, J. and Ngai, J. (2004). Molecular
determinants of ligand selectivity in a vertebrate odorant receptor. J.
Neurosci. 24, 10128-10137.
Macel, M. and Vrieling, K. (2003). Pyrrolizidine alkaloids as oviposition
stimulants for the cinnabar moth, Tyria jacobaeae. J. Chem. Ecol. 29, 14351446.
Manahan, D. T. (1990). Adaptations by invertebrate larvae for nutrient
acquisition from seawater. Am. Zool. 30, 147-160.
Manahan, D. T., Wright, S. H., Stephens, G. C. and Rice, M. A. (1982).
Transport of dissolved amino acids by the mussel, Mytilus edulis:
demonstration of net uptake from natural seawater. Science 215, 12531255.
Manahan, D. T., Davis, J. P. and Stephens, G. C. (1983). Bacteria-free sea
urchin larvae: selective uptake of neutral amino acids from seawater. Science
220, 204-206.
Manzini, I. and Schild, D. (2004). Classes and narrowing selectivity of
olfactory receptor neurons of Xenopus laevis tadpoles. J. Gen. Physiol. 123,
99-107.
Markison, S. (2001). The role of taste in the recovery from specific nutrient
deficiencies in rats. Nutr. Neurosci. 4, 1-14.
McAllister, K. R., Seriletz, J., Hall, B. and Garner, M. M. (1997). Taricha
granulosa (roughskin newt) toxicity. Herpetol. Rev. 28, 82.
Miyazawa, K., Jeon, J. K., Maruyama, J., Noguicha, T., Ito, K. and
Hashimoto, K. (1986). Occurrence of tetrodotoxin in the flatworm,
Planocera multitentaculata. Toxicon 24, 645-650.
Mobley, J. A. and Stidham, T. A. (2000). Great horned owl death from
predation of a toxic California newt. Wilson Bull. 112, 563-564.
Narahashi, T. (1994). Recent advances in the study of mechanism of action
of marine neurotoxins. Neurotoxicology 15, 545-554.
Nevitt, G. A., Veit, R. R. and Karieva, P. M. (1995). Dimethyl sulfide as a
foraging cue for Antarctic Procellariiform seabirds. Nature 376, 680-682.
Pearse, J. S. and Pearse, V. B. (1973). Removal of glycine from solution by
the sea urchin Strongylocentrotus purpuratus. Mar. Biol. 19, 281-284.
Peckarsky, B. L. (1991). A field test of resource depression by predatory
stonefly larvae. Oikos 61, 3-10.
Peckarsky, B. L. and Dodson, S. I. (1980). An experimental analysis of
biological factors contributing to stream community structure. Ecology 61,
1283-1290.
Qafaiti, M. and Stephens, G. C. (1988). Distribution of amino acids to
internal tissues after epidermal uptake in the annelid Glycera dibranchiate.
J. Exp. Biol. 136, 177-191.
Reiss, J. O. and Burd, G. D. (1997). Cellular and molecular interactions in
the development of the Xenopus olfactory system. Semin. Cell Dev. Biol. 8,
171-179.
Rice, M. A. and Stephens, G. C. (1987). Uptake and internal distribution of

exogenously supplied amino acids in the Pacific oyster, Crassostrea gigas
(Thunberg). Aquaculure 66, 19-32.
Rogers, S. M. and Newland, P. L. (2003). The neurobiology of taste in
insects. Adv. Insect Physiol. 31, 141-204.
Schulz, S., Franke, W., Boppré, M., Eisner, T. and Meinwald, J. (1993).
Insect pheromone biosynthesis: stereochemical pathway of hydroxydanaidal
production from alkaloidal precursors in Creatonotos transiens
(Lepidoptera, Arctiidae). Proc. Natl. Acad. Sci. USA 90, 6834-6838.
Sheumack, D. D., Howden, M. E. H., Spence, L. and Quinn, R. J. (1978).
Maculotoxin: a neurotoxin from the venom glands of the octopus
Hapalochlaena maculosa identified as tetrodotoxin. Science 199, 188-189.
Sorensen, P. W. and Caprio, J. (1998). Chemoreception. In The Physiology
of Fishes (ed. D. H. Evans), pp. 251-261. Boca Raton: CRC.
Speca, D. J., Lin, D. M., Sorensen, P. W., Isacoff, E. Y., Ngai, J. and
Dittman, H. D. (1999). Functional identification of a goldfish odorant
receptor. Neuron 23, 487-498.
Stebbins, R. C. (1972). Amphibians and Reptiles of California. Berkeley:
University of California Press.
Steiner, G. (1957). Über die chemische Nahrungswahl von Actinia equine L.
Naturwissenschaften 44, 70-71.
Steinke, M., Stefels, J. and Stamhuis, E. (2006). Dimethyl sulfide triggers
search behavior in copepods. Limnol. Oceanogr. 51, 1925-1930.
Stephens, G. C. (1988). Epidermal amino acid transport in marine
invertebrates. Biochim. Biophys. Acta 947, 113-138.
Stuelpnagel, J. T. and Reiss, J. O. (2005). Olfactory metamorphosis in the
coastal giant salamander (Dicamptodon tenebrosus). J. Morphol. 266, 22-45.
Sutcliffe, D. W. (1962). The composition of haemolymph in aquatic insects.
J. Exp. Biol. 39, 325-343.
Tabuchi, E., Uwano, T., Kondoh, T., Ono, T. and Torii, K. (1996).
Contribution of chorda tympani and glossophyaryngeal nerves to taste
preferences of rat for amino acids and NaCl. Brain Res. 739, 139-155.
Valentincic, T. and Caprio, J. (1994). Chemical and visual control of feeding
and escape behaviors in the channel catfish Ictalurus punctatus. Physiol.
Behav. 55, 845-855.
Valentincic, T., Kralj, J., Stenovec, M., Koce, A. and Caprio, J. (2000). The
behavioral detection of binary mixtures of amino acids and their individual
components by catfish. J. Exp. Biol. 203, 3307-3317.
Vogler, C. and Schild, D. (1999). Inhibitory and excitatory responses of
olfactory receptor neurons of Xenopus laevis tadpoles to stimulation with
amino acids. J. Exp. Biol. 202, 997-1003.
Walde, S. J. and Davies, R. W. (1984). Responses of lotic prey populations
to an invertebrate predator: evolution of in situ enclosure/exclosure
experiments. Ecology 65, 1206-1213.
Watters, T. S. and Kats, L. B. (2006). Longevity and breeding site fidelity
in the California newt (Taricha torosa): a long-term study showing the
efficiency of PIT tagging. Herpetol. Rev. 37, 151-152.
Weller, S. J., Jacobson, N. L. and Connor, W. E. (1999). The evolution of
chemical defenses and mating systems in tiger moths (Lepidoptera:
Arctiidae). Biol. J. Linn. Soc. Lond. 68, 557-578.
Williams, D. D., Barnes, J. and Beach, P. C. (1993). The effects of prey
profitability and habitat complexity on the foraging success and growth of
stonefly (Plecoptera) nymphs. Freshw. Biol. 29, 107-117.
Wolfe, G. V. (2000). The chemical defense ecology of marine unicellular
plankton: constraints, mechanisms, and impacts. Biol. Bull. 198, 225-244.
Wright, S. H. and Manahan, D. T. (1989). Integumental nutrient uptake by
aquatic organisms. Annu. Rev. Physiol. 51, 585-600.
Zielinski, B. and Hara, T. J. (1988). Morphological and physiological
development of olfactory receptor cells in rainbow trout (Salmo gairdneri)
embryos. J. Comp. Neurol. 271, 300-311.
Zimmer, R. K. and Butman, C. A. (2000). Chemical signaling processes in
the marine environment. Biol. Bull. 198, 168-187.
Zimmer, R. K., Commins, J. E. and Browne, K. A. (1999). Regulatory
effects of environmental chemical signals on search behavior and foraging
success. Ecology 80, 1432-1446.
Zimmer, R. K., Schar, D. W., Ferrer, R. P., Krug, P. J., Kats, L. B. and
Michel, W. C. (2006). The scent of danger: tetrodotoxin (TTX) as an
olfactory cue of predation risk. Ecol. Monogr. 76, 585-600.
Zimmer-Faust, R. K., de Souza, M. P. and Yoch, D. C. (1996). Bacterial
chemotaxis and its potential role in marine dimethylsulfide production and
biogeochemical sulfur cycling. Limnol. Oceanogr. 41, 1330-1334.

THE JOURNAL OF EXPERIMENTAL BIOLOGY

