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Comparison of performance levels over 25 m by 11 expert swimmers using anguilliform-like and carangiform-like techniques Eel-like swimming versus carangiform-like swimming
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Performance levels over 25 m for two underwater swimming techniques (carangiform-and anguilliform-like swimming) were compared in 11 national-level, competitive swimmers. Several indicators of propulsive efficiency were recorded: leg oscillation frequency and amplitude, head oscillation amplitude and the Strouhal number (St). Video analysis suggested that head movement amplitude correlates with performance levels in anguilliform-like swimming (dolphin kicking with the arms alongside the trunk). However, analysis of St did not lead to the expected results in our evaluation of carangiform-like swimming (i.e. conventional dolphin kicking, with the arms stretched out in front). Although the anguilliform-like technique is not used in competitive swimming, it turned out to be as effective in our swimmers (despite the lack of prior practice) as the carangiform-like technique. This paper discusses the relevance of two techniques inspired by the animal kingdom and which are vying to become the "fifth stroke".

Introduction

Ever since certain terrestrial vertebrates returned to an aquatic milieu around 55 million years ago, the phylogenetic process has complied with two principles: (i) ever longer immersion times and (ii) undulation and/or oscillation of the body (rather than tonic, axial, peripheral contractions of the limbs) [START_REF] Fish | Power output and propulsive efficiency of swimming bottlenose dolphins[END_REF][START_REF] Fish | Transitions from drag-based to lift-based propulsion in mammalian swimming[END_REF][START_REF] Thewissen | The Emergence of Whales: Evolutionary Patterns in the Origin of Cetacea[END_REF][START_REF] Thewissen | Whales originated from aquatic artiodactyls in the Eocene epoch of India[END_REF].

The same is not true for humans. Swimming styles are as artificial to humans as their ways of hunting, eating or copulating are [START_REF] Kendall | Rank Correlation Methods, Charles Griffin & Company Limited[END_REF]. Humans have survived because of their exception ability to learn by mimicry -a skill which sets them apart from most other animals [START_REF] Blackmore | The Meme Machine[END_REF]. The four official swimming strokes (breaststroke, crawl, backstroke and butterfly) are passed from one swimmer to another as a "meme" (a term coined by [START_REF] Dawkins | The Selfish Gene[END_REF] by analogy with "gene") -a contagious information pattern that replicates by symbiotically infecting human minds and altering their behaviour, causing them to propagate the pattern. This is why (at least until the end of the 20 th century) competitive swimmers hurried to return to the surface after the turn, even though nothing in the rules prevented them from staying underwater (which involves less resistance to movement) [START_REF] Hertel | Structure, form, movement[END_REF]. Just as genes seek to have themselves replicated, memes are also selectable units with the ability to survive. However, no copying process is perfect. Accordingly, some of the offspring will differ from the parents. David Berkoff was one of the first people to subtly "mutate" the swimming meme. As a future member of the Delphys Foundation (which started to study locomotion in marine mammals in 1988 [START_REF] Van Eersel | Le cinquième rêve[END_REF]), the American anthropology student smashed the world 100 m backstroke record several times between 1984 to 1988 by starting his race with a good half-length of underwater dolphin kicking. Misty Hyman continued the mutational process for the butterfly stroke by using long underwater glides with fish kicking (i.e. dolphin kicking on the side). By dolphin kicking over the full distance authorized by the rules (15 m for both the butterfly (since 1996) and "freestyle" (since 2001)), swimmers such as Thomas Rupprath, Michael Phelps and Amaury Leveaux have revealed the potential for a "fifth stroke" [START_REF] Collard | La cinquième nage. Natation et théorie de l'évolution[END_REF]. This technique is inspired by the animal kingdom and is set to become the new, dominant replicator.

Once the clearly efficient fish-kicking and dolphin-kicking techniques (collectively referred to as "underwater undulatory swimming", UUS) had been widely demonstrated in the pool, these memes also began to mutate. Why, for example, do swimmers hold their arms out in front during UUS? Of course, body length has an impact on resistance to movement through the water. Holding the arms straight out in front enables greater underwater distances to be covered than holding the arms rearwards, alongside the trunk [START_REF] Pelayo | Natation au collège et au lycée[END_REF]. For a given frontal area, the longer the body, the lower the resistance [START_REF] Ungerechts | Factors of active drag estimated by flume swimming[END_REF]. However, what is gained in terms of hydrodynamics can be lost in terms of propulsion. With the arms stretched out in front, the head cannot move so freely and undulation can only start from the trunk. This style (in which a third to a half of the body is rigid and the remainder moves) is called a carangiform-like locomotion, by reference to carangid fish such as the jack [START_REF] Lighthill | Hydrodynamics of aquatic animal propulsion -a survey[END_REF].

In nature, long-bodied aquatic vertebrates lacking a caudal fin use an anguilliform-like (eellike) swimming technique, rather than a carangiform technique [START_REF] Lighthill | Mathematical Biofluid-dynamics[END_REF]. However, a human's feet are poor replacements for a caudal fin. How would a swimmer perform when holding the arms rearwards and undulating from the head with an anguilliform-like technique? Would this be faster or slower than the dominant carangiform-like meme, in which the arms are stretched out in front? We sought to address these issues by studying a group of national-level, competitive swimmers.

Method

Subjects: 11 national-level swimmers from the Saint-Lô club in France (5 females and 6 males; mean ± SD age: 18 ± 3 years; arm span: 171 ± 9.12 cm; weight: 61.45 ± 12.15 kg) participated in the study. All had frequently used carangiform-like dolphin kicking during training and racing (immediately after the start and the turns). In contrast, they had little or no experience of anguilliform-like swimming. The experiment consisted of 25 m (the pool length) of UUS after a push-off from the wall with the arms initially outstretched and then (in the anguilliform-like trial) held alongside the trunk. The swimmers were told to stay around 0.5-1 m below the pool surface and to touch the finishing wall with their hand (by bringing one or both arms forward at the finish, in the case of the anguilliform-like technique). Between the two sessions (carangiform-like swimming followed by anguilliform-like swimming), the swimmers recovered passively until their heart rate had fallen to the value measured before the first session. For each style, each swimmer was allowed to perform a practice swim and then two recorded swims. The better of the two performances was retained for further analysis.

Variables: The data from the carangiform-like and anguilliform-like time trials (t 25m carang and t 25m anguil, respectively) were supplemented by measurement of a marker of propulsive efficiency: the Strouhal number. St = fA 1 /v, where f is the foil oscillation frequency (here the leg-kick frequency, in Hz), A 1 is the maximum amplitude of movement (the kick amplitude for the big toes, in our experiment) and v is the swimmer's speed (in m.s -1 ) measured at the top of the head. A laboratory experiment with oscillating fins [START_REF] Anderson | Oscillating foils of high propulsive efficiency[END_REF] revealed that optimal propulsive efficacy always occurs within the range 0.2< St <0.4. The data compiled by [START_REF] Triantafyllou | Wake mechanics for thrust generation in oscillating foils[END_REF], [START_REF] Taylor | Flying and swimming animals cruise at a Strouhal number tuned for high power efficiency[END_REF] and [START_REF] Triantafyllou | Review of experimental work in biomimetic foils[END_REF] showed that the Strouhal number also falls with the range 0.2-0.4 for the cruising speed of many different swimming and flying animals. Within this range and on the basis of 248 speed measurements in cetaceans, [START_REF] Rohr | Strouhal numbers and optimization of swimming by odontocete cetaceans[END_REF] estimated that the lower the St (0.2-0.275), the greater the propulsive efficiency. In five Olympic-level swimmers (3 females, 2 males) performing UUS with a carangiform-like technique, [START_REF] Loebbecke | Propulsive efficiency of the underwater dolphin kick in humans[END_REF] measured St values of between 1.05-1.37. [START_REF] Arellano | Usefulness of the Strouhal number in evaluating human underwater undulatory swimming[END_REF] observed St values of between 0.812-0.95 in 19 international swimmers (7 females and 12 males) and 13 Spanish, national-level swimmers (6 females and 7 males). To the best of our knowledge, there are no published data on St for anguilliform-like swimming.

To complete our dataset, we took account of the head's oscillation amplitude (A 2 carang, A 2 anguil) -a parameter which distinguishes sharply between the two swimming styles in fish [START_REF] Gray | Animal locomotion[END_REF]). In the eel, the head oscillates with the same amplitude as the tail (i.e. A 1 anguil = A 2 anguil), whereas it hardly moves in the tuna (i.e. A 1 carang > A 2 carang) [START_REF] Sfakiotakis | Review of fish swimming modes for aquatic locomotion[END_REF]. We sought to establish whether the same trend held true for human swimmers and whether it had an impact on performance and St.

Statistical analysis:

We used a paired T-test for small samples to compare the completion times for the two swimming styles and applied Kendall's K [START_REF] Kendall | Rank Correlation Methods, Charles Griffin & Company Limited[END_REF] to test for pairwise correlations between eight variables (t 25m carang, t 25m anguil, St carang, St anguil, A 1 carang, A 1 anguil, A 2 carang and A 2 anguil). The value of Kendall's K ranges from -1 and +1, where -1 indicates a perfect negative correlation, 0 corresponds to the lack of any correlation and +1 indicates a perfect positive correlation. With eleven subjects ranks according to six indicators, the thresholds for statistical significance with p<0.05 are K<-0.6 (a significant negative correlation) and K>+0.6 (a significant positive correlation).

Materials: A sagittal view of the UUS was provided by a HD HERO waterproof camera (60 frames per second, resolution: 1080p) anchored 0.5 m below the surface and 12 m from the starting wall. The swimmers passed at a distance of 3.75 m from the lens. A set of fixed, vertical and horizontal markers (a 0.88 m-wide grid of rods placed exactly 2.5 m from the lens) was used to calibrate the camera for amplitude measurements. A two-dimensional analysis of the 22 swimming trials (11 with a carangiform-like technique and 11 with an anguilliform-like technique) was performed using Dartfish ProSuite software (Dartfish, Fribourg, Switzerland). In view of the 1.25 m distance between the calibration frame and the swimmers, trajectory data were multiplied by a factor of 1.5: the calibration distance between the two vertical rods thus became 1.5 x 0.88 m = 1.32 m (Figure 1). In order to minimize the effect of variations in the actual swimming depth, the 1.32 m calibration zone was always positioned at the same level as the swimmer's trunk in each trial. Measurements were made when the swimmer was directly in front of the camera, using the rods as reference lines. 

Results

Our swimmers recorded similar completion times (t 25m ), instantaneous speeds (v) and stroke frequency (f) with the two techniques. However, the leg (A 1 ) and head (A 2 ) amplitudes differed significantly for the carangiform-like and anguilliform-like styles; the former technique featured significantly lower amplitudes (Table 1). Accordingly, the value of St was slightly (but not significantly) greater in anguilliform-like swimming. However, in contrast to locomotion in the eel, A 1 was two-or three-fold greater than A 2 in our swimmers. This is why it is inappropriate to use the term "anguilliform" to describe swimmers who hold their arms by their side, with the hands close to the thighs (Figure 1, right-hand column). Nevertheless, we shall continue to use this term to designate this swimming style in the present article, in order to express the swimmers' intention to imitate an eel's movement. The swimmers who swum fastest with the carangiform-like technique were generally also those who performed best with the anguilliform-like technique (Table 2, K=+0.71). For carangiform-like swimming, there was no rank correlation between swimming speed and the St. In contrast, a significant negative rank correlation (K=-0.63; p<0.05) was seen for anguilliform-like swimming: the shorter the time taken to swim 25 m, the higher the corresponding St. Furthermore, the faster the swimmer, the greater his/her head movement amplitude (K=-0.67; the negative sign means that completion time was considered in the calculation, rather than speed). In anguilliform-like swimming, we observed a significant, positive rank correlation between the head oscillation amplitude (A 2 ), the leg amplitude (A 1, K=+0.63, p<0.05) and St (K=+0.78, p<0.01). 

Discussion & conclusions

Somewhat surprisingly, the much-practised carangiform-like swimming technique turned out to be no faster than the unfamiliar anguilliform-like technique. When performing carangiform-like swimming, the swimmers did not make any backward arm movements and their hands were already well placed to touch the end wall. The anguilliform-style technique benefited from a propulsive arm movement when the swimmer pushed off the starting wall. This advantage was probably not completely lost when the swimmer reached out to touch the end wall with one or two hands. Even though the time difference over 25 m was not statistically significant (17.58 s for carangiform-like swimming versus 17.25 s for anguilliform-like swimming, Table 1), a 0.3 s difference is not negligible in normative terms for competitive swimming over 25 m. However, none of the official events are this short. It will be necessary to see how compatible each of these swimming styles is with the flip turn and (potentially) inspiration of air in an event featuring more than a single length of the pool. However, there was no difference in instantaneous speed between the two techniques: v carang = v anguil = 1.25 m.s -1 .

In anguilliform-like swimming, a human swimmer's morphology prevents him/her from accurately and fully mimicking an eel's undulations; this explains the fact that A 1 > A 2 in our experiments. The anguilliform-like technique performed here was more like a hybrid "undulation-oscillation" type of swimming, with undulation of upper body (starting at the head) and oscillation propagating down through the thighs, lower leg and feet. In view of the results in Table 2, it appears that head movement amplitude (A 2 anguil) is a factor in propulsive efficiency. We also observed some arm motion during anguilliform-like swimming (vertical-plane oscillations, counterbalancing the thigh movements); the latter's potential contribution to propulsion merits further investigation.

It is morphologically impossible for swimmers to faithfully copy the eel's swimming action or to move like the carangids (or rather like marine mammals such as dolphins and whales, which move in a similar way to fish but undulate in the vertical plan and not the horizontal plane [START_REF] Lighthill | Mathematical Biofluid-dynamics[END_REF]). The absence of an oscillating caudal fin means that reference to the Strouhal number (St) is problematic, as attested to by the absence of a rank correlation between the swimmers' completion time (t 25m carang) and St carang (Table 2). According to the literature, the lower the St, the more efficient the aquatic propulsion -with an optimum value in the range 0.2-0.275 [START_REF] Rohr | Strouhal numbers and optimization of swimming by odontocete cetaceans[END_REF]. However, [START_REF] Loebbecke | Propulsive efficiency of the underwater dolphin kick in humans[END_REF] have observed St values in the range 1.05-1.37 for champion Olympic swimmers and [START_REF] Arellano | Usefulness of the Strouhal number in evaluating human underwater undulatory swimming[END_REF] reported St values of between 0.812 and 0.95 for international swimmers. In our own work on national-level swimmers of relatively small stature (the size of our swimmers -171 cm -is below that of the international-class swimmers), we observed St values in the range 0.335-0.563. This trend towards a decrease in St with decreasing performance appears to contradict the theory and means that this indicator is not appropriate for measuring the efficacy of dolphin kicking without fins. In contrast to cetaceans, carangiform-like swimming is not a genetic trait in human swimmers. The dolphin kick is an artificial technique which necessarily displays strong interindividual variations. Some swimmers (such as Denis Pankratov) move their hands and forearms during UUS. Others (such as David Berkoff and Thomas Rupprath) just oscillate their shoulders. There are also swimmers who keep their arms and shoulders perfectly still with respect to the rest of the body; this is the case for Michael Phelps (who positions his head in front of his arms) and Ryan Lochte (who positions his head between his arms).

In contrast, for anguilliform-like swimming, the impact of the body's "undulationoscillation" amplitude (Table 1) means that St is as relevant as ever (Table 2). This finding will have to be confirmed with other populations of swimmers. Nevertheless, it is highly probable that a high St will be synonymous with mastery of the anguilliform-like technique.

Figure 1 :

 1 Figure 1: Representative, chronological video images of the carangiform-like swimming technique (left column) and the anguilliform-like technique (right column) taken at the same time points. In the lower, left-hand picture, A 1 is 0.53 m and A 2 is 0.07 m. Knowledge of the cycle time (0.533 s) and the distance travelled by the head (0.69 m) enables calculation of v.

Table 1 : Performance variables for the two underwater swimming techniques. Performance levels were generally similar; the only statistically significant differences between the techniques concerned the leg (A 1 ) and head (A 2 ) oscillation amplitudes.

 1 

		Carangiform-like swimming	Anguilliform-like swimming	T	p
	t 25m (s)	17.58 (sd=1.94)	17.25 (sd=1.49) 0.44 ns
	A 1 (m)	0.49 (sd=0.08)	0.60 (sd=0.13)	2.22 *
	f (Hz)	1.07 (sd=0.19)	1.11 (sd=0.27)	0.37 ns
	v (m.s-1) 1.25 (sd=0.29)	1.25 (sd=0.21)	0.01 ns
	St	0.42 (sd=0.08)	0.53 (sd=0.15)	1.99 ns
	A 2 (m)	0.11 (sd=0.06)	0.21 (sd=0.11)	2.52 **
	sd: Standard deviation	** p<0.02; *p<0.05

Table 2 : Pair-wise correlations between the variables, tested with Kendall's K. The speeds over 25 m for each swimming style were correlated. However, only the completion time in anguilliform-like swimming (t 25m anguil) was related to the leg oscillation amplitude, the head oscillation amplitude (A 1 anguil and A 2 anguil, respectively) and the Strouhal number (St anguil).
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	t 25m carang t 25m anguil St carang St anguil A 1 carang A 1 anguil A 2 caran A 2 angui
	t 25m carang					
	t 25m anguil K=+0,71**					
	St carang ns	ns				
	St anguil ns	K=-0.63* ns			
	A 1 carang ns	ns	ns	ns		
	A 1 anguil ns	K=-0.71** ns	K=+0.71** K=+0.71**	
	A 2 carang ns	ns	ns	ns	ns	ns
	A 2 anguil ns	K=-0.67* ns	K=+0.78*** ns	K=+0.63* ns
		***p<0.01; **p<0.02; *p<0.05; ns: non-significant