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Swimming with a sword: tail beat kinematics in relation
to sword length in Xiphophorus
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Summary
1. Exaggerated morphological structures that evolve under sexual selection have the potential
to alter functional relationships and hence aﬀect aspects of movement. These eﬀects may be
more pronounced when the exaggerated morphological trait is coupled to the propulsive
system.
2. Many studies have examined the eﬀects of sexually selected traits on whole-organism performance, but few have documented their eﬀects on the kinematics of locomotion.
3. Using four swordtail (Xiphophorus) species that vary naturally in their expression of the sexually selected sword, and an experimental manipulation for the species in our sample with the
longest sword (X. alvarezi), we examined how variation in sword length aﬀects the kinematics
of swimming.
4. Among the four species, we found few diﬀerences in tail beat kinematics, despite the large
variation in sword length among species. In particular, the two species with long swords did
not diﬀer from the species lacking a sword, suggesting no locomotor ‘cost’ of having long
swords.
5. Using experimental manipulation, sword removal signiﬁcantly increased tail beat amplitude,
but not frequency, suggesting a potential increase in thrust production.
6. Our comparative results suggest that swimming kinematics do not vary much with sword
length, despite the variation in this sexually selected trait among the four species. This result
suggests that other physiological mechanisms may be compensating for sword length, or as has
been suggested recently, the sword may not impose a signiﬁcant swimming cost.
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Introduction
A unique aspect of sexual selection is the evolution of
exaggerated morphological structures that may interfere
with the functional relationships of the organism. Sexual
selection is the selection for increased reproductive success
and often results in the evolution of behaviours and morphologies that give the bearer (typically males) a reproductive advantage (Andersson & Simmons 2006). Many
sexually selected traits are exaggerations of morphological
structures that are beneﬁcial in male–male combat or are
preferred by females (Emlen 2001). However, the exaggeration of these structures may interfere with the functional
abilities of the bearer, altering the biomechanics or kinematics of movement. The alteration of functional relationships may result in a ‘cost’ of the sexually selected trait
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with respect to whole-organism performance (Kotiaho
2001; Ouﬁero & Garland 2007). Conversely, the kinematics
during a movement may be altered in response to the sexually selected trait to compensate for its potential negative
eﬀect (Balmford, Jones & Thomas 1994; Husak & Swallow
2011). Adverse eﬀects of exaggerated structures may be
more prominent for sexually selected traits that are directly
coupled to the propulsive system of the organism. Many
studies have examined the eﬀect of sexually selected traits
on whole-organism performance (Ouﬁero & Garland
2007); yet, despite the potential for exaggerated structures
to aﬀect functional relationships, few have examined the
kinematics of a movement, such as locomotion, in relation
to sexually selected traits (Husak et al. 2011; McCullough
& Tobalske 2013).
The purpose of the present study was to determine the
eﬀect of a sexually selected exaggerated morphological
trait on the kinematics of locomotion using Xiphophorus, a
group of live bearing, freshwater ﬁsh found in streams and
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series of comparative and experimental tests, we examined
the eﬀect of variation in sword length on the kinematics of
steady swimming in Xiphophorus. Our results demonstrate
that despite the variation in the sexually selected trait,
there is little variation in the kinematics among species and
that experimental reduction in sword length allows greater
displacement of the tail, but does not aﬀect the frequency
of tail beats.

Materials and methods
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To determine the eﬀect of variation in sword length on the kinematics of swimming, we measured four tail beat kinematic traits
including, and based on, tail beat amplitude and timing of a tail
beat among four species that vary naturally in their expression of
the sword (Fig. 1); as well as within a single species (X. alvarezi)
using experimental manipulation of sword length. We used 10–19
males from each of the species (Fig. 1, Table 1): a platyﬁsh without a sword (X. meyeri), a swordtail with a medium-length sword
(X. clemenciae) and two species from separate clades with relatively long swords (from the northern clade, X. nigrensis; from the
southern clade X. alvarezi) (see phylogenetic information in Ouﬁero et al. In revision). We also experimentally manipulated sword
length in X. alvarezi, similar to earlier studies in other species of
swordtails (Basolo & Alcaraz 2003; Kruesi & Alcaraz 2007; Baumgartner et al. 2011) to test the eﬀects of sword removal on swimming kinematics. We examined 19 males with full swords, then
surgically removed the sword from nine of those males and
performed a sham procedure where only 1 mm of sword length was
removed from the other 10, similar to previous studies (Basolo &
Alcaraz 2003; Kruesi & Alcaraz 2007). Fish were anaesthetized in
a non-lethal dose of MS-222 (Tricaine Methanesulfonate), had
their sword (or portion of their sword) removed and returned to
their housing tank. Polyaqua was added to housing tanks to aid
in the healing process, and males were allowed to heal for 1 week
after surgical procedures and before swimming trials.

0

ponds throughout Mexico and in Central America. Males
among several species of Xiphophorus possess an elongation along the lower margin of the caudal ﬁn, termed the
sword. This structure has been shown to be the result of a
pre-existing female bias for larger males and males with
longer swords (Basolo 1990, 1996). However, in some species, the preference for longer swords is reduced (Rosenthal, Wagner & Ryan 2002; Wong & Rosenthal 2006;
Kang et al. 2013). Therefore, expression of the sword
varies dramatically among the 26 recognized species of
Xiphophorus. Unlike some other sexually selected exaggerated morphological traits (e.g. eye stalks of stalk-eyed ﬂies,
horns of beetles and enlarged claw of male ﬁddler crabs),
the sword is directly coupled to one of the main propulsive
systems, the caudal peduncle and caudal ﬁn. Because of
this direct relationship, the potential eﬀect of the sword on
drag during locomotion and whole-organism performance
abilities has been studied extensively, with mixed results
(Ryan 1988; Basolo & Alcaraz 2003; Royle, Metcalfe &
Lindstrom 2006; Kruesi & Alcaraz 2007; Ouﬁero 2010;
Baumgartner et al. 2011; Ouﬁero et al. 2012b).
Part of the discrepancy in the results for the eﬀect of the
sword on locomotor abilities may be attributable to a lack
of understanding of the functional relationships between
variation in sword length and the kinematics during swimming. For example, during steady swimming, Xiphophorus
undulate the caudal part of their body and their caudal ﬁn
(body-caudal ﬁn locomotion). However, there could be
variation in the speed of the undulation (tail beat frequency) or the amount the tail is moved (tail beat amplitude). Longer swords may increase drag and hinder a
male’s ability to move the caudal region, resulting in a
decrease in the amplitude or frequency of tail movement,
which might cause a reduction in (impose a cost on)
whole-organism performance. Conversely, males with
longer swords may alter their kinematics via neuromuscular mechanisms to compensate for the potential drag and
increased mass associated with the exaggerated structure.
They may therefore compensate for the potential drag by
increasing thrust production through an increase in tail
beat amplitude and/or frequency compared with males
that have shorter swords. An increase in the amplitude
and/or frequency associated with long swords should
increase the thrust produced (Bainbridge 1958; Webb
1982). However, the increased muscular power required to
compensate and maintain tail beat frequency or amplitude
would require greater energy expenditure, that is, be costly
(Steinhausen, Steﬀensen & Andersen 2005). These relationships have been examined in gravid female ﬁsh; Plaut
(2002) found no eﬀect of pregnancy on tail beat kinematics, and suggested a decrease in swimming performance
was due to constraints on aerobic performance. However,
during pregnancy, females only change in body shape. The
kinematics of swimming has not been examined in ﬁsh
with varying shape caudal ﬁns. It is therefore unknown
how variation in ﬁns, which may be due to sexual selection, aﬀects the functional abilities of the bearer. Using a

X. alvarezi

X. meyeri
X. clemenciae

X. nigrensis

Fig. 1. Mean sword length  standard errors (mm) for the sample
of species used in the study. Representative photos for each species below the species name, images not to scale, grid represents
1 cm.
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Table 1. Means and standard errors for standard length (mm) and sword length (mm). Speeds at which each species was swum are also
presented. One hundred percentage critical swimming speed (Ucrit) values were obtained previously (see: Ouﬁero 2010) and were used to
compute 25%, 50% and 75% Ucrit values, allowing the species to be tested at various speeds corresponding to each species’ swimming
ability

Species

N

Standard length
(mm)

X.
X.
X.
X.

19
10
10
10

3655
3141
2359
3721

alvarezi
clemenciae
meyeri
nigrensis






090
075
037
039

Sword length
(mm)

25% Ucrit
(cm s 1)

50% Ucrit
(cm s 1)

75% Ucrit
(cm s 1)

100% Ucrit
(cm s 1)*

2215  094
645  137
–
2252  145

695
378
362
630

1390
755
723
1260

2082
1133
1085
1890

2779
1510
1446
2519






342
081
171
139

*Ucrit values are from Ouﬁero (2010).

(a)

(b)

Fig. 2. Points digitized for ﬁve consecutive tail beats per ﬁsh. Points in white represent current frame, points in red represent position of
the dorsal and posterior edge of the caudal ﬁn in previous frames. (a) Tail beat amplitude was the average of a1–5, representing maximum
lateral extension of the caudal ﬁn on the right side of the ﬁsh, and b1–5, representing the maximum lateral extension of the caudal ﬁn on
the left side of the ﬁsh. (b) Tail beat time was the time to complete one full cycle from points a–d, red arrow + white arrow, averaged over
the ﬁve tail beats.
Each male from each species and experimental treatment was
swum at 25%, 50%, 75% and 100% critical swimming speed
(Table 1), which is an estimate of capacity of endurance swimming,
and was based on previously obtained values for these species (Ouﬁero 2010). Prior to measurements, ﬁsh were starved for 24 h. Individual ﬁsh were then acclimated to a ﬂow tunnel for 15 min at a
low ﬂow velocity (3 cm s 1) to orient them to the swim chamber
and ﬂow. For details on ﬂow tunnel and acclimation procedures,
see Ouﬁero & Garland (2009) and Ouﬁero et al. (2011). Individual
ﬁsh were then swum at each speed for several minutes. Using a
Sony Handycam HDR-CX110 camera (Sony Corp., New York,
NY), ﬁsh were recorded dorsally at 120 frames per second. Several
seconds of recording were obtained for each ﬁsh at each speed
when its swimming was stabilized, in view and in focus.
To obtain tail beat kinematics, videos were later digitized using
ImageJ (U. S. National Institutes of Health, Bethesda, Maryland,
USA, http://imagej.nih.gov/ij/). The head, base of the caudal ﬁn
and posterior dorsal tip of the caudal ﬁn were digitized for ﬁve
consecutive full tail beats taken from portions of the swim trails
with minimal movement of the ﬁsh. The three points were digitized when the tail was in the centre, and extended maximally
laterally, on either side for each of the ﬁve full tail beats (Fig. 2).
X, Y coordinates for each video and trial were further processed
using custom Matlab (Mathworks Inc., Natick, MA, USA) script
to obtain the average tail beat amplitude and timing averaged over
the ﬁve consecutive tail beats. Tail beat amplitude (cm) was the
diﬀerence in position of the tip of the dorsal edge of the tail
between the centre position and the most lateral position on each
side and is represented in cm (Fig. 2a). Position of the head was
used to correct for any movement of the ﬁsh, and left- and rightside tail beat amplitudes were averaged. Tail beat time (ms) was
the time it took for one complete tail beat cycle, from maximal
lateral position on the right side of the ﬁsh, through the centre
position, to the maximum lateral position on the left side of the
ﬁsh, and back to the original starting position on the maximum
lateral right side (Fig. 2b). From these two traits, we then calculated tail beat frequency by dividing 1 by tail beat time (converted

to seconds), giving us an estimate of the number of tail beats per
second. We also examined a composite trait we refer to as total tail
displacement, which was calculated as the tail beat amplitude (cm)
multiplied by the tail beat frequency (beats/second). This is an estimate of how much and how fast the tail is moving per second.
These data were then used in repeated-measures statistical models to assess the eﬀect of species, sword length and body size. Speciﬁcally, we used the lme function in the nlme package in R. In
the comparative experiment, we used species and ﬂow speed as
ﬁxed factors, standard length as a covariate, and individual as a
random subject factor. We also included the interaction between
ﬂow speed and species, as well as the interaction between ﬂow
speed and standard length. In analyses of tail beat time and
frequency, we also used the residual tail beat amplitude as a
covariate to account for the eﬀect the displacement of the tail on
how long it takes to move the tail (residual tail beat amplitude
was obtained from the repeated-measures model of tail beat
amplitude). In the experimental manipulation, we used ﬂow speed
and treatment (full sword, sham and no sword) as ﬁxed eﬀects,
standard length as a covariate and individual as a random subject
factor. Residual tail beat amplitude was also used as a covariate
in the model for tail beat time and frequency. In the comparative
experiment, we used the Akaike Information Criterion for small
sample sizes (AICc) to compare models with interactions among
predictors for all four kinematic traits. In the comparative experiment, we also compared models with sword length versus models
with species as a factor that subsumed variation in sword length.
In all but one trait (tail beat frequency), models with species
included as a ﬁxed eﬀect provided better ﬁts to the data (as indicated by lower AICc, see Table 2). For those traits, we used species as our indicator of natural variation in sword length,
recognizing that it encompasses any other species diﬀerences that
may exist (e.g. see Garland & Adolph 1994). We present results
from best-ﬁtting models only and provide summaries of the lesssupported models in Supplementary Material. All analyses were
performed in R (v2.15; R Foundation for Statistical Computing,
Vienna, Austria, http://www.R-project.org).
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Table 2. Comparison of models with diﬀerent interactions included, as well as species versus sword length, for the repeated-measures
models of the four species of swordtail for tail beat amplitude, timing, frequency and total tail displacement. Models are listed from best
model (lowest AICc) to worst (highest AICc). Tail beat residuals used in tail beat time and frequency models were obtained from the bestﬁtting tail beat amplitude model, which included no interactions among predictors
Model
Tail beat amplitude (cm)
Speed + Species + SL
Speed 9 SL + Species
Speed + Species 9 SL
Speed 9 Species + SL 9 Speed
Speed + SW 9 SL
Speed 9 Species + SL
Speed + SW + SL
Speed 9 SL + SW
Speed 9 SW + SL 9 Speed
Speed 9 SW + SL
Tail beat time (ms)
Speed 9 Species + SL 9 Speed + TBAr
Speed 9 Species + SL + TBAr
Speed 9 SL + Species + TBAr
Speed 9 SL + SW + TBAr
Speed 9 SW + SL + TBAr
Speed 9 SW + SL 9 Speed + TBAr
Speed + Species + SL + TBAr
Speed + SW 9 SL + TBAr
Speed + SW + SL + TBAr
Speed + Species 9 SL + TBAr
Tail beat frequency (beats/second)
Speed 9 SW + SL + TBAr
Speed 9 SW + SL 9 Speed + TBAr
Speed 9 SL + Species + TBAr
Speed 9 SL + SW + TBAr
Speed 9 Species + SL + TBAr
Speed 9 Species + SL 9 Speed + TBAr
Speed + Species + SL + TBAr
Speed + SW + SL + TBAr
Speed + Species 9 SL + TBAr
Speed + SW 9 SL + TBAr
Total tail displacement (cm 9 beats/second)
Speed + Species + SL
Speed 9 SL + Species
Speed 9 Species + SL
Speed + Species 9 SL
Speed 9 Species + SL 9 Speed
Speed + SW 9 SL
Speed + SW + SL
Speed 9 SW + SL 9 Speed
Speed 9 SL + SW
Speed 9 SW + SL

2 9 log likelihood

Parameters

N*

M AICc

AICc weight

35815
36203
35981
38247
34863
37267
34451
34844
35467
34587

11
14
14
23
10
20
9
12
15
12

142
142
142
142
142
142
142
142
142
142

33412
33073
32850
32711
32696
32573
32514
32202
32086
31945

000
340
562
701
717
839
898
1211
1326
1467

07511
01374
00451
00226
00208
00113
00084
00018
00010
00005

120579
121864
123680
124558
124667
124027
127101
127505
127909
126999

24
21
15
13
13
16
12
11
10
15

142
142
142
142
142
142
142
142
142
142

126404
126834
127061
127442
127552
127663
129742
129908
130077
130380

000
429
657
1038
1147
1258
3338
3504
3672
3976

08584
01003
00322
00048
00028
00016
00000
00000
00000
00000

53283
52855
53153
53669
51636
50932
56795
57308
57107
56757

13
16
15
13
21
24
12
10
11
15

142
142
142
142
142
142
142
142
142
142

56168
56490
56534
56553
56606
56758
59437
59476
59510
60138

000
322
366
386
438
590
3270
3309
3342
3971

05991
01195
00959
00871
00671
00313
00000
00000
00000
00000

25367
25001
23658
25244
22842
26522
26798
25610
26464
26562

11
14
20
14
23
10
9
15
12
12

142
142
142
142
142
142
142
142
142
142

27770
28132
28352
28375
28377
28690
28734
28991
29106
29204

000
362
581
605
607
920
964
1220
1335
1434

07476
01225
00408
00364
00360
00075
00060
00017
00009
00006

AICc

SL, standard length; SW, sword length; TBAr, tail beat amplitude residuals.
*Sample sizes obtained by the number of individuals 9 the number of trials (39 9 4 = 156 – missing values for some individuals that had
a negative tail beat amplitude due to the body of the ﬁsh moving more than the tail), see Ouﬁero et al. 2012b for more information on
sample sizes in repeated-measures models.

Results
The best model for tail beat amplitude for the four species
combined did not include any interactions (Table 2).
Among the four species, there was a signiﬁcant eﬀect of
ﬂow speed (F3,100 = 4486, P < 00001), with an increase in
tail beat amplitude with increasing speed for all species
(Fig. 3a, Table 1). There was also a signiﬁcant eﬀect of
species (F3,34 = 872, P = 00002) on tail beat amplitude,

but no eﬀect of standard length (F1,34 = 067, P = 042).
Tukey’s post hoc comparisons revealed that the eﬀect of
species was caused by X. clemenciae having a lower tail
beat amplitude than all other species (Fig. 3a, Table 3).
The best-ﬁtting model for tail beat time included an
interaction between ﬂow speed and species (F9,87 = 343,
P = 0012), as well as between standard length and ﬂow
speed (F3,87 = 397, P = 00105, Table 2, Table S2, Supporting informatoin). In this model, there were signiﬁcant
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25%

Flow speed (% Critical swimming speed)

75%

100%

0·5
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10
6

8

1·0

1·5

2·0

2·5

Tail beat frequency (beats/s)

14

3·0

(d)

0·0

Total tail displacement (cm x beats/s)

(c)

50%

Flow speed (% Critical swimming speed)

25%

50%

75%

100%

25%

Flow speed (% Critical swimming speed)

50%

Table 3. Post hoc comparison of tail beat amplitude and total tail
displacement among the four species. Xiphophorus clemenciae
diﬀered signiﬁcantly from all other species, having a lower tail
beat amplitude and total tail displacement. Statistically signiﬁcant
(P < 0.05) comparisons are in bold
Comparison

Estimate

SE

Post hoc tail beat amplitude species comparisons
X. clemenciae–X. alvarezi
0077
0026
X. meyeri–X. alvarezi
0015
0044
X. nigrensis–X. alvarezi
0004
0021
X. meyeri–X. clemenciae
0092
0031
X. nigrensis–X. clemenciae
0081
0027
X. nigrensis–X. meyeri
0011
0046
Post hoc total tail displacement species comparisons
X. clemenciae–X. alvarezi
0677
0217
X. meyeri–X. alvarezi
00114 0375
X. nigrensis–X. alvarezi
0080
0175
X. meyeri–X. clemenciae
0688
0263
X. nigrensis–X. clemenciae
0757
0228
X. nigrensis–X. meyeri
0068
0390

75%

100%

Flow speed (% Critical swimming speed)

Z-value

P-value

2997
0334
0208
2950
3016
0227

0012
0985
0996
0014
0012
0995

3119
0030
0457
2618
3322
0175

0008
0999
0962
0037
0004
0998

eﬀects of speed (F3,87 = 278, P = 0045), standard length
(F1,34 = 1921, P = 00001), residual tail beat amplitude
(F1,87 = 1001, P = 00021) and species (F3,87 = 1034,
P = 00001) on tail beat frequency (Fig. 3b).
To further disentangle the eﬀects of speed and determine
how the species diﬀered in tail beat time, we used an ANCOVA
within each speed and Tukey’s post hoc comparisons. At a
ﬂow speed of 25% critical swimming speed, X. clemenciae
tail beat frequency diﬀered signiﬁcantly from X. alvarezi

Fig. 3. Mean tail beat amplitude (a), tail
beat time (b), total tail displacement (c)
and tail beat frequency (d) among the four
species across ﬂow speeds. Points represent
means for each species at each ﬂow
speed  standard error.

(t = 3325, P = 0013) and X. meyeri (t = 4009, P = 0003).
There was a signiﬁcant eﬀect of species (F3,24 = 1859,
P < 00001), standard length (F1,24 = 1307, P = 00014)
and residual tail beat amplitude (F1,24 = 1193, P = 00021)
at this speed. At 50% critical swimming speed, there was no
statistical diﬀerence among species, but there was a signiﬁcant eﬀect of residual tail beat amplitude (F1,31 = 565,
P = 0024). At 75% critical swimming speed, there was
again no signiﬁcant diﬀerence among species and a signiﬁcant size eﬀect (F1,31 = 984, P = 0004). Finally, at 100%
critical swimming speed, there was again no signiﬁcant difference among species and no other signiﬁcant eﬀects on
tail beat time. Therefore, the main diﬀerence in tail beat frequency is at lower speeds (Fig. 3b), whereas at higher
speeds, the species all swim with similar tail beat times.
The best-ﬁtting model for tail beat frequency contained
sword length instead of species, as well as an interaction
between sword length and speed (Table 2, Table S3,
Supporting information). In this model, there was signiﬁcant eﬀect of speed (F3,96 = 2256, P < 00001, Fig. 3d),
sword length (F1,96 = 2466, P < 00001), tail beat residuals
(F1,96 = 679, P = 00106) and the speed 9 sword length
interaction (F3,24 = 1512, P < 00001). Sword length had a
negative eﬀect on tail beat frequency (coeﬃcient = 0219);
therefore, individuals with longer swords had fewer tail
beats per second. When we examined the eﬀect of sword
length at each speed, sword length was no longer signiﬁcant
(all P > 005).
The best-ﬁtting model for total tail displacement was the
same as for tail beat amplitude, with species instead of

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 28, 924–932

(b)

25%

50%

75%

160
25%

50%

75%

100%

Flow speed (% Critical swimming speed)

(d)

10
9
8
7
5

0·5

1·0

1·5

2·0

2·5

Tail beat frequency (beats/s)

3·0

11

(c)
Total tail displacement (cm x beats/s)

140

100%

Flow speed (% Critical swimming speed)

Fig. 4. Mean tail beat amplitude (a), tail
beat time (b), total tail displacement (c)
and tail beat frequency (d) among experimental treatment of sword length within
X. alvarezi males across ﬂow speeds. Points
represent means for each experimental
group at each ﬂow speed  standard error.
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sword length and no interaction among predictors
(Table 2, Table S4, Supporting information). There was a
signiﬁcant eﬀect of ﬂow speed (F3,100 = 5417, P < 00001),
with greater total tail displacement at higher speeds
(Fig. 3c). The eﬀect of species was also signiﬁcant
(F3,34 = 857, P = 00002), but similar to tail beat amplitude, post hoc analysis revealed that this was due to
X. clemenciae exhibiting lesser total tail displacement than
all other species (all P-values < 005, Table 3).
EXPERIMENTAL MANIPULATIONS

Using X. alvarezi, we examined the eﬀect of experimentally
reducing sword length on tail beat kinematics (Fig. 4).
There was no signiﬁcant interaction between ﬂow
speed and experimental treatment for tail beat amplitude;
therefore, we examined a model without any interactions.
Flow speed (F3,110 = 8963, P < 00001), experimental
treatment (F2,110 = 1149, P < 00001) and standard length
(F1,110 = 812, P = 0005) all had signiﬁcant eﬀects on tail
beat amplitude. Tukey’s post hoc comparisons revealed a
signiﬁcant diﬀerence between full swords and removed
swords (P < 00001) and between the sham group and
removed sword group (P = 00001), but no diﬀerence
between the sham and intact-sword groups (P = 06898).
There was no signiﬁcant interaction between speed and
treatment for tail beat time, so it was not included in
ﬁnal analyses. Tail beat time (Fig. 4b) was aﬀected by
standard length (F1,109 = 7308, P < 00001), ﬂow speed
(F3,109 = 4658, P < 00001), experimental treatment

25%

50%

75%

100%

Flow speed (% Critical swimming speed)

(F2,109 = 474, P = 0011) and residual tail beat amplitude
(F1,109 = 1514, P = 00002) (Fig. 4b). Post hoc analysis
revealed that the signiﬁcant eﬀect was attributable to a signiﬁcant diﬀerence between the sham and sword-removed
group (P = 0007), with no signiﬁcant diﬀerence between
the full-sword and removed-sword group (P = 0386) or
between the sham and full-sword group (P = 00543).
There was no interaction for tail beat frequency, so it
was not included in the ﬁnal model. Similar to tail beat
time, there was a signiﬁcant eﬀect of standard length
(F1,109 = 4104, P < 00001), ﬂow speed (F3,109 = 3139,
P < 00001), residual tail beat amplitude (F1,109 = 1008,
P = 00019) and experimental treatment on tail beat
frequency (F2,109 = 495, P = 00088). Tukey’s post hoc
analysis revealed a signiﬁcant diﬀerence between the sham
and sword-removed group (P = 0006), but no diﬀerence
between the full-sword and removed-sword (P = 0325) or
full-sword and sham (P = 0056, Fig. 4d).
Like the three other kinematic traits, there was no significant interaction between ﬂow speed and treatment for
total tail displacement, so it was not included in ﬁnal
analyses. There was no eﬀect of standard length on total
tail displacement (F1,110 = 193, P = 01679), but there was
a signiﬁcant eﬀect of ﬂow speed (F3,110 = 12328,
P < 00001) and experimental manipulation (F2,110 = 586,
P = 00038). Tukey’s post hoc analysis revealed a signiﬁcant diﬀerence between the full-sword and sword-removed
group (P = 0002) as well as the sham and sword-removed
group (P = 0048), but no diﬀerence between the fullsword and sham (P = 0937).

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 28, 924–932

930 C. E. Ouﬁero et al.

Discussion
Our results demonstrate that the exaggeration of a morphological structure, which is used for propulsion, through
sexual selection does not necessarily aﬀect the kinematics
of locomotion across species that vary naturally in their
expression of the sexually selected trait. In particular, we
found that species with longer swords had similar tail beat
amplitude and total tail displacement at all speeds, compared to the species with no sword (X. meyeri). Furthermore, the only statistically signiﬁcant diﬀerence in time per
tail beat and tail beat frequency was at lower speeds. This
suggests that species with longer swords are not incurring
a cost to swimming and are also not compensating for the
structure through an alteration of kinematics (Fig. 3). The
sexually selected sword was one of the ﬁrst examples of
sexual selection proposed by Darwin (1871), and has been
studied extensively, including the eﬀects of sword length
on whole-organism swimming performance (Royle, Metcalfe & Lindstrom 2006; Baumgartner et al. 2011; Ouﬁero
et al. 2012b). However, the results regarding swimming
performances have been mixed. Experimental manipulations of sword length have shown an increase in steadyswimming ability (Kruesi & Alcaraz 2007) and a decrease
in routine oxygen consumption (Basolo & Alcaraz 2003),
whereas studies of natural variation have found no diﬀerences in swimming endurance among males within a species with varying length swords (Ryan 1988; Ouﬁero et al.
2012b). Our results provide a possible mechanistic explanation for these discrepancies. Among species with naturally varying sword lengths, species with longer swords did
not exhibit diﬀerences in kinematics (i.e. decreased tail
beat amplitude or frequency to suggest a cost or increased
tail beat amplitude or frequency to suggest compensation).
However, when the sword was experimentally removed, we
found an increase in the tail beat amplitude and total tail
displacement and no signiﬁcant eﬀect on tail beat time or
frequency.
An increase in tail beat amplitude and frequency should
increase the amount of thrust produced (Bainbridge 1958;
Webb 1982; Plaut 2002), and therefore, the ability for
steady swimming. Similar to previous studies, we found an
increase in tail beat amplitude as speed increased, but
an inconsistent pattern for tail beat time and frequency. An
increase in tail beat frequency has been shown to increase
oxygen consumption (Steinhausen, Steﬀensen & Andersen
2005). At low speeds, the two species with the longest
swords tended to have increased time per tail beat and thus
decreased tail beat frequencies (Fig. 3b). Although post hoc
analyses revealed a signiﬁcant diﬀerence only between
X. alvarezi and X. clemenciae for tail beat time, these
results suggest less consumption of oxygen at more routine
swimming speeds, which is inconsistent to some previous
results (Basolo & Alcaraz 2003). Furthermore, the only
diﬀerence in tail beat amplitude and total tail displacement
we observed was in X. clemenciae, the species with a medium sword length (Figs. 1, 3), and which is of hybrid origin

(Meyer, Salzburger & Schartl 2006). More studies are warranted to tease apart these relationships. Nevertheless, if
species are naturally varying in their thrust production due
to changes in tail beat amplitude and frequency, irrespective
of sword length then they will vary in their swimming abilities. These diﬀerence could be caused by any number of
factors that contribute to swimming performance, including
variation in such suborganismal traits as heart size, ventilation rate, muscle ﬁbre type or overall morphological shape
(Garland 1984; Careau & Garland 2012; Ouﬁero et al. In
revision). At an ultimate level, species diﬀerences could be
related to variation in the past selective regime caused by
ecological variation, such as diﬀerences in ﬂow velocity
among native streams (Nelson, Gotwalt & Snodgrass 2003).
Therefore, diﬀerences in tail kinematics among species may
reﬂect diﬀerences in underlying traits and selective regimes,
while the evolution and development of the sword may have
little impact on a male’s ability to swim (Ouﬁero & Garland
2007; Ouﬁero et al. 2012b).
In contrast to our comparative analysis, complete
removal of the sword in X. alvarezi resulted in an
increased tail beat amplitude and total tail displacement
and no signiﬁcant diﬀerence in tail beat time or frequency,
suggesting that the males are able to generate more thrust
when the sword is removed (Fig. 4). This ﬁnding is consistent with results of Kruesi & Alcaraz (2007), who demonstrated an increase in critical swimming speed (i.e. an
increase in endurance performance) when the sword was
completely removed in X. montezumae. Because males
develop the sword for several weeks (Marcus & McCune
1999; Ouﬁero et al. 2012b), presumably they are training
with the potential-added burden, similar to resistance
training (Bird, Tarpenning & Marino 2005). However,
once the trait is removed, the males are able to perform
better, presumably because of the physiological adaptations that have occurred to swim with the elongated structure. Our results demonstrate that one of the mechanisms
that enables them to perform better is an increase in how
much the tail moves to generate more thrust, without an
alteration in how fast the tail moves; they are therefore
producing more thrust for a given tail beat, potentially
without increasing their energetic demands by an appreciable amount. Results also suggest that the sword does not
aﬀect contractile velocity of muscle ﬁbres. Future studies
should examine training eﬀects on muscle composition and
type to determine whether there are physiological adaptions of muscle physiology that may help to explain how
the development of the sword aﬀects whole-organism
performance and the kinematics of locomotion.
Our results are among the ﬁrst to examine the mechanistic eﬀects of a sexually selected structure that is also used
for locomotion. However, some evidence for the eﬀect of
sexually selected structures on kinematics and biomechanics is available in other organisms. Recent work in stalkeyed ﬂies has demonstrated a reduction in size-corrected
wing beat frequency of males compared to females within
a species, as well as a reduction in size-corrected wing beat
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frequency among males in species with longer eye spans.
These results suggest that the evolution of longer wings for
compensation of the longer eye stalks constrains the kinematics of ﬂight (Husak et al. 2011). In the rhinoceros beetle
Trypoxylus dichotomus, recent studies have employed
biomechanical techniques to visualize the air-ﬂow patterns
around the sexually selected horns (McCullough &
Tobalske 2013). Using digital particle image velocimtery,
the authors found that based on the minimal added weight
of the horns, as well as the ﬂight angle of the males, the
horns presented little impact on the drag during ﬂying.
Even though in both of these studies, the sexually selected
structure is not linked to the propulsive system, unlike in
Xiphophorus, they highlight the importance of incorporating kinematic and biomechanic techniques to understand
how the evolution of sexually selected traits aﬀects the
diversiﬁcation of functional abilities. The sexually selected,
enlarged claw of ﬁddler crabs, which is used in male–male
competition and displays instead of feeding, have also provided excellent examples of incorporating biomechanical
and kinematic studies to understand the functional consequences of exaggerated structures (Valiela et al. 1974;
Caravello & Cameron 1987; Levinton, Judge & Kurdziel
1995; McLain & Pratt 2008; Darnell & Munguia 2011;
Dennenmoser & Christy 2013).
Among the more than 27 000 species of acanthomorph
ﬁsh, ﬁn shape is tremendously diverse, with some of this
diversity resulting from sexual selection (Nicoletto 1991;
Basolo 1995; Langerhans, Layman & DeWitt 2005; Wilson
et al. 2010; Trappett et al. 2013). Despite this diversity,
little comparative work has examined the eﬀects of ﬁn
shape on whole-organism performance. An increasing number of studies are examining the eﬀect of morphological
diversity that results from sexual selection on whole-organism performance in ﬁsh, often with mixed results, both
within and among taxa (Ryan 1988; Nicoletto 1991; Basolo
1995; Basolo & Alcaraz 2003; Langerhans, Layman &
DeWitt 2005; Royle, Metcalfe & Lindstrom 2006; Kruesi &
Alcaraz 2007; Wilson et al. 2010; Baumgartner et al. 2011;
Ouﬁero et al. 2012b; Trappett et al. 2013). However, less
work has examined the biomechanical and kinematic variation associated with the morphological diversity in ﬁns
among ﬁsh (Lauder 1990, 2000; Lauder & Drucker 2004).
Our results demonstrate – at a very ﬁne taxonomic scale –
little variation in the kinematics of swimming despite large
diﬀerence in caudal ﬁn shape. How diversity in other ﬁn
shapes aﬀects swimming performance has yet to be tested
vigorously, but may lead to interesting discoveries of formfunction relationships.
The study of sexually selected traits has a long history;
their seemingly un-natural appearance has led to many
studies investigating the presumed negative impact these
structures have on the bearer (Kotiaho 2001; Ouﬁero &
Garland 2007). However, few studies have investigated the
mechanistic functional consequences of these traits to
understand how their evolution and development aﬀect the
overall evolution and development of the bearer. For

example, recent work on the eﬀects of sexual dimorphism
on the feeding kinematics of threespine stickleback (Gasterosteus aculeatus) has suggested that this sexual dimorphism within a single species may have played a role in the
radiation of this group (McGee & Wainwright 2013).
Examining the kinematics and biomechanics of exaggerated traits that are evolving under the competing demands
of natural and sexual selection may provide further insight
into form-function relationships (Ouﬁero et al. 2012a),
multiple solutions (Wainwright et al. 2005; Garland et al.
2011; Holzman et al. 2011), ecological impacts (McGee &
Wainwright 2013) and evolutionary relationships (Kazancioglu et al. 2009; Bonduriansky 2011) of traits that evolve
to increase reproductive success while maintaining
adequate function.
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