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Animals interpret their surroundings and make informed decisions using sensory information that propagates 

through rivers before being intercepted by sensory organs. Relatively little is known about how sensory 

information is transported, masked and filtered by the environment, despite having a direct impact on the ability 

of animals to communicate and navigate fluvial environments. Hydraulic signals may be of particular importance 

to aquatic animals, most of which have sensory organs capable of perceiving water movements relative to their 

body. Here, we investigate the utility of using these signals in rivers, where ambient turbulence is often great, by 

comparing the hydraulic signature of wakes generated by living crayfish from those of similarly sized inanimate 

objects. Flows downstream of living crayfish were distinct from inanimate objects, with greater turbulent 

intensities and lower streamwise velocities downstream of crayfish. However, the hydraulic features that 

distinguish crayfish wakes from the environment became masked as ambient levels of turbulence increased. 

These results suggest that the ability of organisms to sense the presence of other organisms from their wake 

alone will be limited in many situations in rivers. Thus, animals in rivers may have to rely on other senses, such 

as sight or hearing, to interpret their environment, especially where depth is low relative to substrate roughness 

and where velocities are relatively high. 

 

 

1 INTRODUCTION 

Animals make informed decisions when responding to the environment by first interpreting information 

perceived using their sensory organs. Whilst a great deal is known about the biology of sensory organs, relatively 

little is known about how sensory information propagates through rivers or how animals can differentiate 

important information from ambient noise (Johnson and Rice, 2014). The ability to sense water movements is 

common amongst aquatic animals and many can use and respond to hydraulic characteristics when navigating 

their environment and selecting habitat. For example, crayfish are covered in sensory hairs that are sensitive to 

flows as low as 0.006 cm s
-1

 and can measure at 150 Hz (Breithaupt and Tautz, 1990).  

 

There is evidence that some animals can sense the presence of other organisms from the hydraulic characteristics 

of their wake. For example, some stonefly larvae can discriminate the swimming pattern of its mayfly prey, even 

when the hydrodynamic signature is generated by plastic models in the absence of other sensory information 

(Peckarsky and Wilcox 1989) and mayfly respond to simulated predator wakes (Hoover and Richardson 2010). 

This implies that at least some aquatic animals can differentiate between the turbulent flow generated by the 

presence of living organisms from the ambient turbulence generated by the environment.  

 

We investigate whether there are specific flow characteristics, distinct from the ambient environment, that allow 

animals to identify the presence of other organisms in rivers. This was achieved by quantifying the flow around a 

living Signal Crayfish (Pacifastacus leniusculus) and comparing this measure to wakes generated by inanimate 

objects of similar size and shape under a range of ambient conditions.  

 



2 METHODS 

2.1 Experimental set-up 

Acoustic Doppler Velocimetry (ADV) and Particle Image Velocimetry (PIV) measurements were made in a 

series of laboratory flume experiments to quantify the flow around four objects:  

1) A plane bed, acting as a control 

2) A gravel particle  

3) A resin cast of a crayfish 

4) A living Signal Crayfish  

 

The gravel particle had similar dimensions to the body of the living Signal Crayfish (90 x 40 x 40 mm), 

representing an object of similar size, but different shape to the crayfish used in the experiments. The resin cast 

was made using the body of a dead, frozen crayfish of the same size as the living crayfish used in the 

experiments. This provided an accurate representation of the shape and surface texture of a crayfish. However, 

the legs and antennae could not be accurately cast so wire of the same diameter as the respective crayfish 

appendage was used instead. The cast was positioned in a typical walking posture. Therefore, the resin cast 

provided an inanimate object of similar size and shape to the living crayfish.  

 

Experiments were repeated across a gradient of turbulence intensities generated over nine combinations of flow 

velocity and bed roughnesses. Three bed roughnesses were used, created by fixing randomly arranged grains to 

Perspex boards. Digital Elevation Models were used to quantify each roughness (Table 1). Three bulk flow 

velocities were also used; 0.1, 0.15 and 0.2 m s
-1

, measured at 0.6 of the flow depth and giving a total of nine 

environmental combinations. 

 

ADV measurements took place in a 10 m long, 0.3 m wide flume. The ADV was placed 0.1 m downstream of 

each object, at a height of 30 mm above the bed and flow was measured for 10 min at 200 Hz. Raw data was 

validated by removing all data with correlations below 60 and signal-to-noise rations less than 15 and any data 

that fell outside 3 standard deviations from a moving average around a 1 sec window. 

 

PIV took place in a 5 m long, 0.6 m wide flume. A single, vertical plane in the center of the channel and around 

each object was measured under the nine environmental permutations. Measurements were made over a 40–60 

sec period at 30, 50 and 70 Hz during the 0.1, 0.15 and 0.2 m s
-1

 velocity flows, respectively. PIV images were 

dewarped, masked and validated in order to indicate the spatial extent of the hydraulic wakes. 

 

Flow measured using the ADV was characterized by extracting mean velocities (u) and stochastic measures of 

turbulence, including the Turbulent Kinetic Energy (TKE). 

 

Table 1. Characterization of the roughness used in the experiments, where relative submergence is the roughness 

length divided by the water depth (250 mm). 

 

Material Roughness 

length (mm) 

Median 

elevation (mm) 

Relative 

submergence 

Sand 2.6 1.3 0.01 

Gravel 26.2 13.1 0.10 

Cobble 65.6 33.0 0.26 

 

2.2 Crayfish collection 

Crayfish were collected from a local stream and housed in aquaria for a maximum of 5 days before being used in 

experiments. During ADV measurements crayfish were tethered to ensure they remained within the 

measurement area for the 10 min measurement duration. Tethering was not necessary during PIV measurements 

because of the shorter measurement time.  

 



3 RESULTS 

3.1 Hydraulic signature of a crayfish  

Over the lowest roughness at a bulk velocity of 0.15 m s
-1

, the mean u was 28% lower downstream of crayfish in 

comparison to over plane beds and the standard deviation was 17 times higher (Fig. 1). Living crayfish were also 

distinguishable from inanimate equivalents. Both mean and variance values of u and TKE were statistically 

distinct between crayfish and casts and crayfish and the rock. Mean u was 24% and 26% lower downstream of a 

crayfish in comparison to the rock and cast, respectively. This indicates that a living crayfish is a greater obstacle 

to the flow than an inanimate object, despite being of the same size. Levels of TKE were five times greater 

downstream of a crayfish in comparison to a rock and 11 times greater than downstream of the cast. 

 
 

Figure 1. Differences in hydraulics measured over a plane bed and 10 cm downstream of live crayfish, a similar-

sized gravel particle and a crayfish cast.  Bars show mean values with 95% confidence intervals and are 

measured over the sand bed substrate at a velocity of 0.15 m s
-1

.   

 

The hydraulic impact of crayfish relative to a plane bed extended beyond the 300 mm PIV area. Measurements 

indicate that stationary live crayfish act as an obstacle to the flow, with rising, accelerating flow over their head 

and a downstream recirculation zone extending to a reattachment point. The most distinguishable feature of a 

Signal Crayfish wake is a zone of increased streamwise turbulence (RMSu) immediately downstream of the 

animal and of similar vertical extent to the crayfish’s body-size (Fig. 2). The wake of a living crayfish is of 

greater spatial extent than that downstream of rocks and casts, although the overall wake structure is similar. The 

living crayfish wake also extends further vertically into overlying flows.  

 

 
Figure 2. A scalar plot of RMSu downstream of a living crayfish. White areas are shadowed from the laser light 

sheet. 

 



3.2 Distinctiveness of crayfish wakes 

Living crayfish were statistically distinct from a similarly-sized gravel particle for eight of the nine environment 

permutations (p < 0.01). However, there is a tendency for differences in mean TKE to be larger at lower 

roughness and when bulk velocity is relatively low. As roughness and bulk velocity increases, crayfish wakes 

and wakes generated by inanimate objects becomes more similar. At velocities above 0.15 m s
-1

 over the 

intermediate and greatest roughnesses, crayfish were no longer identifiable.  

 

4 CONCLUSIONS 

It is not surprising that crayfish alter the downstream hydraulic environment or that their wake structure is 

similar to that of inanimate bluff bodies. However, the greater variability in both u and TKE downstream of 

crayfish compared to plane bed controls and the significantly lower velocities downstream of crayfish in 

comparison to similar sized inanimate objects is more difficult to explain. Both effects suggest that living 

crayfish have an additional effect on the flow beyond their mere presence as an obstruction. We hypothesis that 

this effect is movement of appendages, such as limbs, antennae and gills, even when the crayfish is stationary, 

and these movements create a distinct hydraulic signature. 

 

The fact that crayfish could not be identified at relative submergences of 0.26 and velocities of 0.15 m s
-1

 

suggests that under most conditions in gravel-bed rivers, animals at the scale of crayfish will not be 

distinguishable from their wake alone.  However, an exception may occur when body-sizes are much smaller 

than the roughness length, when the animal can live entirely within the interfacial sub-layer where flow 

velocities and turbulent intensity is substantially reduced relative to the logarithmic layer, above. 

 

Further work is needed to better link animal activity and decision-making to hydraulic phenomena. This will 

require novel flow quantification using unobtrusive instruments that also cause minimal disturbance to animal 

behavior. 

 

Perception of biologically-generated hydraulic events is likely to be most useful in still-water or in the interfacial 

sub-layer where ambient turbulence is reduced. In other flow regions in rivers, animals may have to rely on other 

sensory information for much of the time. It is also possible that hydrodynamic perception is more useful when 

used in conjunction with other senses, for example, allowing an animal to perceive the direction of the source of 

a chemical sense. A better understanding of the hydraulic phenomena animals can perceive would lead to much-

needed insight into the causal links between animals and the environment.  
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