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Abstract   12 

Seed dispersal is one of the most important steps in the plant life cycle. However, there 13 

is, generally, a lack of fieldworks focused on wind dispersal and especially on 14 

semachorous (seeds spread when the fruits are shaken by wind and other vectors, such as 15 

animals), including boleochorous species. Therefore, we aimed to determine how 16 

different types of wind and animals affected seed dispersal under natural conditions in 17 

the widespread species Scrophularia canina. We evaluated the effects of wind gusts 18 

(simulating them using a leaf blower) and wild animals (using differently sized dogs) on 19 

seed dispersal in a population located in south-western Europe. We found that S. canina 20 

is a semachorous species, and its spatial seed dispersal was affected by wind gust speed 21 

and direction, plant structure, and vector type. The results also revealed the presence of 22 

xerochasy, individual anisotropy with strong winds, and primary short-distance dispersal 23 

associated with successional processes independent of the vector. Additionally, there was 24 

a masking effect of plant structure on the seed shadow outline. It is essential to conduct 25 

fieldworks to reveal what actually happens in nature, taking into account the 26 

characteristics determining seed dispersal. In addition, in these works it is important to 27 

find out what factors affect seed distributions of anemochorous and semachorous species. 28 

 29 
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INTRODUCTION 32 

Seed dispersal is one of the most important steps in the plant life cycle because it 33 

influences the spatial structure and dynamics of plants at population and metapopulation 34 

levels. Seed dispersal determines the distribution of individuals, affects the probability of 35 

incorporation of new individuals into a population, and the possibility to establish new 36 

populations and connect existing populations, i.e., the distribution of individuals within 37 

and across populations (Maier, Emig, & Leins, 1999; Greene & Calogeropoulos, 2002; 38 

Soons & Bullock, 2008; Brzosko et al., 2017 and references therein; Jordano, 2017). 39 

The seed shadow represents the distances reached by diaspores. Ecologically and 40 

in terms of distance, seed dispersal has been traditionally classified into two categories: 41 

short-distance and long-distance dispersal (henceforth SDD and LDD, respectively). A 42 

genetic viewpoint has been established by determining the simultaneous demographic 43 

and genetic effects of seed dispersal. This viewpoint is necessary for predicting the 44 

response of individuals, populations, and species to climate change and ecosystem 45 

fragmentation (Trakhtenbrot, Nathan, Perry, & Richardson, 2005; Robledo-Arnuncio, 46 

Klein, Muller-Landau, & Santamaría, 2014; Jordano, 2017). Local SDD would ensure the 47 

maintenance of populations (but see Jordano, 2017), while LDD maintains connectivity 48 

among populations, allowing gene flow, but having homogenizing effects (Brzosko et al., 49 

2017; Jordano, 2017). In addition, LDD contributes to the establishment of new 50 

populations (Maier, Emig, & Leins, 1999; Thomson et al., 2010; McConkey et al., 2012; 51 

Brzosko et al., 2017; Jordano, 2017) and could determine the survival of a species, 52 

especially in fragmented landscapes (Primack & Miao, 1992; Maier, Emig, & Leins, 53 

1999; Vittoz & Engler, 2007; McConkey et al., 2012). 54 

The maternal plant and dispersal vector can significantly influence the dispersal 55 

distance. Maternal plant traits include plant architecture, height, and lateral spread 56 

(Bastida & Talavera, 2002; López-Vila & García-Fayos, 2005; Rodríguez-Riaño et al., 57 

2017 and references therein), fruit dehiscence type and fruit position (Kadereit & Leins, 58 

1988; Blattner & Kadereit, 1991; Bastida & Talavera, 2002; López-Vila & García-Fayos, 59 

2005; Rodríguez-Riaño et al., 2017), and diaspore adaptations to dispersal (Jongejans & 60 

Telenius, 2001; Bullock, Moy, Coulson, & Clarke, 2003; Vittoz & Engler, 2007). 61 

Nevertheless, the most influential factor is the dispersal vector (Bullock, Moy, Coulson, 62 

& Clarke, 2003; Vittoz & Engler, 2007; Soons & Bullock, 2008; Savage, Borger, & 63 

Renton, 2014). 64 
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In anemochorous species, including boleochorous species, the factors that strongly 65 

influence the seed shadow are seed properties, wind characteristics (intensity, direction, 66 

and turbulence), relative humidity (RH) and plant traits. However, such information is 67 

rarely taken into account, because most of the data are based on mathematical models or 68 

are collected in wind tunnel experiments, i.e., not under natural conditions (Kadereit & 69 

Leins, 1988; Ozinga, Bekker, Schaminée, & van Groenendael, 2004; Soons & Bullock, 70 

2008; Brzosko et al., 2017; among others). Terms like boleochory and semachory could 71 

be considered synonymous, but Bonn et al. (2000) clarified that for the latter, in addition 72 

to wind, other vectors, such as animals, may shake rigid fruiting branches as well, 73 

resulting in seed dispersal.  74 

A few studies on boleochorous (maybe also semachorous) species have been 75 

developed under natural conditions (Rodríguez-Riaño et al., 2017), but most have 76 

obtained data under semi-natural or artificial conditions (Kadereit & Leins, 1988; Blattner 77 

& Kadereit, 1991; Maier, Emig, & Leins, 1999). Besides, these and other papers (Bullock 78 

& Moy, 2004) consider them as anemochorous species without taking into account the 79 

other vectors that could provoke seed release. 80 

In the plant wind dispersal, it is the wind gusts that exceed the threshold required 81 

to cause seed release, and not the average wind speed, that determines non-random seed 82 

release and increases LDD (Greene, 2005; Skarpaas, Auhl, & Shea, 2006; Soons & 83 

Bullock, 2008; Savage, Borger, & Renton, 2014; Treep et al., 2018). This non-random 84 

seed release must be a general phenomenon in boleochorous species, because their 85 

fruiting branches must vibrate to release seeds, and this only occurs selectively during 86 

rigorous environmental conditions, such as strong winds. In addition, this vibration can 87 

be also performed by the rubbing of animals (Bonn et al., 2000), a phenomenon that has 88 

not been addressed in the majority, if not in all, of the works carried out using these kinds 89 

of plants. In terms of humidity, xerochasy is a widespread phenomenon in wind-dispersed 90 

species. In such species, seed abscission and release occur mainly under low RH and high 91 

wind speed (Greene, 2005; Schippers & Jongejans, 2005). 92 

Considering the limited information available on boleochorous and semachorous 93 

species, and especially, when considering animals as vectors, the main aims of this study 94 

were to determine, in a natural population, the effect of both abiotic (wind) and biotic 95 

(animals) factors on spatial primary seed dispersal. We analyzed the seed dispersal of the 96 

widespread plant Scrophularia canina L. (Scrophulariaceae): (i) under different wind 97 
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gust speeds; (ii) with windward and leeward prevailing winds; and (iii) by differently 98 

sized animals.  99 

MATERIALS AND METHODS 100 

Plant and study area 101 

Scrophularia canina, considered as a pioneer, is a suffruticose species that flowers 102 

from March to June, with seed dispersal occurring from (September)-October onwards, 103 

and sometimes even overlapping with the next seed dispersal period (Rodríguez-Riaño et 104 

al., 2017). The fruits are persistent bicarpellate capsules (3–7 mm), slightly acuminate, 105 

and contain an average of 9.7 blackish seeds (0.6–1.7 mm) (Ortega-Olivencia & Devesa, 106 

1993) which are dispersed boleochorously (Rodríguez-Riaño et al., 2017, but see 107 

discussion below).  108 

The experimental site was situated in south-western Europe (Badajoz Province, 109 

Extremadura, Spain) between 313 and 320 m a.s.l. along the road from Albuquerque to 110 

Villar del Rey (39°11′6.20″N–6°56′14.83″W). The population was situated between a 111 

crop area and a new road, at a site previously occupied by an old road. A line of holm 112 

oaks and a small watercourse establish the limit with the crop area (Supporting 113 

information Figure S1). The vegetation between the road and the watercourse was a scrub 114 

dominated by S. canina and scattered individuals of Quercus rotundifolia and Retama 115 

sphaerocarpa (López et al., 2016). 116 

The average wind speed during the previous and current year of the study period 117 

was about 8 km/h (range of previous year = 6–9 km/h, range of current year = 5–9 km/h), 118 

and the maximum wind speeds were about 37 and 35 km/h, respectively (range = 32–42 119 

and 26–48 km/h, respectively). In the previous and current years, the wind gusts reached 120 

to 63 km/h (mean = 49 and 52.8 km/h, respectively) (Weather Underground, 2018). 121 

Field experiments and experimental design 122 

The fieldwork was carried out on 16 individuals from November 2017 until 123 

February 2018. The individuals were sufficiently isolated from neighboring plants to 124 

ensure accurate identification of diaspore origin. 125 

To evaluate seed fall, we used the same trap model described previously 126 

(Rodríguez-Riaño et al., 2017), but extended its length to 300 cm, with one end of the 127 

trap situated at the base of the plant stem and labelled as 0 cm. Each trap was a 5-cm-128 
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wide tape that was stapled sticky side up to a 100-300 x 10 cm fibreboard (see Figure 1). 129 

To allow adequate rotation of experimental treatments among and within plant 130 

individuals (see below), each individual was divided in four quadrants (coinciding with 131 

the four principal cardinal points). The maximum height at the center of each plant and 132 

lateral spread (i.e., zone beneath the plant’s branches) was measured for each quadrant.  133 

The experiments to study the effect of different vectors on spatial primary seed 134 

dispersal included: (1) control, (2) abiotic vectors, and (3) biotic vectors. In the control 135 

and biotic experiments, one seed trap was situated in one of the four quadrants (Figure 136 

1b, c). In the abiotic experiments, two seed traps were placed in opposite quadrants 137 

(Figure 1a). In the control and abiotic experiments, the plants were subjected to each 138 

treatment for 10 min. In the biotic experiments, for those 10 min, the animals were rubbed 139 

against the individual three times simulating the randomness of animal contact in nature. 140 

Once the experiment ended, the trap was collected, labelled, and transported to the 141 

laboratory. For this transport, seed traps were covered with additional tape to prevent seed 142 

loss. Seed numbers were counted by using a stereo-microscope. After dividing each tape 143 

sample into 1-cm intervals using superimposed, transparent millimeter paper, seed 144 

number per cm and maximum distance reached by a seed were determined with the plant 145 

stem as distance cero (Rodríguez-Riaño et al., 2017).  146 

Control: A seed trap was placed under the fruiting branches of one of the four quadrants 147 

in which each plant was divided. The plant was not subjected to any manipulation.  148 

Abiotic factor experiments: We tested the ability of wind gusts at two different speeds to 149 

shake the fruiting branches. Wind was simulated using a leaf blower and its speed was 150 

measured with a digital anemometer. In these experiments, two sticky traps were situated 151 

under the individual at a maximum of 300 cm from the base of the main stem of the plant: 152 

one in the quadrant between the blower and the plant (windward trap, i.e., subjected to 153 

upwind) and the other behind the plant (leeward trap, subjected to downwind) (see Figure 154 

1a). Taking into consideration the wind speeds and gust values in the population studied 155 

(see above in plant and study area), we applied the following treatments: 156 

Slightly strong wind (simulation with wind gusts up to 30–35 km/h – henceforth 157 

ANE-30). In this case, to check 30-35 km/h wind speed the leaf blower was set to a 158 

minimum revolution and placing the anemometer close to the blower air outlet, then we 159 

moved away until the anemometer reached approximately 30-35 km/h speed. At that 160 

moment, we measured the distance from the researcher’s waist carrying the blower to the 161 
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position of the anemometer (1.80 m). Once the blower is turned on and placed 1.80 m 162 

away from the centre of the plant individual (reached speed of 30-35 km/h), it was moved 163 

from top to bottom and from right to left, during ten minutes, to shake the plant branches 164 

for provoking the seed release from the fruits. The trap placed in front of the blower 165 

(windward) was labelled as WW (henceforth ANE-30-WW) and that behind the plant 166 

(leeward) as LW (henceforth ANE-30-LW). 167 

Extremely strong wind (simulation with wind gusts up to 60–70 km/h – henceforth 168 

ANE-60). To check 60-70 km/h wind gusts, the researcher with the leaf blower was 169 

situated 2 m away from the anemometer, at this moment we accelerated it until we got 170 

the desired speed (60-70 km/h) and fixed the blower at this acceleration. Then, the 171 

procedure was the same as that indicated for the 30-35 km/h design. The trap in front of 172 

plant was labelled as ANE-60-WW and that behind the plant as ANE-60-LW). 173 

Biotic factors experiments: In these experiments, the shaking of fruiting branches by wild 174 

animals was simulated by rubbing differently sized dogs against the plant. For this, once 175 

a seed trap was placed under one of the quadrants of the plant, a dog guided by a 176 

researcher was forced to rub against the fruiting branches situated in this plant quadrant 177 

(Figures 1b, c). This process was repeated three times for the same seed trap during a 10 178 

minutes treatment period. There were two treatments:  179 

Big wild animal (henceforth ZOO-BIG). Fruiting branches were rubbed with a dog 180 

about 30 kg (Figure 1b). 181 

Small wild animal (henceforth ZOO-SMALL). Fruiting branches were rubbed with 182 

a dog about 3 kg (Figure 1c).  183 

All the above mentioned treatments (control, biotic and abiotic) were replicated six 184 

times, and all individuals were subjected to all treatments in each of the replicates. For 185 

Scrophularia canina, seeds are sequentially liberated from the placenta and gradually 186 

released from the fruit. Additionally, the seed shadow is correlated with plant lateral 187 

spread (Rodríguez-Riaño et al., 2017). Therefore, we tried to avoid underestimating seed 188 

dispersal in the experiments by conducting the different tests in each replicate at least 2 189 

days apart. We also tried to avoid the effect of plant lateral spread by changing the 190 

quadrant in which the treatment occurred. In addition, we tried to avoid or minimize the 191 

RH effect on seed dispersal by changing the time of the day when each experiment was 192 

performed. Thus, all the treatments were implemented from early in the morning 193 
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(normally with high RH) to late in the afternoon (usually with low RH). Therefore, all the 194 

experiments were performed at different times of the day. RH was measured using a 195 

thermo-hygrometer at the beginning and at the end of the treatments. In the following we 196 

show an example of one replicate: 197 

First day in each replicate: half of the individuals were assigned to: (1) the plant’s Eastern 198 

control quadrant; (2) one abiotic treatment (for example, wind at 30–35 km/h) at the North 199 

and South quadrants; (3) one biotic treatment (for example, big dog) at the plant’s 200 

Western quadrant. The other half of the individuals were subjected to the other two 201 

treatments (60–70 km/h wind speed and small dog) but carried out at different plant 202 

quadrants. 203 

Second day in each replicate: each individual was subjected to the treatments it did not 204 

receive on the first day.  205 

Spatial primary seed dispersal 206 

To evaluate the dispersal capacity and seed distribution patterns (seed shadow) in 207 

each treatment, we determined parameters as described by Rodríguez-Riaño et al. (2017), 208 

namely: (1) slope of the linear regression of seed number (ln-transformed); (2) modal 209 

dispersal distance (distance reached by the greatest number of dispersed seeds); (3) 210 

percentiles of seed dispersal distance (25th, 50th, 75th, 90th, and 99th); (4) maximum 211 

dispersal distance (maximum distance reached by a seed); (5) percentage of seeds 212 

underneath the plant’s lateral spread; and (6) kurtosis and skewness indices. 213 

Seed dispersal parameters were compared among all treatments and with natural 214 

seed dispersal (data from Rodríguez-Riaño et al., 2017, 2018). The data were treated in 215 

two different ways for these comparisons. Firstly, data for all individuals were merged 216 

and used to calculate total seed shadow parameters. Secondly, the parameter mean values 217 

were calculated for each treatment and individual, and then these were compared 218 

statistically. Differences in parameters among the different treatments were analyzed 219 

using the non-parametric Kruskal-Wallis test (more than two independent variables) or 220 

Mann-Whitney test (two independent variables) with False Discovery Rate (FDR) 221 

adjustment of p-values. The correlations between seed dispersal parameters and plant 222 

traits were determined by Spearman’s linear correlation analyses. 223 

We calculated the total number of seeds collected in traps in each treatment for each 224 

individual. These data were normalized by Log(seed number) and compared using one-225 
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way ANOVA. This variable was not compared with natural dispersal because different 226 

methods were used. 227 

Finally, considering the merged data, a hierarchical clustering analysis was used to 228 

classify the six dispersal treatments and natural dispersal, and a dendrogram was 229 

constructed using Ward's method based on Euclidean distance squared. 230 

All statistical analyses were carried out using the SPSS statistical package (IBM 231 

Corp., 2013). 232 

RESULTS 233 

In the control, no seeds were dispersed in any of the replicates, so these data were 234 

not included in statistical analyses. Wind speed during the control treatment development 235 

was at most about 10 km/h, no exceeding, therefore, the threshold needed to cause seed 236 

release. 237 

The total number of seeds dispersed during a treatment, taking into consideration 238 

the date on which the replicates were carried out, were characterized by a succession of 239 

peaks and troughs, which were more apparent in anemochorous than zoochorous 240 

treatments and, within the anemochorous, in those with higher wind speed (Figure 2). The 241 

successions of the peaks and troughs depended largely on the RH and on the date on 242 

which the replicate was performed. Relating to RH, fewer seeds were dispersed during 243 

treatments in the early hours of the day (higher RH) than during treatments later in the 244 

day (lower RH). For example, on December 1st, the treatments with fewest dispersed 245 

seeds were those with higher wind speeds (60 km, both WW and LW), which were 246 

performed when the RH was higher (early hours of the morning, about 10:00 am; GMT 247 

+ 1). More seeds were dispersed when these treatments were conducted again at about 248 

noon on December 18th, when the RH was much lower. The effect of RH was very evident 249 

on December 21st, which was an intense foggy day. Considering the date of the replicate, 250 

the last replicates (from January 14th) usually dispersed fewer seeds than those performed 251 

earlier, indicating that the greater the number of seeds in the fruit, the greater the number 252 

of seeds dispersed. 253 

Spatial primary dispersal patterns 254 

We could differentiate four different dispersal patterns taking into account seed 255 

shadows (Figure 3) and semi-ln plots (Figure 4) obtained using the merged data, namely: 256 
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(i) windward anemochory, (ii) leeward 30 km/h anemochory, (iii) leeward 60 km/h 257 

anemochory, and (iv) zoochory. To these patterns, we added (v) natural dispersal. 258 

In all seed shadows, two zones could be distinguished: zone 1, from the plant stem 259 

to its lateral spread, which is the area harboring most of the dispersed seeds (hereafter, 260 

body); and zone 2, from the plant lateral spread to the maximum distance reached by a 261 

seed (hereafter, tail). 262 

Natural dispersal: The natural seed dispersal produced a typical leptokurtic seed 263 

shadow (Figure 3), with a very pronounced decrease in the first quarter of the body, 264 

weakening this decrease as we move towards to its lateral spread, and very few seeds 265 

reaching the tail (Figure 3). The semi-ln plot perfectly fitted both linear and quadratic 266 

functions (R2 about 0.94; Figure 4). This seed shadow had the highest slope (−0.044; 267 

Figure 4). The body harbored almost 90% of the dispersed seeds (see Figure 5a). All the 268 

percentiles were reached at shorter distances than in other treatments (Figure 5b), and the 269 

maximum dispersal distance did not exceed 100 cm (Figures 3–5).  270 

Windward anemochory: In both the ANE-30-WW and ANE-60-WW treatments 271 

there were a pronounced decrease in seed abundance moving outwards from the plant 272 

stem. This decrease weakened with increasing distance from the stem, and there was even 273 

a small increase in seed density near the plant edge (Figure 3). The maximum dispersal 274 

distance did not exceed 150 cm in ANE-30-WW, and was shorter in ANE-60-WW (about 275 

130 cm) (Figures 3–5). The ANE-30-WW semi-ln plot fitted both linear and quadratic 276 

functions (R2 about 0.84; Figure 4), but that of ANE-60-WW fitted slightly better to a 277 

quadratic function (R2 = 0.88) than a linear function (R2 = 0.78). Both treatments had a 278 

similar slope (about −0.029) (Figure 4). The body harbored about 80% of the dispersed 279 

seeds (Figure 5a). These dispersal patterns had the next lowest percentiles after the natural 280 

dispersal pattern (Figure 5b).  281 

Leeward 30 km/h anemochory: There was a continuous and pronounced decrease 282 

in seed abundance, stronger close to the plant stem (Figure 3). The tail started with a slight 283 

increase in seed percentage compared with the final part of the body, and from this point 284 

there was a gradual decrease in seed percentage up to 150 cm from the plant stem (Figure 285 

3). The semi-ln plot fitted both linear and quadratic functions (R2 about 0.78; Figure 4). 286 

The slope was about −0.018 (Figure 4). The body harbored about 65% of the dispersed 287 

seeds (Figure 5a). After the ANE-60-LW treatment, this treatment had the second highest 288 
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percentile values above the 50th percentile. The maximum seed dispersal distance did not 289 

exceed 150 cm (Figures 3–5). 290 

Leeward 60 Km/h anemochory: Among all the anemochorous treatments, this 291 

treatment showed the largest deviations (Figure 3). The body was almost a flat line, except 292 

for a very small increase in seed percentages close to the plant stem (Figure 3). This 293 

treatment had the longest tail, with the seeds reaching up to 250 cm. The semi-ln plot, 294 

similar to that of 60-WW, fitted slightly better to a quadratic function (R2 = 0.81) than to 295 

a linear function (R2 = 0.72) (Figure 4). The slope was about −0.015 (see Figure 4). The 296 

body harbored only about 43% of the dispersed seeds (Figure 5a). This treatment had the 297 

highest values in all percentiles and the maximum seed dispersal distance (Figures 3–5). 298 

Zoochory: Of all the dispersal treatments, the zoochorous treatments resulted in the 299 

largest deviations (Figure 3).  The outline was very different to those of the anemochorous 300 

treatments, because the seed percentage tended to increase from the stem to the plant 301 

edge, with the highest values close to the plant edge (Figure 3). The tail was shorter than 302 

those in other treatments, but similar to natural dispersal (Figure 3). Semi-ln plots of both 303 

treatments fitted much better to a quadratic function (R2 = 0.85 for big animals and R2 = 304 

0.52 for small animals; Figure 4) than to a linear function (0.46 and 0.35, respectively) 305 

(Figure 4). The slopes were very low, about –0.02 for big animals and −0.014 for small 306 

animals. The body harbored about 75% of the dispersed seeds (Figure 5a). Among all the 307 

treatments, the zoochorous treatments had the highest values for modal distance (about 308 

45–48 cm, vs. <5 cm in other treatments) (Figure 5a).  309 

Comparative analysis of different treatments 310 

The statistical analyses of all the seed shadow parameters produced treatment 311 

groupings very similar to those obtained from analyses of merged data. Notably, there 312 

were large deviations in most parameters, especially modal distance (Figure 7). 313 

The most deviant dispersal treatment was the ANE-60-LW, in which most of its 314 

parameters significantly differed from those in other treatments (Figures 6, 7). This 315 

treatment had the highest percentiles values (Figure 6). It also had the highest modal 316 

distance (Figure 7), but this was not significantly different from those of the zoochorous 317 

treatments because of its high standard deviation. By contrast, the global value of ANE-318 

60-LW was only 4 cm (see Figure 5b), similar to those of the other anemochorous 319 
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treatments (about 1 cm). This treatment had the lowest seed percentage under the plant 320 

canopy (43.35% ± 11.86%). 321 

Most of the parameters of the zoochorous treatments were statistically similar to 322 

those of the windward anemochorous treatments (Figures 6, 7), although it should be 323 

noted that there were large variations in most of the studied parameters (Figures 6, 7). 324 

The parameters of the windward-anemochorous treatments were statistically 325 

similar to each other, but the skewness and kurtosis indices were different. The ANE-30-326 

LW treatment was statistically similar to the windward anemochorous and zoochorous 327 

treatments in terms of the lower percentiles (25th and 50th), and to windward 328 

anemochorous treatments in terms of modal distance (for more details see Figures 6, 7). 329 

Natural dispersal showed statistical similarities with windward anemochorous and 330 

zoochorous treatments (for more details see Figures 6, 7) for those parameters farthest to 331 

the plant stem (99th percentile and maximum distance reached by a seed, Figure 6), and 332 

seed percentage under the plant canopy (Figure 7). 333 

Plant height and lateral spread were not significantly correlated with most of the 334 

seed shadow parameters. The anemochorous 60 km/h treatments had the largest number 335 

of parameters significantly correlated with plant features (Supporting information Table 336 

S1): leeward test parameters (percentiles and skewness index) were correlated with plant 337 

height, and windward test parameters (lower percentiles, seed percentage under plant 338 

canopy, and skewness and kurtosis indices) were correlated with plant lateral spread 339 

(Supporting information Table S1). In the other treatments, few parameters were 340 

correlated with plant features (Supporting information Table S1). 341 

A clustering analysis of all the studied parameters classified the dispersal treatments 342 

into three groups (Figure 8a). The first group included only the ANE-60-LW treatment. 343 

The second group comprised the other anemochorous treatments, recognizing two 344 

dispersal patterns: windward tests and the ANE-30-LW treatment. The third group 345 

included the two zoochorous tests and natural seed dispersal. 346 

The third group seemed to be very artificial on the basis of their seed shadows 347 

(Figures 3, 4). We eliminated all the studied parameters one by one from the clustering 348 

analysis, and found that removal of the maximum dispersal distance resulted in different 349 

groupings (Figure 8b). In that case, the cladogram grouped the treatments similarly 350 

regardless of whether pooled data or data for each individual were used. Group 1 included 351 
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the leeward treatments; group 2 contained two subgroups: windward treatments and 352 

natural seed dispersal. Group 3 included zoochorous treatments. The removal of the 50th 353 

percentile similarly changed the clustering analysis (see Figure 8c). The relationships 354 

among treatments were very similar in all cladograms obtained. The most drastic change 355 

was the relationship between natural seed dispersal and the rest of the treatments (Figure 356 

8). 357 

The total number of seeds dispersed differed significantly among treatments (F = 358 

14.71; P = 0.000). ANE-60-LW was again the most deviant treatment: the total seed 359 

number dispersed was significantly higher than that in other treatments (Games–Howell 360 

Post-hoc test, see Figure 7). In ZOO-SMALL treatment was dispersed the lowest amount 361 

of seed, but this value was not significantly different from those in the ANE-30-WW and 362 

ZOO-BIG treatments (Figure 7).  363 

When we considered only the wind speed and not the direction (leeward vs. 364 

windward), the number of dispersed seeds collected by traps could be regarded as the 365 

total number of released seeds. Following this assumption, significantly more seeds were 366 

released by wind at 60 km/h than by wind at 30 km/h (F = 23.49; P = 0.000).  367 

DISCUSSION  368 

Most previous studies on anemochorous species have highlighted a direct 369 

relationship between wind speed and seed abscission or release (Greene, 2005; Schippers 370 

& Jongejans, 2005; Treep et al., 2018 and references therein). In S. canina, it needs to be 371 

clarify. Seed abscission (i.e., separation of a seed from the mother plant) occurs without 372 

seed release (i.e., seed liberation from the fruit), because seeds stay inside the fruit. Seed 373 

release is enhanced by vibration of fruiting branches, i.e, with higher wind speed as shown 374 

for S. canina.  375 

By contrast, a high RH can prevent seed abscission by hindering seed detachment 376 

from the placenta and its release (Greene, Quesada, & Calogeropoulos, 2008; Jongejans, 377 

Pedatella, Shea, Skarpaas, & Auhl, 2007). In addition, in boleochorous (considered as a 378 

type of anemochory for most authors) species, under dense fog or rain, the mature capsule 379 

can be closed. This can prevent or greatly reduce seed dispersal (Brzosko et al., 2017), 380 

even under strong wind conditions, as observed in S. canina. The xerochasic effect of the 381 

capsule of this species determines this behavior, and it is common in other 382 

Scrophulariaceae (Sernander, 1906). However, for Phyteuma species and other genera in 383 
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the Campanulaceae, the size of the opening can increase with fruit age, as described by 384 

Maier, Emig, & Leins (1999). In those species, the pores of the capsules enlarge with age, 385 

allowing for greater seed shedding. 386 

Our results showed that wind promoted and humidity hindered seed release from S. 387 

canina. Thus, seed release is non-random and is biased towards higher wind speeds and 388 

dry conditions (see Soons & Bullock, 2008; Greene & Quesada, 2011). This led to 389 

increased LDD, although not at the migration rates as reported by other authors (Greene, 390 

2005; Skarpaas, Auhl, & Shea, 2006; Bohrer, Katul, Nathan, Walko, & Avissar, 2008; 391 

Soons & Bullock, 2008; Wright et al., 2008; Greene & Quesada, 2011; Nathan et al., 392 

2011; Savage, Borger, & Renton, 2014). Instead, secondary seed dispersal was 393 

responsible for increased migration rates (author’s personal observation). 394 

Spatial primary seed dispersal 395 

For the population of S. canina studied here and for the neighboring landscape the 396 

wind direction was very variable (Weather Underground, 2018). Therefore, there was not 397 

a consistent directional seed bias at population level (anisotropy) (Rodríguez-Riaño et al., 398 

2017, 2018), unlike the situation in landscapes with relatively constant prevailing winds, 399 

such as sea breezes (Greene, Quesada, & Calogeropoulos, 2008). Simulation of prevailing 400 

winds using a blower had an anisotropic effect at the individual level, especially with 401 

extremely strong winds (60 km/h). Thus, windward seed dispersal curves were very 402 

different from leeward seed dispersal curves. The individuals of S. canina bearing 403 

current-year and previous-years fruiting branches (Rodríguez-Riaño et al., 2017) would 404 

reduce the wind speed, thereby decreasing the vibration of fruiting branches. In addition, 405 

the probability of seed collision with the fruiting branches would be increased. These last 406 

two effects could mask the effect of medium/high wind speeds (30 km/h), but not those 407 

of strong winds (60 km/h). These effects, whether imposed by the plant itself or by the 408 

neighboring vegetation, have been described in several studies (Bullock, Moy, Coulson, 409 

& Clarke, 2003; Bullock & Moy, 2004). 410 

Previous studies have shown that, for S. canina and other species, plant structure 411 

influences the seed shadow outline (Bastida & Talavera, 2002; López-Vila & García-412 

Fayos, 2005; Rodríguez-Riaño et al., 2017). The results in this study maintained this 413 

influence, but it usually resulted in the formation of two seed peaks, one at the beginning 414 

of the body, and one at the tail of the seed shadow. The peak in the body was greater than 415 

that in the tail, except in the 60-LW treatment where the two peaks were similar. The tail 416 
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peak was mostly due to seeds from the leeward fruiting branches, and the body peak was 417 

due to seeds from the windward fruiting branches. Both showed a seed collision effect. 418 

Natural dispersal in S. canina is represented by a typical leptokurtic curve 419 

(Rodríguez-Riaño et al., 2017). This pattern used to be considered as negative for plant 420 

establishment because it favors sibling competition and pathogen attack (Howe & 421 

Smallwood, 1982 and references therein; Augspurger & Kitajima, 1992; Willson & 422 

Traveset, 2000). In addition, SDD would not favor the colonization of other suitable sites 423 

because seeds are unable to cross the surrounding unfavorable sites (Quilichini & 424 

Debussche, 2000). Conversely, LDD events would overcome these physical barriers to 425 

allow the colonization of new sites, facilitate species spread, and connect fragmented 426 

populations (Tamme et al., 2014). Most of the time, LDD occurs in response to certain 427 

environmental conditions (such as updraft wind gusts and/or horizontal winds) that allow 428 

for non-random dispersal (Greene, 2005; Bohrer, Katul, Nathan, Walko, & Avissar, 2008; 429 

Soons & Bullock, 2008; Greene & Quesada, 2011; Savage, Borger, & Renton, 2014). 430 

Many studies have shown that wind gust speed and orientation influence dispersal 431 

distances and/or the number of seeds released (Greene, 2005; Schippers & Jongejans, 432 

2005; Skarpaas, Auhl, & Shea, 2006; Bohrer, Katul, Nathan, Walko, & Avissar, 2008; 433 

Greene, Quesada, & Calogeropoulos, 2008; Soons & Bullock, 2008; Savage, Borger, & 434 

Renton, 2014). On one hand, our results obtained using horizontal wind gusts showed 435 

that wind direction had significant effects on several seed shadow parameters, not only 436 

the distance reached by seeds. On the other hand, wind speed increased the number of 437 

seeds released. This corroborated the general rule suggested by Soons & Bullock (2008) 438 

that the higher wind speed, the more seeds will be released. This rule applies to both 439 

diaspore types (specialized and unspecialized). 440 

Despite the increased distance of seed dispersal (up to 250 cm) with higher wind 441 

speeds, these distances are still considered as SDD. Some of the fruit features and the 442 

type of dispersion (boleochory) that could explain the shorter distribution distances with 443 

decreasing wind speed are as follows: (i) the septicidal capsule with its elongated and 444 

narrow apical opening hindered seed output; (ii) seed release required vibration of the 445 

fruiting branch, which increased with higher wind speed; (iii) seed release was not always 446 

downwind; (iv) seeds collided with current-year and older fruiting branches after release. 447 

No previous studies have focused on dispersal of seeds from boleochorous species 448 

by animals (but see Bullock, Moy, Coulson, & Clarke, 2003). When this occurs, the 449 
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species could be considered semachorous (Bonn et al., 2000). Animals are always related 450 

to endozoochory or epizoocory, that is, the dispersal of specialized diaspores, and are 451 

probably the most important vectors for LDD (Willson, 1993; Vittoz & Engler, 2007). In 452 

the boleochorous species S. canina, with unspecialized diaspores, the animals resulted in 453 

SDD due to rubbing or trampling the fruiting branches during their passage (see Bullock, 454 

Moy, Coulson, & Clarke, 2003 for Rhinanthus minor, Orobanchaceae). In addition to the 455 

wind, animals can also cause the vibration of fruiting branches; therefore, this species 456 

should be considered semachorous, rather than boleochorous, as previously classified 457 

(Rodríguez-Riaño et al., 20017). 458 

The seed shadows produced by animal vectors differed from those produced by 459 

wind. More seeds were distributed close to the plant canopy edge than around the plant 460 

stem. The plant size and the large number of fruiting branches constituted a physical 461 

barrier to the passage of animals. Thus, animals only made contact with the peripheral 462 

fruiting branches when they rubbed against the plant, and so most of the seeds fell into 463 

the canopy-edge zone under the plant. 464 

Seed dispersal is usually a two-step process and sometimes a multi-step process 465 

(Ozinga, Bekker, Schaminée, & van Groenendael, 2004), although more than one vector 466 

can carry out each step. Primary dispersal, which is considered to be predominant, is 467 

usually SDD and is easier to detect. Secondary dispersal is the less evident and more 468 

difficult to measure, and is usually LDD (Debussche & Lepart, 1992; Nathan & Muller-469 

Landau, 2000; Vander Wall & Longland, 2004). In S. canina, both primary and secondary 470 

vectors are mainly wind, accompanied by animals and rain, respectively (Rodríguez-471 

Riaño et al., 2017; authors’ personal observation). Wind is considered as a short-distance 472 

primary vector (seeds spread to 250 cm at most). Thus, it would be associated with 473 

successional processes. Secondary vectors (although not measured) would be effective 474 

for LDD and are associated with invasion processes (see Lepart & Debussche in 475 

Debussche & Lepart, 1992; Ozinga et al., 2009). 476 

Both primary and secondary seed dispersal could explain the structure and 477 

distribution of individuals in the S. canina population (see supporting information Figure 478 

S1) and other populations (authors’ personal observation). This pioneer species rapidly 479 

occupies abandoned or newly created sites. At our study site, the age distribution of 480 

individuals illustrated the pattern from colonization from NE to WS (Supporting 481 
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information Figure S1), starting near the holm oak line (oldest and dead individuals) and 482 

extending to the road (youngest individuals). 483 

As Koechlin in Debussche & Lepart (1992) pointed out for Buxus sempervirens 484 

(Buxaceae), the distribution pattern of S. canina may have been affected by several 485 

factors: (a) short-distance dispersal that concentrated most seeds close to the maternal 486 

plants; (b) the line of holm oaks that prevented S. canina from spreading to the NE; and 487 

(c) the high mortality of progeny under the oldest individuals. Only secondary LDD could 488 

explain the subpopulation across the road. In this way, SDD generates patchy patterns 489 

that allows successional processes to avoid population extinction, while LDD allows 490 

invasion to occur (Debussche & Lepart, 1992; Kéfi, van Baalen, Rietkerk, & Loreae, 491 

2008). 492 

Climate change, habitat fragmentation, and other ecological factors have a great 493 

impact on species distribution. Natural seed dispersal measurement requires time-494 

consuming quantitative fieldwork, which could be avoided by prediction of seed dispersal 495 

using mechanistic models (Soons & Bullock, 2008; Nathan et al., 2011; Tamme et al., 496 

2014; among others). For such mechanistic models to be accurate, it is important to have 497 

a good knowledge of the intrinsic and/or extrinsic factors influencing seed dispersal. In 498 

addition, this type of work should differentiate between anemochorous species, that is, 499 

with exposed and generally specialized diaspores, and boleochorous/semachorous 500 

species, with unspecialized diaspores (generally seeds) inside a dehiscent fruit. For this 501 

reason, although it is time-consuming, fieldwork is essential to understand all the 502 

characteristics determining seed dispersal (RH, plant structure, fruiting branch density, 503 

fruit type and opening, fruit disposition in the branches, diaspore size, etc.). 504 
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Figure legends  664 

FIGURE 1 Seed dispersal treatments for Scrophularia canina. (a) Anemochorous seed 665 

dispersal. (b) Zoochorous seed dispersal simulating a big wild animal (dog about 30 kg). 666 

(c) Zoochorous seed dispersal simulating a small wild animal (dog about 3 kg). *, 667 

windward trap (WW); **, leeward trap (LW). 668 

FIGURE 2 Total number of seed dispersed in the replicates performed using Scrophularia 669 

canina after different dispersal seed treatments. ANE-30-WW, windward anemochory 670 

simulating wind gusts of about 30–35 km/h. ANE-30-LW, leeward anemochory 671 

simulating wind gusts of about 30–35 km/h. ANE-60-WW, windward anemochory 672 

simulating wind gusts of about 60–70 km/h. ANE-60-LW, leeward anemochory 673 

simulating wind gusts of about 60–70 km/h. ZOO-BIG, zoochory simulating a big wild 674 

animal (dog about 30 kg); ZOO-SMALL, zoochory simulating a small wild animal (dog 675 

about 3 kg). Black line, relative humidity (RH) at 10:00 am (GMT + 1) (beginning of 676 

experiments); black dotted line, RH at 17:00 pm (GMT +1) (end of experiments); yellow 677 

line, presence of intense (solid line) or light (dotted line) fog. 678 

FIGURE 3 Seed shadows of Scrophularia canina after different dispersal seed treatments. 679 

(a) Natural seed dispersal (data from Rodríguez-Riaño et al., 2017). (b) Windward 680 

anemochory simulating wind gusts of about 30–35 km/h. (c) Leeward anemochory 681 

simulating wind gusts of about 30–35 km/h. (d) Windward anemochory simulating wind 682 

gusts of about 60–70 km/h. (e) Leeward anemochory simulating wind gusts of about 60–683 

70 km/h. (f) Zoochory simulating a big wild animal (dog about 30 kg). (g) Zoochory 684 

simulating a small wild animal (dog about 3 kg). Treatment abbreviations and line colors 685 

as in Figure 2. Vertical lines show average plant lateral spread. 686 

FIGURE 4 Seed distribution patterns (ln-transformed) of Scrophularia canina after 687 

different dispersal seed treatments and natural dispersal fitted to a linear function. Insets 688 

down left of each figure show fit to quadratic function (on left for natural dispersal). (a) 689 

Natural seed dispersal (data from Rodríguez-Riaño et al., 2017). (b) Windward 690 

anemochory simulating wind gusts of about 30–35 km/h. (c) Leeward anemochory 691 

simulating wind gusts of about 30–35 km/h. (d) Windward anemochory simulating wind 692 

gusts of about 60–70 km/h. (e) Leeward anemochory simulating wind gusts of about 60–693 

70 km/h. (f) Zoochory simulating a big wild animal (dog about 30 kg). (g) Zoochory 694 

simulating a small wild animal (dog about 3 kg). Treatment abbreviations and line colors 695 

as in Figure 2. 696 
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FIGURE 5 Schematic representation of seed shadow parameters of different dispersal 697 

treatments and natural dispersal in Scrophularia canina. (a) Modal distance, seed 698 

percentage underneath plant’s lateral spread, and maximum distance reached by a seed. 699 

(b) Dispersal distance percentiles. Black dashed line in (b) indicates plant lateral spread. 700 

Natural (natural seed dispersal data from Rodríguez-Riaño et al., 2017). Treatment 701 

abbreviations as in Figure 2. 702 

FIGURE 6 Box-plot of different seed shadow parameters from six dispersal treatments and 703 

natural seed dispersal in Scrophularia canina. (a) 25th percentile. (b) 50th percentile. (c) 704 

75th percentile. (d) 90th percentile. (e) 99th percentile. (f) Max. distance (maximum 705 

dispersal distance). Different letters above boxes indicate significant differences (P < 706 

0.05). 30-WW, windward anemochory simulating wind gusts of about 30–35 km/h; 30-707 

LW, leeward anemochory simulating wind gusts of about 30–35 km/h; 60-WW, 708 

windward anemochory simulating wind gusts of about 60–70 km/h; 60-LW, leeward 709 

anemochory simulating wind gusts of about 60–70 km/h; BIG, zoochory simulating large 710 

wild animal (dog about 30 kg); SMALL, zoochory simulating small wild animal (dog 711 

about 3 kg); NAT (natural seed dispersal data from Rodríguez-Riaño et al., 2017). Colors 712 

as in Figure 2. 713 

FIGURE 7 Box-plot of different seed shadow parameters from six dispersal treatments and 714 

natural seed dispersal in Scrophularia canina. (a) % seed (seed percentage under plant 715 

canopy). (b) Skewness index. (c) Slope (slope of linear regression of seed number; ln-716 

transformed). (d) Kurtosis index. (e) Modal distance (distance reached by greatest number 717 

of dispersed seeds). (f) Total seed number (total number of seeds collected by traps in all 718 

replicates of each treatment per individual). Different letters above boxes indicate 719 

significant differences (P < 0.05). NAT (natural seed dispersal, data from Rodríguez-720 

Riaño et al., 2017, 2018). Treatment abbreviations and colors as in Figure 6. 721 

FIGURE 8 Dendrograms obtained from clustering analysis by Ward’s method based on 722 

Euclidean distance squared. Dendrograms group six different seed dispersal treatments 723 

and natural seed dispersal in Scrophularia canina. (a) Dendrogram based on all studied 724 

parameters (25th, 50th, 75th, 90th, and 99th percentiles, seed percentage under plant canopy, 725 

modal distance, maximum dispersal distance, slope, and skewness and kurtosis indices). 726 

(b) Dendrogram based on all parameters except for maximum dispersal distance. (c) 727 

Dendrogram based on all parameters except for 50th percentile. Natural (natural seed 728 
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dispersal, data from Rodríguez-Riaño et al., 2017, 2018). Treatment abbreviations as in 729 

Figure 2. 730 

  731 
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Supporting information 732 

FIGURE S1 Spatial distribution of different types of individuals according to their 733 

reproductive maturity state and vegetative development in studied population of 734 

Scrophularia canina (Source: Google Earth). White line, expansion zone constituted by 735 

relatively isolated fertile young and old mature individuals; blue line, clumps of old fertile 736 

individuals; red line, clumps of dead individuals; orange line, holm oak individuals 737 

adjacent to small watercourse; yellow line, clumps of retama and/or rockrose; green line, 738 

holm oak with rockrose vegetation. 739 

TABLE S1 Spearman correlation coefficients between studied seed shadow parameters in 740 

different dispersal treatments and two plant traits. 741 
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FIGURE S1 Spatial distribution of different types of individuals according to their 

reproductive maturity state and vegetative development in studied population of 

Scrophularia canina (Source: Google Earth). White line, expansion zone constituted by 

relatively isolated fertile young and old mature individuals; blue line, clumps of old fertile 

individuals; red line, clumps of dead individuals; orange line, holm oak individuals 

adjacent to small watercourse; yellow line, clumps of retama and/or rockrose; green line, 

holm oak with rockrose vegetation. 



Table S1. Spearman correlation coefficients between studied seed shadow parameters in different dispersal treatments and two plant traits. 
 Anemochory  Zoochory  Natural 

 30 km/h  60 km/h  BIG SMALL   

 Windward Leeward  Windward Leeward      

 Height Lateral 
spread 

Height Lateral 
spread 

 Height Lateral 
spread 

Height Lateral 
spread 

 Height Lateral 
spread 

Height Lateral 
spread 

 Height Lateral 
spread 

25th 0.24ns 0.33ns 0.43ns -0.01ns  0.33ns 0.54* 0.53* 0.20ns  -0.01ns 0.21ns 0.12ns 0.36ns  −0.138ns 0.506*** 

50th 0.31ns 0.36ns 0.46ns -0.08ns  0.34ns 0.66** 0.75** 0.33ns  -0.04ns 0.28ns 0.18ns 0.65**  −0.119ns 0.479*** 

75th 0.27ns 0.03ns 0.38ns -0.04ns  0.37ns 0.54* 0.80*** 0.44ns  -0.30ns -0.02ns 0.40ns 0.66**  −0.094ns 0.547*** 

90th 0.40ns 0.02ns 0.52* 0.11ns  0.25ns 0.13ns 0.75** 0.40ns  -0.23ns -0.12ns 0.30ns 0.81***  −0.094ns 0.186ns 

99th 0.55* 0.19ns 0.33ns 0.07ns  0.11ns 0.04ns 0.67** 0.11ns  -0.47ns -0.08ns -0.08ns 0.17ns  −0.249* 0.061ns 

Modal -0.17ns -0.06ns 0.34ns -0.18ns  -0.18ns 0.27ns 0.35ns -0.01ns  -0.18ns 0.03ns 0.49ns 0.47ns  −0.162ns 0.225* 

% Seed 0.14ns 0.74** 0.08ns 0.65**  0.14ns 0.62* -0.23ns 0.55*  0.25ns 0.77*** 0.19ns 0.40ns  0.158ns 0.559*** 

Maximum 0.57* 0.30ns 0.39* 0.14ns  0.32ns 0.24ns 0.48ns 0.18ns  -0.29ns -0.02ns -0.09ns 0.25ns  -0.40ns 0.01ns 

Skewness 0.41ns -0.03ns -0.33ns 0.22ns  -0.35ns 0.58* -0.78*** -0.34ns  0.25ns 0.04ns -0.31ns -0.79***  −0.150ns 0.306** 

Kurtosis 0.37ns 0.15ns -0.67** -0.04ns  0.35ns -0.58* -0.05ns 0.00ns  0.30ns 0.04ns -0.26ns -0.66**  −0.249* 0.167ns 

Slope 0.08ns -0.01ns 0.20ns -0.33ns  0.24ns -0.02ns 0.42ns 0.11ns  -0.15ns 0.07ns 0.22ns 0.46ns  −0.207ns 0.104ns 

Natural dispersal data from Rodríguez-Riaño et al. (2017, 2018). 
25th, 50th, 75th, 90th, and 99th percentiles correspond to distance reached by 25%, 50%, 75%, 90%, and 99% of dispersed seeds, respectively. 
% Seed: percentage of seeds beneath each plant’s lateral spread. 
Maximum: maximum distance reached by a seed. 
Modal: modal dispersal distance (distance reached by greatest number of dispersed seeds). 
Slope: slope of linear regression of seed number (ln-transformed). 
***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant. 
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