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Abstract
Male body size affects access to mates in many animals.
Attributes of sexual signals often correlate with body size
due to physiological constraints on signal production. Larger
males generally produce larger signals, but costs of being large
or compensation by small males can result in smaller males
producing signals of equal or greater magnitude. Female
choice following multiple male traits with different relation-
ships to size might further complicate the effect of male body
size on access to mates. We report the relationship between
male body size and pheromone signaling, and the effects on
female mate search and courtship in the sea lamprey
(Petromyzon marinus). We predicted that pheromone produc-
tion in the liver and the liver mass to body mass ratio would
remain constant across sizes, resulting in similar mass-adjusted
pheromone release rates across sizes but a positive relationship
between absolute pheromone release and body mass. Our re-
sults confirmed positive relationships between body mass and
liver mass, and liver mass and themagnitude of the pheromone
signal. Surprisingly, decreasing bodymass was correlated with
higher pheromone concentrations in the liver, liver mass to
body mass ratios, and mass-adjusted pheromone release rates.

In a natural stream, females more often entered nests treated
with small versus large male odors. However, close-proximity
courtship behaviors were similar in nests treated with small or
large male odors. We conclude that small males exhibit in-
creased release of the main pheromone component, but female
discrimination of male pheromones follows several axes of
variation with different relationships to size.

Significance statement
Large males often produce signals that are more attractive to
females. We determined the relationship between male body
size and pheromone signaling in the sea lamprey (Petromyzon
marinus). We predicted that larger males, who have a larger
pheromone-producing organ, would have a larger pheromone
signal and that females, who prefer larger pheromone signals,
would prefer the odor of large males. Surprisingly, we found
that mass-adjusted pheromone release rates increase with de-
creasing male body mass due to higher rates of pheromone
synthesis and a slightly larger liver proportional to total body
mass. In a natural stream, small male odors attracted more
females but elicited similar courtship behaviors compared to
large male odors.

Keywords Petromyzonmarinus . Communication . Signal
reliability . Chemical communication

Introduction

Intrasexual and intersexual selection shape male body size in
many animals (Andersson 1994). Large males often realize
higher fitness due to higher fecundity, better access to re-
sources, and various other mechanisms. Direct and indirect
benefits of mating with large males maintain female prefer-
ences for large males in many taxa (Andersson 1994).
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However, large size can be costly (Blanckenhorn 2000) and,
as a result, small males have mating advantages in some con-
texts (Wiklund and Fagerström 1977; Zonneveld 1996;
Bisazza and Pilastro 1997; Morbey and Ydenberg 2001;
Raihani et al. 2006). Trade-offs between body size and other
traits linked to fitness can also result in disruptive selection
leading to alternative male tactics (Gross 1996). Because of
the effects male size has on fitness, many animals use signals
that confer information about body size to competitors and
possible mates.

Male body size constrains production of many sexual sig-
nals. The sizes of organs that produce signals often increase
with increasing body size (Gerhardt 1994; Hughes 1996;
Blaul and Ruther 2012), and, as a result, signal attributes ac-
curately indicate body size (Bee et al. 1999; LeMaster and
Mason 2002; López et al. 2006; Mager et al. 2007; Fugère
et al. 2011; Blaul and Ruther 2012; Pisanski et al. 2016). Size-
related constraints on signal production generally benefit large
males, but small males in some species can produce signals
more effectively than large males (Gibson and Bradbury
1985; Gratson 1993). Furthermore, males in some species
can produce signals that inaccurately portray size to deceive
receivers (Bee et al. 2000; Hughes 2000) or more effectively
communicate under the constraints associated with small size
(Carazo and Font 2014). Evaluation of mates and competitors
using multiple components (Candolin 2003) with potentially
different functions and relationships with size (Bro-Jørgensen
and Dabelsteen 2008) further complicates the effect of male
body size on access to mates. Many reports describe the pres-
ence or absence of a positive correlation between body size
and qualities of auditory or visual signals, but deviations from
the predicted positive relation of body size to signal quality are
rare and the interaction between body size and signals acting
through other sensory modalities remains poorly understood.

A multi-component male pheromone guides female mate
search and courtship in sea lamprey (Petromyzon marinus)
(Buchinger et al. 2015). Sexually mature males signal to fe-
males with a pheromone that consists primarily of 7α,12α,24-
trihydroxy-5α-cholan-3-one-24-sulfate (3-keto-petromyzonol
sulfate, 3kPZS) (Li et al. 2002), a bile alcohol that is synthe-
sized in the liver, released via the gills into the water (Siefkes
et al. 2003; Brant et al. 2013), and guides long-distance up-
stream movements (Siefkes et al. 2005; Johnson et al. 2009;
Brant et al. 2016b). Minor components elicit courtship behav-
iors that include attendance to the area of the nest and nest
maintenance (Johnson et al. 2012). Although many animals
appear to evaluate mates using odors associated with the ma-
jor histocompatibility complex (MHC), lampreys do not ap-
pear to possess MHC (Flajnik and Kasahara 2010). However,
variation in 3kPZS signaling among males is high (Siefkes
et al. 2003; Brant et al. 2013; Buchinger et al. 2013) and likely
results in differential access to mates as females prefer the
higher of adjacent pheromone concentrations (Johnson et al.

2009). Given an expected positive relationship between liver
mass and body mass (Delahunty and de Vlaming 1980), and
pheromone release and total body mass (Scott and Ellis 2007),
larger males conceivably benefit from a larger absolute pher-
omone signal. However, the sources and consequences of var-
iation in pheromone signaling in sea lamprey, as most verte-
brates, remain poorly understood.

Here, we evaluated the effects of size on pheromone signal-
ing in sea lamprey. To test the null hypothesis that larger males
benefit from a proportionally larger pheromone signal, we de-
termined the effect of size on 3kPZS production and release in
males across a range of sizes, and the consequences of size-
related pheromone differences on access to mates using female-
choice assays in a natural stream. We predicted that (1) size-
adjusted pheromone production and release remain constant
across size, resulting in a positive relationship between phero-
mone release and male size, and, as a result, (2) females prefer
the odors of large males to the odors of small males.

Methods

Experimental animals

The U.S. Fish and Wildlife Service Marquette Biological
Station provided sea lamprey. Tanks fed with ambient Lake
Huron water at the U.S. Geological Survey’s Hammond Bay
Biological Station held sea lamprey prior to experiments. All
experiments used sexually mature male (spermiated) and fe-
male (ovulated) sea lamprey. Sea lamprey were held in
streams to induce maturation, which was determined by ex-
pression of gametes following gentle manual pressure.

Pheromone signaling

Pheromone release was determined for 87 spermiated males
ranging from 360 to 555 mm in total length and 63–345 g in
bodymass (length = 467.45 ± 4.29mm,mass = 208.13 ± 6.18 g,
mean ± SE). Individual males were held in 5 L of aerated de-
ionized water for 2 h, after which 50 mL of water was collected,
spiked with 5 ng 5-deuterated 3kPZS ([2H5] 3kPZS) as an inter-
nal standard, and frozen at − 20 °C. Pheromone production was
determined for a subset of 56 of the males sampled for phero-
mone release ranging from 380 to 555 mm in length and from
100 to 345 g in mass (length = 475.1 ± 4.94 mm,
mass = 222.34 ± 7.5 g, mean ± SE). Immediately after phero-
mone collection, males were euthanized using an overdose of
tricaine methanesulfonate (MS222; Sigma-Aldrich, St. Louis,
MO, USA), the hepatosomatic index (HSI; %) determined ([liv-
er mass / total mass] × 100), and liver and gill tissues stored at
− 80 °C. Tissue samples were spiked with 500 ng [2H5] 3kPZS,
and pheromones were extracted using described methods (Brant
et al. 2013). 3kPZS and the immediate precursor 3α,7α,12α,24-
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tetrahydroxy-5α-cholan-24-sulfate (petromyzonol sulfate, PZS)
were quantified using an established method of ultra-high per-
formance liquid chromatography with tandem mass spectrome-
try (Li et al. 2011). The relationship between HSI and mass was
evaluated using Spearman’s rank correlation, and the effect of
mass estimated using linear regression in R (R Core Team
2014). Data were square root transformed to meet model as-
sumptions, except 3kPZS release rates per total mass and tissue
concentrations of 3kPZS which were square root [n + 1] and
natural logarithm transformed, respectively.

Behavioral assays

In-stream behavioral assays evaluated the responses of
ovulated females to large versus small male odors.
Behavioral assays were conducted on 27 June 2015–3
August 2015 in the upper Ocqueoc River, MI, USA. Sea lam-
prey infested the Ocqueoc River in the mid-1900s (Applegate
1950), but are now restricted from the upper stretches by a
barrier. The site and method used replicate previous studies on
sea lamprey pheromone communication (Johnson et al. 2009,
2012; Brant et al. 2016a).

Briefly, female responses to odors applied to side-by-side
spawning nests were monitored visually and with a passive
integrated transponder (PIT, Oregon RFID; www.oregonrfid.
com) array. Each female was outfitted with a 23-mm PIT tag
and a unique combination of two colored streamer tags. A
single trial involved approximately 10 females, depending up-
on availability. Groups of females were held 45 m downstream
of the constructed nests in 0.5-m2 acclimation cages at least 8 h
prior to being used in a trial. Immediately prior to an experi-
ment, odors were applied to each of the two constructed
spawning nests using a peristaltic pump (Masterflex L/S;
www.coleparmer.com). Each nest was made to resemble a
sea lamprey spawning nest with a shallow cavity surrounded
by rocks (Johnson et al. 2015) and was surrounded by a 1-m2

PIT antenna. The two adjacent nests were 1 m apart. Twenty
liters of odor was applied to each nest at 167 mL min−1. After
30 min of odor application, the group of females was released
and observed for 1.5 h. We recorded the first nest that each
female entered, the number of visits to each nest, the duration
of time a female spent in each nest, and the number of nesting
behaviors exhibited in each nest. Females remained in the
stream after being used in a trial and would occasionally revisit
nests in subsequent trials, but unique PIT tag codes allowed us
to include individuals only in the analysis of their respective
trial. Females that remained in the proximity of our assay are
unlikely to have influenced the behavior of focal females as sea
lamprey move independently of one another (Siefkes et al.
2005). We could not record data blind because our study in-
volved observations of focal animals in the field and we had
too few personnel to have some dedicated to recording female
behavior and others dedicated to preparing odors.

In two separate series of experiments, we compared female
responses to (1) high versus low odor concentrations and (2)
large versus small male odors. Odors for experiments were
collected by holding a total of 42 spermiated males in 3 L of
water for 2 h (smal l : n = 21, 120.31 ± 6.27 g,
379.48 ± 7.99 mm; large: n = 21, 269.75 ± 7.59 g,
492.95 ± 4.84 mm; mean ± SE). Males were held individually
in buckets. Odors were collected in three groups; one set of 30
males and, due to unforeseen needs for additional odors, a
second and third set of eight and four males, respectively.
Odors from equal numbers of males (large = 15, 4, and 2;
small = 15, 4, and 2) were combined across both size groups
(experiment 1; mixture) or combined according to male size
(experiment 2; large versus small), and were stored at − 20 °C.
A 10-mL sample was collected for 3kPZS quantification,
which followed the methods described above.

Experiments directly compared two odor treatments by ap-
plying each into one of two side-by-side nests. Experiment 1
compared the mixture to 0.1× mixture to demonstrate that the
assay could detect female movement towards a higher over
lower odor concentration (N trials = 7, n females = 76).
Experiment 2 compared the odor of large males to the odor
of small males (N trials = 12, n females= 127). Over the 2 h of
experiment, 300 mL mixed into 19.7 L was applied for the
0.1× mixture treatment, and 3 L mixed into 17 L was applied
for the large, small, and mixture treatments. As male odors
were collected in 3 L of water for 2 h, a 3-L per 2-h application
rate matches the odor that would be released by one male on
the nest for the duration of an experiment.

We use mixed-effect linear and logistic regression models
in R to evaluate the effect of odor female behavior.
Specifically, we evaluated the effect of odor on (1) first nest
choice, (2) whether or not females visited a nest at some point
during the trial, with a random effect of fish identity, (3) the
number of times females visited a nest during the trial, with a
random effect of fish identity, (4) the duration of time a female
remained in a nest, with a random effect of fish identity, and
(5) whether or not females moved rocks on the nest, which is a
typical nest maintenance behavior (Johnson et al. 2015), with
a random effect of fish identity. In each model, we tested for
nest biases (left versus right) and included a random effect of
trial. Time data were square root transformed to meet model
assumptions. All analyses used the lmer and glmer functions
in R package lme4, type II sums of squares, and α = 0.05.

Results

Small males exhibit increased pheromone signaling
relative to body mass

3kPZS release rates adjusted by body mass, and pheromone
concentrations in tissues decreased with increasing male body
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mass (Table 1, Fig. 1). Release of 3kPZS and pheromone
concentrations in tissues were similar to previous reports
(Table 2; Brant et al. 2013). Total body mass did not predict
absolute 3kPZS release. Liver mass positively correlated with
total mass (Spearman’s rank, ρ = 0.82, P < 0.001) and absolute
3kPZS release increased with total liver mass (Table 1), but
relative liver mass (HSI) negatively correlated with male mass
(Spearman’s rank, ρ = − 0.24, P = 0.029), and 3kPZS release
adjusted for the main effect of liver mass decreased with in-
creasing total mass. Tissue concentrations of 3kPZS and its
precursor PZS decreased with increasing total body mass.

Small male odors attract more females but elicit similar
courtship behaviors

Only females that moved upstream and entered a nest were
included in the analysis (experiment 1: n = 27, experiment 2:
n = 45). Fish that did not move up to a nest died during the
experiment (experiment 1: n = 4, experiment 2: n = 14),
moved downstream (experiment 1: n = 16, experiment 2:
n = 6), or remained in or near the release cage (experiment
1: n = 29, experiment 2: n = 62).

Experiment 1 confirmed that females prefer higher concen-
trations of male odor. First nest choice was biased towards the
right nest (χ2

1 = 10.43, P = 0.001), but was higher for the nest
treated with the full mixture than the nest treated with 0.1×
mixture (χ2

1 = 32.67, P = <0.001; N trials = 7; n fish = 27;
Fig. 2). The logistic regression model for first nest entry in
experiment 1 would not converge when a trial was included as
a random effect, hence a model without the trial effect was
used. More females eventually visited nests treated with the
full mixture than nests treated with the 0.1× mixture
(χ2

1 = 8.87, P = 0.003; Fig. 3) and visited the nest treated
with the full mixture more often than the nest treated with 0.1×
mixture (χ2

1 = 38.43, P < 0.001). Retention data were un-
available for five females that lost PIT tags during the trials.
Females that entered a nest spent a longer duration of time in
the right nest (χ2

1 = 5.90, P = 0.015), but spent more time in

the nest treated with the full mixture compared to the nest
treated with 0.1× mixture (χ2

1 = 13.68, P < 0.001; Fig. 3).
Eleven of 25 females that entered nests treated with the full
mixture moved rocks (range = 1–63), but none of the 13 fe-
males that entered nests treated with 0.1× mixture moved
rocks (Fig. 3).

The results from experiment 2 indicated that small male
odor attracts more females than large male odor but elicits
similar courtship behaviors. First nest entry was biased to-
wards the left nest (χ2

1 = 5.09, P = 0.024), but was higher
in the nest treated with small male odor compared to the nest
treated with large male odor (χ2

1 = 4.07, P = 0.044; N tri-
als = 12; n fish = 45; Fig. 2). Time data from the first two trials
comparing large male odor and small male odor were lost due
to PIT equipment failure. Females were equally likely to visit
nests treated with either odor at some point during the trial
(χ2

1 = 0.48, P = 0.49; Fig. 3). Females visited the left nest
more often than the right (χ2

1 = 10.11, P = 0.002), but did not
visit nests treated with either odor more often (χ2

1 = 0.97,
P = 0.328). Females that entered a nest did not stay signifi-
cantly longer at nests treated with the odor of either large
males or small males (χ2

1 = 3.74, P = 0.053; Fig. 3) and were
equally likely to move rocks in nests treated with either odor
(χ2

1 = 1.24, P = 0.265; range = 1–28; Fig. 3).
Quantification of 3kPZS in odors used for behavioral

assays yielded no difference in concentration between
large and small male odors (large = 173.93 ± 27.53 ng/
mL; small = 159.38 ± 23.22 ng/mL; X ± SE; t = 0.40,
df = 40, P = 0.69, two-tailed t test), and confirmed small
males released 3kPZS at a higher mass-adjusted rate
(large = 0.97 ± 0.154 μg/g/h; small = 1.92 ± 0.244 μg/g/
h; X ± SE; t = − 3.28, df = 40, P = 0.002, two-tailed t test).

Discussion

Given that body size is an important fitness character in many
taxa (Andersson 1994), we determined the effect of male size

Table 1 Linear models using
male mass as predictors of metrics
of pheromone production
and release

Y X β(se) r2 Fndf,ddf P value

3kPZS (ng h−1) Mass − 0.48 (0.36) 0.01 1.79(1,85) 0.19

3kPZS (ng g −1male−1 h−1 Mass − 0.08 (0.03) 0.09 9.317(1,85) 0.003

3kPZS (ng h−1) Liver mass 30.57 (10.68) 0.09 8.20(1,85) 0.005

3kPZS (ng h−1) Mass|liver mass − 3.33 (0.43) 0.45 59.28(1,84) < 0.001

3kPZS (ng g−1 liver−1) Mass − 0.01 (0.004) 0.07 5.37(1,54) 0.024

3kPZS (ng g−1 gill−1) Mass − 0.01 (0.01) 0.06 4.67(1,54) 0.035

PZS (ng g−1 liver−1) Mass − 2.11 (0.93) 0.07 5.15(1,54) 0.027

PZS (ng g−1 gill−1) Mass − 0.44 (0.22) 0.05 4.16(1,54) 0.046

Data were square root transformed, except 3kPZS release rates per total mass and tissue concentrations of 3kPZS
which were square root [n + 1] and natural logarithm transformed, respectively

β unstandardized regression coefficients, se standard error, r2 adjusted r2
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on pheromone signaling and the consequences of size-related
differences in male pheromones on female behavior in a nat-
ural stream. We found (1) a negative relationship between
mass-adjusted pheromone signaling and total body mass, (2)
that females moved towards the odor of small males over large
males, and (3) that females exhibited similar courtship behav-
iors in nests treated with large and small male odors. Our
results offer the first evidence, to our knowledge, for increas-
ing investment in a chemical signal with decreasing size, and
rare insight into the effect of complex interactions between
size and signals on the various levels of female choice.

Dual mechanisms of higher pheromone synthesis and a
proportionally larger liver allow small males to produce a
larger pheromone signal that likely increases mating opportu-
nity. Pheromone concentrations in tissues, possibly driven by
higher expression of biosynthetic enzymes that synthesize bile
acids (Brant et al. 2013), and the hepatic somatic index in-
creased with decreasing body mass. The mechanisms of
slightly larger liver mass and higher pheromone production
independent of liver mass are further supported by our obser-
vation that release of 3kPZS increased with increasing liver

mass and decreased with increasing body mass after account-
ing for the main effect of liver mass. Based upon our data,
higher pheromone production and proportionally larger livers
translate into absolute 3kPZS release rates that are approxi-
mately equal for small (1st quartile) and large (3rd quartile)
males. In contrast, if relative release rates remained constant
across sizes, small males would release approximately 2× less
absolute 3kPZS. We suggest that the increased release of
3kPZS by small males results in ecologically relevant concen-
tration differences. Female sea lamprey orient towards a
higher concentration of 3kPZS when presented at only 2×
the concentration of an adjacent source (Johnson et al.
2009). Indeed, our female-choice experiments indicate that
the pheromone signal of small males matches that of large
males, and even attracts more females.

Our results indicate that female discrimination of male
pheromones follows several axes of variation that differ in
their relationship with male size. Complex signals consist of
distinct components that can have different underlying func-
tions and face different selective pressures (Candolin 2003;
Bro-Jørgensen 2010). In sea lamprey, 3kPZS guides long-
distance mate search and attraction to a male’s nest, while
additional components elicit female courtship behaviors in
close proximity to a male (Johnson et al. 2009, 2012). We
observed that females were more likely to enter first nests
treated with the odor of small males over the odor of large
males, but attended nests treated with either odor an equal
number of times and similar durations of time, and were
equally likely to exhibit nesting behaviors. Hence, the relation
of male size to pheromone signaling differed between one or
more of the components that mediate mate search by females
and the components that mediate the courtship behaviors by
females in close proximity to males. Furthermore, female en-
try into nests treated with small male odors over large male
odors, despite each having a similar concentration of 3kPZS,
indicates that an additional pheromone component mediates
nest entry and exhibits a pattern of variation different from
3kPZS. Phylogenetic comparisons also indicate that multiple
components of the pheromone blend have evolved differently;
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Fig. 1 Mass-adjusted release of 3-keto petromyzonol sulfate (3kPZS;
ng g−1 h−1) decreases with increasing male body mass (g). Pheromone
release was evaluated by holding individual males in 5 L water for 2 h
(n = 87). The P value was determined using linear regression after a
sqrt(n + 1) transformation

Table 2 Metrics of pheromone
production and release by male
size

Metric Total 1st quartile 3rd quartile

3kPZS (μg h−1) 96.96 (11.93) 97.27 (20.58) 79.58 (20.73)

3kPZS (μg g−1 male−1 h−1) 0.51 (0.063) 0.71 (0.14) 0.28 (0.07)

3kPZS (μg g−1 liver−1 h−1) 16.37 (1.91) 23.20 (4.57) 9.00 (2.28)

3kPZS (μg g−1 liver−1) 5.77 (1.29) 6.36 (1.68) 8.73 (4.61)

3kPZS (μg g−1 gill−1) 6.00 (1.18) 4.61 (0.79) 3.77 (1.30)

PZS (μg g−1 liver−1) 630.40 (78.65) 868.93 (102.94) 446.93 (174.14)

PZS (μg g−1 gill−1) 34.23 (4.27) 38.36 (6.42) 20.39 (6.24)

% HSI 2.84 (0.06) 3.01 (0.09) 2.74(0.16)

Data are averaged across all males (total), small males (1st quartile), and large males (3rd quartile). Each quartile
includes data from 21 males. Values in parenthesis indicate the standard error of the mean
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sea lamprey are attracted to odors of species that do not release
3kPZS, suggesting that minor components may be conserved
(Buchinger et al. 2013, 2017). The observed preference for
small male odors despite similar concentrations of 3kPZS is
unlikely the result of stress odors released by large males

because females would presumably have spent less time and
exhibited fewer nesting behaviors rather than only choosing
small male odors initially. Taken together, our results indicate
complex and meaningful patterns of signal variation, but in-
vite further research to unveil the ultimate function of phero-
mone variation in guiding female mate choice.

Our results do not directly implicate deceit by small males.
Dishonest signaling implies that the receiver’s response to a
signal is in error (Carazo and Font 2014). Female sea lamprey
must actively use 3kPZS to evaluate male size and prefer to
mate with large males for increased pheromone signaling by
small males to be deceptive. While chemical signals guide
mate choice in many taxa (Johansson and Jones 2007) and
can be deceptive (Christy and Rittschof 2010; Ng et al.
2014), female preference for large males in sea lamprey, al-
though conceivable, is not yet established. Large males may be
able to better defend nests against intruders (C.O. Brant, per-
sonal communication 2015), and construct larger nests that
likely retain more eggs and therefore support higher egg sur-
vival (Smith and Marsden 2009; Johnson et al. 2015).
However, females might gain no benefit from mating with
large males other than reduced costs of mate search resulting
from a larger pheromone signal, given a positive relationship
between size and signal magnitude. Hence, our results might
represent small males compensating for their size with higher
relative investment into pheromone signaling, with no under-
lying sexual conflict. Given the positive relationship between
body mass and liver mass, and liver mass and pheromone
release rate, we suggest that small males increase investment
into 3kPZS signaling rather than the alternative that large
males decrease investment into 3kPZS signaling. However,
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Fig. 3 Ovulated females did not exhibit different courtship responses to
odors from large or small males. a Females visited more often nests
treated with male odor at higher concentrations (left) but equally often
nests treated with small versus large male odor (right). Numbers within
bars indicate the number of females that visited each odor at some point
during the trial over the total number of females that visited either nest. b
Females spent more time at nests treated with male odor at higher
concentrations (left) but equal durations of time at nests treated with small
versus large male odor (right). Numbers within bars represent the
number of females that entered the nest and for which the duration of time
they remained in the nest was recorded over the total number that entered

the nest and for which the duration of time they remained in the nest was
recorded. c Females were more likely to move rocks in nests baited with
male odor at higher concentrations (left) but equally to move rocks in
nests baited with small and large male odor (right). Numbers within bars
represent the number of females that moved rocks over the number of
females that entered a nest. m: mixture of odors collected from large and
small males. 0.1×: a 10-fold dilution of the same mixture of odors
collected from large and small males. l: odor collected from large
males. s: odor collected from small males. Error bars represent one
standard error. P values were determined using mixed effects logistic
and linear regression

155 Page 6 of 8 Behav Ecol Sociobiol (2017) 71: 155



decreased 3kPZS signaling in largemales, perhaps the result of
higher energetic costs, is also possible, as is a benefit to females
mating with small males. More information on the benefits
females gain through mate choice will allow a better under-
standing of the ultimate mechanisms underlying the observed
pattern of signal variation across male size.

In conclusion, we present evidence that increasing mass-
adjusted pheromone signaling with decreasing body mass has
distinct effects on female mate search and courtship in sea
lamprey. The large amount of variance unexplained by size
requires continued investigations on the determinants of pher-
omone release. A better understanding of mate choice in sea
lamprey will reveal whether females are deceived into per-
ceiving small males as large, or if differences in pheromone
signaling are the result of compensation by small males, or a
cost for large males. Regardless, our results offer rare insight
into the complexities of animal communication through a
chemical perspective, which, compared to other senses, is
rarely taken in sexual selection research (Coleman 2009), es-
pecially in vertebrates (Symonds and Elgar 2008).
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