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Highlights 

 We test biogeomorphic alternative stable states by flume experiments with alfalfa. 

 Thresholds in plant growth and flooding magnitude determine seedling survival. 

 A bimodal distribution of vegetation biomass indicates two alternative states.  

 The spatial pattern formation facilitates the establishment of the vegetated state.  

 We provide empirical indicators for biogeomorphic alternative stable states.  
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Abstract (100-150 words) 

It is important to understand the mechanisms of vegetation establishment on bare substrate in a 

disturbance-driven ecosystem because of many valuable ecosystem services. This study tested 

for empirical indications of local alternative stable states controlled by biogeomorphic feedbacks 

using flume experiments with alfalfa: (1) single flood experiments different in flood intensity and 

plant growth, (2) long-term evolution experiments with repeated flooding and seeding. We 

observed: (1) a combination of thresholds in plant growth and flooding magnitude for upgrowing 

seedlings to survive. (2) bimodality in vegetation biomass after floods indicating the existence of 

two alternative states, either densely vegetated or bare, (3) facilitation of vegetation 

establishment by the spatial pattern formation of channels and sand bars. In conclusion, 

empirical indicators were demonstrated for local alternative stable state in a disturbance-driven 

ecosystem associated with biogeomorphic feedbacks, which could contribute to the protection 

and restoration of vegetation in such ecosystems.  

Keywords (max 6 keywords):  

Biogeomorphic feedback, alternative stable state, flooding, plant, floodplain, flume experiment  
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1. Introduction 

Completely bare substrate and densely vegetated substrate have been suggested to be alternative 

stable states. Catastrophic shifts occur between these states in disturbance-driven biogeomorphic 

ecosystems, such as tidal marshes [1-5], mangroves [6, 7], dunes [8, 9], and riverine floodplains 

[10-13]. Vegetation provides plenty of important ecosystem services, such as protection against 

shoreline erosion and coastal floods by tidal marsh and mangrove vegetation [14-17], protection 

against river bank erosion by riparian floodplain vegetation [18-20], and protection against dune 

erosion [21-23]. Therefore, it is of significant importance to understand the mechanisms behind 

the conversion between bare and vegetated state for the protection and restoration of the 

vegetation cover and its associated landforms in biogeomorphic ecosystems.  

The theory of alternative stable states has been identified as an important mechanism in 

ecosystems, because once the system converts to the alternative state, the recovery to the original 

state is difficult due to hysteresis effects [24-27]. Catastrophic shifts between alternative stable 

states have been broadly demonstrated in many ecosystems controlled by feedbacks between 

organisms and resources [26, 28-30]. Only in recent years, the mechanism of alternative stable 

states started to be considered in biogeomorphic ecosystems controlled by feedbacks between 

organisms and landforms as well (e.g., [2-5, 7, 31]). The positive biogeomorphic feedback is 

generated by organisms, such as algae and vegetation, that colonize and stabilize soil surfaces 

that would otherwise be subject to intense wind or water erosion and deposition [32-35]. This 

stabilizing effect of the organisms on the soil surface in return promotes the further growth of the 

organisms, hence creating a positive biogeomorphic feedback loop leading to a stable state with a 

stable soil substrate densely covered by the organisms [35-39]. In cases where the organisms are 

not able to colonize the soil surface, due to too high erosion or deposition rates, an alternative 
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bare state would develop. Alternative stable states associated with biogeomorphic feedbacks 

were explained by theoretical or numerical models for river floodplains [10, 40] and tidal 

marshes [1-4], as well as by experiments for coastal dunes [9]. Recently, more and more 

empirical evidences have been found in tidal marshes [5, 41], riverine ecosystems [11-13], 

mangroves [6, 7], and coastal dunes [8]. Despite all these evidences, the hypothesis is still not 

strongly conclusive that bare state and vegetated state are alternative stable states in disturbance-

driven biogeomorphic ecosystems. It is typically difficult to verify alternative stable states in real 

ecosystems as reviewed in the literature [26, 27]. Controlled experiments have been suggested to 

be the most powerful way to diagnose the existence of alternative stable states and to uncover the 

underlying mechanisms [26, 42-44].  

As suggested by the theory of alternative stable states, it has been proved difficult to restore the 

vegetation cover in coastal or riparian systems once the vegetation is destroyed (e.g., [45-50]). 

The survival of seedlings against soil disturbances by wind and water flow has been identified as 

a bottleneck determining the success of the restoration projects [6, 46]. Plants have to grow and 

exceed certain thresholds in biomass, size and density so as to securely anchor and to be able to 

survive the physical geomorphic disturbance before the positive feedbacks can start [6, 7, 51-53]. 

In this respect the concept of “Windows of Opportunity” (i.e. minimum required disturbance-free 

periods for seedling establishment following the diaspore dispersal) has been recently suggested 

as to control under which conditions the shift from bare state to vegetated state is able to occur in 

disturbance-driven biogeomorphic ecosystems such as tidal marshes, mangroves, river 

floodplains and dunes [6, 7]. However, studies are still limited in explaining the mechanisms 

underlying the thresholds in seedling survival in such disturbance-driven biogeomorphic 

ecosystems [6, 7, 53-55]. 
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Spatial pattern formation has been suggested to be a key mechanism facilitating the shifts 

between alternative stable ecosystem states due to the local positive feedback within patches of 

high organism density and long distance negative feedback in the bare zones next to these 

patches [28, 56]. In particular in biogeomorphic ecosystems that are controlled by water flow, 

such as tidal marshes, mangroves, and river floodplains, the positive feedback of water flow 

reduction and sedimentation only occurs locally within (and behind) vegetation patches at a 

small scale [41, 51, 57-59]. In contrast, a long-distance negative feedback occurs, as water flow 

is forced to accelerate around and between the vegetation patches, resulting there in high flow 

velocity and more erosion, which may induce the erosion of channels and hamper plant 

establishment [32, 41, 57, 58, 60]. However, most of the studies were based on established 

vegetation patches [32, 41, 51, 57, 58] or mature channel networks [60], while little is known of 

what happens when the system is dynamically developing from the most initial stage of seedling 

establishment on a homogeneously flat bare landscape without channels, towards a 

heterogeneous landscape with development of biogeomorphic patterns.  

Therefore, a better experimental understanding is needed of the role of biogeomorphic feedbacks 

between seedling growth and geomorphic disturbances in causing alternative stable states in 

biogeomorphic ecosystems, and in particular the role of spatial pattern formation in facilitating 

the formation of alternative stable states. In this study, we aim to test the presence of empirical 

indicators for alternative stable states in an experimental floodplain (in a laboratory flume) with 

two types of experiments, which are single flood experiments and long term evolution 

experiments with repeated flooding interacting with plant growth. Here, a floodplain means a 

sand bed that is most of the time dry and that is regularly flooded, so our experimental floodplain 

is not specifically mimicking a tidal floodplain but may also represent a riverine floodplain. First, 
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we ran single flood experiments with different flood intensity (flood discharge) and different 

initial plant biomass (root length) to test two empirical indicators of alternative stable sates: (1) 

threshold behavior and (2) bimodal distribution [26]. The predictions are: (1) For a certain 

discharge, there is a threshold in minimal root length, above which the plants can survive the 

flood. Correspondingly, there is also a threshold in maximal discharge, below which the plants 

with a certain root length can survive. We expect that for a higher flooding discharge, a larger 

threshold in root length needs to be exceeded before plants can survive the flood; and that for a 

longer root length, plants can survive up to a larger threshold in discharge. (2) We expect a 

bimodal spatial distribution of vegetation biomass representing either bare patches or densely 

vegetated patches in response to the flooding disturbances, while zones with intermediate 

vegetation biomass occur less frequently. Second, we ran the long-term evolution experiments 

simulating the interaction between plant growth and repeated flooding, so as to test the 

hypothesis that in the long-term the geomorphic pattern formation of channels and bars would 

promote the development of local alternative stable bare and vegetated states in a floodplain.  

2. Materials and Methods 

2.1. General description of the flume experiments 

The experiments were carried out in a big flume of 15 m length and 2.2 m width with wooden 

side walls. This flume was divided into three working sections, each functioning as an individual 

smaller flume of 4.1 m length and 2.2 m width with an inlet tank and an outlet tank at the 

upstream and downstream ends respectively (Figure 1). The long-term evolution experiments 

were carried out in this configuration. In the single flood experiments, each of the sections was 

further divided into three parallel narrow strips of approximately 0.72 m width (Figure 1), which 
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could be flooded separately, so that several experiments could be performed simultaneously. All 

experiments started from an initially flat sand bed of non-cohesive quartz sand (D50 = 0.6 mm) 

with an initial bed slope of 0.7 %. The grain size was selected to avoid ripple formation.  

The big flume was equipped with a tail reservoir (at the downstream end of the flume), from 

which water was pumped into the head reservoir (at the upstream end of the flume). From this 

point the water flowed via one of three calibrated V-shaped notches corresponding to the three 

sections respectively, and guided into the inlet tank of each section where the water was 

stabilized before gently flowing onto the sand bed in each of the three sections. The experimental 

discharge was controlled by adjusting the discharge pumped into the head reservoir, and 

calculated by measuring the water depth over the V-shaped notches by a gauge needle. The inlet 

and outlet boundary of each section was adapted so that the inflow and outflow was distributed 

uniformly over the entire width of the section. At the end of each section, water was guided back 

into the tail reservoir, where the eroded sediment and plants were filtered out by a sieve. No 

sediment feeding was foreseen. 

Alfalfa sprouts (Medicago sativa) were used in the experiments to simulate natural vegetation 

[60-63], because the cohesion provided by alfalfa roots to non-cohesive sand has a magnitude 

comparable to that in natural river banks provided by root-reinforcement [63, 64]. In this study, 

alfalfa seeds were seeded manually as uniformly as possible over the entire experimental sand 

surface. Alfalfa seeds germinated and sprouts grew up using only nutrient reserves present in the 

seeds. No nutrients were added in the flooding water or in the sand bed, and the photosynthetic 

active radiation provided by the lamps in the lab was very low. Synthetic light was present 24h 

per day by fluorescent lamps. Temperature varied slightly around 21 °C and humidity between 
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65 % and 75 % in the lab.  

 

Figure 1. Schematic sketch representing the division of the 15 m flume into three sections (I, II 

and III) and further into nine narrow strips (Ia, Ib, …, IIIc) used for the experiments. Black lines 

are the permanent outlines of the flume. Blue arrows indicate the flow direction. Red lines 

indicate the inflows and outflows across the entire width of the flume sections for the long-term 

evolution experiments. Green lines indicate the temporary cross boards added for the single flood 

experiments. 

2.2 m 

4.1 m 

 Ia         Ib         Ic 

IIa      IIb      IIc 

IIIa     IIIb     IIIc 

0.72 m 
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2.2. Single flood experiments 

Single flood experiments were designed to test the threshold behavior in vegetation 

establishment. Four growth stages (alfalfa germinated and grown for 2, 4, 6, and 8 days after 

seeding) and five flood discharges (0.17, 0.43, 0.77, 1.11 and 1.44 l/s) were chosen to be 

combined (the reason why these conditions were chosen is explained in the paragraph below). 

Alfalfa was uniformly seeded with a density of about 20000 seeds per m
2
 (44 g/m

2
 of seed 

material) on a flat sand bed in the middle 3 m of each narrow strip of 4.1 m length. At the head 

and the end of each strip, respectively 0.3 m and 0.8 m were kept bare to avoid boundary effects. 

Next, the alfalfa seeds were allowed to germinate and grow for a certain number of days (2, 4, 6 

or 8 days). During the growing phase alfalfa was gently sprayed with equal amounts of water 

once a day. Subsequently, the resulting alfalfa vegetation was flooded once for 1 hour with a 

certain discharge (0.17, 0.43, 0.77, 1.11 and 1.44 l/s). In order to avoid preferential flow and 

channel formation along the smooth wooden sidewalls, artificial grass mats of about 4 cm 

thickness were fixed to the sidewalls of the strips in order to increase the roughness of the 

sidewalls. For each of the four growth stages, one single flood experiment per discharge was 

performed, but only the experiment with the intermediate discharge of 0.77 l/s was replicated 

three times, and one more experiment was replicated for the lowest discharge of 0.17 l/s (Table 

1). More replications were not performed due to the time limitation. In total, 29 experiments 

were performed and used in this study.  

Table 1. Replications of experiments at different discharges and different growth stage.  

Replications 2 days 4 days 6 days 8 days 
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0.17 l/s 2 1 1 1 

0.43 l/s 1 1 1 1 

0.77 l/s 3 3 3 3 

1.11 l/s 1 1 1 1 

1.44 l/s 1 1 1 1 

 

The choice of the experimental conditions (number of growing days and discharges) were 

selected based on data in the literature and based on primary tests. Alfalfa is reported to start 

germination after 24 hours and to reach maximum sprout size (shoot length) after 8 days [62]. 

Therefore, we chose the number of growing days (2, 4, 6 and 8) so that the full range from 

minimal to maximal sprout sizes would be covered. The seeding density was twice the value 

used by Tal and Paola [62] in their long-term reseeded experiments, because no reseeding 

process was carried out in our single flood experiments. Furthermore, the doubled seeding 

density made the vegetation establishment in the short period of 2–8 days more detectable in the 

photograph analyses. In addition, seeding density was found to play a less important role in 

vegetation establishment compared to the growing days [65]. The intermediate discharge of 0.77 

l/s over the strips of about 0.72 m width was comparable with the discharge used by Tal and 

Paola [62]. The second lowest discharge of 0.43 l/s was the lowest discharge required to move 

the sediment, which was determined after several testing experiments. The second highest 

discharge of 1.11 l/s was chosen as it has the same difference (± 0.34 l/s) with the intermediate 

discharge (0.77 l/s) as the second lowest discharge (0.43 l/s). The lowest and highest discharges 
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were chosen as the technically possible minimum and maximum discharges in that flume with 

the experimental set-up.  

The eroded plants and the plants remaining in the flume were collected after the flood. For each 

experiment the root length and shoot length were measured for 30 randomly sampled eroded 

plants and 30 remaining plants. In total, 420 plants from seven experiments were sampled for 

each growth stage (i.e., all experiments listed in Table 1 except the one replicate at discharge 

1/two days). The weight (biomass) of eroded plants and remaining plants, including both above-

ground and below-ground parts, were measured after drying at 105 ˚C for 48 hours, and will 

further be referred to as eroded biomass and remaining biomass. The initial biomass before 

flooding was calculated by adding up the eroded biomass and remaining biomass after flooding. 

Survival rate was calculated as the remaining biomass divided by the initial biomass.  

In order to quantify the spatial patterns of the remaining biomass, aerial photographs with a 

resolution of about 0.2 mm/pixel were taken before and after the floods from a height of about 1 

m above the sand surface using a NIKON D300s camera. The camera was fixed on a mounting 

system on a bridge that could be moved over the flume via rails. Each time before and after the 

floods, photographs were taken for each experimental strip (4.1 m × 0.72 m) with a minimum 

overlap of 60 %. We selected one photo before the flood and one photo after the flood for the 

same section (about 0.64 m × 0.57 m) located in the middle of the strip. A vegetation index – 

further referred to as the “Greenness” - was calculated for the selected photographs and used as a 

proxy of vegetation biomass: 

Greenness = Green / (Red + Blue),                                 [1] 

where Green, Red and Blue were the pixel values of the green, red and blue bands of the 
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photograph. The Greenness index was selected after comparing several vegetation indices [66], 

which have been empirically used to estimate above-ground biomass [67]. High values of 

Greenness indicate high vegetation cover and vice versa. The resulting Greenness images were 

resampled into rougher resolutions of 2×2 cm, 4×4 cm, 6×6 cm and 8×8 cm by calculating the 

mean value of the original pixel values in windows of 2×2 cm, 4×4 cm, 6×6 cm and 8×8 cm, so 

as to smooth out the impact of reflection differences by leaves, stems and roots, as well as to take 

into account the possible scale effects (i.e., the alternative stable states are more obvious in the 

patch scale). The frequency distribution of Greenness values was calculated for the resampled 

Greenness images, in order to test for the bimodality in the frequency distributions as an 

indication for the emergence of two stable states, either a bare sand bed or densely vegetated 

sand bed. The hypothesis was tested that before the flooding a unimodel distribution of 

Greenness values occurred (corresponding to a spatially homogeneous vegetation cover), while 

after the flooding a bimodal distribution occurred with one peak of low Greenness values 

(corresponding to patches of bare sand) and another peak of high Greenness values 

(corresponding to patches of dense vegetation), while intermediate Greenness values 

(corresponding to intermediate vegetation density) did not occur frequently. The analyses were 

done using MATLAB.  

2.3. Long-term evolution experiments 

In order to test the hypothesis that geomorphological pattern formation of channels and bars 

promote the development of patches of alternative bare and densely vegetated stable states, three 

long-term evolution experiments were processed. The experiments started from flat sand beds 

with alfalfa uniformly seeded over the entire surface of all the three sections (4.1 m × 2.2 m) 

with a density of 10000 seeds per m
2
 (22 g/m

2
), which was the same seeding density as in the 
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long-term evolution experiments of Tal and Paola [62]. Water was sprayed every day gently and 

uniformly on the flume surface to let the seeds germinate. Two days after seeding, the three 

sections were flooded for 1 hour with a discharge of 3.3 l/s, 2.3 l/s and 1.3 l/s, respectively (these 

three discharges correspond to the discharges of 1.11, 0.77 and 0.43 l/s in the smaller strips used 

in the single flood experiments). After every flood, alfalfa was seeded again with the same 

density, and two days later the next flood was simulated, etc. In between two floods, water was 

sprayed every day to keep the sand surface moist and suitable for sprouts to grow. This procedure 

of seeding and flooding every two days was repeated. The experiments were run for at least 37 

days for the three discharges, but only the first 33 days were considered in the analyses, because 

the vegetation got infected by funghi at the end of the experiments.  

Top view photographs with a resolution of about 0.4 - 0.8 mm/pixel were taken before and after 

the floods from a height of 1 - 1.8 m above the sand surface using a RICO GX200 camera fixed 

on a mounting system on the movable bridge or fixed on a metal pole held by the photographer. 

Each time before and after the floods, photographs were taken for the experimental section (4.1 

m × 2.2 m) with a minimum overlap of 60 %. The series of overlapping photographs were used 

to create 3D elevation models of the experimental section with a spatial accuracy up to 5 mm, 

and further to extract the orthophoto and Digital Elevation Model (DEM) with a resolution of 1 

cm, based on the structure from motion (SFM) algorithms and the multi-view 3D reconstruction 

technology using the AgiSoft Photoscan software [68, 69]. In order to exclude edge effects, 

borders of 5 cm were cut off at the edges of the orthophoto and DEMs. Vegetation coverage was 

determined by extracting the number of green pixels using Photoshop CS5, and calculated as the 

absolute number of green pixels relative to the total number of all pixels. The temporal evolution 

of biomass development was presented by the change in vegetation coverage. Frequency 
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distribution of Greenness was calculated for sample photos located in the middle of the 

experimental section and with more healthy vegetation patches after the 15th flood (i.e., Day 31), 

using the same method as for single flood experiments.  

3. Results 

3.1. Indicators for alternative stable states based on single flood experiments 

3.1.1. Growth curve of alfalfa sprouts 

A sigmoid growth curve was observed in both the root length and the shoot length (Figure 2). 

Seedlings geminated after one day. Plants grew fast in the first four days and then the growth 

slowed down. Since there is considerable variation in the root and shoot length after a same 

number of growing days (Figure 2), the mean root length was used in the following analyses as 

the variable representing the growth stage before flooding instead of the number of growth days. 

Root length was used rather than shoot length, because the interaction between roots and sands 

stabilized the plants from being eroded by the floods.  
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Figure 2. Growth curve of root length and shoot length of alfalfa sprouts with mean length and 

standard deviation of 420 sprouts sampled for each growth stage.  

3.1.2. Thresholds in vegetation survival  

The survival rate of the plants to the single flood experiments increased with the mean root 

length (growth stage) of the plants, and decreased with increasing discharge (Figure 3). A low 

survival rate indicated that many plants were flushed away. For the shortest root length (between 

6 and 7 mm), a low survival rate (below 30 %) was observed for even the lowest discharge 

(Figure 3A), and almost no sprouts survived the higher discharges (Figures 3B–3E). On the 

contrary, up to 70 % of the sprouts with a slightly longer root length of 9 mm survived the lowest 

discharge (Figure 3A). For the same root length, the survival rate declined to below 40 %, 10 %, 

and further to almost 0 % for the subsequent higher discharges, respectively (Figures 3B–3E). 

For experiments with the highest discharge, the survival rate was never more than 30 %, even for 

the longest root length (Figure 3E).  
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Figure 3. Initial biomass before flooding, remaining biomass after flooding, and survival rate 

as a function of mean root length after flooding with discharges of 0.17 l/s (A), 0.43 l/s (B), 0.77 
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l/s (C), 1.1 l/s (D) and 1.44 l/s (E). Both above-ground and below-ground parts were included in 

the biomass measurement. The survival rate was calculated as the percentage of remaining 

biomass relative to the initial biomass. 

These experimental results indicate the existence of a threshold root length above which plants 

can survive a certain discharge and a threshold discharge below which plants with a certain root 

length can survive, which results in a threshold line in the discharge – root length relationship 

(Figure 4). In conditions below the threshold line, almost no plants could survive the flood (with 

a survival rate < 5 %). In contrast, some of the plants could survive the flood in conditions above 

the threshold line (with survival rate > 20 %). A higher threshold in root length was observed 

with increasing discharge. Correspondingly, a higher threshold in discharge was observed for 

plants with longer root length. 

   

Figure 4. The relationship between the shortest mean root length and the highest discharge for 

which the plants could survive the flood.  

3.1.3. Bimodal spatial distribution in vegetation biomass after the flooding disturbance 

The analyses of Greenness values calculated from the digital pictures (see Eq. 1) gave an 
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indication of the spatial patterns in vegetation biomass, as shown in the example (Figure 5). A 

unimodal distribution of the Greenness values was observed in all photos before flooding and at 

all spatial scales (i.e., when mean Greenness values were calculated for larger pixel sizes). A 

bimodal distribution of the Greenness values was often observed in photos after flooding when 

the mean root length was long enough so that plants could survive. The original image resolution 

of 0.2 mm was not used because this resolution is too fine: at this scale of 0.2 mm you can see 

individual plants, leaves and very small bare spots in between plants and leaves even within 

pictures with a continuous vegetation cover (e.g. figure 5A). Hence the frequency distribution of 

the greenness values of original images with 0.2 mm resolution would be bimodal even for 

pictures completely covered by a continuous vegetation cover (e.g. figure 5A). Therefore the 

original picture resolution needs to be upscaled in order to identify large-scale vegetated and bare 

zones within pictures. 

Similar results were found for all experiments with different discharges (Figure 6 and Appendix). 

For a certain discharge, the Greenness values after flooding were observed to have a bimodal 

distribution when the mean root length exceeded the threshold value for plant survival as shown 

in Figure 4 (marked in red rectangles in Figures 6 and Appendix). The right peak in the 

distributions (i.e., the peak corresponding to a dense vegetation biomass), became higher, wider 

and more obvious with increasing mean root length (i.e. longer number of growing days). For a 

certain growth stage (i.e. root length), the bimodal distribution occurred when the discharge was 

below the threshold value for plant survival as shown in Figure 4. The vegetation peak became 

higher and wider with decreasing discharge. In addition, the bimodality was scale dependent. It 

was sometimes more obvious in high resolution pictures and sometimes in low resolution 

pictures, depending on the size of vegetation patches. 
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Figure 5. Example of analyses of Greenness values on photos for the experiment with mean root 

length of 12 mm before (A-G) and after flooding (H-N) with discharge of 0.17 l/s. Original 

photograph with resolution of 0.2 mm (A, H); Greenness image with same original resolution 

(see Eq. 1) (B, I); Rescaled Greenness image with resolution of 2 cm (C, J), 4 cm (D, K), 6 cm 

(E, L) and 8 cm (F, M); and Frequency distribution of Greenness values (G, N) for the rescaled 

Greenness images with a resolution of 2 cm (a), 4 cm (b), 6 cm (c), and 8 cm (d). The vertical 
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axis is limited to 50%, so as to get a clearer presentation of the frequency distribution. If a bar is 

higher than 50%, then graphically it is depicted as 50% but next to it its numerical value is noted 

by text. 

 

Figure 6. Summary of results of frequency distributions of greenness values for all single flood 

experiments. For discharge 3, the box at root length 7 mm represent the results for three replicate 

experiments, and the box at root length 10 mm represent the results for two replicate 

experiments. Before flooding, all distributions were unimodal for all experiments (i.e. uniformly 

vegetated state in the flume). Yellow boxes indicate unimodal frequency distribution of 

greenness after the flood event (i.e. all vegetation eroded and only one bare state remains in the 
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flume). Mixed yellow and green boxes indicate bimodal frequency distribution of greenness after 

the flood event (i.e. patches of bare and vegetated state remain in the flume). Red line indicates 

conditions for which the root length exceeded critical value for vegetation survival. Graphs with 

all frequency distributions for all experiments are attached in Appendix.  

3.2.Pattern formation facilitates the establishment of vegetated state 

3.2.1. Temporal evolution of biomass development 

In the long-term evolution experiments, for which seeding and a 1 hour flooding with three 

different flood discharges was repeated every two days, vegetation coverage kept increasing in 

the first 33 days with 16 floods (Figure 7). Vegetation establishment started first in the low flood 

discharge regime and 2 floods later in the intermediate and high flood discharge regimes (Figure 

7). The vegetation coverage dramatically increased first in the experiment with the highest 

discharge, and became twice the value of the other two experiments before the acceleration of 

vegetation establishment in the other two experiments. The vegetation coverage in the 

experiment with the lowest discharge increased sharply after the 10
th

 flood, exceeded that of the 

other two discharge regimes after three floods, and at the end reached the highest vegetation 

coverage in all the three discharge regimes. The increase in vegetation coverage slowed down 

when decay started to be observed in the vegetated patches that formed the earliest. After that, 

larger and larger areas of old vegetated patches decayed due to fungal infestation (by Fusarium 

sp.), but new vegetated patches were still establishing on bare sand surface at the same time, 

which kept the total vegetation coverage increasing. These interpretations of alfalfa growth over 

time are based on only one time series, in each case. The apparent differences between curves in 

Figure 7 may be actually within the bounds of uncertainty/natural variation. 
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Figure 7. Temporal evolution of vegetation coverage developing under a flooding regime (with 1 

hour flooding every two days) with three different flooding discharges. 

In the experiments with high discharge (Q = 3.3 l/s and Q = 2.3 l/s), the high discharge caused 

the geomorphological development of channels and sand bars (Figure 8A and 8B). The 

vegetation could colonize the sand bars, while the vegetation could not establish in the channels. 

In the experiment with low discharge (Q = 1.3 l/s) the discharge was not high enough to develop 

obvious channels and sand bars, but only some small shallow water courses developed and the 

vegetation was able to colonize most of the flume area (Figure 8C).  
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Figure 8. Development of vegetation, channels and sandbars in the experiment with 1 hour 

flooding every two days with a discharge of 3.3 l/s (A), 2.3 l/s (B), and 1.3 l/s (C) after the 6th 

flood (a) , 11th flood (b) and 16th flood (c) . Channel formation was indicated by black arrows.  

3.2.2. Bimodal distribution of biomass at the end of the experiments 

The frequency distribution of Greenness values (Figure 9) was calculated for sample 
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photographs after the 15th flood when the plants were not so much influenced yet by the fungi. 

Bimodal distribution was observed for the two highest discharges (Figures 9A and 9B), 

indicating that two stable states have developed, either densely vegetated platforms or bare 

channels. The right peak for vegetation was more clear for the resampled Greenness image with 

a rougher resolution (Panel (d) in Figures 9A and 9B) because the difference in Greenness of 

leaves, stems and roots were smoothed out. The left peak for bare state in the experiment with 

the highest discharge was compared to the intermediate discharge (Figures 9A and 9B), because 

the higher discharge promoted the development of channel and sandbar formation. This 

encouraged the development of alternative stable states and thus a more obvious bimodality in 

the Greenness values. For the lowest discharges, a unimodel distribution of the Greenness values 

developed, which is indicative for the development of only one stable state (Figure 9C), i.e. a 

vegetated platform without channels. 

 

Figure 9. Frequency distribution of Greenness values for sample photographs after the 15
th

 flood 

with discharge 3.3 l/s (A), 2.3 l/s (B), and 1.3 l/s (C). The spatial resolutions are 2 cm (a), 4 cm 

(b), 6 cm (c) and 8 cm (d), respectively.  
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3.2.3. Temporal evolution of landscape geomorphology 

In the experiments with the two high discharges, a braided system was already created after the 

first floods (Figures 10Aa and 10Ba). Channels changed dynamically by disconnection and 

reconnection after each flood. Bigger and deeper channels were observed in the experiment with 

the highest discharge (Figure 10Aa) as compared to the experiment with the intermediate 

discharge (Figure 10Ba). After vegetation started to establish, the channel system started to 

stabilize (Figures 10Ab and 10Bb). Small channels were gradually colonized by vegetation and 

became less important flow paths. The flow started to concentrate in a few bigger channels, 

which were deepening faster due to the increased flow velocity. In the experiment with the 

highest discharge regime, the biggest channel in the middle of the flume had developed a depth 

of 5 cm at the end of the experiment (Figure 10Ac). The intermediate discharge regime resulted 

in a shallower but wider channel system (Figure 10Bc), which also coincided with the lower 

vegetation coverage (Figure 7). On the vegetated bars, less sediments were eroded. The apparent 

increase in elevation on the bars mainly reflects the thickness of the vegetation canopy above the 

sand surface. On the contrary, the lowest discharge was strong enough to transport sands and 

seeds, but not enough to create big channels, so that the landscape kept nearly flat until the end 

of the experiment (Figure 10C), and vegetation was able to establish almost homogeneously 

(Figure 8C).  
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Figure 10. Evolution of geomorphology in the experiment with discharge of 3.3 l/s (A), 2.3 l/s (B) 

and 1.3 l/s (C) after the 6
th

 flood (a), 11
th

 flood (b) and 16
th

 flood (c). 

4. Discussion 

Recent studies have provided increasing evidence that vegetated and bare states in disturbance-

driven biogeomorphic ecosystems behave as alternative stable states (e.g., [1, 5-7, 9-11]). 
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However, little is known about the mechanism of vegetation establishment on bare substrate and 

the role of pattern formation in the formation of alternative stable states in biogeomorphic 

ecosystems. In this study, we tested the hypothesis that biogeomorphic feedbacks between plant 

growth and flooding lead to alternative stable state behavior in a disturbance-driven experimental 

floodplain. We found that: (1) A combination of biological threshold in plant growth (minimum 

root length) and disturbance threshold in flooding strength (maximum discharge) limit the 

survival of seedlings to flooding disturbances; in addition, these two kinds of thresholds are 

positively related with each other (Figures 3 and 4). (2) A bimodal distribution in biomass, 

corresponding to either a vegetated state or a bare state, develops after the flooding disturbance 

from the initially unimodally distributed biomass (Figures 5, 6 and Appendix). (3) In the long 

term, spatial pattern formation of channels and sand bars promotes the development of bare and 

vegetated states co-existing next to each other (Figures 7–10).  

Plants have to grow above certain thresholds in size (Figures 3 and 4), biomass, and density to 

survive the disturbance before the positive biogeomorphic feedback between soil surface 

stabilization and plant growth starts to work; and the stronger the disturbance, the higher these 

thresholds [6, 7, 51]. Three thresholds in root growth have been suggested for mangrove 

seedlings in order to resist three sources of disturbance with increasing magnitude during 

seedling establishment, which are first floating up of seedlings by flooding, then hydrodynamic 

forces by waves and currents, and finally sediment bed dynamics such as mixing and erosion [6]. 

The threshold root length of mangrove seedlings to resist dislodgment increased with the 

experimentally applied bed shear stress, vertical erosion, and drag force [6].  

Flow thresholds to remove seedlings after the dispersal of plant seeds have been suggested as a 
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key question for better understanding the relationship between plant establishment and flow 

variation in riparian ecosystems [70]. The thresholds in bed shear stress, vertical erosion, and 

drag force were observed to increase with the root length of mangrove seedlings [6]. First-year 

seedling establishment of riparian pioneer shrubs and trees was reported by field observations 

and model simulation to be negatively correlated with monthly flow magnitude during the 

growing season, and the strongest negative correlation was found within 1–3 months after the 

dispersal depending on species [70-75]. The drastic influence of discharge on vegetation survival 

(Figure 3) suggests that the increase in flow discharge could cause a shift from vegetated state to 

bare state, which is in accordance with the field observations in desert streams [11].  

Our finding that vegetation biomass changes from unimodal distribution to bimodal distribution 

in response to flood disturbance (Figures 5, 6, 9 and Appendix) provides an evidence for the 

occurrence of alternative attractors in the system [26]. This process agrees well with the field 

observation in desert streams, where the distribution of vegetation cover was approximately 

normal before the monsoon season but diverged towards an increasingly bimodal distribution 

after a series of floods [11]. Similar bimodality indicating vegetated state and bare state has also 

been found in tidal marshes based on frequency distribution of vegetation biomass [41, 76] and 

intertidal elevation [1, 5, 77]. In addition, the bimodal distribution in our experiments only 

occurs when the flow discharge is below a threshold value (Figure 4), which is in accordance 

with the observation in the desert streams that the bimodal divergence did not appear in years 

with large flood events [11].  

As shown in the long-term evolution experiments, the spatial pattern formation of channels and 

sand bars allows the vegetation colonization on the sand bars. The flooding of every 2 days is too 
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frequent for seedling to survive as suggested by the single flood experiments with limited 

development of spatial pattern formation, but the vegetation still succeeds in colonizing large 

areas during the long-term evolution experiment as a result of the full-scale development of 

spatial pattern formation. In the experiments with high discharges (Q = 3.3 l/s and Q = 2.3 l/s), 

the water flow is redistributed within the landscape after the formation of channels and bars by 

the first few floods (Figures 8A–8B and 10A-10B). Discharge is concentrated towards channels 

with higher flow velocity, and reduced on sand bars, leading to locally lower flow velocity and 

less erosion, hence making the bars suitable for seedling establishment. Once seedlings start to 

establish on the bar, the local positive biogeomorphic feedback starts to work by reducing the 

local flow velocity and in return promoting further seedling establishment into vegetated patches. 

At the same time, water is forced to concentrate towards the channels, resulting in increased 

shear stress deepening the channel and preventing the vegetation establishment. The process can 

be explained by the theory of spatial self-organization [28, 56], an important mechanism causing 

alternative attractors in the landscape, which can coexist side-by-side as mosaics of patches of 

one stable state benefitting from the neighboring area in the alternative state [26]. Similar pattern 

formation has been observed in tidal marshes [32, 41, 57, 58] and island-river systems [78, 79]. 

Our long term evolution experiments suggests that systems with strong disturbance are more 

likely to exhibit alternative stable states as proposed by Didham, Watts [80]. However, our single 

flood experiments suggest the existence of an upper limit in the magnitude of disturbance 

causing alternative stable states, as empirically observed in desert streams [11]. External abiotic 

factors have been traditionally emphasized in disturbance-driven ecosystem, but internal biotic 

feedbacks also play an important role in creating alternative stable states [10]. In general, our 

results support the hypothesis that the occurrence of alternative stable states is determined by the 
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relative strength of internal biogeomorphic feedbacks and external physical disturbances, rather 

than the absolute magnitude of either of them [11]. The time scales of flood events versus time 

scales of vegetation growth are determinant whether vegetation can establish or not, because 

vegetation needs a certain disturbance-free period to grow up above a critical biomass threshold 

(often a critical rooting depth) in order to survive the next flood [6, 7, 53].   

Biogeomorphic ecosystems in general are likely to exhibit alternative stable states because of the 

nonlinear interactions between geomorphic thresholds and ecosystem engineers in response to 

external disturbance [35]. The alternative stable states described above are strictly local with 

meta-stable pattern formation rather than system-wide global bi-stability [56]. Our long-term 

experiments show clear evidence for the development of two different ecogeomorphological 

states, but they were not run long enough to show conclusive evidence that these states are stable 

in the long term. This type of laboratory experiments is a powerful way to test the existence 

of alternative stable states and to understand the underlying mechanisms. It provides a 

controlled environment in which the process of vegetation establishment on a bare substrate 

could be simulated and replicated. It is possible to analyze the processes over  timescales 

which would preclude analyses of the same processes through field observations, and to 

change the external forcing so as to quantitatively analyze the impact of the disturbance in 

such disturbance-driven dynamic system. There are several limitations in our experiments, 

such as lack of sediment input, synthetic versus actual flooding discharges, use of non-

cohesive sediments, limited replicates, etc. Considering the advantages and limitations, this 

type of experiments could provide valuable investigations and new insights on the crucial 

role of feedbacks among flow, erosion and vegetation growth promoting the development of 

alternative stable states in erosive systems, serving as effective verification and supplement to 
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the results of existing theoretical and empirical work.  

5. Conclusion  

In this paper, we tested for empirical indications of the existence of local alternative stable states 

controlled by biogeomorphic feedbacks in a disturbance-driven ecosystem by flume experiments 

with feedbacks between flooding, sediment bed dynamics and establishment of alfalfa vegetation. 

Our results demonstrate the co-occurrence of a biological threshold in plant growth (root length) 

and disturbance threshold in flooding discharge, which are positively related with each other. It 

suggests that vegetation persistence depends on both erosive energy and vegetation size and 

abundance. The biogeomorphic feedbacks cause divergence of vegetation cover toward either 

unvegetated or densely vegetated states, which behaves as alternative attractors in the system as 

shown by the bimodality in the spatial vegetation distribution after flooding. The spatial pattern 

formation of channels and sand bars in long term facilitates the persistence of both stable states 

on the landscape, consistent with theoretical and empirical studies of pattern formation in other 

ecosystems. These insights on local alternative stable state behavior address an important gap in 

the current understanding of self-organization of biogeomorphic systems. It may contribute to the 

protection and restoration of vegetation on bare dynamic substrate in disturbance-driven 

biogeomorphic ecosystems, and provide basic knowledge for using riparian flood plain 

vegetation, tidal marsh and mangrove vegetation against river bank erosion, shoreline erosion, 

dune erosion and coastal flooding.  
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Figure A1. Frequency distribution of Greenness values as a function of mean root length before 

and after flooding with discharge 1 (0.17 l/s). For each experiment, results are shown for 

Greenness values calculated from images with a resolution of 2 cm (a), 4 cm (b), 6 cm (c), and 8 

cm (d). The vertical axis is limited to 50%, so as to get a clearer presentation of the frequency 

distribution. If a bar is higher than 50%, then graphically it is depicted as 50% but next to it its 
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numerical value is noted by text. The red rectangule demarcates distributions after flooding for 

experiments for which the root length exceeded the threshold value for plant survival (derived 

from Figures 3 and 4). 

  

Figure A2. Frequency distribution of Greenness values as a function of mean root length before 

and after flooding with discharge 2 (0.43 l/s). For each experiment, results are shown for 
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Greenness values calculated from images with a resolution of 2 cm (a), 4 cm (b), 6 cm (c), and 8 

cm (d). The vertical axis is limited to 50%, so as to get a clearer presentation of the frequency 

distribution. If a bar is higher than 50%, then graphically it is depicted as 50% but next to it its 

numerical value is noted by text. The red rectangule demarcates distributions after flooding for 

experiments for which the root length exceeded the threshold value for plant survival (derived 

from Figures 3 and 4). 
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Figure A3. Frequency distribution of Greenness values as a function of mean root length before 

and after flooding with discharge 3 (0.77 l/s). For each experiment, results are shown for 

Greenness values calculated from images with a resolution of 2 cm (a), 4 cm (b), 6 cm (c), and 8 

cm (d). The vertical axis is limited to 50%, so as to get a clearer presentation of the frequency 

distribution. If a bar is higher than 50%, then graphically it is depicted as 50% but next to it its 
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numerical value is noted by text. There are three replicate experiments with root length of 7 mm 

with similar graphs, while only one example is shown here to save space. The red rectangule 

demarcates distributions after flooding for experiments for which the root length exceeded the 

threshold value for plant survival (derived from Figures 3 and 4). 
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Figure A4. Frequency distribution of Greenness values as a function of mean root length before 

and after flooding with discharge 4 (1.11 l/s). For each experiment, results are shown for 

Greenness values calculated from images with a resolution of 2 cm (a), 4 cm (b), 6 cm (c), and 8 

cm (d). The vertical axis is limited to 50%, so as to get a clearer presentation of the frequency 

distribution. If a bar is higher than 50%, then graphically it is depicted as 50% but next to it its 

numerical value is noted by text. The red rectangule demarcates distributions after flooding for 

experiments for which the root length exceeded the threshold value for plant survival (derived 

from Figures 3 and 4). 
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Figure A5. Frequency distribution of Greenness values as a function of mean root length before 

and after flooding with discharge 5 (1.44 l/s). For each experiment, results are shown for 

Greenness values calculated from images with a resolution of 2 cm (a), 4 cm (b), 6 cm (c), and 8 

cm (d). The vertical axis is limited to 50%, so as to get a clearer presentation of the frequency 

distribution. If a bar is higher than 50%, then graphically it is depicted as 50% but next to it its 
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numerical value is noted by text. The red rectangule demarcates distributions after flooding for 

experiments for which the root length exceeded the threshold value for plant survival (derived 

from Figures 3 and 4). 
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