
U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1 Short communication

2 Sperm trait differences between wild and farmed Chinook salmon
3 (Oncorhynchus tshawytscha)

4 Sarah J.Q1 Lehnert a,⁎, Daniel D. Heath a,b, Trevor E. Pitcher b

5 a Great Lakes Institute for Environmental Research, University of Windsor, Windsor, Ontario, Canada N9B 3P4
6 b Department of Biological Sciences, University of Windsor, Windsor, Ontario, Canada N9B 3P

7

8

a b s t r a c ta r t i c l e i n f o

9 Article history:
10 Received 30 August 2011
11 Received in revised form 12 February 2012
12 Accepted 7 March 2012
13 Available online xxxx
141516
17 Keywords:
18 Chinook salmon
19 Wild
20 Farmed
21 Sperm traits
22 Escapes
23 Reproductive interactions

24The expansion of salmon aquaculture, coupled with fish escaping from those sites, has raised concerns about
25the possible impacts of escaped farmed fish on wild fish populations. The potential for hybridization through
26reproductive interactions between escaped farmed and wild salmon can have significant impacts on the
27fitness and genetic composition of the natural population. Reproductive success of farmed male salmon in
28the wild will depend on their ability to compete for mates; however, it will also depend on their relative
29sperm performance, given that sperm competition is known to contribute to salmonid reproductive success.
30Farming practices, including the hormonal sex-reversal of females to create homogametic (XX) males, may
31have effects on sperm traits in salmon. We therefore analyzed sperm traits of XX farmed, XY farmed and
32wild Chinook salmon males during the spawning season. No significant difference was found between XX
33and XY farmed males for all sperm traits, except sperm density, which was significantly higher in XY males
34than XXmales. XX and XY farmedmales had significantly higher spermmotility and sperm velocity compared
35to wild males. In addition, wild males had lower sperm longevity and sperm density compared to farmed
36males. Our results indicate that farming practices may lead to increased sperm performance in Chinook
37salmon males. While we did not evaluate reproductive success resulting from spawning interactions in the
38wild, our results do highlight the potential for substantial introgression resulting frommale–male competition
39between farmed and wild Chinook salmon in the wild.
40© 2012 Published by Elsevier B.V.
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45 1. Introduction

46 Salmon aquaculture is an economically important industry; how-
47 ever, there are increasing concerns about the potential impacts of in-
48 teractions between farmed and wild fish (Hindar et al., 1991; Naylor
49 et al., 2005; Skaala et al., 1990). These interactions are of major
50 concern when considering escapes from aquaculture sites, because
51 the unnatural and controlled aquaculture setting provides an espe-
52 cially different environment for fish to evolve in compared to the
53 wild, resulting in phenotypic and genetic differences in the farmed
54 populations (Heath et al., 2003; Skaala et al., 1990). The genetic
55 changes occurring in aquaculture involve the loss of genetic diversity
56 as well as the divergence of farmed stocks from the original wild
57 population (Hindar et al., 1991; Skaala et al., 1990). Additionally,
58 homogametic male fish (XX males) are used for commercial produc-
59 tion of all female stocks, and if such fish escape and reproduce
60 successfully in the wild they would skew the sex ratio in the wild
61 population. Hybridization through reproductive interactions between

62escaped farmed and wild salmon is an immediate threat to the fitness
63and genetic composition of natural populations (Hindar et al., 1991;
64McGinnity et al., 2003; Naylor et al., 2005). For example, McGinnity
65et al. (2003) showed that farmed-wild hybrid offspring have lower
66survival compared to wild offspring, and that competition from farmed
67and hybrid offspring reduces wild smolt production in Atlantic salmon
68(Salmo salar).
69The potential for hybridization between wild and farmed salmon
70will depend on numerous factors, although primarily on the repro-
71ductive success of escaped farmed individuals in the wild (Fleming
72et al., 1996). The effect of artificial rearing on salmon reproductive
73behavior and success has been widely studied showing, under exper-
74imental conditions, farm-raised, transgenic and hatchery salmon have
75reduced competitive and reproductive success compared to wild
76salmon (Berejikian et al., 2001; Fitzpatrick et al., 2011; Fleming and
77Gross, 1993; Fleming et al., 1996; Moreau et al., 2011; Weir et al.,
782004). Although artificially reared males and females both experience
79lower reproductive success when in competition with wild fish, the
80lower reproductive success is more pronounced in males relative to
81females (Fleming and Gross, 1993; Fleming et al., 1996). Specifically,
82males show less aggression and partake in fewer spawning events
83than wild males; as well, they display inappropriate mating behavior
84resulting in females denying access to the oviposition site (Fleming
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85 and Gross, 1993; Fleming et al., 1996). In addition to those behaviors,
86 Webb et al. (1991) reported that escaped farmed and wild Atlantic
87 salmon spawn in different reaches of the river, further reducing
88 the likelihood of hybridization. Nevertheless, escaped farmed salmon
89 do successfully reproduce and hybridize with wild fish (Crozier,
90 2000; Lura and Sægrov, 1991). In a study of 16 Scottish rivers, escaped
91 Atlantic salmon females contributed up to 7% of the fry in some rivers
92 (Webb et al., 1993), furthermore the experimental release of farmed
93 Atlantic salmon in a Norwegian river revealed that 55% of farm
94 escapes contributed 19% of the genes to the next generation of adult
95 salmon (Fleming et al., 2000). While behavioral interactions play
96 a key role in breeding success, salmonids are external fertilizers
97 allowing several males to simultaneously fertilize the eggs of a single
98 female. Consequently, relative sperm performance will also be an
99 important contributing factor to the reproductive success of farmed
100 salmon in the wild (Gage et al., 2004). This is because subdominant
101 males can offset behavioral inferiority through enhanced sperm traits
102 (Q3 Birkhead and Møller, 1988; Hutchings and Myers, 1988). Farmed
103 males could achieve higher fertilization success by having faster
104 swimming sperm, as Gage et al. (2004) found males with higher
105 sperm velocity had greater fertilization success even when competing
106 male had a greater number of sperm.
107 Gamete quality is an important factor in evaluating the risk asso-
108 ciated with farm escapes and it is also important to ensure high fertil-
109 ization rates under farm production breeding, yet few studies have
110 tested the effects of farm rearing on sperm traits in fishes. The effect
111 of farming on reproductive traits in penaeid prawns has been exten-
112 sively studied (Alfaro and Lozano, 1993; Pratoomchat et al., 1993;
113 Rendon Rodriguez et al., 2007). Research shows captive rearing
114 can negatively impact sperm traits in prawns, including an increased
115 percentage of abnormal spermatozoa, reduced number of sperm
116 in spermatophores, reduced percentage of viable sperm (Leung-
117 Trujillo and Lawrence, 1987), and the degeneration of the male repro-
118 ductive tract (Talbot et al., 1989). The effect of farming on sperm
119 traits in fishes has been studied by Skjæraasen et al. (2009) where
120 sperm traits were compared between wild and farmed cod (Gadus
121 morhua). They showed that wild males had a higher percentage of
122 motile sperm, sperm velocity and spermatocrit compared to farmed
123 males at the beginning of the spawning season; whereas, at the
124 end of the spawning season sperm velocity was still higher in wild
125 males, but there were no differences in other traits. Greater sperm
126 velocity observed in wild cod relative to farmed was also shown
127 in a second study (Butts et al., 2011) indicating that higher sperm
128 quality in wild males may be a common phenomenon in this species.
129 On the other hand, a study on haddock (Melanogrammus aeglefinus)
130 found no difference in sperm velocity or spermatocrit between wild
131 and farmed males throughout the spawning season (Rideout et al.,
132 2004). All of those studies examined farmed fish populations only
133 removedQ4 one generation from the wild, thus highlighting the need
134 for studies examining sperm traits in a more intensively farmed
135 species, several generations removed from the wild, to assess the
136 true impacts of farming on sperm traits in fishes.
137 A common practice used in salmonid aquaculture to reduce the
138 early maturation of males is the hormonal sex-reversal of females
139 to create homogametic (XX) males (Heath et al., 2002). XX males
140 produce sperm that only bears the X chromosome and milt from
141 these males can be used to fertilize eggs and produce all female
142 production stock (Devlin et al., 1991). The hormonal manipulation
143 associated with sex-reversal can have negative impacts on testes
144 development and sperm traits in teleosts, including a decrease in
145 sperm density and motility in Betta splendens (Kirankumar and
146 Pandian, 2002), deformed testis in Eurasian perch (Perca fluviatilis)
147 (Rougeot et al., 2002), and incomplete sperm duct development in
148 salmonids (Geffen and Evans, 2000; Johnstone et al., 1979). However,
149 normal gonadal development and sperm duct formation have been
150 demonstrated in XX males from various species, including northern

151pike (Esox lucius) (Luczynski et al., 2003) and Chinook salmon (O.
152tshawytscha) (Heath et al., 2002). As well, studies report no difference
153in sperm traits between XX and XYmales for Eurasian perch (Rougeot
154et al., 2004) and Coho salmon (Oncorhynchus kisutch) (Fitzpatrick
155et al., 2005), and no difference in testicular sperm density or ATP
156concentrations between XX and XY male rainbow trout (O. mykiss)
157(Geffen and Evans, 2000). Although sex-reversal is prevalent in aqua-
158culture, few comparative studies on sperm traits of XX and XY males
159exist for salmonids (Fitzpatrick et al., 2005; Geffen and Evans, 2000),
160particularly for species with morphologically normal gonads and
161functional sperm ducts.
162Given that large numbers of farmed salmonids are known to es-
163cape from aquaculture sites (Naylor et al., 2005), studying sperm
164traits in wild and farmed salmon will provide insight into the poten-
165tial for escaped males to hybridize with the wild population. Through
166the examination of sperm motility, velocity, longevity and density,
167we evaluate sperm performance of farmed fish relative to wild
168fish in Chinook salmon. In this study we compare sperm traits
169between XX farmed, XY farmed and wild (XY) males, allowing us to
170determine the impact of farming as well as sex-reversal on sperm
171traits in salmon. Additionally, competitive fertilization success is
172positively correlated with sperm velocity in salmonids (Gage et al.,
1732004; Lahnsteiner et al., 1998; Liljedal et al., 2008; Pitcher et al.,
174unpublished data), allowing us to assess the potential reproductive
175success of escaping farmed male salmon in the wild based on their
176sperm characteristics.

1772. Materials and methods

1782.1. Fish type and origin

179All Chinook salmon used in this study originate from river systems
180on Vancouver Island, British Columbia, Canada. Farmed salmon
181were obtained from an organic Chinook salmon farm, Yellow Island
182Aquaculture Ltd. (YIAL), Quadra Island, BC. The organic farming prac-
183tices involve no use of pesticides or antibiotics and the fish are fed
184a diet that mimics that of wild salmon, which includes offshore
185fish protein and naturally derived carotenoid pigment. The farmed
186salmon males included both homogametic (XX) and heterogametic
187(XY) males. YIAL began producing homogametic males in 1985
188from XX milt acquired from the Big Qualicum hatchery, Vancouver
189Island. In the years following, XX males were spawned with YIAL
190broodstock to create a monosex population. At YIAL, XX males are
191generated through the exogenous treatment with the androgen 17
192α-methyltestosterone (400 μg L−1) for 2 h at 520 ATUs (accumulated
193thermal units) and at 620 ATUs of development (Heath et al., 2002).
194All XX males in this study were 6 to 7 generations domesticated
195at YIAL and were bred in either the fall of 2005 or 2006 through
196mixed-milt spawning and were thus 4 or 5 years of age at time of
197sampling. All XY males at YIAL were descendant from gametes
198obtained from Robertson Creek and Big Qualicum hatcheries in
1991985, and 4 generations later (1997), fish were mated in a full
200factorial cross with wild fish from Big Qualicum River (Bryden
201et al., 2004). All XY males used in this study are therefore up to 7
202generations domesticated at YIAL but introgressed with wild
203genes 3 generations removed from the wild Big Qualicum stocks.
204The XY stock has been maintained by single male and single female
205crosses, and all XY males used in this study were bred in the fall
206of 2006 and were thus 4 years of age at the time of sampling.
207Both farmed male types were hatched and reared in fresh water
208until smolting when they were transferred to saltwater pens until
209sexual maturation. Mature XX and XY males were seined from
210saltwater pens and transferred to fresh water from October 4 to
211October 13 and October 14 to 18, 2010, respectively. Wild Chinook
212salmon were seined from the Quinsam River on October 21, anes-
213thetized with CO2 and transported approximately 1.5-hours by

2 S.J. Lehnert et al. / Aquaculture xxx (2012) xxx–xxx

Please cite this article as: Lehnert, S.J., et al., Sperm trait differences between wild and farmed Chinook salmon (Oncorhynchus tshawytscha),
Aquaculture (2012), doi:10.1016/j.aquaculture.2012.03.007

http://dx.doi.org/10.1016/j.aquaculture.2012.03.007
Original text:
Inserted Text
"involves "

sarahlehnert
Cross-Out

sarahlehnert
Inserted Text
1998;


sarahlehnert
Cross-Out

sarahlehnert
Inserted Text

sarahlehnert
Inserted Text
removed


sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Highlight

sarahlehnert
Highlight



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

214 vehicle to YIAL in 700-L of oxygenated river water. No mortalities
215 occurred as a result of transport. Wild males were presumed to
216 be individuals spawned in the fall of 2007 and were thus 3 years
217 of age at time of sampling. All farmed and wild males were kept
218 in 2500-L freshwater holding tanks and sampled between October
219 14 and 22. Fish were anesthetized with buffered MS222, then
220 weight (±10 g) and fork length measurements (±1 mm) were
221 recorded.

222 2.2. Sperm collection and measurements

223 After weight (mean weight±S.E., 4.41±0.16 kg) and length
224 (mean length±S.E., 71.0±0.9 cm) measurements were taken, milt
225 (sperm and seminal plasma) was stripped from individual males by
226 applying gentle pressure to the abdomen. Any milt in contact with
227 urine, water or other contaminants was not used. Milt was collected
228 in plastic bags, stored at approximately 4 °C and analyzed immedi-
229 ately in the on-site laboratory. Sperm activated with 10 μL of fresh
230 water were video recorded through a microscope and assessed with
231 sperm-tracking software (see Pitcher et al., 2009). Video recordings
232 were conducted using a negative phase-contrast microscope (CX41
233 Olympus) with 10× magnification objective mounted with a CCD B/
234 W video camera (at 50 Hz vertical frequency). Sperm motility and
235 velocity were measured at 5, 10 and 15 s post-activation using
236 HTM-CEROS sperm analysis system (CEROS version 12, Hamilton
237 Thorne Research, Beverly, MA, USA), an objectivemethod for studying
238 sperm motility in fish (Kime et al., 2001). The image analyzer was
239 used with the following settings: number of frames=60, minimum
240 contrast=20–30, and minimum cell size=3 pixels. Sperm motility
241 was defined as the percentage of motile sperm cells which was deter-
242 mined using this software by dividing the number of progressively
243 motile sperm cells by the total number of sperm cells in the field
244 of view at 5, 10 and 15 s post-activation. For each individual,
245 three measures of sperm velocity were evaluated: The average
246 path velocity (VAP in μm s−1, defined as the average velocity along
247 a smoothed cell path), the straight line velocity (VSL in μm s−1, de-
248 fined as the average velocity along a straight line connecting the
249 start and end points of the cell's path) and the curvilinear velocity
250 (VCL in μm s−1, defined as the average velocity along the actual
251 path that the cell travels). Velocity estimates represent the mean ve-
252 locity of all individual motile sperm cells. All three sperm velocity
253 measures described above, which are VAP, VSL and VCL, were signif-
254 icantly positively correlated at all time periods after activation (r2

255 ranged from 0.20 to 0.88, all pb0.003, N=43), pooling male types.
256 Given that all sperm velocity measures were correlated and yielded
257 qualitatively similar results, all further velocity results will be
258 based on VAP, which is commonly used in Chinook salmon and
259 other Oncorhynchus spp. studies to represent sperm velocity (e.g.
260 Lahnsteiner et al., 1998;Q5 Rosengrave et al., 2008) as it describes the
261 smoothed path by which the sperm cell travels. Sperm longevity
262 was also estimated from video tracks, and was considered the time
263 from activation until approximately 95% of sperm cells within the
264 field of view had ceased forward movement (see Gage et al., 2004).
265 When assessing sperm motility, and sperm velocity and longevity,
266 the total number of sperm cells in the field of view was on average
267 (±S.E.): 79.3±5.4, 70.7±5.0 and 55.5±4.8 at 5, 10 and 15 s post-
268 activation, respectively.
269 An “improved Neubauer chamber” haemocytometer under 400×
270 magnification was used to estimate sperm density (Pitcher et al.,
271 2007, 2009). Briefly, the number of sperm cells in 5 of 25 larger squares
272 was counted (each square subdivided for simplified counting). This
273 count was used to estimate the number of sperm cells in all 25 squares,
274 which was then multiplied by the depth of the chamber (10 μm) and
275 then again by the initial volume of the sample. The estimated densities
276 were expressed as the number of sperm cells per milliliter of stripped
277 milt.

2782.3. Statistical analyses

279Temporal changes (5, 10 and 15 s post-activation) in spermmotil-
280ity and velocity between XX, XY and wild males were analyzed using
281repeated measures ANOVAs followed by Tukey's test for post-hoc
282pairwise comparisons. The model was further decomposed into indi-
283vidual one-way ANOVAs coupled with Tukey's post hoc test at each
284time period to determine significant interactions. Sperm longevity,
285sperm density and Fulton's condition factor between XX, XY and wild
286males were analyzed using one-way ANOVAs followed by Tukey's
287post-hoc test to examine all pairwise comparisons.
288All means are reported ±S.E. Data were tested for normality.
289Transformation of sperm motility and velocity data failed to improve
290normality, however, although assumptions of parametric tests were
291not fully met, the ANOVA is known to be robust enough to deal
292with these issues (Underwood, 1981). To verify this, non-parametric
293tests (Kruskal–Wallis) were also performed and yielded qualitatively
294similar results as parametric tests. Fish sample size varied across
295sperm performance metrics (XX N=15–17, XY N=8–11, Wild
296N=20–26), as not all samples were usable for each trait examined
297due to video tracks displaying water flow causing inaccurate readings,
298or milt samples contaminated with water, blood and/or urine.

2993. Results

3003.1. Sperm motility

301Percentage of motile sperm cells decreased significantly over time
302and differed significantly among male types (Fig. 1A; Repeated Mea-
303sures ANOVA, F=2.84, p=0.03). XX and XY farmedmales had signif-
304icantly greater percentage of motile sperm compared to wild males
305(p=0.0002 and p=0.003, respectively), and there was no difference
306between XX and XY farmed males in percent motility (p=0.99).

3073.2. Sperm velocity

308Sperm velocity decreased significantly over time and differed
309significantly among male types (Fig. 1B; Repeated Measures ANOVA,
310F=4.38, p=0.008). Post-hoc tests revealed that XX and XY farmed
311male sperm velocity was significantly greater than that of wild
312males (p=0.03 and p=0.04, respectively), however no significant
313difference existed between XX and XY farmedmales in sperm velocity
314(p=0.45).

3153.3. Sperm longevity

316Sperm longevity differed significantly among male types (Fig. 1 C;
317ANOVA; F=4.10, p=0.020). Post-hoc tests of sperm longevity
318showed significant differences between XX farmed and wild males
319(p=0.03), but no significant difference in sperm longevity between
320XX and XY farmed males (p=0.97) or XY farmed and wild males
321(p=0.12).

3223.4. Sperm density

323Sperm density differed significantly among male types (Fig. 1D;
324ANOVA; F=6.39, p=0.003), with XY farmedmales having the greatest
325density of sperm cells per milliliter of milt. Post-hoc tests of sperm
326density showed significant differences between XY farmed and wild
327males (p=0.003) and XX and XY farmed males (p=0.015), but no
328significant differences between XX farmed and wild males (p=0.94).

3293.5. Fulton's condition factor

330A post-hoc examination of Fulton's condition factor for each of
331the groups was conducted, calculated as K=(WL−3)×105, where W
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332 is weight (g) and L is fork length (mm). Condition factor was sig-
333 nificantly different among male types (Fig. 2; ANOVA; F=6.68,
334 p=0.003). XX and XY males had significantly higher condition
335 factor than wild males (p=0.021 and p=0.007, respectively).

336 4. Discussion

337 For the sperm traits examined, wild males generally had lower
338 performance values than XX and XY farmed males, and no difference
339 existed in sperm traits between XX and XY males, except in sperm
340 density. Many sperm traits can be good indicators of fertilizing ca-
341 pacity, however, sperm velocity is known to be the primary variable
342 affecting competitive fertilization success in salmonids, including
343 Atlantic salmon (Gage et al., 2004), rainbow trout (Lahnsteiner et al.,

3441998), Arctic charr (Salvelinus alpinus) (Liljedal et al., 2008), Coho
345salmon (Pitcher et al., unpublished data) and Chinook salmon
346(Flannery, 2011). Sperm density can also be important in sperm com-
347petition, and sperm number is shown to increase with increasing
348intensity of sperm competition in fishes (Stockley et al., 1997).
349However, Gage et al. (2004) demonstrate the importance of sperm
350velocity in Atlantic salmon, asmaleswith faster spermhad greater fer-
351tilization success even when competing males had more numerous
352sperm. Thus we suggest that our findings indicate XX and XY farmed
353males would have greater fertilization success when in sperm compe-
354tition with wild males from the Quinsam River. Higher competitive
355fertilization success of farmed males may lead to a higher level of hy-
356bridization between escaping farmed fish and wild fish than expected
357based on the numbers of fish alone. Hybridizationwill allow gene flow
358from farmed stocks to thewild, likely resulting in a reduction of fitness
359in the wild population (McGinnity et al., 2003), perhaps increasing
360the likelihood for local population extirpation. However, the extent
361of hybridization may be reduced through behavioral inferiority in
362the farmed males, as many studies show that cultured salmon have
363reduced reproductive success when in competition with wild salmon
364(Berejikian et al., 2001; Fitzpatrick et al., 2011; Fleming and Gross,
3651993; Fleming et al., 1996; Moreau et al., 2011; Weir et al., 2004).
366Our finding of little or no difference in sperm performance
367between XX and XY farmed males is consistent with other studies
368examining the effect of sex-reversing on sperm traits in closely
369related species such as Coho salmon (Fitzpatrick et al., 2005) and
370rainbow trout (Geffen and Evans, 2000). Unlike those species, all
371XX Chinook salmon have morphologically normal gonads and
372sperm ducts (Heath et al., 2002). Although our analyses should be
373replicated in other Chinook salmon broodstocks, we suggest that,
374based on our findings, there are no negative implications for fertili-
375zation success resulting from using sperm from XX males to fertilize
376production eggs.

Fig. 1. Means (±standard error) of XX farmed, XY farmed and wild Chinook salmon (Oncorhynchus tshawytscha) males for sperm traits: (A) percent motility, (B) sperm velocity
(VAP, see Materials and methods), (C) sperm longevity and (D) sperm density. Asterisks (*) over time periods and different letters over bars indicate significant differences between
male types (pb0.05). Sample size varied over sperm traits (see Table 1Q2 and Materials and methods for details).

Fig. 2. Fulton's condition factor (mean±standard error) of XX farmed (N=18), XY
farmed (N=10) and wild (N=27) Chinook salmon (Oncorhynchus tshawytscha)
males. Fulton's condition factor was calculated as K=(WL−3)×105, whereW is weight
(g) and L is fork length (mm).
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377 Only a few studies have examined the effect of farming on sperm
378 traits in fishes. Skjæraasen et al. (2009) and Butts et al. (2011)
379 reported that wild male cod had greater sperm performance com-
380 pared to farmed cod, whereas Rideout et al. (2004) observed no
381 difference in sperm traits between wild and farmed haddock. Our
382 study provides the first sperm performance data for a farmed fish
383 population several generations removed from the original wild
384 stocks, which may provide an explanation as to why our results differ
385 from previous studies. The greater sperm performance found in
386 farmed Chinook salmon males may result from selective pressure on
387 sperm competition from mixed-milt spawning in the aquaculture
388 environment. The pooling of milt from several males to fertilize
389 eggs can lead to a loss of genetic diversity in the population due to
390 differences in sperm competitive ability among males being pooled
391 (Campton, 2004; Neff et al., 2011). Mixed-milt spawning in Chinook
392 salmon (Withler and Beacham, 1994) showed extreme variation in
393 fertilization success of individual males, ranging between 5% and
394 88% when milt from three males was pooled. However, this only
395 provides an explanation for the greater sperm performance observed
396 in XX males, as XY males were not subjected to mixed-milt spawning
397 at YIAL.
398 The greater sperm performance of XX and XY farmed males may
399 also be a consequence of differences in the relative spawning condi-
400 tion of the fish from each group. Fulton's condition factor (K), which
401 reflects differences in fish body mass for a given body length such
402 that higher values are presumed to indicate better condition, was
403 greater for XX and XY farmed males compared to wild males
404 (Fig. 2). Although the higher condition factor of farmed fish in com-
405 parison to wild fish can be attributed to diet, condition factor and
406 sperm performance may also be a reflection of the male's spawning
407 stage. During the spawning season, fish, especially anadromousQ6
408 species, are subjected to energetic costs that result in weight loss
409 (Jonsson et al., 1997) and thus a reduction in condition factor, as
410 well, the aging of sperm in fishes during the spawning season affects
411 the quality of sperm (Rana, 1995). In many fish species, the spawning
412 season is marked by a gradual increase followed by a gradual
413 decrease in sperm motility (Munkittrick and Moccia, 1987; Suquet
414 et al., 1998) and sperm density (Q7 Aas et al., 1991; Büyükhatipoglu
415 and Holtz, 1984). However, other studies have shown an increase in
416 sperm density or spermatocrit at the end of the spawning season
417 (Rakitin et al., 1999; Rideout et al., 2004; Skjæraasen et al., 2009;
418 Suquet et al., 1998). Although the pattern of changes in sperm traits
419 over the spawning season is not known for Chinook salmon, the
420 difference between farmed and wild males in condition and sperm
421 performance may be an indication of their stage in the spawning
422 process. However, we found no significant correlation between sperm
423 velocity and condition factor (p=0.35, N=43), indicating that higher
424 condition does not predict faster sperm. This suggests that our results
425 are not an artifact of condition factor or spawning stage, but reflect
426 fundamental differences in sperm performance between the Chinook
427 salmon populations.
428 The differences observed between male types could be also attrib-
429 uted to the age of the individual males, as wild males were presumed
430 to be younger than farmed males. It is possible that older males have
431 greater sperm performance in Chinook salmon; however, previous
432 studies of Pacific salmon species have found that younger males
433 have similar or better sperm performance (Hoysak and Liley, 2001;
434 Liley et al., 2002; Pitcher et al., unpublished data). Stress due to trans-
435 portation may have also affected sperm performance of wild males, as
436 a study on white bass, Morone chrysops, showed reduced motility in
437 stressed individuals (Allyn et al., 2001), although these effects have
438 not been examined in salmonids. Milt collection was completed
439 immediately after transport for approximately half of the wild
440 males, whereas the remaining wild males had 20-hours to recover
441 prior to sampling. However, sperm velocity and sperm motility of
442 wild males did not differ between sampling times (T-test; p=0.59

443and p=0.97, respectively). Finally, we included only one wild and
444one farmed population in our analyses, thus raising the possibility
445of pseudoreplication (Hurlbert, 1984). Ideally, future studies should
446include multiple farmed and wild Chinook salmon populations to
447increase the generality of our results; however our study provides a
448valuable starting point for quantifying the hybridization risks associ-
449ated with escaped farmed Chinook salmon on the spawning grounds.
450In conclusion, our study shows that farmed males had greater
451sperm performance compared to wild males. Irrespective of condition
452factor, spawning stage and age, our data shows that if escaping
453farmed salmon males entered nearby rivers during the spawning
454season they would have an advantage in sperm competition with
455wild salmon. From an ecological perspective, the ability of farmed
456males to outcompete wild males can have significant impacts on
457natural populations, ranging from outbreeding depression and loss
458of genetic diversity to extirpation (Fleming et al., 2000; Hindar et al.,
4591991; McGinnity et al., 2003). However, despite sperm competition
460playing an important role in male–male interactions in salmonids,
461behavioral interactions are also critical for reproductive success
462(Fleming et al., 1996). While farmed Chinook salmon males may
463have greater sperm performance, it is possible that these farmed
464males have lost much of their behavioral ability to compete for
465mates and gain access to females due to domestication, and thus
466would not be reproductively successful in the wild. Currently, we are
467examining the semi-natural spawning competitions between wild
468and farmed Chinook salmon to test this possibility.

469Acknowledgments

470This research was funded by the Natural Sciences and Engineering
471Research Council of Canada (NSERC) and the University of Windsor
472(TEP and DDH). Yellow Island Aquaculture Ltd. provided experimen-
473tal fish and facilities for the study. We are grateful to E. Flannery,
474R. Ginson, A. Heath, J. Heath, K. Komsa, and K. Jones for assistance in
475the field and laboratory. Wild fish were seined by the staff of the
476Quinsam hatchery and collected with a permit (#12279) issued
477by the Canadian Department of Fisheries and Oceans. All research
478conformed to the University of Windsor policy and Canadian Council
479of Animal Care guidelines.

480References

481Aas, G.H., Refstie, G., Gjerde, B., 1991. Evaluation of milt quality of Atlantic salmon.
482Aquaculture 95, 125–132.
483Alfaro, J., Lozano, X., 1993. Development and deterioration of spermatophores in pond-
484reared Penaeus vannamei. Journal of the World Aquaculture Society 24 (4), 522–529.
485Allyn, M.L., Sheehan, R.J., Kohler, C.C., 2001. The effect of capture and transportation
486stress on white bass semen osmolarity and their alleviation via sodium chloride.
487Transactions of the American Fisheries Society 120, 706–711.
488Berejikian, B.A., Tezak, E.P., Park, L., LaHood, E., Schroder, S.L., Beall, E., 2001. Male
489competition and breeding success in captively reared and wild coho salmon
490(Oncorhynchus kisutch). Canadian Journal of Fisheries and Aquatic Sciences 58 (4),
491804–810.
492Birkhead, T.R., Møller, A.P., 1988. Sperm Competition and Sexual Selection. Academic
493Press, London.
494Bryden, C.A., Heath, J.W., Heath, D.D., 2004. Performance and heterosis in farmed and
495wild Chinook salmon (Oncorhynchus tshawytscha) hybrid and purebred crosses.
496Aquaculture 253, 249–261.
497Butts, I.A.E., Trippel, E.A., Ciereszko, A., Soler, C., Slowińska, M., Alavi, S.M.H., Litvak,
498M.K., Babiak, I., 2011. Seminal plasma biochemistry and spermatozoa characteris-
499tics of Atlantic cod (Gadus morhua L.) of wild and cultivated origin. Comparative
500Biochemistry and Physiology. A 159, 16–24.
501Büyükhatipoglu, S., Holtz, W., 1984. Sperm output in rainbow trout (Salmo gairdneri) —
502effect of age, timing and frequency of stripping and presence of females. Aquaculture
50337, 63–71.
504Campton, D.E., 2004. Sperm competition in salmon hatcheries: the need to institu-
505tionalize genetically benign spawning protocols. Transactions of the American
506Fisheries Society 133, 1277–1289.
507Crozier, W.W., 2000. Escaped farmed salmon, Salmo salar L., in the Glenarm River,
508Northern Ireland: genetic status of the wild population 7 years on. Fisheries
509Management and Ecology 7, 437–446.
510Devlin, R.H., McNeil, B.K., Groves, T.D.D., Donaldson, E.M., 1991. Isolation of a Y-
511chromosomal DNA probe capable of determining genetic sex in Chinook salmon

5S.J. Lehnert et al. / Aquaculture xxx (2012) xxx–xxx

Please cite this article as: Lehnert, S.J., et al., Sperm trait differences between wild and farmed Chinook salmon (Oncorhynchus tshawytscha),
Aquaculture (2012), doi:10.1016/j.aquaculture.2012.03.007

http://dx.doi.org/10.1016/j.aquaculture.2012.03.007
Original text:
Inserted Text
"’"

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"anadramous "

Original text:
Inserted Text
"ageing "

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"Acknowledgements"

Original text:
Inserted Text
"– "

sarahlehnert
Cross-Out

sarahlehnert
Inserted Text
1998

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Highlight



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

512 (Oncorhynchus tshawytscha). Canadian Journal of Fisheries and Aquatic Sciences
513 48, 1606–1612.
514 Fitzpatrick, J.L., Henry, J.C., Liley, N.R., Devlin, R.H., 2005. Sperm characteristics and fertil-
515 ization success of masculinized coho salmon (Oncorhynchus kisutch). Aquaculture
516 249, 459–468.
517 Fitzpatrick, J.L., Akbarashandiz, H., Sakhrani, D., Biagi, C.A., Pitcher, T.E., Devlin, R.H., 2011.
518 Cultured growth hormone transgenic salmon are reproductively out-competed by
519 wild-reared salmon in semi-natural mating arenas. Aquaculture 312, 185–191.
520 Flannery, E.W., 2011. Sperm competition and alternative reproductive tactics in
521 Chinook salmon (Oncorhynchus tshawytscha). Master's thesis, University of
522 Windsor, Windsor, Ont., Canada.
523 Fleming, I.A., Gross, M.R., 1993. Breeding success of hatchery and wild Coho salmon
524 (Oncorhynchus kisutch) in competition. Ecological Applications 3 (2), 230–245.
525 Fleming, I.A., Jonsson, B., Gross, M.R., Lamberg, A., 1996. An experimental study of
526 reproductive behavior and success of farmed and wild Atlantic salmon (Salmo
527 salar). Journal of Applied Ecology 33 (4), 893–905.
528 Fleming, I.A., Hindar, K., Mjolnerod, I.B., Jonsson, B., Dalstad, T., Lamberg, A., 2000.
529 Lifetime success and interactions of farm salmon invading a native population.
530 Proceedings of the Royal Society of London Series B 267, 1517–1523.
531 Gage, M.J.G., Macfarlane, C.P., Yeates, S., Ward, R.G., Searle, J.B., Parker, G.A., 2004.
532 Spermatozoal traits and sperm competition in Atlantic salmon: relative sperm
533 velocity is the primary determinant of fertilization success. Current Biology 14,
534 44–47.
535 Geffen, A.J., Evans, J.P., 2000. Sperm traits and fertilization success of male and sex-
536 reversed female rainbow trout (Oncorhynchus mykiss). Aquaculture 182, 61–72.
537 Heath, D.D., Rankin, L., Bryden, C.A., Heath, J.W., Shrimpton, J.M., 2002. Heritability
538 and Y-chromosome influence in the jack male life history of Chinook salmon
539 (Oncorhynchus tshawytscha). Heredity 89, 311–317.
540 Heath, D.D., Heath, J.W., Bryden, C.A., Johnson, R.M., Fox, C.W., 2003. Rapid evolution of
541 egg size in captive salmon. Science 299, 1738–1740.
542 Hindar, K., Ryman, N., Utter, F., 1991. Genetic effects of cultured fish on natural fish
543 populations. Canadian Journal of Fisheries and Aquatic Sciences 48, 945–957.
544 Hoysak, D.J., Liley, N.R., 2001. Fertilization dynamics in sockeye salmon and a comparison
545 of sperm from alternative male phenotypes. Journal of Fish Biology 58, 1286–1300.
546 Hurlbert, S.H., 1984. Pseudoreplication and the design of ecological field experiments.
547 Ecological Monographs 54 (2), 187–209.
548 Hutchings, J.A., Myers, R.A., 1988. Mating success of alternative maturation phenotypes
549 in male Atlantic salmon, Salmo salar. Oecologia 75, 169–174.
550 Johnstone, R., Simpson, T.H., Youngson, A.F., Whitehead, C., 1979. Sex reversal in salmo-
551 nid culture: Part II. The progeny of sex-reversed rainbow trout. Aquaculture 18 (1),
552 13–19.
553 Jonsson, N., Jonsson, B., Hansen, L.P., 1997. Changes in proximate composition and
554 estimates of energetic costs during upstream migration and spawning in Atlantic
555 salmon Salmo salar. The Journal of Animal Ecology 66, 425–436.
556 Kime, D.E., Van Look, K.J.W., McAllister, B.G., Huyskens, G., Rurangwa, E., Ollevier, F.,
557 2001. Computer-assisted sperm analysis (CASA) as a tool for monitoring sperm
558 quality in fish. Comparative Biochemistry and Physiology. C 130 (4), 425–433.
559 Kirankumar, S., Pandian, T.J., 2002. Effect on growth and reproduction of hormone
560 immersed andmasculinized fighting fish Betta splendens. The Journal of Experimental
561 Zoology 293 (6), 606–616.
562 Lahnsteiner, F., Berger, B., Weismann, T., Patzner, R.A., 1998. Determination of semen
563 quality of rainbow trout, Oncorhynchus mykiss, by sperm motility, seminal plasma
564 parameters, and spermatozoal metabolism. Aquaculture 163, 163–181.
565 Leung-Trujillo, J.R., Lawrence, A.L., 1987. Observations on the decline in sperm quality
566 of Penaeus setiferus under laboratory conditions. Aquaculture 65, 363–370.
567 Liley, N.R., Tamkee, P., Tsai, R., Hoysak, D.J., 2002. Fertilization dynamics in rainbow
568 trout (Oncorhynchus mykiss): effect of male age, social experience, and sperm
569 concentration and motility on in vitro fertilization. Canadian Journal of Fisheries
570 and Aquatic Sciences 59, 144–152.
571 Liljedal, S., Rudolfsen, G., Folstad, I., 2008. Factors predicting male fertilization success
572 in an external fertilizer. Behavioral Ecology and Sociobiology 62, 1805–1811.
573 Luczynski, M.J., Demska-Zakes, K., Dabrowski, K., Luczynski, M., 2003. Masculinization
574 of gynogenetic northern pike juveniles using 17 alpha-methyltestosterone. North
575 American Journal of Aquaculture 65, 255–259.
576 Lura, H., Sægrov, H., 1991. Documentation of successful spawning of escaped farmed
577 female Atlantic salmon, Salmo salar, in Norwegian rivers. Aquaculture 98, 151–159.
578 McGinnity, P., Prodöhl, P., Ferguson, A., Hynes, R., Ó'Maoiléidigh, N., Baker, N., Cotter,
579 D., O'Hea, B., Cook, D., Rogan, G., Taggart, J., Cross, T., 2003. Fitness reduction and
580 potential extinction of wild population of Atlantic salmon, Salmo salar, as a result
581 of interactions with escaped farm salmon. Proceedings of the Royal Society of
582 London Series B 270, 2443–2450.

583Moreau, D.T.R., Conway, C., Fleming, I.A., 2011. Reproductive performance of alterna-
584tive male phenotypes of growth hormone transgenic Atlantic salmon (Salmo
585salar). Evolutionary Applications 4 (6), 736–748.
586Munkittrick, K.R., Moccia, R.D., 1987. Seasonal changes in the quality of rainbow trout
587(Salmo gairdneri) semen: effect of a delay in stripping on spermatocrit, motility,
588volume and seminal plasma constituents. Aquaculture 64 (2), 147–156.
589Naylor, R., Hindar, K., Fleming, I.A., Goldburg, R., Williams, S., Volpe, J., Whoriskey, F.,
590Eagle, J., Kelso, D., Mangel, M., 2005. Fugitive salmon: assessing the risks of escaped
591fish from net-pen aquaculture. Bioscience 55 (5), 427–437.
592Neff, B.D., Garner, S.R., Pitcher, T.E., 2011. Conservation and enhancement of wild fish
593populations: preserving genetic quality versus genetic diversity. Canadian Journal
594of Fisheries and Aquatic Sciences 68 (6), 1139–1154.
595Pitcher, T.E., Rodd, F.H., Rowe, L., 2007. Sexual colouration and sperm traits in guppies.
596Journal of Fish Biology 70, 165–177.
597Pitcher, T.E., Doucet, S.M., Beausoleil, J.-M.J., Hanley, D., 2009. Secondary sexual charac-
598ters and sperm traits in coho salmon Oncorhynchus kisutch. Journal of Fish Biology
59974, 1450–1461.
600Pratoomchat, B., Pitatiratitivorakul, S., Menasveta, P., 1993. Sperm quality of pond-reared
601and wild-caught Penaeus monodon in Thailand. Journal of the World Aquaculture
602Society 24 (4), 530–540.
603Rakitin, A., Ferguson, M.M., Trippel, E.A., 1999. Sperm competition and fertilization
604success in Atlantic cod (Gadus morhua): effect of sire size and condition factor on
605gamete quality. Canadian Journal of Fisheries and Aquatic Sciences 56, 2315–2323.
606Rana, K., 1995. Preservation of gametes. In: Bromage, N.R., Roberts, R.J. (Eds.), Broodstock
607Management and Egg and Larval Quality. Blackwell, Oxford, pp. 53–75.
608Rendon Rodriguez, S., Macías Regalado, E., Calderón Pérez, J.A., Núñez Pastén, A., Solis
609Ibarra, R., 2007. Comparison of some reproductive characteristics of farmed and
610wild white shrimp males Litopenaeus vannamei (Decapoda: Penaeidae). Revista
611de Biologia Tropical 55, 199–206.
612Rideout, R.M., Trippel, E.A., Litvak, M.K., 2004. Relationship between sperm density,
613spermatocrit, sperm motility and spawning date in wild and cultured haddock.
614Journal of Fish Biology 65, 319–332.
615Rosengrave, P., Gemmell, N.J., Metcalf, V., McBride, K., Montgomerie, R., 2008. Amechanism
616for cryptic female choice in Chinook salmon. Behavioral Ecology 19 (6), 1179–1185.
617Rougeot, C., Jacobs, B., Kestemont, P., Melard, C., 2002. Sex control and sex determinism
618study in Eurasian perch, Perca fluviatilis, by use of hormonally sex-reversed male
619breeders. Aquaculture 211, 81–89.
620Rougeot, C., Nicayenzi, F., Mandiki, S.N.M., Rurangwa, E., Kestemont, P., Melard, C., 2004.
621Comparative study of the reproductive characteristics of XY male and hormonally
622sex-reversed XX male Eurasian perch, Perca fluviatilis. Theriogenology 62, 790–800.
623Skaala, Ø., Dahle, G., Jørstad, K.E., Nævdal, G., 1990. Interactions between natural and
624farmed fish populations: information from genetic markers. Journal of Fish Biology
62536, 449–460.
626Skjæraasen, J.E., Mayer, I., Meager, J.J., Rudolfsen, G., Karlsen, O., Haugland, T., Kleven,
627O., 2009. Sperm characteristics and competitive ability in farmed and wild cod.
628Marine Ecology Progress Series 375, 219–228.
629Stockley, P., Gage, M.J.G., Parker, G.A., Møller, A.P., 1997. Sperm competition in fishes:
630the evolution of testis size and ejaculate characteristics. The American Naturalist
631149 (5), 933–954.
632Suquet, M., Dreanno, C., Dorange, G., Normant, Y., Quemener, L., Gaignon, J.L., Billard, R.,
6331998. The ageing phenomenon of turbot spermatozoa: effects on morphology,
634motility and concentration, intracellular ATP content, fertilization, and storage
635capacities. Journal of Fish Biology 52, 31–41.
636Talbot, P., Howard, D., Leung-Trujillo, J., Lee, T.W., Li, W.-Y., Ro, H., Lawrence, A.L., 1989.
637Characterization of male reproductive tract degenerative syndrome in captive
638penaeid shrimp (Penaeus setiferus). Aquaculture 78, 365–377.
639Underwood, A.J., 1981. Techniques of analysis of variance in experimental marine biology
640and ecology. Oceanography and Marine Biology: An Annual Review 19, 513–605.
641Webb, J.H., Hay, D.W., Cunningham, P.D., Youngson, A.F., 1991. The spawning behaviour
642of escaped farmed and wild adult Atlantic salmon (Salmo salar L.) in a northern
643Scottish river. Aquaculture 98, 97–110.
644Webb, J.H., Youngson, A.F., Thompson, C.E., Hay, D.W., Donaghy, M.J., McLaren, I.S.,
6451993. Spawning of escaped farmed Atlantic salmon, Salmo salar L., in western
646and northern Scottish rivers: egg deposition by females. Aquaculture and Fisheries
647Management 24 (5), 663–670.
648Weir, L.K., Hutchings, J.A., Fleming, I.A., Einum, S., 2004. Dominance relationships and
649behavioral correlates of individual spawning success in farmed and wild male
650Atlantic salmon, Salmo salar. The Journal of Animal Ecology 73 (6), 1069–1079.
651Withler, R.E., Beacham, T.D., 1994. Genetic consequences of the simultaneous or
652sequential addition of semen from multiple males during hatchery spawning of
653Chinook salmon (Oncorhynchus tshawytscha). Aquaculture 126, 11–23.

654

655

6 S.J. Lehnert et al. / Aquaculture xxx (2012) xxx–xxx

Please cite this article as: Lehnert, S.J., et al., Sperm trait differences between wild and farmed Chinook salmon (Oncorhynchus tshawytscha),
Aquaculture (2012), doi:10.1016/j.aquaculture.2012.03.007

http://dx.doi.org/10.1016/j.aquaculture.2012.03.007
Original text:
Inserted Text
"’"

Original text:
Inserted Text
"’"

sarahlehnert
Sticky Note
Marked set by sarahlehnert

sarahlehnert
Sticky Note
Marked set by sarahlehnert




