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Nonconsumptive effects of predators can have knock-on effects on prey "tness, life history and popu-
lation dynamics. However, the origin of cues stimulating predator avoidance behaviour and the mech-
anisms underlying prey responses need further investigation. Previous studies revealed that
nonconsumptive effects of predatory "sh on Baetis may!y larvae are mediated by water-borne chemical
cues released from "sh mucus. However, there are con!icting results regarding the nature of these cues
and the speci"c role of the activity of "sh mucus-dwelling bacteria in stimulating predator avoidance by
prey. To address those con!icting results, we investigated whether bacteria dwelling in "sh mucus and/
or chemical components present in "sh mucus are responsible for the predator avoidance response by
Baetis may!ies to salmonids. Results of "ve bioassays conducted in microcosms revealed that to stim-
ulate Baetis predator avoidance behaviour: (1) bacteria do not need to be present in salmonid mucus; (2)
the saccharide fraction of the "sh mucus glycosaminoglycan component, but neither the protein fraction
nor the whole molecule, functions as a kairomone; (3) speci"c active components of the saccharide
fraction are primarily amino sugars in the form of hexosamines; and (4) there is a minimum dose of
mucus and speci"cally of hexosamine needed. Our study provides the "rst experimental evidence that
may!y larvae recognize "sh predators via the amino sugars naturally present in "sh skin mucus. These
sugars are released into the water by microbially mediated breakdown of glycosaminoglycans. Further
research on the responses of different invertebrate prey species to similar predator cues are needed to
understand the evolutionary history of this kairomone recognition behaviour.
© 2019 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Increasing evidence shows that predators trigger noncon-
sumptive effects in prey, inducing changes in their behaviour, life
history and morphology (e.g. Mitchell, Bairos-Novak, & Ferrari,
2017; Peckarsky, Kerans, Taylor, & McIntosh, 2008; Weissburg,
Smee, & Ferner, 2014). The strong selection pressure that preda-
tors impose on prey results in the evolution of a variety of predator
avoidance mechanisms that increase prey survival, although
sometimes at a cost (e.g. Pola"cik & Jan!a"c, 2017; Rosier & Langkilde,
2011). However, to respond to the threat from a potential predator,
prey must "rst recognize predator cues (e.g. Br#onmark & Hansson,
2000; Burks & Lodge, 2002; Mitchell et al., 2017; Paterson et al.,
2013).

Extensive research on predator avoidancemechanisms has been
carried out in freshwater ecosystems, as many organisms rely on
chemical cues present in water to detect predators (e.g. Br#onmark
& Hansson, 2000; Burks & Lodge, 2002; Kats & Dill, 1998; Loose,
Von Elert, & Dawidowicz, 1993; Scrimgeour, Culp, & Cash, 1994).
Some of these chemical cues, also known as kairomones (Br#onmark
& Hansson, 2000), have been identi"ed and chemically character-
ized (e.g. Akkas, Kepenek, Beklioglu,& Severcan, 2010; Bucciarelli&
Kats, 2015; Forward & Rittschof, 1999, 2000; Rittschof & Cohen,
2004; Von Elert & Pohnert, 2000). However, the nature of cues
involving interactions between predatory "sh and aquatic insect
larvae is still underexplored.

A recent study demonstrated that the chemical cue detected by
may!y larvae in the water has its origin in the skin mucus of "sh
(!Alvarez, Landeira-Dabarca,& Peckarsky, 2014). Fish skinmucus is a
complex biological matrix composed primarily of chains of muco-
polysaccharides, of which glycosaminoglycans (GAG) are the most
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abundant molecules (Reverter, Tapissier-Bontemps, Lecchini,
Banaigs, & Sasal, 2018; Shephard, 1994). From an evolutionary
perspective, predator cues released from the "sh skin mucus are
disadvantageous to the predator; thus natural selection may act
against their production (e.g. Ringelberg & Van Gool, 1998). How-
ever, skin mucus has multiple functions in teleost "sh, acting as a
mechanical and chemical dynamic barrier (e.g. Reverter et al., 2018;
Shephard, 1994). Part of its multifunctionality is attributed to the
diverse microbial community inhabiting skin mucus, with bacteria
being the major component (Hawkers, 1974, Sar & Rosenberg,
1989). Therefore, if the bene"ts provided by mucus counterbal-
ance the negative effects of warning prey of the risk of potential
predators (Ringelberg & Van Gool, 1998), then both the chemical
components of skinmucus of "sh and themucus-dwelling bacterial
communities could be good candidates for predatory "sh cues.

Chemical components of "sh skin mucus, such as disaccharide
subunits of GAGs, have been shown to have a central role in
mediating predatory "sh recognition by Daphnia, brine shrimp,
crab larvae, crustacean larvae and snails (Akkas et al., 2010; Cohen
& Forward, 2003; Forward & Rittschof, 1999, 2000; Rahman,
Forward, & Rittschof, 2000; Rittschof & Cohen, 2004). Neverthe-
less, a debate exists about the origin of the kairomone (Ringelberg
& Van Gool, 1998), its mechanistic release (Akkas et al., 2010;
Beklioglu, Telli, & Gozen, 2006) and the speci"c compounds stim-
ulating predator avoidance responses. For example, some studies
on predator avoidance by Daphnia argued that the hydroxyl group
of the disaccharide subunits of GAGs is the key component of the
kairomone released by "sh (Von Elert & Loose, 1996; Von Elert &
Pohnert, 2000), while others provide evidence that the predator
cue is the acetylamino group of the disaccharides (Akkas et al.,
2010; Forward & Rittschof, 2000). In addition, other studies have
attributed the nature of the "sh kairomone to the activity of the
bacteria residing in the skinmucus (e.g. Akkas et al., 2010; Beklioglu
et al., 2006; Forward & Rittschof, 1999; Rahman et al., 2000;
Ringelberg & Van Gool, 1998).

The objectives of this study are: (1) to characterize the chemical
components of "sh skin mucus that could potentially act as kair-
omones emitted by "sh; (2) to explore whether mucus-dwelling
bacteria and/or speci"c chemical compounds of "sh skin mucus
act as kairomones in "sheBaetis predatoreprey interactions; (3) to
explore the existence of a threshold dose of mucus or speci"c
kairomone compound needed to elicit a predator avoidance
response in may!y larvae.

METHODS

We implemented "ve bioassays to test whether natural chem-
ical components and/or bacteria residing in "sh skin mucus (Fig. 1)
could act as kairomones mediating the interactions between
salmonid "sh (predator) and Baetis may!y larvae (prey).

Test Organisms

For the "rst three bioassays we used European Baetis rhodani
which has been shown to respond to the presence of water-borne
chemical cues (Malmqvist, 1988; Tikkanen, Muotka, & Huhta,
1996; Winkelmann, Petzoldt, Koop, Matthaei, & Benndorf, 2008)
released by Atlantic salmon, Salmo salar, which is one of the major
predators of macroinvertebrates (speci"cally may!ies) in streams
of northwestern Spain (e.g. Chapman, 1966; !Alvarez et al., 2014).
For the last two bioassays we used the well-studied North Amer-
ican may!y species, Baetis bicaudatus, which has also been shown
to respond to water-borne chemical cues (McIntosh & Peckarsky,
1999; McIntosh, Peckarsky, & Taylor, 2002; Peckarsky et al., 2008)
emitted by brook trout, Salvelinus fontinalis. Brook trout are natural

predators of may!ies that have coexisted with this may!y species
in streams of the East River drainage, in Gunnison County, Colorado
(U.S.A.) for well over 150 years.

Mechanisms of Predator Avoidance

Previous studies showed that a chemical cue associatedwith the
skin mucus of predatory "sh (salmonids) and released into stream
water changes the foraging behaviour and refuge use of the two
Baetis may!y species tested (e.g. !Alvarez et al., 2014). Speci"cally,
when exposed towaterborne "sh kairomones, may!ies reduce drift
in the water column, which functions to search for new food
patches, thus decreasing the time spent foraging on exposed sub-
strate surfaces where algal food resources are more abundant. In
response to these kairomones, Baetis may!y larvae also become
more nocturnal, thereby reducing foraging time over a 24 h cycle
(e.g. Flecker, 1992; McIntosh, Peckarsky, & Taylor, 1999). Therefore,
responses by Baetis larvae to perceived risk of predation result in a
potentially costly reduction in foraging behaviour.

Chemical Characterization of Salmonid Mucus

The most common GAGs present in freshwater "sh mucus are
chondroitin sulphate (CS) and hyaluronic acid (HA) (Rittschof &
Cohen, 2004, Silbert, Bern"eld, & Kokenyesi, 1997, Van de Winkel,
Toin, van Kupevelt, Janssen, & Lock, 1986; Fig. 1). GAGs are
composed of chains of repeated subunits of hexosamines [(N)
acetyl-galactosamine (in CS-GAG) or (N) acetyl-glucosamine (in
HA-GAG)] and uronic acid, such as glucuronic acid (in both GAGs).
These long chains of polysaccharides are bound to a core linear
protein (Bansil & Turner, 2018).

We characterized the chemical composition of the skinmucus of
10 hatchery-reared Atlantic salmon (mean fork length 16.58 ± 0.3
cm) fromCarballedo hatchery (Spain). To collect themucus, weheld
each "sh snout down and gently dabbed its mouth 10 times with
cotton to eliminate excess water before placing it in a plastic bag
(following Landeira-Dabarca, Sieiro, & !Alvarez, 2013). We extracted
mucus by gently rubbing each "sh for 20 swithin the bag, removing
the "sh, and then storing the bags containing mucus on ice for
transport to the laboratory. Then, we removed fresh mucus from
each bag with a micropipette and placed it in a preweighed vial to
estimate the amount of mucus obtained from each "sh. To estimate
the quantity of mucus for each "sh, we lyophilized fresh mucus by
freeze dryingeachmucus sample in a speed-vacuum (Savant) for 5 h
at maximum speed, and calculated mucus dry weight (mg; vial
weight e vial weight with lyophilized mucus corrected by the vial
weight loss by the lyophilization process) andmucus water content
(%; fresh mucus weight e mucus dry weight ! 100).

We conducted metachromatic activity assays to quantify
different fractions of proteins, GAGs, sulphated sugars, hexosamine
and uronic acid. The protein concentration of mucus was deter-
mined using the Bradford assay (Bradford, 1976) measured at
596 nm in a spectrophotometer using bovine serum albumin (BSA)
as the standard. Given that GAGs have a terminal sulphated group,
quantifying sulphated sugars provides a good estimate of the
amount of GAGs, such as CS, present in fresh mucus (Forward &
Rittschof, 2000). To quantify sulphated sugars, we used the
dimethyl methylene bluemethod (Farndale, Buttle,& Barrett, 1986)
measured at 525 nm in a spectrophotometer using CS as a standard.
For hexosamine quanti"cation, we used theMorganeElsonmethod
modi"ed by Reissig, Strominger, and Leloir (1955) based on dime-
thylaminobenzaldehyde (DMAB) reaction measured at 585 nm
using (N) acetyl-galactosamine as a standard. To estimate the
amount of uronic acid we used the phenyl-phenol method
(Blumenkrantz & Asboe-Hansen, 1973; Filisetti-Cozzi & Carpita,

A. Landeira-Dabarca et al. / Animal Behaviour 158 (2019) 35e4536



1991), based on the hydroxy-biphenyl colorimetric reaction, with
readings at 520 nm and galacturonic acid as a standard.

Bioassay 1: Fish Mucus Dose

To estimate the dose of salmonid "sh mucus needed to stimu-
late Baetis predator avoidance responses, we used a closed system
of 20 circular aerated plastic tanks (microcosms) of 8 cm diameter
(volume " 0.9 litres) that were supplied with stream water and a
natural dayenight cycle. The system was in a laboratory at the
University of Vigo (Spain), and had been used for previous exper-
iments (!Alvarez et al., 2014). We chose a range of mucus doses
based on the results of the chemical characterization of Atlantic
salmon mucus, which also included an assessment of mucus con-
centration. Based on these results, we exposed B. rhodani to 0, 0.1,
0.3 and 0.6 g of fresh mucus in 1 ml of phosphate buffer solution

(PBS) as a stock solution, which resulted in an estimated kairomone
concentration of 0, 0.11, 0.33 and 0.66 mg/ml of mucus present in
the volume of the microcosm (N " 5). For the control treatment (0)
we used 1 ml of "shless streamwater. While there is a general lack
of information about the levels of kairomones needed to stimulate
prey responses in nature, these cue concentrations are within the
range of levels of mucus-derived kairomones used in other studies
(Cohen & Forward, 2003; Rahman et al., 2000).

We held six hatchery-reared Atlantic salmon in a 28-litre tank
(59 ! 30 cm and 16 cm deep), deprived them of food for 3 days, and
collected mucus samples from individuals 2 h before conducting
the behavioural observations. To provide a food source for Baetis
and to homogenize the starting algal biomass, we incubated un-
glazed tiles in a mesocosm using the same source of stream water
to allow benthic algae to colonize for 6 days. The tiles had ridges on
their undersides which also provided a refuge for may!y larvae. In

Fish skin mucus

Bacteria community

Enzymatic activity on

Glycosaminoglycan
Hexasomine
Uronic acid

Release into the water

Kairomones

Baetis
antipredator response

Glycoprotein
Protein backbone

N or O linkages
Oligosaccharide chains

Proteoglycans
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Linkages
Glycosaminoglycan chains
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n

Figure 1. Schematic illustration of the origin and nature of the cue that causes Baetis larvae to exhibit risk-sensitive foraging behaviour: "sh skin mucus has a mucin structure
(based on Ichikawa & Ishihara, 2011), which is composed of polysaccharide chain structures (based on Rittschof & Cohen, 2004), and a mucus-dwelling microbial community
(mutualistic interaction). As a result of bacterial enzymatic activity on O-linkages, breakdown products of glycosaminoglycans (GAGs) are released, warning of predator presence
and stimulating Baetis larvae to reduce risky foraging behaviour.
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each microcosm we placed eight Baetis and one algae-colonized
4 cm2 tile.

We ran this bioassay over 2 days in 2013 and performed one
night-time (2100 h, 13 January) and then one daytime (0900 h, 14
January) instantaneous scan observation, recording the number of
Baetis foraging on exposed tile surfaces as an estimate of risky
foraging behaviour, to determine the dose of mucus necessary to
stimulate predator avoidance behaviour. In all bioassays, we made
night-time observations using headlamps with red light, which
does not affect the behaviour of Baetis (Peckarsky& Cowan,1995, A.
Landeira-Dabarca, M. !Alvarez & B. Peckarsky, personal
observations).

Bioassay 2: Effects of Fish Mucus Bacteria

In this bioassay, we exposed experienced B. rhodani larvae
(collected from a stream containing Atlantic salmon) to one of four
treatments (N " 5): (1) water-borne cues from live Atlantic salmon;
(2) fresh salmon mucus to test the effect of "sh mucus containing
its resident bacteria; (3) UV-sterilized salmon mucus to test the
effect of mucus matrix components in the absence of bacteria ; and
(4) control "shless streamwater. We obtained water-borne salmon
cues by holding, for 48 h, two salmon (mean fork length ±1
SE " 16.45 ± 0.37 cm) deprived of food for 3 days in a 28-litre tank
(59 ! 30 cm and 16 cm deep) "lled with water, from which we
added aliquots of 1 ml to replicates of this treatment. We collected
mucus samples as described above from hatchery-reared salmon
(mean fork length ±1 SE " 17.51 ± 0.31 cm).

In mucus treatments (2) and (3), we added 0.3 g of fresh mucus
from the stock solution to 1 ml of stream water (estimated kairo-
mone concentration in each microcosm of 0.33 mg/ml), which was
the threshold determined by the dose response curve (see Results).
In treatment (3) we eliminated bacteria by exposing salmon mucus
to ultraviolet (UV) radiation overnight. We applied UVC rays for
16 h at 200 nm and 6.20 eV at a distance of 60 cm (LAF Telstar V-
100). To check the effectiveness of the UV treatment, at the end of
the bioassay we incubated 0.1 g samples of mucus from treatments
(2) and (3) on PCA agar (plate count agar, Cultimed) for 6 days at
22 #C. After incubation, we counted the colony-forming units (CFU)
of mucus-dwelling bacteria.

We conducted this bioassay in the same microcosms system
used in Bioassay 1. In each microcosmwe placed eight Baetis larvae
(mean individual weight ±1 SE " 1.17 ± 0.30 mg) collected from
Zamanes River (Vigo, Spain), and one algae-colonized 4 cm2 tile.

We ran this bioassay over 3 days and conducted four instanta-
neous scan observations to record the number of Baetis foraging on
exposed tile surfaces: two before adding the cue (baseline behav-
iour: night-time 2100 h on 16 January and daytime 0900 h on17
January 2013) and two after adding the cues (night-time 2100 h on
17 January and daytime 0900 h on18 January 2013). We added 1 ml
of the cue treatment solution 1 h before each observation.

Bioassay 3: Role of Fish Mucus Components

We used the same microcosm system as in Bioassays 1 and 2 to
test the potential effects of speci"c chemical components of
Atlantic salmon skin mucus on Baetis predator avoidance behav-
iour. In each microcosm, we included eight predator-experienced
B. rhodani larvae collected from the Zamanes River (individual
weight ±1 SE " 0.80 ± 0.02 mg) and exposed them to one of seven
treatments (N " 5) designed to systematically rule out potential
kairomones: (1) Atlantic salmon water-borne cues; (2) salmon
water-borne cues treated with proteinase to eliminate the proteins;
(3) freshmucus fromAtlantic salmon; (4) lyophilized (freeze-dried)
salmonmucus (to standardize the dose of mucus and to distinguish

whether the kairomone is a volatile substance); (5) lyophilized
salmon mucus treated with proteinase; (6) chondroitin sulphate
glycosaminoglycan (CS), which is the major saccharide fraction of
the mucus; and (7) control "shless streamwater. We added 1 ml of
treatment solution into each microcosm.

The rationale for treatment comparisons was as follows: treat-
ments 1 versus 2 and treatments 4 versus 5 distinguishwhether the
kairomone released into the water by the live "sh or "sh mucus is
protein or saccharide in nature, treatments 3 versus 4 determine
whether the kairomone is a volatile or nonvolatile substance (Von
Elert & Pohnert, 2000) and treatment 6 tests whether CS is the
component acting as a kairomone mediating the interactions be-
tween "sh and Baetis larvae.

We prepared water-borne treatments (1 and 2) by placing two
salmon deprived of food for 3 days in a 28-litre tank for 48 h. We
prepared treatments using proteinase (2 and 5) by incubating
(37 #C for 1 h) the water-borne "sh cues (2) or the mucus (5) with a
nonspeci"c protein degradation enzyme (proteinase K [Sigma]; PK;
following Mathuru et al., 2012) in a concentration of 0.1 mg/ml. We
con"rmed the effectiveness of the proteinase on those mucus
samples using a polyacrylamide gel (SDS-PAGE) stained with Coo-
massie Blue. We collected samples of fresh mucus (3) from
hatchery-reared salmon (mean fork length ±1 SE " 17.6 ± 0.5 cm)
2 h before conducting the behavioural observations, adding stock
solution doses of 0.3 g of fresh mucus to 1 ml of stream water
(following !Alvarez et al., 2014). We prepared lyophilized mucus (4
and 5) by freeze-drying the mucus samples in a speed-vacuum
(Savant) for 5 h at maximum speed. We diluted commercial CS
(C4384 Sigma; for treatment 6) in PBS pH 7.2 to 6 mg/ml concen-
tration, based on the results of the mucus chemical characteriza-
tion. Each microcosm received 1 ml of cue, representing an
estimated kairomone concentration of 13 mg/ml of dry mucus and
CS calibrated by the volume of the microcosm.

We ran this bioassay over 3 days in 2013, during which we
conducted two instantaneous scan observations before adding the
cue (baseline behaviour: night-time 2100 h on 21 March and day-
time 0900 h on 22 March) and two instantaneous scan observa-
tions after adding the cues (night-time 2100 h on 22 March and
daytime 0900 h on 23 March), recording the number of Baetis
foraging on exposed tile surfaces. Cues were added to this closed
system once on 22 March 1 h before the night-time observation
(2000 h), by administrating 1 ml of treatment solution.

Bioassay 4: Role of Fish Mucopolysaccharides

In this bioassay we tested the response of North American
B. bicaudatus to speci"c sugars present in the mucopolysaccharide
matrix of brook trout skin mucus: the complete GAG molecule (i.e.
CS) and/or its monosaccharide breakdown products (i.e. hexos-
amine and uronic acid; Fig. 1).

We collected naïve B. bicaudatus larvae from a "shless stream
and exposed them to one of the following treatments (N " 12): (1)
fresh brook trout mucus; (2) commercial CS; (3) commercial hex-
osamine, i.e. (N) acetyl-glucosamine; (4) commercial uronic acid,
i.e. glucuronic acid; and (5) control "shless stream water.

We implemented this bioassay in a streamside system of 60
circular Plexiglas !ow-through microcosms (!ow " 12.3 cm/s) of
15 cm diameter where many previous studies of Baetis responses to
salmonid cues have been conducted (e.g. McIntosh & Peckarsky,
2004; !Alvarez et al., 2014). The microcosms received natural
stream water gravity-fed from a nearby "shless stream and were
housed in an opaque white portable greenhouse (Hansen Weath-
erPort, Delta, CO, U.S.A.) adjacent to the East River at the Rocky
Mountain Biological Laboratory (RMBL), Gunnison County, Colo-
rado (U.S.A.). We used the similar food source and refuge tiles as in
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previous bioassays. In each microcosm we placed six Baetis larvae
(individual dry weight ±1 SE " 1.02 ± 0.03 mg) and six algae-
colonized 6.25 cm2 tiles.

For treatment 1 we collected mucus from 10 hatchery-reared
brook trout (mean fork length ±1 SE " 9.93 ± 0.27 cm) following
the same procedure as in previous bioassays. We used stock so-
lution of 0.3 g of fresh mucus in 1 ml of "shless stream water as
the dose of cue for this treatment (threshold estimated in
Bioassay 1). The CS used in treatment 2 was added as a stock
solution at a concentration of 6 mg/ml (concentration of CS
present in salmonid skin mucus determined in mucus chemical
characterization). Because CS is composed of repeated units of
hexosamine and uronic acid (approximately 50e50%), for treat-
ments 3 and 4 we prepared solutions of hexosamine ((N) acetyl-
glucosamine A8625 Sigma previously detected in salmonid skin
mucus; Landeira-Dabarca, !Alvarez, & Molist, 2014) and uronic
acid (glucuronic acid G5269 Sigma) at a stock concentration of
3 mg/ml.

Cues were added to the microcosms by continually releasing
drops of the solutions from 50 ml Falcon tubes via Tygon tubes of
7 mm diameter. We adjusted a valve that clamped each tube to
create comparable drips between replicates and treatments at 1
drop per 3 s. Solutions were dripped for 15e20 min into each
microcosm; thus each microcosm received approximately 300
drops (20 ml) of solution, representing an estimated kairomone
concentration of 3.25 mg of fresh mucus, 0.065 mg CS and 0.0325 mg
of hexosamine or uronic acid calibrated by the volume of !ow
through the microcosms.

We ran this bioassay over 3 days, during which we con-
ducted four instantaneous scan observations to record the
number of Baetis foraging on exposed tile surfaces, two before
adding the cue (baseline behaviour: night-time 2100 h on 1
July and daytime 0900 h on 2 July 2013) and two after adding
the cues (night-time 2100 h on 2 July and daytime 0900 h on 3
July 2013). Cues were added 1 h before each observation in this
!ow-through system.

Bioassay 5: Hexosamine Dose

In the previous bioassay we observed that Baetis showed the
strongest response to the monosaccharide hexosamine (see Re-
sults). Thus, we designed a doseeresponse bioassay to estimate the
threshold dose of hexosamine needed to produce a signi"cant
behavioural change in Baetis larvae. We collected naïve
B. bicaudatus larvae from a "shless stream and exposed them in
microcosms (N " 10) to different stock concentrations of (N) acetyl-
glucosamine by using dilutions in control "shless streamwater: (1)
0 mg/ml; (2) 0.03 mg/ml; (3) 0.075 mg/ml; (4) 0.15 mg/ml; (5)
0.225 mg/ml; and (6) 0.3 mg/ml of N-acetyl-glucosamine.

We implemented this bioassay at the RMBL, in the same system
of streamsidemicrocosms and following the same design (six Baetis
larvae and six benthic algae-colonized tiles) as Bioassay 4.

We ran this bioassay over 2 days in 2013, during which we
conducted one night (2100 h on 27 July) and one day (0900 h on
28 July) instantaneous scan behavioural observation of the
number of Baetis foraging on exposed substrate surfaces. Cues
were added into the microcosms by continually releasing drops
of the solutions from 50 ml Falcon tubes via Tygon tubes of 7 mm
diameter. Drips were adjusted as in Bioassay 4, representing an
estimated kairomone concentration of 0, 0.32, 0.81, 1.62, 2.43 and
3.25 ng of hexosamine calibrated by the volume of !ow through
the microcosms. These cue concentrations are within the range of
levels of other aquatic infochemicals (hormones, pheromones
and kairomones) that are found in nature (Guardiola, Cuesta, &
Esteban, 2016; Bucciarelli & Kats, 2015). We conducted

behavioural observations of Baetis 40 min after the drips stopped
(!Alvarez et al., 2014).

For all bioassays water temperature was recorded continuously
using Onset Stowaway data loggers (Onset Computer, Pocasset, MA,
U.S.A.).

Statistical Analysis

To test the effect of doses in Bioassays 1 and 5 we conducted an
ANOVA and Tukey test for post hoc comparisons between treat-
ments on the response variable: average number of Baetis observed
on exposed substrate surfaces over a 24 h cycle (day and night). We
conducted a one-way ANOVA to test the effectiveness of the UV
treatment (Bioassay 2) on bacterial density associated with
salmonid mucus.

We tested the difference between the responses of Baetis to
potential kairomones before and after addition of the cues (Bio-
assays 2, 3 and 4) by using the rate of change in the number of
Baetis observed on exposed surfaces of substrates over the course of
the bioassay before (as a baseline) versus after adding the cue as the
response variable (increased number exposed " high risk;
decreased number exposed " low risk). This variable is a proxy for
effect size and was calculated as follows: [(ln numbers exposed at
the end of the experiment e ln numbers exposed before cues were
added)/days of the bioassay]. Then, we used ANOVA to compare
rates of change of Baetis observed on exposed surfaces between
treatments, and post hoc tests using Bonferroni corrections to
correct for experiment-wise error caused by multiple pairwise
comparisons, thereby testing for the effects of treatments on dif-
ferences in refuge use of Baetis before and after adding the cue.

In all cases, the data obtained to quantify prey responses to
predator cues (changes in foraging behaviour and refuge use) met
normality assumptions (KolmogoroveSmirnov test (Z " 0.129,
P " 0.200; Z " 0.847, P " 0.384; Z " 1.645, P " 0.096; Z " 0.901,
P " 0.391; Z " 0.867, P " 0.440, respectively for Bioassays 1e5) and
homogeneity of variance (Levene's test" 1.220, P " 0.335; Levene's
test " 1.372, P " 0.255; Levene's test" 0.720, P " 0.705; Levene's
test " 0.616, P " 0.653; Levene's test" 1.408, P " 0.257, respec-
tively for Bioassays 1e5)). All tests were conducted with SPSS
STATISTICS 25.0 (IBM Corp, 2017).

Ethical Note

The care and protocols for using "sh and invertebrates for ex-
periments conducted at RMBL were approved by the RMBL Animal
Welfare Committee. Protocols adhered to guidelines proposed by
RMBL professional societies and complied with federal, state and
local laws regarding the use of invertebrate and vertebrate animals
in research.

No anaesthesia was used during collection of "sh mucus to
avoid negative effects on viability of skin mucus microorganisms
(A. Landeira-Dabarca, M. !Alvarez, & B. Peckarsky, personal obser-
vation). However, stress was minimized by quick handling and
allowing the "sh to recover completely in an aerated bucket with
fresh stream water (generally 5e10 min) before releasing them to
their original locations at Carballedo Hatchery (Galicia, NW Spain)
and the Pitkin Fish Hatchery (Gunnison County, CO, U.S.A.). No
mortality occurred in the sampled animals.

The may!ies used in this study were collected with a D-net and
kept cold during transport and later under experimental conditions
(see details above). After the experiments, individuals were
euthanized in a freezer at $20 #C.
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RESULTS

Chemical Characterization of Salmonid Skin Mucus

We collected 1.48 ± 0.08 g (mean ± SE) of fresh skin mucus for
each Atlantic salmon, which is equivalent to 6 ± 0.26 mg
(mean ± SE) of dry mucus. Therefore, water content made up to
99.2% of the fresh weight of mucus. This amount of mucus con-
tained 0.21 ± 0.04 mg (mean ± 1SE) of proteins and 5.05 ± 0.95 mg
of sulphated sugars, which provides a good estimate of the amount
of GAGs (e.g. CS). Moreover, quanti"cation of the two subunits
(monosaccharides) of the GAGs revealed a hexosamine concen-
tration of 0.39 ± 0.07 mg/ml and a concentration of uronic acid of
0.42 ± 0.08 mg/ml (mean ± 1SE).

Bioassay 1: Fish Mucus Dose

There were signi"cant differences in the refuge use of B. rhodani
between treatments (F3,20 " 6.055, P " 0.006). Post hoc compari-
sons showed that, compared to controls, the number of B. rhodani
observed on exposed substrate surfaces decreased signi"cantly
when the larvaewere subjected to at least 0.3 g/ml stock solution of
fresh mucus (P " 0.018; Fig. 2). This stock concentration of fresh
mucus corresponds to an estimated concentration of 0.33 mg/ml of
fresh mucus in the microcosms.

Bioassay 2: Effects of Fish Mucus Bacteria

Exposure of mucus to the UV treatment signi"cantly and
indiscriminately reduced (94e100%) the cultivable bacterial com-
munity of the skin mucus of Atlantic salmon (F1,6 " 11 022.34,
P < 0.001). There were no differences between treatments in the
number of B. rhodani foraging on exposed substrate surfaces before
adding the cues (F3,20 " 3.333, P " 0.950). Therefore, any differ-
ences in the rates of change in the abundance of B. rhodani larvae
foraging on exposed substrate surfaces between treatments could
be attributed to the effect of the addition of cues. There were sig-
ni"cant differences between treatments in the rates of change in
the abundance of B. rhodani foraging on exposed surfaces of tiles
before versus after cues were added (F3,20 " 3.867, P " 0.030). Post
hoc comparisons showed that refuge use of B. rhodani increased

signi"cantly compared to controls when they were exposed to
either (1) fresh salmon mucus (P " 0.008) or (2) salmon mucus
treated with UV (P " 0.032; Fig. 3). Therefore, B. rhodani responded
to "sh mucus cues even if mucus-dwelling bacteria were not
present.

Bioassay 3: Role of Fish Mucus Components

As in Bioassay 2, there were no differences between treatments
in the number of B. rhodani foraging on exposed substrate surfaces
before adding the cues (F6,35 " 12.733, P " 0.239). However, there
were signi"cant differences between treatments in the rates of
change of the number of B. rhodani foraging on exposed substrate
surfaces before and after adding the cue (F6,35 " 3.820, P " 0.001).
Post hoc comparisons revealed that, compared to controls, the
number of B. rhodani foraging on exposed substrate surfaces
decreased signi"cantly when they were treated with (1) fresh
salmon mucus (P " 0.008), (2) lyophilized mucus (P " 0.008) and
(3) lyophilized mucus deprived of the protein fraction (i.e. treated
with PK; P " 0.002; Fig. 4). Therefore, B. rhodani only responded to
cues that included the saccharide fraction of "sh mucus, but not to
the protein fraction or the full structure of mucus glycosamino-
glycan (CS-GAG; Fig. 4).

Bioassay 4: Role of Fish Mucopolysaccharides

As in Bioassays 2 and 3, there were no signi"cant differences
between treatments in the number of B. bicaudatus foraging on
exposed substrate surfaces at the start (F4,60 " 3.383, P " 0.496).
However, there were signi"cant differences between treatments in
the rates of change in the number of B. bicaudatus foraging on
exposed substrate surfaces before versus after adding the cues
(F4,60 " 5.371, P " 0.001). Speci"cally, post hoc comparisons
showed that risky behaviour of Baetis was reduced signi"cantly
(declined over the bioassay) compared to controls when Baetis
were treated with (1) freshmucus from brook trout (P " 0.001) and
(2) hexosamine (P " 0.003), but not when subjected to the full
structure of mucus glycosaminoglycan (CS-GAG) or uronic acid
(Fig. 5). These outcomes demonstrate that, in addition to
responding to a natural kairomone in the form of fresh mucus from
brook trout, B. bicaudatus also responded to one of the two
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Figure 2. Doseeresponse curve describing the magnitude of the predator avoidance response of B. bicaudatus (estimated as number of may!y larvae foraging on exposed tile
surfaces) as a function of exposure to fresh mucus of Atlantic salmon. Concentrations of stock solutions of mucus ranged from 0 to 0.6 g/ml of cue corresponding to an estimated
kairomone concentration in the volume of microcosms from 0 to 0.66 mg/ml.
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commercial monosaccharides (hexosamine), which is a microbially
mediated breakdown product of "sh mucus glycosaminoglycans
(Fig. 1).

Bioassay 5: Hexosamine Dose

There were signi"cant differences between dose treatments in
the mean number of B. bicaudatus foraging on exposed tile surfaces
(F5,60 " 3.290, P " 0.021). Post hoc comparisons showed that,
compared to controls (0 mg/ml), the number of B. bicaudatus
observed on exposed substrate surfaces decreased signi"cantly (i.e.

may!ies reduced risky foraging behaviour) when treated with
stock solutions of at least 0.225 mg/ml of the hexosamine (N)
acetyl-glucosamine (P " 0.035), with no greater response to higher
doses (Fig. 6). This outcome demonstrates the existence of a
threshold of hexosamine needed to stimulate predator avoidance
by B. bicaudatus.

DISCUSSION

As in previous studies (e.g. Br#onmark & Hansson, 2000;
Peckarsky et al., 2008; Winkelmann et al., 2008; !Alvarez et al.,
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2014), we observed that "sh water-borne chemical cues and "sh
mucus (!Alvarez et al., 2014) stimulated predator avoidance re-
sponses of two species of Baetis larvae to natural salmonid preda-
tors, con"rming that "sh skin mucus constitutes the origin of the
water-borne predator cue. Furthermore, the threshold dose of
Atlantic salmon skin mucus at which we observed a measurable
predator avoidance response was 0.33 mg/ml (estimated kairo-
mone concentration per volume of microcosms), which corre-
sponds to 1.3 mg/ml glycosaminoglycans (GAGs). A threshold dose
of predator cue has also been reported for other predatoreprey
interactions that involve "sh as a predator (for example Pohnert
and Von Elert (2000) involving Daphnia, Rittschof and Cohen

(2004) and Forward and Rittschof (1999) with shrimp larvae,
Cohen and Forward (2003) with crab larvae and Mirza and Chivers
(2003) using "sh as prey).

The unexpected lack of a behavioural response of B. rhodani to
treatments using water-borne cues originating from live Atlantic
salmon in Bioassays 2 and 3 could potentially be attributed to
dilution of the experimental cue below the threshold needed to
stimulate a response (only 1 ml of cue was added once and not
continuously). Similarly, subthreshold cues have been demon-
strated to fail to affect prey traits in other studies (Ferrari, Trowell,
Brown, & Chivers, 2005; Siepielski, Fallon, & Boersma, 2016), such
as habitat selection by aquatic beetles (Trekels& Vanschoenwinkel,
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2017), size of Culex larvae (Jourdan et al., 2016), and morphology
(Tollrian, 1995) or life history of Daphnia (Pestana, Baird, & Soares,
2013).

The hypothesis that microorganisms, such as mucus-dwelling
bacteria closely associated with the "sh predator, are involved in
chemical cue production has been gaining traction in studies of
predatoreprey interactions in freshwater systems (Akkas et al.,
2010; Beklioglu et al., 2006; Boriss, Boersma, & Wiltshire, 1999,
Forward & Rittschof, 1999, ; Rahman et al., 2000; Ringelberg &
Van Gool, 1998). However, our results testing the effect of salmon
mucus without bacteria (UV treatment in Bioassay 2) indicate that
the bacteria themselves are not the kairomone stimulating pred-
ator avoidance responses. Nevertheless, our bioassays are consis-
tent with the hypothesis that chemicals released by well-
documented breakdown activity of bacteria as commensals in "sh
skin mucus act as kairomones, if compounds previously produced
by bacterial activity persist in the mucus. However, some studies
have shown that kairomones associated with bacterial activity can
completely degrade in 24 h unless more substrate is added (Boriss
et al., 1999; Loose et al., 1993). Therefore, not only the dose of the
predator cue but also the timing of the availability of the cue de-
termines whether prey can detect the presence of the predator
(Van Buskirk, Krügel, Kunz, Miss, & Stamm, 2014).

As in other studies (Von Elert & Pohnert, 2000), we observed a
predator avoidance response of Baetis to lyophilized and fresh
mucus, which is consistent with the hypothesis that the kairomone
involved in the "sh predatoremay!y prey interaction is a water-
soluble molecule and nonvolatile. This characterization of the
properties of the kairomone is an important distinction from other
systems, because recent studies on predator-released kairomones
that deter insect oviposition described a volatile substance that is
possible to detect from above the water surface (Hurst, Kay, Brown,
& Ryan, 2010; Silberbush et al., 2010). However, as further evidence
that kairomones recognized bymay!ies are not volatile substances,
ovipositing females of Baetis bicaudatus (Encalada & Peckarsky,
2011) and Callibaetis ferrugineus hageni (Caudill, 2003) do not
discriminate between "sh and "shless water, even though both
species suffer high mortality in aquatic habitats containing brook
trout.

In contrast to other studies, results from Bioassay 3 enabled us
to rule out the protein fraction of the mucus as a critical component
of the kairomone used by Baetis to detect salmonid predators. Many
infochemicals in freshwater ecosystems that have been identi"ed
as protein in nature mediate the communication between in-
dividuals of the same species (e.g. pheromones: Br#onmark &
Hansson, 2000; Burks & Lodge, 2002; Ferrari, Wisenden, &
Chivers, 2010).

Also contrary to the results of other studies that used "sh as
both predators and as prey (e.g. Brown, Paige, & Godin, 2000;
Faulkner et al., 2017; Mathuru et al., 2012), our results showed
that the complete molecule of chondroitin sulphate-GAG (a long
hydrocarbon structure) was not the kairomone causing Baetis to
respond to predatory salmonids (Bioassays 3 and 4). Instead,
B. bicaudatus signi"cantly reduced risky foraging activity when
exposed to one of the monosaccharide units that comprise the CS
molecule, i. e hexosamine, and showed only aweak (nonsigni"cant)
response to the other, uronic acid. These two GAG subunits together
(i.e. disaccharides) have been shown to contribute to the kairomone
in previous studies testing responses of other invertebrate prey
species to predators (e.g. Forward & Rittschof, 1999; Rahman et al.,
2000; Rittschof & Cohen, 2004); but to our knowledge, this is the
"rst time these subunits have been tested separately.

Nevertheless, the active component of predator "sh kairomone
molecules (whether it is a charged sulphated, aminated, acetylated
and/or carboxylic groups) is still under debate (Akkas et al., 2010;

Cohen & Forward, 2003; Forward & Rittschof, 1999, 2000;
Rahman et al., 2000). Many of these studies reported that kairo-
mone molecules without the acetyl-amine functional groups did
not trigger prey responses (e.g. Cohen & Forward, 2003), which
may explain the stronger predator avoidance response of
B. bicaudatus to hexosamine (with amino and acetyl groups)
compared to their weaker response to uronic acid (with carbonyl
and carboxylic acid functional groups). Interestingly, we observed
that the predator avoidance response of Baetis was stronger when
exposed to natural "sh mucus than to single commercial mono-
saccharides, which agrees with other studies investigating the na-
ture of the active components of infochemicals (Mathuru et al.,
2012; Rahman et al., 2000). This observation suggests that
although monosaccharides may be an active component of the
kairomone, the predator avoidance response of Baetis was stronger
when combined with other components of natural mucus.

In addition, the signi"cant prey responses to a subunit rather
than to the complete GAG structure provides further support to the
hypothesis that bacterial activity breaking up these long hydro-
carbon structures is necessary for kairomone release (Beklioglu
et al., 2006; Forward & Rittschof, 1999; Ringelberg & Van Gool,
1998; Rittschof & Cohen, 2004). However, more studies are
needed to explore this possibility.

Few studies on chemical communication between aquatic or-
ganisms have calculated the dose needed to stimulate a predator
avoidance response by prey. We estimated 0.225 mg/ml (stock so-
lution) of the monosaccharide hexosamine as the threshold of the
kairomone emanating from "sh needed to reduce risky foraging
behaviour in Baetis. Cohen and Forward (2003) reported a similar
concentration of CS and/or HA disaccharides (0.22 mg/ml) needed
to stimulate diel vertical migration in crab larvae and Rahman et al.
(2000) observed that 0.26 mg/ml of HA commercial disaccharide
caused predator avoidance responses in snails. This hexosamine
concentration corresponds to a kairomone concentration of
2.43 ng/ml calibrated by the !ow through themicrocosms, which is
in the range of other mucus components released into water, such
as cortisol (1.39 ± 0.98 e 5.28 ± 1.96 ng/ml, Guardiola et al., 2016),
which is similar in size and composition to hexosamine. Moreover,
exposing Baetis to kairomone concentrations above the observed
threshold did not change their behavioural response to "sh, as
previously demonstrated in other preyepredator interactions
(Cohen & Forward, 2003; Forward & Rittschof, 1999; Mirza &
Chivers, 2003; Pohnert & Von Elert, 2000; Rittschof & Cohen,
2004).

In summary, this study reports new evidence regarding the
mechanism, origin, nature and identity of the chemical compounds
utilized in interspeci"c communication between "sh and aquatic
insects. Our bioassays enabled us to conclude and contribute to the
increasing evidence that the amino sugars that are bacterially
mediated breakdown products of the long chains of skin mucus
glycosaminoglycans, primarily hexosamine (Fig. 1) are critical
components of the "sh kairomones that elicit a predator avoidance
response in Baetis larvae.

Our research reinforces the potential for independent evolution
of generalized predator avoidance responses to compounds that are
strong infochemicals in the aquatic environment by many species
of aquatic prey that recognize similar kairomones and at similar
threshold doses (Rahman et al., 2000). In addition, the observation
of similar predator avoidance responses by North American
B. bicaudatus and European B. rhodani to a wide variety of "sh
species (!Alvarez et al., 2014) suggests that kairomones originating
from skin mucus of different species of "sh may be common and
similar (McKelvey & Forward, 1995; Ringelberg & Van Gool, 1998;
!Alvarez et al., 2014). We speculate that this generalized response
by prey could be an advantage in a changing world with
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introduction of invasive and potentially novel predators of Baetis. In
contrast, general predator avoidance responses may result in loss of
"tness of prey species that are responding to nonpredatory "sh
species, thereby allocating unnecessary time to predator avoidance
(Pestana et al., 2013; Pola"cik & Jan!a"c, 2017; "Smejkal et al., 2018).
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