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River research and management activities often focus on mesoscale habitat (mesohabitat) classifications such as physical biotopes (e.g. pools, glides, runs, riffles).  The size and surface flow characteristics of these features are such that they can easily be mapped from the bank and incorporated into rapid field reconnaissance surveys (e.g. UK River Habitat Survey).  Information from such surveys can then be used in physical habitat assessment, habitat modelling and river rehabilitation applications.  The results of recent research suggest, however, that only broad associations exist between hydraulics and mesohabitats.  So called ‘standard’ hydraulic variables (depth, mean velocity, Froude number) do not provide adequate discrimination between physical biotopes and may not constitute the most mechanistic descriptors of habitat for plants, benthic invertebrates and fish that have strong associations with high shear zones.  Instead, the concept of ‘within-biotope hydrodynamic heterogeneity’ - defined as spatial and discharge-related variation in turbulent flow properties describing the intensity, periodicity, orientation and scale of turbulence - may hold promise as the foundation for a more effective and ecologically relevant classification.  Given the dearth of information on the hydrodynamic characteristics of physical biotopes in UK lowland streams, the first step in testing this conceptual framework was to collect high frequency velocity data from a range of habitats on the Leigh Brook, a third-order stream in Central England.  A series of 90 second velocity records was taken from each of four types of physical biotope commonly found on lowland rivers using a 25 Hz Acoustic Doppler Velocimeter (Nortek NDV).  Measurements were taken at 60 mm from the bed, in order to characterise nose velocities of trout, and at 0.6 of the flow depth.  In discriminating between physical biotopes, turbulent flow properties were at least as important as standard hydraulic variables.  Levels of spatial and discharge-related variability in turbulent flow characteristics differed between habitats, providing support for a classificatory framework based on within-biotope hydrodynamic heterogeneity.
1 INTRODUCTION

River habitats are organised at a range of spatial scales [8].  In hydroecology, the mesoscale (~10-1-101 m) is the level of organisation at which explanations are increasingly sought for management purposes [17].  This intermediate scale is critical to link the outcomes of hydroecological research to the effective management of river ecosystems [7].  River research and management has focused on a range of mesoscale habitat (mesohabitat) classifications for habitat assessment [e.g. 21], modelling [e.g. 22] and rehabilitation [e.g. 2].  The most commonly applied mesohabitat classifications are functional habitats [10], hydraulic biotopes [19] and physical biotopes (e.g.pool, glide, run, riffle).  These classifications are partially nested and can be seen as representing the characteristics of biological communities, hydraulic (surface flow type) conditions and channel morphology respectively [11].  Hydraulic calibration of mesohabitats has relied heavily on the use of the ‘standard’ hydraulic variables of flow depth (h), mean column velocity and Froude number [13, 14, 19, 24].  Jowett [13], for example, proposed a classification of physical biotopes based on Froude number (Fr) where pools are found at Fr<0.18, runs 0.18<Fr<0.41 and riffles Fr>0.41.  Only loose associations, however, have been identified between such mesohabitats and ‘standard’ hydraulic variables [3].  Furthermore, turbulence is a ubiquitous phenomenon in river ecosystems, where Re>>500.  Hydraulic quantities based on mean column velocity, therefore, may not be the most relevant to instream biota, particularly those living in close association with zones of high shear (e.g. brown trout, Salmo trutta).
Research in recent years has suggested that the use of hydraulic quantities describing turbulent flow may be more relevant to the ecology of river dwelling salmonids and could provide a robust basis for the classification of physical biotopes [12].  Salmonids have been found to avoid areas of highest turbulence intensity at the microscale [4] and may incur energetic costs [6] or benefits [16] due to turbulence depending on the size of eddies, the axis of eddy orientation and the periodicity or predictability of velocity fluctuations [15].  Work with coarse species suggests that eddies rotating on a horizontal axis may destabilize fish and increase the energetic costs of swimming when eddy length exceeds 0.66-0.76bl, where bl is fish body length [20, 23].  The existence of such mechanisms means that a classification of physical biotopes based on turbulent flow would be useful in river research and management.  Based on a limited amount of data, Harvey & Clifford [12] provided some evidence that three physical biotope types could be classified according to levels of spatial and discharge-related variability in turbulent flow properties in a conceptual model known as ‘within-biotope hydrodynamic heterogeneity’ (Figure 1).  In this model, pools are seen as most heterogeneous in space, with relative depth in the water column and with variation in discharge, whereas glides are seen as most homogeneous and riffles intermediate.  Another common habitat type, the run, was not considered.  The aim of this paper is to test and, if necessary, refine this model and explore its relevance to river dwelling salmonids.
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Figure 1 - Conceptual diagram illustrating levels of within-biotope hydrodynamic heterogeneity identified for glide, riffle and pool physical biotopes on the River Tern, Shropshire, in terms of variability in turbulent flow properties in space, with relative depth in the water column and with flow stage. From Harvey & Clifford [12].
2 METHODS

2.1 Site description

The research was undertaken on a third-order reach of the Leigh Brook, a mid-gradient gravel- and cobble-bed stream in Worcestershire, UK (Figure 2). The study reach lies within a National Nature Reserve (NNR) and Site of Special Scientific Interest (SSSI) and is considered a pristine environment in the context of Worcestershire rivers.  Representative physical biotopes were selected using a semi-objective method of mapping based on the habitat modelling method MesoCASIMIR [22].  One of each of four physical biotopes typical of lowland rivers (pool, glide, run, riffle) was selected for the study.  Further details of the method cannot be described in detail here.  Data were collected at two discharges representing intermediate (0.26 m3 s-1, Q64) and low (0.08 m3 s-1, Q99) flow conditions in April and August 2011 respectively.
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Figure 2 – Location of the study site, Leigh Brook, Worcestershire, UK.
2.2 Data collection and processing

A Nortek NDV acoustic Doppler velocimeter (ADV) was used to collect three-dimensional velocity data at a frequency of 25 Hz for a period of 90 s.  This frequency and record length has been shown to maximise precision in estimating hydraulic quantities whilst minimising sampling effort [1].  Data were collected at the nodes of grids within each physical biotope to give approximately 25-30 potential vertical sampling points per habitat/discharge combination.  This did not always result in an equal number of velocity records from each physical biotope due to the depth limitations of the ADV (>0.11 m).  At each sampling point with sufficient flow 

depth, the ADV’s sensing volume was placed at y=60 mm (‘near-bed’, where y is vertical distance from the bed) and oriented in the streamwise direction.  Data were also collected at y/h=0.4 (‘point-six’) where the flow depth (h) exceeded 0.2 m. Visual inspection of time series plots and velocity power spectra provided an initial indication of data quality.  A phase-space thresholding filter [9] was subsequently applied and filtered data points replaced using cubic spline interpolation.  Samples were omitted from the analyses where velocity correlation (average R2 between successive instantaneous velocity measurements) <0.7 and/or signal-to-noise ratio <15 and/or <95% of data points were filtered out.  Time series were checked for nonstationarity by examining autocorrelation functions at time lags up to 30 s.  All time series were found to be stationary.  For good time series, hydraulic quantities were calculated for streamwise (u), vertical (v) and spanwise (w) components, including mean velocity (U, V, W), relative turbulence intensity (TIu, TIv, TIw):
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root-mean-square turbulence intensity (RMSu, RMSv, RMSw):
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turbulent kinetic energy (TKE), a scalar quantity summarizing turbulence in three dimensions:
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(where ρ is the density of water) and Reynolds shear stresses on streamwise-vertical (τuv) and streamwise-spanwise (τuw) planes:
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for which the absolute values were used.  Skewness (SkewU, V, W) and kurtosis (KurtU, V, W) of instantaneous velocity distributions were also calculated and autoregressive (AR2) models fitted to streamwise time series.  The AR2 models took the form:
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where a1 and a2 are coefficients of the velocity at a given time lag (ut) and et is a random component (Clifford & French, 1993a).  For time series which satisfied the criteria associated with a pseudo-periodic process (a12<-4a2), the average streamwise eddy shedding frequency (fu) was defined as:
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The average streamwise eddy length (Lu) was then calculated according to Taylor’s frozen turbulence approximation:
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where t is timescale.
2.3 Data analysis
Data were plotted using box and whisker plots showing 95% confidence intervals around the mean for major variables.  A type of machine-learning method known as random forests (RF) was used to classify physical biotopes and rank the importance of predictor variables for near-bed samples.  As a classification method, RF has been shown to outperform other similar techniques such as classification trees, linear discriminant analysis and logistic regression [5].  RF fits a large number of classification trees (i.e. 500) to a dataset and then combines predictions from them.  At each stage RF selects a bootstrap sample of the data and fits a classification tree using a subset of available predictor variables.  The tree is then used to predict out-of-bag samples.  To assess the importance of a predictor variable, the values of the variable are permuted for the out-of-bag observations and new modified predictions obtained and compared to the original predictions.  A common measure of node impurity, the Gini index, was used to rank the average importance of predictor variables across all trees, with more important variables causing a greater decrease in the index.  Relatively independent predictor variables shown to be consistently important by RF were then used as ‘species’ in principle components analysis (PCA), where near-bed samples constituted ‘sites’.
3 RESULTS
Varying numbers of samples were available for each physical biotope/discharge combination due to a lack of sufficient flow depths or data quality issues, these were (low/intermediate discharge): glide (21/26); pool (47/47); riffle (3/2); and run (21/32).  Results presented for the riffle, therefore, must be interpreted with caution as they are few in number and limited to deeper areas of flow in lee of boulders.
Figure 3 indicates that the glide, pool and run habitats had significantly different mean h and mean column velocities for a given discharge (p=0.05).  h and mean column velocity increased substantially with discharge in the run.  Velocity also increased significantly with discharge in the glide and pool, albeit to a lesser degree.  Fr classes show that only the run at intermediate flow and the pool conformed to Jowett’s (1993) classification.  Fr and TKE were significantly different between the glide, pool and run for a given discharge but there was a degree of overlap between the glide and pool and the glide and run in terms of τuv and Lu (Figure 4).  An examination of dominant eddy orientations revealed that all physical biotopes were dominated by eddies rotating on a vertical axis at both discharges except for the pool at intermediate flow, where horizontal-spanwise eddies became dominant (Figure 5).  The run was, in general, the most turbulent and the most variable habitat within and between discharges, and the pool the most homogenous, except in the case of variation in dominant axis of eddy orientation.  The run also exhibited the most variation in mean and turbulent flow properties with relative depth in the water column (Figure 6).  The riffle appeared to exhibit similar dynamics to the run.

[image: image15]
Figure 3 – Depth and mean column velocity (represented by point-six samples where h>0.22 m or near-bed samples where h<0.22 m). Symbols show mean values and whiskers indicate 95% confidence intervals. Riffle data points shown for comparative purposes. Froude number classes reflect Jowett’s [13] classification.


[image: image16]
Figure 4 – Mean (horizontal bars), interquartile range (IQR, boxes) and 95% confidence intervals (notches) for near-bed samples (except Fr – 0.6 depth samples). Whiskers indicate range excluding outliers (>1.5IQR from median). Points shown for riffle due to small sample size.
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Figure 5 – Dominant axis of eddy rotation for near-bed samples.
The RF analysis ranked the importance of hydraulic variables differently at each discharge (Figure 7).  At low discharge the most important predictor of physical biotope type was Lu, closely followed by Fr and measures of turbulence intensity.  At intermediate discharge the most important variables were h and U, with Fr and measures of turbulence intensity also contributing strongly to classification of the physical biotopes.  Variables which were among the top ten most important predictors at both discharges and exhibited a relatively low degree of collinearity were entered into the PCA.  h was also included due to its high ranking at intermediate discharge.  The first principal component explained 86% of the variation in the data, whereas the second component explained just 7%.  The first component was positively related to h and negatively related to TKE suggesting that the dataset can be seen as representing a continuum from deeper, relatively quiescent flow to more shallow, turbulent conditions (Figure 8a).  PCA results for individual physical biotopes were in agreement with the results outlined above, with the pool having the smallest and least variable distribution between discharges (Figure 8c) and the run the largest and most variable (Figure 8e).


[image: image18]
Figure 6 – Variation in U and TKE standardised by distance from bed.
4 DISCUSSION AND CONCLUSIONS

Results presented here suggest that within-biotope hydrodynamic heterogeneity may provide an effective basis for classifying physical biotopes.  The data did not conform closely to an existing classification of physical biotopes based on ‘standard’ hydraulic variables [13] and the results of the RF analysis demonstrate that turbulent flow properties were often as least as important in classifying physical biotopes.  Levels of spatial and discharge-related variability in turbulent flow conditions in the habitats studied, however, did not match that expected from the model presented in Figure 1.  Instead, the pool studied here would plot as least heterogeneous whilst the run would be the most heterogeneous habitat on each axis, with the glide intermediate.  Results from the riffle indicate that this habitat may be among the most heterogeneous but further data is needed to move beyond this tentative conclusion.  Curiously, TKE tended to increase with distance from the bed (Figure 6), despite semi-empirical data from a range of flow conditions in the laboratory suggesting the opposite [18].


[image: image19]
Figure 7 – Ranking of importance (decrease in Gini index) of variables in predicting physical biotope type at  low (a) and intermediate (b) flows according to random forests analysis with 500 classification trees.
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Figure 8 – Results of PCA showing first two components for all samples and hydraulic variables (a) and glide (b), pool (c), riffle (d) and run (e) habitats separately.
An example of the relevance of a classificatory framework based on turbulent flow properties comes from a simple analysis of eddy length.  Given the average eddy lengths shown in Figure 4, and assuming a critical destabilising eddy length of 0.66< Lu<0.76 [20, 23], large areas within the run and riffle at both discharges would have represented unfavourable swimming conditions for juvenile trout (assuming bl=70 mm) and larger fish.  Much of the glide would also have become unfavourable with increasing discharge, suggesting that the habitat suitability of these physical biotopes may be discharge-dependant due, in part, to the occurrence of destabilising eddies at higher discharges.  Future research will focus on examining the relationships between hydrodynamic heterogeneity and juveniule salmonid swimming behaviour and position choice in a flume.  Other work planned includes the collection of data from further physical biotopes on different lowland river types, characterising the hydrodynamics of physical biotopes at high flows and applying the classificatory framework to degraded and restored reaches.
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