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Scale-dependent effects of vegetation on flow velocity and biogeochemical conditions in aquatic systems

In rivers, scale-dependent feedbacks resulting from physical habitat modifications control the lateral expansion of submerged plant patches, while the mechanisms that limit patch expansion on a longitudinal dimension remain unknown. Our objective was to investigate the effects of patch length on physical habitat modification (i.e., flow velocity, sediment grain size distribution), the consequences for biogeochemical conditions (i.e., accumulation/depletion of nutrients, microbial respiration), and for individual plants (i.e.,

shoot length). We measured all of these parameters along natural patches of increasing length. These measurements were performed at two sites that differed in mean flow velocity, sediment grain size, and trophic level. The results showed a significant effect of patch length on organic matter content and nutrient concentrations in interstitial water. For the shortest patches sampled, all of these parameters had similar values to those measured at the upstream control position. For longer patches, organic matter content and orthophosphate and ammonium concentrations increased within the patch compared to the upstream bare sediment, whereas nitrate concentrations decreased, suggesting changes in vertical water exchanges and an increase in anaerobic microbial activities. Furthermore, plant height was related to patch length by a quadratic pattern, probably due reduced hydrodynamic stress occurring for increasing patch length, combined with conditions that are less favourable for plants over a threshold length, possibly due to the light limitation or to the high concentration of ammonium that in the concentration range we measured may be toxic for plants. The threshold lengths over which patches influence the nutrient concentrations were reduced for the site with higher nutrient levels. We demonstrated that the plant-induced modifications of the physical habitat exert important effects on biogeochemical conditions, with possible consequences for patch dynamics and ecosystem functioning.
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Introduction

Physical ecosystem engineers are organisms able to physically modify the abiotic environment, inducing effects for other species or feedbacks for themselves [START_REF] Jones | Organisms as ecosystem engineers[END_REF]1997). The interaction between the ecosystem engineer and the environment may result in net positive feedback (e.g., stress alleviation or increased availability of resources) or negative feedback (e.g., stress aggravation or reduced availability of resources; [START_REF] Jones | Positive and negative effects of organisms as physical ecosystem engineers[END_REF][START_REF] Hastings | Ecosystem engineering in space and time[END_REF]. When feedbacks are positive at short distances and negative at long distances (i.e., scale-dependent feedbacks), engineering may lead to the formation of regular patterns (or patchiness, [START_REF] Rietkerk | Regular pattern formation in real ecosystems[END_REF], as observed, for instance, in bushy vegetation in arid ecosystems [START_REF] Klausmeier | Regular and irregular patterns in semiarid vegetation[END_REF][START_REF] Barbier | Self-organized vegetation patterning as a fingerprint of climate and human impact on semi-arid ecosystems[END_REF], tussock vegetation in intertidal wetlands (van de [START_REF] Van De Koppel | Scale-dependent inhibition drives regular tussock spacing in a freshwater marsh[END_REF], and, recently, submerged aquatic vegetation in rivers [START_REF] Schoelynck | Selforganised patchiness and scale-dependent bio-geomorphic feedbacks in aquatic river vegetation[END_REF][START_REF] Cornacchia | Landscapes of facilitation: how self-organized patchiness of aquatic macrophytes promotes diversity in streams[END_REF]. In streams, submerged plants typically grow in patches (Fig. 1; [START_REF] Sand-Jensen | Patch dynamics of the stream macrophyte, Callitriche cophocarpa[END_REF] and affect ecosystem processes [START_REF] Carpenter | Effects of submerged macrophytes on ecosystem processes[END_REF]) by modifying flows and sediment dynamics [START_REF] Wharton | Macrophytes and suspension-feeding invertebrates modify flows and fine sediments in the Frome and Piddle catchments, Dorset (UK)[END_REF][START_REF] Folkard | Biophysical interactions in fragmented marine canopies: Fundamental processes, consequences, and upscaling[END_REF]. Patches are porous structures through which flow can partially pass, but with a reduced velocity relative to the upstream conditions [START_REF] Sand-Jensen | Streamlining of plant patches in streams[END_REF][START_REF] Folkard | Vegetated flows in their environmental context: a review[END_REF][START_REF] Vandenbruwaene | Flow interaction with dynamic vegetation patches: Implications for biogeomorphic evolution of a tidal landscape[END_REF][START_REF] Nepf | Hydrodynamics of vegetated channels[END_REF][START_REF] Marjoribanks | Patch-scale representation of vegetation within hydraulic models[END_REF][START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF], which causes the flow to deflect and accelerate above and next to the canopy, locally increasing water velocity and turbulence at the edges of the patch [START_REF] Sand-Jensen | Fine-scale patterns of water velocity within macrophyte patches in streams[END_REF][START_REF] Sand-Jensen | Streamlining of plant patches in streams[END_REF][START_REF] Sukhodolov | Case study: effect of submerged aquatic plants on turbulence structure in a lowland river[END_REF][START_REF] Folkard | Biophysical interactions in fragmented marine canopies: Fundamental processes, consequences, and upscaling[END_REF]. As a result, inside plant patches, the potential for resuspension and erosion is reduced (Sand-Jensen, 1998;[START_REF] Schulz | The influence of macrophytes on sedimentation and nutrient retention in the lower River Spree (Germany)[END_REF][START_REF] Hendriks | Effects of seagrasses and algae of the Caulerpa family on hydrodynamics and particle-trapping rates[END_REF], and fine sediment tends to accumulate compared to bare areas (Cotton et al., 2005;[START_REF] Biggs | Interactions between aquatic vegetation, hydraulics and fine sediment: A case study in the Halswell River, New Zealand[END_REF], whereas flow acceleration next to the patch contributes to particle entrainment and transport (Sand-Jensen, 1998;[START_REF] Schoelynck | Submerged macrophytes avoiding a negative feedback in reaction to hydrodynamic stress[END_REF]. As a consequence, plant growth and thus patch expansion could be locally enhanced inside or immediately downstream of a patch due to reduced hydrodynamic stress, a lower risk of mechanical damage for plants (breakage, uprooting) and accumulation of fine particles [START_REF] Wharton | Macrophytes and suspension-feeding invertebrates modify flows and fine sediments in the Frome and Piddle catchments, Dorset (UK)[END_REF][START_REF] Jones | The relationship between fine sediment and macrophytes in rivers[END_REF][START_REF] Biggs | Interactions between aquatic vegetation, hydraulics and fine sediment: A case study in the Halswell River, New Zealand[END_REF][START_REF] Reitsema | Environmental control of macrophyte traits and interactions with metabolism and hydromorphology in a groundwater-fed river[END_REF], which in turn increases nitrogen and phosphorus concentrations (Sand-Jensen, 1998;[START_REF] Clarke | Sediment nutrient characteristics and aquatic macrophytes in lowland English rivers[END_REF][START_REF] Sanders | In situ application of the 15 NO3 isotope pairing technique to measure denitrification in sediments at the surface water-groundwater interface[END_REF][START_REF] Schoelynck | The trapping of organic matter within plant patches in the channels of the Okavango Delta: a matter of quality[END_REF] and enhances nutrient availability for plants. Reciprocally, plant growth and thus patch expansion could be inhibited next to the patch due to higher hydrodynamic stress and coarser sediment, leading to the formation of regular patterns (Sand-Jensen, 1998;[START_REF] Schoelynck | Selforganised patchiness and scale-dependent bio-geomorphic feedbacks in aquatic river vegetation[END_REF][START_REF] Cornacchia | Plants face the flow in V formation: A study of plant patch alignment in streams[END_REF].

Ecosystem engineering by aquatic plants also has important implications for biogeochemical processes in rivers (Fig. S1, [START_REF] Gutiérrez | Physical ecosystem engineers as agents of biogeochemical heterogeneity[END_REF][START_REF] Tison | Carbon and nitrogen cycling in a vegetated lowland chalk river impacted by sediment[END_REF][START_REF] Audet | Influence of plant habitats on denitrification in lowland agricultural streams[END_REF]. In the case of submerged aquatic plants, the modification of flow and sediment characteristics inside the patches (i.e., reduced flow and grain size) should lead to reduced surface-subsurface water exchange (Findlay, 1995;Morrice et al., 1997), sediment enrichment in organic matter and changes in nutrient concentrations [START_REF] Dahm | Role of anaerobic zones and processes in stream ecosystem productivity[END_REF]Sand-Jensen, 1998;[START_REF] Schulz | The influence of macrophytes on sedimentation and nutrient retention in the lower River Spree (Germany)[END_REF]Cotton et al., 2005;[START_REF] Schoelynck | The trapping of organic matter within plant patches in the channels of the Okavango Delta: a matter of quality[END_REF]. In organic matter-rich sediment, ammonium concentrations increase through mineralization and ammonification (Ladd and Jackson, 1982), and oxygen availability decreases, inducing anaerobic microbial processes (Findlay, 1995;Morrice et al., 1997[START_REF] Sanders | Emission of methane from chalk streams has potential implications for agricultural practices[END_REF].

Under anoxic conditions, denitrifying bacteria can transform nitrates into diatomic nitrogen, reducing the nitrogen availability for the aquatic system (Verstraete and Focht, 1977;Seitzinger, 1988, Gutiérrez and[START_REF] Gutiérrez | Physical ecosystem engineers as agents of biogeochemical heterogeneity[END_REF]. Ammonium is the main source of nitrogen for aquatic plants, which is predominant in the interstitial water and assimilated by plant roots (Barko and Smart, 1986;Barko et al., 1991). However, high concentrations of ammonium resulting from high concentrations of sediment organic matter [START_REF] Barko | Effects of organic matter additions to sediment on the growth of aquatic plants[END_REF][START_REF] Sand-Jensen | Oxygen stress and reduced growth of Lobelia dortmanna in sandy lake sediments subject to organic enrichment[END_REF] can inhibit plant growth and photosynthesis [START_REF] Rudolph | Effects of NH4 + -N and NO3 --N on growth and metabolism of Sphagnum magellanicum[END_REF]Britto and Kronzucker, 2002;[START_REF] Clarke | Responses of wetland plants to ammonia and water level[END_REF]Nimptsch and Pflugmacher, 2007;[START_REF] Cao | Physiological stress of high NH4 + concentration in water column on the submersed macrophyte Vallisneria natans L[END_REF][START_REF] Su | Physiological responses of Egeria densa to high ammonium concentration and nitrogen deficiency[END_REF][START_REF] Yu | Effects of high nitrogen concentrations on the growth of submersed macrophytes at moderate phosphorus concentrations[END_REF]. This can induce oxidative stress [START_REF] Cao | Acute biochemical responses of a submersed macrophyte, Potamogeton crispus L., to high ammonium in an aquarium experiment[END_REF]Nimptsch and Pflugmacher, 2007;[START_REF] Cao | Physiological stress of high NH4 + concentration in water column on the submersed macrophyte Vallisneria natans L[END_REF], lead to internal carbon-nitrogen imbalance [START_REF] Cao | Physiological stress of high NH4 + concentration in water column on the submersed macrophyte Vallisneria natans L[END_REF] and even be toxic to plants. Therefore, aquatic plants may influence microbial processes and nutrient availability, inducing positive or negative effects on their own growth (Fig. S1).

The effects of aquatic plants on the physical habitat are dependent on patch length [START_REF] Bruno | Patch-size dependent habitat modification and facilitation on New England cobble beaches by Spartina alterniflora[END_REF]: a minimal patch size is required to reduce water velocity and accumulate fine sediment within plant patches, and the magnitude of these modifications increases with patch length [START_REF] Bruno | Patch-size dependent habitat modification and facilitation on New England cobble beaches by Spartina alterniflora[END_REF][START_REF] Bos | Ecosystem engineering by annual intertidal seagrass beds: sediment accretion and modification[END_REF][START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF].

As the changes in biogeochemical processes are linked to the changes in physical conditions [START_REF] Gutiérrez | Physical ecosystem engineers as agents of biogeochemical heterogeneity[END_REF], we hypothesize that the patch length should also influence the magnitude of changes in biogeochemical conditions. Previous studies in rivers focused on the lateral dimension of the scale-dependent feedbacks generated by hydrodynamic forces and erosion and sedimentation processes [START_REF] Schoelynck | Selforganised patchiness and scale-dependent bio-geomorphic feedbacks in aquatic river vegetation[END_REF], but to our knowledge, the processes operating in the streamwise dimension have not been studied.

The objective of this work was, therefore, to investigate how the patch length of submerged aquatic vegetation effects water velocity, sediment characteristics and biogeochemical conditions (i.e., nutrient accumulation/depletion, microbial respiration) in rivers and the consequences for plants. In particular, we investigated the effects of patch length along the streamwise dimension of patches, which have been rarely studied. First, we hypothesized that the effect of patches on within-patch sediment characteristics and biogeochemical conditions would depend on patch length. Thus, for increasing patch length, the flow within the patch and the sediment particle sizes should decrease, while the organic matter content in the sediment accumulations should increase. As a consequence of organic matter accumulation for increasing patch length, the nutrient concentrations should change due to changes in biogeochemical conditions and microbial activities. Second, we hypothesize that plant size depends on patch length and on plant position in the patch, which is a consequence of the changes in velocity, sediment characteristics and nutrient concentrations induced by the plants themselves. To test these hypotheses, we measured flow velocity and sampled sediment and interstitial water in situ along natural patches of Callitriche platycarpa of increasing length, measuring characteristics and microbial respiration rates of sediment, nutrient concentrations in the interstitial water, and plant size. Measurements were performed at two sites that differed in mean flow velocity, sediment grain size, and trophic level.

Materials and methods

Study sites and species

The study was conducted in two drainage channels of the Upper Rhône River (France), near 5.6080 E, abbreviated to BC) and Serrières- 5.4269 E, abbreviated to SB) (Licci et al., 2019, Fig. S2, Table S1). These artificial drainage channels, built in the 1970s and 1980s, are fed by Rhône River seepage (groundwater and surface water seeping through the dikes) and hillslope aquifers. They were excavated in alluvial terraces composed of heterogeneous sediment deposits [START_REF] Teles | Modelling of the construction of the Rhone alluvial plain since 15 000 years BP[END_REF]) that feed the system with fine particles during the wet periods. They present a simplified, homogeneous morphology (cross-section, water depth, sinuosity) and reduced flow variability due to groundwater supplies [START_REF] Cornacchia | Landscapes of facilitation: how self-organized patchiness of aquatic macrophytes promotes diversity in streams[END_REF]. Only during flood events are the channels fed directly by the surface water of the Rhône River overflowing or flowing back into the channels. No flows or low flow periods occurred before the sampling period, and discharges and velocities were stable over time throughout the sampling period (Cornacchia et al., 2018, Fig. S3). The channels are colonized naturally by submerged aquatic vegetation, which is not managed in this part of the Rhône River. The cover by aquatic vegetation ranges from 30% to 90% depending on the season and channel section. The important development of vegetation and simplified channel morphology enables the identification of a large number of plant patches in similar conditions (water depth, velocity, substrate, etc.) over a short reach length [START_REF] Cornacchia | Landscapes of facilitation: how self-organized patchiness of aquatic macrophytes promotes diversity in streams[END_REF]. Working on these sites to investigate plant-flow-sediment interactions represented an improvement over experiments under controlled conditions, such as flume studies, as it allowed the study of well-established vegetation exposed to natural environmental conditions, but with reduced complexity in terms of channel hydromorphology and between patch conditions. At the patch scale, in particular, the physical conditions (water depth and velocity) encountered by the vegetation were relatively homogeneous between patches, enabling the effects of patch length on these interactions to be explored.

During summer 2014 (May-July), the water velocity, interstitial water and surficial sediment were characterized upstream of each patch studied (n=5 per channel, cf. §2.2 Field Sampling) following the methods described in §2.3 (Water velocity), 2.4 (Interstitial water) and 2.5 (Sediment). The two sites presented slightly different daily average water velocities, sediment characteristics and nutrient concentrations (Table S1). Depth-averaged and timeaveraged velocities on the sampling days were higher in SB than in BC (Table S1). Bare surficial sediments (10 cm deep) in the channels consisted mainly of medium sand for the SB site and fine sand for the BC site, following the Wentworth size classes [START_REF] Wentworth | A scale of grade and class terms for clastic sediments[END_REF].

The median particle size of the bare sediments represented by the mean of the percentile values d0.5 (i.e., the maximal diameter of the 50% particle volume) was significantly higher in SB than in BC (241.6 and 148.3 m,respectively,Table S1), and the silt to clay ratio was lower in SB than in BC (3.74 and 6.43, respectively, Table S1). Site SB presented higher surface water concentrations of nitrate than site BC (11.0 and 3.45 ppm, respectively, Table S1).

The aquatic plant species Callitriche platycarpa Kütz. was studied, as it is abundant in these channels and can form monospecific patches that are often well isolated (Fig. 1a,b, [START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF]. C. platycarpa has densely packed leaves, forming a rosette at the shoot apex and resulting in a large part of the biomass being concentrated in the upper part of the canopy [START_REF] Sand-Jensen | Fine-scale patterns of water velocity within macrophyte patches in streams[END_REF]. C. platycarpa has thin, flexible, and highly branched stems, 10-200 cm long, forming dense patches (up to 5-10 x10 3 shoots/m 2 ) due to the entanglement of shoots (Fig. 1c, [START_REF] Tison | Carbon and nitrogen cycling in a vegetated lowland chalk river impacted by sediment[END_REF]. Patches of C. platycarpa usually present an elliptical structure, and the patch height increases along the patch length (Fig. 1a). Patches over 1 m long are typically only rooted in the upstream section and usually present an overhanging canopy, created by the long, flexible and buoyant stems extending in the downstream direction (Fig. 1b). The patches expand through the growth of the individual plants and through the production of new plants by vegetative multiplication, which occurs mostly at the downstream edge of the patch. At the study sites, patches can persist over winter and reach a length of 3-4 m.

Field sampling

During summer 2014, five patches of C. platycarpa with a maximum reach length of 300 m were selected at each site. Selected patches were located as far as possible from the channel banks and from other patches to minimize interference. The five patches per site were selected to encompass the range of patch lengths observed at the two sites (0.16 m to 3.13 m for the BC site and 0.30 m to 2.50 m for the SB site, these lengths reflecting the age of the patches). Patch length (L), width (W) and maximal height (h) were measured with a measuring tape. As W and h were correlated to L (with a log-log relationship between L and W, r=0.84, p<10 -4 , and a linear relationship between L and h, r=0.83, p<10 -4 ), L was chosen as an integrative variable to describe patch size. The dimensions and their ratios for each patch investigated are reported in Table S2.

For each patch, water velocity measurements, interstitial water sampling and sediment collection were performed at the same time at five sampling points along its longitudinal axis: 4 sampling points inside the patch located at 10%, 30%, 50%, and 90% of canopy length, starting from the leading edge, and one sampling point outside the patch located approximately 1 m upstream from its leading edge (U) (Fig. 2). For each patch, the upstream sampling point was taken as a reference to the local conditions near the patch. At each sampling point, water velocity profile measurements were first performed (details in § 2.3), followed by sampling of interstitial water (details in §2.4) and collection of a sediment core (details in §2.5). Finally, for all patches, plants were harvested at the 2 sampling points located at 10% and 90% of the canopy length (details in §2.6).

Flow velocity measurements

For each sampling point (Fig. 2), a vertical profile of velocity was measured using a 3D Acoustic Doppler Velocimeter (ADV, FlowTracker Handheld-ADV, SonTek, USA).

Vertical profiles were constructed with depth intervals of less than 12 cm and reduced to 1-4 cm near plant-water interfaces (Sand-Jensen, 1998). Due to the dimensions of the sidelooking probe, measurements closest to the sediment (bare or within plant patches) were taken at a minimum of 4 cm above the channel bed. Velocity was recorded over 100 s at 1 Hz.

Velocity data were filtered to remove spikes [START_REF] Goring | Despiking acoustic Doppler velocimeter data[END_REF][START_REF] Mori | Noise of acoustic Doppler velocimeter data in bubbly flows[END_REF].

The time average (denoted by an overbar) of the streamwise velocity component, u , was used to quantify the flow modification induced by plant patches. From each time-averaged velocity profile, the velocity at 20 cm above the bed, u 20, was estimated by interpolation if not measured. This distance was chosen to avoid bottom interference due to the presence of boulders and cobbles. Moreover, this choice allowed for measurement of the hydrodynamic forces faced by plants during their growth and the development of the patch in relation to the patch architecture. Indeed, due to the plant morphology and patch architecture (i.e., flexibility of stems, patch height that increases along the patch and L/h ratio), measurements at 20 cm depth were located above the canopy for the shortest patches and at the upstream end of long patches. In these cases, u 20 values represent changes in the velocity field due to lateral deflection of flow away from the patch but overestimate flow velocities within the canopy.

To examine the effect of a plant patch on flow conditions within the patch relative to upstream conditions, we calculated the fractional difference between the local velocity, u 20, in the middle of the longitudinal axis of the patch and the velocity upstream of the patch, u 20 U [START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF]. T a , 50% ,

u 20 = (u 20 -u 20 U) × (u 20 U) -1 .

Interstitial water characterization

For each sampling point (Fig. 2), interstitial water was sampled with a 60 mL syringe and screened mini-piezometers (1 m long, 1.7 cm diameter, and 5 cm screen length) pushed 20 cm deep inside the riverbed sediments using an internal metallic rod [START_REF] Lefebvre | Nutrient dynamics in interstitial habitats of low-order rural streams with different bedrock geology[END_REF][START_REF] Dahm | Hyporheic zones[END_REF]. Interstitial water samples were stored in a cool box with ice during the sampling day and then were filtered (Whatman GF/C, 1.2 µm pore size) and placed at 4 °C in a laboratory refrigerator. Filtered interstitial water samples were then analysed within 48 hours using standard colorimetric methods to measure ammonium (EPA Method 349, 1997, US Environmental Protection Agency, Washington, DC), orthophosphate (EPA Method -600/4-79-020, 1983), nitrate and nitrite concentrations (EPA Method 352.2, 1993) with an automatic analyser (Easychem Plus; Systea, Anagni, Italy).

Finally, for each sampling point, the relative concentrations of ammonium, nitrite, and nitrate were calculated using the sum of these nitrogen forms as the total dissolved inorganic nitrogen concentration in interstitial water (TDIN).

Sediment characterization

Sediment collection

At each sampling point (Fig. 2), one sediment sample was taken manually using clear Perspex cores (5 cm diameter and 10 cm deep). The excess water was carefully drained off, and the sediment samples were placed in plastic sampling bags separately for each sampling position without preserving the integrity of the cores. After collection, the sediment samples were stored in a cool box with ice during the sampling day and then placed at 4 °C in a laboratory refrigerator for a maximum 24 h period. In the laboratory, sediments from each core were homogenized, and subsamples were collected separately to perform measurements of sediment grain size, organic matter content, microbial respiration rate and total nitrogen and total organic carbon. Measurements of sediment grain size and organic matter content were made on all the sampling positions of all the patches, whereas due to time limitations, the analyses of microbial respiration rate and total nitrogen and total organic carbon were only made on 2 patches per site (the shortest and longest patches of each site, Fig. 2).

Sediment grain size

To perform the effective grain size analyses (i.e., for the whole sediment, without removal of organic matter, [START_REF] Mccave | Principles and methods of geological particle size analysis[END_REF][START_REF] Phillips | The particle size characteristics of fine-grained channel deposits in the River Exe Basin, Devon, UK[END_REF], sediments were wet sieved with distilled water at 1.6 mm, separating the fine and the coarse fraction, and then dried at 70 °C for 48 hours to allow sample preservation until the analyses were completed. Grain size analyses of sediment were performed in the aqueous phase by laser diffractometry using a Malvern Mastersizer 2000 G (diameter range: 0.01-2000 µm).

Prior to the measurements, sediments were sonicated for 2 min to destroy the macroaggregated particles formed during the 70 °C drying process [START_REF] Badin | Study of the aggregation of the surface layer of Technosols from stormwater infiltration basins using grain size analyses with laser diffractometry[END_REF]. The results of the analysis are displayed as grain size distribution curves. The curves were transformed into cumulative curves, and the percentile values d0.1, d0.3, and d0.5 were calculated. These values represent the diameters corresponding to 10%, 30%, and 50% of the total particle volume, respectively (for instance, d0.5 represents the diameter for which 50% of the particles are smaller, i.e., the median particle diameter). The three values were correlated (ρ=0.79, p<10 -3 for d0.1 and d0.3; ρ=0.63, p<10 -3 for d0.1 and d0.5; ρ=0. 94, p<10 -3 for d0.3 and d0.5, Spearman rank correlation), and only the median particle diameter, d0.5, was kept for further analyses. Measurements of grain size were conducted in triplicate for each bulk sample, and mean values and standard deviations of d0.5 were calculated [START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF].

To describe the sediment grain size at each sampling position, we used only the mean value of d0.5, as the standard deviation was less than 10%. We expressed the d0.5 relative to the value measured at the upstream position (d0.5 U) b a a a 0.5 for the 50% , a 0.5 = (d0.5 -d0.5 U) × (d0.5 U) -1 . Complete sediment grain size distributions and silt/clay ratios for each sampling position of each patch are reported in Tables S3 andS4.

Sediment organic matter content

The organic matter content was measured for each sediment sample by weight loss after ignition at 550 °C for 2 hours (LOI, [START_REF] Dean | Determination of carbonate and organic matter in calcareous sediments and sedimentary rocks by loss on ignition; comparison with other methods[END_REF] and expressed as a percentage.

Measurements were undertaken in triplicate for each bulk sample, and arithmetic mean values and standard deviations were calculated. For each sampling position, we used only the average value, as the standard deviation was less than 10%.

Microbial respiration rate

Within 24 hours of sediment collection, three subsamples of 5 mL of fresh sediment collected from each core were incubated to measure the potential sediment microbial respiration rate (µg (O2) h -1 g dry sed -1 ). Incubation was carried out using previously acidwashed 125 mL polyethylene bottles sealed by a double cap and filled with surface water from the river collected at the same time and previously saturated in dissolved oxygen.

Incubations were performed under controlled conditions (15 °C, dark, and stirring to avoid O2 stratification in bottles) for ca. 15 h. For each subsample, the oxygen consumption was calculated by measuring the O2 concentration at the beginning and end of the incubation with an optical dissolved oxygen sensor (HQ40D; Hach, Loveland, CO, USA). The dry weight of each subsample was measured by transfer to a previously weighed aluminium cup once the incubation was finished and then dried at 70 °C until a constant weight was reached. Finally, the microbial respiration rate was expressed in µg of dissolved oxygen consumed per hour and g of dry sediment.

Carbon to nitrogen ratio (C:N)

The C:N ratios of sediment subsamples were analysed to assess the quality of the organic matter content in the sediment along the patches. Each subsample was finely ground, acidified with HCl (2 mol l -1 ) and then placed in ultralightweight silver capsules to measure the total nitrogen and total organic carbon with an elemental analyser (FlashEA; Thermo Fisher Scientific, Waltham, MA, USA). The mean C:N ratio (total organic carbon:total nitrogen) of bare and within-patch sediment was then calculated.

Plant morphology

Five specimens of plants were harvested at the 10% and 90% canopy length positions of the 5 patches per site (Fig. 2). Plants were stored in sealed plastic bags saturated with water in a climatically controlled room at 19 °C for a maximum of 48 h until they were analysed.

For each plant sampled, we measured plant height (Hplant) with a ruler, stretching and laying the plants on a flat surface, and the mean value was calculated from measurements at two different positions in the patch: 10% of patch length and 90% of patch length. Plant height is recognized as a functional trait indicating the response to hydrodynamic stress and nutrient resources in bed sediment [START_REF] Puijalon | Interactive effects of nutrient and mechanical stresses on plant morphology[END_REF] as well as the role played by plants in biogeochemical cycles [START_REF] Lavorel | Plant functional types: Are we getting any closer to the Holy Grail?[END_REF].

Statistical analyses

The effects of the patches on sediment organic matter content, microbial respiration, nutrient concentrations (i.e., orthophosphate, ammonium, and nitrates), and the relative concentration of dissolved inorganic nitrogen forms in interstitial water were tested using one-sample t tests (one-sided tests) to compare the average value of each variable inside a patch to the relative upstream value. The Welch t test was used to compare the C:N contents of bare and within-patch sediments of a short and a long patch for the two sites.

To test how plant height varied with patch length, linear and quadratic models were fitted to the plant height data measured at the 10% and 90% positions for the full range of patches of increasing length (n=5). For each site (BC, SB) and position inside patches (10, 90%), plant height was used as a response variable, and patch length was used as an explanatory variable. The Quade test was used to compare the mean plant height at the 10% and 90% positions for the full range of patches of different lengths (n=5). The Quade test is a non-parametric two-way analysis of variance used for testing small samples and treatments that have large differences in variability [START_REF] Quade | Using Weighted Rankings in the Analysis of Complete Blocks with Additive Block Effects[END_REF].

For all the tests, the significance level was 0.05.

Results

Effects of patches on flow velocity

At the two river sites, flow velocities (u 20) in the middle of plant patches with comparable lengths were similar, particularly with velocities between 0.14 and 0.25 m.s -1 for a (L 0.65 ) a a b 0.08 .

-1 for the longest patches (Table S3). For a (L 0.65 ), u 20 a a a a a ( u 20 0) b a measurement of u 20 was conducted above the canopy for these short patches (Table S3). For longer patches (L > 0.65 m), u 20 a a a ( u 20 < 0), with velocities close to zero in the longest patches (Table S3).

Effects of patches on sediment characteristics

A , a (L 0.3 ), 0.5 within the patch was a ab a a a a ( 0.5 0), while for longer patches (L > 0.3 m), d0.5 a b a a a ( 0.5<0; Table S3, Fig. S4). F BC , 0.5 was reduced by between -10% and -78% of the d0.5 measured at the upstream position for all patches w L > 0.3 (Tab S3). F SB , 0.5 decreased with patch length for patches up to 0.85 m and was low for longer patches (Table S3, Fig. S5).

At both sites, the patches had effects on organic matter content in sediment, differing for patches of increasing length (Fig. 3a, 4a; Table S4). F a (L 0.9 m), the values of organic matter content in sediment inside the patches were generally not significantly different from those measured at the upstream position (except for the 0.65 m patch at site SB, Fig. 3a, 4a; Table S4). For longer patches (L>0.9 m), the organic matter content in the sediment was significantly higher inside the patches than in the upstream bare sediment (Fig. 3a, 4a; Table S4).

For both river sites, the C:N of sediment inside short patches did not significantly differ from that of the bare sediment (Table 1). In contrast, for both sites, the C:N of sediment inside long patches was significantly higher than that of the bare sediment upstream of the patch (Table 1).

The respiration rate of sediment measured in short patches (L=0.30 m and L=0.33 m for BC and SB, respectively) was not significantly different from the respiration rate measured for the bare sediment upstream of the patch (Fig. 5a,c, one sample t test, t3=0.48, p=0.33; t3=-4.51, p=0.98, for sites BC and SB, respectively). In contrast, for the long patch (L=2.27 m) at the BC site, the respiration rate inside the patch was significantly higher than the upstream respiration rate (Fig. 5b; one sample t test, t3=4.41, p=0.01). For a long patch (L=2.50 m) in site SB, the microbial respiration rate inside the patch was higher only at the 10% canopy length position compared to the upstream value, but on average, the respiration rate measured inside the canopy did not significantly differ from the upstream respiration rate (Fig. 5d, one sample t test, t3=1.43, p=0.12)

Interstitial water characteristics

At both sites, patches had significant effects on interstitial water characteristics. At site BC, patches had an effect on nutrient concentrations in interstitial water and on ammonium and nitrate concentrations relative to the total dissolved inorganic nitrogen content (TDIN) depending on patch length (Fig. 3; Table S4). For short patches (L<0.33 or L<0.9 m, according to the parameter), the values of the parameters inside the patches were not significantly different from those measured at the upstream position (Fig. 3 a-e; Table S4).

For longer patches (L 0.33 L 0.9 m), orthophosphate and ammonium concentrations inside patches were generally significantly higher than in bare sediment, whereas nitrate concentrations were generally significantly lower within the patch (Fig. 3a-d; Table S4). For the shortest patches (L<0.9 m), the relative proportions of the different forms of dissolved inorganic nitrogen were not significantly different inside the patches relative to the upstream position. In contrast, within longer patches, the relative proportions of dissolved inorganic nitrogen forms differed significantly from the upstream position (Fig. 3e, Table S4). Nitrate went from being the predominant form of dissolved inorganic nitrogen (95%-100% of total dissolved inorganic nitrogen) within short patches (L<0.9 m) to being surpassed by ammonium (60-95% of total dissolved inorganic ) a (L 0.9 ; F .

3e; Table S4). NO2 -relative concentrations were negligible for all patches (Fig. 3e).

At site SB, for all the patches investigated, orthophosphate concentrations in interstitial water were higher inside the patches compared to the upstream concentration (Fig. 4b; Table S4).

The ammonium concentration inside patches was not significantly different from the upstream concentration for the shortest patch and was significantly higher for the longer patches (Fig. 4c; Table S4). Due to a high variance in the measurements inside the patches, the nitrate concentration inside patches was generally not significantly different from the upstream concentration (Fig. 4d; Table S4). The relative forms of dissolved inorganic nitrogen presented a pattern close to the one observed in site BC: for the shortest patch, the relative proportions of the different forms of dissolved inorganic nitrogen were not significantly different inside the patch compared to the upstream position, and nitrate was the predominant form of dissolved inorganic nitrogen compared to ammonium (Fig. 4e, Table S4). For longer patches, the relative forms of dissolved inorganic nitrogen were generally significantly different inside the patches compared to the upstream position, and the relative proportion of ammonium tended to increase, whereas the relative concentration of nitrate tended to decrease along the patch from upstream to downstream (Fig. 4e, Table S4). Nitrites were present in low relative concentrations at all positions for all patches (Fig. 4e).

Effect of patch length on plant height

At site BC, the mean plant height (Hplant) was not linearly related to patch length but followed a quadratic relationship with a maximum height reached for intermediate length (around L=1.8 m), both at the 10% position (Fig. 6a; R² = 0.99, p<0.001) and at the 90% position (Fig. 6b; R²=0.98, p<0.01). The plant height at the 90% position did not significantly differ from that at 10% for a patch of increasing length (Quade test, F1,4=0.015, p=0.91). At site SB, plant height did not present a significant relationship with patch length, at the 10% position (Fig. 6c; R² = 0.15, p = 0.52, linear regression) nor at the 90% position, and plant height was not related to patch length (Fig. 6d; R² = 0.55, p = 0.36, quadratic regression). The plants positioned at 90% of the patch length were significantly longer than the plants collected at the 10% position (Fig. 6c, d; Quade test, F1,4 = 18, p = 0.013). Contrary to site BC, plant height did not reach a clear maximum value.

Discussion

The present study investigated the effects of patch length on flow velocities, interstitial water quality, and sediment characteristics, which are proxies for biogeochemical processes. The effect of patch length on plant height and the presence of length thresholds that may induce positive or negative feedbacks for plant patches were also investigated. Our results show that patch length, through its effects on flow velocities, can influence biogeochemical conditions. Our findings also indicate that different nutrient conditions compared to bare sediment exist in patches above certain length thresholds and that these thresholds seem to be associated with positive or negative feedbacks to plants.

Patch length, flow velocity and sediment particles

In accordance with our first hypothesis, our results demonstrated that flow velocity and sediment grain size both depended on patch length. For both sites, as observed previously (e.g., Barcelona et al., 2021b), a (L 0.30 m) showed almost no change in flow velocity and a slight increase in median sediment grain size compared to the upstream position, indicating that the patch had little influence on velocity at the measured depth and led to a coarser sediment texture. This change in the sediment texture may be related to increased turbulence at the leading edge, resulting in enhanced erosion of fine particles [START_REF] Cotton | The effects of seasonal changes to in-stream vegetation cover on patterns of flow and accumulation of sediment[END_REF][START_REF] Zong | Flow and deposition in and around a finite patch of vegetation[END_REF][START_REF] Zong | Spatial distribution of deposition within a patch of vegetation[END_REF][START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF]. For longer patches, the within-patch velocity was always reduced, except for a patch of intermediate length at the BC site, where u 20 was positive, indicating flow acceleration above the canopy at the depth where velocity was measured. In these patches, the sediment grain size (d0.5) was smaller, indicating accumulation of fine sediment, probably due to the reduction in velocity within the patches that favours the sedimentation of smaller particles [START_REF] Liu | Sediment deposition within and around a finite patch of model vegetation over a range of channel velocity[END_REF][START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF][START_REF] Biggs | Interactions between aquatic vegetation, hydraulics and fine sediment: A case study in the Halswell River, New Zealand[END_REF]. Some modifications of withinpatch sediment grain size may also be due to the retention of suspended and bed-transported particles inside plant patches by collision with stems and leaves (Hendriks et al. 2008;[START_REF] Pluntke | Particle trapping on leaves and on the bottom in simulated submerged plant stands[END_REF].

Sediment biogeochemistry

For both sites, in accordance with our first hypothesis, we demonstrated that the sediment characteristics (organic matter content) and nutrient concentrations in interstitial water inside aquatic vegetation patches are dependent on patch length (Sand-Jensen, 1998).

At river site BC, the shortest patches a (L 0.9 m) had little effect on sediment characteristics, whereas a a (L 2.27 m), within-patch sediment had an increased organic matter content, orthophosphate and ammonium concentrations and decreased nitrate concentration in interstitial water compared to the upstream position in bare sediment. As a consequence, the relative concentrations of the different forms of dissolved inorganic nitrogen in interstitial water were reversed compared to the upstream position. At the river site SB, a reduced patch effect on sediment characteristics was observed only for the shortest patch sampled (L=0.3 m) for organic matter content, ammonium and relative concentration of the different forms of dissolved inorganic nitrogen and was not visible for orthophosphate and nitrate, indicating a minimal length shorter than the shortest patch studied (0.3 m).

The organic matter content and nutrient concentrations (orthophosphate and different forms of dissolved inorganic nitrogen) in the interstitial water measured in the C. platycarpa patches were comparable to the values measured in sediment underlying dense patches of other submerged macrophyte species (Sand-Jensen, 1998;[START_REF] Wigand | Submersed macrophyte effects on nutrient exchanges in riverine sediments[END_REF][START_REF] Schneider | Sediment and water nutrient characteristics in patches of submerged macrophytes in running waters[END_REF][START_REF] Cotton | The effects of seasonal changes to in-stream vegetation cover on patterns of flow and accumulation of sediment[END_REF][START_REF] Schoelynck | Different morphology of Nuphar lutea in two contrasting aquatic environments and its effect on ecosystem engineering[END_REF]. The processes that explain these effects of vegetation patches remain questionable. On the one hand, the accumulation of fine sediment rich in organic matter in long patches may stimulate ammonification processes and increase the resulting ammonium concentrations inside sediments (Fig. S1; [START_REF] Dahm | Role of anaerobic zones and processes in stream ecosystem productivity[END_REF]. On the other hand, the enrichment of interstitial water with dissolved ammonia and phosphorus associated with a depletion of nitrates may suggest the establishment of anaerobic conditions in patches above a threshold length (L > 0.9 m and 0.3 m at the BC and SB sites, respectively). Indeed, the nutrient concentrations measured in long patches were similar to or higher than those measured in the anaerobic zones of lowland streams [START_REF] Dahm | Role of anaerobic zones and processes in stream ecosystem productivity[END_REF][START_REF] Shelley | Enhanced hyporheic exchange flow around woody debris does not increase nitrate reduction in a sandy streambed[END_REF]. The observed increases in microbial respiration in long patches (see Fig. 4) support the hypothesis of a shift from oxic to anoxic conditions due to organic matter decomposition [START_REF] Sanders | Emission of methane from chalk streams has potential implications for agricultural practices[END_REF], together with the reduction in oxygenated water supply below fine sediment deposits [START_REF] Dahm | Role of anaerobic zones and processes in stream ecosystem productivity[END_REF]Sand-Jensen, 1998;[START_REF] Bruno | Patch-size dependent habitat modification and facilitation on New England cobble beaches by Spartina alterniflora[END_REF][START_REF] Schulz | The influence of macrophytes on sedimentation and nutrient retention in the lower River Spree (Germany)[END_REF]. This shift from oxic to anoxic conditions may affect the relative importance of nitrification and denitrification inside sediments (Fig. S1; [START_REF] Pretty | Nutrient dynamics in relation to surfacesubsurface hydrological exchange in a groundwater fed chalk stream[END_REF].

In this context, the high concentration and proportion of ammonium suggest that the anoxic conditions induced an inhibition of nitrification or that the ammonium uptake by the plants was too low to compensate for the ammonium produced by ammonification (Ladd and Jackson, 1982;[START_REF] Caffrey | Influence of the submersed plant, Potamogeton perfoliatus, on nitrogen cycling in estuarine sediments[END_REF][START_REF] Lefebvre | Stream regulation and nitrogen dynamics in sediment interstices: Comparison of natural and straightened sectors of a third-order stream[END_REF]. At the same time, the decreased proportion of nitrates indicates an enhancement of the denitrification processes in sediments with plants [START_REF] Caffrey | Influence of the submersed plant, Potamogeton perfoliatus, on nitrogen cycling in estuarine sediments[END_REF][START_REF] Forshay | Macrophyte presence is an indicator of enhanced denitrification and nitrification in sediments of a temperate restored agricultural stream[END_REF][START_REF] Audet | Influence of plant habitats on denitrification in lowland agricultural streams[END_REF]. The nitrate uptake by roots is generally low because ammonium uptake is usually preferred in aquatic plants [START_REF] Nichols | Nitrogen nutrition of Myriophyllum spicatum: uptake and translocation of 15N by shoots and roots[END_REF]Barko et al., 1991;[START_REF] Xie | Short-time response in root morphology of Vallisneria natans to sediment type and water-column nutrient[END_REF].

The absence or low patch threshold length at site SB suggests that the effect on biogeochemical conditions may be induced even for very short patches, either directly due to the higher trophic level at this site or indirectly, for instance, because of a higher plant density.

For long plant patches at both sites, the microbial respiration rate and the mean C:N of the within-patch sediment were higher than the respective mean values measured in the upstream bare sediments, as stated in our first hypothesis. In short patches, the low microbial respiration rate was probably due to the low quantity of organic matter, even if the organic matter was fresh and highly labile (i.e., low C:N, [START_REF] Eskelinen | Links between plant community composition, soil organic matter quality and microbial communities in contrasting tundra habitats[END_REF], whereas for long patches, the high microbial respiration rate was likely due to the higher quantity of organic matter. The high microbial activity could also explain the low lability (i.e., high C:N) of the organic matter present in long patches. In long patches, the limited water exchanges, the possible anoxic conditions and the presence of refractory organic matter decelerate the decomposition process [START_REF] Canfield | Factors influencing organic carbon preservation in marine sediments[END_REF][START_REF] Kristensen | Aerobic and anaerobic decomposition of organic matter in marine sediment: Which is fastest?[END_REF], favouring the accumulation of organic matter. These trends observed in patches of C. platycarpa do not occur with all species [START_REF] Caffrey | Influence of the submersed plant, Potamogeton perfoliatus, on nitrogen cycling in estuarine sediments[END_REF][START_REF] Forshay | Macrophyte presence is an indicator of enhanced denitrification and nitrification in sediments of a temperate restored agricultural stream[END_REF]. Some species of macrophytes (for example, Potamogeton crispus, Stuckenia pectinata, Littorella uniflora, Lobelia dortmanna) release oxygen through their roots [START_REF] Sand-Jensen | Oxygen release from roots of submerged aquatic macrophytes[END_REF][START_REF] Colmer | Long-distance transport of gases in plants: a perspective on internal aeration and radial oxygen loss from roots[END_REF], enhancing nitrification and buffering the negative effects of anoxia, organic matter, and ammonium toxicity (Lemoine et al., 2012;[START_REF] Soana | Seasonal variation of radial oxygen loss in Vallisneria spiralis L.: An adaptive response to sediment redox?[END_REF]. Therefore, the presence of a set of species with different traits and physiologies (e.g., capacity to release oxygen by roots) will likely lead to different biogeochemical processes (as observed in [START_REF] Mermillod-Blondin | Relative influences of submersed macrophytes and bioturbating fauna on biogeochemical processes and microbial activities in freshwater sediments[END_REF] and promote the heterogeneity of rivers.

Effect of patch length on plant height: feedbacks for plants

At site BC, as hypothesized, the heights of plants located at the downstream position of the patch (90% of patch length) were shown to depend on the patch length, and this relationship followed a quadratic pattern. Thus, up to a threshold patch length (approximately 1.8 m), plant height increased with patch length but decreased above this threshold, suggesting a negative feedback effect. At site SB, plant height was not related to patch length for either upstream or downstream positions. This could indicate that at this river site with high nutrient content, both in the sediment and in the water, the effect of the patch is already substantial at a short distance from the leading edge of the patch.

Plant height represents a functional trait indicating the plant response to hydrodynamic stress and sediment resources [START_REF] Puijalon | Phenotypic plasticity in response to mechanical stress: hydrodynamic performance and fitness of 4 aquatic plant species[END_REF][START_REF] Puijalon | Plant resistance to mechanical stress : evidence of an avoidance-tolerance tradeoff[END_REF] as well as plant effects on biogeochemical cycles [START_REF] Lavorel | Plant functional types: Are we getting any closer to the Holy Grail?[END_REF]. Below a certain patch length, plants are still subjected to hydrodynamic forces, but this has little or no effect on sedimentation [START_REF] Bruno | Patch-size dependent habitat modification and facilitation on New England cobble beaches by Spartina alterniflora[END_REF], resulting in limited changes in interstitial water nutrient concentrations with reduced feedbacks for the plants. However, with increasing patch length, flow velocities and turbulence are reduced, lowering hydrodynamic stress for the plants [START_REF] Bruno | Patch-size dependent habitat modification and facilitation on New England cobble beaches by Spartina alterniflora[END_REF][START_REF] Licci | The role of patch size in ecosystem engineering capacity: a case study of aquatic vegetation[END_REF] and promoting the accumulation of sediments and organic matter and increases in nutrient concentrations, resulting in positive feedbacks.

Over a certain patch length threshold, the lower plant height may indicate conditions that are less favourable for plants, possibly due to several factors. First, the high ammonium concentration measured in interstitial water of long patches (between 1 and 10 mg l -1 and between 0.4 and 1 mgl -1 for the BC and SB sites, respectively) may induce stress responses and inhibit plant growth, as shown for other aquatic plant species (Britto and Kronzucker, 2002;[START_REF] Jampeetong | Effects of NH4 + concentration on growth, morphology and NH4 + uptake kinetics of Salvinia natans[END_REF]Brix, 2009, Cao et al., 2004;[START_REF] Cao | Physiological stress of high NH4 + concentration in water column on the submersed macrophyte Vallisneria natans L[END_REF]. The ammonium concentrations measured in long patches of C. platycarpa may explain the reduced plant height at site SB and the presence of a threshold length at site BC. Second, the accumulation of ammonium in interstitial water reflects very low concentrations of dissolved oxygen in sediments [START_REF] Navel | Sedimentary context controls the influence of ecosystem engineering by bioturbators on microbial processes in river sediments[END_REF], which can be stressful for certain species. Finally, in long patches, photosynthesis may be limited by light limitation induced by self-shading occurring in the region with the highest canopy density [START_REF] Binzer | Community photosynthesis of aquatic macrophytes[END_REF][START_REF] Sand-Jensen | Scaling of photosynthetic production of aquatic macrophytes -a review[END_REF][START_REF] Bal | Trade-off between drag reduction and light interception of macrophytes: comparing five aquatic plants with contrasting morphology[END_REF]. Elucidating the roles of these factors, acting alone or in combination, requires further investigation, for instance by following the dynamics of plant establishment within a patch, growth of individual plants, light attenuation or toxicity on roots in different parts of patches of contrasting sizes.

Consequences for patch dynamics and ecosystem functioning

Our results demonstrate that patch length serves an important role in controlling the effects of patches on flow and sediment deposition, with cascading effects on biogeochemical conditions. These changes in biogeochemical conditions, together with other factors, such as light attenuation due to self-shading occurring in long patches, may play an important role in plant patch dynamics, with positive interactions in patches of short and intermediate lengths and negative interactions in long patches, possibly limiting patch expansion under certain conditions.

Previous studies on the effects of patch length on the physical modification of flow and sediment demonstrated that a minimum patch length is required to observe positive feedback for plants [START_REF] Bruno | Patch-size dependent habitat modification and facilitation on New England cobble beaches by Spartina alterniflora[END_REF], but until now, no maximum length thresholds over which negative feedbacks for plants may occur have been observed when considering hydrodynamic stress alone. This research suggests that it may also be important to also consider nutrient conditions that may induce negative feedback in long patches, limiting their development, together with other factors such as light attenuation due to selfshading.

Patterns identified in our study, particularly the threshold length at which changes in flow velocity, sediment characteristics or nutrient conditions occur, may depend on several factors and, primarily, on environmental conditions. In addition to the effect of trophic level suggested by our results, the hydrodynamic conditions of the channels should directly impact the threshold length, both directly and indirectly through the changes in plant morphology induced by flow. In particular, we can hypothesize that, for higher velocity, the threshold will be reached for longer patch length, both due to the higher flow energy and to the smaller size of plants growing in higher flow velocity [START_REF] Puijalon | Morphological variation of two taxonomically distant plant species along a natural flow velocity gradient[END_REF][START_REF] Puijalon | Phenotypic plasticity in response to mechanical stress: hydrodynamic performance and fitness of 4 aquatic plant species[END_REF], resulting in a reduced capacity to attenuate flow. Further studies should investigate threshold lengths in different flow conditions in order to establish general, non-dimensional models predicting thresholds for the modification of sediment properties and nutrient conditions inside patches. Thresholds could also be strongly dependent on plant and patch characteristics, such as the capacity to release oxygen in roots, plant flexibility, and the density of the canopy (Barcelona et al., 2021b;[START_REF] Reitsema | Environmental control of macrophyte traits and interactions with metabolism and hydromorphology in a groundwater-fed river[END_REF], as well as on large-scale canopy organization [START_REF] Folkard | Biophysical interactions in fragmented marine canopies: Fundamental processes, consequences, and upscaling[END_REF]Barcelona et al., 2021a). Depending on the morphological and architectural characteristics of plants and patches, it seems plausible that different aquatic plant species will have different effects on hydrodynamics and in turn the characteristics of accumulated sediments, which will induce corresponding effects on biogeochemical conditions, emphasizing the importance of considering plant traits in addition to vegetation biomass alone when studying the role of vegetation at the ecosystem scale [START_REF] Su | Morphological traits of submerged macrophytes reveal specific positive feedbacks to water clarity in freshwater ecosystems[END_REF][START_REF] Vecchia | Functional traits in macrophyte studies: Current trends and future research agenda[END_REF].

Conclusion

In conclusion, patches of aquatic plant patches, and in particular patches over a certain length, are biogeochemical hotspots [START_REF] Mcclain | Biogeochemical hot spots and hot moments at the interface of terrestrial and aquatic ecosystems[END_REF], with markedly higher rates of some microbial processes involved in nutrient and organic matter recycling. Moreover, the changes in biogeochemical conditions induced by patches may contribute to patch dynamics by limiting plant growth and patch expansion under certain conditions. The autoregulation of patch lengths may maintain ecosystem patchiness and play key roles in ecosystem functioning. Patchiness and the presence of patches of different lengths contribute to the heterogeneity of the ecosystem, with a mosaic of bare sediment and patches with contrasting nutrient conditions leading to possible cascading consequences on the productivity and biodiversity of streams [START_REF] Dahm | Role of anaerobic zones and processes in stream ecosystem productivity[END_REF]. The role of patches in nutrient recycling may also The authors would like to thank the Associate Editor and five anonymous reviewers for their helpful comments on the manuscript. Five sampling points were defined along the longitudinal axis of each patch: four sampling points were defined along the longitudinal axis of each patch, inside the patch (at 10%, 30%, 50%, and 90% of canopy length), and one sampling point was defined outside the patch, approximately 1 m upstream from its leading edge (U). The measurements made (flow velocity, interstitial water, sediment and plant morphology) are listed for each sampling position. SITE SB 10% (0.03m) 30% (0.10m) 50% (0.17m) 90% (0.30m) 10% (0.23m) 30% (0.68m) 50% (1.14m) 90% (2.04m) 10% (0.25m) 30% (0.75m) 50% (1.25m) 90% (2.25m) 10% (0.03m) 30% (0.09m) 50% (0.15m) 90% (0.27m) aquatic plants are able to release oxygen by root increasing the oxygen availability for nitrifying bacteria, also in deeper sediment [START_REF]Radial oxygen losses from intact rice roots as affected by distance from the apex, respiration and waterlogging[END_REF]Lemoine et al., 2012). Under anoxic conditions denitrifying bacteria can transform nitrates in diatomic nitrogen, reducing the nitrogen availability for the system (Verstraete and Focht, 1977;Seitzinger, 1988).

:N ratio Plant morphology Sediment X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Ammonium is the predominant source of nitrogen for aquatic plants, which is followed by nitrates. Due to the higher concentrations of ammonium in the interstitial water compared to the surface water, plants uptake more easily ammonium by roots (Barko and Smart, 1986;Barko et al., 1991). However, high concentrations of ammonium can be toxic for plants (Britto and Kronzucker, 2002;Nimptsch and Pflugmacher, 2007). For this reason, the biogeochemical processes regulating the ammonium concentrations in interstitial water are fundamental for plant growth and survival in rivers. [START_REF] Wentworth | A scale of grade and class terms for clastic sediments[END_REF]. 
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Table 1 .

 1 Comparison of C:N (mean and SD) of sediment in bare sediment and in vegetated sediment for patches of different lengths (Welch t test).

	Tab e				C c he e acce /d	ad;Tab e;L cc -R2-Tab e.d c
	Tables								
	Site			BC				SB	
	Patch length		0.33		2.27		0.30		2.50
	L (m)								
	Sediment type Bare	In-patch Bare	In-patch	Bare	In-patch Bare	In-patch
	Mean C:N	9.74	9.17	7.38	10.89	8.69	7.53	8.69	19.69
	± SD	± 0.24	± 0.50	± 0.06	± 0.96	± 0.31	± 1.13	± 0.31	± 5.07
	t test (tdf; p)	t3.9=-1.88; p= 0.13 t3.1=7.25; p=0.005	t2.4=-1.69; p=0.21 t3.04=4.33; p=0.002

Table S2 .

 S2 Characteristics of environmental conditions (water depth, H) and of C. platycarpa patches measured at BC and SB sites (length L, width W, maximum height h, length to width ratio L/W, length to height ratio L/h and depth of submergence ratio H/h). Measurements were taken with a measuring tape.

	Site			BC					SB		
	Patch length L (m)	0.16 0.33 0.90 2.27 3.13	0.30 0.65 0.85 1.90 2.50
	W (m)	0.08 0.16 0.50 0.80 0.70	0.10 0.19 0.55 0.84 0.66
	h (m)	0.03 0.09 0.10 0.40 0.60	0.02 0.15 0.24 0.46 0.29
	L/W	2	2.1	1.8	2.8	4.5	3	3.4	1.5	2.3	3.8
	L/h	5.3	3.6	9	5.7	5.2	15	4.3	3.5	4.1	8.6
	H (m)	0.48 0.69 0.68 0.51 0.62	0.54 0.57 0.56 0.86 0.55
	H/h	16	7.7	6.8	1.3	1.0	27	3.8	2.3	1.9	1.9

Table S3 .

 S3 Water velocity (u !20) and particle size (d0.5) measured in the middle of patches of C. platycarpa of increasing length L (m) in the two sites (BC, SB). Values are reported both as absolute values (u !20, d0.5) and as relatively to the value measured at the upstream position (∆u !20, ∆d0.5).

	Site	BC		SB
	Patch length			
		0.16 0.33 0.90 2.27	3.13	0.30 0.65 0.85 1.90	2.50
	L(m)			
	𝑢 !20 (ms -1 )	0.17 0.16 0.14 <0.01 <0.01	0.25 0.14 0.07 <0.01 0.08
	∆𝑢 !20	0.01 0.00 0.22 -1.11 -1.00	0.06 -0.19 -0.69 -0.99 -0.61
	d0.5 (µm)	159.6 118.8 36.9 104.7 105.4	255.9 171.6 48.9 58.4	127.6
	∆d0.5	0.10 -0.16 -0.78 -0.38 -0.10	0.14 -0.28 -0.79 -0.72 -0.58

Table S4 .

 S4 Effect of patch on organic matter content of sediment and nutrient concentrations in interstitial water for patches of increasing length (tested with one-sided t-tests).

	Site		BC					SB		
	Patch									
	length L	0.16	0.33 0.90	2.27	3.13	0.30	0.65	0.85	1.90	2.50
	(m)									
	Organic	t3 0.95	0.72 2.13	2.39	02.32	-1.17 4.10	1.66	3.97	7.11
	Matter	p 0.21	0.26 0.08	0.048 0.05	0.84	0.013 0.10	0.014 0.003
		t3 -0.90 1.54 3.70	1.28	3.54	405	10.2	64.2	11.8	8.64
	PO4 3-									
		p 0.78	0.11 0.03	0.15	0.02	<10 -3 <10 -3 <10 -3 <10 -3 0.002
		t3 0.79	2.67 5.47	1.8	5.87	1.68	26.5	17.5	11.5	3.58
	NH4 +									
		p 0.24	0.04 0.02	0.08	0.005	0.09	<10 -3 <10 -3 <10 -3 0.019
		t3 2.52	-0.79 -36.7 -49.8 -0.44	-1.96 -1.60 -4.50	0.51	0.99
	NO3 -									
		p 0.96	0.24 <10 -3 <10 -3 0.34	0.07	0.10	0.01	0.68	0.80
	%NH4 + /	t3 -0.35 2.93 19.9	14.2	12.5	2.09	4.35	3.91	3.54	0.51
	TDIN	p 0.62	0.03 0.001 <10 -3 <10 -3	0.06	0.011	0.015 0.019 0.32
	%NO3 -	t3 0.07	-2.27 -20.2 -14.9 -12.7	-2.17 -3.96	-3.93 -3.10 -0.29
	/TDIN	p 0.52	0.054 0.001 <10 -3 <10 -3	0.06	0.014	0.015 0.027 0.40
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Fig. S1. Processes regulating the ammonium concentrations in interstitial water under patches of aquatic plants in rivers. The ammonium concentrations in the sediment are controlled firstly by the accumulation of fine sediment and organic material, promoted by the deceleration of flow within plant patches (Sand-Jensen, 1998;Cotton et al., 2005). As fine sediment presents a reduced surface-subsurface water exchange, it is less oxygenated compared to the bare sediment, which is coarser (Findlay, 1995;Morrice et al., 1997).

Organic matter contains organic nitrogen that is transformed by bacteria into ammonium by mineralisation. In addition, all organisms produce and release ammonia by ammonification (Ladd and Jackson, 1982). Under oxic conditions ammonium is transformed in nitrates through nitrification, this process is limited to the sediment surface in the case of limitation of water exchanges due to fine sediment (Verstraete and Focht, 1977;[START_REF] Schmidt | Nitrification in soil[END_REF]. Certain Table S1. Description of the two sites: channel geomorphology (maximum channel depth, ZCh, and width, WCh), depth-averaged and time-averaged velocity (U), surface water physicochemical characteristics (conductivity Λ), temperature T, pH, concentration of orthophosphate PO4 3-, ammonium NH4 + , nitrate NO3 -and nitrite NO2 -), sediment characteristics (median particle size expressed as the percentile value, d0.5, organic matter content and the silt to clay ratio) and interstitial water physico-chemical characteristics (concentration of orthophosphate PO4 3-, ammonium NH4 + , nitrate NO3 -and nitrite NO2 -).

The values of velocity, sediment, surface water or interstitial water characteristics are the mean ± sd of the measurements at the sampling points located upstream of each patch (n=5 per site). Differences in velocity, sediment, surface water or interstitial water characteristics between sites have been tested with a t-test.