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Stream periphytons are candidate ecosystem engineers in proglacial margins. Here,
we quantify the extent to which they are engineers for the case of hillslope-fed tribu-
taries in the terrace zones of proglacial margin alluvial plains. Candidate ecosystem
engineering effects relate to periphyton-driven changes in (1) vertical infiltration of
water, which in turn could aid plant colonization and hence local surface stabilization,
and (2) near-bed hydraulics, notably near-bed turbulence properties. We ran two
flume experiments in parallel in the proglacial margin of the Otemma glacier
(Switzerland), reproducing the environmental conditions found in terrace streams. In
both experiments, we followed periphyton development on initially bare sediments
for 28 days. Then, whilst the experiment continued undisturbed in one flume, in the
second and over a further 26 days, we introduced disturbances in the form of desic-
cation events. Throughout the entire experiment length, we collected imagery for
close-range SfM-MVS photogrammetry, data on vertical infiltration, and near-bed
hydraulics. The experiments showed that periphyton development significantly chan-
ged the streambed properties. First, periphyton development over the timescale of a
few days reduced bed roughness and clogged the benthic interstitial space, reducing
water infiltration. These effects were insensitive to the disturbance regime. Second,
the changes in streambed roughness modified the near-bed turbulent structures, and
this resulted in a reduction of bursting events and in the modification of the turbu-
lent kinetic energy at the near-bed layer. The latter, however, appeared to be less
important in these environments as compared with the impacts on infiltration. Given
the low water retaining capacity of glacial sediments, the observation that periphyton
can reduce vertical infiltration explains wider observations of their importance in gla-
cial floodplains where vegetation succession is critically constrained by water avail-
ability. The relatively reduced impacts on near-bed turbulence also contribute to
explaining why disturbance in proglacial margin streams remains a key limit on eco-

logical succession.
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1 | INTRODUCTION

Stream periphytons are implicated in multiple ecosystem processes
such as carbon fluxes and nutrient uptake/recycling (Battin
et al., 2016; Battin, Kaplan, Denis Newbold, & Hansen, 2003).
Recently, they have been included as ecosystem engineers
(Gerbersdorf, Manz, & Paterson, 2008; Gerbersdorf et al., 2009;
Roncoroni et al., 2019). Periphytons are thought to have three broad
potential engineering impacts. First, they may stabilize sediments
by increasing the critical bed shear stress T,. required for sediment
movement (Fang et al., 2014; Gerbersdorf, Jancke, et al., 2008;
Gerbersdorf et al., 2009; Le Hir et al., 2007; Neumeier et al., 2006;
Pivato et al., 2019; Thom et al., 2015; Vignaga et al., 2013). The
secretion of extracellular polymeric substances (EPS) leads to physical
binding of and/or molecular electrochemical interactions between
substrate grains (Dade et al., 1990; Grant & Gust, 1987; Tolhurst
et al., 2002). This effect appears to be particle-size dependent, more
effective for finer grains (Statzner et al., 1999) and a function of both
seasonality (Amos et al, 2004; Pivato et al, 2019; Schmidt
et al.,, 2016; Thom et al., 2015; Widdows et al., 2000), and periphyton
growth history (Mariotti & Fagherazzi, 2012).

Second, periphytons may modify near bed hydrodynamics
through their effects on the micromorphology of the river bed surface
(Fang et al., 2014; Kazemifar et al., 2021; Nikora et al., 1997, 2002).
Periphyton development may decrease (Labiod et al., 2007) or
increase (Nikora et al., 1997; Piqué et al., 2016) bed roughness, but
also decrease porosity by filling particle pores (Kazemifar et al., 2021).
Such phenomena could ultimately dampen, in the case of reduced
roughness and porosity, or enhance, in the case of increased rough-
ness, near-bed Reynolds shear stresses (Breugem et al, 2006;
Kazemifar et al, 2021; Suga et al, 2010). Decomposition of the
Reynolds shear stress into turbulence quadrants (i.e., outward interac-
tions, ejections, inward interactions, and sweeps) (Nelson et al., 1995)
may be important because bursting processes, and particularly sweep
and ejection events, play an active role in sediment entrainment and
transport (Bennett & Best, 1995; Dwivedi et al., 2011; Keylock
et al, 2014; Mianaei & Keshavarzi, 2010; Paiement-Paradis
et al, 2011; Thorne et al, 1989; Wu & Jiang, 2007). Periphyton
development may either attenuate or enhance such processes and so
impact particle movement and river-bed stability.

Changes in critical bed shear stress and turbulence intensity may
impact biostabilization. It appears that biostabilization is more effi-
cient in marine/tidal environments (Flemming & Wingender, 2010;
Gerbersdorf & Wieprecht, 2015; Spears et al., 2008). This is partly
due to the chemistry of seawater, which aids cohesive processes but
also due to finer sediment. Biostabilization has been documented in
rivers (Schmidt et al., 2016; Thom et al., 2015), but the coarser sedi-
ment composition may limit periphyton contributions. To date, it has
not been investigated extensively in proglacial margin streams.

The third engineering impact may occur in parallel to bio-
stabilization. By binding particles with EPS and filling particle pores,
periphyton  may interstices  (Battin &
Sengschmitt, 1999; Gette-Bouvarot et al., 2014). Bed clogging
reduces hyporheic exchanges between the sediment surface and
sub-surface interface (Ibisch & Borchardt, 2002). The result is reduced

vertical hydraulic conductivity of the sediments and hence reduced

clog  streambed

vertical water infiltration (Caruso et al., 2017; Cunningham

et al,, 1991; Gette-Bouvarot et al., 2014; Ragusa et al., 1994; Thullner
et al., 2002). This process may be particularly important in proglacial
margins as glacial sediments are commonly well drained (Burga
et al., 2010; Cooper, 1923; Matthews, 1992; Viles, 2012). Recent
work (Miller & Lane, 2019; Roncoroni et al., 2019) has argued that
periphyton may trigger a positive feedback in which their develop-
ment promotes surface water retention so that pioneer vegetation
can have a benefit.

As yet, there are no quantitative studies on the combined effects
of periphyton development on biostabilization and infiltration in
proglacial margins, despite reviews that suggest its potential impor-
tance (Miller & Lane, 2019; Roncoroni et al., 2019). We fill this gap by
running a set of outdoor flume experiments that reproduce the condi-
tions found in stable proglacial margins where biofilms can develop
(Roncoroni et al., 2023). We test the following hypotheses. First, the
streambed surficial morphology evolves in response to periphyton
development. Grains are rapidly coated by biomass, the benthic inter-
stices filled, and the bed roughness reduced (H1a). If disturbances are
introduced, we hypothesize that the bed tends to return to a
precolonized situation, thus rougher (H1b). Second, the changes in
bed roughness modify the turbulent structures in the near-bed layer,
and the bursting events and the turbulent kinetic energy are likely
reduced (H2a). The introduction of disturbances should change the
near-bed hydraulics, as a response to the changes in bed roughness
(H2b). Third, by filling streambed interstices, periphyton development
reduces water vertical infiltration so that more water can be
maintained more readily at the surface (H3a). However, we hypothe-
size that when disturbances are introduced, the periphyton effect on
infiltration is partly cancelled (H3b) and this is due to the changes in
bed morphology induced by the dry conditions.

2 | METHODS

21 | Flume and experiment setups

In order to consider periphyton development in the geographical set-
ting of a natural proglacial margin, we installed two parallel flumes
(Figure 1a, FA and FB) in the vicinity of the forefield of the Otemma
Glacier (45°56'04.9"N 7°24'46.1"E). We designed the flumes to
mimic the hydraulic and environmental conditions of the tributaries
found on the Otemma floodplain (Roncoroni et al., 2023). In the
experiments, we wanted to reproduce conditions of water transpar-
ency, hydrological and thermal stability, depth, grain-size, natural light-
ing, and slope. For the first part of the experiment, both flumes were
run with identical conditions to assess reproducibility. They diverged
for the second part of the experiment when disturbances were intro-
duced into FA. Such disturbances were in the form of drying events
that are recognized as being the primary disturbance type occurring in
terrace channels during the glacial melt-season (Roncoroni
et al, 2023). The experiment lasted in full for 54 days from July
14 (JD195) to September 6 (JD249) 2021. In experiment FA after
28 days of constant discharge, we introduced disturbances comprising
the following: (1) a single day of dry conditions, followed by 2 days of
submergence; (2) 2 days of dry conditions, followed by 3 days of sub-
mergence; (3) 3 days of dry conditions, followed by 6 days of submer-

gence; and (4) 7 days of dry conditions, followed by 2 days of
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FIGURE 1 Flume experiment setup. (a) Aerial
image of the flume setup; (b) top-view; (c) lateral
view, and zoom of the buried aluminium pipes;
(d) weir view; (e) ADV sampling locations; (f) ADV
measurement domain.
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submergence. The duration of disturbances attempted to reproduce
the findings of Roncoroni et al. (2023). In experiment FB, no distur-
bance was introduced.

The flume structure and components were built in the field. We
connected a tank (~1000 L) to a hillslope tributary and filled this tank
solely by gravity. The tank had two security pipes (Figure 1b,c)
intended to allow excess water to leave the tank at a given elevation
above the flumes and therefore maintain a constant hydraulic head
through time. At the bottom of the tank we connected a T-shape pipe
with two adjustable valves (one per flume; Figure 1a-c). The water
was discharged into two attenuation tanks (Figure 1c), which reduced
water turbulence at the flume entrances. Water entered two trapezoi-
dal flumes made of polyvinyl chloride (PVC) and sustained by wooded
supports and a metal scaffold. Additionally, each flume exterior was
equipped with 10 wooden ground control points (GCPs) (Figure 1a)
for photogrammetric purposes.

The flumes were 4 m long and 0.3 m wide at the bottom
(Figure 1b,c). Longitudinally in each flume there were three sections.
The first was 1 m long and aimed to allow for flow adaptation to the
channels. The second was 2 m long and had a PVC base that was
7 cm lower than the first section to create a sediment chamber. We

packed the bed of each chamber with clean sediment sieved at 0.8-

1.6 cm (following Wolman pebble counts performed on terrace
surfaces) to a thickness of 7 cm. At the end of each chamber, three
buried aluminium pipes (@ 7 mm) collected water after vertical infiltra-
tion through the sediments for measuring the evolution in infiltration.
These pipes had 1-mm mesh covers to prevent infiltration of sediment
that could clog the pipes. The pipes were checked at the end of the
experiment, and no sedimentation was found. The third section was
1 m long and intended to avoid flow recirculation over the sediments
due to the weirs at the downstream end of each flume (Figure 1d).
The weir allowed water depth to be constant at ~11.5 cm through
time in each flume. The chosen depth attempted to approximate the
different depths found in the tributary channels. The discharge in each
flume was ~2 L/s. The overall slope of the flumes was set to 0°. An
overview of the experiment initial conditions is presented in Table 1.
The resultant flow depth and negligible slope was typical of the

tributary-draining terrace channels in this environment.

2.2 | Moadification of the flume beds

We produced a photogrammetric dataset of the flumes at the experi-

ment timescale with the aim of understanding both the response of
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TABLE 1 |Initial experiment conditions for both FA and FB.

Flow rate (L/s) ~2
Horizontal mean velocity (m/s) 0.05
Mean depth (m) 0.115
Bottom width (m) 0.3
Slope (°) 0
Reynolds number Re 4056.5
Froude number Fr 0.045

Grainsize range (cm) 0.8-1.6

the bed to periphyton development (H1a) and the morphological
response after the introduction of disturbances (H1b). To do so, we
collected daily images of the flumes with a DSLR Sony Alpha 7 Ill cam-
era equipped with a Sigma Art 50-mm F1.8 lens. In addition, we mea-
sured the absolute position of 20 GCPs (10 per flume; see Figure 1a)
with a differential GPS Trimble R10. The GCPs allowed orientation of
the photogrammetric products into a real world coordinate system
(i.e., CH1903 LV03) and reduced systematic deformations in DEMs
(Butler et al., 2002; Chandler et al., 2001; James et al., 2017, 2020;
Leduc et al., 2019). The images were processed in Agisoft Metashape
(v. 1.5.5) through rigorous Structure-from-Motion Multi-View-Stereo
(SfM-MVS) photogrammetry (James et al, 2017, 2020; James &
Robson, 2014; Westoby et al., 2012). For the purposes of this study,
we generated digital elevation models (DEMs) at spatial resolutions of
0.0005 m.

We evaluated the quality of FA and FB DEMs with a set of inde-
pendent checkpoints (n = 200 per DEM) and with respect to a rele-
vant reference DEM (JD196, for both flumes). The error analysis
revealed the presence of low-magnitude systematic deformations in
the form of doming (see James & Robson, 2014) that were modelled
and removed following Bakker and Lane (2017) and Mancini and Lane
(2020). We also corrected our DEMs for the effect of refraction at the
air-water interface (Fryer & Kniest, 1985; Westaway et al., 2000,
2001) by means of a bathymetric correction following Westaway
et al. (2000, 2001). We then re-evaluated the quality of our corrected
DEMs and discarded those that still had abnormally high mean errors
and/or standard deviations of errors after both corrections. We there-
fore discarded five DEMs for FA (JD204, JD209, JD215, JD218, and
JD231) and 10 for FB (JD199, JD204, JD206, JD207, JD215, JD220,
JD223, JD232, JD233, and JD238) and omitted their use in further
analysis to increase the robustness of our results. The retained DEMs
(33 for FA; 29 for FB) were finally detrended to remove planar
bedforms using a linear polynomial surface fit (Bertin et al., 2017). A
detailed explanation of the photogrammetric processing and post-
processing is provided in Supporting Information S1.

We then estimated the bed roughness by calculating the standard
deviation of bed elevations (Aberle & Smart, 2003; Smart et al., 2004).
To do so, we used a moving window of 100 pixels (i.e., 0.0025 m?)
that was designed to be about two to four times the mean grain diam-
eter and to pick up changes in surface roughness at the scale of small
grain clusters. For each DEM (i.e., date), we then averaged the win-
dowed standard deviations to obtain the mean roughness at the sedi-
ment chamber scale. Finally, we investigated the filling of benthic
interstices by quantifying the elevation lows, considering the 90th
percentile and the 85th and 95th percentile range of DEMs.

23 |
analysis

Hydraulic data collection, processing and

We investigated the evolution of the near-bed 3D flow velocities of
FA and FB with the aim of understanding both how the biotic modifi-
cation of the bed altered the near-bed turbulent structures (H2a) and
how these are then modified by the introduction of disturbances
(H2b). For this purpose, we tracked the hydraulics of FA for 12 dates
(from JD197 to JD238), and FB for 13 dates (from JD197 to JD245).
We collected the 3D flow velocities with an Acoustic Doppler Velo-
cimeter (ADV), the Nortek Vectrino (VCN9421), supported by a sliding
aluminium structure that allowed us to relocate the ADV precisely
within the flumes. We sampled the 3D velocities of 45 points
(Figure 1e), and we did this for the near-bed layer at 1 cm from the
flume bottom (Figure 1f). The sampling points were divided in three
parallel lines (15 points each), located at the centre of the sediment
chamber and sufficiently away from the flume walls to avoid wall
hydraulic interference (Figure 1e). The number of sampling locations
aimed to capture most of the spatial variability in 3D velocities due to
periphyton morphology. Each sampling point was measured for 60 s
at a sampling rate of 25 Hz, and the sampling of each flume took in
full approximately 70 to 80 min to be completed. During this time-
frame, the hydraulic head was constantly monitored to avoid changes
in discharge and hence in temporal modifications of the 3D velocities
collected with the ADV. The data were stored in .dat format and sub-
sequently treated and analysed in Matlab (R2021b).

The raw 3D velocities were analysed for possible noise in our
time-series that could have led to inflated estimates of turbulence
parameters (Cea et al., 2007; Nikora & Goring, 1998). Visual observa-
tion suggested the presence of occasional spikes, which were subse-
quently removed by applying the methods of Goring and Nikora
(2002) and Cea et al. (2007). As we were interested in quantifying tur-
bulent kinetic energy and the turbulent Reynolds stress tensor, we did
not interpolate the missing values or replaced them with zeros (fol-
lowing Cea et al., 2007). Once spikes were removed, we estimated
how noise was propagated into both variance (i.e., tv, tw, and vw)
and covariance (i.e., u2, v2, and w2) estimates following Thomas et al.
(2017). This step was necessary as the variance estimates were used
to calculate the total turbulent kinetic energy and the variance and
covariance estimates to calculate the turbulent Reynolds stress ten-
sor. A detailed explanation of noise removal from our time-series is
provided in Supporting Information S2.

Subsequently, we extracted the Reynolds stress tensor,
determined the turbulent kinetic energy, and undertook a quadrant
analysis from each ADV time-series. The Reynolds stress tensor was

defined as

urz u'v u'w
P V2 viw (1)
w2

We defined w' by taking the average of the two vertical compo-

nents w, then removing the mean to get w'. The turbulent kinetic
energy, k, was defined as

k:%(u?+v7+ﬁ) 2)

5U8217 sUOWIWIOD aAIea1) a|geatdde sy Aq pausenob ale sa e YO ‘8sn Jo Sa[nJ 10y Akeiq1auluQ 43I\ UO (SUO1IPUOD-pUR-SWIS) WD A | 1M Afelq 1 jBul|uo//:Sdny) SUORIPUOD pue sWi | 8y 88S *[£202/0T/70] U ARiqiTauluQ A1 ‘Buuesne] nog Aq ZT/.S'dss/200T 0T/I0p/Wod A |1m Azeld 1jpuljuo//:sdny wouy papeojumoq ‘0 ‘Z£86960T



RONCORONI T AL

We finally undertook a quadrant analysis aimed at characterizing
the evolution of the bursting processes in response to periphyton
development. Here, the focus was given to ejection and sweep

events, defined as

Ejections [vj, <0] n[w’ >0]N [|viw'| > Hoyhow] 3)

Sweeps [/ > 0]N[w <0]N [|v,w'| > Hoynow]
where vy, is the horizontal velocity and H is the multiplier used to
define significant events, taken here as 1 (Nezu & Nakagawa, 1993).
For our flume conditions, we determined a single component of hori-
zontal velocity from (u? +v2)0'5, calculated v/j, from v, — v, and omit-
ted to consider the two horizontal components of velocity (u and v)
separately in an octant analysis (e.g., Keylock et al., 2014).

As the focus of our work was to quantify the long-term-evolution
ecosystem engineering impacts of periphyton development, we pre-
sent these data in the same way as the streambed evolution experi-
ments, focusing on their evolution through time at the scale of the

experimental channels rather than the within-channel spatial patterns.

24 | Infiltration measurements

We investigated the modification in water vertical infiltration follow-
ing periphyton development (H3a) and in response to disturbances
(H3b) by collecting the water flowing out of the flumes from the bur-
ied aluminium pipes (Figure 1c). We measured the volume of water
every day at 8:00 am for FA (except when the flume was dry), and at
8:15 am for FB. For both flumes, we recorded the time to fill a
500-mL bottle, weighed the content with a high precision scale, and
repeated the procedure 10 times to reduce measuring bias. The daily

infiltration rate was obtained by averaging the 10 measures.

2.5 | Statistical testing

We performed statistical testing to check for significant results. We
checked for normal distributions in our data at an Alpha level of 0.05
by means of the Shapiro-Wilk test. The test reported both normal
and non-normal distributions (Supporting Information S3), and there-
fore we made use of nonparametric tests to avoid violating test
assumptions and being consistent within our analysis.

We compared our results in two ways. First, we checked for sig-
nificant differences in our results by means of the Kruskal-Wallis test.
We divided the results into two groups (i.e., before and after the
introduction of disturbances) and analysed the median values (for
roughness, ejection and sweep events, and TKE), the 90th percentiles
(for the elevation lows), or the mean values (for the infiltration). This
had the objectives of (i) providing meaningful information on experi-
ment replicability before the introduction of disturbances and
(i) finding significant differences after the introduction of distur-
bances (i.e., significant impacts).

Second, we tested for significant monotonic increases/decreases
or conversely phases without an upward or downward trend in the
parameters being analysed during the experiments by means of the
Mann-Kendall test, and we did this per groups (i.e., before and after

the introduction of disturbances in FA) and per parameter at the

experiment timescale (i.e., from the beginning to the end of the exper-
iment). As per the Kruskal-Wallis test, we analysed either the median
values (for roughness, ejection and sweep events, and TKE), the 90th
percentiles (for the elevation lows), or the mean values (for the infil-
tration). In both the Kruskal-Wallis and Mann-Kendall tests, the sig-
nificance of the results was defined by an alpha value of 0.05.

3 | RESULTS

3.1 | Madification of the streambed

Periphyton rapidly developed and covered the streambed of FA and
FB (Figures 2 and 3). As we hypothesized (H1a), the median roughness
lengths (Figures 2a and 3a) significantly (Mann-Kendall: p < 0.05)
decreased by ~79% in FA (JD196: +0c=0.014m; JD223:
+0 =0.003 m) and by ~71% in FB (D196: +o = 0.017 m; JD222:
+0 = 0.005 m) between the beginning of the experiment (JD195) and
the introduction of disturbances (i.e., JD224). In both cases, we noted
that the median roughness lengths substantially decreased until
JD210. During this first part of the experiment, both flumes did not
show significant differences in the median roughness lengths (Kruskal-
Wallis: p > 0.05), suggesting similar evolutions in bed roughness.

We did not find a significant (Mann-Kendall: p > 0.05) increase in
the 90th percentile of the elevation lows in FA and FB between
JD195 and JD223, although visual inspection of our results suggested
that in the first 5 to 6 days the interstices were filled by biomass
(Figures 2b and 3b). In statistical terms, these results were therefore
in partial disagreement with our hypothesis (H1a). After this initial
phase of bed modification and until and the introduction of distur-
bances (i.e., JD224), the elevation lows somehow fluctuated, and this
might have explained the absence of a significant trend. Furthermore,
we could not exclude differential noise in our data, which again might
have explained the absence of a significant trend. As per the rough-
ness lengths, during this first phase (i.e., before the disturbances) the
elevation lows in FA and FB did not differ significantly (Kruskal-Wal-
lis: p > 0.05), suggesting similar evolutions in the way periphyton cov-
ered the flume beds.

In disagreement with what we hypothesized (H1b), the roughness
lengths of FA after the introduction of disturbances remained at a
quasi-steady value (Omean = 0.003, £0 = 0 m) without any significant
upward trend (Mann-Kendall: p > 0.05). There were two outliers to
this quasi-steady state, JD238 (+0=0.009m) and JD239
(to = 0.006 m), which had greater median roughness lengths. These
exceptions might be related to localized detachments of periphyton
(see the upstream part of FA at JD239; Figure 2d), or to fluctuations
of the periphyton mat at the time of image acquisition. We cannot
exclude differences in DEM noise. The quasi-steady pattern of FA
was similar in FB (Figure 3a; Oynean = 0.003, +o = 0 m), although our
results suggested that FB experienced low magnitude fluctuations in
bed roughness, and these likely related to the detachment of localized
periphyton patches and the formation of holes on the periphyton car-
pet from JD224 onwards (Figure 5d). During the second part of the
experiment, we did not find significant differences in the median
roughness lengths of FA and FB (Kruskal-Wallis: p > 0.05), suggesting
that the introduction of disturbances had little influence on the rough-

ness lengths of FA.
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In this second phase, the 90th percentiles of the elevation lows of
FA (Figure 2b) were quasi-steady at ~2453.73 m (o = 0.002 m), and
no significant downward trend was noted (Mann-Kendall: p > 0.05)
suggesting biomass removal was not detected. As per the roughness
lengths, this result disagreed with our initial hypothesis (H1b). There
was an exception; JD238 (90th percentile = 2453.69 m) experienced
a drop that might be explained by some localized detachments or by
the fluctuations of the periphyton mat. As per FA, the interstices of
FB (Figure 3b) experienced a phase of quasi-steadiness and remained
at a level of ~2453.76 m (o = 0.001 m). Although the elevation lows
were quasi-steady in both flumes, we found significant differences
(Kruskal-Wallis: p < 0.05) in the 90th percentile of the lows of FA and
FB, suggesting the potential impact of the disturbances, differences in
periphyton morphology, or because of differential noise.

In summary, at the experiment timescale (i.e., from the beginning
to the end of the experiment), our results suggested the following pat-
terns. The median roughness lengths decreased significantly (Mann-
Kendall: p <0.05) in both flumes; by ~86% in FA (JD196:
+0 = 0.014 m; JD249: +0 = 0.002 m) and by ~82% in FB (D196:
+0 = 0.017 m; JD249: +0 = 0.003 m). The 90th percentile of the ele-
vation lows increased significantly (Mann-Kendall: p < 0.05) in both
flumes; by ~0.003% in FA (JD216: 2453.66 m, +to = 0.03 m; JD249:

245373 m, *0=0.002m) and by ~0.004% in FB (JD216:
2453.66 m, +g = 0.04 m; JD249: 2453.7598 m, +0 = 0.004 m). These
results further highlighted the disagreement with our
hypothesis (H1b), illustrating that the bed of FA did not return to a

precolonization level.

initial

3.2 | Infiltration rates
As hypothesized (H3a), the infiltration rate was reduced in both
flumes (Figures 2c and 3c) between the beginning of the experiment
and JD223. In FA, the infiltration was significantly (Mann-Kendall:
p < 0.05) reduced by ~88% between JD196 (0.17 L/s) and JD223
(0.02 L/s). Similarly, the rate in FB was reduced by ~84% between
JD196 (0.19 L/s) and JD223 (0.03 L/s), and this reduction was also
found to be significant (Mann-Kendall: p < 0.05). During this first part
of the experiments, the evolution in infiltration of FA and FB did not
significantly differ (Kruskal-Wallis: p > 0.05), suggesting a co-
evolution in the way the infiltration was reduced in both flumes.

In disagreement with our hypothesis (H3b), the infiltration in FA
did not return to a precolonized level (no significant upward trend
detected; Mann-Kendall: p > 0.05),

and appeared to remain
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introduction of disturbances
+0=0 L/s).

suggested that disturbances might have had a slight impact on the

after  the
(meaninﬁltration =0.04 L/S,

quasi-steady
However, our results
infiltration rate (Figure 2c). In fact, we noted that after 1 day of dry
conditions (JD225, 0.03 L/s), the infiltration increased by ~50% com-
pared to JD223 (0.02 L/s), although it still remained ~82% less than
the beginning of the experiment. Similarly, after 2 days of dry condi-
tions (JD231, 0.4 L/s), the infiltration increased by ~33% as compared
to JD227 (0.03 L/s), but was still ~76% less as compared to JD196
(0.17 L/s). After 3 days of dry conditions (JD236, 0.03 L/s), the infil-
tration did not experience any increase as compared to JD232
(0.03 L/s), while it increased by ~33% between JD239 (0.03 L/s) and
JD249 (0.04 L/s). Within this same period, the infiltration rate of FB
was also quasi-steady (meaniqfiiration = 0.03 L/s, +0 = 0 L/s), however
we noted an increase of infiltration rate from JD232 (0.02 L/s) to
JD238 (0.04 L/s). This increment might be explained by some detach-
ments of some localized periphyton patches, and this was partly con-
sistent with the slight increase in bed roughness (Figure 3a).

The infiltration rates of FA and FB did not show significant differ-
ences (Kruskal-Wallis: p > 0.05) during the second phase of the
experiment, thus suggesting that the introduction of disturbances had

little influence on the infiltration of FA; although we found some

evidence of the impact of disturbances in FA. This was further demon-
strated by the overall significant (Mann-Kendall: p < 0.05) reduction
in the infiltration rate, which dropped by ~76% from JD196 (0.17 L/s)
and JD249 (0.4 L/s) in FA and by ~84% from JD196 (0.19 L/s) to
JD249 (0.038 L/s) in FB. Our results suggested that the infiltration
reduction related to the progressive filling of the interstices (FA:
Pearson’s correlation —0.58, p < 0.01; FB: Pearson’s correlation
—0.55, p < 0.01) and to the reduction of roughness (FA: Pearson’s cor-
relation 0.76, p < 0.01; FB: Pearson’s correlation 0.85, p < 0.01).

3.3 | Hydraulics

Although the development of periphyton modified the roughness in
both flumes, the evolution of the turbulent structures was somehow
contrasting. In disagreement with our hypothesis (H2a), we did not
find a significant (Mann-Kendall: p > 0.05) reduction in the median
percentage of ejection and sweep events in FA (Figure 4a) between
JD195 and JD223, although we noted a slight reduction of ~3% from
JD197 (64%) to JD223 (62%) in their median occurrence. In contrast
and in agreement with H2a, in FB (Figure 5a) we the median percent-

age of ejections and sweeps was significantly reduced (Mann-Kendall:
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FIGURE 4 FA hydraulics. (a) Percentage of ejection and sweep events at the near-bed layer. (b) Turbulent kinetic energy TKE (m?s~2).
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FIGURE 5 FB hydraulics. (a) Percentage of ejection and sweep events at the near-bed layer. (b) Turbulent kinetic energy TKE (m?s~2).

p < 0.05) by 6% (JD197: 65%; JD223: 61%). Surprisingly, we did not
find significant differences (Kruskal-Wallis: p > 0.05) in the median
occurrence of ejections and sweeps between the flumes, suggesting a
similar response of the near-bed layers and this regardless of the dif-
ferences in decrease significance.

In agreement with H2a, our results suggested that the median
TKE of FA (Figure 4b) was significantly (Mann-Kendall: p < 0.05)
reduced by ~61% from JD197 (1.21 * 107* m?%s™?) to JD223
(4.78 * 107> m?s2). On the other hand and in disagreement with
H2a, we did not find a significant (Mann-Kendall: p > 0.05) negative
trend in the median TKE for FB, although it dropped by ~47% from
JD197 (1.41 * 10~* m?s™?) to JD223 (7.53 * 107> m?s~2). These dis-
similarities were reflected in trends that were significantly different
(Kruskal-Wallis: p < 0.05), suggesting that the TKE evolved differently
in the flumes, and this may have reflected differences in the periphy-
ton morphologies.

The introduction of disturbances (from JD224 onwards) appeared

to increase the occurrence of ejection and sweep events in FA

(Figure 4a), but only when desiccation was for longer than 1 day. In
this sense, we noted an increase between JD226 (54%) and JD230
(59%) and one more important between JD230 and JD236 (66%). The
latter resulted in a percentage of ejection and sweep events greater
than at the beginning of the experiment. However, after the introduc-
tion of disturbances, and regardless of those localised increases, we
did not find a significant upward trend (Mann-Kendall: p < 0.05) in
the occurrence of ejections and sweeps. Within this same period, the
median percentage of ejection and sweep events in FB (Figure 5a) did
not show significant (Mann-Kendall: p < 0.05) increases or decreases,
even though we reported a slight drop of 2%. Although we found evi-
dence of localised impacts, the median occurrence of ejection and
sweep events between the flumes did not differ significantly
(Kruskal-Wallis: p > 0.05) between the flumes, and this further
suggested that the impact was only marginal as opposed to what we
hypothesized (H2b).

Our results showed that the TKE of FA experienced an abrupt
increase of ~222% after the introduction of the first disturbance, that
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is, between JD223 (478 * 10° m% %) and JD226
(1.54 * 10~* m2s~2). This increase was followed by a slight decrease
in ejection or sweep events (Figure 4a), hence an increase in inward or
outward interactions. Then, our results did not suggest any other sig-
nificant (Mann-Kendall: p > 0.05) modification in the evolution of
TKE. Within this same period, visual inspection of our results
(Figure 5b) suggested an apparent increase in the median TKE of FB,
which however was not found statistically significant (Mann-Kendall:
p > 0.05). The different evolutions in the median TKE were reflected
in significant differences between the two trends (Kruskal-Wallis:
p < 0.05), identifying the potential role of disturbances in modifying
the TKE of FA (H2b).

At the experiment timescale, we did not find a significant (Mann-
Kendall: p > 0.05) decrease of the median occurrence of ejections and
sweeps in FA. However, the absence of a significant reduction must
be contextualized. The drop was of ~17% between JD197 (64%) and
JD238 (53%), with a likelihood of being significant of 94% (Mann-
Kendall: p = 0.06) that leaves the possibility that the decrease had
some significance for the processes being investigated here. In FB, the
median occurrence of ejections and sweeps was significantly (Mann-
Kendall: p < 0.05) reduced by ~11% from JD197 (65%) and JD245
(58%). Finally, the median TKE of FA was significantly (Mann-Kendall:
p < 0.05) reduced by ~96% from JD197 (1.21 * 10™* m%~3?) to
JD238 (4.60 * 10~¢ m?s~2), whereas the TKE of FB was significantly
increased (Mann-Kendall: p <0.05) by ~76% from JD197
(1.41* 107" m?s~?) to JD245 (2.48 * 10~* m?s7?).

4 | DISCUSSION

4.1 | Potential sources of errors
Flume experiments have been extensively used to investigate stream
periphyton dynamics (e.g., Battin, Kaplan, Denis Newbold, &
Hansen, 2003; Battin, Kaplan, Newbold, et al., 2003; Hondzo &
Wang, 2002; Kazemifar et al., 2021; Mulholland et al., 1994; Nikora
et al,, 1997, 1998). Here, we decided to use photogrammetry to eval-
uate how the flume beds evolved in response to periphyton growth,
and how this evolution modified the near-bed structures and the infil-
tration rate, primarily by modifying the surface roughness due to the
biotic filling of the surficial interstices. Thus, it was necessary to
acquire DEMs free of systematic and random errors (Butler
et al., 1998; James et al., 2020) in order to provide reliable and accu-
rate estimates of the changes in surface roughness. Different strate-
gies have been proposed to do this. In this sense, a careful image
acquisition design, a dense network of GCPs, and a good quality cam-
era are expected in high-quality and high-precision photogrammetric
studies (e.g., Butler et al., 2002; Chandler et al, 2001; James
et al., 2017, 2020; Kasprak et al., 2015; Lane et al., 2001; Leduc
et al., 2019; Morgan et al., 2017; O'Connor et al., 2017). In addition,
when attempting to reconstruct submerged surfaces via photogram-
metry the effect of refraction at the air-water interface must be
corrected (Fryer & Kniest, 1985; Westaway et al., 2000, 2001), which
is known to produce erroneous bed elevations and hence roughness
underestimates (Butler et al., 2002).

Here, we used a good quality camera and a dense network of

GCPs, but the use of standardized image acquisition geometries was

made impossible by the logistical complexity of our flume experiment,
and the short windows of image capture (i.e., to ensure homogenous
light conditions and avoid flume-wall related shadows). As such, our
DEMs were impacted by both random and systematic errors. We suc-
cessfully removed the systematic deformations, but some random
errors still affected the quality of our DEMs although their magnitude
was considered acceptable (see Supporting Information S1). We then
corrected for the effect of refraction at the air-water interface, pro-
ducing DEMs with low mean errors but with a tendency to inflate the
random ones (see Supporting Information S1) presumably due to
the undulation of the water surface.

Recognizing the potential presence of errors in DEMs is impor-
tant in a study that attempts to analyse changes that can occur at mil-
limetric scales. As we anticipated in Section 3.1, our estimates of the
roughness, and particularly of the elevation lows, might have been
impacted by such errors, leading to potential overestimates or under-
estimates of the parameters being analysed, and in turn in potentially
inaccurate trend detection. Unfortunately, the data collected,
processed, and presented here did not allow exploration of the sensi-
tivity of our results to periphyton growth, and thus how these errors
might have contributed to the overestimation or underestimation of
the processes. That said, however, we argue that our results were
coherent with the processes being investigated, and thus they cap-
tured them correctly in gross terms.

4.2 | Modification of the streambed and the near-
bed hydraulics by periphyton

In this paper, we investigated how periphyton modify streambed
properties and the near-bed hydraulics of tributary channels. We also
attempted to understand if and how the introduction of disturbances
in the form of short drying events (following Roncoroni et al., 2023)
impacted the biogenic bed properties returning them to
precolonization levels. We presented the results as follow: we
analysed the evolution of the streambed and the near-bed hydraulics
of both flumes before and after the introduction of disturbances in
FA, but also at the experimental timescale (i.e., for the entire length of
the experiment).

In the first part of the experiment (from JD195 to JD223), the
periphyton development was very rapid in our flumes, and this had
the consequence of modifying the beds (Figures 2 and 3). As expected
(H1a), the roughness in both flumes was significantly reduced in this
initial phase (Figures 2a and 3a). This finding agreed with some previ-
ous research (Fang et al, 2017; Godillot et al, 2001; Labiod
et al., 2007), but disagreed with others (Nikora et al., 1997, 1998) who
found rougher beds after the development of periphyton. The
decreased in roughness was hypothesized to be related to the pro-
gressive filling of the surficial interstices (here referred as elevation
lows), but in disagreement with H1a we did not find a significant filling
in this first phase. However, visual inspection of our results
(Figures 2b and 3b) suggested that the interstices were filled by bio-
mass in the first 5 to 6 days. This is consistent with research in other
environments (Cunningham et al., 1991), and the absence of a signifi-
cant increase of the lows likely related to noise in our data.

The bed of FA, exposed to drying events from JD224 to JD249,

was expected to return to levels of roughness and elevation lows
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FIGURE 6 (a) Periphyton active, producing air bubbles through
photosynthesis in FA (JD223); (b) Periphyton mat just after water was
removed (JD224).

similar to those prior to the colonization of periphyton after drying
(H1b). Surprisingly, our results demonstrated that the roughness of FA
did not return to a precolonized level suggesting that the bed mor-
phology was likely preserved regardless of the wet-dry cycles. This
finding was also supported by the absence of significant differences in
the median roughness lengths between FA and FB. Indeed whilst FA
was exposed to drying, both flumes experienced a phase of quasi
steadiness in which the roughness experienced low magnitude fluctu-
ations. The latter were likely related to the detachment and regrowth
of localized periphyton patches (see Figure 3d). However, we cannot
exclude that these fluctuations were also a consequence of the buoy-
ant nature of the periphyton due to the presence of air bubbles
(Godillot et al., 2001; Labiod et al., 2007), and as suggested in
Figure 6a. Similarly to roughness, the elevation lows of FA remained
quasi-steady and did not return to levels similar to those of the start
of the experiment on JD196, although we found significant differ-
ences in the lows of FA and FB. Thus, drying likely did not cause a
return to preperiphyton conditions, but it did induce differences to
conditions that remained inundated, related to changes in periphyton
morphology, in differential noise, or to the introduction of distur-
bances in FA, and particularly to detachment of biomass in FA that
occurred on JD238 (Figure 3b,d). The detachment likely originated fol-
lowing the 3-day dry conditions, and it was tracked as a sudden
roughness increase, but we note that it was rapidly compensated
thereafter.

At the experimental timescale (from JD195 to JD249), our results
demonstrated that periphyton modified both flume beds, by reducing
significantly the roughness and by raising significantly the lows
(i.e., biomass filling). These findings further corroborated our initial
hypothesis (H1a), even if the biomass that developed was markedly
resilient and causing us to reject the hypotheses that disturbance
would cause a return to preperiphyton conditions (H1b). Furthermore,
these results demonstrated that although we were not able to find a
significant increase in the lows of FA and FB during the initial phase
(from JD195 to JD223), a significant increase was found by analysing
the process at the experiment timescale. The filling likely happens
over a long timescale and is associated with progressive biomass
accumulation.

As we hypothesized (H3a), the infiltration of FA and FB was
reduced significantly during the first part of the experiment (from
JD195 to JD223), and the results reported here agreed with previous

work in terms of both process duration and infiltration rate
(Cunningham et al., 1991; Orr et al., 2009; Ragusa et al., 1994). Fol-
lowing our results, it is clear that this reduction related to the clogging
of the interstices, consistent with other studies (Battin &
Sengschmitt, 1999; Caruso et al., 2017; Cunningham et al., 1991;
Gette-Bouvarot et al, 2014; Ibisch & Borchardt, 2002; Orr
et al., 2009; Thullner et al., 2002; Zhao et al., 2009). As with rough-
ness and elevations lows, our hypothesis H3b was rejected since we
did not find a significant difference between the infiltration of FA and
FB when FA was subject to drying events. This suggested that the
introduction of desiccation had little influence on the overall infiltra-
tion of FA, clearly because the biogenic bed preserved its
morphology.

However, we noted that the infiltration rates in FA were typically
and temporarily higher the day after the disturbance ended (+50%
after 1 day, +33% after 2 days, 0% after 3 days, and +33% after
7 days), although this increase was suddenly followed by a new
decrease. These patterns likely reflect the presence of millimetric
holes in the mat surface of the dried periphyton mat that originated
from escape of air bubbles encapsulated within the mat before the
disturbance (Figure 6). Given that photosynthesis may stop during
desiccation the associated holes likely lead to preferential infiltration
paths. When inundation recommences, the sudden decrease in infil-
tration suggests that the organisms composing the mat survived des-
iccation and returned to being photosynthetically active. This happens
at a timescale of only hours after re-submergence. This trend was
found consistent with previous studies, notably in a similarly dry envi-
ronment in Antarctica (Hawes & Howard-Williams, 1998; McKnight
et al., 2007). It highlighted a concomitant process that we did not
explore in this study. If the photosynthesis generated micro holes in
the mat depend on the photosynthesis activity (i.e., light conditions vs
dark conditions), it is possible that infiltration fluctuated daily, being
lower when the periphyton continuously produced bubbles that filled
the bubble-related micro holes (i.e., during the day time).

At the experimental timescale (from JD195 to JD249), the infiltra-
tion rates of FA and FB were both significantly reduced, by ~76% in
FA and ~84% in FB, and this was related to the filling of the inter-
stices and the decrease in surface roughness. At the experimental
timescale, our hypothesis H3a that biofilm significantly reduce infiltra-
tion was confirmed for both flumes, but H3b was rejected because
we could not find a significant impact of the dry-wet cycles. That said,
however, the difference (8%) between the final infiltration rates may
suggest that the disturbances produced a bed (FA) with a slightly
lower capacity in retaining the water at the surface.

We hypothesized (H2a) that the decrease in bed roughness would
have reduced the occurrence of ejections and sweeps and the turbu-
lent kinetic energy (Figures 4 and 5). Although the roughness of both
flumes was reduced (Figures 2a and 3a) in the first part of the experi-
ment (JD195 to JD223), our results did not show a significant
decrease in ejection and sweep events in FA, although we found a sig-
nificant decrease in FB. In this initial phase, we reported a significant
reduction of TKE in FA, but this was not found in FB.

We then hypothesized (H2b) that the introduction of distur-
bances (from JD224) would have changed the near-bed layer in
response of the modification in surface roughness. We effectively
found that desiccation events longer than 1 day resulted in an

increase in ejections and sweeps. Surprisingly, such increases did not
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match any real increase in bed roughness (Figure 2a) at least at the
data resolution we obtained here. In addition, we did not find signifi-
cant differences between the median percentage of sweeps and ejec-
tions of FA and FB, suggesting that the influence of disturbances was
only marginal and punctual. In disagreement with H2b, the TKE of FA
did not show a significant decrease or increase after the introduction
of disturbances, but we noted an abrupt modification on JD226
(i.e., after the introduction of the first disturbance). The increase was
of ~222%, and reflected in the ejection and sweep events being
slightly decreased compared to JD223 and then again increased in
JD230. This u-shaped trend between JD223 and JD230 might have
suggested a more important contribution of inward and outward
interactions on JD226, which are commonly the rarest events but
which are recognized as being important as well (Nelson et al., 1995;
Paiement-Paradis et al., 2011). This increase in TKE may have been
related to a slight increase in roughness (Figure 2a) between JD224
(dry bed) and JD226 (re-submerged bed). Within this same period, the
percentage of ejection and sweep events in FB was steady, which
may reflect the fact that the roughness was also steady during the
same period. As with FA, the TKE in FB did not show a significant
increase or decrease, although visual inspection (Figure 5b) suggested
an apparent increase.

A more interesting view of the modification of the near-bed layer
was provided by its analysis at the experiment timescale. First, we
found that the occurrence of ejections and sweeps in FB was signifi-
cantly reduced by ~11% from JD197 to JD245. We did not find a sig-
nificant decrease in FA at an alpha level of 0.05, but the reported
p value (0.06) and the drop of ~17% between JD197 and JD238 likely
suggested the presence of a negative trend, and therefore we might
accept that ejection and sweep events were also decreased in
FA. These findings agreed with our initial hypothesis (H2a) that the
decrease in surface roughness would have reduced the occurrence of
ejection and sweep events, as found by Reidenbach et al. (2010) and
Kazemifar et al. (2021). This is relevant because sediment entrainment
may be more likely in the presence of more ejections and sweeps
(Bennett & Best, 1995; Dwivedi et al., 2011; Keylock et al., 2014),
independently of changes in the shear stress (Shvidchenko &
Pender, 2001). The findings highlighted therefore that periphyton led
to beds less prone to ejection and sweep events that could entrain
sediment particles, and this regardless of the introduction of distur-
bances (H2b).

Second, in disagreement with our initial hypothesis (H2a) but also
with other research (Fang et al., 2017), we found that the TKE of FB
tended to increase at the experiment timescale. This increase likely
related to roughness and particularly to its fluctuations caused by
cycles of detachment and regrowth of periphyton (i.e., increase or
decrease in roughness) and the formation of holes and cracks in the
mat (Figure 3d). The detachment processes occurred in conditions of
stability (e.g., shear stress), and thus presumably related to episodes
of self-detachment after the peak biomass was attainted (Biggs, 1996)
or because of the feeding activity of macrozoobenthos (Lamberti
et al., 1987). In contrast, and in agreement with H2a, we found that
the TKE of FA was significantly reduced from JD195 to JD238. Natu-
rally, this finding was in disagreement with H2b that expected an
increase in TKE after the introduction of disturbances. We could
explain this tendency by the lower susceptibility to roughness fluctua-

tions compared to FB (compare Figure 2a with Figure 3a), which in

turn could be explained by the lower probability of having biomass
peak-related self-detachment events due to periodic desiccation

events.

4.3 | Implications for ecosystem engineering
Periphyton development has been proposed as promoting primary
succession in recently de-glaciated floodplains (Miller & Lane, 2019;
Roncoroni et al., 2019). These authors hypothesized the formation of
an impermeable layer at the sediment surface that reduced vertical
infiltration of water, so maintaining standing water, and reduced sus-
ceptibility of sediment to erosion. Roncoroni et al. (2023) followed
periphyton development over an entire melt season and showed that
permanent periphyton development is limited to tributaries that flow
over the most stable surfaces of glacial floodplains (i.e., terraces) due
to high rates of stream erosion and deposition elsewhere but that it
could also develop in secondary channels in the active zones of a
braid plain, but where the high probability disturbance means this is
rarely permanent. Terrace tributaries are commonly fed by snowmelt
or ground water (Malard et al., 1999; Mdller et al, 2022; Ward
et al.,, 1999) and are substantially less harsh as compared to glacially
fed channels (Boix Canadell et al., 2021). Our findings confirm that
the Miller and Lane (2019) and Roncoroni et al. (2019) hypothesis
that periphyton development can reduce infiltration does indeed hold.
The speed with which it happens (Figures 2c and 3c) suggested that
the onset of ecosystem engineering is extremely rapid. The experi-
ments also show that the reduction in infiltration associated with
periphyton development is not reset by wet-dry cycles. These
changes have two major interrelated implications. First, periphyton
development could be important in glacial floodplains as these are
commonly well-drained with limited water retention (Burga
et al., 2010; Cooper, 1923; Matthews, 1992; Viles, 2012). In theory
this results in a more sustainable water supply to pioneer vegetation
(Figure 7). Second, and however, the ecological engineering effect of
periphyton in terms of infiltration is restricted to floodplain terraces
as elsewhere disturbance rates are too high (Roncoroni et al., 2023).
In the active braid plain, whilst periphyton can develop quickly in sec-
ondary channels where there is water, these rarely escape perturba-
tion for long enough for primary plant colonization. Other zones
within the active braidplain, further from secondary channels, are too
dry to support periphyton development. The ecological engineering
effect of periphyton-induced infiltration in terms of long-term vegeta-
tion succession following de-glaciation is then linked to a reduction in
the intensity of fluvial reworking of the stream bed which destroys
periphyton (Roncoroni et al., 2023).

It might be thought that biofilm and periphyton development
could have a second ecosystem engineering effect via impacts on
near-bed hydraulics, as has been shown for marine/tidal environments
(Flemming & Wingender, 2010; Gerbersdorf & Wieprecht, 2015;
Spears et al., 2008) and fine sediment fluvial environments (Schmidt
et al., 2016; Thom et al., 2015). In the case studied here, we found
that development of periphyton modifies the near-bed turbulent layer
by reducing the occurrence of ejections and sweeps, so likely sedi-
ment entrainment. However, the effects are relatively small, and we
hypothesize that in glacial environments it is likely insufficient to lead

to significant biostabilization and reflected in the fact that periphyton
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FIGURE 7 Image of a tributary flowing across a terrace upstream
of the flume experiments showing a periphyton mat retaining
tributary derived water at the surface and encouraging local plant
colonization.

survival in the active zone of braidplains is limited (Roncoroni
et al., 2023). Periphyton have little effects on sediment entrainment
per se in this environment, although they likely have important effects
in reducing the detachment of periphyton patches. This may be a pos-
itive feedback by promoting infiltration rate reduction even if periphy-

ton remain sensitive to morphodynamic induced disturbance.

5 | CONCLUSIONS

The modification of the streambed surface and hydraulic properties
due to colonization of periphyton in proglacial margins was investi-
gated with a set of outdoor flumes, and the combination of DEM and
near-bed hydraulic analysis. We can draw the following main conclu-
sions. First, the development of periphyton effectively filled the ben-
thic interstices, and as a result reduced local bed roughness (H1a).
Contrary to our hypothesis (H1b), the introduction of disturbances,
here in the form of nonpermanent desiccation had limited effects on
the biogenic bed, which preserved its predisturbance morphology.
Second, the development of periphyton modified near-bed coherent
structures. As hypothesized (H2a), the occurrence of ejection and
sweep events was reduced, and this was particularly clear for the
flume that was not disturbed by desiccation. Contrary to our
hypothesis (H2b), the introduction of disturbances appeared to have
little impact on the near-bed layer. Third, the filling of the sediment
interstices clogged the streambed, and this had the result of reducing
the rate at which water infiltrated into the sediment matrix (H3a). The
introduction of disturbances might be expected to partly remove this
feedback (H3b), but again our findings suggested that the desiccation
events had only a little effect, with the undisturbed and disturbed

flumes both maintaining low infiltration rates once periphyton had

developed throughout the full experiment. Thus, periphyton had a
clear and distinctive ecological engineering effect through the reduc-
tion of infiltration and this was resilient to the desiccation events
introduced here. This effect was realized after just a few days of inun-
dation by clear water suggesting the effect was rapid. What limits the
spatial extent to which this ecosystem engineering effect can drive
vegetation succession is morphodynamic activity in the active braid
plain. Therein, the zones with access to the water needed for periphy-
ton development are also those where the risk of morphodynamic dis-
turbance is greatest. This limits periphyton-driven vegetation
succession in proglacial margins at least until morphodynamic
reworking slows, likely related to changing glacier water and sediment
supply.

Our experiments were a logistical challenge, and we recognized
the possible sources of bias related to the complexity of running out-
door flume experiments in such an extreme environment (i.e., the for-
efield of an Alpine glacier at 2400 m a.s.l.). We also acknowledged
that our findings may have reflected site-specific (e.g., water tempera-
ture and light conditions) and design-specific (e.g., grain size and flume
slope) conditions that are difficult to replicate in other laboratory or
outdoor studies. For these reasons, we call for new investigations that
address the topic with different initial conditions and analytical
approaches.
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