Quantifying fluid retention due to natural vegetation in a forest floodplain analogue using the Aggregated Dead Zone (ADZ) dilution approach
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Abstract
Fluid retention and flow resistance due to natural vegetation remain poorly understood despite the importance of understanding these for flow routing and floodplain revegetation projects.  Experiments were undertaken in a shallow earthen channel containing a natural cover of small trees, herbaceous plants and leaf-litter which were sequentially removed and subjected to a range of flows. A dilution monitoring approach within the Aggregated Dead Zone framework was applied to a series of floodplain vegetated flows, yielding information on bulk flow parameters including tracer dispersion, fluid retention and flow resistance at the reach-scale. The primary response of flow to vegetation removal was a small increase in bulk velocity, with depth and wetted width decreasing only slightly. Reach mean travel time and the advective time delay decreased by about a factor two with the removal of herbs, grass and leaf litter, leaving only trees. Removing the trees, leaving a bare earthen channel, only slightly decreased travel times. Flow resistance and retention exhibited large values for low discharge and converged on a constant low value for relatively high discharges. It is concluded that flow resistance during low flow is higher than in a high flow with the same vegetation. Consequently, sparse vegetation has a prominent effect on hydraulic retention compared with an unvegetated channel at low discharges but this becomes negligible during high discharges as momentum increasingly dominates the flow. This outcome casts doubt on the efficacy of scrubby vegetation to impede higher-velocity floodplain flows, showing need for field-scale determination of integral floodplain resistance. 
Key point 1: Sparse vegetation has a significant effect on forested floodplain fluid retention at low flows, but at the high flows become negligible.
Key point 2: As discharge increases on forested floodplains, fluid retention declines towards the same value regardless of vegetation composition.
Key point 3: As vegetation density increases, lateral mixing becomes increasingly more dominant (relative to longitudinal) than for less dense cases.
1. Introduction
Despite significant work, there is still a lack of scientifically-robust practical methods that can be applied to natural riparian and floodplain vegetation to explain its role in moderating flow resistance of overbank river flows [Rhee et al., 2008]. The issue is relevant to understanding how river planform develops [Tal and Paola, 2007; Braudrick et al., 2009; Gurnell et al., 2012; van Dijk et al., 2013], in determining reforestation strategies for floodplains and wetland management and in flood routing (Tealdi et al., 2010). Emergent vegetation has environmental and recreational value in riparian and floodplain areas where it may control large woody-debris production whilst the submerged portions mediate flow resistance and sediment transport [Li and Shen, 1973; Pasche and Rouvé, 1985; Fathi-Maghadam and Kouwen, 1997; Jeffries et al., 2003; Dittrich and Järvelä, 2005]. Due to enhanced resistance, a vegetated floodplain can cause flood attenuation; lowering flood peaks but extending the period of high water. Thus, at upstream forested locations, deeper and more extensive floodplain flooding can be prolonged but, in contrast downstream locations may benefit from the resulting flood attenuation [Darby, 1999]. 
Regardless of the highly complex physical configuration of natural floodplain vegetation [Ishikawa et al., 2000], it is usual to consider a flooded vegetated surface conceptually as either submerged or emergent, depending on whether the vegetation protrudes above the water surface. Furthermore, flow modelling commonly depends on vegetation characterisation in the form of patches with constant flow resistance independent of flow discharge, which is sensitive to uncertainty in mapped land cover and attributed flow resistance [Straatsma et al., 2013]. In addition, the vertical flow structure can be divided into ‘unobstructed flow’ (for that portion of the flow that is above fully-submerged vegetation) and ‘obstructed flow’ (for flow through submerged vegetation) [Aberle and Järvelä, 2013]. A consideration of the near-bed flow layer might usefully also address the ‘soil-bed roughness’ [Huai et al., 2009]. This simple tripartite scheme is complicated when the vegetation consists of an understory and a canopy consisting of different vegetative roughness elements [Järvelä, 2002; Hui et al., 2010]. Thus the understory can be submerged when the canopy is emergent. Such a situation is common when a natural flooded forest is considered, as trees usually have an understory of herbaceous plants and grasses with a groundcover of leaf litter. The usual controlled laboratory experiments largely pertain to rigid or (less-commonly) flexible in-channel vegetation and rarely reproduce well the complexity of natural floodplain situations and so novel solutions might be useful. Although the literature concerning fluid retention by flooded vegetation often considers the complex distortion of velocity profiles within arrays of vegetative elements at singular points in flumes [Li et al., 2013; Shucksmith et al., 2011] and the flow resistance due to grouped elements [e.g. Nepf, 1999a; Kothyari et al., 2009; Schoneboom et al., 2011], there is an over-riding interest in the fluid retention due to bulk characteristics of the vegetation at the reach scale, not least for practical applications. Moreover the data required for complex theoretical analyses frequently are difficult to obtain [Aberle and Järvelä, 2013] and often recourse is made to consideration of plants as simple vertical cylinders [e.g. Nepf, 1999b; Bennett et al., 2002; Ghisalberti and Nepf, 2005] with modelling utilizing arbitrary drag coefficients [Järvelä, 2004]. Rather, there is a requirement for quantified examples of bulk flow retardation by natural vegetation in natural settings from which data might be used to improve the development of generic theory-based methodologies. 
The approach herein uses a proven solute tracer method to determine bulk flow characteristics of open channels and applies it to the flow through a naturally-vegetated shallow experimental channel.  Although solute dilution has been widely used for river gauging and determining open-channel mixing processes [Fukuoka and Sayre, 1973; Valentine and Wood, 1977], the approach has not been developed widely with respect to fluid retention by natural vegetation in the field [Serra et al., 2004] and with only limited application in flume studies [Nepf et al., 1997; Nepf, 1999b; Ghisalberti and Nepf, 2005; Perucca et al., 2009; Shucksmith et al., 2011; Hamidifar et al., 2015]. Specifically, Aberle and Järvelä [2013] and Curran and Hession [2013] make no mention of dilution techniques in their methodological reviews. However, reach-scale dispersion modelling has considerable potential not offered by point measurements within flow as it quantifies the reach-scale bulk effects of vegetation rather than the highly localised effects of individual plant elements. The aggregated dead zone (ADZ) model [Beer and Young, 1983], in particular, provides a framework to explore bulk effects of fluid dispersion which is particularly useful in cases of complex flow geometries wherein there is significant fluid retention [Wallis et al., 1989, 1990; Wallis, 1994; Beven and Carling, 1992; Green et al., 1994; Guymer and O’Brien, 2000; Boxall et al., 2003]. Application of a dilution technique considers flow in bulk and so there can be no treatment of complex velocity profiles or individual point velocities.  Rather the longitudinal mixing conceptually is due to a combination of longitudinal shear dispersion and transverse diffusion and mixing such that, with flow partitioning around multiple plant stems, fluid retention occurs at the bulk flow scale as well as at the scale of the individual stem. Although for dense submerged vegetation a complex coupled vertical velocity profile may develop between the free flow and the flow within the vegetation canopy as noted above, in the case of relatively sparse vegetation in shallow flow at low channel gradient as described below, shear velocities are small [Rutherford, 1994].  In the latter case, the vertical velocity structure remains well-mixed such that a boundary-layer extends throughout much of the depth [Shucksmith et al., 2011],  longitudinal dispersion coefficients are comparatively low [Murphy et al., 2007] and bulk flow parameters can be deduced without recourse to analysis of vertical flow structure. Thus an important concept underlying the current analysis is that the balance between longitudinal mixing (Kt) and transverse mixing (Km) is moderated by the presence of vegetation which tends to enhance transverse mixing at the expense of longitudinal mixing [Shucksmith et al., 2011]. This concept is shown schematically in Fig. 1 and underlies the approach to the discussion.  In Fig. 1A the flow is well-mixed in the vertical but displays poor transverse mixing whereas, in contrast, in Fig. 1B transverse mixing is enhanced by denser vegetation.
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Figure 1: Conceptualization of the role of submerged vegetation in moderating the balance between longitudinal mixing (Kt) and transverse mixing (Km). (A) Sparse vegetation: Kt dominates Km. (B) Dense vegetation: The dominance of Kt over Km is reduced. The presence of vegetation tends to enhance transverse mixing at the expense of longitudinal mixing. The mathematical definition of K is considered later in the text.
Floodplains are never completely flat but are characterised by linked shallow linear depressions that are important for conveyance of both water and sediment [Lewin et al., 2016]. This paper considers an analogue for a shallow flooded forest floodplain depression, to elucidate how effective scattered tree cover with an understorey of herbs is in retarding floodplain flow, and what the contributions of these components of vegetation are to the overall retardation and flow resistance. Whilst controlled experiments usually demonstrate that the presence of vegetation increases fluid retention in contrast to bare earth, the actual increment is dependent on the vegetation density and the Reynolds number of the flow [Järvelä, 2002]. However, model tests of large-scale wetlands have cast doubt on the effectiveness of selective vegetation removal in influencing bulk flow parameters [Paudel et al., 2013].  Thus as an hypothesis it can be reasonably expected that flow retardation will be high for low Reynolds number discharges and retardation should decline as vegetation is removed.  However, in particular, the effect on flow resistance of progressively removing vegetation, contrasting both low-discharge and high-discharge flows, finally to leave a bare earth channel has not been explored previously in a semi-natural channel. Therefore, the main objective of the study is to quantify the variation in bulk fluid retention of different vegetative states within a floodplain forest (consisting of a submergible understory and an emergent canopy) as a function of varying discharge. This objective will be achieved through: 1) an experimental design which employs a systematic removal of vegetation to allow the comparison of a) all vegetation to b) trees only and c) bare earth; 2) each vegetation treatment will be observed under three different flow conditions, allowing 3) bulk flow and resistance properties to be calculated using the ADZ model, ultimately leading to comparative estimates of flow retardation and flow resistance due to trees, herbaceous ground cover and bare earth on an analogue forest floodplain.
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Fig 2: (A) Plan view of experimental facility showing longitudinal profile in centre of channel. Red dots represent tree stem diameters drawn to scale. (B) Cross-sections at each of the bridge locations., (C) Histogram of stem diameters for 313 trees with stem diameters greater than 0.01 m.
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Fig 3: (A) View down the channel. Blue arrow locates the R1 bridge and the red arrow locates the R2 sampling bridge (see also plan view Fig. 2A). (B) Side-view of emergent trees at R1 with herbaceous plants and litter partially submerged. (C) View down the channel, from R2 towards the bridges at R3 and R4, after the herbaceous and litter layer had been mostly removed. (D) View down the channel, from R2 towards the bridges at R3 and R4, after the removal of trees to leave bare earth.
2. Methods
2.1 Experimental facility
The experimental facility is 45 m long and 5 m wide with a nominal depth [Z] in the centre of 0.5 m (Fig. 2A). The shallow floodplain depression is formed in earth at a nominal gradient of 2 x 10-6 m/m and the section has side-wall angles of c. 15o (Fig. 2B). There is some longitudinal variation in the section and the longitudinal profile which results in slightly non-uniform flow. Although strictly the flow was not uniform it has been shown that for flow through emergent vegetation in a channel at very low discharges and for near-zero bed gradient the flow can be considered as nearly uniform with zero acceleration [Lee et al., 2004].  Although the date of abandonment of the channel is unknown, tree ring counts in 2012 indicate a minimum period of over 20 years. The upstream end of the channel has a concrete rectangular section together with undershot gate. The downstream end of the channel is a similar concrete section with an overshot gate. A large holding tank and pumps supply a maximum discharge of c. 0.3 m3 s-1. Experiments were conducted in late October 2012 at which time a rank, sparse but evenly distributed groundcover existed of grass and herbaceous plants with occasional briar stems. This ground cover is treated subsequently as if it has a uniform distribution in terms of flow retardation across the channel. The tree cover consisted mainly of birch (Betula pendula) unevenly distributed throughout the channel (Fig. 2A; Fig. 3) with bole diameters between 0.01 m and 0.25 m (Fig. 2C). The median bole diameter (Ld) averaged 0.05 m and the approximate spacing of the trees (Ls) averaged over the channel area was 0.5 m, although some clumping occurred (Fig. 3). Despite clumping, no rapid flow zones were observed in the experiments, and the average spacing of the trees is used in subsequent analyses. The area of the channel occupied by the number (nt) of 313 trees in total is around 0.62m2, or < 0.6% of the plan view area of the channel. The litter layer was <0.10 m thick (average dry weight = 1.73 kg m-2; s.d. 0.66 kg m-2; n = 5 x 0.5 m2 sampled squares) and consisted of well-rotted leaves at depth grading upwards to a dry surface leaf cover. Thus, for the whole channel there was around 360 kg of litter present. Around 1.5 kg of dry litter was flushed out (trapped in a 2.5mm mesh net downstream of the tailgate) in trials prior to the main experiments and a total of about 3.0 kg washed out during the main experiments. Thus, less than 1% of the litter was lost during the runs and the litter layer remained intact in the first series of experiments. 
2.2 ADZ model for flow retardation
The mathematical structure of the ADZ model [Beer and Young, 1983] is outlined by Richardson and Carling [2006] to whom the reader is referred for additional detail, so only a brief introduction is provided here to the ADZ concept.  ADZ models applied to natural vegetation-free channels conceptually divide the channel reach into two mixing regions – a central core of moving water and an aggregated dead zone of near-stationary water close to bankline irregularities [Davis et al., 2000].  Advection dominates the central core, with little or no longitudinal velocity (U) within the dead zone, although lateral storage and release of tracer occurs from the dead zone.  It is important to realise that the concept of an aggregated dead zone does not preclude the actual presence of multiple isolated deadzone areas, nor the possibility of other factors delaying flow, such as vegetation.  The physical mechanisms of mixing in both regions occur at a variety of scales; from the molecular to large-scale shear-induced turbulence [Davis et al., 2000, p.360].  Relatively large-scale shear flow between the central core and the marginal dead zones contributes significantly to longitudinal mixing, Kt [Davis and Atkinson, 2000].  In a vegetated channel, additional shear flows occur around multiple plant stems, as well as modifying the scale of turbulence and introducing additional stem-associated dead zones [Nepf et al., 1997], promoting further lateral mixing, Km at a section.  In this manner increasing vegetation density influences overall dispersion (Fig. 1) and, in a well-mixed channel, downstream dispersion is dominated by dead zone storage [Beer and Young, 1983; Wallis et al., 1989; Davis et al., 2000].   In other studies of vegetative flows, the mixing contribution of turbulence (Kturb) is considered in relation to the so-called ‘mechanical mixing’ contribution (Kmech) [Serra et al., 2004], which includes shear around plant stems in particular.  These parameters are analogous in some degree to Km and Kt respectively [Nepf, 1999b] and are introduced here as reference is made to them in the Discussion.
 In brief, the ADZ model simply considers the reach output tracer concentration as a function of the reach input concentration and time (Fig. 4). To this end, the properties of an upstream and a downstream solute dilution curve at two defined measurement stations are compared for any given experiment. For conservation of solute mass, the area under the downstream concentration curve should agree with that of the upstream curve. For constant discharge (Q), the model assumes a uniform solute concentration within the aggregated deadzone and steady flow such that the volume (V) of the ADZ (defined in Fig. 4A and Equation 1) is a constant. Critical parameter values are the first arrival times of the tracer, ξu, for the upstream station and ξd for the downstream station (Fig. 4). The parameter ξ is defined as the time of the first rise in concentration (defined by the curve-fitted procedure: see Supporting Information) above the background value as the solute plume arrives at the sampling location. Similarly, the respective centroids of the time-concentration curves are: ζu and ζd (Fig. 4); defined by integrating the areas below the curves. The reach mean travel time (ζ = ζd - ζu) is then the difference between the centroid times.  Beer & Young [1983] and Richardson & Carling [2006] explain in more detail methods to obtain consistent values of ξ and ζ. 
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Figure 4: (A) Conceptual representation of a study reach within the ADZ framework. See text for explanation. (B) Definition of basic bulk flow parameters associated with the ADZ model as derived from the fluorescence data sets and spline fits (data shown is from run c13). Modified after Richardson and Carling [2006].
The ADZ residence time (T) is equal to:
								(1)
where ξ = ξd - ξu is the advective time delay. The dispersive fraction (Df), which provides a measure of the dispersive properties of the reach, is defined as: 
  V/Vr				(2)
where Vr is the study reach volume defined by the channel shape and water surface. Df is effectively a normalised parameter which lumps all the dispersive mechanisms active within the reach as a single discrete volume. Importantly, once basic dilution curve parameters are quantified, and the channel cross-sectional geometry and longitudinal energy slope are known, additional bulk hydraulic data can be calculated, including: flood wave celerity of the dispersion wave, mean flow velocity, Froude and Reynolds numbers, roughness parameters, stress on the channel boundaries, drag coefficients and dispersion coefficients. These derivations are detailed latterly. 
2.3 Experimental procedure
The first six experiments (a-series) considered flow through the undisturbed vegetation (Table 1; Fig 3A). The herbaceous layer was just fully-submerged whilst the tree trunks were partly submersed with the canopies fully emergent. A range of discharges was used from 0.0231 to 0.315 m3 s-1 which produced a narrow range of uncontrolled average depths from typically 0.161 m to 0.2639 m and bulk flow velocities of 0.02 m s-1 to 0.128 m s-1. At these low velocities and shallow depths it is important to note that there was no noticeable flexing of vegetation, the effect of which can be ignored in such circumstances [Fathi-Maghadam and Kouwen, 1997].  In such shallow flows, flow depths varied from point-to-point over the rough bed and around vegetation and so levelsdepth were measured using a graduated ruler as point values at the centre of the stations (R1, R2, R3, R4) as well as being calculated for R2 given the measured discharge and assuming a trapezoidal wetted-section (Table 1).  For each discharge, the flow down the channel was  allowed to achieve a steady state such that there was no change in water level at four stations (R1, R2, R3, R4) down the channel (Fig 2A). These water levels were recorded to the nearest millimetre accuracy using point gauges in the centre of the channel at R2 and R4 and then checked again at the end of the experiments.  Wetted channel widths were determined by extrapolating a horizontal surface from the water depth at the point gauges to the banks of the surveyed sections (R1 to R4).  In all cases, differences in water depth at the point gauges through time were no more than 0.002 m. At this measurement resolution, the water surface slope, S, found to be typically 4.25 x 10-4, was calculated from the height of the water surface in the centre of each section at R1 through R4 relative to a horizontal datum for each experiment. Water temperature varied between 11 and 12oC. The tracer used was Rhodamine WT dye, a conservative tracer, which is a preferred environmental water tracer as it does not tend to combine with organic matter [Smart and Laidlaw, 1977]. Although water tracing can be conducted using concentrations which are invisible to the eye, in the present experiments visual traces were conducted to observe mixing within the upstream vegetation before dilution occurred downstream, and, in addition, higher concentrations should counter any minor loss of tracer due to combination with organic matter. Trials showed that 1 g of dye was a suitable quantity to tag the flows. The dye was injected in the highly-turbulent flow immediately below the upstream gate (see Fig 2A) and mixed using a spade across the first 2 m long concrete section to achieve complete visual mixing at a point sufficiently upstream of the first sampling point (R2 - 17m downstream of the gate). The second sampling point (R4) was 37 m downstream of the gate. Once mixed, the dye was uniformly distributed through the depth and width of the flow. As soon as the dye was injected, fifty-millilitre dip samples were taken in the centre of the channel every 30 seconds at both sampling points and sampling continued for a time period which ensured the dye plume had passed through the channel. Up to 90 samples were obtained at each station and returned to the laboratory where the fluorescence of each sample, corrected to a standard temperature, was determined using a calibrated Turner Designs model 10-AU™ fluorometer. The fluorescence values (dc) were used as direct surrogate measures of dye concentration, as over the range of the observed data the calibration on serially diluted samples was linear, following Turner recommended procedures. On completion of the six experiments (a-series), the grass and herbaceous plants were carefully removed throughout the channel and the litter was raked out leaving only the tree stems above a soil bed (Fig. 3C). The canopies were removed to facilitate litter removal. Then five experiments (b-series) were completed with just the tree stems (Table 1). Subsequently the trees were carefully cut flush with the soil level and four further experiments (c-series) completed (Table 1). In the latter nine experiments the same procedures were used as for the initial six. Raw fluorescence data is available in Data Set S1 of the Supporting Information.
Table 1: Experimental run scenarios and flow conditions. Discharge is determined from the dye dilution surveys. The flow depth is determined assuming the discharge is passing through a trapezoidal channel at section R2 with side-wall angles of 150. 
	Vegetation condition
	Scenario
	Flow depth (m)
	Discharge (m3 s-1)

	
a series: Undisturbed natural vegetation of trees (mainly Birch, Betula Pendula), herbaceous plants, grass and leaf litter.
	a1
	0.39
	0.1

	
	a2
	0.40
	0.14

	
	a3
	0.50
	0.30

	
	a4
	0.50
	0.31

	
	a5
	0.17
	0.15

	
	a6
	0.34
	0.12

	
b series: Trees only through removal of herbaceous plants, grass and leaf litter.
	b7
	0.26
	0.05

	
	b8
	0.14
	0.02

	
	b9
	0.22
	0.03

	
	b10
	0.12
	0.06

	
	b11
	0.11
	0.11

	
c series: No vegetation, earth lined flume only after removal of trees.
	c12
	0.15
	0.06

	
	c13
	0.20
	0.12

	
	c14
	0.16
	0.03

	
	c15
	0.17
	0.02



2.4 Data analysis
2.4.1 Dilution curve fitting 
For each of the 15 experimental tests data for two concentration curves were collected: the upstream and downstream curve. To utilize the ADZ dilution methodology, the areas (Ac) under the upstream and downstream fluorescence curves should be equal (Fig 4). Using the Matlab Curve Fitting Toolbox™, spline fits were used to fit curves so as to match areas to better than 5% (see S1 of Supporting Information). Trials had shown that, for fits to the upstream and corresponding downstream curves poorer than 5%, errors in the determination of final parameter values, such as the Darcy-Weisbach friction factor f, could exceed 15%, but for a range of fits better than 5% the differences in predicted parameter values were insignificant.  For 13 experiments the single model selected utilized spline fits with 11 breakpoints. The upstream and downstream endpoints of each curve were set to values within 5% of the average measured background values of fluorescence. The quality of the raw data meant that there were no significant outliers in any data series and so no data points were excluded from the analysis. ξ and ζ were calculated using these fitted curves and then checked by comparison with the raw data plots. An example of data and fitted curves is given in Fig. 4B. Only for experiments b8 and b9 was it not possible to achieve curve-fitting with area differences of less than 5%. For reasons which are unknown the dilution curves for the downstream section in these two tests were poorly defined, although the upstream curves were well-defined. Despite this problem, the first arrival time of the dye at the downstream section was clearly evident in the raw data, whilst the centroid arrival time was estimated by eye from the raw data curve rather than being calculated using a fitted curve. The results for these latter two experiments were included in the analysis. However, confidence in the values for reach-mean travel times, the ADZ residence times and the dispersive fractions for tests b8 and b9 is less than for the other 13 sets of data. The discharge (Q) for each experiment was determined as:
					 				(3)
where Vt is the volume of tracer injected and m is the fluorescence value for the injected mass of dye and the denominator is the integrated area (Ac) under either the upstream or downstream time-concentration curve. 
2.4.2 Flow resistance
Values of the reach-scale roughness were determined using the Darcy-Weisbach friction factor f as well as the Manning’s n value, where:
				 						(4)
and,
										(5)
The classic flow resistance analysis (for example, Equations 4 and 7) is based on the law-of-the-wall theory (e.g. Buschmann and Gad-el-Hak, 2003).  There, R is the hydraulic radius (= A/P) where A is the cross-sectional area from topographic survey and P is the wetted perimeter of the channel cross-section. Values of A and P where obtained from the geometry of the cross-sections (e.g. Fig. 2B) using the measured water depths, and g is the acceleration due to gravity.  The Manning formula strictly applies for fully rough-turbulent flow, i.e. under flow conditions for which the flow resistance is independent of Reynolds number and herein some of the experimental conditions represent transitional-turbulent flow.  However, as Manning number is used extensively, we take the opportunity (see Section 4.1) to demonstrate that recommended values of n in standard texts may not be appropriate for vegetated channels. The longitudinal mean velocity U (see Equations 4 & 5) for the reach may be calculated in three ways: as the first arrival velocity; U1st = L/(ξd – ξu) where L is the distance between R2 and R4; as the momentum-weighted velocity;  ; and as the area-weighted velocity; .  The use of U1st or Um in deriving roughness values is discussed by Richardson and Carling [2006]. 
The total friction factor f is traditionally partitioned between the grain resistance f’ and form resistance f’’ [Yalin, 1977; Afzalimehr et al., 2010] where the latter is generated by energy losses associated with irregularities in the shape of the channel. Here a somewhat different approach is taken as the friction includes both the vegetative flow resistance f’’’ as well as the resistance of the channel boundary. Thus, the total friction can be characterised as:
				 				(6)
In addition, the expected value of the grain roughness of the earthen bed [without form roughness] can be estimated as [van Rijn, 1984]:
				 				(7)
where dr is the characteristic roughness length of the bed. All derived metrics can be found in Data Set S1 of the Supporting Information.

3. Results
3.1 Hydraulic geometry of the channel
In all the experiments the flow remained in-channel i.e. flow depths (Table 1) were less than the bankfull condition of Z = 0.5m. As a test of the quality of the data, the at-a-station hydraulic geometry is calculated for the upstream station R2 (Fig. 5); the data scatter is small, the constants of the power functions approximately multiply to unity and the exponents approximately sum to unity as expected [Leopold and Maddock, 1953; Ferguson, 1986]. A simple power function describes the data trend for discharge with depth which can be written:
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Figure 5: Variation of the first arrival longitudinal momentum-weighted velocity (U1st), water surface width (W) and average water depth (Z) at upstream station R2, as a function of the discharge (Q) for all experiments.  Values of W have been divided by 10 for convenience of plotting.
										(8)
using the notation of Richardson and Carling [2006], where Z’ = Z + Zo. The adjustment to Z maximizes the R2 value of the regression curve when the datum value Zo is 0.01 m where the parameters j5 and j6 are determined from least-squares regression. Equation 8 is utilized in Section 3.3 to determine the celerity of the flooddispersion wave without storage. The Reynolds number (Re= UmZ/ѵ), where ν is the kinematic viscosity (here about 1.2·10-6 m2/s for 11.5 ◦C), varied between 2000 and 22,000 with Froude numbers (Um√gZ), between 0.01 and 0.05. The primary response of flow to vegetation removal was a small increase in bulk velocity, with depth and wetted width decreasing only slightly.
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Figure 6: Variation in (A) the advective time delay; (B) the reach mean travel time; (C) the ADZ residence time and (D) the dispersive fraction as functions of discharge and vegetative cover. Red symbols denote runs b8 and b9, where curve areas were not fit to within the 5% tolerance as per all other runs (see discussion in Ssection 2.4.1). Note that these data points are still included in the fitted power regression.
3.2 ADZ parameters from concentration data
The ADZ analysis determines the advective time delay (ξ), the reach mean travel time (ζ),   the residence time (T) of the tracer and the dispersive fraction (Df) with changes in discharge and vegetation cover (Fig. 6). Prior investigations (see references in Richardson and Carling, [2006]) have found that either an inverse law or a power law fit the ADZ parameter trends well. In this instance, there are too few data available for each treatment to be definitive, but considering the trend of all the data in Fig. 6 a power function provides a higher R2 value than an inverse function and so least-squares power functions are fitted to each treatment. It is evident that both the advective time delays and the reach mean travel times reduce as both discharge increases and also as vegetation is successively removed. Of particular note is the fact that the presence of undisturbed vegetation has the biggest influence in increasing the values of all four parameters represented in Fig. 6. For any chosen reference discharge, the presence of trees alone on an earthen bed only has a marginally greater influence, in contrast to parameter values associated with an earthen channel. However, importantly, in all experiments the parameters trend towards a constant low value for high discharges as has been noted more widely [Beven and Carling, 1992; Green et al., 1994; Wallis et al., 1989; Wallis et al., 1990] amongst others.
 
It is evident that there is a decline in the dispersive fraction as discharge increases and as vegetation is successively removed, such that at high discharges the dispersive fraction approaches a value of around 0.2. It is unfortunate that there are few data for high discharges. Nonetheless the trend is clear; the dispersive fraction can be comparable for both undisturbed vegetation and rough bare earth channels at high discharges but not for low discharges. This interpretation is supported by the overall reduction in the dispersion time scales seen in Fig. 6 and as discharge increases. Taken together these results indicate that retentiveness due to the presence of sparse vegetation becomes increasingly insignificant at relatively high discharges. This result is consistent with the initial hypothesis that flow retardation is greater for low discharge, low Reynolds number flows and retardation declines as vegetation is removed, but that at higher discharges with higher Reynolds numbers retentiveness of vegetated floodplains is not dissimilar to a bare earth surface. 
3.3 Velocity and celerity
As noted in Ssection 2.4.2, the reach mean velocity was calculated in three ways: as the first   [image: ]
Figure 7: (A) Characteristic variation in reach velocity measurements as a function of discharge. (B) Calculated celerity and measured area-weighted velocity as a function of discharge. Celerity has been determined using two methods (see text for explanation).
arrival velocity; as the momentum-weighted velocity; and as the area-weighted velocity. In agreement with theory, the first arrival velocity for a pulse injection is greater than the momentum-weighted velocity and the area-weighted velocity (Fig. 7). It may be observed that Um increases almost monotonically as a power function of discharge.  As expected UA has broadly similar, although lower,values to Um at low discharges but diverges slightly as discharge increases. Whereas some difference is always to be expected in these two estimates of velocity, the systematic difference in the trends of UA and Um can be interpreted in only two ways. Either the discharge estimate from Equation 3 is too large, or no specific part of the channel is acting only as storage but rather the majority of the volume of the channel is subject to fluid retention effects. Given that the values of Ac used in Equation 3 agree to within 5% suggests the error, if any, in the discharge estimate might be due to inaccurate estimation of the value of the fluorescence value of the mass of dye injected. However, there is no basis to question the fluorescence calibration, thus the slightly divergent trend must reflect the fact that fluid retention within the whole channel is important rather than any specific areas within the channel playing a disproportionate effect as discharge changes. If the latter effect was important, for any given range of discharge values, then UA would diverge downwards below the Um trend [Richardson and Carling, 2006; their Fig. 8A].
The interpretation of the velocities noted above is reinforced by consideration of the kinematic wave speed i.e. the celerity (c) of the flooddispersion wave: (1) without storage and (2) with storage. The first method considers the rate of change of discharge with cross-sectional area [Beven, 1979] and is detailed in Richardson and Carling [2006; their equations 24 and 25]. Richardson and Carling [2006] assumed a trapezoidal cross-section and a Gompertz equation-fit to Q data as a function of Z.  Consequently, the following expression for celerity with storage is derived:
				 			(9)
where j5, j6 are constants, α is the characteristic slope of the channel sidewalls and β is a constant equal to the breadth of the floor of the channel which is also assumed to be trapezoidal [compare Fig. 2B]. Equation 9 is plotted in Fig. 7B with Zo = 0.01m, α = 150 and β = 4 m. Celerity can also be determined by differentiating the study-reach volume-discharge relationship [Richardson and Carling, 2006, their equations 26 to 28]. Using the latter approach then celerity without storage is given by:
										(10.1)
where
										(10.2)
and
				.						(10.3)
where k5 and k6 are the fitting parameters in the reach volume–discharge power law relationship:
				
				
In Fig. 7 B it may be seen that the estimates of celerity using the two methods are similar at low discharges but diverge at higher discharges. Both methods consider celerity as a function of changing discharge with cross-sectional area, but the first method utilizes dispersion data and topographic survey whilst the second method utilizes only dispersion data. Thus, the divergence of the area-weighted velocity from the momentum-weighted velocity (Fig. 7A) is due to a change in the volume of the reach utilized as storage. In this case, the first method represents celerity with storage whereas the second method represents the celerity as if the main flow was within a smaller channel section that excludes any marginal storage. The curve for celerity with storage does not fall below the trend of the reach mean flow velocity (Fig. 7B). Thus from a consideration of conservation of mass, no significant areas of the channel act only as storage and do not contribute to discharge.  Rather the ADZ area (as conceptualized in Fig. 4A) is a discharge dependent quantity, related to delayed flow, rather than a region or an aggregate of regions of static fluid.  This final observation is important as it indicates that transverse mixing across the breadth of the reach is highly important for all discharges and for all vegetative treatments and is due to reach-scale roughness induced collectively by the ground cover, the tree trunks and the channel boundary. 
In the next section, the ADZ derived data are used in a novel manner to ‘de-couple’ and evaluate the roughness of: the (a-series) undisturbed vegetation, the (b-series) trees with bare earth, and the (c-series) bare earth, as both the discharge and the Reynolds number of the flows vary.
3.4 Channel roughness
Two estimates of the reach mean velocity (U1st and Um) were used in Equations 4 and 5 based on the advective time delay and the mean travel time to obtain two estimates of flow resistance for the range of experiments (Fig. 8A). Because Equations 4 and 5 are related, a similar analysis for Manning’s n produces similar results which, for clarity of presentation, are illustrated in Fig. 8B.  In both parts of the figure data and fitted power curves are shown for the case of reach mean travel time (i.e. with dead zone effect) but only the data are shown for the case of advective time delay (no dead zone effect). Manning’s n tends to fall to a constant value of c. 0.05 for higher values of discharge, which is consistent with many prior field investigations of vegetated channels [Wu et al., 1999].

[image: ]
Figure 8: (A) Variation of the Darcy-Weisbach friction factor as a function of discharge and vegetation cover. For clarity, the power function general trends are fitted to the ‘with dead zone data only’. (B) Generalised power function trends for variation in Manning’s n as discharge and vegetation cover vary.
The travel time of water that is not impeded by dead zone mixing is represented by the advective time delay (Fig. 8A) and that time is equivalent to an aggregated dead zone of zero volume, producing corresponding values of (f’+ f’’). These values exclude deadzone effects that in a straight, heavily-vegetated, channel are due mainly to the presence of the vegetation. In contrast, calculation using the reach mean travel time (Fig. 8A) produces values of (f’ + f’’ + f’’’). For all vegetation types, the roughness ratio (f’+f’’+f‘’’)/(f’+f’’) decreases from a value of 4 for near-zero discharge trending asymptotically towards c. 1.5 for high discharges. 
Although the proportioning of flow resistance in the manner outlined above (i.e. vegetation, channel form, grain roughness) is not strictly exclusive, it is evident that by subtracting the trend of the curve representing advective time delay from the mean travel time will provide values for vegetative resistance alone, provided the grain resistance can be estimated.
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Figure 9: (A) Variation in the flow resistance f components as function of the Reynolds number. (B) Variation in the isolated flow resistance f components as a function of the Reynolds number (see text for an explanation). A log-scale for f is used in panel B to show the trend of the grain roughness clearly.
Rather than represent flow resistance as a scale-dependent function of discharge, Fig. 9 represents the dependency of f on the scale-independent Reynolds number. The pale-grey shaded area represents the range of Re values normally associated with transitional turbulence within stem-filled flows [Souliotis and Prinos, 2008], with values to the right representing fully-turbulent conditions. Values of f for sand channels are usually in the range 0.01 to 0.1 [Raudkivi, 1967; Yalin, 1977], however in the current study f’+ f’’+f’’’ never falls below unity and f’ + f’’ falls below unity only for Re > than about 12,000. The roughness length for the heterogeneous rough earth bed cannot be known with any certainty but the results of solving Equation 7 for measured values of depth are presented in Fig. 9 assuming a relatively coarse value of dr of 3cm; the predicted data values range between f ’ = 0.069 and 0.059, decreasing as the Reynolds number increases. The difference in the trend of Equation 7 and the observed values of f for vegetated conditions and the bare earth channel is striking whatever reasonable value of dr is selected. 
The long-dashed line in Fig. 9B is produced by subtracting the trend for (f’+ f’’) from (f’+ f’’+ f’’’) in Fig. 9A and the solid line is produced by subtracting f’ from (f’ + f’’). In this manner contributions of the channel roughness and the vegetative roughness are quantified and isolated.
 
4. Discussion
In the following discussion the reasons why there is variability in the contributions to friction and mixing of herbaceous vegetation, trees and the earthen boundary of the channel is first explored.  Latterly a more general consideration is given to mixing processes in floodplain flows, not least because the results from the present series of experiments utilize a novel procedure. In that respect a comparison is made between the present approach and a previously published methodology which seeks to discriminate significant factors contributing to lateral mixing in flows wherein longitudinal mixing dominates, as here. 
4.1 Contributions to friction in vegetated floodplains
In the relevant parameter plots, the data scatter tends to be more pronounced in the case of the mixed community of grass, herbaceous plants and trees. In principle, data scatter could reflect incomplete initial mixing in the experiments but there is no basis for suspecting this as a factor in the first six experiments conducted using a mixed vegetation cover. Rather, this result is comparable with the findings of Hui et al. [2010] and Järvelä [2002] who noted increased scatter in values of the en masse drag coefficient and friction factor for mixed grass-shrub communities in contrast to isolated arrays of shrubs. 
The ADZ residence times (Fig. 6A,B,C) and the dispersive fractions (Fig. 6D) clearly discriminate between the undisturbed vegetation and the bare earth conditions, with a distinct reduction in fluid retention as vegetation is removed. The effect of retaining a tree cover (with no understory), in contrast to a bare earth channel, has a less pronounced effect on parameter values than retaining all the vegetative cover. It was noted in Section 3.2 that the role of vegetation in fluid retention rapidly decreases in significance at higher discharges; thus supporting the initial hypothesis. It appears (Figs. 7 and 8) that the effect of vegetation on dispersive processes is evenly distributed across the complete section and throughout the reach as discharge and turbulence varies. This behaviour seems typical of turbulent flow through emergent vegetation [Stoesser et al., 2010], although there are exceptions [Naot et al., 1996a], and can be contrasted to the importance of distinctive and localised marginal storage zones developing in unvegetated river systems [Richardson and Carling, 2006; Jackson et al., 2013].

The ADZ framework proved useful to extract components of the Darcy-Weisbach values of the hydraulic roughness f as well as values of Manning’s n. The range of values of f or n for undisturbed vegetation are distinct from the trees-only and the bare-earth conditions. Despite the clear discrimination afforded by the dispersive fraction data, the f-data do not distinguish the behaviour of the trees-only from the bare earth conditions when considered as a function of discharge and Reynolds number (Figs. 8 and 9 respectively). In part this is due to the fact that well-spaced tree-like rods have flow resistance characteristics not dissimilar to a bare channel [Naot et al., 1996b; Perucca et al., 2009], and vegetative resistance tends to decline at higher Reynolds numbers towards the bare-earth values. However, considered as a function of the Reynolds number the separate components of flow resistance due to the earth, the channel form and the vegetation are discriminated (Fig. 9). Often laboratory studies have considered the bed roughness to be insignificant compared with the vegetative roughness [Nepf, 1999b; Wu et al., 1999; Hoffman, 2004] and in the present case the grain roughness is minor compared with the form and vegetative roughness (Fig. 9). However, as noted by Righetti [2008] and Tanino and Nepf [2008] for natural and semi-natural flows, the channel-form resistance can remain a significant contribution to the total friction (Fig. 9).
The gradient of the f:Re functions decline as vegetation is removed (a result also observed by Järvelä, [2002]) with high friction factors notably associated with low Reynolds numbers and the presence of a herbaceous understory. The range of exponents in the f:Re functions depicted in Figs 8A and 9 are very similar to those reported previously for partially submerged vegetation [Wu et al, 1999; their Fig. 6]. However, the variation in the roughness comparing vegetative states cannot just be explained by progressive inundation of the understory by higher water levels. Water depth is only a very weak positive function of discharge (Fig. 5 and Equation 8) and water depth ranged between 0.116 m and 0.394 m for all experiments. Although f declined sharply as depth increased, the effects of the differing vegetative treatments on f could not be isolated as a function of depth which suggests that turbulent intensity rather than relative inundation of vegetation controls the friction values.
In some respects, the results from the present series of experiments cannot be compared directly with most prior published experimental data on flow resistance as most of the latter have used isolated woody elements in hydraulic flumes, but there are some commonalities. In particular the flow resistance is significant for transitional flow conditions and reduces for increasing values of Reynolds number for fully-turbulent flow (Fig. 9). In most laboratory experiments the hydraulic roughness due to vegetation is estimated based on relationships which scale-up from consideration of the drag on isolated elements to groups of elements [Naot et al., 1996b]. For example, Hui et al. [2010] use a variant of the Linder [1982] relationship: 
								   (11)
to demonstrate the positive correlation of the en masse drag coefficient Cd with an estimate of the total friction in vegetated arrays; where Ap is the frontal area of the vegetation, ax and ay are the downstream and transverse spacing of the vegetative elements trees and Vveg is the volume of the vegetation. Several studies [reviewed by Järvelä, 2004] conclude that Cd for arrays of isolated small trees is around 1.5 which would accord with Naot et al. [1996b] and Fathi-Maghadam and Kouwen [1997] who concluded that friction in emergent well-spaced trees is independent of Reynolds number for high velocities. Yet for mixed communities of flume-planted shrubs and trees, similar to the present experiments, Hui et al. [2010] report Cd values of ten10 to 30 for transitional Re values and dense planting, increasing rapidly as Reynolds number reduces. These values equate to f values of up to five; which result is commensurate with the range of f’’’ values noted in Fig. 9 for transitional to fully turbulent conditions. 

Thus the natural vegetation cover studied in the present experiments tends to produce roughness values that are much larger than expected from frequently used resistance relations, artificial arrays of elements [see also Ishikawa et al., 2000; Järvelä, 2002; Shucksmith et al., 2011], and slightly higher than the mixed planting conditions of Hui et al. [2010]. In part, this may be due to the trees being clumped; which configuration tends to produce higher drag than aligned trees [Ming and Shen, 1973; Righetti and Armanini, 2002]. In particular the results, including the limited range of exponents of the relationships between f and Re for vegetative conditions, are comparable with the results of Lee et al. [2004] for f:Re field and flume data for emergent coarse grasses above a dense litter layer. 

In part these discrepancies and similarities respectively may be explained by the fact that some experimental studies may under-estimate roughness often as they determine the flow blocking by vegetation as due to frontal area (Ap) alone (Equation 11), neglecting vegetation volume (Vveg), whereas the ADZ model accounts for this volumetric effect of vegetation. In particular, the roughness expressed as Manning’s n is significantly higher for low discharges and low Reynolds numbers than is commonly assumed in the engineering literature (see Table 2) but falls to comparable values for high discharges and high Reynolds numbers. For example, for a reference discharge of 0.1 m3 s-1, Mannings n reaches nearly 0.2 s m1/3 in the present experiments for tree and herbaceous cover but falls to less than 0.1 s m1/3 for bare earth conditions. The former value is similar to n-values reported for mangrove root-masses of similar stem densities and water depths [Wolanski et al., 1980; Mazda et al., 1997] as for the present experiments, but can be contrasted with the typical engineering recommendations shown in Table 2 and reported elsewhere [Cowan, 1956; Barnes, 1967; Arcement and Schneider, 1989] which would be too low if applied to the present experimental channel for all situations bar the highest discharges. 

	
	Mannings n *
	Darcy-Weisbach f **

	Excavated Earth Channel*
	

	Clean earth
	0.022
	0.066

	Gravelly 
	0.025
	0.09

	Weedy
	0.03
	0.12

	Stony
	0.035
	0.17

	Light brush
	0.05
	0.35

	Heavy brush
	0.075
	0.75

	Trees
	0.15
	3

	*source: http://www.lmnoeng.com/literature.htm

	 ** approximate equivalent f values to column 2 values of n: 


Table 2: Typical Manning’s n roughness factors for engineered channels as cited by LMNO Engineering, Research, and Software, Ltd. Web site accessed in 2016. 

4.2 Mixing in floodplain flows
For all flow conditions investigated, vegetative resistance to flow is relatively high especially when turbulence (as indexed by the Reynolds numbers) is low, including for transitional flow conditions. In situations where the flow depth is substantially greater than the height of the herbaceous vegetation the trend to a constant low value of resistance may be accredited to the slight resistance of flow through the vegetation in contrast to the unimpeded flow above [Chow, 1959; Temple et al., 1987; Wu et al., 1999]. However when, as in the present experiments, the herbaceous vegetation is not deeply inundated, the trend to a constant low resistance value reflects the importance of mechanical mixing across and throughout the reach even at low velocities [Naot et al., 1996b; Helmio, 2004; Perucca et al., 2009] in contrast to the role of turbulence and molecular diffusion. This important observation links back to the concept outlined in the introduction that the balance between longitudinal mixing (Kt) and transverse mixing (Km) is moderated by the presence of vegetation and so this is now considered further. Because the application of the ADZ methodology to vegetative flows is novel, below the general consistency of the results with another approach [Nepf, 1999b] is demonstrated.
The total flow mixing term (Ktotal) may be considered to be:
				
where Kd is the effective molecular diffusion coefficient of the fluid [Grathwohl, 1998]. The latter parameter will vary with vegetation density but is a very small contribution to Ktotal and is neglected herein.  Thus the ratio of  is of particular interest.  In the absence of vegetation, which induces lateral flow around stems and wake production, the turbulence component of mixing is greatly reduced and mixing is dominated by mechanical mixing, chiefly in the longitudinal direction but mechanical mixing also contributes to lateral dispersion [Nepf, 1999b]. Thus, although the turbulence component makes a substantial contribution to Km when vegetation is dense, the mechanical contribution is likely more important to transverse mixing in the case where vegetation is absent and Kt is dominant.  
This final observation is made clear by plotting the turbulent mixing contribution (Kturb) in relation to the mechanical mixing contribution (Kmech) [Serra et al., 2004], which are parameters analogous to Km and Kt respectively. It is assumed that transverse mixing is due both to turbulent dispersion of fluid packages and to mechanical transverse fluid displacement due to the quantified presence of plant stems as well as the development of multiple mini ‘dead zones’ in the wakes of stems [Nepf et al., 1997]:
							(13)	
				.				(14)	
The coefficients γ and γ1 are both set to 0.9 [Nepf, 1999b] for similar stem-density experiments, and Ls and Ld are length scales related to the spacing of trees and the stem diameters. These are scaling factors that appear in both equations, and here they are set to Ls = 0.5m and Ld = 0.05m for the current tree experiments (as these are the values that would apply if all the trees were evenly spaced). Equations 13 and 14 [Serra et al, 2004] are due to physics-based considerations [Nepf, 1999b] with  [Wu et al., 1999] and mixing expressed effectively as an average of a spatially-varying flow field, but there are few data sets for low Reynolds numbers to ascertain the validity of this approach [Serra et al., 2004; Västilä et al., 2016]. Nevertheless, the equations are applied to the current tree data to demonstrate the approximate scaling relationship between Kt and Km in the current test conditions (Fig. 10). It is evident that transverse mechanical mixing in such low Reynolds number flows, as indexed by Kmech is typically three orders of magnitude greater than the transverse turbulent dispersion contribution, as indexed by Kturb (as noted in Fig. 10). The two parameters are related by a power function such that mechanical mixing (due primarily to increased flow velocity) becomes more important in more turbulent flows but the turbulent component continues to increase in the faster flows (Re → 104; [Nepf et al., 1997]).
[image: ]
Figure 10: Relationship between the contributions of turbulent mixing and mechanical mixing to total lateral mixing.  The power fit and open circles represent the data for the ‘trees only’ runs (b7-b11) according to Equations 13 and 14.  Increasing values of both parameters are largely conditioned by the velocity, U1st, mediated by vegetation spacing (Ls) and bole diameter (Ld). For these runs the ratio of Ld to Ls was 10, represented by the fitted regression. The black arrow indicates the general direction in which the curve would shift, for a constant value of U1st, as the vegetation density is increased (i.e. Ls decreased). The white arrow indicates the reverse, a decreasing density of vegetation.
Note that Equations 13 and 14 pertain to well-defined plant stems with regular spacings. Consequently it is not possible to apply the analysis to the undisturbed vegetation or the bare earth examples. In the first case there are no Ld and Ls data and in the latter case there is no vegetation, although bed roughness will still instigate mechanical and turbulent mixing. Nevertheless, it is evident that the more complex canopy in the case of undisturbed vegetation will have greater stem densities and smaller plant stems as herbs as well as trees are represented. Assuming the coefficients γ and γ1 both equal 0.9, for higher density vegetation, and reducing the stem spacing for the given stem diameter to simulate denser vegetation, it is evident in Equations 13 and 14 that the undisturbed vegetative examples would plot to the right of the curve for the trees only. Similarly increasing stem spacing for the given stem diameter, to represent sparse trees on bare earth, data would plot to the left of the curve.  However, if the stem diameter also is modified, reduced, for example, then overlapping data points can occur for different vegetation covers.   Data sets for different vegetative treatments thus can overlap, as high dispersion can occur during high discharges for given vegetative situations as well as for bare-earth conditions. Thus, for different discharges, there is no absolute range of dispersive conditions, and by analogy roughness conditions, associated uniquely to a given vegetative state. Thus, this result is consistent with the possibility of having the same dispersive fraction recorded for different vegetative states (Fig. 6D) as discharge is varied.
[bookmark: _GoBack]Although these experiments were made in a confined channel, the flows were broad and shallow; not dissimilar to shallowly-inundated floodplain hollows on scrub-covered floodplains.  Mixing parameter values on the largely flat, low-amplitude vegetated surfaces between hollows might be slightly different to those reported herein.  Nonetheless, the general behaviour of flow over these more elevated surfaces should be similar to the behaviour within the hollows, as Reynolds numbers and discharges vary.  However, caution should be exercised in extending these results to flow substantially deeper than those reported here (> 0.39m).  In particular, the results are unlikely to pertain to the complex flow that occurs along the bankline of a river.  This riparian location is subject to significant transverse shear, enhanced turbulent mixing and complex secondary currents (Babaeyan-Koopaei et al., 2002; Carling et al., 2002).

Taken together these results are significant for modelling flow across forested floodplains especially in relation to the significance of zones of vegetated, slow, shallow flow away from the riparian zone. In the higher speed, higher Reynolds number zones (103 < Re < 104 or higher), the roughness coefficient in the sparse vegetation is not dissimilar to that within an earthen channel. However the slow-flow zones (stands of dense vegetation) may be spatially dispersed across a floodplain adjacent to zones of locally faster flow between the stands [Harwood and Brown, 1993; Piégay et al., 1998; Jeffries et al., 2003], or they may be riparian; adjacent to open-channels wherein the flow rates and mixing rates are higher [Kobashi and Mazda, 2005]. However slow-flow areas may concentrate pollutants and nutrients especially as these slow areas trap more sediment than faster flowing areas [Nicholas and Walling, 1998; Jeffries et al., 2003]. Thus when modelling flows in the riparian zone the strong gradient in roughness and dispersion across the riparian region would not be effectively reproduced using traditional values of roughness, such as Manning’s n (Table 2) to calibrate the flow models. Further, the flow pathways between plant stems is likely to be complex with mechanical mixing promoting fairly homogeneous deposition between stems and stand patchiness promoting the development of shear zones [Naot et al., 1996a] and preferential flow and depositional pathways. 
5. Conclusions
Dispersion of a dye tracer is a simple but powerful tool to derive bulk hydraulic data for vegetated channels. The Aggregated Dead Zone (ADZ) model in particular produces parameters that reflect the fluid retention properties of the flow due to the presence of vegetation. These parameters can be interpreted generally as the effect of aggregated ‘dead zone’ storage in the reach but, in the case of well-spaced vegetation, the storage terms are better considered as indicative of the degree of lateral and longitudinal mixing across the section and throughout the reach volume rather than viewed as a single (or a series) of discrete fluid retention zones. 
For the forested floodplain analogue that was the focus of this study, and for very shallow flows, the primary response of flow to vegetation removal was a small increase in bulk velocity, with depth and wetted width decreasing only slightly.  Nonetheless, it is shown that the effect of vegetation on the Darcy-Weisbach flow resistance factor decreases as a function of the Reynolds number.  Each vegetative cover displays a distinct individual trend but these tend to approach a minimum value for high discharges.  The key point here is that sparse vegetation has a significant effect on forested floodplain fluid retention at low flows, but at the high flows become negligible.
In the same vein the common engineering roughness factor, Manning’s n, also approaches a minimum value for fully-turbulent flow as discharge increases in accord with recommendation in the engineering literature but assumes substantially high values for transitional turbulence conditions. The increasing dominance of section-wide and reach-length mixing in a channel at higher discharges means that different vegetative covers can exhibit the same mixing parameter values as a bare-earth channel depending on the reference discharge value selected.  The key point here is that as discharge increases on forested floodplains, fluid retention declines towards the same value regardless of vegetation composition.  This latter effect is demonstrable using values of the turbulent mixing contribution and the mechanical mixing contribution to transverse dispersion, revealing an increased contribution of mechanical mixing in higher density vegetated flows that reduces as vegetation is removed.  The key point here is that as vegetation density increases, lateral mixing becomes increasingly more dominant (relative to longitudinal) than for less dense cases.
Taken together these results indicate that when managing vegetation type and density in relation to selecting flow resistance parameter values, careful consideration must be given to the flow Reynolds numbers anticipated and the density of the tree cover, otherwise no effective changes in bulk flow behaviour will necessarily be achieved. 
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List of Notation
A		Effective cross-sectional area
Ac		Area under the time-concentration curve
Ap		Frontal area of vegetation
Ax		Downstream spacing of vegetation elements
Ay		Transverse spacing of vegetation elements
c	Celerity
Cd		Drag coefficient
Dl		Longitudinal dispersion coefficient 
Dd		Transverse dispersion coefficient 
Df	Dispersive fraction
dc		Fluorescence valuesTracer concentration
dr	Bed sediment roughness length 
f	Darcy-Weisbach friction factor
f’’	Darcy-Weisbach grain resistance factor
f’’’	Darcy-Weisbach channel form resistance factor
f’’’’	Darcy-Weisbach vegetative resistance factor
g	Acceleration due to gravity
j5, j6	Constants in the celerity of dispersion wave calculation
Kd	Effective diffusion coefficient
Km	Transverse mixing coefficient
Kmech	Mechanical mixing coefficient
Kt	Longitudinal mixing coefficient
Ktotal	Total flow mixing term
Kturb	Turbulent mixing coefficient
L	Distance between sampling stations
Ld	Bole diameter
Ls	Tree spacing
m	Fluorescence value of initial dye tracer
n	Manning’s n (coefficient of roughness)
P	Wetted perimeter
Q	Discharge
R 	Hydraulic roughness
Re	Reynolds number
S	Water surface slope
T	ADZ residence time or mixing time
U	Longitudinal mean velocity 
U1st	First arrival velocity
UA	Area weighted velocity
Um	Momentum weighted velocity
V	Aggregated dead zone volume
Vr	Study reach volume
Vt	Volume of dye tracer 
Vveg	Volume of vegetation
W	Water surface width
Z	Water depth
Zo	Reference depth
α	Slope of channel side walls
β	Breadth of channel base
γ, γ1	Constants in the turbulence and mechanical mixing calculation
ѵ	Kinematic viscosity
ξ 	Advective time delay, ξd - ξu
ξu, ξd		First arrival time of the concentration curve at the reach entry (upstream) and exit (downstream) sampling locations
ζ	Reach mean travel time, ζd - ζu
ζu, ζd		Centroid of time-concentration curves at the reach entry (upstream) and exit (downstream) sampling locations
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