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Abstract 

Facilitation has been increasingly recognized as an important driver of 
biodiversity. However, despite the patchy distribution of many facilitator species, 
it is still unknown if facilitation during dispersal and colonization depends on the 
mechanisms underlying self-organized spatial pattern formation. Using freshwater 
streams as a model system, we investigated if water flow divergence mechanisms 
affected the ability of submerged macrophyte patches to trap the vegetative 
propagules of other plant species and potentially benefit their colonization. We 
specifically focused on i) propagule traits, ii) hydrodynamic forcing, and iii) patch 
spatial configuration. We found that propagule buoyancy was negatively 
correlated with trapping chance, while propagule size did not influence trapping. 
Species-specific differences in buoyancy were maintained for weeks after 
fragmentation. Trapping of fragments was interactive and conditional upon 
incoming flow velocity and spatial patterning of the vegetation. At high flow 
velocities, the patch canopy was pushed over by the flow till below the water 
surface, which strongly decreased trapping of surface-drifting fragments. At low 
flow velocities, trapping depended on spatial vegetation patterns: at patchy 
intermediate cover in the cross-section, macrophytes diverted the flow towards 
unvegetated areas, thereby creating low-velocity areas were their canopy remained 
upright and propagules were retained. At peak cover with near-homogeneous 
vegetation, the flow divergence mechanism was prevented and trapping was 
reduced, as water mainly passed on top of the patches, pushing the canopies below 
the water surface. Overall, present results on the interplay of water movement and 
patch reconfiguration suggest that environmental heterogeneity generated by 
organisms themselves can enhance propagule retention and might potentially 
benefit colonization by sessile organisms. This process is however conditional 
upon spatial patchiness and environmental stress. Our study suggests that the self-
organizing mechanisms underlying spatial patterns are crucial for species 
interactions. Hence, understanding the spatial component of species interactions 
is essential for restoration and conservation of biodiversity.   
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Introduction 

Understanding the drivers of biodiversity is a key research topic in ecology. 
Facilitation, or positive interactions between species, has strong effects on the 
diversity and species composition of communities and is therefore a key process 
to understand biodiversity (Bertness and Callaway 1994; Callaway 1994; Bruno et 
al. 2003; Brooker et al. 2008; McIntire and Fajardo 2014). Positive interactions are 
often performed by foundation species (Dayton 1972) or ecosystem engineers 
(Jones et al. 1994), which create stable conditions for other species and provide 
much of the structure of a community. Facilitation can increase diversity through 
well-studied underlying mechanisms, such as enhanced resource availability, 
provision of refuges against physical stress and protection from predation or 
competition (Bertness et al. 1999; Borthagaray and Carranza 2007; Callaway 2007). 
The spatial component of facilitation is usually studied at the local scale of an 
individual patch, in locations under the protective influence of the facilitator (e.g. 
“nurse plant syndrome”; Niering et al. (1963); Padilla and Pugnaire (2006)), or 
along gradients of physical stress (Bertness and Callaway 1994; Bertness and 
Leonard 1997). However, many foundation species and ecosystem engineers 
generate striking spatial patterning at the landscape scale by self-organization 
processes, even in the absence of underlying abiotic gradients (Rietkerk and Van 
de Koppel 2008). Understanding the role of patchiness at the landscape scale for 
inter-specific facilitation is critical to maintain biodiversity. 

 Many self-organized spatial patterns in ecosystems emerge from scale-
dependent feedbacks, whereby the interaction between the organisms and the 
environment leads to a positive feedback on a local scale, but a negative one 
inhibits their growth on larger scales (Rietkerk and Van de Koppel 2008). These 
feedbacks arise through different mechanisms, such as concentration of limiting 
resources (e.g. nutrients in peatlands; Eppinga et al. (2009)) or divergence of 
physical stress (e.g. water flow or snow; Hiemstra et al. (2002); Larsen et al. (2007); 
Weerman et al. (2010)). Here, the positive feedback of resource concentration or 
flow reduction within the patches is coupled with a negative feedback of resource 
depletion or increased flow stress outside the patches. Yet, it is unknown how the 
presence or absence of these underlying mechanisms affects facilitation. In such 
patchy systems, facilitative effects at the within-patch scale cannot be easily scaled 
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up to facilitation at the larger, between-patch scale for the following two reasons. 
Firstly, the landscape configuration or total cover of the patches may affect the 
environmental conditions in the gaps between them, by changing their feedback 
interaction with the stress factor (Fonseca et al. 1983; Granata et al. 2001; Larsen 
and Harvey 2010; Kondziolka and Nepf 2014). Secondly, the balance between 
competition and facilitation can be strongly scale-dependent (van de Koppel et al. 
2006), as abiotic conditions are mitigated in the patches, but competition with the 
facilitator might be very high. Hence, it is important to consider how facilitation 
is affected by self-organized spatial patchiness and its underlying feedback 
mechanisms. 

 While self-organization can be due to a number of mechanisms, we focus here 
on the divergence of water flow. This is a common principle underlying the patchy 
distribution of foundation species in many aquatic ecosystems, such as rivers 
(Schoelynck et al. 2012), salt marshes (Temmerman et al. 2007; Bouma et al. 2009a; 
Vandenbruwaene et al. 2011) and seagrass beds (Van der Heide et al. 2010). In 
such physically stressed environments, the arrival of dispersal units in favourable 
microsites within the patches of a facilitator species can be crucial (Aguiar and Sala 
1997), especially for non-mobile organisms that require entrapment or stranding 
to establish (Rabinowitz 1978; Turner 1983; Nilsson et al. 2010). Here, any 
organism that enhances the arrival or retention of propagules can have a potential 
facilitative effect (Callaway 1995) and affect colonization rates (Bruno et al. 2003; 
McKee et al. 2007). In many of these systems, the environmental stress may also 
be the dispersal vector (e.g. wind, water). Previous studies on transport and 
retention through vegetated environments often assumed homogeneous 
distribution or a single cover value of the facilitator (Chang et al. 2008; Peterson 
and Bell 2012; Gillis et al. 2014b; Van der Stocken et al. 2015), despite its spatial 
patchiness. Considering only a single cover of the facilitator, overlooking its spatial 
structure in relation to environmental stressors, can tell us very little about the 
realized facilitative effects in a patchy landscape. Hence, we aim to test whether 
facilitation during dispersal and colonization depends on the flow divergence 
mechanism underlying spatial patchiness of the facilitator. 

 In lotic ecosystems, aquatic macrophytes are important foundation species 
(Carpenter and Lodge 1986). Submerged plants in rivers grow in a patchy pattern 
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due to local flow reduction within the vegetation and divergence of water flow 
around it (Sand-Jensen and Mebus 1996; Sand-Jensen 1998; Cotton et al. 2006; 
Wharton et al. 2006; Schoelynck et al. 2012). Water flow is both the stress factor 
that leads to vegetation patchiness and one of the main dispersal vectors of plant 
propagules (e.g. seeds, vegetative fragments, stolons, turions; Goodson et al. 2001; 
2003; Bornette & Puijalon 2011; Nilsson et al. 2010). Among vegetative 
propagules, fragments are of clear importance for the colonization of stream 
reaches (Barrat-Segretain et al. 1998), and can account for up to 90% of new plant 
establishment in streams (Sand-Jensen et al. 1999; Riis 2008). Retention of 
vegetative fragments in streams is a necessary step before primary colonization and 
a bottleneck to vegetation establishment (Figure 4.1), which relies on the 
availability of structures to entrap propagules (Riis and Sand-Jensen 2006; Riis 
2008). Existing macrophyte canopies are one of the main potential retention agents 
for plant fragments: in the absence of vegetation, only 1% of dispersed shoots is 
retained in the sediment by contact with the stream bed (Riis 2008). However, 
interactions between vegetation and hydrodynamic stress may affect propagule 
retention: patches of flexible vegetation can reconfigure by bending down closer 
to the substrate, if hydrodynamic stress increases (Sand-Jensen and Pedersen 2008; 
Schoelynck et al. 2013), creating less of an obstruction in the water column. 
Propagule traits like buoyancy and size may also play a role in the dispersal 
process. For instance, buoyancy determines the propagule’s position within the 
water column and thereby most likely the capability to travel for long distances vs. 
the chance of impacting with the vegetation structure (Riis and Sand-Jensen 2006). 
Hence, streams with self-organized patchy aquatic macrophytes provide a unique 
opportunity to test how flow divergence mechanisms affect propagule retention, 
and how this depends on the landscape-scale setting of these vegetation patches. 

 In this study, we aimed to test the effects of water flow divergence on 
propagule retention by existing macrophyte patches in streams. Specifically, we 
tested the effects of the patchy submerged macrophyte Callitriche platycarpa Kütz 
on the dispersal and retention of vegetative propagules of other sessile aquatic 
plant species that may co-occur in the field. As propagule retention is a necessary 
step before primary colonization (Riis (2008); Figure 4.1), we regard it as proxy 
for facilitation during dispersal and colonization. First, we tested the role of water 
flow divergence around vegetation patches on propagule retention. That is, we 
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compared vegetation distributions where the flow divergence mechanism was in 
place (i.e., patchy vegetation, with unvegetated flow areas next to vegetated areas), 
to near-homogeneous vegetation distributions that prevented flow divergence (i.e., 
almost fully vegetated cross-sections, with no areas for lateral flow diversion). 
Second, for each vegetation configuration, we tested the effects of propagule traits 
(i.e., buoyancy and size) and hydrodynamic forcing (i.e., current velocity affecting 
the bending of the canopy) on the retention of propagules. For this study, we used 
a combination of mesocosm, flume and field experiments. In the discussion, we 
extrapolate our findings on propagule retention towards the implications of bio-
physical feedbacks and self-organization for species interactions. 

 
Figure 4.1: Consecutive processes involved in macrophyte colonization of lowland streams. 
Bars indicate the success rates based on the previous process (% of fragments). Modified 
from Riis (2008). 

Materials and Methods  

Studied species 

The propagules of three freshwater macrophyte species, Berula erecta (Huds.) 
Coville, Groenlandia densa (L.) Fourr. and Elodea nuttallii (Planch.) St. John, 
were considered for this study (Figure 4.2). Here, we focused on the dispersal of 
vegetative fragments, as the processes of interaction with vegetation patterns may 
be different for vegetative and sexual propagules, particularly due to differences 
in size or buoyancy (Cellot et al. 1998; Merritt and Wohl 2002; Chang et al. 2008; 
Carthey et al. 2016). Vegetative fragments are important for macrophyte species 
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recruitment in streams: they can be viable for more than 10 weeks (Barrat-
Segretain et al. 1998), and can regrow into viable plants (i.e. regenerate) and 
develop new propagules (Barrat-Segretain et al. 1999). The vegetative propagules 
used in the experiments consisted of whole plants, comprising both aboveground 
and belowground parts. B. erecta has a rosette of petiolated-dissected leaves, G. 
densa is a caulescent species with opposite leaves, and E. nuttallii presents 
relatively rigid stems with short, densely packed leaves. This species selection 
allowed us to compare propagules with different floating traits: as previously 
observed for a species (E. canadensis) morphologically similar to E. nuttallii (Riis 
and Sand-Jensen 2006), propagules of this species have lower buoyancy and tend 
to drift slightly below the water surface, rather than on the water surface as is the 
case for B. erecta and G. densa. 

 

Figure 4.2: Propagules of freshwater species used in the experiment: (A) Berula erecta, (B) 
Groenlandia densa, (C) Elodea nuttallii. 

Sample collection  

Individuals of the three freshwater species B. erecta, G. densa and E. nuttallii were 
collected by hand on 12 September 2014 in an artificial drainage channel located 
along the Rhône River near Serrières de Briord (France, 45.813551° N, 5.447440° 
E). Sample collection was performed at the end of the growing season to limit plant 
growth during storage or experiments. To investigate the effect of fragment size 
on their retention, propagules were selected in two contrasting sizes for each 
species to represent their normal range in propagule size (21.9 ± 2.6 cm and 48.4 
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± 2.2 cm for B. erecta; 17.8 ± 1.3 cm and 41.4 ± 3.4 cm for G. densa; 12.8 ± 2.5 
cm and 40.8 ± 4.2 cm for E. nuttallii). Plants were stored in plastic bags and 
transported to the flume laboratory in NIOZ Yerseke (The Netherlands) within 
24 h from collection, where they were kept outside in tanks with aerated tap water, 
with a water level of 20 cm and at natural light for one week before the experiments 
started. 

Quantifying floating traits by a mesocosm experiment 

In order to study how the traits of the dispersing propagules affected retention 
within submerged vegetation, and test whether the time spent in water after 
detachment could influence plant floating capacity, propagule buoyancy was 
monitored in a mesocosm experiment prior to the release in the flume. Propagule 
buoyancy was measured using a force transducer developed by the former WL 
Delft Hydraulics (now Deltares, Delft, The Netherlands). The transducer 
consisted of a solid platform, carried by two steel cantilever beams, with four 
temperature-corrected strain gauges mounted in pairs on opposite sides of each of 
the two steel cantilevers (for details see Bouma et al. (2005)). The voltage output 
for the force transducer was linear with forces up to 10 N. We measured the 
buoyancy of 12 fragments for each of the two size classes per species, for a total of 
72 fragments. Buoyancy was monitored weekly up to a month after the start of the 
experiment. During the measurements, each individual plant was mounted on top 
of the transducer, and voltage readings were collected on a data logger at a 
frequency of 100 Hz and expressed as the mean value for 1 min. 

Quantifying the dispersal and retention of plant propagules by a 
flume experiment 

The ability of submerged aquatic vegetation to trap propagules of other species 
was assessed by mimicking the patch morphology of the aquatic macrophyte 
Callitriche platycarpa in a flume setup. Although Callitriche patches are often 
monospecific (Sand-Jensen et al. 1999; Demars and Gornall 2003), ‘mixed’ 
patches with individuals of different species have been observed frequently at our 
field sites (L. Cornacchia, personal observation). The experiments were conducted 
in the racetrack flume (17.5 m long, 0.6 m wide and 0.3 m of water depth) at the 
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Royal Netherlands Institute for Sea Research (NIOZ), using a smooth flume 
bottom. Patches of C. platycarpa (1.2 m in length) were mimicked using 
commercial fishing rope, which was mounted on boards and cut to recreate the 
typical patch morphology of this submerged macrophyte: plants are rooted at the 
upstream end and form a trailing canopy just beneath the water surface. In 
addition, C. platycarpa has gradually increasing canopy height from upstream to 
downstream (Licci et al. 2016). For an average sized C. platycarpa patch, plants 
located further downstream gradually increment their biomass and increase patch 
height, being able to reach the water surface and form floating leaf rosettes.  

 To test the role of water flow divergence around vegetation on propagule 
retention, we released the fragments in the flume with mimic submerged 
vegetation patches at the end of the four-week monitoring in the mesocosm (six 
fragments per species and size in each run). Ten replicates were completed for 
each combination of parameters for a total of 48 treatments: 4 vegetation 
configurations, 3 species differing in buoyancy (B. erecta, G. densa, E. nuttallii), 2 
propagule sizes (small and large individuals), and 2 flow velocities (0.1 and 0.3 m 
s-1). The four vegetation configurations consisted of two single-patch 
configurations (‘W’: wide patch, 0.4 m wide, corresponding to 66% of the flume 
width; ‘N’: narrow patch, 0.2 m wide, corresponding to 33% of the flume width) 
and two multiple-patch configurations (‘W--N’: W patch upstream of N patch, 
0.75 m distance between their leading edges; ‘W----N’: W patch upstream of N 
patch, 1.90 m distance between their leading edges; Figure 4.3A). In the two 
single-patch configurations and the ‘W----N’ multiple-patch configuration, the 
flow divergence mechanism was maintained by keeping a channelled flow area 
next to the vegetation. Instead, flow divergence was prevented in the ‘W--N’ 
configuration by placing the patches close together to create an almost fully 
vegetated cross-section, with no areas for lateral flow redistribution. These 
configurations were selected to mimic the spatial arrangements observed at the 
field sites and on other freshwater streams, with patches both growing isolated or 
close to neighbouring patches (Cotton et al. 2006; Sand-Jensen and Pedersen 2008; 
Cornacchia et al. 2016). Within each configuration, the vertical structure of the 
vegetation was quantified by measuring the canopy height and water height of each 
patch in three points along its central axis, using a reinforced meter rule. The 
difference between water depth and canopy height was calculated for each 
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measurement point; the free-flowing space within each configuration was then 
expressed as the minimum difference observed over all points across the patches 
in the section. 

 Individual propagules were released onto the water surface upstream of the 
patch mimics. We measured the time for propagules to move through the 
vegetated section, and recorded the total time they were stopped due to 
entanglement in the patch canopy. If this time exceeded 2 min, we considered the 
propagules to be trapped indefinitely in submerged vegetation, as longer-term 
preliminary tests showed no fragment release once the stopping time exceeded 2 
min. Hence, the trapping capacity inside each patch configuration was determined 
as the percentage of propagules retained within a patch for more than 2 min. For 
the two multiple-patch configurations (‘W--N’ and ‘W----N’), the sum of the 
fragments trapped within each patch was the value used in the analyses. 

Quantifying the role of vegetation cover and structure on 
propagule retention in the field 

Field experiments on the role of vegetation cover and vertical structure on 
propagule retention were conducted in two naturally vegetated channels located 
along the Rhône River (France), near Serrières-de-Briord (45.815 ° N, 5.427 ° E) 
and Flévieu (45.767 ° N, 5.480 ° E). The channels are uniform in terms of width 
and water depth, with relatively straight banks. The two channels present similar 
length (3.19 and 4.26 km for Flévieu and Serrières-de-Briord channels, 
respectively), width (5.8 – 8.0 m), depth (0.75 – 1.00 m) and substrate 
characteristics (fine to coarse gravel bed). Flow velocities are on average 0.18 and 
0.25 m s-1, respectively, with a discharge of 0.73 and 1.30 m3 s-1 in July. The field 
release experiments were used to assess the impact of the natural macrophyte 
structure in the water column (presence of floating vegetation vs. fully submerged 
vegetation) on propagule retention, as well as the effects of increasing vegetation 
cover on propagule retention in natural conditions. Here, we selected different 
sections along the channels to represent different percentage cover of either fully 
submerged or both submerged and floating-leaved Callitriche platycarpa stands. 
Within each section, the vertical structure of C. platycarpa patches was quantified 
by measuring the canopy height and water height of each vegetation patch in three 
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points along its central axis, using a reinforced meter rule. The difference between 
water depth and canopy height was calculated for each measurement point; the 
free-flowing space within each section was then expressed as the minimum 
difference observed over all points across the macrophyte beds in the section. Five 
fragments of each species (23.5 ± 1.0 cm for B. erecta; 20.9 ± 0.5 cm for G. densa; 
20.4 ± 0.9 cm for E. nuttallii) were collected from neighboring patches and 
released at the beginning of each section. Ten replicate releases were completed 
for each fragment. We measured the time for fragments to move through the 
section and recorded whether the propagules were retained in submerged 
vegetation for more than 2 min. Hence, the percentage of trapped fragments was 
calculated as the percentage of propagules retained inside the C. platycarpa 
patches for more than 2 min. 

Statistical analyses 

All statistical analyses were performed in R 3.1.2 (R Core Team 2015). We used 
repeated-measures ANOVA to analyse changes in propagule buoyancy over time. 
A one-way ANOVA was used to test for differences in buoyant force between 
species. The effects of propagule size on trapping capacity could not be tested for 
E. nuttallii, as the larger propagules of this species fragmented during the 
mesocosm monitoring. Therefore, we used a generalized linear model (GLM) with 
a logit link function and binomial error distribution to test the effects of two 
propagule species (G. densa and B. erecta) and their propagule size, spatial 
configuration, flow velocity and their interactions on trapping capacity in the 
flume study. As the effect of propagule size was not significant, we used a GLM to 
test the effects of all three propagule species, spatial configuration, flow velocity 
and their interactions on trapping capacity. For the field study, a GLM was 
constructed to test the effects of propagule species, vegetation type 
(submerged/emerged), vegetation cover and their interactive effects on trapping 
capacity. Significance of predictors was determined using likelihood ratio tests to 
compare the full model with reduced models using the ‘anova’ function. Tukey’s 
contrasts for multiple comparisons were performed using the ‘glht’ function in the 
package ‘multcomp’. Linear regression was used to test for the relationship 
between buoyant force and trapping capacity in the flume experiment, and 
between free-flow space over the canopy and trapping capacity in the field study.  
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Figure 4.3: (A) Schematic top view of the four single- and multiple-patch spatial 
configurations of Callitriche platycarpa mimics in the racetrack flume tank. ‘W’ indicates the 
wide patch, corresponding to 66% of the flume width; ‘N’ is the narrow patch, 
corresponding to 33% of the flume width. Water flow direction is from bottom to top of the 
figure. (B) Percentage of vegetative propagules trapped within single or multiple patch 
configurations at the 0.1 m s-1 velocity treatment, for E. nuttallii, (C) B. erecta and (D) G. 
densa. (E) Percentage of vegetative propagules trapped within single or multiple patch 
configurations at the 0.3 m s-1 velocity treatment, for E. nuttallii, (F) B. erecta and (G) G. 
densa. Propagules trapped (%) are means (+1 SE) of 12 propagules for n = 10 runs. Hashed 
bars indicate the propagules trapped in patch ‘W’, and solid bars indicate the propagules 
trapped in patch ‘N’. The sum of the propagules trapped in both patches was used in the 
analyses. Letters denote significant differences (Tukey’s contrasts, p < 0.05). 
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Results 

Effects of propagule traits on propagule trapping 

Changes in propagule buoyancy since dislodgement – mesocosm 
measurements 

Propagule buoyancy for the three species did not change significantly over time 
during the four-week time spent in the water column after fragmentation 
(repeated-measures ANOVA, F2, 66 = 0.879, p = 0.42 for E. nuttallii, F2, 66 = 1.327, 
p = 0.27 for B. erecta, F2, 63 = 2.405, p = 0.098 for G. densa; Figure 4.4). Hence, 
the time spent in the water column after detachment could be regarded as a 
marginal factor in terms of dispersal and trapping for such a time scale. However, 
the buoyant force differed significantly between species (one-way ANOVA, F2, 221 
= 57.7, p < 0.001). E. nuttallii showed significantly lower buoyant force than B. 
erecta and G. densa (Tukey’s HSD p < 0.001 for both pairwise comparison). 
Buoyancy values also differed between the two surface floating species, with 
significantly higher values for B. erecta than G. densa (Tukey’s HSD p < 0.001).  

 
Figure 4.4: Mean (+SE) values of buoyant force (N) of the aquatic plant species (n = 24) 
Elodea nuttallii (diamonds), Groenlandia densa (triangles) and Berula erecta (squares) 
during the experimental period. 
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The influence of propagule size and buoyancy on propagule trapping – 
flume experiments 

Results showed that propagule buoyancy, but not propagule length, affected the 
chance of being trapped by submerged vegetation. Testing with a GLM revealed 
that there were no significant interactions between propagule size, species, flow 
velocity and patch spatial configuration on trapping of G. densa and B. erecta 
fragments (Table 4.1, p = 1.00). No difference in trapping was found between 
small and large fragments of the two species (likelihood ratio test, χ2 = 1.983, d.f. 

= 1, p = 0.16), thus rejecting our hypothesis that large fragments have a greater 
chance of being trapped. However, buoyancy (as measured at the end of the 
monitoring period in the mesocosm experiment) was negatively correlated with 
the percentage of propagules trapped in the flume experiments at the 0.1 m s-1 
velocity treatment (r2 = 0.56, p < 0.05; Figure 4.5). 

 
Figure 4.5: Percentage of retained propagules of Elodea nuttallii (diamonds), Groenlandia 
densa (triangles) and Berula erecta (squares) for two single-patch configurations (66% and 
33% of vegetation in the cross-section) and two multiple patch configurations (short and 
large spacing between the patches) at the 0.1 m s-1 velocity treatment, in relation with their 
buoyant force (N) measured at the end of the 4-week monitoring in the mesocosm 
experiment.            
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Table 4.1: Analysis of deviance table of the generalized linear model for the effects of 
propagule species (G. densa and B. erecta), propagule size, vegetation spatial configuration 
and flow velocity on propagule trapping in the flume experiments. 

 
df Deviance 

Residual 
df 

Residual 
Dev. 

p (> Chi) 

Species 1 6.078 318 410.52 0.013 

Propagule size 1 1.983 317 408.54 0.159 
Spatial configuration 3 54.807 314 353.73 < 0.01 
Flow velocity 1 210.431 313 143.30 < 0.01 
Species × Propagule size 1 0.058 312 143.24 0.809 
Species × Spatial 
configuration 

3 2.464 309 140.78 0.481 

Propagule size × Spatial 
configuration 

3 2.300 306 138.48 0.512 

Species × Flow velocity 1 0.000 305 138.48 0.999 
Propagule size × Flow 
velocity 

1 0.000 304 138.48 0.999 

Spatial configuration × Flow 
velocity 

3 0.000 301 138.48 1.000 

Species × Propagule size × 
Spatial configuration 

3 0.738 298 137.74 0.864 

Species × Propagule size × 
Flow velocity 

1 0.000 297 137.74 0.999 

Species × Spatial 
configuration × Flow 
velocity 

3 0.000 294 137.74 0.999 

Propagule size × Spatial 
configuration × Flow 
velocity 

3 0.000 291 137.74 0.999 

Species × Propagule size × 
Spatial configuration × Flow 
velocity 

3 0.000 288 137.74 0.999 
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Effects of spatial vegetation patterns & vegetation cover on 
propagule trapping 

Patch size and spatial configuration – flume experiments 

Our flume studies showed that propagule trapping was strongly affected both by 
changes in vegetation patch size (in terms of width in the cross-section) and their 
spatial distribution (in terms of distance between vegetation patches) (χ2 = 39.677, 

d.f. = 3, p < 0.001; Table 4.2). The net-effect was, however, strongly conditional 
upon flow velocity and the propagule species (χ2 = 28.083, d.f. = 2, p < 0.001). For 

that reason, we discuss the results per species and velocity treatment in the 
subsequent two paragraphs. 

Table 4.2: Analysis of deviance table of the generalized linear model for the effects of all 
propagule species (G. densa, B. erecta and E. nuttallii), vegetation spatial configuration and 
flow velocity on propagule trapping in the flume experiments. 

 
df Deviance 

Residual 
df 

Residual 
Dev. 

p (> Chi) 

Species 2 162.374 397 610.81 < 0.001 
Spatial configuration 3 39.677 394 571.13 < 0.001 

Flow velocity 1 259.398 393 311.73 < 0.001 

Species × Spatial 
configuration 

6 53.546 387 258.18 < 0.001 

Species × Flow velocity 2 28.083 385 230.10 < 0.001 

Spatial configuration × Flow 
velocity 

3 3.592 382 226.51 0.309 

Species × Spatial 
configuration × Flow velocity 

6 0.000 376 226.51 1.00 

 

 Within the 0.1 m s-1 velocity treatment, there was a statistically significant 
two-way interaction between the effects of species and configuration on propagule 
trapping (χ2 = 46.021, d.f. = 6, p < 0.001). When submerged vegetation cover in 

the cross section was halved, by decreasing patch width from 66% to 33% of the 
flume width, the chance of propagules getting trapped decreased more than 
twofold for the two surface-floating species G. densa and B. erecta (Tukey’s 
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contrasts, z = 2.792, p = 0.025 and z = 3.614, p = 0.001, respectively; Figure 4.3C 
and D, W and N). When two patches were positioned a short distance apart (0.75 
m between their leading edges) and therefore partially next to each other, leading 
to a cross section with 100% vegetation cover, trapping chance significantly 
dropped compared to the W configuration (Tukey’s contrasts, p < 0.001 for both 
species), as the flow was confined to a narrow channel in between the two patches 
(Figure 4.3C and D, W--N). As the distance between the patches increased to a 
gap of 70 cm (Figure 4.3C and D, W----N), trapping ability was significantly higher 
than when patches were closely aligned (Tukey’s contrasts, z = 4.222, p < 0.001 
for G. densa, z = 2.994, p = 0.01 for B. erecta), but not significantly different from 
the W treatment (z = 0.584, p = 0.93 for G. densa, z = -1.306, p = 0.54 for B. 
erecta). Patch configuration significantly affected propagule trapping also for the 
neutrally buoyant species, E. nuttallii (χ2 = 34.844, d.f. = 3, p < 0.001). No 

significant difference in propagule trapping of E. nuttallii was found between the 
two single-patch configurations (Tukey’s contrasts, z = 2.233, p = 0.11), or 
between the two multiple-patch configurations (z = -0.146, p = 0.99; Figure 4.3B, 
W--N); however, the two multiple-patch configurations retained a significantly 
higher percentage of propagules than the single-patch configurations (p ≤ 0.05; 

Figure 4.3B, W----N). 

 Within the 0.3 m s-1 velocity treatment, trapping significantly decreased as the 
patch canopy reconfigured as it was compressed to the substrate forming the bed 
of the flume, thus leading to very low trapping compared to the 0.1 m s-1 treatment 
(χ2 = 124.52, d.f. = 1, p < 0.001 for G. densa, χ2 = 81.104, d.f. = 1, p < 0.001 for B. 
erecta, χ2 = 75.805, d.f. = 1, p < 0.001 for E. nuttallii; Figure 4.3F and G, Table 

4.3). Only sinking propagules of E. nuttallii were trapped in this treatment, and no 
significant difference in trapping was found between the different configurations 
(χ2 = 6.2693, d.f. = 3, p = 0.09; Figure 4.3E). 

Vertical structure of macrophyte vegetation – flume and field experiments 

Flume and field release experiments on the effects of the presence of floating 
vegetation versus fully submerged vegetation showed that macrophyte vegetation 
structure in the water column affected fragment trapping. That is, in both flume 
and field experiments, there was a significant negative relationship between the 
number of trapped fragments (averaged over all three species) in each section, and 
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the minimum amount of free-flowing space measured between the water surface 
and canopy height over all patches in the section (R2 = 0.50, p = 0.014, R2 = 0.67, 
p = 0.01; Figure 4.6A). This indicates that a critical canopy height in the water 
column is needed for patches to be able to act as trapping agents for propagules. 
As some flume configurations created a fully constrained situation for neutrally 
buoyant propagules to drift, which was never found in the field, they were 
considered outliers and excluded from the comparison between flume and field 
results (red diamonds in Figure 4.6A). 

Percentage cover of macrophyte vegetation – field and flume experiments 

Field releases within river stretches of different percentage cover of macrophytes 
showed that, within each of the sections, the number of fragments passing through 
the section was significantly affected by vegetation cover, propagule species, and 
the presence of either fully submerged or mixed (submerged and floating-leaved) 
vegetation patches (GLM, Table 4.4, Figure 4.7). Propagule species had a 
significant interactive effect with both vegetation type (χ2 = 7.406, d.f. = 2, p = 

0.02) and total macrophyte cover (χ2 = 22.664, d.f. = 8, p = 0.003). No significant 

interactive effects were found between vegetation type and total macrophyte cover 
(χ2 = 7.777, d.f. = 4, p = 0.10). 

 In the fully submerged vegetation case, changes in vegetation cover did not 
significantly influence fragment retention (χ2 = 7.69, d.f. = 6, p = 0.26; Figure 

4.7B), with no significant differences in trapping between species (χ2 = 4.34, d.f. = 

2, p = 0.11). However, both vegetation cover, propagule species and their 
interaction were significant in the mixed vegetation case, where part of the 
vegetation was emergent, and part of the vegetation was submerged (χ2 = 22.619, 

d.f. = 8, p = 0.003; Figure 4.7B and C). Highest trapping occurred at intermediate 
macrophyte cover in the stream (45 – 70%). At higher vegetation cover (86%), 
vegetation patches started to reconfigure as they were compressed to the river bed, 
thereby transforming their floating canopy into a submerged canopy, leading to 
changes in the ratio of floating to submerged vegetation cover (locations M1 to M4 
in Figure 4.7B and C). Significant differences in trapping between species were 
found with 45% and 70% vegetation cover in the mixed vegetation case, while no 
significant differences were found with no vegetation (0% cover), sparse 
vegetation (25% cover) and full reconfiguration of the vegetation (86% cover), 
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where very few propagules were retained for all three species. In the 45% cover 
release, fragment retention for E. nuttallii (36 ± 4%) and G. densa (22 ± 3.6%) 
was significantly higher than for B. erecta (2 ± 2%) (Tukey’s contrasts, z = 3.316, 
p = 0.0041 and z = 2.626, p = 0.03). In the 70% cover release, G. densa fragment 
retention (66 ± 7.3%) was significantly higher than both E. nuttallii (32% ± 8%) 
and B. erecta (38% ± 6.3%) (z = 3.330, p = 0.002 and z = 2.764, p = 0.01), while 
no significant differences were found between the latter two species. Comparison 
between the field and flume results showed a similar relationship between 
propagule trapping and vegetation cover, with highest trapping at intermediate 
cover (40%) and declining at higher cover (> 60%) (Figure 4.7D). As observed in 
the field, the decline of propagule trapping at highest vegetation cover in the flume 
was due to canopies being pushed over by the flow towards the river bed (Figure 
4.6B; Figure 4.7E). 

 

Figure 4.6: (A) The number of propagules trapped (%) averaged over the three aquatic plant 
species, for different amounts of free-flow space over the canopy (i.e., the difference between 
the canopy height and the height of the water surface; cm). Black circles are field releases and 
show the minimum amount of free-flowing space measured over all vegetation patches in the 
section, for each of the submerged and mixed vegetation sites where field releases were 
carried out (same locations as in Figure 4.7). Grey diamonds are flume releases and show the 
minimum amount of free-flowing space over the canopy during the flume releases. Red 
diamonds are outliers in the flume release of neutrally buoyant fragments, where the patch 
configuration created a fully constrained situation that was not found in the field. Outliers 
were not included in the averaged measurements. For both field and flume releases, the 
number of fragments trapped within the canopy is inversely correlated with the distance 
between the patch canopy and the water surface (R2 = 0.50, p = 0.014; R2 = 0.67, p = 0.01). 
(B) Changes in free-flow space over the canopy with increasing vegetation cover in the flume 
releases, for low (0.1 m s-1) and high (0.3 m s-1) flow velocity treatments. 
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Figure 4.7: (Continued on the following page.)  
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Figure 4.7: (A) Schematic planform representation of two example sections of a submerged 
vegetation site (left) and a mixed vegetation site (right), which were selected as locations for 
the field releases. These two types of locations show contrasting vegetation types: in the 
submerged vegetation site, the whole canopy is submerged and does not float on the water 
surface; in the mixed vegetation site, a certain portion of the canopy is composed of floating 
leaves reaching the water surface. For each location selected for the field releases, vegetation 
cover (%) was calculated as the cover over the whole section. (B) Relationship between fully 
submerged and mixed (floating and submerged) C. platycarpa vegetation cover (%) in the 
section and propagules trapped (%) in the field releases. Each point denotes a different site 
along the channels where field releases were conducted; labels M1 to M4 indicate mixed 
vegetation sites. (C) Relationship between the ratios of floating/submerged C. platycarpa 
cover in the section for the mixed vegetation sites (M1 to M4), and number of fragments 
trapped in each site in the field releases. (D) Relationship between vegetation cover (%) and 
propagules trapped (%) in the flume releases. Labels (N, W, W--N, W----N) indicate flume 
configurations. (E) Relationship between the ratios of floating/submerged vegetation cover 
and number of fragments trapped in each flume configuration. 

Discussion 

Facilitation has been increasingly recognized as an important driver of biodiversity 
(McIntire and Fajardo 2014). Despite the patchy distribution of many facilitator 
species at the landscape scale, it is largely unknown how facilitation is affected by 
self-organized spatial patchiness and its underlying feedback mechanisms in such 
landscape setting. Using aquatic macrophytes as a model system, we showed that 
the feedback between vegetation and water flow diversion, leading to self-
organization, is crucial for retention of propagules of other species. By diverting 
the incoming flow towards unvegetated areas, macrophytes locally create low-flow 
areas of reduced velocity where their canopy stands upright and can reach the 
water surface. This in turn can potentially benefit other plant species during the 
dispersal and colonization phase, as most propagules are retained in low-velocity 
areas where the plant canopies are upright. In contrast, when the flow divergence 
mechanism is prevented by having full vegetation cover, there is no propagule 
trapping. Since the flow cannot be diverted laterally, water preferentially flows on 
top of the canopies, flattening them down. As this causes propagules to also float 
over the submerged vegetation, there is no facilitation in that the plants are unable 
to overcome an important bottleneck in colonization. Our results highlight that 
self-organization and its underlying feedback processes are essential to enhance 
propagule retention, potentially leading to consequences for species colonization 
and diversity. 
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Is propagule retention a good proxy for facilitation during plant dispersal 
and colonization? 

It is largely acknowledged that facilitation can improve survival or growth of 
organisms once they have reached a location under the protective influence of the 
facilitator (e.g. nurse plant syndrome; Niering et al. (1963); Callaway (1995)). For 
this reason, studies of facilitation generally focus on the number of seedlings that 
establish within a patch versus the bare interspaces between patches (Padilla and 
Pugnaire 2006). Far less attention is given to whether facilitation may enhance the 
arrival of organisms in such suitable sites. In our study, we reveal that existing 
vegetation enhances the arrival and retention of propagules of other species. 
Retention of propagules represents a suitable proxy for facilitation during plant 
dispersal and colonization, for a variety of reasons. Once trapped in submerged 
vegetation patches, the fragments are prevented from being lost at sea or in the 
river system and are retained in a favourable slow-flow site, indicating a facilitative 
effect (Callaway 1995). Plants located in the downstream part of a patch might re-
root in the underlying mound of deposited sediment, when high flow velocities 
push the canopy towards the streambed (Minckley 1963), or could be released 
again during high flows, suggesting a stepwise manner of reaching and colonizing 
new sites (Engström et al. 2009). As colonization times for macrophyte shoots 
usually range between 1 to 10 days (Barrat-Segretain et al. 1998; Barrat-Segretain 
et al. 1999), establishment might be successful if timing between high flow events 
is long enough to allow re-rooting of fragments (Riis and Biggs 2003; Riis 2008). 
Hence, as primary colonization appears to be the main constraint for vegetation 
establishment, with less than 5% of retained shoots being able to colonize the 
stream (Riis (2008); Figure 4.1), propagule retention is a good proxy for 
facilitation, as it plays a large role in ensuring that enough individuals can 
successfully colonize. 

 Our findings may also provide a new perspective on biological dispersal. 
Dispersal is often treated as a stochastic, random process (Hubbell 2001; Lowe 
and McPeek 2014), where colonization is considered to be limited by propagule 
availability rather than by thresholds to establishment. Our results instead show 
that dispersal depends on both propagule traits and on the existing cover of 
foundation species, in a habitat that is modified by the foundation species itself. 
Hence, the conditionality of this process suggests that propagule retention in 



Flow-divergence underlies propagule retention 

97 

suitable sites may require a ‘Window of Opportunity’ (Balke et al. 2011), which 
appears to be created by a combination of fragment traits, hydrodynamic stress 
and pre-existing vegetation cover determining the available habitat space for 
colonization (Figure 4.8). Hence, our findings suggest that the interaction between 
biological and physical factors can influence the windows of opportunity for 
establishment. 

Bio-physical stress divergence and implications for abiotic dispersal vectors 

Our study reveals that vegetation patchiness due to flow divergence feedbacks 
creates the optimal conditions for retention of dispersal units. As such, it reinforces 
the importance of foundation species in creating heterogeneity and habitats for 
many other species (Dayton 1972; Jones et al. 1994). As water is a very common 
dispersal vector for plants (seeds and other propagules; Nilsson et al. (2010)) and 
animals (e.g. passive drift of motile invertebrate fauna or sessile organisms during 
mobile larval stage; Malmqvist (2002)) in both marine and freshwater 
environments, the effects of self-organized patterning on dispersal and retention 
might affect a large number of species at different trophic levels within a 
community.  

 Beyond aquatic ecosystems, similar processes may be generalized to a wide 
range self-organized environments where species are patchily distributed. In 
terrestrial environments, such as grasslands, prairies or arid ecosystems, patchy 
vegetation creates a mosaic of suitable and unsuitable sites for establishment (Aerts 
et al. 2006; Pueyo et al. 2008). Although the stress divergence feedback may 
involve other dispersal vectors (e.g. wind), facilitative interactions occurring in this 
stage are in a similar way crucial for colonization. Therefore, we highlight the need 
to further include bio-physical interactions and the spatial component of 
facilitation in future studies. 

Towards an understanding of the link between self-organization and 
facilitation 

Pattern formation is a widespread phenomenon in ecological communities 
(Rietkerk and Van de Koppel 2008), with important implications for ecosystem 
structure and functioning (Temmerman et al. 2007; Weerman et al. 2010). Our 
findings suggest that self-organized spatial patterns also have emergent properties 
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for interspecific facilitation at the landscape-scale. Under self-organization, 
macrophytes themselves generate hydrodynamic heterogeneity, thereby creating 
both low-flow and high-flow velocity areas through flow redistribution around the 
patches (Chapter 2 & 3). Consequently, the process of flow regulation by 
macrophytes can potentially facilitate their colonization: in both our flume and 
field experiments, we found that propagules are retained in the low-flow areas 
where plant canopies are upright. Therefore, the self-organizing mechanisms 
underlying spatial patterns are crucial for facilitation. While our study reveals that 
self-organization is essential for facilitation during dispersal and primary 
colonization, facilitation also occurs in later life stages where it improves growth 
or reproductive success. Self-organized patterns create a balance between 
competition and facilitation in space due to scale-dependent feedbacks (van de 
Koppel et al. 2006; Donadi et al. 2013; van de Koppel et al. 2015). Yet, as 
facilitation is often studied at the local, within-patch scale, future studies should 
explore how local facilitation effects in other life stages translate to facilitation at 
the between-patch, landscape scale. The link between self-organization and 
facilitation is therefore an important topic for future research. 

Conclusions 

Overall, our study extends on the body of literature on both self-organized pattern 
formation as well as facilitation in natural communities, by linking these processes 
at the landscape scale. Whereas previous studies have focused on the positive 
effects of ecosystem engineers on other species through local amelioration of 
physical conditions, we show that the stress divergence mechanisms underlying 
spatial pattern formation cause facilitation patterns. That is, when facilitation is 
mediated by a pattern-forming species, the self-organizing feedbacks underlying 
these patterns are also crucial to maintain the facilitative effects. If the spatial 
pattern is absent, the facilitation effect also gets lost. Hence, bio-physical feedback 
processes underlying spatial pattern formation must be considered when using 
them as restoration tools and for optimal management of biodiversity.  
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Figure 4.8: Conceptual framework showing the main factors affecting canopy emergence of 
the flexible submerged macrophyte Callitriche platycarpa, and the resulting outcome for 
trapping chance of aquatic plant vegetative propagules. Conditions leading to floating or 
bending of the canopy include both direct and indirect effects on flow velocity (e.g. increase 
in channel flow velocity due to higher discharge vs. changes in flow patterns due to bio-
physical interactions). In the planform representations of the stream, green shapes represent 
aquatic macrophyte patches, blue arrows are flow patterns between the canopy, and white 
arrows are flow patterns on top of the canopy (arrow length and width proportional to flow 
velocity). Bottom graphs are longitudinal sections through a Callitriche patch and show 
changes in bending behaviour of the canopy, and the consequences for propagule trapping. 
The buoyancy characteristics of the dispersal units also influence the final outcome in terms 
of trapping chance, with stronger effects for buoyant propagules. 
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Table 4.3: Percentage of propagules trapped in the flume experiments for each aquatic plant 
species and for different propagule sizes, in the four patch configurations and two velocity 
treatments (0.1 and 0.3 m s-1). 

Species Elodea 
nuttallii Groenlandia densa Berula erecta 

Propagule size One 
size 

Small Large Small Large 

Patch 
configuration 

Water velocity 
(m s-1) 

% of propagules retained 

W patch only 
– 66% of 

flume width 

0.1 37.50 23.33 26.66 21.67 23.33 

0.3 7.14 0 0 0 0 

N patch only – 
33% of flume 

width 

0.1 21.25 11.67 10.00 3.33 6.67 

0.3 6.66 0 0 0 0 

W and N 
patches – 

short distance 

0.1 61.25 6.67 5.0 3.33 3.30 

0.3 20.00 0 0 0 0 

W and N 
patches – large 

distance 

0.1 59.33 21.67 35.00 11.67 20.00 

0.3 7.50 0 0 0 0 

 
 
 
Table 4.4: Analysis of deviance table of the generalized linear model for the effects of 
vegetation type (submerged and mixed), vegetation cover and propagule species on 
propagule trapping in the field experiments. 

 
df Deviance 

Residual 
df 

Residual 
Dev. 

p (> Chi) 

Vegetation type 1 148.332 298 315.05 < 0.001 
Vegetation cover 4 143.053 294 171.99 < 0.001 
Species 2 13.543 292 158.45 0.001 
Vegetation type × Vegetation 
cover 

4 7.777 288 150.67 0.10 

Vegetation type × Species 2 7.406 286 143.27 0.02 
Vegetation cover × Species 8 22.664 278 120.60 0.003 
Vegetation type × Vegetation 
cover × Species 

8 2.230 270 118.37 0.97 
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