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Hydraulic resistance of artificial vegetation patches in aligned and

staggered configurations

ABSTRACT

The paper reports the results of laboratory experiments to investigate the effect of vegetation patch
mosaics on hydraulic resistance. Experiments were run for seven levels of vegetation coverage with
square patches of flexible plastic grass in aligned and staggered configurations and a wide range of
hydraulic conditions. Hydraulic resistance was substantially higher for staggered than aligned
configurations, particularly for intermediate ranges of vegetation coverage. The results indicate that
hydraulic resistance differs between regimes of isolated roughness flow, wake interference flow, and
skimming flow. Two types of models are proposed to predict hydraulic resistance (i.e., Manning’s
coefficient ) for aligned and staggered configurations, one as a function of the nondimensional
spatially-averaged hydraulic radius and another as a function of relative submergence and surface area
blockage factor. To account for the effects of vegetation patch alignment, an additional factor « is
introduced. This work provides comprehensive datasets and models that can be used to improve the

prediction of hydraulic resistance in open-channel flows with vegetation patches.

Keywords: Ecohydraulics; Environmental fluid mechanics; Flow-biota interactions; Hydraulic

resistance; Vegetated flows

1. Introduction

Submerged vegetation is an important component of aquatic environments and is prevalent in
many lowland rivers, streams, and canals globally. It plays significant roles in aquatic
ecosystems, including serving as a habitat for invertebrates and fish (e.g. Figueiredo et al.,
2015). Aquatic vegetation commonly forms patch mosaics on stream beds that create
heterogeneous hydraulic habitat conditions, raise water levels, and influence nutrient
dynamics (e.g. Cornacchia et al., 2019). At low-to-medium biomass levels, vegetation is
usually considered to be beneficial for aquatic environments. However, at high biomass levels
it can cause modification of fluvial processes, such as enhancing deposition of fine sediments
and increasing river levels (e.g. Biggs et al., 2021; Butcher, 1933; Gurnell et al., 2006). These
processes can lead to undesired effects, such as agricultural land becoming waterlogged or
channels overtopping their banks.

Engineers and river managers are tasked with maintaining flow conveyance and
predicting water levels for a range of anticipated discharges. For unvegetated rivers with flow
depth much larger than roughness height, resistance coefficients (such as Manning’s n) are

assumed to be invariant of discharge (within a typical range of flows) and can often be



estimated by comparison of a site with published data or relationships (e.g. Barnes, 1967;
Chow, 1959; Hicks & Mason, 1998), or by summation methods (e.g. Arcement & Schneider,
1989; Cowan, 1956). For vegetated rivers the situation is more complex, since vegetation
drag force (and thus hydraulic resistance) is a function of many factors such as vegetation
morphology, plant biomechanics, spatial distributions and relative submergence (e.g.
Albayrak et al., 2012; Luhar & Nepf, 2011; Siniscalchi et al., 2012; Siniscalchi & Nikora,
2012). While detailed studies of these relationships are commendable, the quantification of
vegetation parameters for practical hydraulic applications is problematic, as many of them
constantly change over time due to natural processes of growth and removal. To address this
issue, practical methods to estimate hydraulic resistance based on routine field measurements
(or observations) of aquatic vegetation are required. Appropriate field techniques are quickly
emerging, e.g., spatial distributions of in-stream vegetation can be quantified with remote
sensing techniques in 2D (e.g. Biggs et al., 2018; Husson et al., 2014), or 3D when coupled
with ground truth measurements (Biggs, 2020).

Early progress on estimating the hydraulic resistance of vegetated channels was made
by Kouwen and collaborators (Kouwen et al., 1969; Kouwen & Unny, 1973). Since then most
works have been dedicated to channels covered with uniform vegetation, with only a few
exceptions wherein vegetation patch mosaics were considered (Afzalimehr et al., 2021; Nepf,
2012). Over the past 20 years, several relationships between blockage factors and hydraulic
resistance coefficients for patch mosaics obtained via best-fit of field data have been proposed
(Green, 2005a; V. Nikora et al., 2008). Green (2005) suggested that the vegetation
contribution to Manning’s # is equal to 0.0043B*-0.0497, where B* is the cross-sectional
blockage factor, defined as the proportion of a cross-section covered in vegetation (Green
used the weighted median value of B* across a number of cross-sections); while V. Nikora et
al. (2008) found a relationship between Manning’s n and the reach-averaged cross-sectional
blockage factor (B*2®), namely n = 0.025¢’®*2"¢, Later, Luhar and Nepf (2013) performed an
analysis of vegetation drag across spatial scales and, using the momentum balance, derived
that n oc (1 - B¥)32, which was tested using the data collected by Green (2005) and Nikora et
al. (2008).

Due to the nature of field measurements, Green (2005) and V. Nikora et al. (2008)
were unable to vary vegetation spatial configurations or overall aquatic vegetation coverage
and hence assess their effects on hydraulic resistance. To assess the effect of patch patterns
and provide quantitative relationships between aquatic vegetation coverage, hydraulic
conditions and hydraulic resistance, a detailed flume-based study was undertaken using
artificial vegetation patches. Aligned and staggered patch configurations were considered for
7 different aquatic vegetation coverages (0%, 10%, 20%, 30%, 40%, 60%, and 100%), at a

range of relative submergences. The aim of this paper is to quantify the effects of regular
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patch mosaic patterns (aligned and staggered) on the overall (bulk) hydraulic resistance in

vegetated channels.

2. Experimental design and facility

2.1. Open channel facility

Experiments were conducted in a tilting re-circulating flume in the Fluid Mechanics
Laboratory at the University of Aberdeen (Zampiron et al., 2020). The flume is 10.75 m long,
0.4 m wide, and has a maximum flow rate of 22 L s!. Flume inclination is adjusted using a
screw jacking system, which supports multiple points along the flume to maintain a constant
slope S. The flow rate Q is measured with an electromagnetic flow meter (MagMaster, ABB,
Zurich, Switzerland) in the inflow pipe prior to the flume entrance. The accuracy of the flow
meter is quoted as + 0.15% of the measured flow rate. The flume has 10 equally spaced metal
rulers glued to the glass side wall, enabling water depth to be measured along the flume with
an accuracy of = 0.5 mm. At the same cross-sections along the flume, 10 piezometer intakes
are positioned on the bed centreline to measure the water surface profile with an accuracy of +
0.5 mm. During the experiments, the entire length of the flume was covered in replica of
aquatic vegetation in a range of spatial configurations and coverages. The mean (i.e. time-
averaged) deflected height (4,) of the artificial vegetation was measured using the metal rulers

installed on the flume side wall.

2.2, Artificial vegetation patches

Aquatic vegetation was simulated using patches of artificial plastic grass (N. Nikora et al.,
2013), which provides a useful surrogate for natural aquatic vegetation. Artificial vegetation
is also more practical to use in flume experiments than natural aquatic vegetation because it
will not degrade over time, thus potentially affecting the hydraulic resistance (Vettori et al.,
2021). Further, the use of artificial vegetation enables a wide range of patch densities and
spatial configurations to be investigated, compared to the case studies focusing on natural
aquatic vegetation in rivers (e.g., Biggs et al., 2019; Nikora et al., 2008).

The artificial plastic grass used in the experiments presented herein has a mass
density of 0.925 g cm?, and is comprised of individual stems 35.3 mm long, 1.19 mm wide
and 0.2 mm thick. The number of stems per unit bed area is 243,600 stem m™, from which a
porosity () of 0.969 and a total frontal vegetation area per unit volume of 289 m™! are
obtained. Young’s modulus of the stems was estimated as 97 GPa via tension tests on 25 stem

specimens using a Hounsfield S-series bench top testing machine.



Vegetation patches were created by cutting the artificial grass into 0.1 m by 0.1 m
squares, then a fabric with small loops was sewn under the polypropylene base of the
vegetation patches. The bed of the flume was covered in Pressogrip®, which consists of tiny
hooks approximately 0.5 mm in diameter and height (similar to Velcro). The patches were
attached onto the Pressogrip® bed, thus allowing rapid changes between different scenarios of
patch configuration and/or coverage. Because the artificial grass was attached to the
Pressogrip® base, the measured deflected height of a patch often exceeded the length of the
individual stems and was found to vary between 33 and 41 mm across the experiments. From

here onwards we will refer to the artificial plastic grass as ‘vegetation’.

2.3. Key parameters

For evaluating the effect of vegetation patch mosaics on hydraulic resistance we made use of
blockage factors introduced in the previous studies, namely the (maximum) cross-sectional
blockage factor B*, the flume-averaged cross-sectional blockage factor B*2® (V. Nikora et
al., 2008), which is equivalent to the volumetric blockage factor, and the (planform) surface

area blockage factor BSA, which are defined respectively as:

B* = Nhb,/(HB), (1)
BXave = Nhb.b,/(HBL), )
BSA = B¢ fJ/h, = Nb.b,/(BL), 3)

where B and L are the flume width and length, A is the mean water depth (obtained from the
readings of the 10 rulers located along the channel), b, and b, are the length and width of a
patch (both equal to 0.1 m), 4, is the mean deflected height of a patch, and N, and N, are the
total number of patches in the flume and number of patches across a vegetated cross section,
respectively. In the vegetated cross-sections we considered the bulk area covered by the

patches rather than summing the cross-sectional areas of each shoot (Green, 2005).

Although the equation for Manning’s resistance coefficient n = R?3SV%/U is widely
adopted in engineering applications, the definitions of its parameters may not be
straightforward. In our study, for the calculation of #» we adopted the conventional approach,
commonly employed in field applications, in relation to the mean velocity U and the

hydraulic radius R;, where U is defined as mean cross-sectional velocity U= Q/4 and R; = Ry:
Ry = BH/(2H+B), “4)

hence neglecting the presence of patches within the cross-sectional area A = BH since patch
porosity can be approximated to unity. On this account, it is worth noting that a more rigorous

approach for calculating U is to consider the cross-sectional area covered by vegetation (A4,),



i.e. U= Q/(ArtpA,), where Ay is the cross-sectional area free of vegetation (so that 4 = 4+A4,)
and ¢ is patch porosity. However, because ¢ is close to unity, it may be removed from the

equation, thus 4 = 4/+4, and U= Q/A.

In channels with complex geometry the hydraulic radius can also be defined
accounting for the presence of patches. Here, we propose two options. First, R; may be

defined considering the patches as solid obstacles, i.e., R; = Rj-veg :
Ri-veg = (BH-N,h,by)/(2H+B+N,, shy), (5)

where N, is the number of patch sides across a vegetated cross section. It is worth noting that
in Eq. (5) we did not simply consider the number of patches because when BSA = 0.6 some
patch sides were contiguous to the flume side walls (see Figure 1). Second, one may also
define the spatially-averaged hydraulic radius to account for patches spatial distribution along

the channel, i.e., R; = (Rx):
(Rh> = [Rh(L'Nxbx)+Rh-vengbx]/L, (6)

where N, is the number of patch rows along the flume. It is also worth noting that

(Ri) = Rym=+Rjveq(1-m) is a linear function of R;, where m is the proportion of unvegetated
cross-sections along the channel (i.e. m = 1-N.b,/L). The latter expression of the hydraulic
radius in nondimensional form (i.e. (R;)/h,) is used in the data analysis that follows as an
additional key parameter to assess the effect of vegetation patch mosaics on hydraulic

resistance.

2.4. Experimental setup

Aquatic vegetation was arranged in regular patch mosaic patterns along the full length of the
flume (Figure 1). Five values of surface area blockage factors (BS*) ranging from 0.1 to 0.6,
comparable to those of natural rivers and streams (e.g. Green, 2006; V. Nikora et al., 2008),
were investigated in aligned and staggered configurations. Experiments with vegetation fully
covering the flume bed (BSA = 1) and with no vegetation on the bed (B = 0) were also
carried out. Manning’s #n for the unvegetated bed was measured to be within the range 0.009 —
0.011 s m ™ for H = 0.024 to 0.140 m. Experiments were designed so that for each value of
BS” approximately the same range of Reynolds number (Re) was used. For each value of BSA,
two bed slopes were employed (i.e. S = 0.001 and 0.002) and for both bed slopes 15 to 20
runs were completed by varying the flow rate so that the mean flow depth (or water level)
increased by 5 mm at a time. Uniform steady-state conditions were imposed by adjusting the
weirs located at the end of the flume. The ranges of hydraulic conditions covered by the

measurements are shown in Table 1.
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Figure 1: Schematic of patch patterns in aligned and staggered configurations.

Table 1. Ranges of hydraulic characteristics in the experiments.

BSA S 0 H Hh,  BIH U u, Re Fr
) ) (Ls™) (m) ) ) (ms")  (ms) ) )
0  000I- 15  0.024- - 28-  0.15- 0015 3600-  0.30-
0002 213 0.140 16.6  0.38 0.052 53200  0.61
01  0.001-  1.7-  0.049-  14- 22-  009-  0.022-  4250-  0.13-
0002 220 0177 50 81 031 0.059 55000  0.24
02  0.001-  1.6-  0.048- 13- 2.1- 008 0023  4000-  0.12-
0002 215  0.191 57 81 028 0.061 53750 021
03  0001- 1.8  0.051- 13- 22- 008  0.022-  4500-  0.12-
0002 220 0.8 51 78 031 0.059 55000  0.23
04  0.001- 19-  0.060- 1.6- 47- 008  0.024-  4750-  0.10-
0002 212 0180 49 67 031 0.058 53000  0.24
06  0001-  20- 0064~ 1.7- 24- 008  0.025-  5000-  0.10-
0002 193  0.165 48 62 029 0057 48250 023
1 0001- 23-  0070- 18- 24- 008  0.026-  5780-  0.10-

0.002 19.0 0.166 4.8 5.7 0.30 0.057 49800 0.24

Note: The columns show: the surface area blockage factor BSA, the bed slope S, the mean
flow rate Q, the mean water depth H, the submergence ratio H/h,, the flow aspect ratio B/H,
the mean flow velocity U, the shear velocity ux = (gRxS)"? (where g is the gravitational
acceleration), the Reynolds number Re = UH/v (where v is the kinematic viscosity), and the

Froude number F, = U/(gH)">.



3. Results

3.1.  Hydraulic resistance of aligned patches

With aligned patches on the flume bed, hydraulic resistance (quantified with Manning’s #)
increased with cross sectional blockage factor (B*) for all investigated cases (Figure 2a). The
maximum hydraulic resistance occurred for intermediate values of vegetation coverage (i.e.
BSA = 0.2-0.4). The resistance for the lowest and highest values of BSA was generally lower.
When the bed was uniformly covered by vegetation (i.e. BSA = 1), hydraulic resistance was
lower than when patchy vegetation was present. The effect of patch mosaic was explored
further by considering the flume averaged cross-sectional blockage factor (B*2'®) as an
argument (Figure 2b). Figure 2b shows clear separation in relationships between n and B*2¢

for the different vegetation coverages.

Previous works based on data collected in transects of streams/rivers proposed that
Manning’s n can be modelled as a linear function of B* (Champion & Tanner, 2000; Green,
2005). However, our results displayed in Figure 2a indicate that » should not be approximated
as a linear function for any case investigated, since the exponent &/ in the best-fit power law
n « (BX)* varies between 0.54 and 1.03 increasing with BSA (R? > 0.96). The data plotted as
function of the spatially averaged blockage factor (B*2'¢, Figure 2b) did not show any

common trend, and thus must be interpreted in conjunction with information on BSA,
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Figure 2: Manning’s n for aligned vegetation patches as a function of: (a) cross sectional
blockage factor; (b) flume averaged cross sectional blockage factor; (¢) relative submergence;

(d) nondimensional spatially-averaged hydraulic radius.

Manning’s n decreased non-linearly as the relative submergence increased (Figure
2¢), in agreement with conventional hydraulics. At low relative submergence (i.e. H/h, < 3),
there is divergence in the relationships between Manning’s n and H/A, within the extreme
values of BSA (i.e. 0.1, 0.6 and 1). At higher relative submergence (i.e. H/h, > 3) the data tend
to converge for all values of BSA, Fitting the data points for each value of BSA with a
relationship of the form n o (H/h,)*, it was found that &, varied between -0.54 and -0.99 (R’
> 0.96), decreasing with BSA. The hydraulic resistance also decreased as the nondimensional
spatially-averaged hydraulic radius ({R;)/h,) increased (Figure 2d). For (R;)/h,, all curves for
the aligned cases show a similar trend and this parameter appears to provide the best collapse,
potentially indicating that (R;)/A, includes all major geometrical and hydrodynamic features
important to the hydraulic resistance. Considering all the data for the aligned configuration
the general relationship 7 = 0.043((Rx)/h,) "7 (R* = 0.91) can be obtained as best-fit. Because
individual blockage factors used in previous studies are unable to provide a general
relationship for 7 (see data stratification depending on the values of BS* in Figure 2a-c), we

explored different multivariate regressions options. Based on the trends shown in Figure 2a-c,



we opted for the form n = f(BSA, H/h,) and identified the best-fit for all aligned data as the
relationship n = exp(0.437BSA-2.887)x(H/h,) %7 (R* = 0.92).

It is also interesting to assess the distributions of Manning’s n depending on the
surface area blockage factor (BS?) for different values of relative submergence (Figure 3). At
low submergences, larger BSA generate higher flow resistance. As the submergence increases,
this effect is less pronounced and H/A, becomes dominant. For all cases, the increase in n
from BSA = 0.4 to 0.6 was likely due to the decrease in spanwise distance between vegetation

patches and thus the increase in vegetation coverage (Figure 1).

0.08 ‘
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H/h, =
| - =X
0.06 - H/h,=35 ==
-
Q/\
€0.04 "
N
0.02 |
. | . ‘ . ‘
0 0.2 0.4 0.6 0.8 !

BSA

Figure 3: Manning’s n for aligned vegetation patches as a function of surface area blockage

factor for selected relative submergences.

3.2.  Hydraulic resistance of staggered patches

Similar to aligned patches, Manning’s n with staggered patches increased with cross sectional
blockage factor (B*) for all vegetation coverages tested (Figure 4a), with the lowest values of
n for the case of bed uniformly covered (i.e. BSA = 1). The maximum hydraulic resistance
occurred for intermediate values of vegetation coverage (i.e. BSA = 0.2-0.4). This is similar to
the trends observed for aligned patches (Figure 2a), yet there is a much larger separation
between intermediate and extreme values of vegetation coverage (i.e. BSA = 0.1, 0.6-1).
Again, the relationship between n and B* should not be approximated as a linear function, but
as a power law n o< (BX)*'. The exponents that provide the best-fit are k; = 0.57-1.05 (R? >
0.95), increasing with BSA. Relationships between Manning’s n and reach-averaged cross-
sectional blockage factor B*2'® were also clearly separated by BSA (Figure 4b), as was found

for the aligned configuration.
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Manning’s n decreased non-linearly as the relative submergence (Figure 4¢) and the
nondimensional spatially-averaged hydraulic radius (Figure 4d) increased. Similar to the
aligned cases, the data distributions diverge as H/h, approaches low values. For all cases, the
exponent in the power law n o< (H/h,)” was always lower than the corresponding aligned
case, varying between -0.57 and -1.05 (R’ > 0.96). Differently from the aligned cases,
distributions of Manning’s n depending on the nondimensional spatially-averaged hydraulic
radius ((Rx)/h,) (Figure 4d) display clear stratification. This is reflected by the performance of
the general relationship # = 0.054((Rx)/h,)*"° with R’ = 0.68, suggesting underlying
differences in flow structure between aligned and staggered patch configurations, which will

be discussed in section 4.1Error! Reference source not found..
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Figure 4: Manning’s n for staggered vegetation patches as a function of: (a) cross sectional
blockage factor; (b) flume averaged cross sectional blockage factor; (¢) relative submergence;

(d) nondimensional spatially-averaged hydraulic radius.

In Figure 5, Manning’s n vs the surface area blockage factor (BS*) is shown for
selected relative submergences (H/h,). All distributions exhibited a similar trend regardless of
the relative submergence, with the largest # at intermediate vegetation coverages (BS* = 0.2

to 0.3) and a local minimum at BSA = 0.6. As done for the aligned configuration, a
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multivariate regression of the form n = f(BSA, H/h,) was explored for the staggered cases.
Hence, we identified as best fit n = exp(0.299B5A-2.592)x(H/h,)*7°% (R’ = 0.72), with a

coefficient of determination much lower than for the aligned configuration.
0.08

0.06 |

-1/3
)

n (sm

0.02

0 0.2 0.4 0.6 0.8 1

Figure 5: Manning’s n for staggered vegetation patches as a function of surface area blockage

factor for different relative submergences.

3.3. Comparison of hydraulic resistance between aligned and staggered patches

The previous sections indicated clear differences in hydraulic resistance for aligned and
staggered patches (Figs. 2 to 5). To directly quantify this effect, we compare Manning’s n
from staggered and aligned configurations for the same nominal flow conditions and surface
area blockage factor. Figure 6 shows the ratio of Manning’s n values between staggered (7;)
and aligned configurations (n,), which we refer to as a = ns/n, hereafter. Although data points
are quite scattered, there seems to be a general trend across all cases. The staggered
configuration was always characterised by a higher hydraulic resistance than the aligned
configuration (i.e. a > 1). The difference between the two patterns was enhanced at
intermediate values of surface area blockage factor and at low relative submergence. The
parameter o generally decreased as the relative submergence increased because a larger
proportion of the flow can pass over the patches, rather than being forced through pathways
between patches. The multivariate regression accounting for the effects of BSA and H/h, on o
that provided the best-fit for our data was a = 1 + 4.04BSA - 5.83(BS*)?-0.09H/h,, with

R’ =0.92.

12



Figure 6: Ratio of Manning’s n for staggered () patches to Manning’s # for aligned patches

(nq) as a function of surface area blockage factor for different relative submergences.

4. Discussion

4.1. On the effects of vegetation spatial distribution

The results presented in this paper indicate that the spatial distribution of vegetation patches
has important effects on hydraulic resistance. This finding agrees with Bal et al. (2011), who
reported a variation in hydraulic resistance depending on the spatial pattern of plant removal
in laboratory tests with live freshwater macrophytes, and Green (2006), who concluded that
spatial distribution of freshwater macrophytes can affect the hydraulic resistance based on
field experiments in several streams. Nevertheless, we are not aware of any study in which the
effects of spatial distribution on hydraulic resistance have been rigorously quantified. Luhar
and Nepf (2013) attempted to account for the spatial distribution of patches by considering a
different number of patches for a given cross-sectional blockage factor, thus modelling the
hydraulic resistance using a representative cross-section. However, their simplified approach
had a limitation in that it neglected the effects that the patches have on the flow
hydrodynamics (e.g. wakes generated by patches).

A number of works have shed light on the effects that 3-dimensional obstacles have
on the flow, with the creation of three regions: (i) an upstream region wherein the flow is
diverted away from the obstacle; (ii) lateral zones with increased flow velocity; and (iii) a
downstream region with a wake and, when sufficient room is available, a recirculation cell
(e.g. Wolfe & Nickling, 1993). Based on the classification of Morris (1955), later extended by
Folkard (2011), the wake plays a crucial role in defining the flow regime in the presence of
multiple obstacles. In this context, the term ‘flow regime’ is used to describe the flow patterns

between roughness elements (e.g. between patches of vegetation in a patch mosaic/canopy).
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In Figure 7, we propose a summary of the wake-patch interactions for both the aligned
(Figure 7a-c) and staggered (Figure 7d-f) configurations. When the streamwise distance
between patches (Ax) is sufficiently large, wakes develop downstream of patches. As Ax
becomes smaller, wakes gradually disappear, and skimming flow conditions are established.
For the same value of Ax, patches in staggered configuration allow more room for the wakes
to develop compared to the cases with aligned patches, therefore impeding the establishment

of skimming flow conditions until Ax becomes smaller.

Figure 6 shows that when BS” is either very low (i.e. 0.1) or very high (i.e. 0.6) the
staggered distribution increases Manning’s n by 5-15%, while for intermediate values of BS*
it increases by over 60% compared to the aligned configuration. This is caused by the
different effects that increasing vegetation coverage has on the flow features: in the aligned
configuration water can flow through preferential paths even at high values of BSA, while in
the staggered configuration flow paths are strongly dependant on BS” because patches have

more complex effects on the flow.

The n coefficients for aligned patches with BSA from 0.1 to 0.4 (Figure 3) were found
to be essentially unchanged. This suggests that the increase of drag due to higher vegetation
coverages was counterbalanced by the transition from a wake interference flow regime
(Figure 7a), where large part of the drag is generated by the patches in the form of pressure
and wake drag, to a skimming flow regime (Figure 7b,c), where wakes are suppressed and
flow velocity within the vegetation decreases to very low values. Note that the wake length
formed by an isolated patch in the flow conditions listed in Table 1 was estimated to always
exceed 0.4 m (Savio, 2017), hence impeding the establishment of an isolated roughness flow
regime. For BSA = 0.4 to 0.6, n increased, reflecting a decrease in spanwise distance between
vegetation patches (Figure 1), particularly at smaller submergences. For staggered patches
(Figure 5), n increased substantially from BS* = 0.1 to 0.3 due to the higher vegetation
coverages (Figure 7d,e). Moreover, based on the results of Savio (2017) within this range of
BS” we expect a transition from isolated roughness flow to wake interference flow regime.
Finally, n was sharply reduced for BSA > 0.4 for all submergences, likely due to the
establishment of the skimming flow regime for the staggered configurations (Figure 7f).
Similar threshold values for the establishment of a skimming flow regime have been reported
by Lee and Soliman (1977) for wind tunnel experiments with urban canopies, Leonardi et al.
(2007) for turbulent channel flow and Wolfe and Nickling (1993) for acolian processes in

sparse vegetation.
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Figure 7: Schematic representation of flow patterns that develop for different patch
configurations (aligned or staggered) and streamwise gaps between patches (Ax).

The values of vegetation coverage for which the difference in Manning’s n between
aligned and staggered configuration are most prominent (i.e. BSA = 0.2-0.4, Figure 6) are
close to the “connectivity threshold” and in agreement with recent findings on connectivity in
heterogeneous landscapes, such as wetlands and river deltas (e.g. Larsen et al., 2017; Wright
et al., 2018). In more detail, Larsen et al. (2017) found that patch configurations in wetlands
become increasingly important to define discharge when vegetation coverage threshold is
close to 0.4 and at low water levels. In river deltas, Wright et al. (2018) reported that for
values of coverage equal to or slightly below a threshold of 0.4-0.5 the presence of patches
leads to the formation of preferential flow paths. While these environments are unlike our
flume experiments both in terms of spatial scale and dimensionality of the landscape, these

similarities point to some common governing mechanics.

Lastly, distributions of Manning’s # shown in Figure 5 have a very similar trend to
the drag coefficient of a patch of rigid cylinders immersed in turbulent flow, both reaching the
maximum for patch density (equivalent to BS” in the present study) between 0.2 and 0.3
(Chang & Constantinescu, 2015; Taddei et al., 2016). This suggests that these two different

settings may share some common underpinning mechanics.

4.2. On the estimate of hydraulic resistance in flows with vegetation patches

Blockage factors that have been used previously to estimate the hydraulic resistance of beds
with vegetation patches perform quite differently from what is reported in the relevant
literature. For both patch configurations B*, B*#'¢ and H/h, do not appear to be governing
parameters for Manning’s 7 on their own (Figure 2a-c and Figs.Figure 4a-c), and must be

interpreted in conjunction with information on BSA, base channel resistance, and vegetation
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alignment. For example, the relationship for flow resistance proposed by V. Nikora et al.
(2008) (i.e. n = 0.025¢****) shows good agreement with our data for both aligned and
staggered alignment with BSA = 0.6 (Figure 4b) when a base resistance of 0.025 is used (for
which we obtained exponents between 3.1B*2"¢ and 3.5B*2"¢). It is challenging to more
thoroughly compare our results with the relevant literature since the range of B*2'® tested
herein is limited compared to natural channels. There are also differences due to the
laboratory setup with square patches of plastic grass geometrically and mechanically different
from freshwater macrophytes, and with forced alignment configurations that are not natural. It
is reasonable to expect that these factors influenced the absolute values of hydraulic resistance
to a certain degree compared to natural vegetation. Nevertheless, the relative differences in
hydraulic resistance due to different configurations should hold (or at least be representative)
even if natural vegetation is considered.

In §3.1, we identified two models that perform well at predicting » for the aligned
configuration: n = 0.043((Rx)/h,) "7 (R? = 0.91) and n = exp(0.437B5A-2.887)x(H/h,)

(R? = 0.92). However, these types of models do not work as well for the staggered
configuration (e.g. see the clear stratification of data in Figs.Figure 4c and Figure 8c-d),
indicating that they probably miss fundamental mechanisms of drag production.

For prediction of hydraulic resistance, it is important to be able to account for either
aligned or staggered configurations and, more in general, for the effect of patches spatial
distribution. One possible approach is to use the parameter a, displayed in Figure 6, as a
correction factor that can be predicted accurately using the model reported in section 3.3,
namely a = 1 + 4.04BSA - 5.83(BS4)%-0.09H/h, (R’ = 0.92). This correction factor can be used
to directly account for the effects of the different flow regimes that may establish within a
patch mosaic, depending on its spatial distribution, on the hydraulic resistance. For example,
o. incorporates the effects of preferential pathways and wake suppression. It is important to
recall that a was calculated from the data using a best-fit approach. To enable the definition of
a more physically-based correction factor more work is needed on the fundamental physics of
flows through patch mosaics.

Bearing in mind that the values of the correction factor thus calculated are valid for
the staggered configuration only (i.e. o = 1 for aligned configuration), we expect the
correction factor to assume lower values for configurations in natural ecosystems because of
the presence of preferential pathways whose formation is prevented in our staggered
configuration for BSA > 0.1 (based on the trends shown in Figure 6). In this sense, for fixed
values of BSA and H/h,, a channel with a patch mosaic vegetation distribution in a staggered
configuration should be characterised by the largest hydraulic resistance. Thus, we expect
configurations found in natural ecosystems to perform somewhere in between aligned and

staggered configurations, which define the lower and upper limit for n, respectively.
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Figure 8: Measured Manning’s n versus Manning’s n predicted using models proposed in the

paper: (a,c,e,g) multivariate regression with H/h, and BS; (b,d,f,h) power regression with

(Rn)/h,. Note that in (e-f) data are modelled with no correction factor, while in (g-h) the

correction factor a is included in the models. Filled diamonds: data for aligned configurations;

empty circles: data for staggered configurations. The equation and R’ for each model are

reported in the relevant plot. The solid line denotes a 1:1 agreement.

For practical applications, we introduce four additional models for Manning’s #n of the

same forms as those introduced in sections 3.1 and 3.2 to fit all data independently of the

patch configurations. With no correction for staggered cases, the best-fit relationships thus
obtained are: n = 0.05((Ri)/h,) 7 (R? = 0.66) and n = exp(0.34BSA-2.77)x(H/h,) %
(R? = 0.68) (Fig. 8e-f). When the correction factor is used the best-fit relationships are
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n=0.04a((R)/h)*7* (R’ = 0.87) and n = aexp(0.38BSA-2.92)x(H/h,) " (R’ = 0.87), with a
notable increase in models accuracy (Fig. 8g-h). Note that models with similar accuracy are
obtained if uniform cases are included in the analysis. Figure 8 displays a comparison of
Manning’s n predicted by the eight models introduced in this work and measured Manning’s
n.

All parameters considered herein to predict the hydraulic resistance through
Manning’s n require some knowledge of the vegetation presence across the channel. In field
applications, cross-sections are characterised via measurements of vegetation height at
multiple locations across each transect of interest, and many transects are required to identify
a ‘representative’ cross-section for calculating H/A, or B*. This type of information enables
the estimation of both the area covered by vegetation and the wetted perimeter, thus allowing
for the calculation of (R;)/h, with no additional data. It is expected that calculating relevant
parameters for the prediction of # will become easier thanks to ongoing advancements in
unmanned aerial vehicles (UAVs) for aquatic vegetation monitoring. However, one should
bear in mind that measurements in field settings are further complicated by the heterogeneous

vertical distribution of vegetation biomass within a patch.

5. Conclusions

This paper presents the results of laboratory experiments conducted in an open channel to
investigate the effect of artificial vegetation patch mosaics on hydraulic resistance. Data were
collected for a range of vegetation coverages from the case of a bare bed to that of a bed fully
covered by vegetation and using two spatial distributions for patches: aligned and staggered
configurations. The performance of different parameters to predict Manning’s » in the
presence of vegetation patches was assessed for both configurations. The vegetation coverage
was found to be more important at lower values of relative submergence. Manning’s » for the
staggered configuration (n;) was larger than that for the aligned configuration (n,) for all
investigated cases, highlighting the importance of the spatial distribution of vegetation
patches, particularly for intermediate vegetation coverage levels.

The findings of the present study indicate that the nondimensional spatially-averaged
hydraulic radius performed best to predict # for the aligned configuration as an individual
predictor in a relationship of the form n o ((R;)/1,)**. We also identified a multivariate
regression model of the form n = exp(c;BS*-c2)x(H/h,)” that predicts the hydraulic resistance
for aligned configurations well. Further, we introduced similar models for the staggered
configurations and for all data independently of the spatial configuration. Since the models do

not provide very reliable results when patches are not aligned, to overcome this limitation we

introduced a correction factor calculated as a = ny/n,. For the case of natural vegetation
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distributions in natural channels the absolute values of hydraulic resistance may vary with
vegetation morphology, however, we expect the values of a found in this study (representing
the effects of staggered compared to aligned patches), to be representative of natural
scenarios. Detailed fieldwork with natural aquatic vegetation in different spatial
configurations is recommended to assess the correspondence of a and hydraulic resistance

relationships to those found in this systematic laboratory based study.
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Notation

A = wetted area (m?)

BSA = surface area blockage factor (-)

B~ = cross-sectional blockage factor (-)

Bxave = flume-averaged cross-sectional blockage factor (-)

by = length of a patch (m)

b, = width of a patch (m)

B = flume width (m)

] = coefficient in multivariate regression model n = exp(c;BSA-c2)x(H/h)™ (-)
c2 = coefficient in multivariate regression model n = exp(c;BSA-c2)x(H/h,)* ()
3 = coefficient in multivariate regression model n = exp(c;BSA-c2)x(H/h,)* ()
Fr = Froude number (-)

g = gravitational acceleration (m s?)

ki = exponent in the relationship n o< (BX)* (-)
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