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1 | INTRODUCTION
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Abstract

Repeating fluvial macroforms are ubiquitous. The streamwise alternation of steeper,
coarse-grained, cobble/pebble bars and near-horizontal, fine-grained, sand/granule
flats is characteristic of upland, single-thread, dryland channels. We have monitored
the rate of formation of a bar-flat sequence by flash floods, noting the disposition
and extent of each macroform as they evolve. To accomplish this, the bed material of
a straight reach of the Nahal Yatir in the northern Negev Desert, Israel, was thor-
oughly mixed to a depth of 0.5 m with the aid of a mini excavator, obliterating a well-
formed sequence of bars and flats. The ten flow events of two succeeding rain
seasons were recorded, as were the changing topography and textural roughness of
the bed following each complete post-flood dewatering. Embryonic flats, texturally
like those present before disturbance, formed under the first flow event, occupying a
fifth of the total length of the flats that had existed in the reach before experimental
disturbance. Their length increased and their inclination decreased with each flow
event, returning to the natural, pre-disturbed, aggregated length within two rain sea-
sons. Restoration of the pre-disturbance bar-flat sequence was almost complete, the
location of bars differing only marginally in places. Resemblance with the natural
original was high, reflecting the sedimentary dynamism of desert flash floods. A
mechanism that models and explains the formation and stability of these macroform

sequences is developed in a companion paper.
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armoured, if armoured at all (Laronne et al., 1994). Flats are much

finer-grained than neighbouring bars and their surface is generally pla-

The beds of single-thread, upland, ephemeral channels are characterized
by a sequence of bars and flats (Powell et al., 2012; Reid & Laronne
1995). These are reminiscent of the riffle-pool sequence in perennial
mountain rivers (Chin & Wohl, 2005; Clifford, 1993; Montgomery &
Buffington, 1997; Richards, 1976), but they possess unique characteris-
tics that distinguish them from their perennial counterparts. Although

similarly, the bars are relatively steep, they are only very lightly

nar, contrasting with the typical concave-up, longitudinal profile of
pools in perennial channels (Powell et al., 2012). Bars in these ephem-
eral channels, be they single or multi-thread, contain most of the coarse
surface clasts (Hassan, 2005; Storz-Peretz & Laronne, 2013, 2018). In
contrast, flats are typically sand-granule-pebble mixtures, with occa-
sional over-passing coarser clasts, and, importantly, they are always

inversely graded, exhibiting no armour.
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What are the conditions that give rise to alternating bedforms
in gravel-bed rivers, both ephemeral and perennial? Their variety
reflects the complex interaction between flowing water and the
sediment bed, and the control exerted by river shape, and local and
hydrological factors affecting boundary conditions. Short- and long-
term variations in sediment supply have been shown to be impor-
tant (Buffington & Montgomery, 1999). Some have argued that the
alternation reflects meander planform and is a sedimentary adjust-
ment to local slope (Chin, 2002). Different forcing mechanisms
(hydraulic, granular interaction, random drivers) have been proposed
to explain the formation of step-pool morphologies in high-gradient
streams (Golly et al., 2019). As for fluvial bars, while channel curva-
ture has been recognized as the main cause of the rhythmic
sequences of riffles and pools observed in meandering rivers, the
spontaneous development of migrating alternate bars in straight-
ened river reaches has been explained as a consequence of the
inherent instability of the sediment bed, where the major
destabilizing effect is friction, while the downslope pull of gravity
on bedload plays a stabilizing role (Callander, 1969; Colombini
et al., 1987; Parker, 1976). An analogous instability mechanism has
been found to drive the formation of small-scale bedforms - such as
ripples, dunes and antidunes (Engelund, 1970; Hayashi, 1970;
Kennedy, 1963; Richards, 1980).

Various repetitive patterns due to grain sorting effects have been
investigated. Venditti et al. (2017) have provided a detailed evaluation
of gravel bedforms and fine-grained patches. The formation of fine-
grained bedload sheets has been described by Whiting et al. (1988)
and Recking et al. (2009), as have sand-rich gravel bedforms by
Kuhnle et al. (2006). More recently, several drivers have been pro-
posed for the persistence of fine-grained bed patches (Stark
et al., 2025). Coarse-grained, steep macroforms have been shown to
persist as a function of armouring and stabilization of the bed
(Whittaker & Jaeggi, 1982). However, the mechanisms that lead to
the formation and stability of alternating bar-flat sequences in ephem-
eral channels remain undetermined.

Here, we report on a field experiment, the aims of which were to
observe and characterize the formation of a bar-flat sequence under
flash flood flows. We have asked the following: were a bar-flat
sequence to be destroyed through artificial homogenization of the
bed material, does it re-form? and, if so, how quickly? What is
the minimum number and the magnitude of bedload transporting
events that bring about this re-formation? Does the sequence re-form
exactly as it was originally or just similarly?

In a companion paper, we develop a mechanistic model that

accounts for the formation of a bar-flat sequence.

2 | RESEARCH AREA

Our research has been conducted in the Nahal Yatir, a 4th order tribu-
tary that drains 19 km? of the southern Hebron Hills towards the
Nahal Beer Sheva and, thereafter, the Nahal Bsor and, eventually but
only occasionally, the Mediterranean (Figure 1). The upper part of the
catchment is underlain by Turonian Bina limestone, while the lower
parts lie in Senonian Menuha chalk, which includes beds of Meshash
chert, and Miocene Yatir conglomerate. Quaternary loess is ubiqui-

tous, but its thickness varies considerably from a few decimetres on

interfluves to several metres in valley bottoms (Sneh & Avni, 2008).
This is a transitional phytogeographic area between Mediterranean
and desert vegetation, with few shrubs on the hillslopes and dense
shrubs lining channel banks (Danin et al., 1998). Much of the catch-
ment remains devoid of vegetation cover for most of the year. How-
ever, grasses germinate after the first winter rains. A pine woodland
was planted in the upper catchment in the 1960s, and scattered
Eucalyptus groves have been added more recently.

This semi-arid area is part of the Northern Negev, Israel, where
very localized and intense rain events are delivered by Red Sea mon-
soonal troughs (Shentsis et al., 2012), and longer-lasting and less
intense events are brought by Mediterranean frontal systems (Kahana
et al., 2002), both storm types arriving between October and April.
Mean annual rainfall is 220-280 mm. However, evaporation is consid-
erable, with a potential of > 2,000 mm/a, so that, between rain
events, the surface-crusted, largely bare, loessial soils become hydro-
phobic. Consequently, infiltration-excess runoff is quickly generated
by subsequent storms (Assouline & Ben-Hur, 2006; Ben-Hur et al.,
1985; Yair & Kossovsky, 2002).

The duration of channel flow varies, depending on rainfall pattern,
but is typically only a few hours, with rare longer exceptions (Yair &
Kussovsky, 2002). The channel is, therefore, dry for most of the year,
including most of the winter. Flow events characteristically have fast
rise times (< 10 min), arriving as flood bores, the first of which invari-
ably overrides a dry river bed (Reid, Laronne, & Powell, 1995; Reid
et al., 1998).

The Yatir is a small gravel-bed stream with an average width of
1.6 m and a bed slope of 0.01 at the study site. Its modest dimensions
were important for our plans, in part because of our intention to reor-
ganize a large volume of bed material over a reasonably long reach,
but also because of the need to obtain comprehensive, detailed docu-
mentation of channel bed evolution over the entire study reach during
succeeding rain seasons.

As important, the channel bed prior to treatment was punctuated
by moderately coarse, channel-wide, gravel bars and intervening
‘flats’ of finer gravel and sand, as exemplified by the nearby Nahal
Anim (Figure 2) and typical of single-thread, coarse-grained stream
beds in the Negev (Powell et al., 2012). Previous studies have shown
that flats in the Yatir bed are un-armoured - indeed, they have an
inverse grading - while bars have a neutral grading (Barzilai, 2012;
Laronne et al., 1994; Reid & Laronne, 1995). The absence of armour
development has been suggested to reflect the ample supply of sedi-
ment from the sparsely vegetated catchment and the rapid recession
of flash flood hydrographs, the latter giving insufficient time to promote
armour development (Hassan et al., 2006; Reid & Laronne, 1995;
Storz-Peretz et al., 2016).

A prior, 3-D survey of bars and flats in the Yatir (Barzilai, 2012)
had demonstrated that: (i) there is no significant difference between
the lengths of the flats and the bars; (ii) the depth of finer-grained flat
material is in the range 8-24 cm (mean = 14.5 cm, SD = 4.8 cm) and
is independent of local channel width, surface slope and length of the
flats; (iii) cross-sections of flat sediments show that their base is
invariably concave-up; and (iv) a flat can be represented by a simple,
elongate saucer, filled with finer-grained sediments and feathering
onto adjacent bars both up- and downstream, reminiscent of pools
that infill with fine sediment under a regime of high sediment supply

in perennial systems (Lisle & Hilton, 1999).
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FIGURE 1 The study reach of Nahal
Yatir (A) located upstream of the current
water depth monitoring site and former
bedload sampling station (B); the current
bedload sampling station on the Nahal
Eshtemoa (C); the Yatir-Eshtemoa confluence
(D). Inset: the location of the Yatir catchment
(blue box) in the Northern Negev.

100 200
I
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FIGURE 2 Sequences of flats (F) and
bars B) along two reaches of the Nahal Anim
located just east of the Nahal Yatir. A similar
sequence typifies all neighbouring upland
channels. The blue arrows indicate flow

direction.

3 | METHODS it as planar as possible. The changes in surface morphology and sedi-
mentology were then documented over two years as successive

To achieve our research objectives, we deconstructed the bedforms flashfloods of varying magnitude impinged on the initially artificial

of a reach of the channel, homogenizing the top 0.5 m of bed material bed. No other changes were made to the channel: its sidewalls and

(c. 90 m®, weighing c. 150 Mg) as thoroughly as is feasible and leaving the often dense, thorny, bank vegetation were left intact.
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We chose a straight, 108 m long reach in which bedforms were
delimited by eye, identifying four bars, four flats and three transitional
zones that exhibit a mix of bar and flat characteristics.

Imagery of the dry post-flood bed was captured through repeat
photography (Carrivick et al., 2016). This was achieved by walking the
channel while operating a Panasonic Lumix DMC TZ60 4.3 mm cam-
era gimbled on the end of a 1.9 m rod in order to ensure the principal
axis of the lens was vertical (Smith & Vericat, 2015). For each survey,
40 x 40 cm wooden targets (first flood season) and cement targets
(second flood season) were located at appropriate points on the banks
adjacent to the channel throughout the reach. Their locations were
established with a total station. The Panasonic Image App facilitated
~ 80% overlap of sequential images so that every portion of the bed
appeared in three consecutive images (cf Westoby et al., 2012). To
avoid distortion due to variations in illumination, photography was
undertaken either just prior to sunrise, or, most often, in the late after-
noon when the entire channel bed was in shade. The study reach was
photographed in its original state in October 2016 and, subsequently,
after every flow event except one, which was followed too quickly by
the next to allow field operations. Monitoring continued until the end
of the second flood season. The longitudinal slope of each macroform
was determined in detail by a total station before and after each flow
event. Detrending of each macroform’s longitudinal slope was
achieved by generating a Digital Elevation Model (DEM).

Field data were processed into a height grid with a resolution of
0.2-0.7 cm and orthophotos produced using the Agisoft Photoscan

software. Data processing was undertaken in several main steps:

1. Alignment of the images (cf Westoby et al., 2012);

2. Geographic alignment was undertaken by loading the target loca-
tions with target identification; association with location was per-
formed manually (cf. Smith & Vericat, 2015). Some of the targets
were not used to construct the point cloud and were defined as
check points.

3. Condensation of the initial point cloud into a dense point (cf
Dietrich, 2014). The calculation of the average error between the

height grid and the total station measurement was performed for

both types of target placed in the field (Check points, Ground con-
trol points). For each location, the maximum error, minimum error

and the root mean square error (RMSE) were calculated:

where n is the total number of observations, y is the expected value
from a linear regression of the values measured by the total station
against the value obtained at the height gauge and vy; is the value
obtained by the SfM (Taylor, 1997).

The elevation grid was processed for a statistical analysis of the
frequency distribution of elevations in each stream bed unit to assess
the degree of roughness (Table S2; Supplement 2). The processing
was carried out consistently during the preparation phase, after the
controlled homogenization of the streambed and following almost all
flood events. The purpose of processing the elevation grid was to
generate a statistical analysis of elevations which characterize the sur-
face roughness (to which the surficial grain sizes are supposedly corre-
lated) and thereby distinguish between the appearance of a bar and a
flat (do Prado et al., 2025; Storz-Peretz et al., 2016).

The following procedure was undertaken to determine the tem-
poral variation of the roughness of flats and, separately, of bars, each
selected visually (Figure 3). Three different scales of topography exist
in the resulting elevation profiles. The macro scale is that of the gen-
eral channel slope, expressed as a 1 m difference between the
upstream and downstream sections of the study reach. The intermedi-
ate scale includes the local topography of the channel macroforms,
with slopes ranging from 3.6 to —0.1%. The microscale is associated
with the roughness of particles on the bed surface.

To distinguish surface roughness, detrending was performed on
all segments marked in each of the elevation grids. The detrending
created a reduction between the slope of the selected segment and
the original elevation grid and, in effect, ‘eliminated’ the effect of the
channel slope and the local topography. After subtracting the surface
slope from the original elevation grid, an aligned elevation grid was
obtained that represents the roughness scale. The negative values in

FIGURE 3 Example of clear-cut
morphological differences between the
bedforms on the Yatir channel bed. The bar is
outlined by a black line and the flat by a red
line. Flow is from left to right.

TABLE 1 Percentiles and parameters of representative grain size (D) distributions based on Wolman sampling and of DEM-derived height (q)

distributions of the undisturbed (T_4) channel bedforms.

Dos qos D16 16 Dso gs0 Dgs qgs Dys qg5 average SD (o)
Percentile/parameter mm
bars (height) 30 37 48 62 78 50 15
flats (height) 11 13 16 19 22 16 3
bars (grain size) 12 15 30 58 94 42 34
flats (grain size) 11 13 17 27 53 24 17
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the aligned elevation grid represent areas where the elevation value
on the sloped surface is greater than the elevation value on the origi-
nal elevation grid.

Roughness values were calculated based on the minimum value in
each height grid (Pearson et al., 2017). This method has been applied
in a similar manner in studies based on roughness estimation with a
ground laser scanner (Storz-Peretz & Laronne, 2013). Statistical analy-
sis was undertaken on the height values representing each cell of the
aligned raster (Bertin et al., 2017, 2018; do Prado et al., 2025). Data
processing was performed in R Studio software to examine the distri-
bution of heights (Table S2) in a selected macroform. Percentiles such
as dos, d16, dso, Jsas dos, the mean and standard deviation (STDV)
were extracted from the distribution and characteristic values were
defined for each macroform.

Many attempts were made to develop a tool that would automat-
ically and objectively distinguish different roughness phenomena, viz.

bars and flats, based on various statistical parameters (such as those

FIGURE 4 Downstream view of the Yatir study reach as a mini
excavator was mixing the channel bed material, thereby destroying
the sedimentary and topographic character of the flat-bar sequence.

TABLE 2 Flow events in Nahal Yatir during the study period.

runoff season event # event date
2016-2017 1 14-15/12/2016
2 19-20/12/2016
3 27/1/2017
4 31/1/2017
5 12-17/2/2017
2017-2018 6 1-2/1/2018
7 5-6/1/2018
8 19-20/1/2018
9 27-28/1/2018
10 29/1/2018

EI-WILEY->22

deployed by Mair et al., 2022). As each flat includes some large clasts
and bars include some patches of fine-grained sediment, the auto-
matic processing did not yield satisfactory results. So, instead, this
step was performed manually. Four of the researchers independently
delimited macroforms on orthophotos, estimating their outlines by
eye. The results were then compared and found to be remarkably sim-
ilar, the boundaries lying within centimetres (at field scale) in all cases
(Figure 3). The robustness and reproducibility of the method allowed
us to demarcate the macroforms as they developed during the 2-year
period of observations.

The surface grain size distributions of three of the bars, three of
the flats and one transitional area were determined in the field using a
Wolman grid (Wolman, 1954) and by sieving bulk samples. These
were complemented by determination of the local frequency distribu-
tions of heights derived from DEMs (Table 1), rather than by measure-
ments of the longest axis of selected grains (cf. Garefalakis et al.,
2023). Although the values at percentiles and parameters of surface
heights are not identical to those of the surface grain sizes, they
co-vary (Table 1).

Once the initial surveys and sampling were complete, the channel
bed was excavated to a depth of 0.5 m using a mini excavator
(Figure 4). The sediment was thoroughly mixed, and then reintroduced
as a homogenized mixture, or as homogenized as could be feasibly
achieved. The surface was graded so that it was planar. A survey of
the post-mixing longitudinal profile revealed some minor promi-
nences, which were eliminated by localized adjustments of the bed
surface. The long profile was then re-surveyed, and this was repeated
after all but one of the flow events occurring in the following two
rain seasons.

Mixing of the channel bed inevitably decreased its bulk density
(Table S1). The degree of change was assessed by comparing values
derived for the undisturbed bed with those at three well-spaced loca-
tions in the study reach after treatment using the large sand cone
method (ASTM D1556-07).

Flood water-stage was monitored by a Levelogger 5 (Solinst) that
has a non-vented pressure sensor with a full-scale accuracy of
+0.05%. Water depth was established after compensating for moni-
tored changes in atmospheric pressure. Stage hydrographs allowed
us to assess the effect of water depth and flow duration on channel

bed changes.

peak stage event duration

m h # of peaks*
0.53 41 2
0.23 23 1
0.40 58 4
0.52 38 2
0.38 132 9
0.19 9 2
0.52 23 3
0.53 31 8
0.49 38 3
0.31 12 1

*These arise from either changes in rain intensity or staggered arrival of tributary flows as convective rain cells traverse the catchment.
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Data collection in semi-desert channels is particularly challenging
because of high sediment flux (Alexandrov et al., 2009) and the way
that these compromise monitoring sensors. So, during 2016-17, mud
had collected unnoticed at the bottom of the stilling well carrying the
pressure transducers, and its very low permeability led to slow release
of water towards the end of each event, resulting in a slightly convex-
up bulge in the record at the end of flow recession. This was rectified
during the second year by ensuring that the sensor was kept clear of
deposited fine-grained sediment so that the stilling well was able to

drain as flow receded.

4 | RESULTS

Altogether, ten flow events occurred in the Yatir during the two-year
study period (Table 2). For these brief and discrete periods of flow,
peak water depth ranged from 0.19 to 0.53 m, the number of intra-
flood peaks from 1 to 9 and duration ranged from 9 to 132 h.

At least one peak stage in each of the 10 events was sufficient to
generate bedload transport, which, in the Yatir, typically occurs at and
above a critical water depth of 10 cm (Reid, Laronne, & Powell, 1995).
Flash flood hydrographs are ‘peaky’; the rise in stage is very steep

60

— 1-2/1/18

50 — 5-6/1/18.

19/1/18
40
— 27-28/1/18
30 —29/01/2018

20

water depth (¢cm)

10 - NN N[ g, N N

Time from onset of flow event th)

FIGURE 5 Nahal Yatir stage hydrographs during winter 2017-
2018. The dashed line represents the threshold of bedload motion.

(Figure 5); and, although flow recession is prolonged relative to the
time of rise, overall its duration is generally short.

The longitudinal profile of the study reach was altered consider-
ably by the mixing of the bed material. Not only did the treatment
destroy the regular macroform sequence and generate a relatively pla-
nar surface (Figure 4), but the bed surface increased in height on aver-
age by 11 cm (Figure 6). This dilation was reflected in the dry bulk
density (Dy) of the sediment (Table S2; Supplement 1). After mixing,
D, was, on average, 85% of that typical of the undisturbed channel
bed, indicating an expected increase in surface elevation of 9 cm. The
looseness of the bed material will, of course, have influenced its
entrainment dynamics, at least during the first few post-treatment
flow events.

The original, undisturbed, channel bed was characterized by large
downstream differences in local longitudinal slope. The average slope
of the bars was 1.7%, contrasting strongly with an average negative
slope of —0.1% for the flats (Figure 6). After mixing, the slope of the
reach was, by design, almost planar. With the passage of successive
flash floods, the profile became less planar and more uneven as the
macroforms started to re-establish (Figure 6; Table 3).

The differentiation of grain size between bars and flats was very
pronounced in the original surface, as reflected in differences in grain
size and grain-scale roughness (Figures 3 and 7). This is parameterized
by the standard deviation of surface heights, which, for the bars, was

15 mm and, for the flats, 3 mm. It is also reflected in the differences in

TABLE 3 Evolution of the average longitudinal slope of
macroforms of each type identified before bed material disturbance
(T_4) and after each subsequent flashflood (T4 through Ts). The reach
slope remained unchanged at 0.01.

slope, %

Bar 1.7 14 11 1.5 15 20 15 1.8
Flat -01 03 09 -03 07 -05 00 -01

Relative elevation, m

0 10 20 30 40 50 60 70 80 90

Horizontal distance, m

FIGURE 6 Longitudinal profiles of the
Yatir study reach prior to artificial
disturbance, after mixing and at the end of

100 110 120

—— original profile —— profile after mixing —— lastprofile [ ]transiton []flat [ bar
t f b

the second winter runoff season. The overall
longitudinal slope of the study reach

remained unchanged at 0.01.
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mean height of clasts on each type bedform: the value for bars was
50 mm, while that for flats was 16 mm (Table 2; Supplement 2S). The
smooth, planar nature of the flats is reflected in having no protruding
pebbles (maximum Dyg < 20 mm; Figure 7), except the occasional
overpassing clast stranded by flow recession (see, e.g., the flat in
Figure 3). This was the condition prior to bed disturbance. The differ-
entiation of roughness was also typical of bars and flats as they
re-formed (T, through To).

Once the bed had been mixed, these differences were eliminated.
This had to be evaluated by eye from the close-range aerial imagery,
as there was no opportunity to monitor the bed at Ty prior to the T4
flood event. So, as mentioned above, for the sites that had been bars
before treatment, the standard deviation of surface heights was
15 mm and the equivalent for flats was 3 mm (Figure 7). After the pas-
sage of eight of the ten floods, these values evolved to become
20 mm and 4 mm, respectively.

The entire process of textural restoration is clearly exemplified by
the temporal change in roughness. The initial post-treatment
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roughness is characterized in Figure 7a. Change began as early as the
first flow event (Figure 7b) and was very obvious after the 5th
(Figure 7c), i.e. by the end of the first flood season. Figure 7d illus-
trates the frequency distributions of grain-scale heights at the end of
the second flood season, from which it can be seen that, for all practi-
cal purposes, the differentiation of bars and flats is almost identical to
the original state of the bed (Figure 7a).

Figure 8 further illustrates the post-treatment restoration pro-
cess. This portion of the channel was, before treatment, a well-
developed flat, flanked up- and downstream by coarser bars
(Figure 8A, T_4). The surface of the homogenized bed material (To) is
captured in Figure 8B. A finer-grained patch became evident in mid-
segment after the 2nd flow event (Figure 8C), increasing in area after
succeeding events (Figures 8D, E, F) and giving rise to the spatial res-
toration of the bar-flat sequence that had been evident before treat-
ment (Figure 8A).

A more complex restoration process is exemplified in Figure 9.
This original coarse-grained bar (Figure 9A, T_1) was mixed to form a
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FIGURE 7 Frequency distributions of Yatir grain-scale heights of type-macroforms: (a) before bed material homogenization at T_4; (b) post
first flood at Ty; (c) post 5th flood at Ts; and (d) post 9th and 10th floods at Te. The colours represent the designated number of bars or flats.

85U017 SUOWILLOD BAITeR1D 3[qedtdde ayy Aq peusenob afe sajoile YO ‘88N Jo Sa|ni 104 Areiqi8UIUO AB[IAA UO (SUOTIPUOD-PpUR-SULRY/LI0D A8 | 1M Aleiq 1 Ul |UO//:SANY) SUORIPUOD pue SWie 1 8y} 89S *[9202/20/70] o Ariqiauliuo 8|1 ‘elelueiyo0D Aq 020, ds8/Z00T OT/I0P/L00 8] iM Aleid  ul|uo//:Sdny wouy pepeo|umod ‘ST ‘SZ0Z ‘LE86960T



LARONNE ET AL.

212 | \wWiLEY-TE3TE

FIGURE 8 Example of the changes in the
channel bed during the study period: (A) flat
in the original channel bed (T_,); (B) after
mixing the channel bed (Ty); (C) channel bed
after the second flood event (T,); (D) channel
bed after the fifth flood event; (E) channel
bed after the seventh flood event; and

(F) channel bed after the tenth flood event.
Flow is left to right.

homogeneous, finer-grained surface (Figure 9B, To). Subsequently,
finer-grained particles were deposited (Figure 9C, D). The outcome, at
least during the run of observations, was a well-defined bar formed
upstream of a flat (Figure 9E, F).

5 | DISCUSSION

While allowing for the random placement of the survey staff in
relation to surface clasts during each survey, the post-treatment long-
profile and that established at the conclusion of the study are
remarkably similar in general elevation (Figure 6). This we judge to be
testimony to the fact that any bedform restoration was a result of

selective sediment transport and deposition and that progressive,

differential consolidation of the bed material during the period of
observation was not significant and can be ruled out as a factor affect-
ing the long-profile.

Indeed, a close inspection of the sequential images of the bed
(Figures 8 and 9) reveals detail that is pertinent to the role of sediment
transport as the primary restoration process. A glance at the image of
the treated sediment surface shown in Figure 8B suggests that the
general orientation of the a-axis of individual coarse clasts of cobble
size, which have an axial ratio b/a generally < 0.5 is disorganized.
Some of these clasts lie with their a-axes athwart the streamlines
whilst others are sub-parallel. In fact, an analysis shows that, after arti-
ficial homogenization of the bed material, the orientations of these
clasts ranges over 180 degrees, diverging from the longitudinal axis of
the channel by up to = 90 degrees, with only 16% aligned within *
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FIGURE 9 Example of the changes in the
channel bed during the study period: (A) bar
in the original channel bed (T_,); (B) after
mixing the channel bed (Ty); (C) channel bed
after the second flood event (T,); (D) channel
bed after the fifth flood event; (E) channel
bed after the seventh flood event; and

(F) channel bed after the tenth flood event.
Flow is left to right.

FIGURE 10 The location of macroforms:
T_4 pre-treatment bed material; To bed
material homogenization; T, through Ty
subsequent successive flow events. The
non-stippled zones of this spatio-temporal
diagram have textural character transitional
between bars and flats.
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FIGURE 11 The original aggregated length of flats in the Yatir
study reach (T_4), their disappearance upon homogenizing the bed
(To) and their gradual re-establishment after each successive flood
(T4 through To).

10 degrees. However, after flood events 1 (Q, stage = 0.53 m) and
2 (Q, stage = 0.23 m), the a-axes of these clasts are almost all ori-
entated stream-wise (Figure 8C). This change is complete by the
end of the observation period and an examination of Figure 8F
shows that, after the 10th flash flood, all such clasts lie within +
10 degrees of the primary streamline. Were shear stresses only mar-
ginally capable of moving these larger clasts, one might expect their
a-axes to lie orthogonal to the streamline (Johansson, 1963). The
fact that they align with the flow indicates that stresses and, hence,
bedload flux (largely consisting of smaller clasts) were large, consis-
tent both with previous studies of flux in the same channel (Reid,
Powell, et al., 1995) and with the demonstration in neighbouring
Nahal Eshtemoa that equal mobility of clasts of all sizes is achieved
at sub-bankfull stage during flash floods in these upland ephemeral
rivers (Powell et al., 2001).

The location of the two type-macroforms appears to depend, at
least in part, on local hydraulic geometry, and, most obviously, to co-
vary with channel width: bars are predominantly associated with nar-
row sections while flats occur where the channel is wider (Powell
et al., 2012; cf. Nelson et al., 2015). Interestingly, when compared
with the study reach average (1.71 m), the width of the Yatir channel
is narrower (1.37 m) in the 55-85 m segment. It is, therefore, no sur-
prise that an elongate bar existed in this segment prior to bed
reworking and that bars tended to reform in this segment after the
first post-treatment flow event (Figure 10). Such narrower segments
of the channel are often where ‘obstacle clasts’ or ‘keystones’ tend
to occur, trapping coarser clasts (Curran, 2012; Lamarre & Roy, 2008;
Reid et al., 1992; Zimmerman & Church, 2001).

Though macroform topography and texture were destroyed by
artificially mixing the bed material, it is evident that even the first flow
event induced some flats to begin to re-form, occupying, at this stage,
5% of the study reach, but that they continued to grow through suc-
cessive events until, at survey Ty, the length of channel occupied
(27%) matched that of the undisturbed original (24%; Figure 11). As
time progressed, the disposition of each type-bedform appeared to
bear an increasing similarity with that of the natural, undisturbed bed
(T_4, Figure 10). However, self-evidently, the spatial pattern at the
end of our observations (Ty) is not identical. It is likely that the process

of restoration was incomplete by Ty, and perhaps this should not be

surprising. After all, the spasmodic runoff regime of this semi-arid
environment meant that the duration of flow in excess of the thresh-
old of bedload motion was only about 50 hours in two years, 0.3% of
the period of our observations.

A mechanism of grain size segregation is key to understanding
the formation and existence of alternating bar-flat macroforms, and
we develop this in our companion paper (Massera et al., 2025).

6 | CONCLUSIONS

The bed material in a straight reach of a coarse-grained natural chan-
nel was thoroughly mixed to a depth of 0.5 m. In its undisturbed state,
it had exhibited alternating, channel-wide bars and flats, a bedform
pattern that is typical of upland, ephemeral, gravel-bed rivers. The
treatment obliterated the macroforms in terms of both texture - and
thus bedform-scale roughness - and longitudinal slope. The reach was
then monitored over two years using repeated SfM photography and
total station surveys to assess the impact of successive flash floods
and to gauge whether the macroforms re-formed and, if so, where
and at what rate.

Our conclusions are that the macroforms begin to re-establish
even after a few moderate flow events, facilitated by the high bedload
flux that has previously been shown to be characteristic of upland
ephemeral streams. Small patches of finer-grained flats appeared to
be formed immediately by the first, post-treatment, flow event.
Coarser-grained bars tended to re-establish in narrower segments of
the channel and flats in wider segments, the overall pattern bearing
resemblance to the original, undisturbed channel bed. The longitudinal
slopes of the re-forming bars were greater than or equal to the aver-
age reach slope, whereas those of emerging flats were significantly
less and, in places, negative, mimicking the original, undisturbed bed.
It is apparent that the driver of both the formation and maintenance
of alternating bar-flat sequences is contingent on bedload transport, a
link which we develop as an integral element of a numerical model in

a companion paper (Massera et al., 2025).
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