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Abstract 

River confluences are critical points in river networks where strong physical and 

chemical gradients develop, resulting in a wide range of distinctive environmental 

conditions (habitats) for biological growth. Large variations in water temperatures, 

organic matter, nutrients, for example, and in general, in water chemistry have been 

reported to occur at these sites. As a consequence of their high spatial and temporal 

heterogeneity of habitats and resources, river confluences behave as biological hotspots, 

where the number of species appears to increase very significantly in comparison with 

other river reaches. The effects of river confluences persist downstream, therefore, 

affecting biological communities and ecological processes at scales of river reaches and 

channel networks. The spatial extent of the reaches downstream of river junctions where 

heterogeneous habitat conditions persist, largely depends on the rate at which mixing 

between the mainstream and tributary waters occurs. The literature on mixing in river 

confluences is extensive, but still, our understanding of flow and mixing dynamics in 

these sites is far from complete. In particular, the effect of density contrast between the 

confluent streams on mixing has traditionally been neglected, which has been justified 

by differences in the inertia of the confluent flows being much higher than density 

differences. However, as the scale of the confluent channels increases, the probability of 

draining different geological terrains also increases which results in an increasing 

potential for significant differences in density. 

In this work, we present results of a series of field experiments carried out in a 

confluence in Northern Spain where the presence of density contrasts is important for 

both the spatial arrangement of the rivers once at the confluence and river mixing. The 

confluence presents seasonal variations in the river density contrast, which ranges from 

O (10
−2

) kg m
−3

 in winter to O (1) kg m
−3 

during summer. Depending on the river 

density contrast the confluent rivers flow side by side or one on top of the other. 

Through the use of three-dimensional numerical experiments, we illustrate that, despite 

being negligible from a dynamic point of view, the weak density contrasts observed in 

winter are able to distort the mixing layer between the rivers. This distortion changes 

the contact area available for mixing, and ultimately affects mixing rates. Numerical 

experiments are also presented for the strong density contrasts observed in summer, 

when the confluence is vertically stratified. We assess the factors controlling the 



location of the plunging zone and mixing rates. In particular, we focus on the interaction 

between inertial and buoyancy forces, the effect of wind forcing and the unsteady nature 

of the hydraulic forcing. It is shown that the steady-state location of the plunge zone is 

controlled by an inertia-buoyancy balance, which accounts for the relative magnitude of 

the buoyancy forcing associated with river density differences, and the magnitudes of 

both the main-stream and the tributary inertia. This has important consequences for 

river mixing since mixing rates increase as the plunging occurs at the confluence due to 

a combination of large mixing-interface surfaces and high diffusivities. Wind forcing, 

depending on its velocity and direction is able to affect mixing rates at this confluence 

through (1) altering the buoyancy-inertia equilibrium, (2) altering the patter of 

secondary circulation within the confluence and/or (3) increasing shear at the 

confluence. This work further shows that there is a time lag between a change in the 

equilibrium conditions of the inflows and the system response (movement of the plunge 

point) to this change. 

River junctions where water may follow two or more alternative pathways 

(diffluences) are also critical points in river networks where aquatic migratory species 

select different migration routes. This is the case, for example, of the juvenile Chinook 

salmon (Oncorhynchus tshawytscha) in the Sacramento-San Joaquin River Delta. This 

work also presents preliminary results on a reach of the Sacramento River where 

juveniles may remain in the main Sacramento River or select other two migration routes 

that lead to the interior of the delta, where salmon survival is known to decrease. This 

river reach is affected by the tides, with flow reversal occurring during flood tides; and 

the entrances to the two migration routes that lead to the interior of the delta are located 

at the outside of a river bend, where secondary circulation is known to occur. Our 

results are consistent with previous studies that show that during the flood tide almost 

all the flow, and thus, all the salmon, are directed to the interior of the delta through 

these two migration routes. This work also suggests that, during ebb tides, fish 

entrainment rates into the interior of the delta are higher than those expected by flow 

entrainment alone due to the preference of salmon for migrating near surface (first four 

meters of the water column in the Sacramento River), together with the effect of 

secondary circulation that pushes the surface-biased salmon towards the outside of the 

bend where the entrance of these two migration routes are located. 
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