
Camp. Biochenr. Physiol. Vol. 79A, No. 1, pp. 7-16, 1984 0305-049 I /84 $3.00 + 0.00 
Printed in Great Britain 0 1984 Pergamon Press Ltd 

OSMOREGULATION IN THE BROOK TROUT, SALVELINU,S 
FONTINALIS-I. DIEL, PHOTOPERIOD AND GROWTH 

RELATED PHYSIOLOGICAL CHANGES IN FRESHWATER 

STEPHEN D. MCCORMICK* and ROBERT J. NAIMAN 

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543, USA 

(Received 23 January 1984) 

Abstract-l. Brook trout (Saluelinusfontinalis) raised from eggs under two photoperiod and two feeding 
regimes were tested for physiological changes preparatory for transition from freshwater to seawater. Size, 
age, growth rate, photoperiod, and die1 rhythms were examined for possible influences on plasma 
osmolarity, [Nail, [Cl-], [K+], [Mg*+], thyroxine concentration, hematocrit, and gill Na+, K+-ATPase 
activity of brook trout in freshwater. 

2. Significant die1 cycles were found in plasma osmolarity, [Na+] and thyroxine concentration. 
3. Significant size and/or age related changes occurred for plasma osmolarity, [Na+], [K ‘1 and 

hematocrit, but could explain little of their total variation (0.02 < r* i 0.18). 
4. A sexually dimorphic response to photoperiod was observed in hematocrit for both mature and 

immature fish, with hematocrit of mature females declining in autumn and hematocrit of immature males 
increasing in autumn. 

5. Gill Na+, K+-ATPase activity did not respond to photoperiod or feeding treatment and showed no 
change with size or age. 

6. Plasma thyroxine levels responded to feeding and photoperiod treatment. There was a significant 
correlation between the percent mean difference in plasma thyroxine and the mean difference in growth 
rate between high and low feed fish (r* = 0.51), suggesting a relationship between thyroxine and growth. 

INTRODUCTION 

Anadromous salmonids are truly euryhaline over 
only a limited portion of their life cycle. A variety of 
physiological and morphological changes ,associated 
with transformation from freshwater parr to the 
migratory smolt occur wholly in freshwater (Gorb- 
man et al., 1982) and are presumably adaptive to the 
fishes existence in seawater. These changes, which 
include guanine deposition in skin and scale, in- 
creased hypoosmoregulatory ability, increased activ- 
ity of gill Na+, K+-ATPase and a surge of plasma 
thyroxine, are responsive to internal changes such as 
size and growth (Wedemeyer et al., 1980) and envi- 
ronmental cues such as lunar and seasonal rhythms 
(Grau et al., 1982). While smoltification occurs in 
migratory species of Oncorhynchus and Salmo, little 
is known regarding adaptations to euryhalinity in the 
charrs, which comprise the salmonid genus Sul- 
uelinus. This genus is regarded as a primitive group 
relative to Salmo and Oncorhynchus and displays a 
more generalized and restricted pattern of seaward 
migration (Hoar, 1976). 

Although most populations of the brook trout 
(Salvelinus fontinalis) are restricted to freshwater, 
many coastal rivers in northeastern North America 
contain anadromous brook trout. In northern lati- 
tudes brook trout migrations are characterized by 
spring emigrations and coastal sea residence which 
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lasts for 2-4 months (White, 1940; Wilder, 1952; 
Dutil and Power, 1980; Castonguay et al., 1982). In 
the southern portion of its range migrations are more 
variable, often occurring in the fall (Mullan, 1958). 
Sea ranching experiments resulted in spring emi- 
grations and fall returns in which migrating fish 
obtained growth rates 4 to 5 greater than those of fish 
that remained in fresh water, and returned at rates 
between 30% and 60% (Whoriskey et al., 1981). 

The studies reported here were designed to reveal 
the factors which limit anadromy in natural popu- 
lations of brook trout, and which would affect the 
culture and stocking of brook trout for natural 
enhancement, sea ranching and farming. In addition, 
the physiological adaptations of a less specialized 
anadromous species such as brook trout represent a 
“primitive archetype” from which we can interpret 
specialization made by more advanced salmonids. In 
conjunction with a study of factors which limit 
salinity tolerance and hypoosmoregulatory ability in 
brook trout (McCormick and Naiman, 1984a), we 
have investigated the preparatory physiological adap- 
tations for euryhalinity that are characteristic of 
smolting salmonids which may occur in the facul- 
tatively anadromous brook trout. Specifically, we 
report here the effect of size, age, growth and photo- 
period on gill Na+, K+-ATPase and plasma thyr- 
oxine levels of brook trout in freshwater. Plasma 
osmolarity, [Nat], [Cl-], [K+] and [MS*+], and 
hematocrit were also measured to determine possible 
ontogenetic changes in hyperosmoregulation which 
may signal a physiological change relating to prepa- 
ratory adaptations for hypoosmoregulation. Die1 
cycles of blood parameters were examined to verify 
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Fig. 1. Experimental design and fish culture conditions consisting of two photoperiod regimes (one 
normal, one 3-month delayed) and two feeding regimens (high feed and low feed). 

their existence as reported for other teleosts (Hannah 
and Pickford, 1981; Eales et al., 1981; Spieler and 
Noeske, 1979; Osborn et al., 1978), and to analyze 
their possible effects in determining seasonal cycles. 

MATERIALS AND METHODS 

Experimental animals 
20,000 fertilized brook trout eggs were obtained from the 

Massachusetts State Fish Hatchery at Sandwich. Although 
the breeding stock has been exclusively freshwater for the 
last 30 years (Lloyd Raymond, Hatchery Manager, personal 
communication), studies indicate the strain displays ana- 
dromy similar to wild stocks when released into coastal 
rivers (Mullan, 1958). Fertilized eggs were transported to 
the Woods Hole Oceanographic Institution’s Shore Lab 
facility and supplied with l&l 1°C well water. Eggs were 
randomly divided into two annually cycling photoperiods 
corresponding to a latitude of 42”N; one photoperiod cycle 
corresponded to the normal calendar date (longest day June 
21, shortest day December 2 l), while the other was 3 month 
delayed from the norm (longest day September 21, shortest 
day March 21, Fig. 1). Daylength was changed every 5 days. 
Sunrise and sunset were simulated each day by a 15 min 
period of gradual illumination or dimming of incandescent 
bulbs. Beginning and end of daylight period were delayed 
2 hr from Eastern Standard Time. Vita-Lite spiralux 
fluorescent bulbs and incadescent bulbs were used to simu- 
late daylight. 

Eggs were hatched in 2501 flow-through hatchery 
troughs. After first feeding fish were transferred to 1000 1 
flow-through tanks which received supplemental aeration. 
Within one week after feeding fish were divided randomly, 
within each photoperiod treatment, into two feeding groups. 
For 4 weeks, after first feeding, fish in each group were fed 
equal amounts. The high feed group was fed “maximum” 
rations (percent body weight of feed per day decreased with 
increasing body size; Leitritz and Lewis, 1976). The low feed 
group was fed approximately half the amount, per unit body 
weight, fed the high feed group. Each group was fed 4 to 5 
times daily during daylight hours for the first several months 
after hatching, 1 to 3 times daily thereafter. Some fish, which 
were used as control fish in a related study of salinity 
tolerance, were maintained for 3-6 weeks in 1001 
flow-through tanks prior to sampling. Feeding behavior of 
fish in these tanks was attenuated for a period of 4-5 days 
after transfer and then returned to normal. 

Every 6-S weeks, at least 25% of the fish from a 10001 
tank in each feeding group in the normal photoperiod were 
weighed. Fish were dip-netted, anesthetized, blot-dried on a 
moist chamois cloth, fork length was measured to the 
nearest mm and fish were weighed to the nearest 0.01 g. 

Specific growth rates (G,.) were calculated using the 
following formula: 

G 1% K - 1% wo = 

II ( > ,100 
t 

where W, is the weight at time t, IV,, is the weight at time 
0, and t is time in days. In order to compare growth rates 
of animals of different sizes, the log, CL. of a fish of unit size 
was calculated (Jobling, 1983) using the following equation: 

a = log, G,. + b log, I+‘,, 

where a is the lo& CL of a fish of unit size and b is the slope 
of the linear relationship between logeG, and log, W,. An 
experimentally derived value of b = -0.47 was used in all 
calculations of a. A generalized value of b = -0.41 for 
salmonids was reported by Brett (1979). 

Blood and gill tissue sampling 
Fish were starved overnight prior to blood collection 

which occurred between one hour after dawn and one hour 
prior to sunset. Brook trout were removed from tanks, 
placed in aerated transfer buckets for 12 min, and trans- 
ferred immediately to a 0.4 ml/l phenoxyethanol-water solu- 
tion for 30-60s. Anesthetized animals were blotted with a 
damp chamois cloth, fork length was measured and fish 
were weighed. After severing of the caudal peduncle, blood 
from each fish was collected from the dorsal aorta into two 
heparinized micro-hematocrit tubes, which were then sealed 
at one end with vinyl plastic putty. Hematocrit tubes were 
centrifuged for 5 min at 5500 rpm, hematocrits (% red blood 
cells) read, and plasma removed for later analysis (see 
below). Gill arches were removed immediately after blood 
collection for gill Na+, K+-ATPase activity, and gonads 
were removed and weighed. 

Analytical techniques 
Plasma was withdrawn from hematocrit tubes with a 

positive displacement Hamilton syringe. Osmolarity and 
[Cl-] were measured immediately with a Wescor Vapor 
Pressure Osmometer and Buchler-Cotlove Chloridometer, 
respectively. A 5 ~1 plasma sample was diluted in 495 ~1 
deionized water in a 2.5 ml acid-washed, polyethylene vial 
and stored in the dark for a maximum of 48 hr. Reference 
standards were diluted and stored in the same manner. 
[Na+] and [K+] were measured using flame emission spec- 
trophotometry; [Mg2+] was measured using atomic absorp- 
tion spectrophotometry. An additional dilution of 1:250 
was made in duplicate vials for measuring [Na+]. It was 
found that Na+ had a small but detectable interference with 
K+ that was constant over the physiological range of 
plasma [Na+]. To correct for this error, 150 mmole [Na+]/l 
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was added to all [K+] standards. Intraassay coefficients of 
variation, including dilutions, were 0.8x, 0.6x,2.0%, 1.5% 
and 1.0% (n = 5) for osmolarity, [Cl-], [Na+], [K+] and 
[Mg’+], respectively. Interassay coefficients of variation for 
[Na+], [K+] and [Mg*+] were 2.0% (n = 8), 3.8% (n = 7) 
and 2.8% (n = 9), respectively. 

For thyroxine determination 25 to 40~1 of plasma was 
removed from hematocrit tubes, placed in a 250~1 poly- 
ethylene microcentrifuge vial and stored at - 17°C for up to 
6months. For fish less than 8.5cm fork length (high feed 
group in June 1981 and low feed group from June 1 to 
August 1 I, 1981), plasma from two to four fish was pooled. 
For statistical analysis the value of a pooled sample was 
treated as that of a single fish (e.g. for n = 5, up to 20 fish 
were actually used). Samples were thawed and duplicate 
10 ~1 samples withdrawn and analyzed using a competitive 
binding radioimmunoassay (Dickhoff et al., 1978). Charcoal 
stripped brook trout plasma was used to make all standards. 
Sensitivity of the thyroxine radioimmunoassay was approx- 
imately 0.25 ng/ml. Intraassay variation was + 10% (n = 5), 
interassay variation was + 13% (n = 3, with four replicates 
each). 

Primary gill filaments (0.05-0.2 g wet weight) were 
trimmed from ceratobranchials and stored in 1 ml Sucrose- 
EDTA-imidazole (SEI) solution (0.3 mmole/l sucrose, 
0.02 mmole/l disodium ethylenediamine tetraacetate and 
0.1 mmole/l imidazole adjusted to a final pH of 7.1 with 
HCl), at - 17” C. Gill Na+, Kc-ATPase activity was 
determined by the method of Zaugg (1982). Protein deter- 
minations were done according to Lowry et al. (1951) as 
modified by Miller (1959) using bovine serum albumin as 
standard. Gill Na+, K+-ATPase activity is expressed as PM 
inorganic phosphate per mg protein per hr 
(pMP;mg prot.-“hr-I). To determine the reproducibility 
of the assay and assess the effect of storage, primary 
filaments from several fish were pooled and then separated 
into vials containing 1 ml SE1 solution. Intra- and interassay 
coefficients of variation were 7% (n = 6) and 21% (n = 4, 
with five replicates each), respectively. The mean activities 
of five samples decreased 9.6% after 40 days and an 
additional 13.87” after 80 days. Maximum storage time of 
gill tissue was 50 days. 

Statistical analysis 

The experimental design (Fig. 1) is a 2 x 2 matrix, such 
that feeding treatment, which affects growth and size simul- 
taneously, is tested twice (once in normal photoperiod, once 
in 3-month delayed photoperiod), and photoperiod treat- 
ment is tested twice (once on high feed fish, once on low feed 
fish). To analyze our results, four separate two-way analyses 
of variance for each physiological variable were used to 
assess the effect of feeding and photoperiod treatment. Data 
from each day were entered in columns and two feeding or 
photoperiod treatments entered as rows. A photoperiod or 
feeding effect was deemed significant when the group (row) 
effect was P < 0.05. This method avoided the false influence 
of day-to-day variations in fish response to uncontrolled 
stimuli and day-to-day variations in analytical techniques. 

RESULTS AND DISCUSSION 

Size and growth rate 

Length and weight of fish in high and low feed 
groups under normal photoperiod conditions are 
shown in Fig. 2(A,B) and were similar for high and 
low feed groups, respectively, in 3-month delayed 
photoperiod. Growth rates in each feeding treatment 
(Fig. 2(C)) were similar at low body weight (shortly 
after first feeding), were lower in the low feeding 
group at intermediate body weight, then became 
similar at higher body weights. Growth rate per unit 
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Fig. 2. Effect of feeding treatment on size and growth rate. 
(A) Length and (B) weight of normal photoperiod fish in 
high feed (squares) and low feed (circles) groups as a 
function of time. Mean value of 40-75 fish per sampling 
date. (C) Log, specific growth rate (G,,,) as a function of the 
natural logarithm of fish weight (g) in high and low feed 
groups. Regression line is for high feed fish only 
(Log, G, = 1.97 + -0.47 Log, W,). (D) Log, of specific 
growth rate of fish of unit size (a comparative measure of 
growth rate which is independent of body size, see text for 
explanation), as a function of time for high and low feed 

groups under normal photoperiod conditions. 
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Fig. 3. Die1 cycles of plasma thyroxine, osmotic and ionic 
concentrations, and hematocrit (mean f 1 standard error of 
the mean) over a 20 hr period. Only plasma thyroxine, 
osmolarity and [Na+] has significant die1 cycles (P < 0.05, 
onw-way ANOVA). Experiment was conducted on Febru- 
ary 12 under normal photoperiod conditions (10.4 hr day- 
light, 13.6 hr darkness). The clear horizontal bar indicates 
daylight period, darkened bar indicates darkness. Sample 
size was six fish for each time interval, except for the 1200 
and 0200 intervals when only four samples for [Na+], [K+] 

and [Mg*+ ] were used. 

size, as a function of time (Fig. 2(D)), shows similar 
growth in the two feeding treatments in March, 198 1, 
corresponding to first feeding. Growth rates from 
April to December 1981 are much lower for the low 
feeding group, after which growth in the two groups 
became more similar, though still lower in the low 
feed group except for the last weighing. Mean condi- 
tion factor ([weight. (length3)-‘1. 100) in each group 
at every time interval was greater than 0.95 (range: 
0.961.36, low feed group; 1.09-1.41, high feed 
group). 

Similarity of growth rates in high and low feed 
groups in March 198 1 reflects the equal feeding rates 
given the two groups just prior to this period. For an 
8-month period, smaller ration size in the low feed 
group drastically reduced growth rate. Similarity of 
growth rates, from December 1981 on, may reflect a 
growth-ration relationship which changes with body 
size though little is known of this function (Ricker, 
1979). Reduction in growth rate of high feed fish at 
large body size may result from a combination of 
maturation and tank size which may act more 
strongly in larger fish to inhibit growth. 

Die1 cycles 

Plasma [Cl-], [K+], [Mg”] and hematocrit 
showed no significant die1 cycle (P > 0.10, ANOVA, 
Fig. 3). Plasma osmolarity, [Na+] and thyroxine 
concentration, however, significantly changed over a 
20-hr period (P < 0.01, ANOVA, Fig. 3). Plasma 
osmolarity peaked after 8.5 hr of light. Both [Na+] 
and osmolarity declined by the first night sample 
(Fig. 3). Thyroxine levels were highest during the 
light period, declined prior to dusk, and reached their 
lowest levels during darkness. There was no 
significant difference in variance over the 20-hr period 
of any of the plasma variables (P > 0.10, Bartlett’s 
test), indicating that no change in variability occurred 
as a result of die1 cycles. 

Die1 cycles of plasma ions have been found in other 
teleosts and are considered to be rhythmic responses 
to changes in activity or light levels. Hannah and 
Pickford (1981) found “afternoon” peaks of plasma 
[Na+] in killifish, Fundulus heteroclitus, which did not 
occur for [Cl-] and [K+]. They also determined a 
daytime rise in hematocrit, which was not observed 
in brook trout or juvenile sockeye salmon, Onco- 
rhynchus nerka (Leatherland et al., 1974). Although 
our results show that peaks in [Na+] and total 
osmolarity were concurrent, increases in “afternoon” 
[Na+] are not large and cannot account for the more 
substantial increases in total osmolarity (see Fig. 3). 
An unmeasured plasma constituent must make up the 
remaining portion. Hannah and Pickford (1981) hy- 
pothesized that “afternoon” increases and “post- 
sunset” declines in [Na+] may be due to locomotor 
activity which for killifish and brook trout is high 
during daylight and low at night. Wood and Randall 
(1973) have shown that plasma [Na+] increases with 
activity in rainbow trout. Alternatively, daily [Na+] 
and osmolarity changes may be related to feeding 
activity. Although our animals were not fed during 
the day of sampling, ionic and osmotic cycles may 
still be due to rhythms associated with daytime 
feeding. Using an experimental design similar to ours, 
in which fish were starved overnight, Leatherland et 
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Table 1. Size, age, photoperiod and feeding effects on plasma parameters and gill Na+,K+-ATPase. Sample size (N), range, mean, standard 
deviation (SD), and slope (b), y-intercept (y-int.), coefficient of determinatim (r*), and significance of regression slope (p), are given for 
each physiological variable and their regression on length and age. Brook trout were 6.0 and 30.5 cm fork length and 180 to 700 d old. 
Feeding and photoperiod effect were determined using two-way ANOVA (Yes, P < 0.05; No, P > 0.05). Yes (H) indicates that photoperiod 

effect was only significant in high (H) feeding group 

Linear regression 

N 

Osmolarity 793 

[Nail 535 

[K+l 607 

[Mg*+ 1 605 

P- 1 352 
(1001) 

Ul 311 
(10001) 

Independent 
Range Mean SD variable __- 

272-362 307 12.4 Length 
Age 

126186 152 8.0 Length 
Age- 

O.lg7.12 I .99 1.24 Length 
Age 

0.64-2.23 I .04 0.22 Length 
Age- 

9&133 108 5.5 Length 
Age 

103-142 124 6.6 Length 
Age 

b 

0.64 
0.022 
0.33 
0.013 

-0.037 
0.0009 

- 
0.13 
0.012 

-0.15 
-0.008 

y-int. __.- 
296 
298 
146 
147 

2.68 
2.42 
- 

105 
102 
127 
128 

Feeding Photoperiod 
P effect effect 

0.12 
0.07 
0.06 
0.06 
0.03 
0.01 
- 
- 

0.02 
0.08 
0.02 
0.03 

<O.Ol YES NO 
<O.Ol 
<O.Ol NO NO 
co.01 
<O.Ol YES NO 
CO.01 

0.47 NO YES(H) 
0.12 
0.02 - 

<O.Ol 
0.02 - - 

10.01 
Hematocrit 940 30-72 48 1.2 Length 0.47 40 0.18 <O.Ol - - 

Age 0.01 44 0.04 <O.Ol ~ _ 
Na+,K+-ATPase 687 1.3-21.2 7.9 3.4 Length - 0.52 NO NO 

Age - - 0.60 
Thyroxine 728 0.0-10.1 3.01 1.87 Length 0.14 0.48 0.20 < 0.01 YES YES(H) 

Age 0.0045 1.05 0.10 CO.01 

al. (1974) found that plasma free fatty acids of 
juvenile sockeye salmon peaked and declined during 
daylight. Other nutrients and waste products may 
cycle in a similar fashion and result in the observed 
“afternoon” peak in plasma osmolarity. 

Die1 cycles of thyroxine, which in the present study 
peaked during daylight, have been observed in other 
teleosts. White and Henderson (1977) reported levels 
of thyroxine (T4) and 3,5,3’-triiodo+thyronine (T3) 
in brook trout that were higher at midday and 
evening than at dawn. Similar die1 patterns in T,, and 
possibly T,, have been reported for rainbow trout and 
goldfish (Eales et al., 1981; Spieler and Noeske, 1979). 
In contrast, Osborn et al. (1978) described die1 cycling 
of T, and T, in rainbow trout, in which lowest values 
were observed during daylight and highest values at 
night. Since other investigators have failed to find 
diurnal variations in plasma thyroxine in rainbow 
trout (Leatherland et al., 1977; Brown et al., 1978), 
it seems clear that experimental conditions are in- 
volved in die1 variations. Eales et al. (1981) have 
shown that starvation for 72 hr eliminates die1 vari- 
ations in T,. They also demonstrate that it is not the 
time of feeding which determines the timing of T, and 
T, peaks. From their results it appears that feeding 
stimulates the die1 thyroxine cycle, while some other 
factor (possibly the light-dark period, or the animals 
locomotor response to it) acts to synchronize it . 

Plasma thyroxine concentrations varied 40% over 
24 hr, and approximately 31% over the daytime pe- 
riod in which our sampling for annual cycles oc- 
curred. These variations probably did not affect our 
ability to detect seasonal cycles since sampling oc- 
curred during the day when thyroxine levels were 
highest, and because the seasonal variability (ranging 
over an order of magnitude) was 3-4 times greater 
than that of the die1 cycle. Changes in the magnitude 
and timing of die1 cycling of thyroxine, however, 
could vary with season. Meier’s (1975) review of 
circadian prolactin and cortisol rhythms in birds has 
shown that seasonal changes in die1 cycles exist and 

possess a regulatory function. The role of die1 thyr- 
oxine cycles in teleosts has yet to be established. 

Ontogenetic changes in freshwater 
Plasma osmotic and ionic concentrations. Range, 

mean and standard deviation of plasma osmolarity, 
[Na+], [Cl-], [K+] and [Mg2+] are shown in Table 1. 
Brook trout used for this analysis were between 
6.0-30.5 cm fork length, 6-30 months old and con- 
tained both mature and immature individuals. 
Plasma osmolarity, [Na+] and [K+] were significantly 
correlated with length and age (Table l), but length 
and age explained little of the variation in these 
plasma constituents (0.02 < r2 < 0.12, Table 1). 
Plasma [Mg2+] was not significantly correlated with 
length or age. 

Plasma [Cl-] was significantly correlated with 
length and age, but in 100 1 tanks the relationship was 
positive (r2 = 0.02 and 0.08, respectively) while in 
1,OOOl tanks it was negative (r2 = 0.02 and 0.03, 
respectively). Plasma [Cl-] of fish kept in 100 I and 
1,000 1 tanks were significantly different (P < 0.01, 
student’s t-test). These differences were observed 
within 24 hr of transfer from 1,000 to 100 1 tanks. pH 
of water was greater in smaller tanks (6.2-6.4) than 
in the larger tanks (5.8-6.1), and was possibly due to 
increased aeration in small tanks. Plasma [K' ] 
showed inconsistent differences under the two culture 
conditions (being sometimes higher and sometimes 
lower in 100 1 tanks), while plasma osmolarity, [Na+], 
[Mg’+], thyroxine concentration, hematocrit, and gill 
Na+, K+-ATPase activity showed no significant 
differences between tanks (P > 0.05, student’s t-test). 

Exposure of fish to lethal and sublethal acidic 
conditions results in decreased plasma [Nat ] and 
[Cl-] (Packer and Dunson, 1970; Neville, 1979; Mc- 
Donald et al., 1980; Holeton et al., 1983). Plasma 
[Na+] however, did not differ between 10001 and 
100 1 tanks. The relatively small differences in pH 
may account for the absence of plasma [Na+] reduc- 
tion. It is interesting to note that while plasma [Cl-] 
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of fish in 100 1 tanks decreased an average 
16 mmole/l, no decrease in total osmolarity occurred, 
nor was there a substantial change in other plasma 
ions. An unmeasured plasma constituent, probably 
anionic, must substitute for decreased plasma [Cl-]. 

Feeding regime had a significant effect on plasma 
osmolarity and [K+], but not on other plasma ion 
concentrations (Table 1). When significant differences 
between high and low feeding groups were observed 
(P < 0.05, student’s t-test), plasma osmolarity was 
always higher in the high feed group, and plasma 
[K+], with one exception, was always higher in the 
low feed group. Significant differences in plasma 
osmolarity and [K+] between high and low feed 
groups occurred even for the largest and oldest fish 
in the low feed group, indicating that meal size itself 
was exerting an influence. 

Photoperiod treatment had a significant effect on 
plasma [Mg’+] (in high feed group only, Table l), but 
not on other plasma ions. No consistent difference in 
[Mg2+] due to daylength was found. 

Plasma ion and osmotic concentrations of brook 
trout in freshwater are typical of those reported for 
other freshwater teleosts (Holmes and Donaldson, 
1969). Size and age related adjustments in plasma ion 
and osmotic concentrations can explain only a small 
amount of the variation of these parameters. Size 
related changes in blood ions may not be due to 
osmoregulatory changes per se, but rather to other 
impinging physiological responses that vary with size. 
For example, the degree of digestion of the previous 
days meal is size dependent (Jobling et al., 1977) and 
could result in nutrient transport related changes in 
plasma ionic and osmotic concentrations. Despite 
these alternative explanations, size related changes in 
hyperosmoregulation may exist. 

Significant seasonal changes in plasma ion levels 
that might signal preparatory physiological adapta- 
tions were not found in the present experiment. 
Seasonal changes in plasma ions have been found in 
rainbow trout (Lane, 1979; Houston and Smeda, 
1979). We found seasonal changes in [Mg”] only, 
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Fig. 4. Annual variation in hematocrit (% red blood cells) 
for males (open diamonds) and females (closed diamonds) 
under normal photoperiod conditions. Mean value of six to 
ten fish per sample f 1 standard error of the mean. Day- 
length (‘) and spawning time (horizontal bar) are also 
shown. Fish in this experiment were from high feed group, 
all of which became mature at age 1 + yr in their second 
autumn (November 1982). Mean female hematocrit in 
autumn in significantly lower than the non-autumn mean 

(P < 0.05, Student’s t-test). None of the experimental manipulations of the 

GiN Na +, K+-ATPase. Individual gill Na+, K+- 
ATPase activities ranged from 1.3 to 21.2 pMP, x 
mg prot.-“hr-‘, with a mean value of 7.9 (Table 1). 
Gill Na’,K+-ATPase activity (and its log trans- 
formation) were not significantly correlated with size 
or age. Mean value of gill Na+,K+-ATPase did 
not rise above 13.0~MP,~mgprot.~‘~hr- for any 
sampling period. Feeding treatment had no effect on 
gill Na+,K+-ATPase levels in either photoperiod 
(Table l), nor did the two photoperiod treatments 
differ in their effect on gill Na+, K+-ATPase activity. 

and this effect occurred only in the high feed group. 
There was no clear trend of variations in plasma 
[Mg’+] with changing daylength in either photo- 
period. Lack of photoperiod effect on plasma ions in 
our experiments, which were conducted at constant 
temperature, indicates that temperature (or synergy 
between photoperiod and temperature) may play a 
more important role than photoperiod alone in deter- 
mining seasonal ion changes reported by other re- 
searchers. Alternatively, brook trout may not display 
seasonal cycles in ion concentration that are seen in 
other salmonids. 

Hematocrit. Hematocrit increases with increasing 
length which can explain a portion of the variation in 
hematocrit (r2 = 0.18, Table l), while age can explain 
little of the variation (r2 = 0.04). This relationship 
held true when mature fish were excluded (r2 = 0.13 
and 0.09 for length and age, respectively). Adult male 
and female hematocrits of 1 + year fish are the same 
for much of the year (Fig. 4) and do not differ until 
autumn when male hematocrit rises slightly and 
female hematocrit drops significantly from the spring 
and summer average (P < 0.01, Student’s t-test). 
Changes in hematocrit occur simultaneously with 
final maturation, when sperm is running freely and 
egg diameters are at a maximum. Significant 
male-female differences in hematocrit, however, were 
also observed in immature fish; immature males and 
females in autumn photoperiod (11.5-9.5 hr day- 
length) had mean hematocrits of 50% (n = 15) and 
44x, respectively (n = 13; P < 0.01, Student’s t-test). 
Mean hematocrits of immature males and females 
during winter photoperiod (9.1-10.2 hr daylength) 
were not significantly different (44% and 46x, N = 15 
and 11, respectively, P > 0.25). 

Hematocrit levels and their variability as reported 
here are typical of those reported elsewhere for brook 
trout and other salmonids (Sniezko, 1960; Sano, 
1960). Since size explains a greater portion of the 
variation in hematocrit than age, age is probably 
significant only to the extent that it covaries with size. 
Adult male rainbow trout, pike (&ox luck) and 
largemouth bass (Micropterus salmoides) have higher 
hematocrit than females (Sano, 1960; Mulcahy, 1970; 
Steuke and Atherton, 1965) indicating that sexual 
differences in teleost hematocrit are not rare. Sano 
(1960) also reported a sharp reduction in hematocrit 
of adult rainbow trout of both sexes that was cor- 
related with gonadal development. In brook trout, 
only the female hematocrit declines during the onset 
of spawning. Further work is necessary to determine 
the mechanistic control of hematocrit and how this 
control may be related to sex, spawning and photo- 
period cycles. 
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Fig. 5. Annual cycles of plasma thyroxine in high feed 
(squares) and low feed (circles) groups in normal photo- 
period (A, solid symbols) and 3 month delayed photoperiod 
(B, open symbols), as a function of calendar date of 
sampling. Mean value of 5-16 fish per sample + standard 
error of the mean. An asterisk (a) next to mean of high feed 
group indicates a significantly (P < 0.05, Student’s t-test) 
higher mean plasma thyroxine levels than the low feed 
group at that sampling period. Each point represents 
samples taken on a single day except for three instances 
(June, July and August 1981) when samples taken within 
2-4 days were combined. Daylength (‘) and time of spawn- 
ing (horizontal bar) are shown for each photoperiod. Feed- 
ing treatment had a significant effect on thyroxine levels in 
both photoperiods (P < 0.01, two-way ANOVA). Photo- 
period treatment significantly affected thyroxine levels in the 
high feed group (P < 0.01, two-way ANOVA), but not the 

low feed group (P = 0.43). 

present study affected gill Na+, K+-ATPase activity 
of brook trout. In contrast, gill Na+,K+-ATPase 
activity in migratory Pacific salmon (Oncorhynchus 
sp.), Atlantic Salmon (Sulmo salur) and steelhead 
trout (S&no gairdneri) exhibit a seasonal cycle (usu- 
ally peaking in spring or autumn, and corresponding 
to the period of seaward migration) which is syn- 
chronized by photoperiod (Zaugg and McLain, 1970; 
Zaugg and Wagner, 1973; Saunders and Henderson, 
1978). Ewing et al. (1979) found that although chi- 
nook salmon displayed a seasonal cycle of gill 
Na+,K+-ATPase activity under simulated normal 
photoperiod conditions, a 3 month advanced photo- 
period did not significantly alter the cycle, indicating 
the controlling influence of endogenous rhythms. In 
the present study there was no daylength-related 
rhythm of gill Na+,K+-ATPase activity in either 
photoperiod treatment, and no evidence of endo- 
genous rhythms. 

Ewing et al. (1979) found that growth rate of 
chinook salmon (altered by changes in temperature) 
affected the cyclic annual change in gill 
Na+, K+ -ATPase activity and that size was positively 
correlated with this activity. Size, growth and photo- 
period did not alter gill Nat, K+-ATPase activity of 
brook trout in the present study, possibly due to the 
less specialized nature of its seaward migration. 
Brook trout, and charr in general, show less 
anadromy than other salmonids (Hoar, 1976), and 
there are more non-migratory than migratory popu- 
lations of brook trout (Power, 1980). Anadromous 
brook trout spend long periods in estuaries (Mont- 
gomery et al., unpublished data) where gill 
Nat, K+-ATPase activity increases (McCormick and 
Naiman, 1984b), indicating that adaptations for sea- 
water entry have an important behavioral com- 
ponent. 

It is possible that possession of preparatory 
changes in gill Na+, K +-ATPase activity is genetically 
determined in brook trout. However, the migratory 
pattern of the hatchery stock used in these experi- 
ments did not differ from that of natural populations 
(Mullan, 1958). Furthermore, gill Na+,K+-ATPase 
activities of an anadromous population of brook 
trout, which show external signs of smolting (silver- 
ing), were not significantly different from a nearby 
non-anadromous population (McCormick and Na- 
iman, 1984b). 

Plasma thyroxine. Plasma thyroxine concentration 
was significantly correlated with both size and age 
(P ~0.01) and explained 20% and 10% of the thyr- 
oxine variation, respectively (Table 1). The 
significance of these correlations may be explained, in 
part, by changes in growth rate. Within each photo- 
period, feeding treatment resulted in significant 
differences in thyroxine levels (Table 1 and Fig. 5). 
Fish in high feed groups had significantly higher 
plasma thyroxine at most sampling times starting 
from the first sample period (June 1981) and con- 
tinuing until December 1981. This is the same time 
that growth rates in the high feed group were much 
greater than in the low feed group (Fig. 2(D)). After 
this period, growth rates and thyroxine levels were 
similar for both feeding groups until April 1982, 
when high feed fish again attained higher plasma 
thyroxine levels. This pattern was similar for both 
photoperiods (Fig. 5(A, B)). Under normal photo- 
period conditions the percent mean difference in 
plasma thyroxine (between the high and low feed 
group) and the mean difference in specific growth rate 
per unit body weight (a) l-2 week later were 
significantly correlated (r = 0.71). These results indi- 
cate that higher growth rates in brook trout are 
associated with higher levels of plasma thyroxine. 

Under normal photoperiod conditions (Fig. 5A) 
there was a strong pattern of high thyroxine levels in 
the “spring” (increasing photoperiod), low “sum- 
mer” levels which rose to a secondary “autumn” 
peak. This pattern was consistent in both high and 
low feed fish, with the exception that the “spring” 
peak was attenuated in the low feed group. 

Although a single “spring” peak occurred under 
the 3-month delayed photoperiod for the high feed 
fish, there was no rise in thyroxine levels in either 
group during the second “spring”, and there was no 
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subsequent “summer” decline (Fig. 5B). As such, 
there was no clearly discernible daylength pattern in 
thyroxine levels under 3-month delayed photoperiod. 

Photoperiod treatment had a significant effect only 
on fish in the high feed group (Table 1). There was 
no clear pattern in the differences between normal 
and delayed photoperiods for the high feed group 
(Fig. 5(A, B)), and it was clear that a simple 3-month 
shift in the T4 cycle did not occur as a result of 
treatment with a 3-month delayed photoperiod. 

The significant effect of feeding level on circulating 
T, concentrations in brook trout is probably related 
to growth, since significant differences in T, levels in 
high and low feeding groups occurred when growth 
rates of the two groups were most different. It is 
unlikely that insufficient iodine in the low feeding 
group resulted in lower T,, levels since under normal 
laboratory conditions less than 20% of the iodine 
needed by rainbow trout is obtained from the diet 
(Hunt and Eales, 1979), and only 5% of the total 
iodine is used by the thyroid. In addition, brook trout 
deprived of food for several weeks increase their 
plasma iodine (Higgs and Eales, 1971), while rainbow 
trout show no detectable change in T, after up to 40 
days of starvation (Leatherland et al., 1977; Milne et 
a/., 1979). More recent experiments indicate that 
drastically reduced feeding may decrease plasma T, 
of salmonids (Dickhoff, unpublished; Higgs et al., 
1982). Direct feeding effects cannot accurately de- 
scribe our results, however, since feeding treatment 
lasted throughout the study while differences in T, 
between high and low feed groups occurred for a 
limited period. Thyroid hormones, particularly tri- 
iodothyronine, administered exogenously can stimu- 
late growth in a variety of teleosts and most salm- 
onids (Higgs et al., 1982). T, may act in synergy with 
other anabolic hormones, particularly growth hor- 
mone, to stimulate somatic growth (Donaldson et al., 
1979). Our findings of increased circulating T, levels 
associated with higher growth rates support a model 
of thyroid influence on growth. 

A seasonal pattern of circulating T,, similar to that 
reported here was found in adult brook trout 
by White and Henderson (1977), with the one excep- 
tion that a secondary fall peak was not found. This 
seasonal pattern in brook trout T, levels is similar to 
that found for smolting salmonids (Dickhoff et al., 
1982). The magnitude of the springtime peak, how- 
ever, is generally greater in smolting salmonids. The 
lack of preparatory seawater-entry adaptations in 
brook trout (such as increases in gill 
Na+, K+-ATPase) suggests that spring thyroxine in- 
creases activate other physiological functions. The 
thyroxine cycle displayed in primitive salmonids such 
as brook trout has perhaps seen sequestered by 
specialized migrators to synchronize migration and 
smoltification. 

Winter flounder (Pseudopleuronectes americanus) 
displayed peak thyroxine concentrations in spring 
and low concentrations in autumn (Eales and 
Fletcher, 1982), while high winter concentrations and 
low summer concentrations were observed in rain- 
bow trout (Osborn et al., 1978). Constant tem- 
peratures used in our experiments indicate that tem- 
perature changes are not necessary to elicit seasonal 
thyroxine cycles. Although feeding activity increased 

during spring photoperiod in our experiment (per- 
sonal observation), we did not detect increased 
growth rates under increasing photoperiod and there- 
fore cannot ascribe higher spring thyroxine levels to 
increased growth during this period. 

The delayed photoperiod regime did not shift 
thyroxine cycles 3 months from the normal regime; in 
low feed fish photoperiod has no effect on plasma 
thyroxine, while in high feed fish the effect seemed to 
be a dampening of the normal cycle. These results 
raise the possibility that an endogenous cycle, or an 
exogenous cycle synchronized by an environmental 
factor other than photoperiod or temperature, exists 
in brook trout. Other photoperiod cued cycles, in 
particular maturation, did respond to the photo- 
period treatment; final maturation under our experi- 
mental conditions was delayed 3 months in the 
delayed photoperiod (McCormick and Naiman, 
1984~). These results are somewhat conflicting, es- 
pecially in light of other evidence associating thyroid 
changes with maturation (see Leatherland, 1982, for 
review). Nonetheless, it appears that an annual cycle 
of thyroxine with a spring peak is not necessary to 
begin or synchronize the maturation cycle of brook 
trout. 

SUMMARY 

Significant die1 cycles were observed in plasma 
osmolarity, [Na+] and thyroxine concentration, and 
were not detected in plasma [Cl-], [K+],[Mg’+] and 
hematocrit. Plasma osmolarity, [Na+] and thyroxine 
concentrations were highest during daylight and low- 
est at night. This cycle may be caused by feeding and 
locomotor activity which are highest during periods 
of light. 

Plasma osmolarity, [Na+ 1, [K+ ] and hematocrit 
increased with increasing size and/or age of brook 
trout, and can explain a small portion of their 
variation. Plasma osmolarity and [K+] were also 
influenced by feeding level. The effect of size on 
plasma ions may be explained by a more favorable 
surface area to volume ratio which, other things being 
equal, will result in lower net water influx, lower 
plasma water, higher plasma ions and higher hemat- 
ocrit with increasing size. We cannot, however, rule 
out other factors which may also covary with size 
and/or age. 

Gill Na+,K+-ATPase activity in brook trout did 
not respond to feeding or photoperiod treatment, nor 
was there evidence of size, age or daylength related 
changes. Brook trout therefore do not possess prepa- 
ratory physiological adaptations in gill 
Na+,K+-ATPase that are characteristic of other mi- 
gratory salmonids. It would appear that the more 
variable and opportunistic nature of brook trout 
migrations has not resulted in sufficient selection 
pressure for the development of preparatory, 
photoperiod-controlled changes in gill Na+, K +- 
ATPase. 

Plasma thyroxine concentrations were higher in 
high feed fish and were directly correlated with size. 
Significant differences in plasma thyroxine concen- 
tration between high and low feed groups occurred 
when differences in growth between the two groups 
were greatest. These results are best explained by an 
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interaction between growth rate and plasma thyr- 
oxine. Under normal photoperiod conditions, plasma 
thyroxine exhibited a seasonal cycle consisting of 
high levels in spring, low summer levels and a second- 
ary peak in autumn. Three-month delayed photo- 
period did not result in a shift of the thyroxine cycle. 
Since seasonal changes of brook trout gill 
Na+,K+-ATPase activity and hypoosmoregulatory 
ability did not occur (McCormick and Naiman, 
1984a), the annual cycle of plasma thyroxine does not 
stimulate these physiological functions as it is pre- 
sumed to in smolting salmonids. The seasonal thyr- 
oxine cycle which exists in the more primitive charrs 
must exert its influence through other seasonally 
occurring physiological functions such as growth, 
activity or appetite. 
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