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Abstract Mating success depends not only on genetic and
phenotypic characteristics of males and females but also on
their spatial position relative to other individuals, which influ-
ences the chances for interactions. Hence, any behavior that
affects proximity to other individuals can potentially translate
into fitness gain or loss. Here, we investigate the effects of
genotype on male movement and distance to nearest neighbor
(DNN) in three populations of the edible frog Pelophylax
esculentus, a natural hybrid between its parental species
Pelophylax ridibundus (genotype RR) and Pelophylax
lessonae (LL). The system is particularly suited for such an
analysis because the fitness differences between mating with a
certain genotype are particularly strong. Moreover, which
genotype should be preferred differs among populations
where diploid hybrids (LR) live in sympatry with P. lessonae
(L-E system) and those where diploid hybrids occur in all-
hybrid populations together with triploids (LLR and/or LRR)
(E-E system). Hence, we expected differences among geno-
types in movement patterns and spatial arrangement within
the breeding pond. We did, indeed, find such differences.
They were predominantly due to density differences between
populations, followed by size and condition differences be-
tween males. Most relevant for our question was a difference
in DNN: in the E-E system, distances between all three hybrid
types were equal, whereas in the L-E system LR hybrids
tended to stay closer to LL than to other LR. The results are
discussed in relation to previous mate choice experiments and
theoretical models about mating preferences in the two
systems.
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Introduction

In most populations, individuals are not evenly distributed and
randomly assorted but according to some genetic and/or social
structure. Such structure can arise passively as, for instance, in
plants and sessile aquatic animals where the distribution of
gametes and propagules is often determined by the range and
direction of the dispersing agents, such as wind, currents,
insects, and other animals (Grosberg 1987; Glaettli et al.
2006). In most animal species, however, individuals show
active macro- and micro-habitat selection, i.e., they disperse
to and settle in environments that are better than other areas in
terms of climate, food, predators, diseases, and other abiotic
and biotic environmental factors (Cody 1985; Orians and
Wittenberger 1991; Sutherland 1996; Krebs 2009). As a re-
sult, different distributions of these environmental factors in
space and time will translate into different spatial and temporal
availability of potential mates and the ability to monopolize
them. This, in turn, contributes to shaping sexual selection and
can, to a large extent, explain the diversity of mating systems,
social organizations, and patterns of parental care that we find
among animals (Orians 1969; Emlen and Oring 1977).
However, mating opportunities and success not only de-
pend on the distribution of ecological factors and its conse-
quences for female and male distribution. The demographic
and social environment individuals find themselves in also
plays a role, i.e., density, age distribution and operational sex
ratio, as well as relatedness and phenotypes of the conspe-
cifics. Therefore, animals can actively modify their social
environment by choosing the types and numbers of individ-
uals that they prefer to interact with or want to avoid. Inferior
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or less attractive males, for instance, may in some cases
enhance their chances of obtaining a territory and/or a mate
by avoiding the neighborhood of superior individuals, where-
as in other cases they may improve their mating chances by
staying as satellites close to superior males and benefitting
from their high attractiveness to females (Arak 1983;
Taborsky 1994; Cockburn et al. 2009; Oh and Badyaev
2010). In the latter case, there is a conflict between the best
strategy for the inferior males seeking vicinity and the superior
males that should avoid it. Hence, the optimal spatial and
temporal distribution for the two parties will differ.

A typical situation where avoidance seems particularly
necessary occurs when surrounding individuals are of a dif-
ferent species and hybrids are less fit (reviewed by Arnold
1997). Then, temporal and spatial segregation in breeding
areas can help to reduce the frequency of interspecific inter-
actions and, hence, the chances for mistakes or forced copu-
lations. In some cases, however, the vicinity of heterospecifics
should be looked for because mating with a different species
may be advantageous under certain ecological conditions
(Pfennig 2007; Reyer 2008) or even absolutely necessary for
successful reproduction. The latter holds for taxa (most of
them unisexual) in which females need the sperm of a
heterospecific male to trigger the development of their eggs
(gynogenesis) or regain a previously eliminated paternal ge-
nome (hybridogenesis) (Dawley 1989; Bullini 1994). In such
situations, individuals of the gamete-dependent species should
seek the vicinity of the heterospecific gamete donors, whereas
individuals of the donor species should avoid the vicinity of
and mating with the dependent species because the resulting
offspring will not carry their genomes (gynogenesis) or dis-
card them in the next generation (hybridogenesis). An excel-
lent model system to study how this conflict of interests affects
the movements and spatial distribution of the participants is
provided by the subject of this study, the European water frog
Pelophylax esculentus.

The Palaearctic water frog complex (Pelophylax)

Pelophylax esculentus is a natural hybrid between the pool
frog P. lessonae (genotype LL) and the marsh frog,
P ridibundus (genotype RR). P. esculentus reproduces
through hybridogenesis (Tunner 1974), a hemiclonal repro-
ductive mode first described in fishes of the genus
Poeciliopsis by Schultz (1969): hybridogenetic organisms
exclude the genome of one parental species prior to meiosis
and transfer the genome of the other parental species clonally
to the next generation, i.e., without recombination (Tunner
1974; Tunner and Heppich-Tunner 1991; Zalesna et al. 2011).
In order to restore hybridity in their offspring, hybrid males
and females have to live in sympatry and back-cross with the
parental species whose genome is excluded (Uzzell and
Berger 1975), i.e., P. lessonae when the L genome is excluded
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(L-E system) and P. ridibundus when the R genome is ex-
cluded (R-E system) (Graf and Polls Pelaz 1989). In both
systems, the hybrid is a sexual parasite that relies on a parental
species (the sexual host) for successful reproduction, and in
both systems, the resulting offspring are predominantly dip-
loid P. esculentus (genotype LR). Although triploid hybrid
forms can occur in these two systems, populations containing
them appear to be restricted to certain geographical areas in
Europe (Hoffmann et al., submitted). The vast majority of the
sexually parasitic system consists of one of the two parental
species and diploid LR hybrids.

A different situation exists in all-hybrid populations
consisting of diploid (LR) and triploid hybrids (LLR
and/or LRR). These so-called E-E systems occur mainly
in northern Europe around the Baltic Sea, but also in
some areas of eastern and Central Europe. Here, hybrids
have become reproductively independent of the parental
species as a result of polyploidization and “meiotic
hybridogenesis” (Alves et al. 2001). This means that
triploids of both sexes premeiotically exclude the ge-
nome present in one copy (R in LLR and L in LRR),
recombine the double genome, and transfer it to haploid
gametes (L in LLR and R in LRR)—as the parental
species P. lessonae and P. ridibundus do in L-E and R—
E systems, respectively. When these haploid gametes
fuse with diploid ones (LR) that are usually produced
by diploid females, triploid offspring result; when they
fuse with heterospecific haploid gametes produced by
other triploids or by diploid LR, usually males, diploid
offspring arise (Giinther et al. 1979; Christiansen et al.
2005; Arioli 2007; Christiansen 2009; Christiansen and
Reyer 2009). As a result, both hybrid types are mutu-
ally dependent on each other: triploids are the sexual
hosts for diploid sexual parasites and vice versa (Som
and Reyer 2006).

According to these scenarios, hybrids in diploid L-E and
R-E systems should have evolved a preference for mating
with individuals of the parental species because these are
always the mates to be preferred. In contrast, genetic fixation
of mate preferences in a particular genotype should be impos-
sible in diploid—triploid all-hybrid populations because here
the to-be preferred mating partners alternate each generation:
diploid LR females producing diploid eggs should choose
triploid LLR or LRR males; the resulting triploid daughters
should choose diploid LR males, etc. For females from L-E
and E-E systems, these predictions from theoretical models
(Hellriegel and Reyer 2000; Som et al. 2000; Som and Reyer
2006) have, indeed, been supported both in natural popula-
tions (Blankenhorn 1974; Giinther and Plétner 1990;
Lengagne et al. 2006, 2008; Lengagne and Joly 2010; GAT,
unpublished data) and in experimental settings (Abt and Reyer
1993; Reyer et al. 1999; Roesli and Reyer 2000; Engeler and
Reyer 2001; Rondinelli 2006). For R—E systems, we do not
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know of any detailed study on mate choice and mating be-
havior; therefore, we will not refer to R—E systems for the rest
of this paper.

The two parental species differ in several features, includ-
ing habitat preferences, morphology, physiology, and mating
behavior (for reviews, see Giinther 1990; Plotner 2005). Rel-
evant for the present study are differences in space use during
the reproductive season: P. lessonae males tend to roam
around within large choruses to intercept and clasp females,
while P. ridibundus males show a tendency for site tenure
(Blankenhorn 1974; Tunner 1976; Lengagne et al. 2008) and
even defense of small areas that provide access to females and/
or to resources used by females, such as oviposition sites
(Kuhn and Schneider 1984; Kyriakopoulou-Sklavounou and
Loumbourdis 1990).

Hybrids take an intermediate position between the two
parental species for many characteristics, including morphol-
ogy and male vocalization (e.g., Kierzkowski et al. 2011;
Hoffmann and Reyer 2013), and they occupy a broader spec-
trum of biotic and abiotic habitat conditions than the parental
species (Plenet et al. 2000; Pagano et al. 2001; Holenweg
Peter et al. 2002). In terms of mating behavior, P. esculentus
males seem to share the tendency to be stationary at territories
with P. ridibundus (Weidenberg 1999) but are also active in
intercepting and clasping females like P. lessonae (Lengagne
etal. 2006, 2008). In all-hybrid E-E systems, the intermediate
position of P. esculentus has been investigated on an even
finer scale, namely, with respect to a genome dosage effect.
Given that the ratio of the parental L/R genomes decreases
from 2:1 in triploid LLR hybrids through 1:1 in diploid LR to
1:2 in triploid LRR, we can expect LLR to resemble more
P, lessonae, while LRR should resemble more P. ridibundus.
This has indeed been found for habitat preferences (Jakob
et al. 2010), phenotypic characteristics like body size and
morphology (Ebendal 1979; Ebendal and Uzzell 1982;
Plotner et al. 1994; Kierzkowski et al. 2011; Embrechts and
Reyer 2012), and recently also for male advertisement calls
(Hoffmann and Reyer 2013). However, dosage effects are not
always pronounced and could not be detected in some popu-
lations and for some phenotypic, biochemical, and acoustical
parameters (Plotner and Klinghardt 1992; Tunner 2000; Hoff-
mann and Reyer 2013).

In the present study, we examined whether the reproductive
strategies of P. esculentus in terms of space use (roaming
versus site fidelity) also differ between the three hybrid geno-
types (LLR, LR, LRR) in line with a genomic dosage effect
and, if so, whether such differences translate into different
reproductive success. We expected that triploids should be-
haviorally tend more towards the parental species they share
two genomes with, i.e., LLR males should move around more,
LRR males should be more stationary, and LR individuals
should be intermediate between the two types of triploids.
Specifically, we addressed the following questions:

1. Do the distances males move between observations and
the distribution of their overall home ranges differ be-
tween individuals of different body size, body condition,
and/or genotype?

2. Do nearest-neighbor distances vary between genotypes?

3. Is the frequency of amplexus events affected by compo-
sition of the population and/or by male characteristics like
space use, body size, body condition, and genotype?

To answer these questions, we compared the reproductive
success and spatial behavior of genotypes during the repro-
ductive period. Reproductive success was estimated by am-
plexus frequency and space use by regularly recording the
positions of marked individuals. As an indicator of spatial
tenure, we measured the distance an individual male had
moved between subsequent transect observations and the
distance to the center of its home range. To account for
potential population differences, especially those between L—
E systems with and E-E systems without mate preferences
(see above), we performed our study in three different ponds,
one in Switzerland with an L-E population and two in Ger-
many and Sweden with E-E populations.

Methods
Sampling periods and sites

Field data for this study were collected at three natural ponds
located in Northern Switzerland (Kloten), Eastern Germany
(Dobern), and Southern Sweden (Genarp). These three ponds
were situated more than 500 km apart (Fig. 1). Catching,
marking, and transect sampling took place during the periods
shown in Table 1. In Kloten, where data were originally
collected in the scope of a different study (Abt Tietje 2003),
the field work was performed until the end of August. For the
present study, however, only data from May and June 1992
were used to cover the same seasonal period for all three
ponds.

Capturing, measuring, and marking of frogs

At all three ponds, frogs were captured by hand at night using
flashlights and kept in cool and moist boxes until the next
morning. Then, they were measured (snout—vent length, SVL)
to the nearest millimeter using calipers and weighed to the
nearest 0.5 g with a spring balance. From SVL and body mass
(BM), we later calculated a body condition index (BCI) ac-
cording to the equation BCI = BM/SVL? (Jakob et al. 1996).
After measuring, each frog was marked with an individually
numbered tag that was fitted around the frog’s waist with
dental floss (1992) and rubber thread (2009), respectively.
The bands were fitted loosely enough to allow for normal

@ Springer



504 Behav Ecol Sociobiol (2015) 69:501-517

Fig. 1 Map showing the
localities of the three ponds:
Kloten (Switzerland), Dobern
(Germany) and Genarp (Sweden)
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movement, including oviposition in females. In 1992, we re-  waistbands, whereas the thread used in 2009 was degradable

caught the frogs at the end of the season and removed the  and fell off by itself after the observation period. We marked
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Table 1 Sampling and pond
details for the three studied

Kloten

Dobern

Genarp

populations. In addition to the
above-water vegetation listed
under pond structure, there was in
Genarp a coherent patch of
submerged vegetation (about

10 % of the total pond area) that
reached close to the surface (see
Fig. 2)

Sampling period

Total number of observations
Water temperature

Pond structure

Pond size (m?)

Population size

Density (frogs/m?)

Sex ratio (M/F)

Genotype composition (%)  LL
LR

LLR
LRR

15 May—20 June 1992
37

12-20 °C

Open water 45 %
Water lilies 25 %

24 May-2 June 2009
14

12-25 °C

Open water 25 %
Water lilies 20 %

13-26 June 2009
12

10-20 °C

Open water 80 %
Reeds 12 %

Sedge 30 % Reeds 35 % Sedge 8 %
Two islands 20 %

90 537 3352

~350 ~260 ~560

3.9 0.48 0.15

0.85 1.44 2.01

68.1

319 33.8 94.4
26.5
39.7 5.6

only adult frogs >45 mm that could be reliably sexed by the
presence (males) or absence (females) of vocal sacs and
thumb pads.

For determining genotypes, we took lymph from a small
incision into the foot web (1992), respectively, two toe clips
from the 1st phalanx of the 2nd digit of the front legs (2009).
The clips were stored in 70 % ethanol, and from the wound a
blood smear was produced on a microscopic slide. As taking
toe clips and blood smears for genotype determination was
more invasive than taking lymph, we attempted to minimize
stress as much as possible. Therefore, all frogs sampled in
2009 were anesthetized before handling by bathing them for
10-30 min in a diluted and buffered MS222 solution (Mitchell
2009). After handling, they were kept in a moist and cool
lidded box and given 2-3 h to recover before they were
released back into the pond. Thereafter, they were observed
for a few minutes to make sure they resumed normal activity,
which all of them did (e.g., hopping directly towards the
water, swimming towards floating vegetation, and calling).
We did not observe any physical impairment or deaths as a
consequence of handling in any of the three ponds.

Genotype determination

In 1992, genotypes in the Kloten population were determined
through protein electrophoresis of lymph samples, following
standard procedures (e.g., Uzzell and Berger 1975; Uzzell and
Hotz 1979). In 2009, we performed microsatellite analysis on
DNA extracted from the toe clips, which reliably separated the
three genotypes. Of the 16 markers that we used, four are
specific for the L genome and eight for the R, and four amplify
in both genomes with a dosage effect. This marker combina-
tion allows unambiguous identification of all genotypes,

including distinction between LLR and LRR hybrids. Details
of the markers and the lab techniques have been described
elsewhere (Christiansen 2005, 2009; Christiansen and Reyer
2009; Arioli et al. 2010; Jakob et al. 2010).

Pond features and population density

We surveyed and sketched the ponds true to scale, including
details on the type and extent of the vegetation. In 1992, we
measured the Kloten pond size from this sketch, whereas in
2009 the pond areas for Dobern and Genarp were obtained
from aerial pictures using the measuring feature in program
Quantum GIS (QGIS Development Team 2013). Pond sizes
were rounded to the nearest square meter. To estimate popu-
lation size and density, different methods had to be used for
the 2 years of the study. In 1992, in Kloten we recorded only
marked individuals during our daily observations (see below),
but we caught animals repeatedly through the whole season.
This capture-mark-recapture design allowed calculation of
the population size through the Jolly—Seber method
(Caughley 1980). In contrast, in 2009, frogs in the Débern
and Genarp ponds were, once marked, not captured again,
except if they had lost their tag. Thus, the assumption of the
Jolly—Seber method, that marked and unmarked animals are
equally vulnerable to capture, was not met in these popula-
tions. The capture data from Dobern and Genarp
corresponded more to a depletion capture method since we
captured and marked as many frogs as possible at the begin-
ning of the season during repeated captures. The assumptions
of this method (e.g., relatively small capture area, negligible
amounts of emigration during the sampling period, all frogs
equally vulnerable to capture) were met in both ponds. We
thus used the capture data from Dobern and Genarp to stimate
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population size based on depletion capture counts as
described by Zippin (1958). Densities were calculated
by dividing the estimated population sizes by the re-
spective pond size.

Data collection

Data were collected by slowly walking along the edge of a
pond, recording locations of the frogs, and entering them into
a detailed map of the pond. Positions could be determined
with a precision of 10-20 cm through a combination of
prominent vegetation in the pond, natural features of its bank,
and sticks that we had placed as artificial landmarks along its
edge. In Kloten, we recorded only marked individuals; in
Dobern and Genarp, unmarked frogs were recorded as well,
but genotypes (and sometimes sexes) of the unmarked ones
were not securely distinguishable. In accordance with previ-
ous studies on hybrid P. esculentus, frogs <45 mm in body
length and with no perceptible sexual characteristics were
recorded as “juvenile” (Arioli 2007; Christiansen and Reyer
2009). In all three ponds, marked males in amplexus were
documented whenever observed. If an amplexus pair was
encountered and the male was not marked, we tried to capture
the male to determine its genotype, measure its size and
weight, and mark it individually for later observation.

With the exception of cold and rainy days, when there was
no calling activity, observation rounds were done daily one to
three times (also depending on weather) during daytime over
the periods given in Table 1. To guarantee independence of the
data, we allowed for a minimum of 5 h between successive
observations. Since the mating activity of frogs is strongly
temperature dependent, we measured water temperature con-
tinuously. In Débern and Genarp, we placed three thermocou-
ples each 15 cm below the surface, recorded and stored
temperatures every 30 min on loggers and calculated means
across the three loggers. In Kloten, water temperature was not
measured in 1992, but continuous logger recordings from
1994 to 1996 in the same pond showed that in all 3 years,
water temperatures during peak reproductive activities were
very similar. Moreover, average monthly air temperatures
measured at the nearby Kloten station were almost identical
during the time of breeding activities: in 1992, they ranged
from 8.4 in April to 16.2 °C in June and in 1994-1996 from
8.6 to 16.4 °C for the same months (IDAWEB, MeteoSwiss).
Therefore, we believe that the 19941996 water temperatures
are also representative for those in 1992.

Calculation of spatial data
The observation sheets with the frog locations were digitized
with geographical information system (GIS) software (Quan-

tum GIS in 2009). Coordinates of all recorded frogs were
saved as point vector layers. These were imported into
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spreadsheet format to sort the data by individuals and link
them with genotype, sex, size, weight, and body condition.
From the location data of marked individuals, we derived
three spatial measurements:

1. Distance between observations (DBO): For each individ-
ual that was observed more than three times, we calculat-
ed the Euclidean distance between two subsequent obser-
vations. These distance measurements were then averaged
across the number of total observations per individual to
get a measure for the spatial activity.

2. Distance to center (DTC): For each individual with more
than three observations, the distance of each recorded
location to the center of the activity range (=centroid)
was calculated. Although to some extent correlated with
DBO, this variable provides additional information
whether a frog’s movements were condensed in a certain
area or spread out over a larger area. Hence, it is an
approximation of site fidelity.

3. Distance to nearest neighbor (DNN): To measure proxim-
ity to the nearest neighbor, we averaged the distance of a
given male to its closest male neighbor across all occa-
sions the focal individual was observed (minimum of
three observations).

In the field, we did not observe any physical interactions
between males that were more than 3 m apart, and only 2.8 %
of 1265 nearest-neighbor distances were larger than 3 m.
Therefore, we considered only nearest-neighbor distances of
<3 m relevant for physical male-male interactions. Most of
the nearest-male distances >3 m were measured in Genarp and
Kloten. For Genarp, we assume that the larger DNN values
(max. 19 m) can be attributed to the generally low population
density, while the Kloten outliers may have resulted from the
less stringent sampling regime which did not account for
unmarked individuals. We thus felt confident that omitting
all cases of distances >3 m between males provides a justified
restriction of the data set for further analysis. Since we tested
for the influence of genotype and morphological characteris-
tics on nearest-neighbor distance, we only considered cases
where the genotype and body measurements of both neigh-
bors were known. During an observation round, each individ-
ual neighbor pairing was only recorded once, and thus
pseudoreplication was avoided.

Statistical analysis

All statistical tests were performed using the program Systat
(version 11). To compare the three distance measures DBO,
DTC, and DNN between and within populations, genotypes,
and sexes and to relate them to body size and condition, we
performed generalized linear models (GLM). In the analysis
of DNN, we incorporated body size and condition as (a) the
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averaged values between the two nearest neighbors (AV_SVL
and AV_BCI) and (b) the difference between these two values
(DIFF_SVL and DIFF_BCI). Unless otherwise stated, proba-
bility levels below av=0.05 were considered significant. For
post hoc tests, we used Fisher’s least significant difference test
with subsequent Bonferroni correction. When plotting cen-
troid coordinates of individuals from a pond onto a map, we
calculated kernel density estimates using the built-in function
in Systat and choosing the default probability level of 68 %.
The observed distribution of genotypes among males in am-
plexus was tested against the expected distribution of geno-
types among males in the population using chi-square tests.

Results

Pond features, population composition, and frog
characteristics

All three ponds were exposed to full sun, except during the
very early and late hours of the day when surrounding bushes
and small trees casted some shade. As a result, water temper-
ature ranges were also very similar (Table 1). Temperatures
>15 °C occurred in all three ponds, and thus conditions were
favorable for mating activities (Wahl 1969; Blankenhorn
1974; Heym 1974)—although lower temperatures occasion-
ally existed due to fluctuations between day and night and
periods of warmer versus colder weather. In several other
features, however, the ponds differed, including surface area,
percentage of open water, vegetation below and above the
surface, frog density, composition of the population in terms
of genotypes and sex ratio, and frog size (SVL) and body
condition index (BCI) (for details, see Table 1 and Fig. 2).
Frog density per square meter decreased from Kloten, the
smallest pond, through Dobern to Genarp, the largest pond,
while the overall male/female ratio increased in the same
direction. In terms of demographic composition, the Kloten
population was an L-E system with an LL/LR-ratio of 6.93
among males and 1.06 among females. The Débern and
Genarp populations were both E-E systems but differed in
their genotype composition. In Débern, most hybrids were
triploid and occurred in both forms (LLR, LRR), whereas in
Genarp the majority was diploid, and only LRR triploids were
found (Table 1). Among males, we sampled 60 of the LR
(Kloten 14, Dobern 15, Genarp 31), 17 of the LLR (Kloten 0,
Ddbern 17, Genarp 0), 26 of the LRR (Kloten 0, Débern 25,
Genarp 1), and 97 of the LL genotype (Kloten 97, Débern 0,
Genarp 0). Among females, we sampled 70 LR (Kloten 63,
Dobern 6, Genarp 1), 2 LLR (Kloten 0, Débern 2, Genarp 0),
6 LRR (Kloten 0, Débern 5, Genarp 1), and 67 LL individuals
(Kloten 67, Débern 0, Genarp 0).

According to two GLM analyses—which also included
genotype, sex, and their interaction—frog phenotypes also

differed between populations (Table 2; Fig. 3). Body size
(SVL) averaged across all genotypes within a population
was largest in Dobern (70.02+£6.89 mm (mean = 1 S.D.)),
second largest in Genarp (63.89+£5.93 mm), and smallest in
Kloten (53.07+7.57 mm; p <0.006 for all pairwise post hoc
comparisons, Bonferroni-corrected a=0.0167). Among
males, body size of LL individuals (49.88+2.90 mm) was
smallest of all groups, whereas body size among the three
genotypes of hybrid males showed some overlap (LR 63.20+
6.28 mm, LLR 66.78+3.37 mm, LRR 71.91+5.06 mm), with
a tendency of LRR males to be larger than LLR and LR males
(p-values of pairwise comparisons are shown in Table 3).
Females were, on average, larger than males (LL 50.94+
4.62 mm, LR 61.12+10.46 mm, LLR 81.51+0.69 mm,
LRR 73.03+£15.23 mm; p<0.0001; Table 2). With respect to
genotype, only size differences between LL (males and fe-
males) versus most other genotypes of both sexes were sig-
nificant (Table 3). There was, however, a significant
sex*genotype interaction for SVL. While LL, LR, and LRR
females were only slightly (2-3 %) and, at most, marginally
significantly larger than their conspecific males (all p>0.059),
they were markedly larger in LLR (24 %; p=0.002; Table 3).
In terms of the body condition index (BCI), only pairwise
differences between Kloten (1.02+0.13 units (mean+ 1 S.D.),
and Dobern (0.95+0.11 units), and between Kloten and
Genarp (0.94+0.08 units) were significant (Kloten—Dobern
p=0.017, Kloten—Genarp p<0.0001, Dobern—Genarp p=
0.073; Bonferroni-corrected «=0.0167; Fig. 2b). For BCI,
we did not find an interaction between sex and genotype.
Rather, differences between the sexes were significant across
all genotypes with females showing average BCI values of
0.04 units lower than males (p=0.008; Table 2). According to
pairwise genotype comparisons, BCI differed significantly
between LR and LRR (p=0.013, Bonferroni-corrected o=
0.0125), but not among the rest of genotypes (Fig. 3b).

Spatial distribution and movements in relation to frog traits
and pond features (question 1)

Results from two stepwise GLMs revealed a highly significant
influence of population on both the mean distance between
two subsequent observations of the same frog (DBO) and the
distance to the center of its movement range (DTC) (Table 4).
For both variables, values were larger in Genarp than in the
other two populations, which did not differ (Fig. 4a, b). Sex,
genotype, size, body condition, and the interaction between
sex and genotype, which were also included in the GLM
analyses, did not contribute to either the model for DBO nor
DTC, although for DBO there was a tendency for females to
move slightly more than males (Table 4).

Concerning the location of the centroids, there was no
indication of any sex- or genotype-specific spatial structuring.
In Kloten, all four areas of the 68 % kernel estimates covered
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mainly the right half and the center part of the pond (Fig. 5).
The left side of the pond was less frequented by the frogs,
probably due to a coherent patch of dense sedges in this area
(see Fig. 2). In Débern, we also found great overlap among the
movement centroids of LLR, LR, and LRR, both for males

Fig. 2 Schematic illustration of

the three study ponds, a Kloten, b a)
Débern, and ¢ Genarp, with

distribution of open water and

predominant vegetation types. /

and // in b indicate vegetated

islands in the D&bern pond (for

(Fig. 6a—) and females (Fig. 6d). According to these graphs,
several centroids are located in areas that overlap with the two
islands shown in Fig. 2. This does not mean that frogs actually
moved around on or travelled terrestrially across these islands.
We only observed frogs on land by the very edges of the

further details, see Table 1)

water lilies

reeds

N sedges

--.7.7.7. dense submerged vegetation

RS
40m
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Table 2 GLM of body size (SVL) and body condition index (BCI) a)
versus population, genotype, and sex (significant p-values are in italics) %0
Source SVL BCI 85 1
80 -
df  Feratio p df  F-wratio p 25 |
Population 2 20477 <0.0001 2 11.166  <0.0001 g 70 - 3 3 ¢
Genotype 3 24910 <0.0001 3 4.001 0.008 ; 65 - s
Sex 1 12.546 <0.0001 1 7.035 0.008 2 60 - @
Sex * genotype 3 2917 0.034 3 0.677 0.566 55
Error 335 335
50 { @
45 . .
L LR LLR LR LRR LR LRR
islands; but recordings on opposite sides will inevitably result Kloten Débern Genarp
in centroids lying on the island. The island edges were attrac- b)
tive spots for basking. Especially LRR males frequented them, -
which explains why their centroids are concentrated in the ’
island locations. In Genarp, only LR males could be tracked in
sufficient numbers. This main distribution of their movement 11 -
centroids is located in the center of the pond where the two
banks come closest and a large and dense patch of submerged — _ @ ¢
vegetation reaches close to the water surface. While the banks 2 17 }
and vegetated edges of the pond were used for basking and i 3
occasional calling, this patch of submerged water vegetation 09 4 ¢
was a preferred spot for mating. Amplexus pairs moved there
for spawning, and during times of high calling activity, males
frequented the area in search of unpaired females. 08 ' '
L LR LLR LR LRR LR LRR
164 77 18 23 27 34 2

Spatial distribution in relation to other individuals (question 2)

Since the distribution of centroid localities showed that males
were attracted to and aggregated in certain areas of the pond,
we examined the nearest-neighbor distances between males to
investigate the small-scale patterns of their spatial distribution.
For the reasons explained under “Methods”, we only consid-
ered distances <3 m in the analyses. Within this radius, the
average distance males kept to their nearest male neighbor
was highest in Genarp, followed by Kloten and Dobern
(Fig. 7). Two GLMs showed that genotypes of the neighbor-
ing males did not affect nearest-neighbor distances in the
mixed ploidy E-E system of Débern but tended to do so in
the diploid L-E system of Kloten (Table 5). Here, the average
distance between hybrids (LR—LR) was higher than average
distances between the other two combinations (LL-LL and
LL-LR) (Table 5; Fig. 7). The two analyses further revealed
that in Kloten distances significantly decreased with the aver-
age body size (AV_SVL) and body condition (AV_BCI) of the
neighbors, whereas in Dobern distances decreased with the
difference in body condition between them (DIFF_BCI). In
Genarp, where the genotype effect could not be tested due to
the almost exclusive occurrence of LR—LR neighborhoods,
we tested for potential effects of body size and condition by

Genotypes

Fig. 3 Male body characteristics by genotype for the three ponds. SVL
(snout—vent length) in a represents male body size (in mm). BC/ in b
means body condition index and was calculated from body size and
weight (see “Methods”). Symbols and error bars indicate group
means £ 1 SE. Numbers below the X-axis in b show genotype-
specific sample sizes for both SVL and BCI

means of multiple regression but did not find any effect on
nearest-neighbor distances (Table 5).

Reproductive behavior (question 3)

From a total of 51 amplexus pairs (Kloten 15, D&bern 22,
Genarp 14), we determined the genotypes of the involved
males and compared their relative frequencies with the overall
distribution of male genotypes in the population. In the two
all-hybrid E-E populations of Ddbern and Genarp, the relative
frequencies of amplexed male types did not differ from the
overall distribution of the three genotypes within the popula-
tion (DSbern x*=1.47, p=0.48, df=2; Genarp: x*=0.61, p=
0.74, df=2). In the L-E population from Kloten, however,
there was a tendency for P. /lessonae males to be
disproportionally more successful in clasping females into
amplexus than P esculentus males (x*=3.131, p=0.077,
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Table 3  Matrix of pairwise comparison probabilities for SVL differences after Fisher’s least significant difference test. The p-values which are
significant after Bonferroni correction (=0.00625) or tend to be so are printed in bold and italics, respectively

LL-F LL-M LLR-F LLR-M LR-F LR-M LRR-F LRR-M
LL-F 1.000
LL-M 0.2810 1.000
LLR-F <0.0001 <0.0001 1.000
LLR-M 0.024 0.006 0.002 1.000
LR-F <0.0001 <0.0001 0.018 0.103 1.000
LR-M <0.0001 <0.0001 0.003 0.628 0.059 1.000
LRR-F <0.0001 <0.0001 0.125 0.019 0.265 0.030 1.000
LRR-M <0.0001 <0.0001 0.039 0.008 0.425 0.015 0.561 1.000

df=1). We had measurements of distance variables for 27 of
the 51 amplexed males (Kloten 8 out of 15, Débern 12 out of
22, Genarp 7 out of 14). Logit regressions on this subsample
of' males, separately for Kloten, Débern, and Genarp, revealed
no effect of the considered independent variables DTC, DBO,
SVL, and BCI on amplexus success in males in any of the
populations (Kloten: DTC all p>0.190, DBO all p>0.205;
Débern: DTC all p>0.134, DBO all p>0.507; Genarp: DTC
all p>0.380, DBO all p>0.415).

Discussion

Among the variables that we tested, the effects on movement
and spatial distribution of water frogs decreased from study
population through body size to body condition and genotype.
Study population influenced all three distance measures: be-
tween observations (DBO) to centroid (DTC) and to nearest
neighbor (DNN). Body size and condition affected DNN in
two populations, and genotype had only a marginal effect on
DNN in one population. Below, we first discuss these results
one after the other and then provide some general conclusions.

Table 4 GLM of movement distance parameters (DBO and DTC)
versus population, genotype, and sex (significant p-values are in italics)

Source DBO DTC

df  Fwoatio p df  F-ratio p
Population 2 254.170 <0.0001 2 74.100 <0.0001
Sex 1 3.421 0.065 1 0.718  0.397
Genotype 3 1.927 0.125 3 0356  0.785
SVL 1 0.448 0.504 1 0.062  0.804
BCI 1 0.193 0.660 1 0354  0.552
Sex * genotype 3 0.940 0.422 3 0.193  0.901
Error 278 278

@ Springer

Spatial behavior in relation to population, body size,
condition, and genotype

Study population The three ponds showed considerable dif-
ferences in size and population density: Kloten, the smallest
pond, had the highest frog density and Genarp, the largest
pond, the lowest one; Dobern was intermediate in both pond
size and density. Distance parameters between Kloten and
Débern were almost identical, whereas individuals in Genarp
moved significantly longer distances between subsequent ob-
servations (DBO), covered larger ranges, as indicated by
larger distances to the centroid (DTC), and kept larger
nearest-neighbor distances (DNN) than in the other two
ponds.

One potential explanation for these pond differences is that
increasing density automatically reduces distances, as more
and more frogs have to partition the available space among
them. This, however, cannot be the only reason because
density in Dobern was more similar to Genarp (Table 1), but
distances were very similar to Kloten (Fig. 4). However, what
matters may not be density relative to overall pond size but
relative to the area of preferred locations. In all three ponds,
certain areas were more frequented than others. Males and
females of all genotypes seemed to have the same preferences
because the 68 % kernel areas of their movement centroids
overlapped (cf. Figs. 2, 5, and 6). These preferred arecas
included structures like pond banks and vegetation types
suitable for sun basking, hiding, ovipositing, and encountering
sexual partners. Unfortunately, the size of these attractive
arecas was impossible to measure; but the smaller they are,
the more densely males should aggregate in them. As a
consequence, movements and nearest-neighbor distance will
be reduced, even when density relative to pond size is low.

Another factor responsible for distance differences between
ponds could be the sex ratio. While variation in population
density affects the availability of mating partners for both
sexes, this effect can be amplified for one sex in case of a
skewed operational sex ratio (Kokko and Rankin 2006).
Male—male competition was probably more intense in Genarp,
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Fig.4 a, b Distance measurements by population and genotype. Symbols
and error bars indicate group means + 1 SE. Numbers below the X-axis in
b show genotype-specific sample sizes for both DBO and DTC

the population with the highest male/female ratio (Table 1)
than in the Kloten and Débern populations with the lower sex
ratio skew. For several anuran species, it has been shown that
with increasing competition males tend to shift their mating
strategy from stationary calling to active searching for females
(reviewed by Wells 2007). This may, in part, explain why all
three distance measures (DNN, DBO and DTC) were higher
in Genarp than in Kloten and Dbern.

Body size and condition Significant effects of body size and
condition were observed only for distance to the nearest neigh-
bor (DNN) in Kloten (Table 5). After correcting for genotype,
DNN decreased with average size and condition of the respec-
tive individuals (AV_SVL, AV_BCI). This means that large
males in good condition kept closer to each other, but the
distance increased with the size difference between them
(DIFF_SVL). Larger males—which, on average, are also older
(Blankenhorn 1974; Embrechts and Reyer 2012)—may be
more inclined to compete, thus leading to shorter distances

Y-Centroid (m)

0 T T T
0 5 10 15 20
X-Centroid (m)

Y-Centroid (m)

0 T T T T
0 5 10 15 20
X-Centroid (m)

Y-Centroid (m)

0 5 10 15 20
X-Centroid (m)

Y-Centroid (m)

0 5 10 15 20
X-Centroid (m)

Fig. 5 Distribution of centroids for males (a, b) and females (¢, d) of
P, lessonae (LL) and P. esculentus (LR) in Kloten. Green lines indicate
68 % kernel estimates of the distributions

between them. They also may be more successful in keeping
smaller males at bay, either through direct physical combat as,
for instance, observed in toads (Bufo bufo) by Davies and
Halliday (1979) or as a consequence of small males avoiding
large males on the basis of their size, activity, call characteris-
tics, and other features (Wells 1977). In some species, this can
lead to larger males obtaining higher-quality territories than
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<« Fig. 6 Distribution of centroids for males (a—c, ) and females (d) in
Daébern (a—d) and Genarp (e). Symbols and colors code for different
genotypes: green triangles LLR, blue circles LR, red squares LRR.
Filled symbols indicate males, open symbols indicate females. Matching
colored lines indicate 68 % kernel estimates of the distributions. In the
case of LLR females from Dobern (d), low sample size prevented the
calculation of a kernel estimate. In Genarp (e), only one female data point
was available, and therefore only males are shown

small males as Howard (1978), for instance, has found for
bullfrogs (Rana catesbeiana).

The effect of differences in body condition on DNN was
less clear (absent in Kloten, negative in Dobern; Table 5). This
may be due to smaller variation in BCI (0.13) than in SVL
(0.18).

Genotype Genotype had no significant effect on any of the
measured spatial and movement behaviors in either the L-E
population of Kloten or in the all-hybrid E-E population of
Dabern (Table 3). (Due to a small sample size, we could not
test for differences between genotypes in Genarp.) This con-
trasts with some previous studies that did find genotype-
related behavioral differences, including in movement and site
fidelity during the mating season. Pelophylax lessonae males
tend to roam around in choruses to intercept and clasp fe-
males, whereas P. esculentus seems to be more stationary,
territorial, and aggressive, thus resembling P. ridibundus (for
more details and the relevant literature, see “Introduction”).
Although we did not quantify aggressive behavior in our
study, indirect evidence from the two populations with almost
identical DNN supports this finding. In the all-hybrid pond in
Daobern, we frequently observed intense fighting over females
and aggressive dislocation of amplexing males by other males

with the result that several females incurred skin wounds. In
one case, we found a recently perished female with parts of her
intestines and ripe ovaries emerging from the body. In con-
trast, in Kloten, where 87 % of the males were P. lessonae
(Table 1), we observed only few physical aggressive encoun-
ters between males and no obvious amplexus wounds.

Some studies have found behavioral differences between
genotypes on an even finer scale, namely, in line with a
genome dosage effect, i.e., with the ratio of L/R genomes
decreasing in the order LL<LLR<LR<LRR<RR. This ratio
was, for instance, found to fully explain differences in five
parameters of male advertisement calls (Hoffmann and Reyer
2013), and it can partly explain why habitat preferences of
hybrids are intermediate between those of the two parental
species (Giinther 1990; Plenet et al. 2000; Pagano et al. 2001;
Holenweg Peter et al. 2002; Plétner 2005; Jakob et al. 2010).

Male mating success in relation to spatial behavior

The previously documented existence of phenotype- and
genotype-related behavioral differences and their effects on
male mating success raises the question why they were not
detected in our study. Movement patterns and spatial distribu-
tion did not differ between genotypes, and overall, the prob-
ability of being observed in amplexus was not related to body
size and condition, nor did it differ significantly from what
was expected from the genotype proportions among males in
the population.

One possible explanation is that body size, movement, and
spatial arrangement of males alone might not be good indica-
tors for their mating success. This has been shown in several
studies, e.g., one on Bufo americanus (Gatz 1981) and one on

Doebern Genarp
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Fig. 7 Nearest-neighbor 1.6
distances (means + SE) between
different pairs of genotypes in the 14
three study populations: Kloten, o
Débern, and Genarp 3
o 1.2 - +
o
c
8
2] _
5 1.0 ° Q
S
-g 0.8
2
[}
<
w 0.6 -
o
©
o}
Z 04 -
Kloten
0.2 -
660 229 28
0.0 T T
LL-LL LL-LR  LR-LR

LR-LR LR-LLR LR-LRR LLR-LLR LLR-LRRLRR-LRR LR-LR

Genotype combination

@ Springer



514

Behav Ecol Sociobiol (2015) 69:501-517

Table 5 Results from multiple regression (Genarp) and GLM analyses
(Kloten and D&bern) on relationships between male nearest-neighbor
distances and body size (SVL, average and differences), body condition
(BCI, average and differences), and genotype of neighbors. Due to the

almost complete lack of neighborhoods other than diploid hybrids (LR—
LR) in Genarp, the genotype effect could not be tested for this population
(significant results are in italics)

Source Kloten Débern Genarp

df Coefficient F-ratio p df Coefficient Foratio p df Coefficient t p
Genotypes 2 2.849 0.058 5 1273 0.276 - - - -
AV _SVL 1 -0.029 12.632 <0.001 1 -0.013 1.432 0.233 1 0.017 0.965 0.337
AV _BCI 1 -0.453 6.042 0.014 1 -1.016 2276 0.133 1 0.155 0.102 0919
DIFF_SVL 1 0.015 8.674 0.003 1 0.007 0.624 0.431 1 -0.018 —1.268 0.208
DIFF_BCI 1 0.074 0.292 0.589 1 —-1.121 4.420 0.037 1 0.423 0.427 0.670
Error 910 235 98

P, lessonae from an L—E system in France (Lengagne and Joly
2010). Our failure to find higher success in males that are
larger and/or better located in places that are more attractive
for females may be due to the fact that their advantage can be
attenuated or balanced through alternative mating tactics of
the inferior males. These include, for instance, searching in
more peripheral areas or keeping as “satellites” close to large
attractive males to intercept females on their way to those
males (Wells 1977; Arak 1983; Forester and Thompson
1998).

This illustrates a problem that can arise when spatial data
are used to infer the underlying network of affiliations. Al-
though it is a plausible, and often empirically supported,
assumption that sexual, aggressive, and cooperative interac-
tions are more frequent between close neighbors than between
distant ones (Oh and Badyaev 2010), this may not always be
true when alternative mating tactics exist. Also, at very high
densities and clumped female occurrence, male spatial struc-
ture can temporarily break down to a scramble competition,
even in populations that show resource defense polygyny or
lekking behavior at lower densities (e.g., Grant et al. 1995;
Byrne and Roberts 2004). Moreover, there is the problem of
the right observation length: if the time window is too small,
important connections may not be captured; if it is too large,
meaningless links may emerge (Psorakis et al. 2012). Both
problems existed in our study. Especially in Kloten, the pond
with the highest density, we regularly observed that males left
their usual positions for a while to congregate in dense cho-
ruses in a small area, where females had arrived, and vigor-
ously fought over access to them (GAT, unpublished data).
With no behavioral observations at night, and at least 5 h
between them during daytime, the spatial and movement data
that we collected (i.e., the adjacency matrix) may not have
been good proxies for the interactions (i.e., the incidence
matrix) that led to mating success. Other studies have shown
that it is this attendance of choruses, rather than body size, age,
or other factors, that determines male mating success. (e.g.,
Friedl and Klump 2005).

@ Springer

There are, however, also biological reasons for not finding
an obvious relationship between genotype-related spatial be-
havior and male mating success. These have to do with the
very specific water frog breeding system. As outlined in the
“Introduction”, both theoretical models and empirical studies
have shown that in all-hybrid E-E systems, preference for a
certain genotype cannot—and apparently has not—evolved
(Som and Reyer 2006; Rondinelli 2006). Where, however,
female preferences do not exist and mating is apparently
random, males of all genotypes are equally competent com-
petitors in the sense that they have equal chances to mate. This
has been demonstrated in a natural population by Giinther and
Plotner (1990). Hence, in all-hybrid E-E systems, all male
genotypes are likely to profit from the same mating strategies,
and it is not surprising that in the two populations of this type
(Débern and Genarp) movement patterns (Table 4) and dis-
tances to the nearest neighbors did not differ between geno-
types (Table 5; Fig. 7).

In the L—E system, on the other hand, where hybrid females
should and do prefer males of the parental species, males of
both genotypes should seek the vicinity of the respective other
genotype: P. esculentus should seek P. lessonae neighbors to
benefit from their experimentally demonstrated higher attrac-
tiveness to females, and P. lessonae should stay close to
P esculentus males because their lower attractiveness to fe-
males makes them less serious competitors. Therefore, we
would expect nearest-neighbor distances between genotypes
(LL-LR) to be shorter than those within genotypes (LL-LL,
LR-LR). There is, indeed, a tendency for this to be true when
LL-LR distances are compared to LR-LR distances; the
expected higher LL-LL distance, however, was not found
(Table 5; Fig. 7). A mechanistic reason could be that with
almost seven times as many LL as LR (Table 1), the LL were
so densely packed that spacing out was not possible. A bio-
logical reason might be that searching for and maintaining the
preferred spatial context is often costly in terms of time and
energy expenditure. If these costs are equal to all individuals,
relatively unattractive males, which benefit the most in terms
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of mating success (here LR), should be more inclined to
invest into creating favorable social environments com-
pared to more attractive males (here LL) (Oh and
Badyaev 2010).

General conclusions

The general message from our results is as follows: Although
there is a close and often demonstrated link between mating
systems and the spatial distribution of resources, mating part-
ners, and competitors, as proposed by the ecological frame-
work model (Orians 1969; Emlen and Oring 1977), not all
differences between mating systems come along with differ-
ences in spatial distribution and movement patterns. In our
water frogs, movement patterns and spatial distribution were
similar for all genotypes in both the E-E and the L—E systems.
Differences in space use are only to be expected when there is
a conflict between the involved parties as, for instance, be-
tween territory holders and individuals pursuing alternative
mating strategies. In birds, for instance, unpaired males may
try to enter the territories of paired males for obtaining extra-
pair copulations, whereas the territory holders will try to keep
them out or guard their females when they leave for common
feeding grounds (Reyer et al. 1997; Westneat and Mays 2005;
Cockburn et al. 2009; Mayer and Pasinelli 2013). In the
studied water frogs, however, there is no conflict in either
population system. In the E-E system, no preferred neighbor
type exists because both theoretical models and empirical data
allude to random mating as the best strategy (Som and Reyer
2006; Rondinelli 2006). In the L-E system, with predicted and
demonstrated female choice (Abt and Reyer 1993; Roesli and
Reyer 2000; Engeler and Reyer 2001; Som et al. 2000), both
hybrid and parental males should prefer a neighbor of the
respective other genotype, i.e., LL should seek the vicinity
of the, for females, less attractive LR, and LR should seek the
vicinity of the more attractive LL. Such congruence about the
preferred neighbor is not restricted to this, admittedly, unusual
frog system. It has, for instance, also been found between
territory holders and their satellites (e.g., Taborsky 1994;
Ortega and Arita 2002).

Although our results are in line with those expected for the
E-E and L-E breeding systems, it should be kept in mind that
in natural populations, experimentally demonstrated prefer-
ences can be mitigated by several factors. These include,
among other things, lack of preferred males and intense
male—male competition (Bergen et al. 1997), female encoun-
ters with less attractive males while approaching a male they
actually prefer (Gerhardt et al. 1994), density- and age-related
differences in male sexual activity (Blankenhorn 1974;
Woolbright et al. 1990), and high levels of background noise
in dense choruses (Gerhardt and Klump 1988; Johnstone and
Earn 1999), which reduces female abilities to discriminate

between competing males (Richardson and Lengagne 2010).
As a result, mating systems and reproductive behavior vary
considerably with environmental conditions, density, demog-
raphy, and their changes in space and time (Kokko and Rankin
2006; Wells 2007). Hence, our above interpretation of the
possible links between the distribution, movements, and mat-
ing success of different genotypes in natural populations
should be taken with a grain of salt and lead to further
hypotheses that can be tested experimentally. One experiment
that investigates the effects of different genotype and sex
ratios on movement and spatial distribution is presently
underway.
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