DRAFT ONLY – DO NOT CITE






26
1
33
DRAFT ONLY – DO NOT CITE


DRAFT ONLY – DO NOT CITE

Role of temperature in downstream migratory behavior of Atlantic salmon (Salmo salar) smolts

Running Headline:  Zydlewski et al., Temperature and smolt migration

1GAYLE BARBIN ZYDLEWSKI, ALEX HARO, and STEPHEN D. MCCORMICK

S.O. Conte Anadromous Fish Research Center, Biological Resources Division/United States Geological Survey, Turners Falls, MA USA

1 Correspondence:  U.S. Fish and Wildlife Service, Abernathy Salmon Technology Center, 1440 Abernathy Creek Road, Longview, WA 98632; gbarbin@javanet.com
Word count:

Abstract

There is little direct evidence concerning environmental control of downstream migratory behavior of salmonids.  Environmental factors regulate physiological changes, but do the same factors also regulate behavioral changes?  This study evaluated the effects of temperature on the behavior of Atlantic salmon parr and smolts in the laboratory.  Parr and pre-smolts were implanted with passive integrated transponders (PIT tags) in Mar 1997, placed in simulated stream conditions, and monitored for upstream and downstream movements from Apr through Jul.  Water temperature was increased 1o C every third day (advanced), 1 o  C every fourth day (ambient), or 1 o  C every tenth day (delayed).  The number of smolt downstream passages was low initially and peaked in mid-May under all conditions.  Net downstream movement (number of downstream movements minus the number of upstream movements per day) of parr was significantly lower than that of smolts in all treatments (0.8 (  0.5 vs. 26.5 (. 4.5 movements, mean ( standard error).  Fish exposed to the delayed temperature regime sustained downstream movements through Jul, whereas those under ambient and advanced conditions ceased activity by mid-Jun.  The initiation and termination of downstream migration occurred at significantly different temperatures, but both initiation and termination occurred at statistically similar number of degree days in the three temperature treatments.  Changes in gill Na+-K+ ATPase activity and plasma thyroid hormone levels were coincident with changes in migratory behavior.   Temperature, particularly when expressed as degree days (cumulative daily mean temperature), is important for release and cessation of downstream migration.  There is a behavioral window for smolt migration that is extended at cool temperatures.


During the anadromous life history of the Atlantic salmon there are two major migrations.  Most adults enter spawning tributaries in the fall and juveniles leave fresh water some years later in the spring.  Before the spring emigration juvenile salmon undergo a dramatic change in preparation for life in the ocean: the parr-smolt transformation.  Morphological changes include the loss of parr marks, silvering, fin darkening, and decreased condition factor.  Physiological changes include increased salinity tolerance, changed visual pigments, increased metabolic rate, and increased buoyancy  QUOTE "(Hoar, 1976; Hoar, 1988)" 
(Hoar 1976; Hoar 1988)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1BC:\5CPROGRAM FILES\5CWINRM8\5CSDM\03\00\03160\11160 /id Hoar 1988\00\11\00 
.  Behaviorally, smolts demonstrate decreased positive rheotropism, decreased aggression, increased schooling, and increased downstream migration.  All of these changes have either been shown or speculated to be influenced by seasonal changes in environmental conditions, especially daylength (photoperiod) and temperature, which both increase in the spring.  

Although there appears to be a connection between environmental cues and migratory physiology, we have primarily correlative and indirect evidence for the environmental factors controlling downstream migratory behavior of smolts.  Field studies have been used to relate the connection between environmental factors and population-level downstream movements of salmonids.  Experimental manipulation of water temperature resulted in behavioral and physiological conditions similar to actively migrating chinook salmon (Oncorhynchus tshawytscha) smolts released from a hatchery  QUOTE "(Muir, Giorgi, & Coley, 1994)" 
(Muir et al. 1994)
.  This study demonstrated the importance of temperature on the resulting smolt migration.  Downstream migration of Atlantic salmon smolts has been reported to be initiated at 10oC or slightly above (White 1939; Mills 1964; Osterdahl 1969; Solomon 1978).  In another study temperature did not seem to have a significant effect on the initiation of migration, but seemed to control the decrease in migratory activity of steelhead trout, O. mykiss  QUOTE "(Zaugg & Wagner, 1973)" 
(Zaugg & Wagner 1973)
.  Water flow may also have an influence on downstream migration  QUOTE "(Youngson, Buck, Simpson, & Hay, 1983; Youngson, Hansen, Jonsson, & Naesje, 1989)" 
(Youngson et al. 1983; Youngson et al. 1989

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1BC:\5CProgram Files\5CWinRM8\5CSDM\03\00\03109%109 /id Youngson, Hansen, et al. 1989\00%\00 

 QUOTE "(Fujioka, Fushiki, Tagawa, Ogasawara, & Hirano, 1990)"  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\005(Fujioka, Fushiki, Tagawa, Ogasawara, & Hirano, 1990)\005\00\1BC:\5CProgram Files\5CWinRM8\5CSDM\03\00\03460%460 /id Fujioka, Fushiki, et al. 1990\00%\00 
; Fujioka et al. 1990
; QUOTE "(Hvidsten, Jensen, Vivas, Bakke, & Heggeberget, 1995)" 
 Hvidsten et al. 1995
).  However, most of these field studies depend on sampling fish at one point of time during their migration.  They are also limited to fyke nets, fish traps, and collection at dams.  The efficiency of all of these methods can be greatly influenced by high water, typical of springtime conditions.  During high flow events, expected to be peak conditions for migration, fyke nets and fish traps are typically destroyed or simply cannot be fished.

Laboratory studies of the parr-smolt transformation have concentrated on differences in behavior between parr and smolts in the spring, but have rarely measured downstream migration directly or continuously.  Behavioral differences between parr and smolts include changes in swimming activity, aggressiveness, rheotropism  QUOTE "(Godin, Dill, & Drury, 1974)" 
(Godin et al. 1974)
, schooling behavior  QUOTE "(Gibson, 1983)" 
(Gibson 1983)
, diurnal swimming patterns  QUOTE "(Thorpe, Morgan, Prestwell, & Higgins, 1988)" 
(Thorpe et al. 1988)
, and critical holding velocities  QUOTE "(Graham, Thorpe, & Metcalfe, 1996)" 
(Graham et al. 1996
). Further, changes in behavior between the parr and smolt stage have rarely been studied under controlled environmental conditions. 

Environmental conditions act on many different levels to control changes associated with the parr-smolt transformation  QUOTE "(McCormick, Hansen, Quinn, & Saunders, 1998)" 
(McCormick et al. 1998)
.  At the earliest life history stages the transformation from stream-dwelling parr to migratory smolt may be regulated through growth conditions  QUOTE "(Okland, Jonsson, Jensen, & Hansen, 1993)" 
(Okland et al. 1993)
 that may be affected by photoperiod, temperature, food availability, and other factors.  Once parr have reached approximately 10 – 13 cm in autumn they normally undergo transformation the following spring.  When fish reach the appropriate size-related developmental stage, springtime increases in temperature and photoperiod begin to play a role.  There is a great deal of evidence that some of the physiological factors related to smolting, particularly osmoregulatory changes, are regulated through specific hormone systems and can be manipulated by altering photoperiod and temperature.  Abrupt increases in daylength result in advances in maximum salinity tolerance and gill Na+,K+-ATPase activity  QUOTE "(Saunders, Specker, & Komourdjian, 1989; Mccormick, Björnsson, Sheridan, Eilertson, Carey, & O'Dea, 1996)" 
(Saunders et al. 1989; Mccormick et al. 1996)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00 C:\5CProgram Files\5CWinRM8\5Ccaptured\03\00\03800)800 /id Mccormick, Björnsson, et al. 1996\00)\00 
.  How temperature affects smolt development was reviewed by  QUOTE "(Mccormick, Shrimpton, & Zydlewski, 1996)" 
Mccormick et al.  (1996)
.   QUOTE "(Duston, Saunders, & Knox, 1991)" 
Duston et al. (1991)
 also indicate that increases and loss of some smolt characters, notably gill Na+,K+-ATPase activity, were influenced by temperature regime.  Short-term changes in temperature and water flow have been correlated with increased downstream migration in the field  QUOTE "(Jonsson, Jonsson, & Hansen, 1991)" 
(Jonsson et al. 1991)
.  While there has been no direct experimental evidence of the role of seasonal temperature rhythms as they effect behavior and physiology during the parr-smolt transformation, seasonal increases in daylength and temperature are hypothesized to synchronize physiological and behavioral changes necessary for successful migration to sea (McCormick et al. 1998).

The endocrine system is responsible for the transmission of environmental cues to physiological responses.  In salmonids there is evidence that this involves several endocrine systems (Bern 1978).  The thyroid system has been implicated in physiological and behavioral changes that occur during the parr-smolt transformation.  Plasma thyroid hormones are typically elevated during the transformation (Hoar 1988) and have been associated with behavioral changes such as phototaxis (Iwata 1989) and salinity preference (Iwata et al. 1990).  There is some evidence, from electrofished and angled Atlantic salmon smolts (McCormick & Bj(rnsson 1994) trap-captured biwa salmon (O. rhodurus) fry (Fujioka et al. 1990) and arctic char (Salvelinus alpinus) smolts (H(gasen & Prunet 1997), that plasma thyroxine concentration is elevated in migrants compared to nonmigrants.  However, the direct relationship between circulating thyroid hormone levels and downstream movements of individuals has not been explored.

Due to the ambiguity involved with correlating natural migration to environmental factors and physiological condition, we developed a laboratory design to examine downstream migration under controlled environmental conditions.  The objectives of our study were: (1) to quantify daily downstream movements of individuals undergoing the parr-smolt transformation in the laboratory, (2) to demonstrate the effect of temperature regime on migratory behavior and (3) to assess the link between osmoregulatory physiology (gill Na+,K+-ATPase activity) and endocrine status (plasma thyroid hormone levels) with environmental control of  downstream migration.

Materials and Methods
Fish maintenance

Atlantic salmon parr from the White River National Fish Hatchery in Vermont USA were transported in Feb 1997 to the Conte Anadromous Fish Research Center on the Connecticut River in Turners Falls, MA, USA.  Fish were kept in flow-through 1.5-m diameter tanks at 4-6 oC until the beginning of behavioral experimentation.  Photoperiod was maintained at natural daylength for the latitude of the laboratory (42o 30’ N).  

Between 7 and 10 Mar 1997, fish were anesthetized with 100 mg/L MS-222 buffered with sodium bicarbonate (pH=7.0).  Fork length and weight were recorded for 220 Atlantic salmon juveniles.  Fish 8.5 - 12.9 cm fork length were classified as putative parr (n = 52).  Fish greater than 13.0 cm fork length were classified as putative smolts (n = 168).  All fish were tagged internally with 23 mm long, 3.4 mm diameter, 0.6 g passive integrated transponders (PIT tags, Texas Instruments RI-TRP-RRHP).  A small incision (approximately 0.4 cm) was made on the ventral surface of the fish between the pectoral fins and a tag was placed intraperitoneally.  Each PIT tag had a unique 8-digit code.  For fish smaller than 10.0 cm one suture was made in the incision to ensure closure.  Preliminary studies revealed that the incision would close and heal without suturing in fish larger than 10.0 cm and fish less than 8.5 cm fork length were too small to carry these tags. Fish were allowed to heal for one month before being placed into experimental conditions.

Behavioral experimentation and physiological sampling
On 2 Apr 1997 length, weight, and PIT tag number were recorded for 75 previously tagged fish.  Eighteen putative smolts and seven putative parr were placed in three 1.5-m diameter annular tanks designed to record up and downstream movements of individually marked fish (Fig. 1).  Similarly, on 4 Apr 1997 120 salmon were split between three 2.4-m diameter annular tanks, designed as above.  Thirty-two putative smolts and eight putative parr were placed in each of three annular tanks.  On both dates non-lethal gill biopsies were taken for analysis of gill Na+,K+-ATPase activity.

Each annular tank had a circular barrier in the middle and a pump circulated water around the barrier.  Water supply to the tanks was flow through.  Water velocity through the narrow portion of the tank was maintained at 50 cm s-1 and ranged from 10 – 40 cm s-1around the wide portion of the tank, depending on distance from the outside wall.  Gravel and cobble substrate were placed in the widened portion of the tank and black plastic attached to the top of the tank to provide shade.  Two antennas were built to fit in the narrow portion of each tank.  The antennas were approximately 0.3 m apart in the 1.5-m tanks and approximately 0.5 m apart in the 2.4-m tanks.  The two antennas were wired to two TIRIS S2000 readers, with a different reader energizing each antenna.  When in the field of an antenna, the tag was energized and the reader number, date, time, and tag number were recorded on a computer.  The readers were programmed to sequentially switch between pairs of antennae in each of four tanks every 5 min.  Tag detection at each antenna were recorded for 2.5 min during every 20-min period of the day.  The readers scanned for tags continuously (12 – 13 reads per second) during the 2.5 min. 

Behavioral recordings began on 11 Apr 1997 and continued until 24 Jul 1997, except for 20 Jun when there was a power outage.  Temperature manipulations began on 18 Apr.  At that time the maintenance temperature of 4 – 6 oC was terminated and three temperature regimes were initiated: ambient, advanced, and delayed (Fig. 2).  The ambient (closest to natural temperature changes for the time of year) group experienced 1 oC increase every fourth day until 24 May when the temperature reached 16 oC.  The advanced group experienced 1 oC increase every third day; this rate of increase is rare but does occur at this latitude.  The delayed group experienced 1 oC increase every tenth day; this rate of increase simulates a late spring at this latitude or a more typical spring at a northern latitude.  Each temperature regime was simulated in two tanks, one 1.5-m and one 2.4-m tank.

On 19 Jun length, weight, PIT number, non-lethal gill biopsies, and non-lethal blood samples were taken from approximately 8 smolts in each tank.  Gill biopsies were used to determine gill Na+,K+-ATPase activity and plasma samples were used to determine T3 and T4 concentrations.  All fish were returned to their original tanks to analyze behavior subsequent to physiological sampling.  Physiological sampling of the fish was not conducted earlier to not disturb behavioral aspects of the experiment.  Behavioral experiments were terminated on 24 Jul.  Length, weight, PIT number, gill biopsies, and blood samples were taken from all fish.  Sex was determined for all fish.  Based on morphological appearance (presence/absence of parr marks, degree of silvering, darkening of fin margins) and gill Na+,K+-ATPase activity levels it was evident that not all of the ‘putative’ smolts underwent the parr-smolt transformation.  We then reclassified parr more conservatively: fish between 8.5 and 10.5 cm fork length in Apr (9.1 ( 0.2 cm; 7.5 ( 1.0 g); smolts were those fish greater than 13.0-cm fork length in Apr (14.5 ( .1 cm; 30.2 ( .7 g).  Only fish meeting these size criteria were used in the data analysis.  Twelve fish died in mid-Jun when temperatures in the advanced and ambient tanks were approaching 24oC.  There was 100% tag retention during the experimental period.  Final sample size in the ambient group was 15 parr and 26 smolts, in the advanced group was 14 parr and 30 smolts, in the delayed group was 12 parr and 26 smolts. 

Length, weight, and condition factor were compared using a nested (tank nested within treatment), repeated measures ANOVA (GLM) for treatment, developmental (parr vs. smolt), and tank effects.  LSMeans tests were performed for pairwise comparisons.  Tests were also conducted for smolts to test for treatment and tank effects.  Specific growth from 2 or 4 Apr to 24 Jul were compared using a nested ANOVA (GLM) for treatment and tank effects.

Behavioral quantification

Downstream, upstream, and net (downstream - upstream) movements of parr and smolts were quantified to examine seasonal and daily changes.  Sequential tag detections on both antennas of the tank antenna pair which were > 0.3 and < 3 s were considered direct movements between antennas.  Sequential tag detections occurring under 0.3 s were determined to be crosstalk between the antennas and were filtered out of the data set.  Also, if the time taken to move between antennas was greater than 3 s, the movement was considered to be around the widened portion of the tank and not direct movement between the antennas in the narrow portion of the tank, and removed from the data set.  Individual daily number of movements was recorded to examine seasonal patterns of behavior.  Individual variation is reported as mean ( S.E.

To assess treatment (ambient, advanced, delayed), developmental (parr vs. smolt), and tank effects on movements while maintaining individual variation (Ruohonen 1998), a nested (tank within treatment), repeated measures ANOVA (General Linear Model, GLM) was used.  Data were not normally distributed and were therefore ranked to conduct the following analyses.  The ANOVA design included date as a repeated measure because all individual movements were measured each day throughout the study.  The number of downstream and upstream movements conducted by each individual was summed for each day and used in the repeated measures analysis.  Net movement of individuals was calculated by subtracting the number of upstream movements from the number of downstream movements.  Seasonal patterns of downstream movements, particularly for smolts, were not linearly related to time.  Therefore, the migratory season was broken into two week periods, each of which approached linearity, and separate ANOVAs were run on seven two week periods.  Nested, repeated measures ANOVA (GLM) were run for each behavioral period for comparisons of treatment, developmental, and tank effects.  When developmental effects were significant treatment effects were examined for smolts only.  Reported significant differences among treatment and developmental groups take into account any tank effects, where differences among treatments or developmental stages are significant above and beyond differences between replicate tanks.  LSMeans tests were performed for pairwise comparisons between treatment groups and developmental groups.

To examine the average treatment effect on smolt migration, the seven day running average of the daily number of downstream movements was calculated for smolts in each treatment group.  Degree days was calculated as the cumulative mean daily temperature experienced by the fish since 1 Jan 1997.  To analyze the relationship between degree days and downstream movement the transition period from low to elevated downstream activity was defined as the date where smolt downstream movements exceeded the 95th percentile of parr movements (20 downstream movements per day).  This was defined as the date the ‘behavioral’ smolt window opened.  For each treatment regime an end-point to the window was specified as when smolt downstream activity returned to within the 95th percentile of parr movements.  The date the smolt window opened and closed, the temperature and degree days experienced on open and close, and the number of days the ‘behavioral’ smolt window remained open were compared for all three treatment groups.  Kruskal-Wallis and Kolomogorov-Smirnov paired tests (when appropriate) were used because some of the data were not normally distributed and did not have homogeneous variances.

Physiological measurements

Approximately 2 primary gill filaments taken from fish in Apr, Jun and Jul, were placed in individual tubes with 100 (l ice-cold SEI buffer (250 mM Sucrose, 10 mM Na2EDTA, 50 mM Imidazole, pH = 7.3) and frozen within one hour at –80oC.  Gill Na+,K+-ATPase activity was measured using the microassay method of  QUOTE "(McCormick, 1993)" 
(McCormick 1993)
.  After thawing, 25 (l 3x SEID (0.1 g Na deoxycholic acid in 33.3 ml SEI) was added to the sample tube and the sample was homogenized.  The sample was then centrifuged at 3000 g for 5 min.  Quadruplicate 10-(l samples of the supernatant were pipetted into a 96-well microassay plate.  One pair of quadruplicates was run in the presence of 0.5 mM ouabain and the other in its absence at 25oC at a wavelength of 340 nm for 10 min. Protein concentration was determined using a BCA Protein Assay (Pierce, Rockford, IL, USA).  Na+,K+-ATPase activity was expressed as (mol ADP .  mg protein-1 .  h-1. The ATP and protein assays were run on a THERMOmax microplate reader using SOFTmax software (Molecular Devices).

Plasma samples collected in Jun and Jul were assayed for thyroxine (T4) and 3, 5, 3’-triiodo-L-thyronine (T3).  Concentrations were assayed by a direct radioimmunoassay  QUOTE "(Dickhoff, Folmar, & Gorbman, 1978)" 
(Dickhoff et al. 1978)
 as modified by  QUOTE "(McCormick & Naiman, 1984)" 
McCormick & Naiman (1984)
.  Samples (10 (l) were assayed in duplicate and standards (10 (l, 2.5 – 100 ng/ml) were run in triplicate.  L-[125I]-Thyroxine (1250(Ci (g-1), and L-3.5.3’-[125I]-triiodothyronine (1200 (Ci (g-1) were purchased from DuPont NEN Research Products (Boston, MA, USA).  T4 and T3 antisera were purchased from Endocrine Sciences Products (Calabasas Hills, CA, USA).  T4 and T3 stock solutions were made in bovine ( globulin plus barbital buffer and standards were diluted in a Ringer’s solution with 0.1% BSA.  Intra- and interassay coefficients of variation for these assays were 2.9 – 10.6 % and 12.4 – 16.2%, respectively.

A two-way ANOVA was used to test for treatment and date effects on ATPase activity and plasma thyroid hormone levels.  When appropriate, LSMeans posthoc tests were used for multiple comparisons.  Data did not meet the assumptions of the ANOVA and were ranked to run the analyses.

Results
At the beginning of the experiment (11 Apr) smolts demonstrated little net movement in either the upstream or downstream direction.  Net movement of smolts subsequently became downstream in all groups with an average net movement per day (over the entire experiment) of 26.5 ( 4.5 (n = 82).  Net downstream movement of smolts ended in two of the treatment groups by 23 Jun when net movement levels of smolts reached the low levels demonstrated by parr.  Parr net movement was also downstream, but at significantly lower levels than smolts: 0.82 ( 0.52 (n = 42) (ANOVA, p=0.0001, n=123, df=1, error df=116).  Parr and smolts differed significantly in the daily number of downstream movements in all behavioral periods with smolts demonstrating more downstream movements than parr (ANOVA, p<0.0005 for all cases, df=1, n=123).

Behavior of smolts in the control (ambient) group (Fig. 3a) was characterized by an increase in downstream movements around 24 Apr, with a peak occurring during the week of 14 May.  Thereafter the number of downstream movements declined to reach parr levels by 23 Jun.  The increase in downstream movements far exceeded changes in upstream movements.  A pattern of behavior similar to that of smolts in the ambient group was observed for smolts experiencing the advanced temperature regime: increased numbers of downstream movements around 16 Apr with a peak during the week of 8 May and a decline to parr levels by 15 Jun (Fig. 3b).  The movement pattern in the delayed temperature group was very different from the others.  Downstream activity started to increase around 28 Apr and peaked during the week of 10 May with a subsequent slow decline in downstream movement that remained significantly higher than the other two smolt groups and parr in the same group (Fig. 3c).

Temperature treatments resulted in different migratory behavior, as expressed by net movement and downstream movements.  The effect of temperature treatment on net movements was significant for all days tested (ANOVA, p=0.0013, df = 2, n=82).  Temperature effects on net movements were significant during all periods (ANOVA, p<0.005, df = 2, n=82) except for two, period 2 (weeks 3 and 4) and period 4 (weeks 7 and 8) (ANOVA, p>0.05, df =2, n=82).  The same effects were seen for downstream movements; treatment effects were significant in all periods expect for periods 2 and 4.  LSMean significant differences between the advanced and ambient groups are seen in periods 2 and 4 (Figs. 3 & 4), but do not contribute enough to result in significant differences between all three treatment groups.  Significant differences during the last two periods were due to the significantly higher number of downstream movements maintained by the smolts in the delayed groups compared to the low numbers demonstrated by smolts in the ambient and advanced groups (LSMeans, p<0.05).  Using the seven-day running average of downstream activity, the large difference in the duration of activity in the delayed group was obvious (Fig. 4).  Smolts in the advanced group remained above the 95th percentile of parr downstream movement until 3 Jul while smolts in the ambient and advanced groups declined to the 95th percentile of parr downstream movement levels by 15 and 10 Jun, respectively. 

The duration of downstream activity was significantly longer in the delayed temperature treatment than the other treatment groups (ANOVA treatment effect in periods 5-7, p=0.001, df=2, n=82).  This sustained period of downstream movement is evident in the differences between parr and smolt behavior at this time.  During the last two periods of the experiment smolts experiencing ambient and advanced treatments did not differ from parr in number of downstream movements (ANOVA developmental effect, p>0.50).  Smolts experiencing the delayed treatment had sustained downstream movements above parr levels during both of these periods (ANOVA developmental effect, p<0.0001, df=2, n=123). 

There were significantly different temperatures at which downstream activity increased in the different temperature treatments, indicating that a single temperature does not initiate downstream migration (Fig. 5).  Downstream migration increased at 9.1oC for fish at ambient temperatures, at 12.5 oC for fish at advanced temperatures, and at 7.2 oC at delayed temperatures (Table 2, Kruskal-Wallis, p<0.0001).  However, the interaction between temperature and time, classified here as cumulative degree days, is a better predictor of downstream migratory behavior than absolute temperature alone.  At 649 – 700 degree days all fish initiated downstream movements (Table 2, Kruskal-Wallis, p=0.09, df=2). 

Loss of smolt behavioral characteristics is obvious in the ambient and advanced groups during the first week in Jun, when temperatures reached approximately 16 oC.  A decline, but not a complete loss, is also seen in the delayed group just over one week later.  Again, degree days seems to be important when determining the termination of migration.  There was no difference between groups for the degree days experienced when the ‘behavioral’ smolt window closed, 1132-1256 (Kruskal-Wallis, p=0.3129, df=2) but there were differences for the absolute temperature on closure, 11.8 oC – 18.8 oC (Kruskal-Wallis, p<0.0001, df=2).

Based on morphological appearance in Jul (silvering, loss of parr marks, and dark fin margins) fish larger than 13 cm in April underwent the parr-smolt transformation.  Final length, weight, condition factor and specific growth rates differed significantly between parr (initial length < 10.5  cm) and smolts (initial length >13cm) within treatments.  Temperature treatment had a substantial effect on growth dynamics associated with smolting.  This effect is evident as lower final weight (ANOVA treatment effect, p=0.065, df=3, n=62), condition factor (ANOVA treatment effect, p=0.002, df=3, n=62), and specific growth rates (ANOVA treatment effect, p=0.01, df=3, n=62) of smolts experiencing a delayed temperature regime (Table 1).

Temperature treatment had an effect on gill Na+,K+-ATPase activity (Fig. 4), plasma T3, and plasma T4 levels (Fig. 6a & b).  Significant differences (2-way ANOVA, treatment effect p<0.0001, df=2, n=176; date effect p<0.0001, df=2, n=176; interaction p<0.001) were due to significantly higher gill Na+,K+-ATPase levels for smolts in the delayed group during the last two sampling periods (LSMeans, p<0.0001, n=167).  On the individual level, there was a positive correlation between gill Na+,K+-ATPase activity and number of downstream movements of smolts recorded on the day before samples were taken in Jun (Pearson, p<0.0001, r2=0.35, n=44) and in Jul (Pearson, p=0.0001, r2=0.19, n=69).  Temperature treatment effects were observed for plasma T4 levels (Fig. 6a, 2-way ANOVA, treatment effect; p<0.001, df=2, n=108; date effect, p<0.001, df=1, n=108; interaction, p<0.001).  In Jun smolts experiencing a delayed temperature treatment demonstrated the highest levels of plasma T4 (LSMeans, p<0.005, df=2, n=44).  In Jul smolts in the advanced group demonstrated higher levels of plasma T4 than the ambient group (LSMeans, p<0.02, df=2, n=44).  Temperature treatment also affected plasma T3 levels (Fig. 6b, 2-way ANOVA, temperature effect, p<0.01, df=2, n=108; date effect, p<0.001, df=1, n=108; no interaction, p=0.43).  On 19 Jun smolts experiencing the ambient temperature regime had significantly lower levels of plasma T3 than both the advanced (LSMeans, p<0.01, df=2, n=108) and the delayed (LSMeans, p<0.001, df=2, n=108) groups.  Although there were no pairwise differences on 21 Jul the same trends are apparent with the smolts in the delayed group having high levels of both plasma T4 and T3.

Discussion

Seasonal movement patterns were identified under differing temperature conditions for non-migratory parr and migratory smolts of Atlantic salmon.  Under identical environmental conditions smolts expressed significantly more downstream movements than parr.  Fish large enough to undergo smolting in the spring that experienced an ‘early’ and rapid increase in temperature in the spring (advanced group) expressed an early peak in downstream migration but the termination of the migratory season was similar to those experiencing a ‘normal’ temperature increase (ambient group).  Most notably, the fish experiencing a ‘late’ and slower increase in temperature in the spring expressed a similarly timed peak in migration, but a longer migratory season.  Therefore, an early increase in temperature resulted in an early increase in downstream movement of smolts, whereas sustained cold-late spring temperatures resulted in a sustained migratory season.  Expression of temperature as degree days is a better indicator of the initiation of downstream migration, contrary to the idea that temperature alone is the primary initiator of downstream migration.  This study provides the first direct evidence that different temperature regimes can modify downstream movement patterns.  

There are few studies that have examined smolt downstream migratory behavior directly and no studies examining the influence of environmental factors on smolt downstream movements.  Using a similar experimental approach,  QUOTE "(Fangstam, Berglund, Sjoberg, & Lundqvist, 1993)" 
F(ngstam et al. (1993)
 examined the effect of early maturation on downstream movement of Baltic salmon and Berglund et al. (1994) examined the effect of steroids on downstream migration of smolts of Baltic salmon.   QUOTE "(Fangstam, Berglund, Sjoberg, & Lundqvist, 1993)" 
F(ngstam et al. (1993)
 found an increase in downstream movement of in Jun but did not demonstrate a decline to parr levels late in the season.  Berglund et al. (1994) found that injection of the androgen 11-ketoandrostenedione resulted in prevention of downstream migration of smolts, promoting retention of ‘freshwater adaptations’ of smolts with high levels of androgens.  Similarly, Lundquist & Eriksson (1985) examined the annual cycle of swimming behavior in sexually immature and sexually mature precocious male Baltic salmon with a similar apparatus.  They found an increase in downstream movements during spring with a reversal of swimming behavior in late summer.  The parr movements in our study were very different from the aforementioned studies.  Parr did not follow the same temporal pattern as smolts, with downstream and upstream movements essentially resulting in no net movement. 

Field studies of smolting salmonids have shown patterns of migration similar to those found in the present study  QUOTE "(Strange, Schreck, & Ewing, 1978; Bilton, Alderdice, & Schnute, 1982; Yamaguchi, King, Specker, Nishioka, Hirano, & Bern, 1991; Bols & Lee, 1991)" 
(Strangeet al. 1978; Bilton et al. 1982; Jonsson & Ruud-Hansen 1985; Yamaguchi et al. 1991; Bols & Lee 1991)
.  Specifically, Whalen et al. (1999) have shown that peak migration occurs later in the season for tributaries with lower temperature.  Also, McCormick et al. (1999) has shown that the time to 50% migration of Atlantic salmon smolts from the Connecticut River is related to annual temperature differences.  Various environmental factors have been suggested as regulators of migratory release QUOTE "" 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1BC:\5CProgram Files\5CWinRM8\5CSDM\03\00\03521$521 /id Yamaguchi, King, et al. 1991\00$\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1BC:\5CProgram Files\5CWinRM8\5CSDM\03\00\03783%783 /id Strange, Schreck, et al. 1978\00%\00 
.  Some authors have suggested that there is a temperature threshold for the release of migration (Foerster 1937;  White 1939).  Our study indicates that absolute temperature alone is not a regulator of downstream migration because downstream migration is initiated at significantly different temperatures. The temperature effects on migration observed in our study are best explained through the expression of temperature as cumulative degree days because downstream migration is initiated at the same number degree days when fish experience varying temperature regimes.  If the above mentioned field data were reinterpreted using degree days the same trends may be discovered.

Cumulative temperature experience explains the expression of both behavioral and physiological aspects of smolting.  The release of downstream movement was related strongly to the number of degree days experienced but not to absolute temperature.  The effect of the interaction between temperature and time, expressed as degree days, on both the physiology and behavior of smolts may indicate that some feature experienced over time interacts with temperature to regulate smolting.  Perhaps the idea that temperature modifies the rate of response to photoperiod for physiological changes (reviewed by Hoar 1988) is also true for behavioral changes associated with smolting. 

Timing associated with the loss of behavioral smolt characters (i.e. smolt downstream movements returning to parr levels) had a dependence on degree days.  At the same time physiological indicators of smolting, particularly gill Na+,K+-ATPase activity returned to low levels late in the season.  While reviewing the relationship of smolt physiology and temperature McCormick et al. (1996) concluded that decreased gill Na+,K+-ATPase activity was directly related to degree days.  As with the opening of the behavioral smolt window, the closure is also likely to be regulated through some interaction of temperature over time.

Changes in physiological parameters associated with smolting (particularly gill Na+,K+-ATPase activity) show the same pattern of increase and decline when smolts are maintained in fresh water at high water temperatures  QUOTE "(Duston, Saunders, & Knox, 1991; McCormick, Shrimpton, & Zydlewski, 1996)" 
(Duston et al. 1991; McCormick et al. 1996)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00\1BC:\5CProgram Files\5CWinRM8\5CSDM\03\00\042332*2332 /id McCormick, Shrimpton, et al. 1996\00*\00 
 as those demonstrated behaviorally.  From the physiological data an optimal time frame for migration, controlled by the area’s environmental conditions, has been implicated as a physiological smolt window  QUOTE "(McCormick, Hansen, Quinn, & Saunders, 1998)" 
(McCormick et al. 1998)
.  The current study shows that there is not only a physiological limit to the timing of migration but a limit in behavioral motivation under various environmental conditions that may play a role in the ultimate success of migration to sea water; a behavioral smolt window.  The occurrence and possible relationship between the physiological and behavioral smolt windows has implications for the duration of migration available for sea water entry.  For example, if smolts are delayed at dams or kept at hatcheries for extended periods before release, then even if released past dams or into streams they are not likely to express downstream movements in fresh water at high temperatures or after a certain number of degree days.  Thus, the observed behavioral smolt window indicates that delays in migration may decrease smolt survival based on both physiological and behavioral parameters.

There seems to be a close, though not necessarily causal, relationship between downstream movement and osmoregulatory physiology as had been previously speculated (Hoar 1988; McCormick et al. 1998).  Typically, gill Na+,K+-ATPase activity peaks in the early to mid-May, depending on annual temperature (McCormick et al. in press).  The patterns of gill Na+,K+-ATPase activity in our study followed the pattern of behavior demonstrated in Figs 3-5.  In this study physiological measurements were not made during the behavioral peak in order to maintain the integrity of behavioral quantification.  While maintaining cooler than normal temperatures in the delayed group the gill Na+,K+-ATPase activity remained high.  This is particularly interesting in light of the fact that the number of downstream movements remained high as well, whereas the physiological and behavioral parameters fell in both the ambient and advanced groups.  There was a clear relationship between gill Na+,K+-ATPase activity with downstream migratory behavior at the individual and population level.  Pirhonen & Forsman (1998), examining brown trout and sea trout behavior and gill Na+,K+-ATPase activity, found a relationship at the population level but not the individual level.  The discrepancy at the individual level may be related to species differences or differences in experimental conditions.

Thyroid hormones have been implicated in behavioral changes associated with smolting (Iwata 1995).  Although the relation between changes in T3 and T4 levels, temperature, and the continuous expression of downstream migration are first documented here, the relationship between plasma levels and migration as well as the effect of exogenous T3 and T4 on behaviors associated with migration have been shown in other salmonids.  Exogenous T4 treatments result in decreased aggression of sea-run brown trout, stealhead trout, and masu salmon, suggesting that T4 elevation reduces behaviors (particularly aggression levels) associated with downstream migration (Hutchison & Iwata 1998).  In the present study both plasma T3 and T4 levels showed similar changes relative to temperature treatment, also corresponding with behavioral changes.  In this study high levels of plasma T4 in the delayed group at lower temperatures in Jun reinforces the connection between endocrine changes and behavioral changes related to temperature regime.  At the time of blood sampling in Jun downstream migratory behavior of the delayed group is significantly higher than that in the other two groups, the identical difference seen in plasma T4 levels.  This trend is also maintained in Jul with lower statistical power for plasma T4 levels.  At the time of hormone measurements in Jul levels of T3 and T4 might be expected to be low  QUOTE "(Dickhoff, Folmar, & Gorbman, 1978)" 
(Dickhoff et al. 1978)
, but at higher temperatures increased metabolism may result in high levels of T3 and T4. 


Morphological appearance and behavioral characters of parr and smolt seem to correspond, where morphological characters or downstream movement could be used to identify fish as parr or smolt at the beginning of the migratory season.  There were distinct behavioral differences between parr and smolts from the end of Apr until the beginning of Jun.  Depending on temperature regime experienced, late season differences in morphology and behavior were not present due to the apparent reversion to parr-level non-migratory status.  In the future behavioral measures can be used in conjunction with physiological and morphological measures to identify smolt status and potentially to estimate appropriate timing for release of smolts in restoration and enhancement programs. 

We have demonstrated the potential use of this method for examining questions relative to migration timing as they relate to environmental conditions and critical salmonid life history stages, particularly release and termination of downstream movements of smolts.  Previously these questions have been examined primarily using field data that are correlative and subject to sampling bias (White 1939; Mills 1964; Osterdahl 1969;  QUOTE "(Zaugg & Wagner, 1973)" 
Zaugg & Wagner 1973
; Solomon 1978;  QUOTE "(Muir, Giorgi, & Coley, 1994)" 
Muir et al. 1994)
.  Now questions relating to potential behavioral differences between species, stocks or smolts of differing physiological condition can be probed using the described laboratory methods.  

Physiological parameters associated with smolting have been used to predict survival to seawater entry, which involves behavioral aspects, including downstream migration, as well as many physiological aspects.  Also, indirect field methods have been used to examine the environmental control of behavior.  This is the first study to show that the time frame for smolt migration is limited by temperature experience.  Our results suggest that in cooler climates and during cooler springs the smolt migration is likely to last significantly longer than in warmer climates or early springs.  This is also the first direct demonstration that the expression of downstream migration at the individual level is related to the physiological parameters associated with smolting.  Furthermore, the connection from environment, through the neuroendocrine system, to behavioral change is beginning to be elucidated.  An important next step to better understand this connection will be manipulation of circulating levels of hormones while monitoring downstream migration.


Figure 1.  Schematic representation of annular stream tank used to monitor movements of individual fish.  Top view of tank shown.  A barrier to water flow is shown as a darkened area in the center of the tank.  The barrier helped produce unidirectional water motion throughout the tank.  Gravel and cobble substrate are shown on the bottom of the tank in the widened portion.  Two antennas, encircling the water column in the narrowed region of the tank, are wired to readers and a datalogging computer.

Figure 2.  Temperature treatments experienced by three groups of Atlantic salmon parr and smolts through the migratory season of 1997, 12 Apr – 23 Jul.  The ambient, advanced, and delayed temperature treatments consisted of a 1oC increase every 4 d, 3 d, and 9d, respectively.

Figure 3.  Seasonal daily movements (upstream and downstream) of parr and smolts maintained under three temperature regimes.  The x-axis of each panel indicates the day of the year.  The y-axis of each panel is the mean ( S.E. of the number of movements per individual parr or smolt.  Black bars, positive values, are daily downstream movements and white bars, negative values, are daily upstream movements.  The second y-axis and associated line on each graph indicates the temperatures experienced in the treatment groups.  Data are shown separately for parr and smolts from each treatment group.  Dashed lines separate the 7 two-week periods of the experiment.  Asterisks and pound signs indicate when values are significantly (ANOVA, GLM on individual data, p < 0.05) greater or less than, respectively, movements in the ambient group.  The arrowed line indicates values significantly greater than movements in the ambient group for the period of time indicated by the line.

Figure 4.   Seven-day running average of the number of downstream movements of smolts in the associated temperature treatment groups (mean and S.E.).  Values for gill Na+,K+-ATPase activity are provided for the three days when gill biopsies were taken from individuals.  Asterisks and pound signs indicate when delayed-group downstream migration values are significantly (ANOVA, GLM on individual data, p < 0.05) greater or less than, respectively, movements in the ambient group.  Plus and < signs indicate when advanced-group downstream migration values are significantly greater or less than, respectively, movements in the ambient group.  The arrowed-line indicates values significantly greater than movements in the ambient group for the period of time indicated by the line.

Figure 5.  Seven-day running average of the number of downstream movements conducted by smolts in the associated temperature treatment groups shown as a function of (a) temperature and (b) cumulative degree days. 

Figure 6.  Mean and S.E. of (A) plasma T4 , and (B) plasma T3 levels measured on smolts from simulated streams maintained at three temperature treatments throughout the migratory season.  Statistical differences within each sampling period are indicated by different numerals above the bars.




Table 1.  Initial and final size and growth information (mean ( S.E.) for Atlantic salmon smolts maintained under three temperature treatments in simulated stream conditions in 1997

	Growth Information
	Ambient
	Advanced
	Delayed

	Initial length (cm)
	14.8 ( .2
	14.4 ( .2
	14.3 ( .3

	Final length (cm)
	20.6 ( .3
	21.2 ( .3
	20.7 ( .3

	Initial weight
	31.9 ( 1.6
	29.2 ( 1.5
	29.3 ( 1.7

	Final weight
	104.5 ( 4.3 1,2
	115.1 ( 4.01
	97.7 ( 4.72

	Initial condition factor (100 x g cm-3)
	.968 ( .010
	.966 ( .010
	.990 ( .011

	Final condition factor (100 x g cm-3)
	1.18 ( .0181
	1.18 ( .0171
	1.10 ( .0202

	Specific growth (g d-1)
	.0089 ( .00051
	.0109 ( .00052
	.0091 ( .00061


1,2 Statistical differences (p<0.05) between treatment groups.




Table 2.  Opening and closing dates, temperatures, and calculated degree days (mean ( S.E.) for the ‘behavioral’ smolt window of Atlantic salmon smolts maintained under three temperature treatments in simulated stream conditions in 1997.  

	‘Behavioral’ window
	Ambient
	Advanced
	Delayed

	Open date
	4/30/97 ( 1.9
	4/27/97 ( 1.5
	4/25/97 ( 1.8

	Close date
	6/5/97 ( 2.4
	6/1/97 ( 2.9
	6/12/97 ( 5.1

	Temperature on open (oC)
	9.1 ( 0.51
	12.5 ( 0.52
	7.2 ( 0.13

	Temperature on close (oC)
	18.8 ( 0.71
	18.4 ( 0.51
	11.8 ( 0.52

	Degree days on open
	688 ( 17.7
	700 ( 20.5
	649 ( 13.2

	Degree days on close
	1196 ( 44.7
	1256 ( 50.1
	1131 ( 59.1

	Days open (d)
	36 ( 3.5
	35 ( 3.5
	48 ( 6.0


1,2,3 Statistical differences (p<0.05) between treatment groups.
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