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Global climate change is expected to impact hydrodynamic conditions in stream
ecosystems. There is limited understanding of how stream ecosystems interact
and possibly adapt to novel hydrodynamic conditions. Combining mathemat-
ical modelling with field data, we demonstrate that bio-physical feedback
between plant growth and flow redistribution triggers spatial self-organization
of in-channel vegetation that buffers for changed hydrological conditions. The
interplay of vegetation growth and hydrodynamics results in a spatial separ-
ation of the stream into densely vegetated, low-flow zones divided by
unvegetated channels of higher flow velocities. This self-organization process
decouples both local flow velocities and water levels from the forcing effect of
changing stream discharge. Field data from two lowland, baseflow-dominated
streams support model predictions and highlight two important stream-level
emergent properties: vegetation controls flow conveyance in fast-flowing chan-
nels throughout the annual growth cycle, and this buffering of discharge
variationsmaintainswaterdepthsandwettedhabitat for thestreamcommunity.
Our results provide important evidence of how plant-driven self-organization
allows stream ecosystems to adapt to changing hydrological conditions,
maintaining suitable hydrodynamic conditions to support high biodiversity.
1. Introduction
The importance of vegetation in affecting water and air flow and shaping
physical landscapes has been widely recognized [1,2]. Mountain and hillslope
vegetation reduces surface runoff, river discharge, and erosion rates, thereby
affecting landscape morphology [3,4]; vegetation steers tidal landscape devel-
opment [5–7] and dune formation [8]; and in-stream, riparian and floodplain
plants affect the processes and forms of alluvial rivers [9–11]. Water flow
velocities in rivers are a function of the balance between energy imposed by
slope or discharge and the resistance imposed by the river bed. Within shallow,
low-energy rivers, submerged and marginal aquatic vegetation imparts a resist-
ance to water flow [12] that affects water velocities in the channel [13–15].
Conventional models, relating river discharge to flow velocity, assume veg-
etation to be an independent resistance factor restricting water flow [16] with
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Figure 1: Relationship between discharge and macrophyte cover in the
model and in two chalk streams. (a) Schematic diagram of the ‘abstract’
stream simulated in the model: the proportion of the stream cross-section
that is vegetated adjusts in response to changes in water discharge. In
the model, at very low discharge, the entire stream cross-section is homoge-
neously vegetated. As discharge increases, the stream becomes spatially
separated into densely vegetated, low-flow zones, and low-density, high-
flow zones; vegetation cover decreases until the stream becomes entirely
unvegetated. (b) Relationship between modelled percentage macrophyte
cover (fraction of vegetated cells over the whole simulated domain) and dis-
charge. (c) Relationship between macrophyte cover and river discharge as
found in the field for both study sites (N = 31) (R2 = 0.77, p < 0.0001).
(Online version in colour.)
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vegetation cover regarded as a static entity, presuming
a unidirectional effect of vegetation on water flow. However,
aquatic vegetation cover is also controlled by water flow,
among other factors (reviewed in [17]); water velocity influ-
ences the presence, density, and species composition of
aquatic vegetation communities [17,18]. While field surveys
[14,15] andmodels [19] have highlighted the impact of seasonal
variation in vegetation cover in streams on local water vel-
ocities, they often ignore the two-way interaction in the process.

Aquatic vegetation typically grows as monospecific patches
within streams [17] with a patterning caused by self-
organization processes emerging from the divergence of
water around vegetation patches [20]. This interaction results
in spatial patterns of patch alignment [21] that are important
for species facilitation [22]. Although self-organization is recog-
nized as an important regulating process in several natural
systems [23], including the morphological structure of fluvial
systems [24], there is insufficient understanding of the
implications of self-organization induced by the interaction
between plant growth and water flow for the functioning of
vegetated rivers and streams. Moreover, we know very little
about the ability of stream ecosystems to maintain a healthy,
diverse ecosystem in the face of changing discharge. This is a
pressing need, as these high-biodiversity ecosystems are
expected to face more severe hydrological conditions due to
global climate change and human modifications of rivers and
their catchments.

We present a combined mathematical and empirical
investigation that reveals how feedback mechanisms between
in-stream plants and river discharge buffer flow velocities and
water levels against high and low flows. A model is developed
that describes the interplay of plant growth and hydrodyna-
mics within a spatially heterogeneous vegetated stream. With
this model, we explore how self-organization processes
that emerge from this interaction create heterogeneity in plant
biomass and water flow, and how this, in turn, affects
stream hydrodynamic conditions. We model an ‘abstract’
stream where we adopt a simplified setting of a single channe-
lized flowarea in between twovegetated areas, and focus on the
lateral adjustment of the effective width of the channel in
response to increasing discharge (figure 1a). Moreover, we
assume that the stream is groundwater fed and baseflow domi-
nated, and hence discharge is presumed to change gradually.
Plant growth is described in the model using the logistic
growth equation, and plant mortality due to hydrodynamic
stress is assumed to increase linearly with net water velocity
[5]. We assume that the lateral expansion of plants through
clonal growth can be described by a random walk, and we,
therefore, apply a diffusion approximation [25]. Water flow is
modelled using depth-averaged shallow water equations in
non-conservative form. The effects of friction exerted by the
bed and vegetation on flow velocity are represented by the
Chézy coefficient, following the approach of Baptist et al. [26],
slightly modified to account for bending of flexible submerged
macrophytes in response to increased water flow [27]. To test
the model predictions on flow regulation by in-stream plants,
we use field measurements of seasonal variations in plant
cover, discharge, water levels, and spatial patterns of flow
velocities within and around vegetation patches in two base-
flow-dominated single-thread chalk streams with seasonal
variations in discharge. One stream was dominated by mixed
submerged and emergent vegetation, and the other by
submerged vegetation (see Material and methods).
2. Results
(a) Water discharge regulates vegetation cover
Our model analysis reveals that the feedback between
vegetation growth and local flow velocity creates a self-
organization process that allows vegetation cover to readjust
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in response to increasing discharge (see bifurcation analysis in
electronic supplementary material, S1 and figure S1; S2 and
figure S2). At low discharge, the entire stream becomes homo-
geneously vegetated (figure 1a). When discharge increases, the
equilibrium changes from a homogeneously covered state to a
partly covered state where the flow is separated into two dis-
tinct spatial zones. One is characterized by low to zero
vegetation biomass and high flow velocities in the middle of
the stream, and the other by high biomass and low flow
velocities at the edges of the stream. This is caused by a
scale-dependent effect of vegetation on hydrodynamics
where increased flow resistance locally reduces flow velocities
in the vegetated regions, while water flow is diverted and con-
centrated outside of the vegetation, thereby inhibiting its
expansion. With steadily increasing discharge, the area of
channelled flow progressively increases and the vegetated
portions decrease as plants are uprooted, due to the self-
organized adjustment of vegetation cover to incoming
discharge, until the system shifts to an unvegetated equili-
brium where no vegetation can persist (figure 1a). The
resulting inverse relationship between incoming flow dis-
charge and vegetation cover (figure 1b) was calibrated to best
fit the negative relationship observed in the field for both
study sites, showing that vegetation cover decreases (as
plants are uprooted) with increasing discharge (R2 = 0.77,
p < 0.0001, figure 1c) in response to the seasonal pattern of
changing hydrology and vegetation growth and die-back.
Moreover, our model predictions are supported by experimen-
tal evidence of the flow divergence effect of vegetation patches:
thus in the zone adjacent to the vegetation, our model predicts,
on average a flow acceleration of 52% compared to the incom-
ing flow velocity, a value close to the 42% average acceleration
reported in [20].
(b) Vegetation regulates flow velocities
The model predicts that local flow velocities both within the
vegetation and in the unvegetated channelled flow area are
relatively unaffected by changing discharge (figure 2a). The
slopes of the velocity-discharge relationships in figure 2a indi-
cate that flow velocities increase by 0.03 m s−1 per unit increase
in discharge within the vegetation, and by 0.06 m s−1 between
the vegetation. This stability in local flow velocities is the
consequence of the adjustment of vegetation cover to increases
in overall water discharge, with vegetation expanding when
discharge and flow velocities in the channelled area decrease,
and retreating due to uprooting when discharge and flow
velocities increase. Hence, vegetation readjustment buffers
for increased discharge, thereby maintaining relatively con-
stant water flow velocities (figure 2a). These predictions are
supported by field data at the two study sites. Flow velocities
within and between vegetation patches are buffered against
changes in discharge. The presence of vegetation alone
explains up to five times as much of the variation in the
observed flow velocities compared to discharge (electronic
supplementary material, S3). In comparison, when averaged
over the cross-section, water velocities show a much stronger
response to discharge variations, as a larger volume of water
is passing through the channel. However, since the area covered
byvegetationdecreaseswith increasingdischarge, thewidened,
high-flow section of the stream accommodates the increased
discharge and a fourfold increase in discharge produces only
a slight (although significant) increase in local velocities
(figure 2b,c; further details in electronic supplementary
material, S4 and figure S3).

(c) Vegetation regulates water levels
A second property emerging from the two-way interaction
between water flow and vegetation growth is that water levels
in the channel with self-organized vegetation are maintained
at a constant level despite increasing discharge (figure 3a). By
increasing hydraulic roughness, vegetation raises water levels
compared to an unvegetated stream for a given discharge.
This effect is most pronounced at low discharge, where water
levels are significantly higher in vegetated compared to unvege-
tated streams. As discharge increases, however, vegetation
cover decreases, producing strikingly constant water levels,
whereas water levels would steadily increase in a homo-
geneously vegetated channel (figure 3a). These predictions are
confirmed by our field measurements of mean water levels
from both study sites (figure 3b). In the ‘mixed vegetation’
site, water levels were on average 0.28 ± 0.04 m, and only
increased by 0.09 m for each unit increase in discharge (r2 =
0.54, p = 0.0003; figure 3b), less than half of what would be
expected for an unvegetated stream (based on the model
simulations in figure 3a). In the River Frome, the site with pre-
dominantly submerged plants, water levels were on average
0.39 ± 0.07 m, and did not significantly increase with discharge
(r2 = 0.06, p = 0.44; figure 3b), in agreement with model predic-
tions. Thus, for both study sites the largest effect of vegetation
in raising water levels, relative to an unvegetated stream,
occurs at low discharges.
3. Discussion
Using a combined mathematical modelling and empirical
study, we show that aquatic macrophytes can regulate both
flow velocities and water levels in baseflow-dominated
streams. Regulation results from a self-organization process
caused by the bio-physical feedback between vegetation
growth and flow redistribution. Here, increases in water dis-
charge cause a decrease in partial cover of aquatic vegetation
relative to the unvegetated channels, creating a larger in-chan-
nel area for flow conveyance. This self-organized adaptation of
the cover of submerged vegetation buffers the impact of an
increase in discharge, resulting in relatively constant local
flow velocities and water levels independent of discharge.
Our study highlights that flow regulation resulting from bio-
physical feedbackmechanisms and self-organization of aquatic
vegetation enables lowland stream ecosystems to adapt to
changing hydrological regimes, such as those induced by
global change.

The two-way interaction between water flow and plant
growth has important implications for the functioning of the
stream as an ecosystem and the provision of a wide range of
ecosystem services. Specifically, it facilitates the maintenance
of biodiversity despite increasing discharge that might other-
wise create conditions adverse to plant growth. By buffering
variations in local water flow velocities, vegetation maintains
both low-flow-velocity and high-flow-velocity habitats within
individual reaches. This self-organized heterogeneity facilitates
ecosystem resilience to discharge variations and increases
stream biodiversity [15,28] by structuring communities of
various aquatic organisms. In-stream plants increase habitat
complexity and maintain a wide range of mesohabitats for
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Figure 2. Relationship between discharge and flow velocity in the model and in two chalk streams. (a) (i) Schematic of the flexible submerged aquatic vegetation
considered in the model. (ii) Model predictions of average flow velocities (m s−1) for increasing values of discharge, calculated within vegetated and unvegetated
sections of the channel, and compared with cross-sectional average flow velocities. (b) (i) Species composition, expressed as relative macrophyte cover (%) per
vegetation type, at the peak of the growing season (July 2008): marginal vegetation (e.g. Apium, emergent along the margins), Nasturtium (emergent along
the margins), and Ranunculus (submerged, growing in mid-channel). (ii) Relationship between flow discharge (m3 s−1) and flow velocity (m s−1) in both vegetated
and unvegetated river portions in the mixed vegetation site, compared with the cross-sectional average flow velocity in the stream. (c) (i) Species composition,
expressed as relative macrophyte cover (%) per vegetation type, at the peak of the growing season (July 2008): marginal vegetation (e.g. Apium, emergent along
the margins) and Ranunculus (submerged, growing in mid-channel). (ii) Relationship between flow discharge (m3 s−1) and flow velocity (m s−1) in both vegetated
and unvegetated river portions in the dominant submerged site, compared with the cross-sectional average flow velocity in the stream. (Online version in colour.)
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fish species, by providing high-flow areas for feeding and
spawning, adjacent to sheltered low-flow areas for nursery,
resting, and refuge from predation. Moreover, by preserving
reach-scale water depths, water temperatures are lowered
and can hold greater dissolved oxygen levels [29], and the
high-flow velocities in the channelled areas between vegetation
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Figure 3. Relationship between discharge and mean total water level in the
model and in two chalk streams. (a) Model predictions on the relationship
between flow discharge (m3 s−1) and water level (m) in the simulated chan-
nel with vegetation homogeneously distributed over the channel bed (orange
line), with self-organized vegetation (green line) and without vegetation
(brown line). Solid lines indicate the dominant state over the range of dis-
charge, and dashed lines indicate the relationship outside that range. (b)
Field measurements on the relationship between flow discharge (m3 s−1)
and mean total water level (m) in the ‘mixed vegetation’ (solid green
line) and ‘dominant submerged’ (dashed green line) study sites. (Online
version in colour.)
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patches increase the turbulent diffusion of atmospheric oxygen
into thewater. Thus, the survival of awide range of aquatic and
riparian organisms is facilitated. This is crucially important
during low summer discharge, where water levels might
otherwise be insufficient to maintain a functioning aquatic
community [15,30]. Finally, the creation of fast-flowing areas
in between the vegetation ensures flow and sediment con-
veyance when in-stream macrophyte growth is abundant,
maintains river bed permeability by reducing the ingress of
fine sediments into river beds [31], and keeps a clean gravel
bed as spawning ground for fish [32].

Our model results further highlight two additional impor-
tant biological implications of the flow regulation process
resulting from self-organization, in terms of the adaptive
capacity of fluvial ecosystems facing altered discharges due
to global climate change or human engineering. First, our
model predictions indicate that the self-organized vegetation
pattern allows vegetation to persist over a wider range of
discharges than if it were homogeneously distributed through-
out the river bed. These nonlinear dynamics lead to a
metastable equilibrium between plant resistance and fluvial
disturbance in intermediate energy rivers, where the abiotic-
biotic feedbacks and self-adjustment processes are strongest
[33,34]. Moreover, within a certain range of discharge, the
system has two stable states, onewhere vegetation is patterned
and a bare statewhere vegetation cannot survive (see electronic
supplementary material, S1 and figure S1). Hence, removal of
vegetation due to humanmanagement or natural disturbances
under conditions of high discharge might shift the system
towards the alternative unvegetated state, from which
vegetation recovery is slow or severely hindered unless dis-
charge is significantly reduced. A second implication of our
results is that self-organized pattern formation strongly
increases macrophyte resilience compared to homogeneously
vegetated streams, in terms of a faster recovery of vegetation
biomass following, for instance, a disturbance imposed by
strong discharge variations (see electronic supplementary
material, S5 and figure S4). This enhanced resistance and resi-
lience of stream ecosystems resulting from self-organization
processes is highly important in the light of global change.
Intensification of rainfall [35] in combination with land-use
change in river catchments [36,37] may alter hydrologic parti-
tioning and surface runoff, imposing increasingly stressful
and variable discharge conditions on stream ecosystems.

Our results, therefore, lead to important considerations for
themanagement of stream ecosystems. In current maintenance
strategies, abundant vegetation growth is typically regarded as
problematic because it decreases the capacity of these streams
for water conveyance in response to high discharge [17,38].
However, our study provides evidence for the value of sub-
merged aquatic vegetation in rivers which, through a process
of self-organization over time, ensures flow conveyance and
maintains sufficient water levels for the aquatic ecological com-
munity at low discharges. Hence, there might be a need to
reconsider vegetation as an important component of the adap-
tive capacity of stream ecosystems and their ability to maintain
a diverse range of habitats. The empirical results in this
study were collected over a 2-year period in two streams that
have baseflow-dominated hydrographs with relatively subtle
changes in water discharge. Further research is now needed
on river systems with flashier hydrological regimes and differ-
ent aquatic plant species (morphologies, biomechanical
properties, and life-history traits) to test the stability and gener-
ality of these bio-physical feedback dynamics. Future studies
also need to examine changes over longer (inter-annual) and
shorter (event-based) timescales and explore how changes in
river hydrogeomorphology (channel dimensions, sediment
transport) and biogeochemistry (nutrient levels) might
impact on the reciprocal relationships between vegetation
and flow properties.

Spatial patterning generates important emergent effects (e.g.
increasedproductivity, resistance) that go beyond the simple cre-
ationof heterogeneity, comparedwith a non-patterned state [23].
These emergent effects have been increasinglyobserved inmany
self-organized ecosystems, suggesting their generality. The
process of water flow diversion within self-organizing ecosys-
tems is not unique to streams. Similar vegetation-induced self-
organization processes affect hydrodynamics in salt marsh
pioneer vegetation [5,39], diatom-covered tidal flats [40], and
flow-governed peat land ecosystems [23,41]. This points at the
universal emergent properties that result from the interplay of
vegetation, water flow, and drainage, shaping the adaptive
capacity of fluvial and intertidal ecosystems and the services
these ecosystems deliver in terms of supporting biodiversity.
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Another implication of our study is that flow velocities are
ultimately determined by the maximum flow stress that plants
can tolerate before being uprooted. Since plant traits are under
evolutionary constraints, this might suggest that physical
processes such as water flow can reflect the control of evolution-
ary processes in bio-geomorphic systems. With the current rates
of climate change threatening ecosystemsworldwide andpoten-
tially increasing the frequencyand intensity of rainfall, increased
insight into the emergent, regulating properties of spatial self-
organization in ecosystems and an understanding of their role
in ecosystem resiliencewill be essential to helpmaintain natural
ecosystems in a future governed by global change.
 pb

Proc.R.Soc.B
287:20201147
4. Material and methods
(a) Model description
To study how vegetation affects flow velocity and water levels in
streams, we constructed a spatially explicit mathematical model
of the interplay of plant growth and water flow through a hetero-
geneously vegetated stream. The model consists of a set of
partial differential equations, where one equation describes the
dynamics in two spatial dimensions of plant density (P), and
where water velocity and water level are described using the
shallow water equations. By only including the essential aspects
of the coupling between hydrodynamics and vegetation, our
model allows us to investigate the key process of flow velocity
and water level regulation by macrophytes.

The rate of change of plant biomass P [g DW m−2] in each
grid cell is described by

@P
@t

¼ rP 1� P
k

� �
�mWPjuj þD

@2P
@x2

þ @2P
@y2

� �
: ð4:1Þ

Here, plant growth is described using the logistic growth
equation, where r [day−1] is the intrinsic growth rate of the
plants and k [g DW m−2] is the plant carrying capacity, that
indirectly reflects the mechanisms of nutrient and light compe-
tition between the plants (see Franklin et al. [17] for a review of
the main factors controlling macrophyte growth and survival).
Plant mortality caused by hydrodynamic stress is modelled as
the product of the mortality constant mW [m−1] and net water
speed [m s−1] due to plant breakage or uprooting at higher vel-
ocities [5,17,42]. As the net water speed is converted in m
day−1, the mortality constant is divided by a conversion factor
of 86 400 to obtain plant mortality in the units of g DW m−2

day−1. We assume that the lateral expansion of plants through
clonal growth can be described by a random walk, and we, there-
fore, apply a diffusion approximation, where D [m2 day−1] is the
diffusion constant of the plants [25].

Water flow is modelled using depth-averaged shallow water
equations in non-conservative form [43]. To determine water
depth and speed in both x and y directions we have:

@u
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¼ �g
@H
@x

� u
@u
@x

� v
@u
@y

� g
C2
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u
juj
h

þ r(DUru ), ð4:2Þ
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@y

� u
@v
@x
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@v
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� g
C2
d
v
juj
h

þ r(DUrv ) ð4:3Þ

and
@h
@t

¼ � @

@x
(uh)� @

@y
(vh), ð4:4Þ

where u [m s−1] is water velocity in the streamwise (x) direction, v
[m s−1] is the water velocity in the spanwise (y) direction, H [m] is
the elevation of the water surface (expressed as the sum of water
depth and the underlying bottom topography), h [m] is water
depth, and Cd [m1/2 s−1] is the Chézy roughness coefficient due
to bed and vegetation roughness and the termsr(DUru,rv) rep-
resent turbulent diffusion (withr ¼ (@=@x, @=@y) and horizontal
eddy viscosityDU = 0.02 m2 s−1). The effects of bed and vegetative
roughness on flow velocity are represented by determining hydro-
dynamic roughness characteristics for each cover type separately
using the Chézy coefficient, following the approach of Straatsma
and Baptist [44] and Verschoren et al. [27].

The Chézy coefficient within the unvegetated cells of the
simulated grid, which we will refer to as Cb in this paper, is
calculated using Manning’s roughness coefficient through the
following relation:

Cb ¼ 1
n
h1=6, ð4:5Þ

where n [s/m1/3] is Manning’s roughness coefficient for an
unvegetated gravel bed channel and h [m] is water depth.

The Chézy coefficient for each grid cell occupied by sub-
merged vegetation, which we will refer to as Cd, is calculated
using the equation of Baptist et al. [26] and slightly modified
by Verschoren et al. [27] to account for reconfiguration of flexible
submerged macrophytes. Due to the important feedback effects
taking place between macrophyte growth and flow velocity
[17], we link the hydrodynamic and plant growth model by relat-
ing wetted plant surface area to plant biomass, to express
vegetation resistance as:

Cd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

C�2
b þ (2g)�1 DcAw

s
þ

ffiffiffi
g

p
kv

ln
h
Hv

, ð4:6Þ

where Cb [m
1/2 s−1] is the Chézy coefficient for non-vegetated sur-

faces (equation (4.5)), g is acceleration due to gravity (9.81 m s−2),
Dc [-] is a species-specific drag coefficient, Aw [m2 m−2] is the
wetted plant surface area (total wetted surface area of the veg-
etation per unit horizontal surface area of the river [27,45]),
directly related to plant biomass through the empirical relationship
described for Ranunculus in Gregg and Rose [46], kv is the Von
Kármàn constant (0.41 [-]), and Hv [m] is the deflected vegetation
height (further defined below). The equation proposed by Baptist
et al. [26] has been identified as one of the best fittingmodels to rep-
resent the effects of vegetation on flow resistance, for both artificial
and real (submerged and emergent) vegetation [47]. Deflected
vegetation height varies as a function of incoming flow velocity,
due to the high flexibility of submerged aquatic vegetation and
reconfiguration at higher stream velocities [45,48]. Following the
approach of Verschoren et al. [27], Hv is calculated within each
vegetated grid cell as the product of shoot length L [m] and the
sine of the bending angle α [degrees] (table 1), using an empirical
relationship between bending angle and incoming current velocity
based on flume experiments performed on single shoots of Ranun-
culus penicillatus [49]. In our model, the bending angle of a single
shoot is used to represent the bending angle of a whole patch, as
plants located at the leading edge tend to push the whole
canopy towards the stream bed. However, bending of the veg-
etation in a patch with multiple shoots can be expected to
decrease with increasing along-stream distance within the patch,
due to flow deceleration effects of the vegetation. Table 1 provides
an overview of the parameter values used, their interpretations,
units, and sources. We were able to obtain parameter values
from the literature for all parameters except for r, mW, and D,
which were fine-tuned to provide the best quantitative fit to the
observed vegetation cover across the discharge gradient. The diffu-
sion rate of plants D, corresponding to an expansion rate of
8.5 cm2 day−1, falls within the range of values reported in [50]
(2–150 cm2 day−1). Although our model is principle-seeking and
does not aim to generate precise predictions, the robustness of
the model for changes in these parameter values is presented in
electronic supplementary material, S6. Sensitivity analyses
revealed that changes in these parameter values resulted in quan-
titative but not qualitative changes in model behaviour, i.e. the
absolute values of flow velocity changed (quantitative changes),
but their relationship with discharge (trend of relatively constant



Table 1. Symbols, interpretations, values, units, and sources used in the model simulation. Note: P is plant biomass [g DW m−2]; u is water velocity in the
streamwise (x) direction [m s−1]; v is water velocity in the spanwise (y) direction [m s−1].

symbol interpretation value unit source

r intrinsic growth rate of plants 1 day−1 estimated

k carrying capacity of plants 200 g DW m−2 [56]

mW plant mortality coefficient due to water shear stress 3.8 m−1 estimated

D diffusion rate of plants 0.00085 m2 day−1 estimated

n Manning’s roughness coefficient for unvegetated gravel bed 0.025 s/[m1/3] [57]

Dc drag coefficient 0.04 dimensionless [45]

Aw wetted plant surface area ((814.8 * P)− 25.05) * 0.0001 m2 m−2 [46]

α bending angle of plants 15.5 *
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðu2 + v2Þp �0:38

degrees [49]

L shoot length 0.5 m [49]

Table 2. Location, channel dimensions, and flow characteristics of the two study sites.

Bere Stream Frome Vauchurch

site location 50° 440 11.5000 N, 2° 120 21.4200 W 50° 460 29.9500 N, 2° 340 18.3200 W
average discharge (m3 s−1) 0.93 1.07

peak discharge (m3 s−1) 2.5 2.95

average width (m) 7.0 8.9

average depth (m) 0.30 0.42

width: depth ratio 23 21
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velocities) remained unchanged. For parameter values outside of
the range tested here, numerical instabilities would arise and pro-
duce curvatures in the unvegetatedmiddle channel, an aspect that
was out of the focus of this work andwas not investigated further.
(b) Study sites
Two lowland, groundwater-fed chalk stream reaches were chosen
for a two-year survey of macrophyte growth and flow velocity pat-
terns (table 2; electronic supplementary material, figure S5). The
first reach, on the Bere Stream (50° 440 11.5000 N, 2° 120 21.4200 W),
was located within the River Piddle catchment. The second
reach, Frome Vauchurch (50° 460 29.9500 N, 2° 340 18.3200 W), was
located within the River Frome catchment. Based on the river
classification in Rinaldi et al. [51], the study sites are single-
thread alluvial channels on intermediate (gravel-sand) substrates
with straight-sinuous planform, characterized by an unconfined,
low energy setting and groundwater-dominated hydrographs.
The two study reaches were selected to provide a comparison in
terms of species richness of aquatic macrophyte cover. The Bere
Stream reach was selected for its richness in macrophyte cover,
while the Frome Vauchurch reach was dominated by Ranunculus
stands. The study reaches were straight sections of 30 m long by
7–9 m wide. In the Bere Stream (mixed vegetation site), the
dominant in-channel aquatic macrophyte was water crowfoot
(Ranunculus penicillatus subsp. pseudofluitans), represented in
both floating-leaved and submergent forms, while the streammar-
gins were mainly colonized by the emergent macrophyte
Nasturtium officinale (watercress) in similar proportions (bar plot
in figure 2b). Other macrophyte species, such as Apium nodiflorum
and Callitriche sp., were also present in the channel in sparser
stands. In the Frome Vauchurch (dominant submerged site),
Nasturtium was not found and Ranunculus was the dominant
in-stream macrophyte, representing more than 80% of the total
macrophyte cover (bar plot in figure 2c).
(c) Field measurements
The two study reaches were mapped throughout two annual
growth cycles (July 2008–July 2010). Field surveys were conducted
monthly from July 2008 to July 2009, and bimonthly until July
2010. During each survey, macrophyte distribution and hydrodyn-
amic conditions were mapped along transects that were located at
1-m distance intervals along the 30-m long study reaches. Along
each transect, measurement points were located at 0.5 m intervals
to measure water depth, macrophyte presence and species, and
water flow velocities (m s−1) (see electronic supplementary
material, figure S6 for an example of a plotted stream cross-section
showing the raw field measurements). Total water depth was
measured as the depth between the water surface and the surface
of the gravel bed, using a reinforced meter rule. The velocity in
each position was measured down from the water surface at 60%
of the total flow depth with an electromagnetic flow meter (Vale-
port Model 801) for 30 s, to have an estimate of the depth-
averaged flow velocity in thewater column [52]. A singlemeasure-
ment at 60% of the water depth was deemed more suitable for the
survey than multiple measurements (for example at 80% and 20%
of the water depth), as the majority of points measured were gen-
erally less than 0.5 m in total depth [53]. The average flowvelocities
for the vegetated and unvegetated sections of the channel were
calculated for each survey month, based on the cover type of
each measurement point. The relationship between discharge
and cross-sectional average velocities were calculated for each
survey month as the ratio between the measured discharge
(m3 s−1) and the cross-sectional area (m2). For comparison, in the
main text, we present a subset of the monthly measurements
from the ‘dominant submerged’ site that fall within the same
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range of discharge as the ‘mixed vegetation’ site. The full dataset is
provided in electronic supplementary material, S4 and figure S3.

(d) Statistical analyses
The mean vegetated and unvegetated flow velocities for each
survey month were compared using Kruskal–Wallis one-way
tests. The correlations between channel discharge and mean total
water level, and between discharge and vegetated and unvege-
tated flow velocities in the ‘mixed vegetation’ site, were tested
with a linear regression model. The correlation between channel
discharge and vegetated and unvegetated flow velocities in the
‘dominant submerged’ site was tested with piecewise regression.

(e) Numerical implementation
We investigated vegetation development with two-dimensional
numerical simulations using the central difference scheme on the
finite difference equations. The simulated area consisted of a rec-
tangular grid of 600×250 cells, to simulate a straight channel
(50 m long, 15 m wide) with rectangular cross-sectional shape
and initial bed slope of 0.0007 m m−1. The grid resolution was
higher in the spanwise than in the streamwise direction (Δx =
0.08 m, Δy = 0.06 m), as the model predictions revealed only lateral
(spanwise) variations in vegetation cover and not in the stream-
wise direction. Moreover, the grid resolution and the turbulent
eddy viscosity (DU = 0.02 m2 s−1) were chosen to obtain numeri-
cally stable solutions according to the mesh Peclet number and
the Courant–Friedrichs–Lewy condition [54]. The grid resolution
had limited effect on the solution of the model. Simulations per-
formed with a higher spatial resolution (Δx = 0.04 m, Δy = 0.03 m,
a grid of 1200 × 500 cells) showed less than 1%difference in the pre-
dicted vegetation cover, water level, and flow velocity estimation.
The boundary condition downstream was a constant discharge.
No flow was assumed through the lateral boundaries and thus
the velocity component in the direction normal to the boundary
(i.e. cross-stream (y) direction) was set to zero. Although a no-
slip boundary condition would be more appropriate to represent
bank roughness at the channel edges, it would have required to
properly resolve the boundary layer profile, which was out of
the scope of our simplified flowmodel. As flow redistribution pro-
cesses and the scale-dependent feedback leading to vegetation
adjustments mostly occur in the cross-stream direction, we
assumed that lateral expansion of vegetation would be mainly
affected in the cross-channel direction, rather than along the chan-
nel. Therefore, although themodel can simulate vegetation growth
in both the streamwise and cross-streamdirection, the starting con-
ditions were homogeneous in the streamwise direction: at the
beginning of each simulation, vegetation was set to occupy a
fixed amount of the channel bed, in the form of two bands located
along the channel margins and each occupying one-third of the
cross-section (see electronic supplementary material, figure S7
for a visualization of the spatial model output). The final vegetated
state was independent of the initial conditions, as was found in
other self-organization models [40,55]. Simulations where the
initial vegetation cover was increased in 10% increments resulted
in the same final vegetation cover.

An iterative procedurewas used to solve the two equations for
flow velocity and vegetation biomass. The model simulation
started with setting initial conditions for u, v, and P. The stream-
wise velocity u was set to a uniform velocity of 0.14 m s−1 and
the spanwise velocity v was set equal to zero. The biomass P
was set to 200 g m−2 in the two bands along the channel margins.
First, the net water speed was calculated based on the initial con-
ditions for u and v. The net water speed was then used to
calculate the bending angle of the vegetation and the deflected veg-
etation height (Hv). Based on the initial values of plant biomassP at
the start of the simulation (t0), the vegetative Chézy roughness was
calculated. The change in the water flow velocity in both u and v
directions was then calculated based on the Chézy roughness.
Finally, given the flow velocities in u and v, the changes in plant
biomass Pwere calculated. The use of a small time stepminimized
the effect of computation order on the results. The time-step length
was set at dt = 0.01 days and the end time of the simulation was set
at 500 days. All presented simulations generally reached equili-
brium at t = 100 days. A simulation was considered to have
reached equilibrium when the rate of change of plant biomass
over time was zero (dP/dt = 0).

A total of 25 simulations were undertaken starting with a
discharge value of 0.57 m3 s−1. At the end of each simulation,
discharge was progressively increased by 0.04 m3 s−1 and the
results of the previous simulation were used as the initial con-
ditions. For each simulation, we calculated the vegetation cover
(% of vegetated cells over the simulated domain), the mean
flow velocity in the vegetated cells, the mean flow velocity in
the unvegetated cells, and the mean water depth over the simu-
lated domain. These values were related to the discharge value in
each simulation to produce the relationships in figures 1–3.
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