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HIGHLIGHTS

Unsaturated river sediments below the surface and above the groundwater are unexplored.

We developed and deployed novel tube traps to study subsurface arthropod assemblages.
Abundant and diverse arthropods used the entire unsaturated zone down to 1.1 m depth.

We hypothesize on possible functions of this zone for arthropod population dynamics.
Unsaturated sediments are likely the most extensive albeit neglected habitat along braided rivers.
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important functions for arthropods’ population dynamics. Across a 200 m-wide gravel
bar at the Tagliamento River (Italy), we investigated the abundance, taxon richness, and
composition of arthropods at varying sediment depth (0, 0.1, 0.6 and 1.1 m), distance
from the channel (1, 5, 20, and 60-100 m), and time of the year (February-November).
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Gravel-bed river We used conventional pitfall traps and novel tube traps to sample surface and subsurface
Refugium sediments comparably. Although abundance and diversity hotspots were located at the
Tagliamento River sediment surface at the edge of the gravel bar, the subsurface sediments supported an

abundant arthropod fauna with similar richness to the sediment surface. We demonstrate

that arthropods inhabit unsaturated sediments throughout the year, and speculate on the

zone's role as refugium and/or partial habitat. To ensure the future of this dynamic and

diverse habitat we urge science, conservation, and management to include it in future

programmes.
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1. Introduction

Over the past two centuries braided, gravel-bed river floodplains became among the most threatened ecosystems
worldwide, experiencing a major decline in biodiversity caused by habitat alteration, flow and flood control, invasion by
exotic species, and pollution (Caruso, 2006; Habersack and Piegay, 2008; Tockner and Stanford, 2002). Naturally, braided
gravel-bed rivers feature a dynamic mosaic of aquatic and terrestrial habitats (Tockner and Stanford, 2002). The most
extensive habitat along braided rivers is composed of extensive patches of poorly vegetated gravel, usually exposed to the
air (aka exposed riverine sediments, ERS; Bates et al., 2009). Due to fluctuations in discharge, the area of these exposed
sediments expands and contracts. However, some sediments are exposed for most of the time up to flows approaching
bank-full. The harsh disturbance regime along gravel-bed rivers means that exposed sediments are characterized by high
turnover rates, low primary productivity and large temperature fluctuations (Bates et al., 2009; Langhans et al., 2008). Along
the Tagliamento River (NE Italy), for instance, summer temperature at exposed sediment surfaces can vary from 10 °C in the
night to more than 40 °C during the day (Tonolla et al., 2010).

The physical extremes mean that arthropods occupying exposed riverine sediments tend to be highly specialized and rare
(Andersen and Hansson, 2005; Bates et al., 2009). In the UK, for example, 489 beetle species were found at 69 ERS sites, 81
species of which (17%) had conservation status (i.e. vulnerable, rare or nationally scarce, defined after Hyman, 1992, 1994;
Sadler et al., 2004). Since exposed sediments sit within a mosaic of riverine habitats, which foster a high beta and gamma
diversity on these gravel surfaces, they are hotspots of biodiversity (Andersen and Hansson, 2005; Datry et al., 2014; Naiman
et al., 1993; Ward, 1998). Along the Tagliamento River, bare and vegetated exposed sediments provided habitat for more
than 1000 beetle species, almost half of which had a high fidelity to rivers (Kahlen, 2003, 2009).

Despite the importance of gravel-bed rivers in general, and exposed riverine sediments in particular, the ecology of the
unsaturated layers below the surface but above the groundwater has remained almost totally unstudied to date. We are
aware of only a single preliminary study that has focused on this habitat explicitly. Dieterich (1996) exposed sediment
cages within a gravel bar of the Isar River in Germany and discovered a diverse invertebrate assemblage comprising both
aquatic (Oligochaeta, Diptera and Trichoptera larvae) and terrestrial (Acari, Staphylinidae, Carabidae) groups. Arthropods
may actively use unsaturated sediments to shelter from harsh environmental conditions. Ambient temperature, for instance,
can drop from 46 °C on the surface to 30 °C within the first 12 cm of the sediment (Tonolla et al., 2010). When there are
no alternative means of escape or avoidance, some arthropods can survive inundation within the sediment refugium for
hours or days (Andersen, 1968; Hammond, 1998). As the volume of the unsaturated sediments expands and contracts with
changing water level, their use may be limited to highly mobile arthropods that are able to respond to rapidly changing
conditions. The unsaturated sediments are thus an important part of the overall habitat of arthropods found on/in riverine
gravels. Knowledge of all the essential partial habitats riparian arthropods depend on is important for understanding
population dynamics and informing science-based management and conservation.

Extensive layers of unsaturated sediments are a key feature of braided gravel-bed rivers. Along the Tagliamento River
in Italy, for example, the 38.7 km? of sediments exposed at base flow are associated with approximately 58 x 10° m? of
unsaturated sediments, if we assume their average depth to be 1.5 m. Hence, even if only parts of the unsaturated sediments
are accessible to arthropods, this is likely the most extensive habitat along braided rivers, and thus of great importance for
arthropod population dynamics and ecosystem processes.

Most sampling of riparian arthropods relies on surface hand searching methods and pitfall trapping (Corti et al., 2013;
Sadler et al., 2004), which collect sub-surface arthropods relatively poorly. To address this methodological limitation, we
designed a comparative field study using conventional pitfall traps on the sediment surface, and novel tube traps deployed
within the sediment to study surface and subsurface arthropod assemblages concurrently. We hypothesize that unsaturated
sediments are key habitats for arthropods, and that they use them depending on (i) depth, (ii) the location across the gravel
bar, and (iii) time of the year. Based on our findings, we discuss the functional importance of the unsaturated sediments for
riparian arthropod population dynamics.

2. Material and methods
2.1. Study area

The Tagliamento River is one of the last near-natural river corridors in the European Alps (Tockner et al., 2003). It
originates in the southern fringe of the Alps (Italy), and flows south to the Adriatic Sea with very little channel or flow
manipulation. The braided middle reach, which we studied, contains a spatially complex and temporally dynamic habitat
mosaic dominated by extensive gravel bars, which are separated by river channels and vegetated islands (Petts et al., 2000),
and fringed by a ribbon of intact riparian forest (Fig. 1(a)). These channels can fall dry at the surface during low flow
conditions, exposing large areas of riverine sediments (Doering et al., 2007). Discharge peaks usually occur in spring and
autumn, although flow/flood pulses and dry spells may occur at any time of the year (Tockner et al., 2003, Tab. 1).

We selected a four ha large gravel bar (46°12'6.10” N, 12°58'7.99” E; maximum length = 0.37 km; maximum width
= 0.24 km), which was bordered on the left side by a 20 m-wide channel, and on the right bank by a small side channel
(width < 5 m) and the riparian forest (Fig. 1(a)). Sediments on the gravel bar consisted of gravel and pebble (Tockner et al.,
2003) with patches of sand along the side channel (Tab. S1, Appendix A).
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Fig. 1. The island-braided reach of the Tagliamento River (sampled gravel bar encircled, river flow from right to left; (a), aerial view of the three transects
across the gravel bar (b), a schematic cross-section of a transect (c), tube traps used to collect arthropods in the unsaturated sediments (d), and pitfall traps
used to collect arthropods on the sediment surface (e). We show outer and inner tube segments separately for illustration purposes.

2.2. Transects and trapping of arthropods

We sampled arthropods at the sediment surface (0 m), and at three depths within the sediment (0.1, 0.6, and 1.1 m) at
seven locations along each of three transects. The seven locations extended from one channel edge to the opposite edge
close to the riparian forest at 1, 5, and 20 m from the main channel’s edge, in the middle of the gravel bar (approx. 60-100
m from both channel edges, respectively), and 20, 5 and 1 m from the side channel’s edge (Fig. 1(b), (c)). Transects were
installed at 60 m distance to minimize dependency effects.

We used two trapping methods: (i) Tube traps (modified after Dieterich, 1996) for quantifying the density of arthropods
in the unsaturated sediments (Fig. 1(d)), and (ii) conventional pitfall traps to collect arthropods at the sediment surface
(e.g. Corti et al., 2013) (Fig. 1(e)). Each tube trap consisted of an outer plastic tube (inner @ = 15 cm) with square, trellised
holes (20 cm x 12 cm, mesh size = 1 cm), and enclosed inner tube segments (outer @ = 15 cm) with each consisting of
a place holder with two opposite openings (20 x 12 cm) and a sampling device composed of a white funnel attached to
a white plastic bottle (250 ml, 70% ethanol). We adjusted the length of the trap and therewith the number of inner tube
segments (one to three) to the level of the groundwater table, which changed along the sampling transects (Fig. 1(c)).

Pitfall traps measure activity density rather than true abundance (Baars, 1979; Luff, 1975), but are considered an efficient
standard sampling method in terrestrial ecology (Spence and Niemela, 1994). Tube traps similarly measure activity density
in the unsaturated sediments, as they rely on the movement activity of arthropods to lead to capture. Therefore, both trap
types are efficient for capturing active arthropods like beetles, but not for defining the whole arthropod fauna.

At each of the seven sampling locations along each transect, we installed tube traps and pitfall traps in pairs (Fig. 1(c))
four months before the experiment to diminish disturbance effects on the fauna.
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Fig. 2. Rarefaction curves for pitfall traps (sediment surface) and tube traps (unsaturated sediments) scaled to the number of occurrences. The dotted lines
indicate the 95% CI (tube trap samples: N = 319; pitfall trap samples: N = 210).

2.3. Sampling scheme and arthropod identification

Each month from February 2005 until November 2005, pitfall traps were exposed for approximately one week (mean
exposure duration + SD: 7.6 days + 1.17) and tube traps for approximately two weeks (13.5 days + 2.55). The tube traps
were exposed for longer time periods to compensate for the expected lower abundances in the unsaturated sediments. To
avoid flooding of the traps, sampling duration differed among months.

Samples were sieved through a 100 pm-mesh screen in the laboratory, and the retained arthropods were sorted to the
level of order, subclass, or subphylum (Tab. S2, Appendix A) and counted. For the purpose of our study — the exploration
of the unsaturated zone as a potential habitat for riparian arthropods — a coarse taxonomic resolution was considered
appropriate (Beattie and Oliver, 1994).

2.4. Data analyses

To calculate an index of arthropod density, catch data (individuals) were converted to units, based on the area of the
opening of each trap type and the exposure time (i.e., N m~2 day~!, hereafter called arthropod abundance). The area of the
opening for tube traps was the sum of the two opposite square holes (0.048 m?) (Fig. 1(d)), and for pitfall traps the circular
opening area of the funnel (0.018 m?) (Fig. 1(e)). Richness was calculated as the number of taxa per replicated location. Since
exposure duration of the two trap types differed, we computed and graphically compared the estimated total taxa richness
of the two trap types, using the mean Chao1 estimator of the EstimateS software (vers. 9.0; Colwell, 2013).

To test for similarity in sampling efficiency between pitfall and tube traps, we used rarefaction (sensu Gotelli and Colwell,
2001). We computed sample-based rarefaction curves with 95% confidence intervals (CI) (EstimateS vers. 9.0) using 100
iterations without replacement, which we rescaled to the number of occurrences (instead of number of individuals) because
datasets differed in the mean number of individuals per sample (Gotelli and Colwell, 2001). We compared the rarefaction
curves of the two methods graphically (Fig. 2) and considered them similar, since the 95% Cls overlapped (Colwell et al.,
2012; see also Corti et al., 2013, for an application). This signifies that pitfall- and tube traps feature comparable sampling
efficiency, and catches could be further analysed concurrently (Ellison et al., 2007; Gotelli and Colwell, 2001; Longino et al.,
2002). One has to keep in mind, however, that the difference in habitat permeability between the unsaturated sediments
and the sediment surface may have biased activity density in the two habitats (see discussion below).

We evaluated the effect of vertical and lateral floodplain gradients (fixed factors) on patterns of relative arthropod
abundance and richness (dependent variables) over time (random factor), applying linear mixed models (LMMs; SPSS ver.
19.0/SPSS Inc., lllinois, USA) for each dependent variable separately. We chose LMMs as they can handle correlated residual
errors (e.g., due to repeated sampling), unequal variances, unbalanced designs, and missing values; all of which were issues
in this study. Missing values occurred in February (two samples), April (two samples), and May (seven samples) when
individual traps within the sediment were flooded.

The vertical gradient consisted of four levels including the sediment surface (0 m), and 0.1, 0.6 and 1.1 m depth (Fig. 1(c)).
The lateral gradient comprised four levels, each one representing a specific distance from the channels’ edges (1, 5, 20 and
60-100 m) (Fig. 1(b), (c)). The temporal gradient spanned ten months from February to November.

Differences in relative arthropod abundance and richness among the different levels within the gradients were examined
using Bonferroni post-hoc tests. Model parameters (fixed effects and variance components) were estimated using the
restricted maximum likelihood method with a first-order, autoregressive covariance matrix that fitted our data best
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Fig. 3. Monthly changes in arthropod abundance (N m—2 day~'; a and b) and taxon richness (no. of taxa; c) at four different depths (0 = black bars and
symbols, 0.1 = open bars and symbols, 0.6 = light grey bars and symbols, and 1.1 m = dark grey bars and symbols), and at four distances across a large
gravel bar (1, 5, 20, and 60-100 m distance from the channel edges) (mean +/— SE; N = 3-6).

(determined by Akaike’s information criterion). We considered catches within sites to be independent, given the small
surface of each trap compared to the investigated area. Significance levels were set at P < 0.05.

3. Results
3.1. Arthropod abundances

At the sediment surface, arthropod abundance ranged from 205.4 + 34.7 N m2 day~! (November) to 1118.7 £
155.2 Nm~2 day~! (June) (mean £ 1SE: 638 & 37 Nm~2 day~!, N = 210), whereas in the unsaturated sediments (pooled
depths) it ranged from 19.8 + 5.3 N m~2 day~! (February) to 108.3 4 24.8 N m2 day~' (May) (mean + 1SE: 65 +
5Nm~2day~!,N = 330).

Arthropod abundance varied significantly with depth (F3 1505 = 71.6, P < 0.001), lateral distance across the gravel bar
(F3,1486 = 6.0,P = 0.001), and with time (Fg 3245 = 10.4, P < 0.001) (Fig. 3(a), (b)). Throughout the entire sampling
period, significantly more arthropods were captured from the sediment surface than the subsurface sediments (Fig. 3(a)).
In the subsurface sediments, arthropod abundance decreased with increasing depth; however, these differences were not
statistically significant (Fig. 3(b)). Across the gravel bar, abundances were significantly higher close to the channels (1 and
5 m distance) than at 20 and 60-100 m distance from channel edges (Fig. 3(a), (b)). During the ten months of the study, the
lowest abundances were recorded in November (mean & 1SE: 1014+ 18 Nm~2 day~!,N = 54), and the highest abundances
in May (mean & 1SE: 487 + 92 Nm~2 day~!, N = 54) (Fig. 3(a), (b)).

3.2. Arthropod richness

At the sediment surface, we found a total of 17 different arthropod taxa (Tab. S2, Appendix A), with the number of taxa
ranging monthly from two (February, September-November; per trap location) to 13 taxa (April) (mean + 1SE: 6.0 &+ 0.1,
N = 210)(Tab. S3a, b, Appendix A). In the unsaturated sediments, we found a total of 21 taxa (Tab. S2, Appendix A), ranging
from one taxon (February-March, September-November) to nine taxa (June, July) (mean £+ 1SE: 4.5 + 0.1, N = 330) (Tab.
S3c-1, Appendix A).
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Computing the mean Chao1l estimator revealed similar total taxa richness for aggregated subsurface samples (19; N =
330) and aggregated surface samples (24; N = 210) (Fig. 4). The large 95% CI of pitfall traps (18.9-56.4) was attributable to
three taxa (Ephemeroptera, Opiliones, Hirudinea) being represented by only one individual each (Ellison et al., 2007).

Arthropod richness varied significantly with depth (Fs 1546 = 19.5, P < 0.001), lateral distance across the gravel bar
(F3,1525 = 10.2,P < 0.001), and over time (Fs 3145 = 22.6,P < 0.001). Significantly more taxa were found at the
sediment surface than within the sediments, and significantly more taxa were found at the channel edge (1 m distance)
than at locations towards the centre of the gravel bar (Fig. 3(c)). Within the sediment, we found a similar number of taxa at
all three depths (Fig. 3(c)).

3.3. Taxa composition

The most abundant taxa found throughout the study, in decreasing order of abundance (pooled data), were: Coleoptera
(30% of total abundance), Collembola (23.1%), Araneae (20.2%), Diptera (7.2%), Dermaptera (5.3 %), Acari (5.0%), Hymenoptera
(4.4%), and Hemiptera (1.9%) (Fig. 5(a),(b)). Coleoptera were numerically the most abundant taxon on the sediment surface,
whereas Collembola were the most abundant taxon within the sediment (Fig. 5(a)). Araneae were more likely to be captured
on the surface than in the subsurface sediments. Dermaptera stayed almost exclusively on the sediment surface, and
Cyclopoida, Lepidoptera larvae, Oligochaeta and Pseudoscorpiones were only caught, albeit in small numbers, within the
sediment (Tab. S2, Appendix A). Concerning the lateral distribution of abundance, Coleoptera were numerically the most
abundant at locations along the channels, Collembola in 5 and 20 m distance from the channel edges, and Acari in the centre
of the gravel bar (60-100 m; Fig. 4(b)).

4. Discussion

We have shown that exposed riverine sediments are three-dimensional habitats that consist of the sediment surface and
the unsaturated interstitial sediments lying beneath the surface and above the groundwater table. This so far neglected but
extensive habitat hosts a diverse and abundant arthropod fauna. Although abundance and taxa richness were significantly
lower within the sediment than at the surface, arthropods used the entire unsaturated zone that we studied as a habitat,
with significant lateral gradients in density and taxa richness. Due to a considerable abundance at a depth of 1.1 m, we argue
that riparian arthropods might use even deeper sediment layers, possibly down to the sediment-groundwater interface.

The relative importance of the unsaturated sediments for arthropods could even be higher than presently estimated.
Due to the lower permeability of this zone compared to the sediment surface, we likely underestimated arthropod activity
density in the subsurface sediments compared to catches at the surface. The difference in permeability may also have
introduced a bias in tube trap samples towards smaller-bodied arthropods, similarly to the filtering effect in hyporheic
samples (Boulton et al., 2004). Indeed, the most abundant taxa on the sediment surface were Coleoptera, whereas within
the sediments Collembola outnumbered all others (Fig. 5). Further research should clarify the issues raised above as well as
the optimal exposure duration for tube traps.

We have demonstrated that increased arthropod abundance and richness close to channel edges (compared to
abundances towards the centre of the floodplain; Fig. 3), previously reported only for the sediment surface (Bates et al., 2007;
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Hering and Plachter, 1997; Paetzold et al., 2005), are transferable to the subsurface sediments. It suggests that connectivity
between channels and gravel habitats in riverine floodplains, for example through the flow of nutrients and organic matter
(Burdon and Harding, 2008), is not limited to the sediment surface and therefore more complex than assumed.

Spatial patterns in the abundance and richness of different taxa across the gravel bar were similar at the surface and in
the subsurface sediments (Figs. 3 and 4) with a few taxa being almost exclusively caught in one or the other habitat (Fig. 5).
This demonstrates that the arthropod fauna in the unsaturated sediments comprised taxa that are permanent residents
of this habitat, as well as a large proportion of taxa that are usually found at the sediment surface but can exploit both
habitats. Hence for these ‘surface’ taxa, the unsaturated sediments may represent a regularly used partial habitat as well as a
temporary refugium. It may also well be that some species of these ‘surface’ taxa are permanent residents of the unsaturated
zone or the sediment surface, respectively, and do not cross over between the surface and the subsurface sediment layers.
Such a conclusion may be supported in the future employing a finer taxonomic level than in the present study.

Based on these findings, we speculate that the role of the unsaturated sediments (see below) may be similar to the
saturated hyporheic and parafluvial zones. These zone can provide habitat for (aquatic) invertebrates down to at least 30 cm
depth below the stream bed (Boulton et al., 1991; Marchant, 1988, 1995) and far out into the floodplain alluvium (Marmonier
et al., 1992; Stanford and Ward, 1988), therewith connecting surface and groundwater vertically and horizontally. They
substantially contribute to surface biodiversity and resilience through their multiple functions as a nursery, storage, and
refuge zone, respectively (Dole-Olivier, 2011; Dole-Olivier et al., 2014).

Compared to the sediment surface, arthropod numbers remained relatively stable in the subsurface sediments through-
out the study period, confirming that the unsaturated sediments are regularly used as a partial habitat by many taxa. Individ-
ual taxa exhibited different patterns in daily activity depending on their preferred temperature and humidity preferences.
For example, many beetle species living on the surface of exposed riverine sediments are diurnal and therefore, most ac-
tive when it is warm (Thiele, 1977). For these species, the unsaturated sediments probably represent an important partial
habitat providing warmer temperatures at night-time and during cool weather conditions compared to the surface (Tonolla
et al., 2010, Tab. S1b). Other groups, such as Collembola that are less tolerant of high temperature and low humidity condi-
tions (Hopkin, 1997), presumably use the unsaturated sediments as a partial habitat during the day-time and during warm
weather conditions. Future experiments including time-sorted pitfall- and tube-trapping coupled with telemetry (Kissling
et al,, 2014) are required to study short- and long-term dispersal and migration patterns.

To escape unfavourable but relatively predictable seasonal variations in temperature and soil moisture, such as the very
low (in winter) or the very high temperatures (summer) on the sediment surface, arthropods may use the unsaturated
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sediments as a temporary refugium. While it is a common strategy of arthropods in temperate climates to avoid low winter
temperatures in the resistant egg stage (Rothenbucher and Schaefer, 2006), spiders and carabid beetles associated with
exposed sediments mostly overwinter as adults and occasionally as larvae (Andersen, 1968; Rothenbucher and Schaefer,
2006). Along the lower Oder River in Germany, for instance, 63% of spiders and 73% of carabid beetles overwintered
in sheltered, vegetated areas, and migrated onto exposed river sediments in spring (Rothenbucher and Schaefer, 2006).
However, although the whereabouts of the remaining assemblage is unknown, our data suggest that they could survive low
winter temperatures closer to the river channel, in particular within the sediments. A similar strategy has been adopted
by wetland carabid beetles in southern Sweden, which were found in winter quarters within 50 m distance from lakes
and fens (Andersen, 2011). This may be true for other taxa and/or geographical regions as well. Although many arthropods
rely on warm temperatures to be active, extreme heat can be lethal to them. For example, gravel specialists of the genus
Bembidion (Coleoptera: Carabidae) do not survive temperatures above 37-42 °C (Andersen, 1986). However, temperatures
in this range regularly occur on the surface of exposed sediments (Bates et al., 2009; Tonolla et al., 2010). Thus, such extreme
temperatures may trigger less tolerant arthropods to shelter temporarily in the subsurface sediments.

Arthropods might also use the unsaturated sediments as temporary refugium to cope with the submersion of sediment
surfaces due to seasonal variations in flow or stochastic flow and flood pulses. While adaptations to seasonal inundation
are well studied for arthropods inhabiting Central Amazonian floodplains (Adis and Junk, 2002), surprisingly little is known
about survival strategies of European arthropods. One of the few in-situ studies found that most plant- and leafhoppers along
the Oder River in Germany overwintered in the floodplain, tolerating seasonal submersion (Rothenbucher and Schaefer,
2006). The study of Kolesnikov et al. (2012) also demonstrates that beetles can survive submersion up to two weeks under
aerated conditions. Such conditions are comparable to the conditions within the sediments during surface inundation, when
interstitial pores partially filled with air persist.

To our knowledge, this is the first study demonstrating that the extensive volume of unsaturated sediments along
braided, gravel-bed rivers is an important habitat for a wide range of arthropods, most likely for various reasons. We are
convinced that this study stimulates further research in different areas: Addressing the vertical and horizontal distribution
and movement of arthropods within the unsaturated sediments, for example, will help to better understand the connection
between the surface of exposed sediments and the groundwater or the hyporheic zone, respectively. Thereby, when
considering expansion and contraction cycles, we will learn how these dynamics shape the unsaturated sediment-habitat
and affect the behaviour of the arthropods living therein. Such studies may also explain the occurrence of strictly aquatic
taxa such as Trichoptera larvae or Cyclopoida, which we have collected (in very low numbers) in the unsaturated sediments.
Finally, studying the connection between the thermal regime and arthropod activity within and on the sediment surface will
disentangle whether temperature effects occur at the daily, the seasonal and/or the taxa level.

5. Implications for conservation and management

Due to previous ignorance, anthropogenic threats to the unsaturated sediments, although manifold, have hardly been
considered when managing gravel-bed rivers. Specifically, clogging of interstitial spaces with fine sediments reduces the
habitat suitability for many species (Paetzold et al., 2008) and may prevent arthropods accessing deeper sediment layers.
Clogging can be caused by an increase in the proportion of fine sediments due to flow regulation, within-channel gravel
mining (Rinaldi et al., 2005), and/or by the winter die-back of invasive plant species that can increase the rate of bank-side
fine sediment erosion during winter (Dawson and Holland, 1999). Livestock trampling also causes sediment compaction,
which limits the availability of interstitial spaces (Bates et al., 2009). Hence we urge to include the unsaturated, interstitial
sediments of gravel-bed rivers in science, conservation, and management programmes to help ensure the future of this
dynamic and diverse habitat, and the functions it provides. Here, we provide the basis for future studies of this unexplored
habitat which, if based on a fine taxonomic level, could potentially yield to new species some of which may be identified as
threatened.
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