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Abstract 41 

Interactions between biological and physical processes, so-called bio-physical feedbacks, are 42 

important for landscape evolution. While these feedbacks have been quantified for isolated patches 43 

of vegetation in aquatic ecosystems, we still lack knowledge of how the location of one patch 44 

affects the occurrence of others. To test for patterns in the spatial distribution of vegetation patches 45 

in streams, we first measured the distance between Callitriche platycarpa patches using aerial 46 

images. Then, we measured the effects of varying patch separation distance on flow velocity, 47 

turbulence, and drag on plants in a field manipulation experiment. Lastly, we investigated whether 48 

these patterns of patch alignment developed over time following locations of reduced 49 

hydrodynamic forces, using two-year field observations of the temporal patch dynamics of 50 

Ranunculus penicillatus in a lowland chalk stream. Our results suggest that vegetation patches in 51 

streams organize themselves in V-like shapes to reduce drag forces, creating an optimal 52 

configuration that decreases hydrodynamic forces and may therefore encourage patch growth. 53 

Downstream patches are more frequently found at the rear and slightly overlapping the upstream 54 

patch, in locations that are partially sheltered by the established upstream vegetation while ensuring 55 

exposure to incoming flow (important for nutrient availability). Observations of macrophyte patch 56 

dynamics over time indicated that neighbouring patches tend to grow in a slightly angled line, 57 

producing a spatial pattern resembling the V-formation in migratory birds. These findings point to 58 

the general role of bio-physical interactions in shaping how organisms align themselves spatially to 59 

aero- and hydrodynamic flows at a range of scales.  60 
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Introduction 61 

Biogeomorphic landscapes, such as rivers, mangroves and salt marshes, are characterized by strong 62 

interactions between biological and physical processes. These reciprocal interactions, also referred 63 

to as bio-physical feedbacks, are fundamental for landscape formation, adjustment, and evolution 64 

(Corenblit et al. 2007; Murray et al. 2008; Corenblit et al. 2015). By obstructing the flow, 65 

vegetation stimulates channel formation in tidal marsh landscapes (Temmerman et al. 2007; 66 

Kearney and Fagherazzi 2016). In fluvial environments, riparian and floodplain plants affect the 67 

processes and morphology of alluvial rivers (Tal and Paola 2007; Gurnell 2014). Such 68 

environments are characterized by the presence of ecosystem engineers (Jones et al. 1994; Gurnell 69 

2014), organisms that are able to modify their habitat through their action or their own physical 70 

structure or actions. To understand these biogeomorphic systems, many studies have focused on 71 

interactions between vegetation, hydrodynamics, and sedimentation processes (Leonard and Luther 72 

1995; Madsen et al. 2001; Bouma et al. 2007). These landscapes are often characterised by patchy 73 

vegetation, at least during the establishment phase. However, despite many plants being the 74 

keystone species in these environments, understanding of how flow modification at the patch scale 75 

may affect the processes and mechanisms controlling vegetation establishment and the 76 

hydrodynamics of these systems remains limited. 77 

The interactions between flowing water and plants have been studied across different 78 

ecosystems, over a variety of spatial scales and vegetation configurations. Such configurations 79 

include homogeneous fields of vegetation (Kouwen and Unny 1973; Nepf and Vivoni 2000; Chen 80 

et al. 2013) as well as isolated plant patches (Sand-Jensen and Vindbœk Madsen 1992; Bouma et al. 81 

2009; Zong and Nepf 2012). The impact of a vegetation patch on hydrodynamics and sediment 82 

dynamics is location and scale-dependent (Rietkerk and Van de Koppel 2008; van Wesenbeeck et 83 
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al. 2008; Schoelynck et al. 2012), for instance changing from reduced flow velocities within the 84 

vegetation to increased velocities around it. Many more studies have been carried out on individual 85 

patches of submerged aquatic macrophytes (for example, Sand-Jensen and Mebus, 1996; Sand-86 

Jensen, 1998; Sukhodolov and Sukhodolova, 2009), compared to studies with multiple macrophyte 87 

stands (Cotton et al. 2006; Wharton et al. 2006; Marjoribanks et al. 2017). As patches in a 88 

landscape rarely grow in isolation but rather in mosaics (Temmerman et al. 2007; Van der Wal et al. 89 

2008), including a pseudo-braided pattern in rivers (Dawson 1989), one patch may affect other 90 

patches by altering its local environment. The size of the gap between vegetation patches can be 91 

influenced by current velocity (Fonseca and Bell 1998) and turbulence, and has implications for 92 

physical and ecological processes (e.g. sedimentation, nutrient availability) (Folkard 2005; Folkard 93 

2011). Recent attention has been focused on the larger-scale impact of multiple patches, and how 94 

their size and/or alignment affects flow patterns (Folkard 2005; Vandenbruwaene et al. 2011; 95 

Adhitya et al. 2014) and sediment deposition (Meire et al. 2014), and the implications for landscape 96 

adjustments and evolution (Kondziolka and Nepf 2014; De Lima et al. 2015; Gurnell and 97 

Grabowski 2016). However, knowledge is still lacking on how the location of one patch may affect 98 

the occurrence of another patch, potentially leading to optimal spatial configurations due to 99 

hydrodynamic force reduction. 100 

Several studies have revealed the importance of facilitation, i.e. positive interactions 101 

between species that promote establishment by mediation of physical stress (Bruno et al. 2003; 102 

Callaway 2007). Thus, positive feedbacks created by one patch may extend beyond the patch itself 103 

(Bruno and Kennedy 2000), leading to a facilitative effect on the establishment or growth of other 104 

species. Such interactions between vegetation patches are likely to be relevant for plant 105 

establishment in lotic environments, where primary colonization is challenging due to forces that 106 
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act to dislodge seedlings and fragments (Riis 2008; Balke et al. 2014). However, studies of 107 

facilitation mostly focus on interactions between individuals of different species or interspecific 108 

interactions (Bruno et al. 2003; Callaway 2007). Consequently, we know relatively little about 109 

intraspecific facilitation mediated by existing vegetation patches of the same species and its effects 110 

on distribution patterns in the landscape. It is important to address this gap as intraspecific 111 

facilitation is likely to be a key process in flow-dominated systems, where currents and drag forces 112 

may impose a stress that limits growth and seedling establishment (Schutten et al. 2005; Puijalon et 113 

al. 2008; Balke et al. 2011). It is known that vegetation patches may increase flow velocity in some 114 

adjacent areas, while reducing it directly downstream of the patch (Bouma et al. 2007; Chen et al. 115 

2012; Schoelynck et al. 2012). As a consequence, optimal spatial configurations of vegetation 116 

patches might be expected to emerge due to patterns of hydrodynamic force reduction, specifically 117 

in terms of drag force reduction. 118 

Plant-flow interactions have been studied intensively in vegetated streams because of their 119 

ecological and geomorphological importance (Gurnell 2014; Bertoldi et al. 2015; Grabowski and 120 

Gurnell 2016), and the presence of unidirectional flow makes them an ideal model system. In this 121 

study, we investigated the spatial distribution of submerged aquatic vegetation patches and the 122 

implications of this for in-stream landscape adjustments over a two-year timescale. There were 123 

three components to the study. First, naturally occurring macrophyte patches were identified from 124 

aerial images to determine the average patch separation distances. Then, a field manipulation 125 

experiment was conducted to measure the effects of varying patch separation distance on flow 126 

velocity, turbulence, and drag on the submerged plants. We considered drag reduction as a proxy 127 

for the benefits derived by plants from their location in relation to other patches. Previous studies 128 

indicate that, on a short temporal scale, the survival and establishment of individual plants depend 129 
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on successful root development (in the order of days; Barrat-Segretain et al. (1998); Barrat-130 

Segretain et al. (1999)) and protection from scouring or dislodgement due to currents and drag. 131 

Most of this primary colonization phase derives from drifting vegetative fragments, and rarely from 132 

seeds (Sand-Jensen et al. 1999; Riis 2008). To test whether the most frequent patch distributions 133 

corresponded to the locations with the lowest drag forces, we related patterns of drag reduction to 134 

the observed probability of patch occurrence identified from aerial images. After colonization, 135 

single shoots develop into patches on intra-annual time scales through clonal expansion (over the 136 

course of months; Cotton et al. (2006); Wharton et al. (2006)). Therefore, finally we tested whether 137 

such preferential patch distributions obtained from aerial images were supported by field 138 

observations of temporal patch dynamics in a lowland chalk stream over a period of two years.  139 

Materials and methods 140 

Measuring inter-patch distance from in-stream aerial images  141 

To investigate the existence of preferential distributions of plant patches, we collected aerial images 142 

of an artificial drainage channel with natural colonization by aquatic vegetation. The channel is 143 

located along the Rhône River (France), near Serrières-de-Briord (45.8153 ° N, 5.4274 ° E). The 144 

channel, selected for its uniform cross-sectional and planform geometry allowing a focus on plant 145 

configuration, had an average channel width of 8.0 m, an average depth of 0.8 m, rarely exceeding 146 

1.3 m, with relatively straight banks. Aerial images of the streambed were taken with a digital 147 

camera mounted on a pole at a height of c. 2 m. We identified 22 pairs of neighbouring patches for 148 

the dominant aquatic macrophyte Callitriche platycarpa. This species has long, flexible shoots that 149 

are pushed in a downstream direction by the flow, generating an overhanging canopy that is rooted 150 
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only at the upstream edge (Haslam 1978). The pairs could clearly be distinguished as separate 151 

patches through the presence of an unvegetated area between their rooting parts. In these streams, 152 

neighbouring patches were defined as those within 1.5 m from each other, because the influence of 153 

an upstream patch can be observed for a distance equal to its length (Sand-Jensen and Mebus 1996; 154 

Schoelynck et al. 2012), and 1.5 m is representative of the average length of C. platycarpa patches 155 

(Sand-Jensen 1998). We measured the absolute longitudinal inter-patch distance (distance between 156 

their upstream edges in the streamwise direction, Ld in m) and transversal inter-patch distance 157 

(distance between their leftmost edges in the spanwise direction, Td in m) between the pairs (Figure 158 

1). To account for differences in absolute distances due to the variability in patch sizes, we 159 

converted them into relative distances. To obtain relative longitudinal distances (L), we divided the 160 

absolute distance Ld by the length of the upstream patch Lu. To obtain relative transversal distances 161 

(T), we divided the absolute distance Td by the width of the upstream patch Tu (Figure 1). The 162 

frequency distributions of relative longitudinal and transversal distances were first converted into 163 

probability distributions. Then, the probability distributions in the two directions were multiplied by 164 

each other to obtain the probability of naturally-observed occurrences of vegetation patches for 165 

each combination of L and T distances. This point grid was imported into GIS software and 166 

interpolated to obtain a two-dimensional probability map of naturally-observed patch occurrence 167 

(%) at different distances from an existing patch, using kriging interpolation. 168 

Quantifying the effects of inter-patch distance on flow velocity and drag using a field 169 

manipulation experiment 170 

Flow velocity measurements 171 
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To assess the effects of different patch configurations on flow reduction and acceleration, we 172 

measured the changes in flow velocity with varying patch separation distance through a field 173 

manipulation. Plants were detached from existing patches, transplanted on perforated metal plates 174 

and fixed through cable ties at the roots, to recreate two C. platycarpa patches (1.2 m in length, 0.6 175 

m in width) that could be moved and arranged at different distances in the river bed. The two 176 

patches were arranged into 10 different configurations, representing a combination of longitudinal 177 

and transversal distances (Figure 2). The patch located upstream (“patch U”) was kept fixed, while 178 

the other one (“patch D”) was moved downstream and/or laterally to create the configurations. The 179 

two patches were partially overlapping in one configuration (T = 0.5, L = 0.46), as the leading edge 180 

of patch D started at the end of the rooted area of patch U. In this case, the overhanging canopy of 181 

patch U was located in the upper water layer, while the leading edge of patch D was located close 182 

to the bed, which still allowed water to flow in between the two patches. The patch characteristics 183 

(width, length and density) were kept constant between the fixed and mobile patches. Patch density 184 

was fixed by fitting the plants into the perforated metal plates, with an array of 9408 holes per m2. 185 

The condition of the plant patches did not deteriorate during the course of the experiment, thus 186 

maintaining a similar morphological function within the river. 187 

Vertical profiles of flow velocity were measured with a 3D acoustic Doppler velocimeter 188 

(ADV, Nortek) over 2 min at 10 Hz. Hydrodynamic profiles were measured at five vertical 189 

locations of 5, 10, 20, 40 and 90% of the depth above the river bed. Around the pair of vegetation 190 

patches, vertical profiles were located at distances of 0.2 m and 0.1 m respectively from the 191 

upstream edges, and 0.2 m on both sides of each patch (at 0.35 m along their length), i.e. in the gap 192 

between the patches. For each point measurement in the profile, mean values of the velocity 193 

components u, v and w were calculated (corresponding to velocities in the x, y and z directions; m s-194 

1). Depth-averaged flow velocities u (in the streamwise direction) are expressed relative to 195 
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incoming flow velocity, which was recorded at a fixed measurement point located 0.5 m upstream 196 

of patch U. 197 

Turbulent kinetic energy 198 

To determine the effects of different patch configurations on turbulence, we measured the changes 199 

in turbulent kinetic energy (TKE, m2 s-2) with different patch separation distances. TKE is a 200 

measure of hydrodynamic turbulence that can negatively affect plants through direct effects on their 201 

growth (Jaffe and Forbes 1993). Also, by governing processes of sediment trapping and 202 

resuspension (Hendriks et al. 2008), it can potentially affect plant establishment by reducing 203 

sediment stability. TKE was therefore calculated for the profile located at 0.1 m from the upstream 204 

edge of patch D, to investigate its potential implications for establishment. We first calculated the 205 

turbulent fluctuations 𝑢#(𝑡) = 𝑢(𝑡) −	𝑢 where 𝑢(𝑡) is the time series of flow measurements and 𝑢 206 

is the time-averaged velocity (m s-1) in the streamwise direction at each vertical position. The 207 

corresponding spanwise and vertical turbulent velocity components 𝑣# and 𝑤# were calculated in 208 

the same way. For each point measurement in the profile, turbulent kinetic energy (per unit mass) 209 

was then calculated as 𝑇𝐾𝐸 = 	 /
0
	1𝑢#0 + 𝑣#0 + 𝑤#03. 210 

Drag force measurements 211 

To investigate the benefits of different patch configurations in terms of drag reduction, we 212 

measured the effects of varying patch separation distance on drag forces. Drag forces were 213 

measured using a force transducer developed by the former WL Delft Hydraulics (now Deltares, 214 

Delft, The Netherlands). The transducer consisted of a solid platform, carried by two steel 215 

cantilever beams, with four temperature-corrected strain gauges mounted in pairs on opposite sides 216 

of each of the two steel cantilevers (for details see Bouma et al. (2005)). The voltage output for the 217 
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force transducer was linearly correlated with forces up to 10 N (r2 = 0.99, p < 0.001). During the 218 

measurements, a C. platycarpa plant was mounted on top of the transducer and placed into the river 219 

bed at the upstream edge of patch D. For the measurements, we selected isolated plants of 55.1 ± 220 

5.8 cm in height and with 4 to 9 ramifications. Plants were attached to the transducer by their stem, 221 

and positioned in a natural growth position to closely represent the natural conditions. Voltage 222 

readings were collected on a data logger at a frequency of 100 Hz and expressed as the mean value 223 

for 1 min. As bending and leaning of the plant on the vegetation patch interferes with measuring the 224 

actual drag on the individual, drag measurements were also performed by removing patch D and 225 

repeating the measurement on the single plant. To allow comparisons between individuals, drag 226 

was expressed as a function of total plant surface area. 227 

Effects of patch interactions on seasonal in-stream landscape adjustments: evidence from 228 

temporal field surveys 229 

To test whether new vegetation occurred preferentially at certain distances and directions from 230 

initial vegetation patches, we analysed field surveys of vegetation development from a study on a 231 

chalk stream reach within the Frome-Piddle catchment (Dorset, UK) over two years (monthly from 232 

July 2008 to July 2009, and bimonthly thereafter until July 2010; for further information on the 233 

field surveys, please see Davies (2012)). The study reach was the Bere Stream (UK Grid Reference 234 

385563, 93009), a relatively straight 30 m section with bankfull widths ranging between 7-9 m. The 235 

dominant in-channel aquatic macrophyte was water crowfoot (Ranunculus penicillatus subsp. 236 

pseudofluitans) which has highly similar patch establishment dynamics and structural traits to 237 

Callitriche platycarpa (rooted at the upstream part of the patch and with very flexible stems that 238 

form an overhanging canopy; Haslam 1978). Furthermore, the main factors affecting initial 239 
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establishment are determined by mechanical forces (e.g. drag, flow velocity). These forces increase 240 

the risk of plant uprooting or dislodgement and relate to plant morphological characteristics (Bal et 241 

al. 2011), rather than species characteristics such as growth rates. Thus, field observations of 242 

Ranunculus could be compared with the findings of the field manipulation experiments of C. 243 

platycarpa. 244 

The data set from the Frome-Piddle catchment afforded a unique opportunity to assess the 245 

occurrence of new vegetation and changes in vegetation cover and spatial distribution over time. 246 

The field survey was a repeated measures design over time. During each survey, macrophyte 247 

distribution was mapped along 30 transects that were located at 1-m distance intervals along the 30-248 

m long study reach. Along each transect, measurement points were located at 0.5 m intervals to 249 

record macrophyte presence and species. The sample size was 2150 measurement points, replicated 250 

over 19 surveys, of which six surveys were used in this study. Reach survey data were analysed 251 

using GIS software. The total station coordinates of the transect markers were used to georeference 252 

a digitised version of the reach within a GIS. The output resulted in an array of points that were 253 

spatially arranged along transect lines. Vegetation cover observed at points in the reach data set 254 

were interpolated using an Inverse Distance Weighted (IDW) interpolation method. If the predicted 255 

surface outputs from IDW differed from the substrate cover observed at any extra observation point 256 

not used in the IDW, the substrate cover observed at that point prevailed above the IDW 257 

interpolation. Separate vegetation patches were derived using the minimum bounding geometry 258 

enclosing each of the polygon outputs from IDW. Although not measured in this study, seasonal 259 

changes in macrophyte cover are generally associated with changes in vegetation biomass density 260 

(g dry weight m-2). A previous study in the Bere Stream found that Ranunculus density was lowest 261 

during winter (January, about 100 g DW m-2) and peaked during the summer months (May – July), 262 

when it reached about 400 g DW m-2 (Dawson 1976). 263 
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We tested the hypothesis that directions of growth of new patches compared to existing 264 

patches during the survey period show preferential directions for plant growth, instead of being 265 

uniformly distributed in all directions. Therefore, six replicate surveys over three different periods 266 

were selected over the two years (December 2008 – July 2009, September 2009 – January 2010, 267 

January 2010 – July 2010) because a net increase in Ranunculus cover was measured within each 268 

of them, allowing the phase of new macrophyte patch colonization to be captured. The shortest 269 

distance and direction (angle) between each new vegetation patch and the closest existing patch at 270 

the beginning of each survey period were calculated using the ‘Near’ tool in ArcMap 10.4. 271 

Statistical analyses 272 

In the aerial photography, 22 replicate pairs of patches were considered. A chi-squared test was 273 

used to test for significant differences in the frequency of observed longitudinal and transversal 274 

distances between vegetation patches. In the field experiment, the statistical design was a fully 275 

factorial design with transversal and longitudinal distances as the main factors, comprising ten 276 

different configurations (treatments) each measured once. Regression analysis was used to test the 277 

effects of varying longitudinal and transversal distances on depth-averaged and near-bed (5 and 278 

10% of depth above the river bed) flow velocities in four different positions (between the patches, 279 

at the upstream edge of patch D, next to patch U, next to patch D), and on turbulent kinetic energy 280 

at the upstream edge of patch D. We tested whether relative flow velocities would increase linearly 281 

with increasing inter-patch distances, or follow a quadratic relationship which might be expected if 282 

relative flow velocities first increase until a maximum at intermediate distances, and then decrease 283 

to 1 as they become equal to incoming flow velocity. In the latter case, patches become far enough 284 

apart so that they cease to interact. Hence, we fitted both linear and quadratic models using single 285 

(L or T distances) and multiple (L and T distances) predictor variables. We then used Akaike’s 286 
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Information Criterion to compare the adequacy of the candidate models, and selected the model 287 

with the lowest AIC score (Akaike 1998). Regression analysis was used to test for the relationship 288 

between flow velocities and drag forces on C. platycarpa in the field flume experiment. Ordinary 289 

Least Square (OLS) regression was used for spatial regression between the experimental drag 290 

measured around a vegetation patch, and the probability of naturally-observed patch occurrence. 291 

The latter was first log-transformed (natural log of original value + 0.5) due to its skewed 292 

distribution. A chi-squared test was used to test for significant differences in angle of growth 293 

compared to a uniform distribution in all directions. A paired t-test was used to compare drag forces 294 

measured on single plants to drag on plants located at the upstream edge of a vegetation patch. 295 

Results 296 

Observed inter-patch distances between pairs of macrophytes 297 

The analysis of aerial photographs from the Rhône River study reach revealed that naturally-298 

occurring C. platycarpa stands display a non-random distribution relative to neighbouring patches 299 

(Figure 1). We observed that the leading edge of the downstream patch was most frequently located 300 

between one third and halfway along the length of the upstream patch (i.e., L = 0.3 – 0.5) (χ50 = 301 

20.54, p = 0.008). This longitudinal separation distance was relatively constant, regardless of the 302 

size and shape of the patches we analysed (width/length ratios ranged from 0.25 to 0.83). In the 303 

transversal direction, the downstream patch was most frequently located at 80% of the width of the 304 

upstream patch from the latter’s lateral edge (i.e. T = 0.8), hence partially overlapping with, and 305 

sheltered by, the overhanging canopy of the patch ahead (χ60 = 14.90, p = 0.021). 306 
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Effects of inter-patch distance on flow velocity and turbulence  307 

Measurements of the hydrodynamic effects of different patch configurations in the Rhône River 308 

study reach showed that depth-averaged flow velocity and turbulence patterns were strongly 309 

affected by the distance between patches. In between the patches, flow velocity was strongly 310 

reduced when the patches were partly overlapping (i.e. for T = 0.5 and L = 0.46), but it increased 311 

when a clear separation developed between patches and flow was constricted. We found a 312 

significant linear relationship between flow velocities in between the patches and the relative 313 

transversal (T, spanwise) distance between the patches (F1, 8 = 31.45, r2 = 0.79, p < 0.001; Figure 3a 314 

– c; Table 1). When the patches were close together, with no more than a 5 cm gap (T ≤ 1.08), flow 315 

velocities between them were reduced and the pair tended to behave more like a single patch. 316 

However, flow velocity accelerated when the gap between the patches, and therefore T, increased. 317 

In particular, at T = 1.58, flow velocities between the two patches were higher than incoming 318 

velocities due to flow constriction (Figure 3b). 319 

We found that turbulence was minimized at intermediate distances along the length of an 320 

upstream patch, while it increased both when the patches were next to each other and when one was 321 

immediately downstream of the other. Turbulent kinetic energy upstream of the patch was 322 

significantly related to relative longitudinal distance L through a quadratic relationship (F2, 7 = 323 

5.719, r2 = 0.62, p = 0.03), the highest TKE occurred when patches were located next to each other 324 

(for L = 0; Figure 3d – f). From L=0, TKE decreased with increased relative longitudinal distance 325 

until a minimum at L = 0.66, after which it increased again for L > 0.66 as it entered the high TKE 326 

region in the wake of the upstream patch. This minimum TKE at L = 0.66 seems to be the point at 327 

which there was an optimal combination of sheltering from the oncoming flow by the upstream 328 

patch (which increased with L), and minimization of the high TKE region in the wake of the 329 
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upstream patch (which decreased with L). For the mean flow velocities upstream of patch D, results 330 

of single and multiple regression showed no significant relationship with T and L distances (Table 331 

1). 332 

Areas of weakest flow deflection (i.e. reduced hydrodynamic forces) were found around the 333 

upstream patch at intermediate longitudinal distances and, in particular, when the two patches were 334 

partly overlapping. However, flow deflection increased both when the patches were next to each 335 

other and when one was immediately downstream of the other. A significant non-linear (quadratic) 336 

relationship was found between flow velocities next to patch U and both relative transversal (T) and 337 

relative longitudinal (L) distances (F4, 5 = 7.931, r2 = 0.90, p = 0.03; Figure 3g – i; Table 1). As L 338 

increased, flow velocity first decreased for intermediate distances (between 0.16 and 0.58), due to 339 

weaker flow redirection around the patch. Then, it increased again to become equal to the incoming 340 

flow velocity, following a quadratic relationship. As T increased, and therefore the gap between the 341 

patches increased, the flow velocity increased until it was equal to the incoming flow velocity for T 342 

≥ 1.5. However, flow velocities next to patch D showed no significant relationship with relative 343 

transversal (T) and longitudinal (L) distances (Table 1). 344 

Testing the relationship between patch distance and near-bed flow velocities revealed no 345 

significant relationship between patch distances and velocities at 5% of the depth above the river 346 

bed (Supporting Information, Table S1). A significant quadratic relationship between flow 347 

velocities in between the patches and both relative transversal (T) and relative longitudinal (L) 348 

distances was confirmed for flow measurements at 10% of the depth (Supporting Information, 349 

Table S2). 350 

Effects of inter-patch distances on drag forces 351 
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Existing vegetation patches appeared to create sheltered areas where drag was minimized, and new 352 

patches were more likely to occur in these locations. Measurements of the drag force derived from 353 

a plant’s particular location around an existing vegetation patch revealed a significant relationship 354 

between flow velocity and drag force per unit surface area on C. platycarpa individuals (r2 = 0.92, 355 

p = 0.0001; Figure 4a). As our field drag force measurements were in the same order of magnitude 356 

as measurements performed on the same species in a laboratory flume (Puijalon et al. 2011), we 357 

assert that the field set-up provided comparable and accurate measurements. Drag forces ranged 358 

from 0.19 to 4.63 N m-2, due to the flow modification by the vegetation patch, with lowest drag 359 

forces right along the lateral edge of the patch, at ≥ 0.55 m from the upstream edge. This distance 360 

along the length of the patch corresponded to the end of the rooted area and the start of the floating 361 

canopy, with the downstream patch forming an angle of 28° relative to the upstream patch. Plotting 362 

the drag in an interpolated spatial grid around a patch shows that the most frequent locations of 363 

neighbouring patches based on our field observations correspond to positions with intermediate to 364 

low drag forces (Figure 4b and d). Furthermore, the probability of observed patch occurrence in a 365 

certain position is inversely related to the observed drag force in that position (ordinary least 366 

squares spatial regression, r2 = 0.28, p < 0.0001, Figure 4c).  367 

Comparison of average drag force measurements on single plants, representing the conditions 368 

of initial establishment, compared to plants located at the upstream edge of a well-established patch 369 

(n = 10 configurations) showed that C. platycarpa individuals experience significantly higher drag 370 

when alone (Figure 5; paired t-test, t19 = - 2.28, p = 0.03). This observation shows that drag forces 371 

on the upstream plants are mitigated by leaning onto other plants in a patch. 372 

Effects of patch interactions on seasonal in-stream landscape adjustments: evidence from 373 

temporal field surveys 374 
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Field surveys over a two year period in the Frome-Piddle catchment (UK) showed that new 375 

vegetation patches occurred at specific orientations from existing vegetation patches (χ70 = 9.20, p = 376 

0.1 for Dec. 2008 – July 2009; χ70 = 12.80, p = 0.025 for Sept. 2009 – Jan. 2010; χ70 = 10.88, p = 377 

0.053 for Jan. 2010 – July 2010, and χ70 = 24.34, p < 0.001 for all survey periods together; Table 2). 378 

Within each of the three time periods we analysed, the most common direction of growth was at 379 

angles between 0 and 60° from existing patches (with a peak around 30°), in a downstream 380 

direction towards the right bank with a second most common direction at angles between 120 and 381 

180°, downstream towards the left bank (Figure 6; Table 2). The most common angles of growth 382 

found through field surveys are consistent with the angle of 28° found through field measurements 383 

and corresponding to a region where drag forces are the lowest (Figure 4). Overall, these 384 

observations support the hypothesis that new patches occur in a slightly angled line with respect to 385 

existing well-established patches, in locations with reduced hydrodynamic and drag forces (Figure 386 

4).  387 

The observed seasonal trends of in-stream vegetation growth and die-back were similar over 388 

the two survey years in the Frome-Piddle catchment (Table 2; the corresponding changes in fine 389 

sediment deposition within Ranunculus patches are reported in Davies, 2012). During both years, 390 

Ranunculus reached its peak cover in the period May – July and began to decline shortly after (until 391 

December), due to the seasonal dieback linked to increasing channel discharge and decreasing 392 

daylengths and water temperatures. In September 2009, a particularly low Ranunculus cover was 393 

observed (7%), likely related to the increase in autumn discharges. However, in-stream vegetation 394 

started to recover from January onwards, when daylengths increased, with new Ranunculus patches 395 

recolonizing the stream bed. 396 
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Discussion 397 

While most studies of bio-geomorphic feedbacks have focused on isolated or already established 398 

patches, our study examined the spatial configuration of patches and quantified where plant patches 399 

occur in relation to one another. A key finding was that new vegetation patches in streams organize 400 

themselves in V-like shapes during the establishment phase to reduce hydrodynamic and drag 401 

forces. Field observations showed that patches are more likely to grow at the end of the rooted area 402 

of the upstream patch, where its floating canopy starts (i.e., between one third and halfway down 403 

the length of an upstream patch), and slightly off to its side (overlapping with part of their width). 404 

Measurements in the field revealed that these locations correspond to areas where drag is reduced, 405 

due to partial sheltering from high flow velocities and TKE by well-established vegetation patches. 406 

Field manipulations supported this hypothesis, showing that mean flow velocity is reduced by 407 

partially overlapping with upstream patches in the across-stream direction, and turbulence is 408 

minimized when growing halfway down the length of an upstream patch in the main flow direction. 409 

Flow deflection around the upstream patch is weakest when a partial V-shape is formed, suggesting 410 

that additional secondary patch growth can occur on the other side of the V. These patterns of patch 411 

alignment in formation resemble the formation adopted by migratory birds (Portugal et al. 2014), or 412 

the drag-reducing queue formations in spiny lobsters (Bill and Herrnkind 1976). This provides 413 

evidence of the role that bio-physical interactions have in shaping the way organisms position 414 

themselves spatially in landscapes, in both air- and water flow, across a range of scales.  415 

Facilitative interactions within the landscape of a self-organized species 416 

The positive and negative feedbacks underlying the formation of self-organized patterns have been 417 

identified for a wide range of ecosystems (Rietkerk et al. 2002; van de Koppel et al. 2005; Larsen et 418 

al. 2007). At the scale of a single patch, it is well known that a positive feedback of reduced flow 419 
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velocities within patches is linked to a negative feedback limiting lateral growth (Bouma et al. 420 

2009; Schoelynck et al. 2012). However, while positive feedbacks are generally observed at a small 421 

scale within a patch (Rietkerk and Van de Koppel 2008), knowledge of the larger-scale facilitation 422 

of seedling or fragment establishment by a self-organized species is limited. Our study provides a 423 

first indication of establishment mechanisms operating at this larger, between-patch scale. We show 424 

how an existing vegetation patch modifies flow velocities and resulting drag forces in its 425 

surroundings thereby leading to positive or negative effects on the occurrence of other patches, 426 

operating at a distance. Facilitative interactions within the same self-organized species, and over 427 

larger scales, might therefore be an important but overlooked process determining the evolution of 428 

spatial patterns over time.  429 

 The spacing of the vegetation patches resembles the organized spatial configurations 430 

observed in other organisms. For instance, migratory birds maximize the upward motion of air from 431 

the bird ahead and reduce drag due to air resistance (Lissaman and Shollenberger 1970; 432 

Weimerskirch et al. 2001; Portugal et al. 2014), and fish schools adopt different spatial 433 

configurations that can lead to reduced energy expenditure (Ashraf et al. 2017). Our temporal 434 

observations showed preferential patch occurrence at 0 to 60° angles from existing patches, with a 435 

peak around 30°. This angle is consistent with the 28° angle at which drag on the downstream patch 436 

was minimized in the field manipulation. However, the regions of minimum drag force did not 437 

strictly correspond to the most frequent location of patch occurrence. This discrepancy could be due 438 

to the low number of drag measurement points in that location, or to processes occurring during 439 

patch development (e.g. erosion of the upstream patch front and downstream displacement of 440 

patches (Sand-Jensen and Vindbœk Madsen 1992), nutrient availability, etc.). The observed 441 

vegetation patch configurations might involve a balance between stress reduction and nutrient 442 
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availability. For submerged aquatic plants, the position immediately in the wake of another patch 443 

could seem equally or even more beneficial in terms of drag reduction. However, the V position 444 

might be a hydrodynamic optimum to maximize drag reduction while still ensuring exposure to 445 

light and delivery of nutrients by water flow. Flume experiments on nitrogen uptake showed that 446 

ammonium uptake rates for Callitriche increased when the patch was located at a leading edge, 447 

where it was exposed to higher mean velocity (Cornacchia et al. 2018a). Instead, Callitriche had 448 

very low ammonium uptake rates when it was immediately downstream of another patch and 449 

exposed to low mean velocities. This finding suggests that partial, rather than complete, sheltering 450 

by established vegetation can allow more nutrients to be delivered to the downstream patch. 451 

Similarly, in mussel beds, aggregation at high densities provides the advantage of protection from 452 

physical forces, but also increases competition for food (van de Koppel et al. 2005; De Paoli 2017). 453 

Therefore, the balance between reducing stress and maintaining resource availability might be an 454 

important factor influencing patch distributions in different self-organized systems. Further 455 

measurements of hydrodynamics and nutrient uptake, and/or numerical modelling studies are 456 

required to investigate the physical explanation for these patterns such as the V formation. 457 

The consistency between the neighbouring patch distances observed for Callitriche 458 

platycarpa and Ranunculus penicillatus suggest that such V-shaped settlement might be typical for 459 

lotic aquatic environments. Thus, it might be a general process for submerged aquatic vegetation in 460 

running waters, at least for species with similar morphologies and experiencing comparable drag 461 

forces (Bal et al. 2011). However, vegetation distributions can be more complex than the 462 

streamlined, V-shaped patterns described here. Moderate flow velocities and uni-directional flows 463 

tend to create a streamlined patch distribution, whereas a near-homogeneous plant cover would 464 

emerge in streams with sustained periods of low flow velocities (Cornacchia et al. 2018b). 465 
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Moreover, a model accounting for interactions between neighbouring patches of emergent 466 

vegetation found that wake interactions and resulting deposition patterns influence secondary patch 467 

growth (De Lima et al. 2015), yielding complex distributions and not necessarily recognizable V-468 

shapes. More complex patterns in vegetation growth have also been observed in a stream with a 469 

rich abundance of aquatic plant species (Cameron et al. 2013). Plant traits could also influence the 470 

occurrence of recognizable V-shaped patterns. For instance, a V pattern might not be expected for 471 

species showing high resistance to hydrodynamic forces (Puijalon et al. 2011), high root anchorage 472 

strength (Schutten et al. 2005; Gurnell et al. 2013; Liffen et al. 2013), or relying less on areas of 473 

low velocity and fine sediment deposition for their establishment and growth. Our observations 474 

were not able to provide evidence of this distribution pattern in other species, which were not as 475 

abundant in our field sites. Further studies are necessary to test if a clear dominant species is needed 476 

to achieve this configuration, and how the presence of other species might affect the patterns and 477 

spacing between patches. 478 

The patches in our experiment were constructed on an array of 9408 holes per m2. As a non-479 

dimensional measure of canopy density (Nepf, 2012), Callitriche patches have a frontal area per 480 

bed area ah = 0.200 ± 0.035 at the incoming flow velocity of 0.24 m s-1 (Cornacchia et al. 2018a). 481 

This density value is similar to other studies. Bouma et al. (2007) created patches with ah = 0.64. In 482 

Zong and Nepf (2011), ah ranged from 0.48 to 2.52. These values fall in the dense canopy regime 483 

described in Nepf (2012), corresponding to ah > 0.1. Therefore, the hydrodynamic patterns 484 

presented in this study can generally be expected in other ecosystems with flexible submerged 485 

species under dense canopy conditions and presenting similar patch structure (i.e. overhanging 486 

canopies). 487 

Initial patterns control future pattern formation: implications for ecosystem resilience 488 
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Our results on the role of patchiness on vegetation distribution suggest that initial vegetation 489 

patterns determine where future patches occur. This creates patterns at multiple spatial scales: a 490 

patch-patch scale during initial establishment, which over time leads to a pseudo-braided pattern in 491 

the organization of mature patches at the reach scale, with vegetated bands separated by 492 

unvegetated channels. These patterns likely develop on two different time scales. On the scale of 493 

generally 1 to 10 days, primary colonization by individual shoots relies on successful root 494 

development (Barrat-Segretain et al. (1998); Barrat-Segretain et al. (1999)), which allows them to 495 

withstand scouring or dislodgement due to currents and drag (as in our field manipulation). After 496 

primary colonization, single shoots develop into patches through clonal growth over the course of 497 

months, based on our monitoring data and literature studies (Cotton et al. 2006; Wharton et al. 498 

2006). Therefore, the complex self-organized patterning of stream macrophytes likely results from 499 

processes interacting at different spatial and temporal scales.  500 

Pattern formation at multiple scales, both spatial and temporal, has also been found to 501 

increase resilience in mussel beds which are another self-organized ecosystem (Liu et al. 2014). 502 

Similar to macrophytes, mussel aggregation into clumps improves their growth and offers 503 

protection against hydrodynamic forces (Van de Koppel et al. 2008). Thus, the presence of a few 504 

initial patches can facilitate the establishment of new patches. It might promote faster recovery 505 

following disturbance events such as floods by creating a self-reinforcing state that increases the 506 

resilience of lotic ecosystems. The sheltering effect presumably strengthens as the number of 507 

patches increases, eventually developing into near-full vegetation cover (cf. Van der Wal et al. 508 

(2008) for Spartina tussocks growing into a fully vegetated salt marsh). In regularly disturbed 509 

ecosystems, where the hydrologic regime and flow variability are among the primary factors 510 

controlling macrophyte establishment and development (Riis and Biggs 2003), this process may be 511 
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crucially important for vegetation recovery (Barrat-Segretain et al. 1998; Barrat-Segretain et al. 512 

1999; Riis 2008). Our study suggests the general role of bio-physical interactions in shaping how 513 

organisms align themselves to hydrodynamic flows in different landscapes and across multiple 514 

spatial scales. 515 
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Table 1 Regression results of linear and quadratic models including single (T, L) or multiple (T and 720 

L) predictor variables. Final selected models (in bold) are based on Akaike Information Criterion 721 

(AIC) values. 722 

  Linear model Quadratic model 
  Predictor variables 
  T * L T L T * L T L 
Relative 𝑼 
between 
patches 

R2 0.82 0.79 0.00 0.87 0.81 0.06 
p-value 0.01 0.0005 0.84 0.058 0.002 0.79 
AIC -17.64 -19.96 -4.06 -16.99 -19.08 -2.67 

        
Relative 𝑼 
upstream 
of patch 
“D” 

R2 0.40 0.24 0.05 0.71 0.33 0.28 
p-value 0.33 0.15 0.49 0.26 0.24 0.31 
AIC -6.22 -7.71 -5.59 -9.37 -7.05 -6.28 

        
Relative 𝑼 
next to 
patch “U” 

R2 0.41 0.22 0.00 0.90 0.25 0.69 
p-value 0.329 0.16 0.99 0.033 0.36 0.016 
AIC -25.53 -26.77 -24.19 -40.09 -25.10 -33.95 

        
Relative 𝑼 
next to 
patch “D” 

R2 0.33 0.31 0.00 0.38 0.31 0.085 
p-value 0.45 0.09 0.95 0.76 0.26 0.73 
AIC -22.32 -26.05 -22.29 -19.15 -24.05 -21.18 

        
TKE 
upstream 
of patch 
“D” 

R2 0.31 0.00 0.27 0.76 0.07 0.62 

p-value 0.48 0.99 0.11 0.18 0.77 0.03 

AIC -80.09 -80.31 -83.53 -86.83 -79.04 -87.99 

 723 

  724 
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Table 2 Changes in Ranunculus in-stream vegetation cover (%) and direction of growth of newly 725 

occurring vegetation patches with respect to the nearest existing vegetation patch (°), based on field 726 

observations in the Frome-Piddle catchment (UK), performed over three different time periods 727 

covering the annual growth cycle. Observations were of the dominant species Ranunculus 728 

penicillatus subsp. pseudofluitans.  729 

 Dec. 2008 July 2009 Sept. 2009 Jan. 2010 July 2010  
Ranunculus 
cover (%) 13 22 7 22 30  

Angle to nearest 
vegetation patch 
(°) 

Dec. 08 – July 09 Sept. 09 – Jan. 10 Jan. 10 – July 10 Total 

D
ow

ns
tre

am
 

0 – 60 5 5 6 16 

60 – 120 0 3 1 4 

120 – 180 3 2 4 9 

U
ps

tre
am

 180 – 240 1 0 5 6 
240 – 300 1 0 0 1 

300 – 360 1 0 1 2 

Total 11 10 17 38 

χ2 9.20 12.80 10.88 24.34 

d.f. 5 5 5 5 

p- value 0.1 0.025 0.053 < 0.001 
  730 
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Figures 731 

 732 

Figure 1 Frequency distribution of A) observed relative longitudinal inter-patch distance (distance 733 

between upstream edges divided by upstream patch length) and B) relative transversal interpatch 734 
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distance (transversal gap between leftmost edges divided by upstream patch width) of neighbouring 735 

patches of Callitriche platycarpa. The aerial pictures show macrophyte patch pairs (C, D) growing 736 

in a staggered distribution, with overlapping canopies. The canopy of the upstream patch is outlined 737 

in black. Grey areas indicate the extent of the rooted area. Arrows indicate main river flow 738 

direction. E shows the force transducer employed in the field for drag measurements on 739 

macrophytes. F and G illustrate the experimental setup in the field with the transplanted vegetation 740 

patches and ADV for flow velocity measurements.  741 
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 742 

Figure 2 Overview of the ten patch configurations used in the field experiments, with indication of 743 

inter-patch distance in the longitudinal and transversal directions. L and T are relative distances; Td 744 

and Ld are absolute distances (in m). Patch “U” was kept fixed, while patch “D” was moved 745 

downstream and/or laterally. Arrows indicate flow direction, and arrow size and colour indicate 746 

velocity magnitude relative to a measurement point located 0.5 m upstream of patch U. Grey areas 747 

indicate the extent of the rooted area. Orange dots are locations of drag measurements.  748 
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 749 

Figure 3 Relative flow velocity measurements (flow velocity relative to incoming flow) in between 750 

the patches (A, B, C) and on the side of patch U (G, H, I) for the ten configurations, showing the 751 

effects of increasing relative longitudinal and transversal distances. (D, E, F) Relationship between 752 

relative longitudinal and transversal distances and turbulent kinetic energy (TKE, m2 s-2) at the 753 

upstream edge of patch D. Green ovals are illustrations of the two neighbouring patches and their 754 

relative separation distances on the axes. Arrow size and colour indicate flow velocity magnitude, 755 

according to the colour scale in Figure 2.  756 
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 757 

Figure 4 (A – B) Drag forces per unit surface area on single C. platycarpa individuals in different 758 

positions around a vegetation patch in the field flume. In A, relationship between flow velocity and 759 

drag force in the field (this study) and in a laboratory flume (Puijalon et al., 2011). In B, the drag 760 

measurements (black dots, same points as in A) are plotted in an interpolated spatial grid around an 761 

existing vegetation patch (in green). (C – D) Probability of observed patch occurrence around an 762 

existing vegetation patch. In C, spatial regression between the experimental drag in a certain 763 

position around a vegetation patch, and the probability of patch occurrence in the same position. In 764 

D, map of probability of patch occurrence (%), based on the combination of the observed frequency 765 

distributions of relative longitudinal and transversal distances in Figure 1. Black dots indicate the 766 
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grid of distance observations. Note that the vegetation patch (green oval with dashed line border) 767 

provides an indication of the average size of an existing patch; the actual size observed in natural 768 

neighbouring patches may vary.  769 
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 770 

Figure 5 Drag forces on a single plant vs. a plant located in a vegetation patch, averaged over the 771 

ten vegetation configurations (paired t-test, t19 = -2.2813, p = 0.03). Error bars indicate standard 772 

error. 773 

  774 
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 775 

Figure 6 Top: Planform representation of the distribution of in-stream macrophyte patches of 776 

Ranunculus penicillatus subsp. pseudofluitans. In grey: existing vegetation patches at the start of 777 

the survey period; dotted lines: lateral expansion of initial vegetation patches through clonal 778 

growth; in green: new patches occurring at the end of the survey period. Black lines indicate the 779 

shortest distance and direction of growth between the newly occurring vegetation and the nearest 780 
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existing patch. Bottom: distance and direction of growth (°) of new vegetation patches in each time 781 

period over the stream bed. 782 


