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Introduction

The sustained swimming ability of fishes depends on many extrinsic and intrinsic variables  (Hammer, 1995), especially those that affect oxygen uptake and delivery to aerobic musculature (Jones, 1971; Gallaugher et al., 1995). Temperature is a particularly important factor that presents compounding problems for sustained swimming because it increases metabolic oxygen demand while simultaneously decreasing oxygen availability. Most fishes show a temperature dependent rise in sustained swimming velocity (Ucrit) to a maximum value that usually corresponds to the preferred temperature for the species. Ucrit subsequently declines at higher temperatures, presumably due to limitations associated with oxygen delivery. Jones (1971) showed that hypoxia or anaemia could decrease Ucrit in juvenile trout at both high and low temperatures. However, we found that mild hypoxia (75% sat.) only affected Ucrit at temperatures above the optimum value of 15oC (Bannon and Ling, 2004). Moreover, fish acclimated at 20oC showed compensatory increases in resting haematocrit that improved aerobic exercise performance at that temperature, implying that oxygen carrying capacity was crucial to performance at higher temperatures. To test this theory we separately investigated the effects of mild hypoxia and severe anaemia on juvenile trout in sustained swimming trials at temperatures from 10oC to 20oC.

Materials and methods

Hatchery-reared rainbow trout, Oncorhynchus mykiss (Walbaum), 14 ± 0.5 cm, were randomly allocated to treatment groups and acclimated to 10oC, 15oC and 20oC (± 0.5oC) for at least 21 days. Fish were fed daily to satiation. Treatments included fish at rest or fish swum to exhaustion at each temperature under normoxic (>96% sat.) or hypoxic conditions (6.8 mg O2/L, being 75% of the saturated value at 20oC).

Anaemia was induced in some fish acclimated at 15oC and 20oC by caudal venesection. Fish were anaesthetised, weighed, and total blood volume calculated (4% of total weight). 75% anaemia was induced by a single withdrawal of 25% of total blood volume. 57% anaemia was induced by a second withdrawal of a further 25% of total blood volume 24 hours later. Anaemic fish were allowed to recover for 7 days prior to Ucrit determinations. 

Critical swimming speeds (Ucrit) of individual fish were measured in a 230 L, variable velocity, recirculating flume. Fish were transferred to the flume and swum for 2 hours at 0.5 body lengths (BL)/s to aid recovery from handling and transfer stress (Milligan et al., 2000), and swum to exhaustion by increasing water velocity in 0.5 BL/s increments every 15 minutes. Ucrit was determined as follows:

 Ucrit= Ui + Uii Ti / Tii

where Ui is the highest velocity maintained for a complete time interval, Uii is the velocity increment (0.5 BL/s), Ti is the interval time elapsed at fatigue velocity and Tii is the interval time (15 min).

All fish were bled immediately following exhaustion (~200 μL) and analysed for haematocrit, red blood cell count, whole blood haemoglobin and cortisol.

Results

The critical swimming speeds of normocythaemic and anaemic trout under normoxic and hypoxic conditions are shown in Figure 1. Combined hypoxia and anaemia resulted in a significant reduction in Ucrit at 20oC only. Although not statistically significant, anaemia or hypoxia independently resulted in slight reductions in Ucrit at both 15oC and 20oC.
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Figure 1. Sustained swimming speeds of normocythaemic (closed symbols) and anaemic (57% of normocythemia; open symbols) juvenile trout at different temperatures in normoxia (>96% sat.; circles) or mild hypoxia (6.8 mg/L; squares). Values are means ± S.E.M. * = significantly different from other treatments at 20oC (P<0.05).

Haematological responses of all treatment groups are given in Table 1. Compensatory haematological responses to increase oxygen carrying capacity are apparent in exercised fish including splenic release of stored erythrocytes and erythrocytic swelling.

Discussion

The sustained swimming velocity of juvenile trout was maintained from 10oC to 20oC, and hypoxia or anaemia, either singly or in combination, did not result in significant reductions in Ucrit except at 20oC. Surprisingly, a small reduction in ambient oxygen had as great an effect on Ucrit as a much larger decrease in oxygen carrying capacity indicating that environmental oxygen availability may be a more significant determinant of aerobic scope in these fish than physiological oxygen transport. Although exercised normocythaemic fish do respond by compensatory changes in haematology, including splenic release of erythrocytes and erythrocytic swelling, it would appear that these may play relatively little role in improving aerobic exercise performance.
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PCV

10

28.0 (3.0)

ND

36.4 (2.2)

ND

38.0 (2.1)

ND

(%)

15

28.8 (1.0)

15.6 (2.0)

44.0 (3.0)

16.8 (1.2)

41.6 (0.6)

18.2 (1.7)

20

30.4 (1.3)

14.8 (1.7)

40.8 (2.5)

16.6 (1.1)

45 (3.0)

19.6 (3.4)

[Hb]

10

76.0 (8.5)

ND

83.3 (5.8)

ND

81.5 (4.9)

ND

(g/L)

15

71.3 (4.0)

34.3 (3.3)

91.3 (5.8)

34.8 (2.6)

91.5 (1.3)

36.8 (3.4)

20

77.1 (4.0)

32.6 (3.2)

93.8 (4.8)

36.8 (3.0)

102 (6.3)

35.3 (6.5)

MCHC

10

272 (8)

ND

229 (7)

ND

215 (4)

ND

(g/L)

15

245 (8)

223 (8)

211(14)

205 (3)

220 (5)

203 (6)

20

255 (11)

220 (10)

232 (9)

219 (6)

226 (4)

179 (8)

MCH

10

80.3 (6.9)

ND

70.2 (2.2)

ND

59.9 (2.3)

ND

(pg)

15

71.0 (5.1)

66.2 (4.3)

70.9 (6.1)

73.0 (5.0)

72.3 (6.3)

71.6 (3.0)

20

68.3 (4.6)

59 (4.5)

74.7 (8.9)

73.5 (7.0)

87.4 (6.4)

56.9 (5.0)

MCV

10

294 (22)

ND

307(13)

ND

279 (8)

ND

(fL)

15

291 (22)

297 (18)

336 (14)

358 (24)

328 (26)

353 (19)

20

269  (16)

267 (12)

324 (33)

334 (27)

393 (32)

318 (26)

RBCC

10

0.99 (0.15)

ND

1.18 (0.05)

ND

1.36 (0.05)

ND

(x 10

12

cells/L)

15

1.03 (0.13)

0.49 (0.06)

1.31 (0.10)

0.48 (0.05)

1.30 (0.10)

0.57 (0.08)

20

1.15 (0.09)

0.68 (0.10)

1.30 (0.12)

0.51 (0.04)

1.19 (0.14)

0.60 (0.06)

Cortisol

10

41 (26)

ND

717 (84)

ND

808 (85)

ND

(nmol/L)

15

15 (7)

13 (6)

931 (193)

547 (75)

861 (122)

742 (171)

20

42 (12)

5 (3)

1073 (242)

749 (78)

1030 (150)

1024 (97)


Table 1. Haematological values of normocythaemic and anaemic juvenile trout acclimated to 10oC, 15oC and 20oC and sampled at rest or following exhaustive exercise (Ucrit) under normoxia (>96% sat.) or hypoxia (6.8 mg/L). Values are means with S.E.M. in parentheses, N=5 for all treatments, ND = not done. PCV = packed cell volume, [Hb] = whole blood haemoglobin, MCHC = mean cell haemoglobin concentration, MCH = mean cell haemoglobin, MCV = mean cell volume, RBCC = red blood cell count. Indications of statistically significant differences between treatments have been omitted for clarity.

It is possible that decreased blood viscosity and increased cardiac output in anaemic fish may contribute to sustaining oxygen delivery to exercising aerobic musculature in anaemic fish although such speculation requires further experimental validation. The improved performance of warm-acclimated fish may involve more than simply a compensatory increase in oxygen carrying capacity as implied by Bannon and Ling (2004).
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