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Juvenile Atlantic salmon (Salmo salar; JAS) live in rivers characterized by highly turbulent flow. In these environments, flow turbulence is associated with a wide range of instantaneous flow velocities which may affect the energetic costs of habitat utilization. Although there is a vast literature documenting swimming performance of fish; nearly all experiments have considered fish swimming in steady homogeneous water flows despite the fact that fish live in environments were intense fluctuations of flow velocity occur. Only recently, work has started to consider the effect of turbulence on the swimming performance of fish (Pavlov et al. 2000; Enders et al. 2003; Liao et al. 2003). The purpose of our work was to develop a swimming cost model which especially accounts for the effects of velocity fluctuations. The objectives of this study were (1) to evaluate the effect of body mass, mean flow velocity, and descriptors of flow turbulence on the swimming costs of JAS, (2) to develop swimming cost models for fish swimming under turbulent flow conditions, and (3) to compare the prediction of turbulent swimming models to existing forced swimming models.

We attained our objectives by performing 40 respirometry experiments at 15°C during which we subjected individual fish to turbulent flow conditions. We estimated swimming costs under five turbulent flow conditions defined by the selected combination of means (18, 23, 40 cm·s-1) and standard deviations (5, 8, 10 cm·s-1) of flow velocity.

A turbulent flow was created within the swimming chamber. The flow structure was quantified using an Acoustic Doppler Velocimeter (ADV, Sontek). The ADV allowed us to record the three orthogonal velocity components of the flow (streamwise, u; vertical, v; lateral, w) at a frequency of 25 Hz. The flow structure was recorded during 5 min. We obtained mean ū and standard deviation uSD for the streamwise velocity for each flow condition. We also calculated the turbulent kinetic energy (TKE; g·cm-1·s-2) 




         n

(1)

TKE = 1 / n (  0.5 ρ (ui’² + vi’² + wi’²)




        i=1

where n is the number of instantaneous velocity fluctuations, ρ (g·cm-3) is the water density, ui’, vi’, and wi’ (cm·s-1) represent the instantaneous velocity fluctuation of the three velocity components.

The five different flow conditions created by our apparatus during the experiments corresponded to the targeted ū and uSD (Table 1). TKE ranged from 66.8 g·cm-1·s-2 to 416.2 g·cm-1·s-2. For any given flow condition, ū and uSD did not vary significantly among the recordings performed before and after a suite of experimental observations (Stability test for ū: 0.42 < p < 0.98, variation = 0.0-0.3%; Stability test for uSD: 0.12 < p < 0.94, variation = 0.2-2.1%).

Table 1. Number of respirometry experiments (n) per flow condition, range of mass (M) of fish and estimated swimming costs (CR).

	n
	ū
(cm·s-1)
	uSD
(cm·s-1)
	M

(g wet)
	CR

(mg O2·h-1)

	8
	18
	5
	5.6 – 15.5
	1.6 – 3.5

	8
	18
	8
	5.2 – 15.0
	2.0 – 4.3

	8
	23
	5
	4.9 – 16.0
	2.7 – 6.0

	8
	23
	8
	5.1 – 15.0
	3.7 – 8.0

	8
	40
	10
	4.3 – 14.0
	5.0 – 14.9


The swimming costs varied 9.3-fold among our experiments (Figure 1). Statistical analysis indicated that mass (p < 0.001), ū (p < 0.001), and uSD (p < 0.001) had a significant effect on swimming costs. The interaction term between ū and uSD was not significant (p = 0.71). Multiple regression analyses allowed us to develop a model where mass, ū, and uSD contributed, respectively, to 16%, 61%, and 15% of the variation in swimming costs. 

(2) 
log CR = 0.79 log M + 1.47 log ū + 0.47 log uSD – 2.45

(n = 40, R2 = 0.92, p < 0.001)
Swimming costs also increased with mass (p < 0.001) and TKE (p < 0.001), resulting in a two-variable model with mass contributing 16% and TKE 58% of the variation in swimming costs.

(3) 
log CR = 0.67 log M + 0.68 log TKE – 1.44

(n = 40, R2 = 0.74, p < 0.001)
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Figure 1. Swimming costs of JAS at 15°C under low (circle), medium (triangle), and high flow velocities (rhombus). The open symbols represent low, solid symbols medium, and shaded symbols high turbulence condition. Regression lines of the log linear relation between body mass and swimming costs are presented.

Our study indicated that descriptors of turbulence explain a significant fraction of swimming costs. Standard deviation and TKE significantly contributed to the predictive power of the models developed. Most studies that estimate swimming costs of stream-dwelling fish use models based on experimental designs that minimize flow heterogeneity. Our results suggest that flow turbulence significantly increases the swimming costs, and consequently, that the use of such forced swimming models (e.g. Boisclair and Tang 1993) underestimate actual swimming costs. The swimming costs we estimated were 2.0- to 3.6-times higher than predicted by the forced swimming model.
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