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Abstract

:

In recent years, the interest of female dominance in long-distance swimming has grown where several newspaper articles have been published speculating about female performance and dominance—especially in open-water ultra-distance swimming. The aim of this narrative review is to review the scientific literature regarding the difference between the sexes for all swimming strokes (i.e., butterfly, backstroke, breaststroke, freestyle and individual medley), different distances (i.e., from sprint to ultra-distances), extreme conditions (i.e., cold water), different ages and swimming integrated in multi-sports disciplines, such as triathlon, in various age groups and over calendar years. The influence of various physiological, psychological, anthropometrical and biomechanical aspects to potentially explain the female dominance was also discussed. The data bases Scopus and PUBMED were searched by April 2020 for the terms ’sex–difference–swimming’. Long-distance open-water swimmers and pool swimmers of different ages and performance levels were mainly investigated. In open-water long-distance swimming events of the ’Triple Crown of Open Water Swimming’ with the ’Catalina Channel Swim’, the ’English Channel Swim’ and the ’Manhattan Island Marathon Swim’, women were about 0.06 km/h faster than men. In master swimmers (i.e., age groups 25–29 to 90–94 years) competing in the FINA (Fédération Internationale de Natation) World Championships in pool swimming in freestyle, backstroke, butterfly, breaststroke, individual medley and in 3000-m open-water swimming, women master swimmers appeared able to achieve similar performances as men in the oldest age groups (i.e., older than 75–80 years). In boys and girls aged 5–18 years—and listed in the all-time top 100 U.S. freestyle swimming performances from 50 m to 1500 m—the five fastest girls were faster than the five fastest boys until the age of ~10 years. After the age of 10 years, and until the age of 17 years, however, boys were increasingly faster than girls. Therefore, women tended to decrease the existing sex differences in specific age groups (i.e., younger than 10 years and older than 75–80 years) and swimming strokes in pool-swimming or even to overperform men in long-distance open-water swimming (distance of ~30 km), especially under extreme weather conditions (water colder than ~20 °C). Two main variables may explain why women can swim faster than men in open-water swimming events: (i) the long distance of around 30 km, (ii) and water colder than ~20 °C. Future studies may investigate more detailed (e.g., anthropometry) the very young (<10 years) and very old (>75–80 years) age groups in swimming
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1. Introduction


Swimming is a specific sports discipline which can be performed in a range of styles, usually referred to as ’strokes’ [1,2,3,4], over different lengths [5,6] and in both pools (i.e., indoor, outdoor) of different lengths (mainly 25 m and 50 m) and in open water (i.e., sea, lake, river) [7,8,9,10]. The different swimming strokes are butterfly [1], backstroke [2], breaststroke [3], freestyle [4] and individual medley referred to the combination of the four different strokes [11]. In addition to these individual events, four swimmers can take part in either a freestyle or medley relay. In pool-swimming competitions, the distances for butterfly, backstroke, breaststroke and freestyle usually include 50 m to 200 m, whereas individual medley is held over 200 m and 400 m [11]. In freestyle, the 800 m and the 1500 m are further race distances in pool-swimming [4,12]. Indoor-swimming events with a defined time limit (i.e., 12 h) are also held [13]. In open-water swimming, master swimmers most often compete in 3000 m [14], whereas 5 km [6,10], 10 km [10,15] and 25 km [10,15] races were held for elite swimmers. Open-water swimming events of different lengths in lakes and seas are held as solo swims [7]. Swimming is also part of multi-sports races like triathlons over different distances like the Olympic Distance triathlon [16,17], the half-Ironman [18], the Ironman [16,19] and longer triathlon race distances than the Ironman distance [20].



In recent years, the interest of female dominance in long-distance swimming grew where several newspaper articles were published speculating about the female performance and dominance especially in open-water ultra-distance swimming. In one newspaper article, the history of female performance in open-water swimming started with Gertrud Ederle in the ’English Channel Crossing’ and the female dominance in ’Manhattan Island Marathon Swim’. The author discussed the problem of comparing the fastest men and women in contrast to all men and women, leading to a different finding regarding male or female dominance. Particularly, the fastest men beat the fastest women, but that the average woman was faster than the average man [21]. In addition, another newspaper article describing the sex difference in swimming and running discussed the aspect of the fastest women and men [22]. A further newspaper article cites Steven Munatones, one of the world’s top experts on open-water swimming, reporting that the average female time was 33 min faster than the average male time in the 135 years of the ’English Channel Crossing’ [23]. It seemed that women were better in long-distance open-water swimming. A further newspaper article reported that the female swimmer Sarah Thomas was the first person in the world to cross the ’English Channel’ four times in a row without stopping [24]. In a further newspaper article, women were described winning also ultra-endurance races in cycling and running ahead of all men [25]. Moreover, a newspaper article reported that the fastest women ever were faster than the fastest men ever in both the ‘Catalina Channel Swim’ and in the ’Manhattan Island Marathon Swim’ held in the USA [26].



These descriptions lead to the intention to review existing literature to confirm or disprove these statements of female dominance in open-water swimming. Since sex-related differences including anthropometric characteristics, swimming energy, as well as stroking parameters have been previously reported [27], it would also be interesting to examine this ’sex gap’ as translated into swimming performance. Such information would have both theoretical and practical relevance. From a theoretical point of view, the sex difference in human performance has been a major topic in exercise physiology, and thus, researchers working in this area would benefit from new knowledge on sex differences in swimming. From a practical perspective, coaches usually working with both sexes could use sex difference in swimming to optimize the training of their athletes. Therefore, the aim of the present research was to review original studies on sex differences in swimming performance with regards to age, swimming strokes and race distance.




2. Method


The data bases Scopus and PUBMED were searched on April 2020 for the terms ’sex–difference—swimming’. The search in Scopus led to 239 entries, the search in PUBMED to 558 entries. We excluded case studies, case reports, animal studies, studies with divers and rowers and studies with patients. Although the newspaper articles primarily reported about outstanding female achievements in open-water long-distance swimming, we consider in this narrative review all scientific results upon differences between the sexes in swimming for all swimming strokes (i.e., butterfly, backstroke, breaststroke, freestyle and individual medley), distances (i.e., from sprint to ultra-distances), conditions (i.e., cold water), ages (i.e., youth and master swimmers) and swimming integrated in multi-sports disciplines such as triathlon.




3. Findings


3.1. Pool-Swimming


Swimming competitions are held in pool-swimming in short-course (i.e., 25 m or 25 yards) and long-course (i.e., 50 m) pools from 50 m to 200 m in the four different strokes such as butterfly, backstroke, breaststroke and freestyle [28,29], where freestyle races were also held for 400 m, 800 m and 1500 m [29]. Apart from distance-limited swimming races, also time-limited swimming events (i.e., 12 h) are performed in pool-swimming [13]. Studies investigated different populations such as elite swimmers competing at national and international level for different strokes and distances, youth and master swimmers [1,2,3,8,29,30,31]. In pool-swimming, it seemed that the sex difference varied with the distance of the events [29,30,32]. For elite swimmers competing in different strokes such as freestyle [28], butterfly [31], breaststroke [30] and individual medley [30], the sex difference decreased with increasing race distance. In long-distance pool-swimming such as a 12-h-swim, women were able to achieve a similar performance to men. In the ’Zurich 12-h Swim’ held in Switzerland, the annual best performance did not differ between males (~38.3 km) and females (~34.4 km), respectively [8]. For master swimmers competing at the FINA World Championships in different age groups for different strokes and distances, men were faster than women for all strokes, distances and age groups except in 50–800-m freestyle for age groups 80–84 and 85–89 years [4], in 50–200-m butterfly for age group 90–94 years [1], in 200-m and 400-m individual medley for age groups 85–89 und 90–94 years [11], in 50–200-m breaststroke for age groups 90–94 and 95–99 years [3] and in 50–200-m backstroke for age groups 85–89, 90–94 and 95–99 years [2] where women achieved a similar performance than men. The disparate findings were explained by differences in performance level, race distance, stroke, age and sample size.




3.2. Open-Water Swimming


In addition to pool-swimming events, open-water swims were held as individual swims (i.e., solo swims in Channel Crossings without drafting) or competitions in long-distance swimming events up to 25 km in open-water swimming [10,15] where swimmers are allowed to swim in a group and where drafting is allowed. In addition, there were open-water swimming events of different lengths in lakes and seas [7] where drafting is also allowed.



In open-water swimming, the water temperature may be of importance for female dominance. For official swimming competitions held in heated pools, the FINA has established that water temperature shall be at 25 °C to 28 °C [33]. Apart from swimming competitions held in heated pools, swimming events were also held in open water such as rivers, lakes and seas. For open-water swimming events sanctioned by the FINA (i.e., World Cup races in 5 km, 10 km and 25 km), the FINA has established that the water temperature should be a minimum of 16 °C and a maximum of 31 °C [34]. In Channel Crossings like the ’English Channel Swim’, swimmers face, however, a water temperature of 15 °C at the end of June, increasing to 18 °C by the beginning of September [35]. Water temperature seemed to have an influence on the performance of the swimmers. For open-water swimmers competing in the ‘Marathon Swim in Lake Zurich’, a 26.4 km open-water ultra-swim held in Switzerland, performance of the top swimmers was negatively related to water temperature [9].



Female performance was investigated for different solo swims where drafting is not possible. In these studies, different groups of different performance levels were investigated. It seemed that women were able to achieve a similar performance to men in solo swims in long-distance open-water swimming such as individual Channel Crossings [7,36,37], where water temperatures were generally below 20 °C. In lake swimming such as ‘Marathon Swim Lake Zurich’ with water temperatures at or warmer than 20 °C, women achieved a similar performance to men [9].



However, depending upon the investigated sample (i.e., the fastest woman/man, the three fastest women/men, the five fastest women/men, the ten fastest women/men, all women/men, the annual fastest women/men, the annual three fastest women/men), women were able to outperform men in long-distance open-water swimming [36,37,38]. In the ‘English Channel Crossing’, the overall female swim time of 13:16 h:min was not different compared to the overall male swim time of 13:35 h:min between 1875 and 2011 [7]. Although the fastest male swim time (6:57 h:min) during this period was 6.7% faster than the fastest female swim time (7:25 h:min), the sex difference in performance of the top three times was ~8.9% [7]. The fastest annual swim speed did not differ between men (~0.89 m/s) and women (~0.84 m/s) [8]. In the ’Triple Crown of Open Water Swimming’ with ’Catalina Channel Swim’, ’English Channel Swim’ and ’Manhattan Island Marathon Swim’, overall women were ~0.06 km/h faster than overall men [31]. However, women were ~0.07 km/h slower than men when considering the annual five fastest swimmers [37]. Analyses were also performed for the single events of the ’Triple Crown of Open Water Swimming’. In the ’Catalina Channel Swim’, the fastest woman ever was faster than the fastest man ever (~22 min) [36]. The three fastest women were faster than the three fastest men (~20 min), however, the difference reached no statistical significance [36]. The ten fastest women were ~1 min faster than the ten fastest men, however, also here, the difference reached no statistical significance [36]. However, the annual fastest women (~10:51 h:min) were ~52.9 min (~16%) faster than the annual fastest men [36]. In a further open-water event held in the USA, women were faster than men. In the ’Manhattan Island Marathon Swim’, the ten fastest women were ~12%–14% faster than the ten fastest men [38]. Open-water swimming is also held for master swimmers competing in 3000 m. In master swimmers competing at the FINA World Championships, men were faster than women for all age groups except age groups 75–79, 80–84 and 85–89 years where women achieved the same performance like men [14]. Not only the age, but also the distance may be of importance. It seemed that in shorter open-water swimming events with a higher water temperature, women have a disadvantage compared to men. In the ’Marathon Swim in Lake Zurich’, the male record was 2.3% faster than the female record. For the annual winners, men were ~11.5% faster [9].



Based on these observations, in most cases analyzed, there were no sex differences in performance during open-water swimming. In some instances, women were faster than men. However, a variety of parameters such as water temperature and distance can influence the outcome. Depending upon the sample size (i.e., the fastest woman/man, the three fastest women/men, the five fastest women/men, the ten fastest women/men, all women/men, the annual fastest women/men, the annual three fastest women/men) and the statistical approach (i.e., comparison of groups or comparison of changes over time), women were faster than men in this specific sports discipline.




3.3. Ice Swimming


Since 2009, ice swimming for 1 mile and 1 km is a new discipline in open-water swimming [39,40]. In this swimming discipline, water temperature must be colder than +5 °C. One may assume that female performance may be better when water temperature is very low. Performances of women and men were investigated for ’Ice Mile’ and ’1 km Ice event’ where the fastest men were faster than the fastest women in both events [41]. Obviously, women had no advantage in this cold water. In the ’Ice Mile’, variables such as calendar year, number of swims, water temperature and wind chill showed no relation to swimming speed for both women and men. Water temperature was not correlated to swimming speed in either ’Ice Mile’ or ’1 km Ice event’ for both women and men [41]. Therefore, the limited data concerning ice swimming demonstrate that men have an advantage, compared to women, in this specific condition. Regarding the results from long-distance open-water swimming, the length of the event may be decisive. Future studies may investigate the body composition of open-water long-distance swimmers and ice swimmers. There may be a difference in body fat in the competitors in the two disciplines.




3.4. Age


Age is an important aspect regarding the sex difference in swimming performance. This aspect was investigated for different age groups, strokes and swimming distances. An analysis of sex differences in swimming speed for the top-10 World ranking (i.e.,1st–10th place), age group (25–89 years), and event distance from the world’s top ten swimming times of both women and men in the World Championships showed that the sex difference in swimming speed increased with world record place and age [42]. Very recent studies investigated the performance trends and sex difference in swimming performance in master swimmers competing in the FINA World Championships in pool-swimming in freestyle [4], in backstroke [2], in butterfly [1], in breaststroke [3], in individual medley [11] in 3000-m open-water swimming [14] and for youth swimmers [43]. In butterfly [1], in breaststroke [3], in backstroke [2], in freestyle [4] and in individual medley [11], women were able to reduce the gap to men in different age groups. In 3000-m open-water swimming, however, women were not able to reduce the sex difference to men [14]. Consequently, the existing sex difference regarding all swimming strokes is evident during the youngest (i.e., 25 to 29 years) age groups, while for nearly all the rest of the age groups (i.e., 30 years and older), women tend to reduce this sex gap.



In addition, for youth swimmers, age is of importance. When boys and girls from the age of 5 to 18 years for 50 m to 1500 m from the all-time top 100 U.S. freestyle swimming performances were investigated, the top five girls were faster until the age of ~10 years than boys. After the age of 10 years, however, boys were increasingly faster than girls until the age of ~17 years [43]. Overall, female swimmers can beat male swimmers under the age of ~10 years and achieve almost the same performance as men in the highest age groups (i.e., older than ~75–80 years) depending upon the distance and the stroke.



A few studies have investigated the age effect in open-water swimming. The age of peak performance increased over calendar years in long-distance open-water swimming. In the ’Manhattan Island Marathon Swim’, the age of the annual three fastest swimmers increased between 1983 and 2013 from ~28 to ~38 years for women and from ~23 to ~42 years for men [38]. In the 26.4 km open-water ultra-swim ’Marathon Swim in Lake Zurich’, Switzerland, the mean age of the finishers during the period 1987–2011 was ~32.0 years for men and ~30.9 years for women. The mean age of finishers and the age of winners increased across the years for both sexes [9].




3.5. Sex Difference and Swimming Strokes


Some studies investigated the aspect of sex difference for different strokes. In pool-swimming competitions, athletes perform in the four strokes (i.e., butterfly, backstroke, breaststroke and freestyle) [28] as well as in the combination of all four strokes as individual medley [11]. There seem to be changes in the sex difference for the swimming strokes depending upon the distance and the performance level. For both 200-m and 400-m freestyle and individual medley, no sex difference was found between neither the two distances, nor between the two swimming strokes [44]. The sex differences were ~9.7% and ~7.1% in individual medley and ~10.1% and ~6.1% in freestyle, respectively [45]. For elite male and female butterfly and freestyle swimmers at national level, the sex difference in peak swimming speed was lower in butterfly than in freestyle [31,46]. For national and international breaststroke and freestyle swimmers, the sex differences in swimming speed increased over time for national swimmers, but not for international swimmers for freestyle, while the sex difference remained stable for both national and international breaststroke swimmers [30]. The disparate findings were explained by the different performance levels, the different distances and strokes and the different sample sizes.




3.6. Performance Level and Sex Difference in Performance


In some studies, the changes in sex difference over time were investigated for different levels of athletes (i.e., national level, international level) [44,47]. In swimmers competing at national and international level, the sex-related difference in swimming speed was greater for freestyle than for breaststroke in 50-m to 200-m race distances for national swimmers, but not for international swimmers. For both groups, the sex-related difference for both freestyle and breaststroke swimming speeds decreased with increasing race distance. The sex-related differences in performance were greater for freestyle than for breaststroke for swimmers at national level, but not for swimmers at international level [47]. The disparate findings were explained by differences in performance level, distance, stroke and sample size.




3.7. Changes in Swimming Performance Over Years


Some studies investigated the change in performance over calendar years [8,48]. There seem to be differences between sexes, disciplines, performance level and distances [8]. In the past, it has already been suggested that women would soon perform better than men in swimming. In 1977, it was reported that women were gaining on their male counterparts at the rate of 0.45% a year in the 100-yard freestyle [48]. It was assumed that with that rate of improvement national level women may catch up with male counterparts by the year 2003. Likewise, in the 1650-yard freestyle, women were gaining on men, but at a slower rate of improvement of ~0.155%. It was assumed that it would take the women ~51 years to catch up to the men. The authors found that race times in women were improving at a rate faster than race times in men, but at some time in the future the rate of growth would probably stabilize for both sexes [48]. While at present that assumption, regarding the specific race distance (i.e., 100 yards), has not been completely fulfilled, it remains to be seen if a performance plateau would allow women to outperform men.



Regarding newer studies, female performance has improved over calendar years in some instances [8]. These analyses of changes in performance over the years have been performed for elite pool swimmers [5], for open-water swimmers [7,8] and for master swimmers competing in freestyle [4], backstroke [2], butterfly [1], breaststroke [3], individual medley [11] and in 3000-m open-water swimming [14]. In pool-swimming, performance was improved for most distances in both elite and master swimmers in backstroke [49], freestyle [31,46], breaststroke [30], butterfly [1,50], individual medley [11,30] and in 3000-m open-water swimming [14].



Some studies have investigated open-water swimming and showed that performance changed over years. For women and men crossing the ’Catalina Channel’ between 1927 and 2014, performance decreased nonlinearly in the annual fastest men and women [36]. In the ’Manhattan Island Marathon Swim’, race times of the annual three fastest women and men did not differ between sexes and remained stable across the years [38]. In the ’Maratona del Golfo Capri-Napoli’, race times of the annual fastest swimmers decreased linearly for women and for men from 1954 to 2013 from 39.2% to 4.7% [51]. For the annual top three swimmers, race times decreased linearly between 1963 and 2013 for women and for men from 38.2% ± 14.0% to 6.0% ± 1.0% [51]. In the ’English Channel Crossing’, the performance of the annual top three swimmers showed no changes either both females or males over the last 36 years and the sex difference remained unchanged at ~12.5% over the years [7]. In the ’English Channel Crossing’, performance increased progressively for both sexes, but was lower for female than for male athletes from 1900 to 2010 [8].



A different kind of events was the FINA races which were not held as solo events and swimmers could draft. For elite male and female swimmers competing at the FINA World Cup events of 5 km, 10 km and 25 km events, swimming speed of the annual ten fastest women decreased at 5 km and at 25 km, while it increased at 10 km. For the annual ten fastest men, peak swimming speed decreased at 5 km, while it remained unchanged at both 10 km and 25 km [10]. In the FINA 10 km competitions (i.e., World Cup races, European Championships, World Championships and Olympic Games) held between 2008 and 2012, swimming speed of the fastest women and men showed no changes across the years. Performance of the top ten female swimmers per event remained stable across calendar years. The top ten male swimmers per event showed a decrease in performance over years, even though swimming speed in the first race (i.e., January 2008, 1.40 m/s) was slower than swimming speed in the last race (i.e., October 2012, 1.50 m/s) [50]. The disparate findings were explained by the different performance levels, the different distances and strokes, the different ages, the different periods of time and the different sample sizes.




3.8. Swimming in Multi-Sports Disciplines Like Triathlons


Swimming is the first segment of a triathlon event, followed by cycling and then running [52]. Several studies investigated the trends in performance and the sex difference in performance in swimming in triathlons of different lengths such as the Olympic distance triathlon (i.e., 1.5  km swimming, 40  km cycling and 10  km running) [16,17,53], the Ironman distance triathlon (i.e., 3.8 km swimming, 180 km cycling and 42.195 km running) [16] and ultra-triathlon distances longer than the Ironman distance [20,54,55].



In Olympic distance triathletes competing in the ’Zürich Triathlon’ in Switzerland from 2000 to 2010, the sex difference in swimming was 15.2% for the top five triathletes overall [17]. For the world’s best triathletes at the ITU (International Triathlon Union) World Triathlon Series during the 2009–2012 period including the 2012 London Olympic Games, swim times and the sex difference in swimming remained unchanged [53].



For longer triathlon distances than the Olympic distance, sex difference has been investigated for the Ironman distance [19,56,57] and longer triathlon distances from 2× to 10× the Ironman distance [20,57]. It was shown that women improved swimming performance and closed the gap to men. In ’Ironman Hawaii’, the overall top ten men finishers improved their swimming performance between 1983 and 2012. The sex difference remained unchanged over the years at ~12.5% [19]. For the annual three best finishers in ’Ironman Hawaii’, the sex difference decreased nonlinearly in swimming between 1978 and 2013 [57]. In ’Isklar Norseman Xtreme Triathlon’ held over the Ironman distance, athletes swim at a water temperature of ~13–15 °C. Men were faster than the women in cycling, but not in swimming, running or overall race time. Across years, women improved their performance in swimming and both women and men improved their performance in cycling and in overall race time. In running, however, neither women nor men improved [3].



Different findings were, however, reported for longer triathlon distances. In Double Iron ultra-triathlon (i.e., 7.6 km swimming, 360 km cycling and 84.4 km running), men (2:36 h:min) were ~8 min faster than women (2:44 h:min) [20]. For triathlon distances from the Ironman distance in ’Ironman Hawaii’ to the Double Deca Iron ultra-triathlon distance (i.e., 76 km swimming, 3600 km cycling and 840 km running), the sex difference in performance showed no change with increasing race distance with the exception for the swimming split where the sex difference increased with increasing race distance for the three fastest ever [57].



Regarding triathlon swimming performance, in most cases, the sex difference tends to remain unchanged over the years. However, as previously mentioned, women can outperform men in specific triathlon races under more extreme conditions (i.e., water temperature of ~13–15 °C).




3.9. The Change in Sex Difference Over Years


In the same way where swimming performance can change over years, also the sex difference in swimming performance may change over years [10,44,58,59]. In some instances, women reduced the gap to men [59,60], in others not [10,28,44,53]. In these studies, pool-swimmers of sub-elite and elite level [28,44], open-water long-distance swimmers [59], master swimmers up to very high ages and swimmers in triathlons [20,54,55] were analyzed. In pool-swimming, the changes in sex difference differ over time regarding the distance, the age and the discipline [14,28,31,47]. According to this information, the sex difference in relation to pool-swimming and open-water swimming performance is largely dependent on the parameters analyzed in this review (i.e., competition level, swimming stroke and distance).



Several studies have examined the variation in sex difference over calendar years in open-water swimming events. In some events, the sex difference decreased, and the women reduced the gap to men [32,39,56], but in others not [9]. In women and men crossing the ’Catalina Channel’, the sex difference for all women and men decreased linearly between 1927 and 2014 from 52.4% to 7.1% [36]. The decrease of sex difference was linear suggesting that women continuously reduced the sex difference to men [36]. In the 36 km ’Maratona del Golfo Capri-Napoli’, the sex difference for the annual fastest swimmers, decreased linearly from 39.2% to 4.7% from 1955 to 2013 [51]. For the annual three fastest swimmers, the sex difference in performance decreased linearly from 38.2% ± 14.0% to 6.0% ± 1.0% from 1963 to 2013 [51]. Again, in this event, the linear change in both race times and sex differences indicates that women could achieve men’s performance or even to perform better than men in the near future in this event [51]. In ’La Traversée Internationale du Lac St-Jean’ (32 km) held between 1955 and 2012 in Canada, the sex difference remained unchanged over years for the annual fastest women and men at 8.8% [58]. For the annual three fastest women and men, the sex difference decreased across years (1975–2011) from 14.4% ± 11.0% to 3.7% ± 1.4% [58]. Overall, most studies found that women reduced the gap to men over years in open-water swimming.



Differences were found in open-water swimming where women are allowed to draft behind men. For elite male and female swimmers competing in 5 km, 10 km and 25 km open-water FINA World Cup races, elite female swimmers improved their performance in 10 km, but impaired performance in 25 km, leading to a linear decrease in sex difference in 10 km and a linear increase in sex difference in 25 km. The linear change in sex differences suggests that women will improve in the near future in 10 km, but not in 25 km [10]. In elite open-water swimmers competing at FINA 10 km races, the mean sex difference in performance for the fastest swimmers was stable across years [50].



In long triathlon races, women were not able to close the gap to men. For triathlon races longer than the Ironman race distance, the sex difference in swimming showed no change over years in either Double Iron ultra-triathlon [54] or in ’Ultraman Hawaii’ [55]. In Double Iron ultra-triathlon races, the swimming times remained unchanged across years with an unchanged sex difference for the annual three fastest women and men [20]. Potential explanations as to why sex differences decreased over the years or not could be the selected period of time [44,53,58], the level of the investigated athletes (i.e., annual fastest, annual ten fastest, national level, international level, etc.) [44,58], and/or whether the swimmers were solo swimmer, competing in a drafting race or triathletes. When the sex difference showed no change over time, the investigated period of time was most likely too short [53].




3.10. The Influence of Swimwear on Performance


Sex differences among swimmers using a wetsuit have also been investigated [61]. A wetsuit can be mainly used in the swim split in triathlon races [61] or in long-distance open-water swimming races [62]. In triathletes, the effect of a wetsuit on lighter female swimmers was no different than the effect on heavier male swimmers [61]. Swimming with or without a wetsuit shows a difference between the sexes [63,64]. When swimming speed was compared among women and men with or without wetsuit over different distances, wearing a wetsuit improved swimming speed for both women and men, but the benefit of the use of wetsuits depends on additional factors such as race distance. Women may be favored from wearing a wetsuit more than men in longer ultra-distance races of open-water swimming [63]. It has also been shown that high-tech swimsuits gave more pronounced advantage to men than women and for low resistance as compared with high resistance swimming strokes [64]. Yet, the new rules on swimsuits, in effect since 2010, should also be considered when analyzing swimming performance.





4. Potential Explanations for The Female Dominance in Long-Distance Open Water Swimming and Age Group Swimmers


Based on these results, we may conclude that women were able to outperform men in swimming in solo, long-distance swimming events held in water temperatures between 15 °C and 20 °C. Women were also able to achieve the same performance as men in all distances and disciplines of pool swimming at younger ages (i.e., younger than ~10 years) and older ages (i.e., from ~80 years onwards).



Two main variables may explain why women can outperform men in open-water swimming: (i) the long distance of ~30 km, (ii) and water colder than ~20 °C. Potential explanations for the finding that women can achieve a better performance than men can be attributed to differences in anthropometric characteristics such as body composition [65], body weight [66], body fat [67,68,69,70], lean body mass [71,72], body height [73,74], muscle thickness [75] and muscle size [72]. Other possible explanations were differences in swimming biomechanics such as kinematic parameters [76], arm coordination and arm–leg coordination [76,77,78], energetic cost, differences in swimming economy and swimming efficiency [79,80,81], gliding [82], body roll [83], shoulder flexibility [84], trunk flexibility [85], knee flexibility [86,87], propelling efficiency [88]. Beyond that, additional differences in motivational aspects [89,90,91,92,93,94,95,96], physiology [97,98,99,100] and biochemistry [101,102,103], recovery [104] and injury prevalence [105,106] can be pointed out. We found, however, no potential explanation for the youth swimmers.



A very likely explanation that women were faster than men in specific open-water ultra-distance events is the fact that female swimmers have more body fat than male swimmers [67] leading to better insulation against the cold and better buoyancy for long swimming distances [69]. It is well known that sex is associated with waist-to-hip ratio and body fat percentage in swimmers [107]. Due to the higher body fat, female swimmers have a different body shape compared to male swimmers. Male swimmers have a more central distribution of fat when compared to females, where body fat is built up in the region of legs [108]. In nonstationary swimming with changing velocity, water around the swimmer is set in motion which can be thought of as an added mass of water. Female swimmers have a lower added mass and relative added mass than male swimmers suggesting that sex differences in body shape may be associated with added mass [109].



In ultra-distances of open-water swimming, different anthropometric characteristics such as body height, body mass index (BMI), length of arm and training characteristics (e.g., swimming speed) were associated with performance for men. For women, swimming speed during training was associated with performance, but not anthropometric characteristics. Considering all variables for men, BMI and swimming speed during training were related to race time, but not for women [110]. Differences in anthropometric characteristics do exist between female and male swimmers [111,112]. It was shown that differences in height, arm span, skinfold thicknesses (e.g., triceps, subscapular, crista iliaca, ileo-spinal, abdominal, thigh, leg, sum of skinfolds), bi-acromial-bi-iliac index, bone body mass, muscle and fat, ectomorphy and endomorphy exist [111]. In another study, elite female youth swimmers had greater skinfolds at triceps, suprailiac and abdominal site. Endomorphic somatotype was twofold greater among elite female compared to elite male youth swimmers [112].



Although women could outperform men in certain swimming disciplines, in general, elite men were faster than elite women [113]. The sex gap in swimming performance seemed to remain stable in shorter distances. In Olympic Trial swimming from 1972 to 2016, the performance gap in swimming remained at ~8% [114]. The plateau during these ~40 years in the performance gap highlighted the role of biologic background (e.g., longer limbs, larger muscle mass, greater aerobic capacity and lower fat mass) on race time. Current evidence indicates that women will not swim as fast as men in Olympic events, which justifies sex segregation in these individual sport disciplines [114]. Men have an advantage of larger body size and muscle mass, a superior ventilation function and anaerobic and aerobic energy transfer systems. It is well known that male swimmers have a higher maximum oxygen uptake than female swimmers among both younger [97] and older age groups [98,99,100]. It is also known that ventilation functions including forced vital capacity (FVC), forced expiratory volume in one second (FEV1), FEV1/FVC and mandatory minute ventilation (MMV) were superior in male athletes to those in females [115]. Furthermore, the average diameter of muscle fibers was larger in men than in women [116]. Therefore, it is not a surprise that male youth swimmers show increased power values in both their legs and arms [117]. Finally, although male swimmers have a higher muscle mass, maximum handgrip isometric strength values correlated with swimming race time, especially in female swimmers [118]. Compared to men, women have an enhanced ability to oxidize fat, superior hydrodynamics and more even pacing, which provide advantage, especially during prolonged swimming [113]. Regarding pacing in pool- swimming, an effect of sex on lap time in master swimmers competing in 100, 200, 400 and 800-m freestyle at the World Championships suggested greater changes of pacing in women than in men [12].



Apart from anthropometric and/or physiological differences, psychological differences may also explain female dominance in certain swimming disciplines [91,92,93,94,95,119,120,121]. Female swimmers show differences to male swimmers regarding mental toughness [92]. Competitive female swimmers were emotionally secure, physically healthy and reasonably contented with their present social status. For these women, the emotional, social, and physical costs were definitely worth the sacrifices [120].



Effects of cultural and sociopolitical norms and outdated stereotypes (i.e., reduced opportunity to participate and compete in sports) that influence the number of female competitors, particularly in earlier years, should also be considered. Women have traditionally been under-represented in sports. In the 19th century, women were engaged in non-competitive recreational activities, but not in competitive sport. In 1971 in the United States, less than 7% of high school varsity athletes were female. Title IX was set in the United States in 1972 with the aim of providing equal treatment in sports, regardless of sex and increasing the number of women in sports [122]. Even as recently as 1979 in Brazil, it was illegal for women to play football [123]. According to Capranica et al., there were still some countries in the 2012 London Olympic Games that did not have a female in their delegation [124]. There was an increase in the number of female athletes in all sports over the last century, including swimming, that likely contributed to the reduction in the gap in performance between the sexes [125].



A potential explanation for the improved performance of older women, especially in pool-swimming, is the fact that the age of peak performance has increased in women since the 1980s. When 116 years from the first Olympic Games (1898) to the 2014 Olympic Games were analyzed, regarding the ages at which peak performance was observed, peak performance ages in women have increased consistently since the 1980s in all the athletic events examined (i.e., track and field, swimming, rowing and ice-skating events). When the age of peak female performance increased, it became similar to the age of male performance in many events. In the last 20 to 30 years, the age of peak female athletic performance increased, but not the age of male athletic performance [126]. Age in open-water swimmers may also be of importance. In the ’Manhattan Marathon Island Swim’, the age of peak performance of ultra-distance swimmers has changed across the last decades, with the fastest swimmers getting older between 1983 and 2013. During this period, the age of the three fastest swimmers raised from 28 to 38 years in women and from 23 to 42 years in men [38]. The fact that female competitors were younger than their male counterparts likely had an effect on performance. Age was also of importance in other endurance athletes such as ultra-marathon runners [127,128]. In recent studies investigating ultra-marathoners [128] and athletes competing in tower running [129], women were able to close the gap to men [128] or to even outperform men [130]. In 50- and 100-mile ultra-marathoners, the sex difference in running performance decreased with increasing age and was smaller in the longer (100 miles) compared to the shorter (50 miles) distance [128]. This finding may be explained by the lower participation of women in longer ultra-marathon races. Also, in tower running (stair climbing), women were able to beat men in specific situations, e.g., in smaller buildings with less than 600 stairs for younger (30–59 years) and older (>69 years) age groups, in buildings with 1600–220 stairs for older ages (>69 years) and in buildings with more than 2200 stairs for younger (<20 years) and older (60–69 years) age groups [130]. With increasing age, experience may improve and race tactics may become better.



A further aspect was the use of technical wetsuits in pool-swimming. In the 2009 FINA World Championship held in Rome, a total of 43 world records were set. Men set new world records in 15 of those events, whereas women did the same in 17 events. Each of the men’s world records and 14 of the 17 women’s records still stood. In the past, these world records had not been broken in such a short period of time. There was much speculation that full-body, polyurethane, technical swimsuits were the reason for the improvement in world records. Further analysis led the FINA to institute new rules on 1st January 2010, that limited the types of technical swimsuits that could be worn by athletes. No long-course world record has been broken since then [129]. A problem in this field was, however, the fact that most of the considered studies used different numbers of subjects, different populations, different analyses leading to different significance levels. This problem cannot be eliminated, but it must be considered that depending on the sample and the analysis used, a significant difference between female and male performance can result or not.




5. Conclusions


The collective data presented in this review indicate that existing sex differences in swimming performance showed a generally diminishing trend that was more profound during the longer pool-races, for all swimming strokes. Age-related variations were also reported in both pool and open-water swimming, as sex difference mainly remained for the younger age groups. However, female athletes in very young age groups (10 years and younger) and very old age groups (75–80 years and older) outscored their male counterparts. When analyzing triathlon swimming performance, the sex gap remained stable during shorter and longer swim distances, except for events under more extreme water temperatures where women can outperform men. Finally, the sex difference in pool-swimming performance over time showed variations depending on the swimming stroke, distance and the competitive level. Regarding open-water swimming over time, women seemed to continuously narrow the gap to men, especially in specific long-distances, where the assumption of outperforming men existed. In summary, women tended to decrease the existing sex differences in specific age groups (i.e., younger than 10 years and older than 75–80 years) and swimming strokes or even overperform men in long-distance open-water swimming (distance of around 30 km), especially under extreme weather conditions (water colder than ~20 °C). Future studies may investigate body compositions of the different age group swimmers in order to explain the sex differences for specific sports disciplines such as pool-swimming and long-distance open-water swimming.







Author Contributions


Conceptualization, B.K.; methodology, B.K. and P.T.N.; software, B.K. and P.T.N.; validation, B.K. and P.T.N.; formal analysis, B.K. and P.T.N.; investigation, B.K. and P.T.N.; resources, B.K. and P.T.N.; data curation, B.K. and P.T.N.; writing—original draft preparation, B.K., A.A.D., T.M.B., T.R. and P.T.N.; writing—review and editing, B.K., A.A.D., T.M.B., T.R., C.V.S. and P.T.N.; visualization, B.K. and P.T.N.; supervision, B.K.; project administration, B.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Knechtle, B.; Nikolaidis, P.T.; Rosemann, T.; Rüst, C.A. Performance trends in master butterfly swimmers competing in the FINA world championships. J. Hum. Kinet. 2017, 57, 199–211. [Google Scholar] [CrossRef]

	



Unterweger, C.M.; Knechtle, B.; Nikolaidis, P.T.; Rosemann, T.; Rüst, C.A. Increased participation and improved performance in age group backstroke master swimmers from 25–29 to 100–104 years at the FINA World Masters Championships from 1986 to 2014. SpringerPlus 2016, 5, 645. [Google Scholar] [CrossRef]

	



Knechtle, B.; Nikolaidis, P.T.; Rosemann, T.; Rüst, C.A. Performance trends in age group breaststrokes wimmers in the FINA world championships 19862–014. Chin. J. Physiol. 2016, 59, 247–259. [Google Scholar] [CrossRef]

	



Knechtle, B.; Nikolaidis, P.T.; König, S.; Rosemann, T.; Rüst, C.A. Performance trends in master freestyle swimmers aged 25–89 years at the FINA World Championships from 1986 to 2014. Age 2016, 38, 1–8. [Google Scholar] [CrossRef]

	



König, S.; Valeri, F.; Wild, S.; Rosemann, T.; Rüst, C.A.; Knechtle, B. Change of the age and performance of swimmers across World Championships and Olympic Games finals from 1992 to 2013—A cross-sectional data analysis. SpringerPlus 2014, 3, 652. [Google Scholar] [CrossRef]

	



Veiga, S.; Roig, A. Effect of the starting and turning performances on the subsequent swimming parameters of elite swimmers. Sports Biomech. 2017, 16, 34–44. [Google Scholar] [CrossRef]

	



Fischer, G.; Knechtle, B.; Rüst, C.A.; Rosemann, T. Male swimmers cross the English Channel faster than female swimmers. Scand. J. Med. Sci. Sports 2013, 23, e48–e55. [Google Scholar] [CrossRef]

	



Eichenberger, E.; Knechtle, B.; Knechtle, P.; RüSt, C.A.; Rosemann, T.; Lepers, R. Best performances by men and women open-water swimmers during the ‘English Channel Swim’ from 1900 to 2010. J. Sports Sci. 2012, 30, 1295–1301. [Google Scholar] [CrossRef]

	



Eichenberger, E.; Knechtle, B.; Knechtle, P.; Rüst, C.A.; Rosemann, T.; Lepers, R.; Senn, O. Sex difference in open-water ultra-swim performance in the longest freshwater lake swim in europe. J. Strength Cond. Res. 2013, 27, 1362–1369. [Google Scholar] [CrossRef]

	



Zingg, M.A.; Rüst, C.A.; Rosemann, T.; Lepers, R.; Knechtle, B. Analysis of sex differences in open-water ultra-distance swimming performances in the FINA World Cup races in 5 km, 10 km and 25 km from 2000 to 2012. BMC Sports Sci. Med. Rehabil. 2014, 6, 7. [Google Scholar] [CrossRef]

	



Nikolaidis, P.T.; Knechtle, B. Performance trends in individual medley events during FINA World Master Championships from 1986 to 2014. J. Sports Med. Phys. Fit. 2018, 58, 690–698. [Google Scholar]

	



Nikolaidis, P.T.; Knechtle, B. Pacing in age-group freestyle swimmers at The XV FINA World Masters Championships in Montreal 2014. J. Sports Sci. 2017, 35, 1165–1172. [Google Scholar] [CrossRef] [PubMed]

	



Eichenberger, E.; Knechtle, B.; Christoph, A.R.; Knechtle, P.; Lepers, R.; Rosemann, T. No gender difference in peak performance in ultra-endurance swimming performance—Analysis of the ‘Zurich 12-h swim’ from 1996 to 2010. Chin. J. Physiol. 2012, 55, 1–6. [Google Scholar]

	



Knechtle, B.; Nikolaidis, P.T.; Rosemann, T.; Rüst, C.A. Performance trends in 3000 m open-water age group swimmers from 25 to 89 years competing in the FINA World Championships from 1992 to 2014. Res. Sports Med. 2017, 25, 67–77. [Google Scholar] [CrossRef]

	



Veiga, S.; Rodriguez, L.; Gonzalez-Frutos, P.; Navandar, A. Race strategies of open water swimmers in the 5-km, 10-km, and 25-km races of the 2017 FINA World Swimming Championships. Front. Psychol. 2019, 10, 654. [Google Scholar] [CrossRef]

	



Lepers, R.; Knechtle, B.; Stapley, P.J. Trends in triathlon performance: Effects of sex and age. Sports Med. (Auckland, N.Z.) 2013, 43, 851–863. [Google Scholar] [CrossRef]

	



Etter, F.; Knechtle, B.; Bukowski, A.; Rust, C.A.; Rosemann, T.; Lepers, R. Age and gender interactions in short distance triathlon performance. J. Sports Sci. 2013, 31, 996–1006. [Google Scholar] [CrossRef]

	



Wu, S.S.; Peiffer, J.J.; Brisswalter, J.; Nosaka, K.; Lau, W.Y.; Abbiss, C.R. Pacing strategies during the swim, cycle and run disciplines of sprint, Olympic and half-Ironman triathlons. Eur. J. Appl. Physiol. 2015, 115, 1147–1154. [Google Scholar] [CrossRef]

	



Rüst, C.A.; Knechtle, B.; Rosemann, T.; Lepers, R. Sex difference in race performance and age of peak performance in the Ironman Triathlon World Championship from 1983 to 2012. Extrem. Physiol. Med. 2012, 1, 15. [Google Scholar] [CrossRef]

	



Sigg, K.; Knechtle, B.; Rust, C.A.; Knechtle, P.; Lepers, R.; Rosemann, T. Sex difference in Double Iron ultra-triathlon performance. Extrem. Physiol. Med. 2013, 2, 12. [Google Scholar] [CrossRef]

	



Available online: https://explorersweb.com/2019/07/05/why-women-excel-at-marathon-swimming/ (accessed on 30 April 2020).

	



Available online: https://www.thecut.com/2016/09/the-obscure-endurance-sport-women-are-quietly-dominating.html (accessed on 21 May 2020).

	



Available online: https://womenintheworld.com/2016/09/18/the-grueling-sport-in-which-women-competitors-typically-outperform-the-men/ (accessed on 30 April 2020).

	



Available online: https://www.theguardian.com/lifeandstyle/2020/jan/03/female-ultra-athletes-leading-field-women-less-ego (accessed on 30 April 2020).

	



Available online: https://www.bbc.com/news/world-49284389 (accessed on 30 April 2020).

	



Available online: https://www.healthline.com/health-news/will-women-athletes-ever-be-able-to-compete-with-men#2 (accessed on 30 April 2020).

	



Seifert, L.; Barbosa, T.M.; Kjendlie, P.-L. Biophysical approach to swimming: Gender effect. In Gender Gap: Causes, Experiences and Effects; Davies, S.A., Ed.; Nova Publishers: Hauppauge, NY, USA, 2011; pp. 59–80. [Google Scholar]

	



Wild, S.; Rüst, C.A.; Rosemann, T.; Knechtle, B. Changes in sex difference in swimming speed in finalists at FINA World Championships and the Olympic Games from 1992 to 2013. BMC Sports Sci. Med. Rehabil. 2014, 6, 25. [Google Scholar] [CrossRef] [PubMed]

	



Rüst, C.A.; Rosemann, T.; Knechtle, B. Sex difference in age and performance in elite Swiss freestyle swimmers competing from 50 m to 1500 m. SpringerPlus 2014, 3, 1–10. [Google Scholar]

	



Wolfrum, M.; Rüst, C.A.; Rosemann, T.; Lepers, R.; Knechtle, B. Changes in breaststroke swimming performances in national and international athletes competing between 1994 and 2011—A comparison with freestyle swimming performances. BMC Sports Sci. Med. Rehabil. 2014, 6, 18. [Google Scholar] [CrossRef] [PubMed]

	



Zingg, M.A.; Wolfrum, M.; Rüst, C.A.; Rosemann, T.; Lepers, R.; Knechtle, B. Freestyle versus butterfly swimming performance—Effects of age and sex. Hum. Mov. 2014, 15, 25–35. [Google Scholar] [CrossRef]

	



Rust, C.A.; Knechtle, B.; Rosemann, T. Women achieve peak freestyle swim speed at earlier ages than men. Open Access J. Sports Med. 2012, 3, 189–199. [Google Scholar] [CrossRef] [PubMed]

	



Available online: www.fina.org/sites/default/files/2017_2021_facilities_06102017_full_medium.pdf (accessed on 21 May 2020).

	



Available online: www.fina.org/sites/default/files/2017_2021_ows_12092017_ok.pdf (accessed on 21 May 2020).

	



Available online: www.channelswimmingassociation.com/swim-advice/channel-water-temperatures (accessed on 21 May 2020).

	



Knechtle, B.; Rosemann, T.; Rüst, C.A. Women cross the ‘Catalina Channel’ faster than men. SpringerPlus 2015, 4, 332. [Google Scholar] [CrossRef]

	



Nikolaidis, P.T.; Gangi, S.D.; De Sousa, C.V.; Valeri, F.; Rosemann, T.; Knechtle, B. Sex difference in open-water swimming—The triple crown of open water swimming 1875–2017. PLoS ONE 2018, 13, e0202003. [Google Scholar] [CrossRef]

	



Knechtle, B.; Rosemann, T.; Lepers, R.; Rüst, C.A. Women outperform men in ultradistance swimming: The Manhattan Island Marathon Swim from 1983 to 2013. Int. J. Sports Physiol. Perform. 2014, 9, 913–924. [Google Scholar] [CrossRef]

	



Available online: www.ice-swimming.com (accessed on 21 May 2020).

	



Available online: www.internationaliceswimming.com (accessed on 21 May 2020).

	



Knechtle, B.; Rosemann, T.; Rust, C.A. Ice swimming—‘Ice Mile’ and ‘1 km Ice event’. BMC Sports Sci. Med. Rehabil. 2015, 7, 20. [Google Scholar] [CrossRef]

	



Senefeld, J.; Joyner, M.J.; Stevens, A.; Hunter, S.K. Sex differences in elite swimming with advanced age are less than marathon running. Scand. J. Med. Sci. Sports 2016, 26, 17–28. [Google Scholar] [CrossRef]

	



Senefeld, J.W.; Clayburn, A.J.; Baker, S.E.; Carter, R.E.; Johnson, P.W.; Joyner, M.J. Sex differences in youth elite swimming. PLoS ONE 2019, 14, e0225724. [Google Scholar] [CrossRef] [PubMed]

	



Buhl, C.; Knechtle, B.; Rust, C.A.; Rosemann, T.; Lepers, R. A comparison of medley and freestyle performance for national and international swimmers between 1994 and 2011. Open Access J. Sports Med. 2013, 4, 79–87. [Google Scholar] [CrossRef] [PubMed]

	



Vaso, M.; Knechtle, B.; Rüst, C.A.; Rosemann, T.; Lepers, R. Age of peak swim speed and sex difference in performance in medley and freestyle swimming—A comparison between 200 m and 400 m in Swiss elite swimmers. J. Hum. Sport Exerc. 2013, 8, 954–965. [Google Scholar] [CrossRef]

	



Nicol, E.; Ball, K.; Tor, E. The biomechanics of freestyle and butterfly turn technique in elite swimmers. Sports Biomech. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Wolfrum, M.; Knechtle, B.; Rüst, C.A.; Rosemann, T.; Lepers, R. Sex-related differences and age of peak performance in breaststroke versus freestyle swimming. BMC Sports Sci. Med. Rehabil. 2013, 5, 29. [Google Scholar] [CrossRef]

	



Jackson, C.W. Sex gap in swimming performance narrows. Am. Correct. Ther. J. 1977, 31, 172–175. [Google Scholar]

	



Kollarz, C.; Knechtle, B.; Rüst, C.A.; Rosemann, T.; Lepers, R. Comparison of age of peak swimming speed in elite backstroke swimmers at national and international level. OA Sports Med. 2013, 1, 19. [Google Scholar] [CrossRef]

	



Vogt, P.; Rüst, C.A.; Rosemann, T.; Lepers, R.; Knechtle, B. Analysis of 10 km swimming performance of elite male and female open-water swimmers. SpringerPlus 2013, 2, 1–15. [Google Scholar] [CrossRef]

	



Rüst, C.A.; Lepers, R.; Rosemann, T.; Knechtle, B. Will women soon outperform men in open-water ultra-distance swimming in the ‘Maratona del Golfo Capri-Napoli’? SpringerPlus 2014, 3, 1–12. [Google Scholar] [CrossRef]

	



Lepers, R. Sex difference in triathlon performance. Front. Physiol. 2019, 10, 973. [Google Scholar] [CrossRef]

	



Rust, C.A.; Lepers, R.; Stiefel, M.; Rosemann, T.; Knechtle, B. Performance in Olympic triathlon: Changes in performance of elite female and male triathletes in the ITU World Triathlon Series from 2009 to 2012. SpringerPlus 2013, 2, 685. [Google Scholar] [CrossRef] [PubMed]

	



Rust, C.A.; Knechtle, B.; Knechtle, P.; Rosemann, T.; Lepers, R. Sex differences in ultra-triathlon performance at increasing race distance. Percept. Mot. Ski. 2013, 116, 690–706. [Google Scholar] [CrossRef] [PubMed]

	



Meili, D.; Knechtle, B.; Rust, C.A.; Rosemann, T.; Lepers, R. Participation and performance trends in ‘Ultraman Hawaii’ from 1983 to 2012. Extrem. Physiol. Med. 2013, 2, 25. [Google Scholar] [CrossRef]

	



Knechtle, B.; Nikolaidis, P.T.; Stiefel, M.; Rosemann, T.; Rust, C.A. Performance and sex differences in ‘Isklar Norseman Xtreme Triathlon’. Chin. J. Physiol. 2016, 59, 276–283. [Google Scholar] [CrossRef] [PubMed]

	



Rust, C.A.; Rosemann, T.; Knechtle, B. Performance and sex difference in ultra-triathlon performance from Ironman to Double Deca Iron ultra-triathlon between 1978 and 2013. SpringerPlus 2014, 3, 219. [Google Scholar] [CrossRef] [PubMed]

	



Rüst, C.A.; Knechtle, B.; Rosemann, T.; Lepers, R. The changes in age of peak swim speed for elite male and female Swiss freestyle swimmers between 1994 and 2012. J. Sports Sci. 2014, 32, 248–258. [Google Scholar] [CrossRef] [PubMed]

	



Salihu, L.; Rüst, C.A.; Rosemann, T.; Knechtle, B. Sex difference in draft-legal ultra-distance events—A comparison between ultra-swimming and ultra-cycling. Chin. J. Physiol. 2016, 59, 87–99. [Google Scholar] [CrossRef]

	



Rüst, C.A.; Knechtle, B.; Rosemann, T.; Lepers, R. Women reduced the sex difference in open-water ultra-distance swimming—La Traversée Internationale du Lac St-Jean, 1955–2012. Appl. Physiol. Nutr. Metab. 2014, 39, 270–273. [Google Scholar] [CrossRef]

	



Toussaint, H.M.; Bruinink, L.; Coster, R.; Looze, M.D.; Rossem, B.V.; Veenen, R.V.; Groot, G.D. Effect of a triathlon wet suit on drag during swimming. Med. Sci. Sports Exerc. 1989, 21, 325–328. [Google Scholar] [CrossRef]

	



Nikolaidis, P.T.; de Sousa, C.V.; Knechtle, B. Sex difference in long-distance open-water swimming races–does nationality play a role? Res. Sports Med. 2018, 26, 332–344. [Google Scholar] [CrossRef]

	



Ulsamer, S.; Rüst, C.A.; Rosemann, T.; Lepers, R.; Knechtle, B. Swimming performances in long distance open-water events with and without wetsuit. BMC Sports Sci. Med. Rehabil. 2014, 6, 20. [Google Scholar] [CrossRef] [PubMed]

	



Issurin, V.; Pushkar-Verbitsky, V.; Verbitsky, O. Effect of high-tech swimsuits on the swimming performance in top-level swimmers. J. Sports Med. Phys. Fit. 2014, 54, 383–388. [Google Scholar]

	



Gibas-Dorna, M.; Checinska, Z.; Korek, E.; Kupsz, J.; Sowinska, A.; Krauss, H. Cold water swimming benefcially modulates insulin sensitivity in middle-aged individuals. J. Aging Phys. Act. 2016, 24, 547–554. [Google Scholar] [CrossRef] [PubMed]

	



Seifert, L.; Chollet, D. A new index of flat breaststroke propulsion: A comparison of elite men and women. J. Sports Sci. 2005, 23, 309–320. [Google Scholar] [CrossRef] [PubMed]

	



Zuniga, J.; Housh, T.J.; Michelle, M.; Hendrix, C.R.; Camic, C.L.; Johnson, G.O.; Housh, D.J.; Schmidt, R.J. Gender comparisons of anthropometric characteristics of young sprint swimmers. J. Strength Cond. Res. 2011, 25, 103–108. [Google Scholar] [CrossRef]

	



McLean, S.P.; Hinrichs, R.N. Buoyancy, gender, and swimming performance. J. Appl. Biomech. 2000, 16, 248–263. [Google Scholar] [CrossRef]

	



McLean, S.P.; Hinrichs, R.N. Sex differences in the centre of buoyancy location of competitive swimmers. J. Sports Sci. 1998, 16, 373–383. [Google Scholar] [CrossRef]

	



Novak, L.P.; Woodward, W.A.; Bestit, C.; Mellerowicz, H. Working capacity, body composition, and anthropometry of Olympic female athletes. J. Sports Med. Phys. Fit. 1977, 17, 275–283. [Google Scholar]

	



Pyne, D.B.; Anderson, M.E.; Hopkins, W.G. Monitoring changes in lean mass of elite male and female swimmers. Int. J. Sports Physiol. Perform. 2006, 1, 14–26. [Google Scholar] [CrossRef]

	



Bishop, P.; Cureton, K.; Conerly, M.; Collins, M. Sex difference in muscle cross-sectional area of athletes and non-athletes. J. Sports Sci. 1989, 7, 31–39. [Google Scholar] [CrossRef]

	



Zampagni, M.L.; Casino, D.; Benelli, P.; Visani, A.; Marcacci, M.; De Vito, G. Anthropometric and strength variables to predict freestyle performance times in elite master swimmers. J. Strength Cond. Res. 2008, 22, 1298–1307. [Google Scholar] [CrossRef] [PubMed]

	



Demura, S.; Matsuzawa, J.; Naka, H.; Kita, I. Physical characteristics in well-trained young swimmers. Jpn. J. Phys. Fit. Sports Med. 1991, 40, 278–287. [Google Scholar] [CrossRef]

	



Kanehisa, H.; Muraoka, Y.; Kawakami, Y.; Fukunaga, T. Fascicle arrangements of vastus lateralis and gastrocnemius muscles in highly trained soccer players and swimmers of both genders. Int. J. Sports Med. 2003, 24, 90–95. [Google Scholar] [CrossRef]

	



Lerda, R.; Cardelli, C.; Coudereau, J.P. Backstroke organization in physical education students as a function of skill and sex. Percept. Mot. Ski. 2005, 100, 779–790. [Google Scholar] [CrossRef] [PubMed]

	



Seifert, L.; Boulesteix, L.; Chollet, D.; Vilas-Boas, J.P. Differences in spatial-temporal parameters and arm-leg coordination in butterfly stroke as a function of race pace, skill and gender. Hum. Mov. Sci. 2008, 27, 96–111. [Google Scholar] [CrossRef] [PubMed]

	



Takagi, H.; Sugimoto, S.; Nishijima, N.; Wilson, B. Swimming: Differences in stroke phases, arm-leg coordination and velocity fluctuation due to event, gender and performance level in breaststroke. Sports Biomech. 2004, 3, 15–27. [Google Scholar] [CrossRef] [PubMed]

	



Chatard, J.C.; Agel, A.; Lacoste, L.; Millet, C.; Paulin, M.; Lacour, J.R. Energy cost of crawl in female competition swimmers. Comparison with males. Sci. Sports 1991, 6, 245–251. [Google Scholar] [CrossRef]

	



Toussaint, H.M.; Knops, W.; De Groot, G.; Hollander, A. The mechanical efficiency of front crawl swimming. Med. Sci. Sports Exerc. 1990, 22, 402–408. [Google Scholar] [CrossRef]

	



Klentrou, P.P.; Montpetit, R.R. Energetics of backstroke swimming in males and females. Med. Sci. Sports Exerc. 1992, 24, 371–375. [Google Scholar] [CrossRef]

	



Leblanc, H.; Seifert, L.; Chollet, D. Does floatation influence breaststroke technique? J. Appl. Biomech. 2010, 26, 150–158. [Google Scholar] [CrossRef]

	



Lee, J.; Mellifont, R.; Winstanley, J.; Burkett, B. Body roll in simulated freestyle swimming. Int. J. Sports Med. 2008, 29, 569–573. [Google Scholar] [CrossRef] [PubMed]

	



Magnusson, S.P.; Constantini, N.W.; McHugh, M.P.; Gleim, G.W. Strength profiles and performance in masters’ level swimmers. Am. J. Sports Med. 1995, 23, 626–631. [Google Scholar] [CrossRef] [PubMed]

	



Demura, S. The sex difference and grade difference in anthropometric characteristics, muscular strength, and flexibility junior high school swimmers. Jpn. J. Phys. Fit. Sports Med. 1983, 32, 8–16. [Google Scholar] [CrossRef]

	



Mameletzi, D.; Siatras, T. Sex differences in isokinetic strength and power of knee muscles in 10–12 year old swimmers. Isokinet. Exerc. Sci. 2003, 11, 231–237. [Google Scholar] [CrossRef]

	



Deschodt, V.J.; Rouard, A.H. Influence of gender on kinematic parameters in top level frontcrawl swimmers. Sci. Sports 1999, 14, 39–44. [Google Scholar] [CrossRef]

	



Zamparo, P.; Lazzer, S.; Antoniazzi, C.; Cedolin, S.; Avon, R.; Lesa, C. The interplay between propelling efficiency, hydrodynamic position and energy cost of front crawl in 8 to 19-year-old swimmers. Eur. J. Appl. Physiol. 2008, 104, 689–699. [Google Scholar] [CrossRef]

	



Salselas, V.; Márquez, S. Perceptions of the motivational climate created by parents of young Portuguese swimmers. Percept. Mot. Ski. 2009, 108, 851–861. [Google Scholar] [CrossRef]

	



Papadopoulou, A.; Tsigilis, N.; Theodorakis, N.D.; Tsalis, G. Sex and sport-related differences in satisfaction among Greek swimmers. Psychol. Rep. 2006, 98, 389–394. [Google Scholar] [CrossRef]

	



Romberg, K.; Tufvesson, E.; Bjermer, L. Sex differences in asthma in swimmers and tennis players. Ann. Allergy Asthma Immunol. 2017, 118, 311–317. [Google Scholar] [CrossRef]

	



Meggs, J.; Chen, M.A. Mental toughness and attributions of failure in high performing male and female swimmers. J. Hum. Sport Exerc. 2018, 13, 276–284. [Google Scholar] [CrossRef]

	



Shields, D.L. Moral growth among athletes and nonathletes: A comparative analysis. J. Genet. Psychol. 1986, 147, 7–18. [Google Scholar]

	



Berger, B.G.; Owen, D.R. Mood alteration with swimming—Swimmers really do ‘feel better’. Psychosom. Med. 1983, 45, 425–433. [Google Scholar] [CrossRef] [PubMed]

	



Hammond, T.; Gialloreto, C.; Kubas, H.; Hap Davis, H. The prevalence of failure-based depression among elite athletes. Clin. J. Sport Med. 2013, 23, 273–277. [Google Scholar] [CrossRef] [PubMed]

	



Anshel, M.H.; Porter, A. Efficacy of a model for examining self-regulation with elite and non-elite male and female competitive swimmers. Int. J. Sport Psychol. 1996, 27, 321–336. [Google Scholar]

	



Flandrois, R.; Grandmontagne, M.; Mayet, M.H. Maximal oxygen uptake in French children in relation to age, sex and physical training. J. Physiol. 1982, 78, 186–194. [Google Scholar]

	



Reis, J.F.; Millet, G.P.; Bruno, P.M.; Vleck, V.; Alves, F.B. Sex and exercise intensity do not influence oxygen uptake kinetics in submaximal swimming. Front. Physiol. 2017, 8, 2099. [Google Scholar] [CrossRef]

	



O’Toole, M.L.; Douglas, B.; Hiller, W.; Crosby, L.O.; Douglas, P.S. The ultraendurance triathlete: A physiological profile. Med. Sci. Sports Exerc. 1987, 19, 45–50. [Google Scholar]

	



Greksa, L.P.; Haas, J.D.; Leatherman, T.L.; Spielvogel, H.; Zamora, M.P.; Fernandez, L.P.; Moreno-Black, G. Maximal aerobic power in trained youths at high altitude. Ann. Hum. Biol. 1982, 9, 201–209. [Google Scholar] [CrossRef]

	



Fu, F.H.; You, C.Y.C.-Y.; Kong, Z.W. Acute changes in selected serum enzyme and metabolite concentrations in 12-to 14-yr.-old athletes after an all-out 100-m swimming sprint. Percept. Mot. Ski. 2002, 95, 1171–1178. [Google Scholar]

	



Avlonitou, E. Maximal lactate values following competitive performance varying according to age, sex and swimming style. J. Sports Med. Phys. Fit. 1996, 36, 24–30. [Google Scholar]

	



Nygaard, E. Skeletal muscle fibre characteristics in young women. Acta Physiol. Scand. 1981, 112, 299–304. [Google Scholar] [CrossRef]

	



Sébert, P.; Barthélemy, L.; Simon, B.; Coat, J.P.; Klimek, D. Recovery from exercise in young swimmers: Sexual differences. Sci. Sports 1995, 10, 141–147. [Google Scholar] [CrossRef]

	



Sallis, R.E.; Jones, K.; Sunshine, S.; Smith, G.; Simon, L. Comparing sports injuries in men and women. Int. J. Sports Med. 2001, 22, 420–423. [Google Scholar] [CrossRef]

	



Maffulli, N.; King, J.B.; Helms, P. Training in elite young athletes (the training of young athletes (TOYA) study): Injuries, flexibility and isometric strength. Br. J. Sports Med. 1994, 28, 123–136. [Google Scholar] [CrossRef]

	



Beckford, S.E.; Webb, M.C. Anthropometric parameters: Obesity and metabolic risks for non-communicable diseases among adolescent swimmers. West Indian Med. J. 2018, 67, 31–38. [Google Scholar]

	



Avlonitou, E.; Georgiou, E.; Douskas, C.; Louizi, A. Estimation of body composition in competitive swimmers by means of three different techniques. Int. J. Sports Med. 1997, 18, 363–368. [Google Scholar] [CrossRef]

	



Caspersen, C.; Berthelsen, P.A.; Eik, M.; Pâkozdi, C.; Kjendlie, P.L. Added mass in human swimmers: Age and gender differences. J. Biomech. 2010, 43, 2369–2373. [Google Scholar] [CrossRef]

	



Knechtle, B.; Baumann, B.; Knechtle, P.; Rosemann, T. Speed during training and anthropometric measures in relation to race performance by male and female open-water ultra-endurance swimmers. Percept. Mot. Ski. 2010, 111, 463–474. [Google Scholar] [CrossRef]

	



Martínez-Sanz, J.M.; Mielgo-Ayuso, J.; Urdampilleta, A. Body composition and somatotype in adolescent competion swimmers. Revista Espanola de Nutricion Humana y Dietetica 2012, 16, 130–136. [Google Scholar] [CrossRef]

	



Martínez, S.; Pasquarelli, B.N.; Romaguera, D.; Arasa, C.; Tauler, P.; Aguiló, A. Anthropometric characteristics and nutritional profile of young amateur swimmers. J. Strength Cond. Res. 2011, 25, 1126–1133. [Google Scholar] [CrossRef]

	



Sandbakk, O.; Solli, G.S.; Holmberg, H.C. Sex differences in world-record performance: The influence of sport discipline and competition duration. Int. J. Sports Physiol. Perform. 2018, 13, 2–8. [Google Scholar] [CrossRef]

	



Millard-Stafford, M.; Swanson, A.E.; Wittbrodt, M.T. Nature versus nurture: Have performance gaps between men and women reached an asymptote? Int. J. Sports Physiol. Perform. 2018, 13, 530–535. [Google Scholar] [CrossRef] [PubMed]

	



Rong, C.; Bei, H.; Yun, M.; Yuzhu, W.; Mingwu, Z. Lung function and cytokine levels in professional athletes. J. Asthma 2008, 45, 343–348. [Google Scholar] [CrossRef]

	



Ricoy, J.R.; Encinas, A.R.; Cabello, A.; Madero, S.; Arenas, J. Histochemical study of the vastus lateralis muscle fibre types of athletes. J. Physiol. Biochem. 1998, 54, 41–48. [Google Scholar] [PubMed]

	



Nikolaidis, P.T. Age- and sex-related differences in force-velocity characteristics of upper and lower limbs of competitive adolescent swimmers. J. Hum. Kinet. 2012, 32, 87–95. [Google Scholar] [CrossRef] [PubMed]

	



Garrido, N.D.; Silva, A.J.; Fernandes, R.J.; Barbosa, T.M.; Costa, A.M.; Marinho, D.A.; Marques, M.C. High level swimming performance and its relation to non-specific parameters: A cross-sectional study on maximum handgrip isometric strength. Percept. Mot. Ski. 2012, 114, 936–948. [Google Scholar] [CrossRef] [PubMed]

	



Gackenbach, J. Collegiate swimmers: Sex differences in self-reports and indices of physiological stress. Percept. Mot. Ski. 1982, 55, 555–558. [Google Scholar] [CrossRef]

	



Ogilvie, B.C.; McGuire, L.G. How competition affects elite women swimmers. Physician Sportsmed. 1980, 8, 113–116. [Google Scholar] [CrossRef]

	



Lopez-Fernandez, I.; Merino-Marban, R.; Fernandez-Rodriguez, E. Examining the relationship between sex and motivation in triathletes. Percept. Mot. Ski. 2014, 119, 42–49. [Google Scholar] [CrossRef]

	



U.S. Department of Education. Title IX and sex discrimination. In Title IX; Rights, O.f.C., Ed.; 2015. Available online: https://www2.ed.gov/about/offices/list/ocr/docs/tix_dis.html (accessed on 21 May 2020).

	



Margolis, J. The Struggle for Female Soccer Equality in Brazil. PRI 2013. Available online: https://www.pri.org/stories/2013-05-27/struggle-female-soccer-equality-brazil (accessed on 21 May 2020).

	



Capranica, L.; Piacentini, M.F.; Halson, S.; Myburgh, K.H.; Ogasawara, E.; Millard-Stafford, M. The gender gap in sport performance: Equity influences equality. Int. J. Sports Physiol. Perform. 2013, 8, 99–103. [Google Scholar] [CrossRef]

	



Medic, N.; Young, B.W.; Starkes, J.L.; Weir, P.L.; Grove, J.R. Gender, age, and sport differences in relative age effects among us masters swimming and track and field athletes. J. Sports Sci. 2009, 27, 1535–1544. [Google Scholar] [CrossRef]

	



Elmenshawy, A.R.; Machin, D.R.; Tanaka, H. A rise in peak performance age in female athletes. Age (Dordrecht, The Netherlands) 2015, 37, 9795. [Google Scholar] [CrossRef]

	



Senefeld, J.; Smith, C.; Hunter, S.K. Sex differences in participation, performance, and age of ultramarathon runners. Int. J. Sports Physiol. Perform. 2016, 11, 635–642. [Google Scholar] [CrossRef]

	



Waldvogel, K.J.; Nikolaidis, P.T.; Di Gangi, S.; Rosemann, T.; Knechtle, B. Women Reduce the performance difference to men with increasing age in ultra-marathon running. Int. J. Environ. Res. Public Health 2019, 16, 2377. [Google Scholar] [CrossRef]

	



O’Connor, L.M.; Vozenilek, J.A. Is it the athlete or the equipment? An analysis of the top swim performances from 1990 to 2010. J. Strength Cond. Res. 2011, 25, 3239–3241. [Google Scholar] [CrossRef]

	



Stark, D.; Di Gangi, S.; Sousa, C.V.; Nikolaidis, P.; Knechtle, B. Tower running-participation, performance trends, and sex difference. Int. J. Environ. Res. Public Health 2020, 17, 1902. [Google Scholar] [CrossRef]







© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijerph-17-03651


  
    		
      ijerph-17-03651
    


  




  





media/file0.png





