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Abstract 36 

Plant dispersal theory has largely been developed from a terrestrial perspective, in which 37 

interception by vegetation is considered a loss, and success is defined by arrival at suitable 38 

ground-level habitat. True epiphytes—non-parasitic plants structurally dependent on a host 39 

throughout their lives—represent a striking reversal of this framework: their diaspores must be 40 

intercepted by suitable aboveground substrates to disperse successfully. Although dispersal is 41 

frequently assumed to underlie the spatially patchy distributions common in epiphyte 42 

communities, it remains poorly understood. Here, we quantify airflow along tree vertical profiles 43 

in a tropical lowland forest and incorporate these measurements into a mechanistic dispersal 44 

model to investigate how airflow, vegetation density, diaspore terminal velocity, and release 45 

height jointly shape dispersal within a forest. We examine how these factors influence 46 

interception by vegetation—particularly bark, a prerequisite for epiphyte establishment—and 47 

promote long-distance dispersal. We further introduce a quantitative metric of dispersal 48 

limitation that integrates dispersal success, dispersal distance, and fecundity. Our results reveal 49 

aerodynamic stratification within the forest canopy, with weak mean vertical airflow but 50 

pronounced turbulence between the upper and lower crowns. This trunk zone may operate as a 51 

strong yet permeable filter: although occasional updrafts enable escape above the canopy, most 52 

diaspores released in the understorey remain confined within it. Only a fraction is intercepted by 53 

bark, typically within 5 m vertically and 15 m horizontally from the release point. This results in 54 

strong per-diaspore dispersal limitation and may contribute to spatially patchy epiphyte 55 

distributions. However, the degree of dispersal limitation is context-dependent and, when 56 

accounting for the high fecundity of many epiphytes, may be less severe than commonly 57 

assumed, with post-dispersal demographic filters ultimately shaping distribution patterns. More 58 



4 

broadly, our findings highlight a gap in within-forest dispersal theory and underscore the 59 

importance of local canopy structure and airflow in shaping diaspore movement in complex, 60 

stratified environments. Our model is transferable to other systems—from understorey and 61 

invasive plant species to pollen, fungal spores, and ballooning arthropods—and can improve our 62 

understanding of connectivity and gene flow within and among forests, informing conservation 63 

strategies that enhance dispersal pathways. 64 
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Introduction 65 

“Tossing crowns and creaking trunks, and the occasional crash of a falling tree, attest to the 66 

strength of the wind aloft, but only an occasional weak gust is felt near the ground.”– 67 

John J. Finnigan (2000) 68 

Plant dispersal theory has long been grounded in a terrestrial perspective, in which diaspores69 

(see Table 1 for a glossary of bolded terms) move away from a parent plant to land, ideally, in a 70 

suitable ground-level habitat at some distance (Nathan et al., 2002; Nathan, Katul et al., 2011; 71 

Tackenberg et al., 2003). Within this framework, atmospheric processes such as turbulence and 72 

updrafts are interpreted primarily as modifiers of transport distance, occasionally generating 73 

long-distance dispersal (LDD) events that support colonisation, gene flow, and range dynamics 74 

(Bohrer et al., 2008; Heydel et al., 2014; Mondragón et al., 2015; Soons & Ozinga, 2005). 75 

Implicit in this view is a key assumption: vegetation encountered along the dispersal trajectory 76 

represents a barrier, limiting dispersal distances or preventing diaspores from reaching their 77 

intended destination on the ground (Bohrer et al., 2008; Pounden et al., 2008). Epiphytes 78 

fundamentally challenge this assumption: successful dispersal does not occur when diaspores 79 

avoid vegetation, but when they encounter it.  80 

For epiphytes—non-parasitic plants relying on hosts to complete their life cycle above ground 81 

(Zotz, 2016)—soil contact can be detrimental, at least in the wild (e.g., Benzing, 1990; Spicer & 82 

Ortega, 2023). Therefore, they face a fundamental challenge during dispersal: their diaspores 83 

must not land on the “inhospitable ground” (Benzing, 1990) but instead reach suitable host 84 

surfaces where germination and establishment are possible (García-Franco & Rico-Gray, 1988; 85 

Zotz, Hietz & Einzmann, 2021). Such safe sites (sensu Harper et al., 1961) must also occur 86 
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within a species’ vertical niche, across a forest height gradient characterised by steep variation 87 

in temperature, moisture, light, and wind regimes. Because dispersal success depends on 88 

reaching suitable positions within this vertically structured environment, epiphytes provide an 89 

ideal system for examining how dispersal operates within such habitats. 90 

Epiphytes are a defining component of tropical vegetation, contributing up to 50% of local plant 91 

diversity (Kelly et al., 2004). Orchids and bromeliads are the most species-rich vascular 92 

epiphytic families, but at least 77 other plant families contain epiphytic members, together 93 

comprising approximately 31,000 species—roughly 10% of all vascular plant species (Zotz, 94 

Weigelt, et al., 2021). When considering only wind-dispersed vascular plants, they make up an 95 

even larger share (> 20% globally and ~40–60% in the tropics). Beyond their diversity, epiphytes 96 

play key roles in interaction networks, nutrient and water cycling, structural complexity, and 97 

habitat provisioning for arboreal fauna (e.g., Ladino et al., 2019; Spicer & Woods, 2022; 98 

Thomsen et al., 2018). Despite this ecological importance, they, and specifically their dispersal, 99 

remain comparatively understudied (e.g., Spicer & Woods, 2022). 100 

Current dispersal frameworks do not adequately capture the processes governing dispersal within 101 

such vertically structured environments. In particular, existing dispersal models (e.g., Bohrer et 102 

al., 2008; Heydel et al., 2014; Tackenberg, 2003; Tackenberg et al., 2003) provide limited insight 103 

into epiphyte, let alone within-canopy, dispersal. This is striking given that wind dispersal is 104 

among the best-studied dispersal types (Cousens et al., 2008), except possibly in tropical forests 105 

(Augspurger, 2024). For instance, many models neglect substrate interception altogether (Heydel 106 

et al., 2014; Wright et al., 2008; Lee & Yoon, 2025) or consider it only on horizontal surfaces 107 

(e.g., Bohrer et al., 2008), despite the central importance of interception on vertical (bark) 108 

surfaces for epiphytes—and for limiting dispersal distances in general. Furthermore, dispersal 109 
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models are typically based on idealised wind functions or wind measurements from fixed 110 

structures such as meteorological towers (Kruijt et al., 2000; Rudnicki et al., 2001), whereas 111 

diaspores are released and transported within a dynamic canopy, where they experience 112 

apparent wind (as opposed to actual wind; see Appendix 1: Figure S1 for a conceptual 113 

diagram) shaped by local turbulence and tree or branch sway. Empirical measurements of such 114 

conditions are rare (Einzmann et al., 2022), and their implications for dispersal remain largely 115 

unexplored (Cousens et al., 2008; Murray, 1986; Niklas, 1992; Salisbury, 1942). 116 

In addition, existing dispersal models often initiate dispersal from a release height117 

corresponding to the lower part of a plant bearing the diaspores (Greene & Johnson, 1996; 118 

Nathan, Horvitz, et al., 2011). In forests, where dispersal studies have largely focused on trees, 119 

such assumptions effectively exclude everything below the high crowns (see Appendix 1: Figure 120 

S2 for the forest zones we refer to)—sometimes more than two-thirds of the forest height 121 

gradient, thereby neglecting wind-dispersed species occurring far below them (though there are 122 

exceptions, see e.g., Nathan et al., 2002; Norros et al., 2014). This might reflect the prevailing 123 

view that dispersal success is low in forest understories, where very low wind speeds are 124 

assumed to limit dispersal (Finnigan, 2000; Schimper, 1888), leading to the expectation that 125 

wind dispersal is rare in understorey plants—epiphytic (Kelly, 1985; Vieira & Izar, 1999) or not 126 

(Muller-Landau et al., 2008; Roth, 1986). Yet wind-dispersed species can be abundant 127 

throughout the understorey and across the full forest height gradient (van der Pijl, 1982; 128 

Mendieta-Leiva et al., 2021; see also Appendix 1: Figure S3). 129 

Most epiphytes are wind-dispersed (Madison, 1977; Zotz, 2016). Their diaspores, as other wind-130 

dispersed diaspores, are adapted to very faint winds, being either tiny and extremely light—like 131 

the dust seeds of orchids—or plumed with specialised structures such as coma hairs in 132 
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tillandsioid diaspores (Schimper, 1888; Benzing, 1990; Chilpa-Galván et al., 2018). Information 133 

on terminal velocity—the constant speed at which an object falls in still air—is available for 134 

only a tiny number of epiphyte species (Bennett, 1988; Chilpa-Galván et al., 2018; Zotz et al., 135 

2016), but available estimates suggest that these traits allow uplift in winds as low as 0.1–0.5 136 

m s–¹. 137 

Updrafts are considered important in wind-dispersed (terrestrial) plants, both for abscission and 138 

LDD (Greene & Quesada, 2011; Heydel et al., 2014; Horn et al., 2012; Tackenberg, 2003; 139 

Tackenberg et al., 2003). For epiphytes, however, the role of updrafts may be more fundamental. 140 

Because suitable habitat occurs above ground, diaspores that simply descend under gravity risk 141 

leaving the species-specific vertical niche, or epiphytic niche altogether. Updrafts allow epiphyte 142 

diaspores to remain within, or re-enter, suitable strata after failed interception. Without them, 143 

forests might gradually lose epiphytes from upper strata to the ground. Therefore, successful 144 

dispersal, effective dispersal, and the evolutionary persistence of epiphyte populations are all 145 

expected to depend strongly on updrafts. 146 

Most of the few studies on epiphyte dispersal relied on indirect methods, such as nearest-147 

neighbour analyses or colonisation and gene flow rates (e.g., Einzmann & Zotz, 2017a; 148 

Gandawijaja & Arditti, 1983; Taylor & Burns, 2015; Zotz & Vollrath, 2003). Only a handful of 149 

studies have empirically assessed dispersal distances in epiphytes (e.g., Ackerman et al., 1996; 150 

Bennett, 1988; Cascante-Marín et al., 2008, 2009; Mondragón & Calvo-Irabién, 2006), and, 151 

together, they reveal a striking paradox. On the one hand, the low terminal velocities of epiphyte 152 

diaspores suggest a high potential for transport by updrafts (Schimper, 1908), and thus for LDD 153 

(Arditti & Ghani, 2000; Barrington, 1993; Givnish et al., 2016). Indeed, epiphytic orchid species 154 

were among the first plants to colonise the islands of Krakatau following the volcanic eruption 155 
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(Partomihardjo, 2003). Their high colonisation rates, together with their evolutionary history—156 

colonising and subsequently radiating in distant continents—further support this view (Givnish 157 

et al., 2014, 2016; Kessler, 2002; Mendieta-Leiva et al., 2022). 158 

On the other hand, such LDD events are considered exceptional (Givnish et al., 2016; Trapnell et 159 

al., 2013). In fact, epiphytes are frequently described as dispersal-limited, often because of their 160 

highly clumped (patchy) distributions (Kelly et al., 2004; Nieder & Zotz, 1998). In epiphytes, 161 

these patchy distributions may indicate that diaspores often remain near the mother plant, move 162 

primarily along branches or stems within the same tree, colonise at best neighbouring trees, and 163 

only rarely reach more distant sites (Schimper, 1908; Torres et al., 2018; Zotz & Vollrath, 2003). 164 

Accordingly, previous modelling approaches have assumed low dispersal ability, for example 165 

through strongly downward-biased dispersal kernels (Petter et al., 2021). However, patchiness 166 

alone is weak evidence for dispersal limitation unless underlying environmental filters can be 167 

excluded, a problem that reflects the broader inconsistent and often implicit use of dispersal 168 

limitation (and similar terminology) in plant ecology (Münzbergová & Herben, 2005). Whether 169 

patchy distributions in epiphytes actually arise from dispersal limitation is rarely tested explicitly 170 

(but see Cascante-Marín et al., 2008, 2009; Mondragón & Calvo-Irabién, 2006).  171 

In contrast, the pronounced vertical stratification often observed in epiphytes—where 172 

individuals of a species occupy distinct height ranges (Pittendrigh, 1948; Wagner et al., 2013)—173 

is typically attributed to post-dispersal filtering. This distribution pattern primarily reflects the 174 

steep microclimatic gradients along the vertical axis (Krömer et al., 2007; Petter et al., 2021; 175 

Wagner et al., 2013; Zotz & Hietz, 2001), but could also result from variation in substrate 176 

characteristics, including mycorrhizal associations, availability, and substrate age (Francisco et 177 

al., 2021; Dislich & Mantovani, 2016; Ruiz-Cordova et al., 2014). This creates a conceptual 178 



10 

asymmetry: while patchy distributions are commonly interpreted as evidence of dispersal 179 

limitation, the potential role of dispersal in shaping vertical stratification is rarely considered. 180 

Consequently, whether—and how—dispersal contributes to either of these patterns remains an 181 

open and surprisingly underexplored question. 182 

This study addresses this gap by explicitly linking vertical airflow dynamics to dispersal 183 

outcomes. We quantify vertical wind dynamics directly where epiphytes experience them—184 

along stems and branches across the forest height gradient—and incorporate these measurements 185 

into a mechanistic dispersal model for within-forest canopy dispersal (EpiDisp 1.0) to simulate 186 

diaspore trajectories across a range of terminal velocities and release heights. Specifically, we 187 

ask (i) how vertical airflow is structured across forest strata and environmental conditions, (ii) 188 

whether lower terminal velocity and higher release height increase dispersal success and escape 189 

from the canopy within this stratified forest, and (iii) whether these same conditions, coupled 190 

with dispersal distances and fecundity, decrease the degree of dispersal limitation and thereby 191 

contribute to spatially patchy and vertically stratified epiphyte communities. Overall, our model 192 

represents a pivotal step in quantifying wind dispersal within forests, with relevance extending 193 

beyond epiphytes to other wind-dispersed organisms in vertically structured habitats. 194 

Materials and Methods 195 

Study site 196 

The Smithsonian Tropical Research Institute’s (STRI) canopy access crane, established in 1997 197 

(9.28° N, 79.97° W), and the associated field station are located within the San Lorenzo National 198 

Park, near the Caribbean coast of Panama (Wright et al., 2003). The crane allows access to all 199 

layers within a 1 ha permanent plot of this mature lowland tropical moist forest (Figure 1). The 200 
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local climate is characterised by a dry season, from approximately mid-December to April, and a 201 

wet season, from approximately May to mid-December (Paton, 2020). Mean monthly rainfall 202 

increases from below 100 mm in the dry season to around 350 mm in the wet season; mean 203 

relative humidity increases from a low of 87% in February to a high of 96% in November; 204 

average daily maxima in air temperature, though relatively stable, increase from ca. 26 °C in the 205 

dry season to around 29 °C during the wet season (Paton, 2020). Wind also shows marked 206 

seasonal differences. Typically, the predominantly northerly winds of the dry season peak at a 207 

monthly average of 3.2 m s–¹ and a daily maximum of 8 m s–1 in February; the predominantly 208 

north-westerly winds of the wet season drop to a monthly average of 1 m s–1 and a daily 209 

maximum of 5 m s–1 in October (Paton, 2020).  210 

The closed canopy of forest is between 25 and 35 meters high (Figure 1, also see Appendix 1: 211 

Figure S2 for the forest zones we refer to). A repeated census of epiphyte community dynamics 212 

at the site has determined a trend of increasing vascular epiphyte abundance from 2002 to 2012, 213 

an abundance of nearly 14,000 individuals within a 0.4 ha subplot, and a richness totalling just 214 

over 100 species (belonging to 61 genera and 13 families; Mendieta-Leiva et al., 2022).  215 

Though no study explicitly investigated epiphyte phenology at this particular site, studies from 216 

Central Panama suggest that many of the wind-dispersed epiphytic (Croat, 1978) and non-217 

epiphytic species (Augspurger & Franson, 1988) release their mature diaspores towards the end 218 

of the dry season and the early wet season, when conditions promoting dispersal and successful 219 

establishment coincide (Maurer et al., 2013). For this reason, our field work was conducted at the 220 

transition from the dry to the wet season. 221 
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Terminology 222 

Dispersal is the movement of a diaspore through space (and time, but most epiphytic diaspores 223 

will not disperse through time via dormancy). In this study, we consider it successful when the 224 

abscised diaspore settles on a suitable substrate (bark). Whether the dispersal is effective225 

(Cousens et al., 2008), depends on whether the site it settles on is a safe site, i.e., whether 226 

conditions are suitable for subsequent germination and establishment. Assessing this was beyond 227 

the scope of this study, but was assumed, based on prior studies, to fall within a 5–10 m range 228 

around the release height (Wagner et al., 2013; Zotz, 2016; Zotz & Schultz, 2008). This area can 229 

also be described as a species’ vertical niche, meaning the range of heights within the forest 230 

where the local microclimate permits epiphyte germination, establishment, and persistence 231 

(Krömer et al., 2007; Wagner et al., 2013; Zotz & Hietz, 2001). 232 

The dispersal vector—the external force that mediates diaspore movement (Cousens et al., 233 

2008)—of this study is wind. Wind comes in different forms and can be disassembled into 234 

different components like a mathematical vector, i.e., magnitude (speed, in m s–1) and direction 235 

(in degrees). The direction of horizontal wind usually refers to its origin: a northerly wind comes 236 

from the North. Conversely, in the vertical plane, an updraft will indeed flow upward and a 237 

downdraft downward. 238 

This study differentiates between horizontal and vertical winds as well as horizontal and vertical 239 

gusts. Winds are defined as the mean airflow and the circular mean direction measured over a 240 

specified time interval in either a horizontal or a vertical plane. The minimum time interval over 241 

which the mean was calculated is 1 minute, the maximum 5 minutes. Gusts are defined as a 242 

sudden and brief increase in wind speed and are reported as the maximum speeds measured in 243 
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the same time interval over which the mean is calculated. However, for specific analyses, their 244 

continuous occurrence in shorter time intervals (3 to 10 seconds) will be treated independently. 245 

Updrafts and downdrafts (simply, upward or downward moving air), ejections and sweeps (see 246 

glossary), as well as vertical turbulence (vertically oriented irregular airflow) are common terms 247 

to denote different kinds of upward and downward moving air. We will only use these terms 248 

when drawing from literature that uses these terms. For our purposes, we will use the terms 249 

up/down-gusts for maximum and up/down-winds for mean air movement in a specified time 250 

period. The term airflow will comprise both winds and gusts, and the term wind dynamics will 251 

refer to greater spatial or temporal scales, including both winds and gusts. 252 

All environmental parameters, including temperature, humidity, and wind typically vary along 253 

the gradient from forest floor to upper canopy. In the literature, the term “vertical” is often added 254 

to specify gradients that are perpendicular to the ground. The vertical wind gradient might then 255 

refer to the horizontal wind at different heights above the ground. In this study, the term forest 256 

gradient will imply a vertical gradient, but the terms vertical and horizontal will be exclusively 257 

reserved for denoting the direction of wind. Thus, the vertical wind gradient will indeed be the 258 

gradient of vertical wind at different heights above the forest floor.  259 

Additionally, we distinguish between release and abscission. Release refers to the height at 260 

which a diaspore is first exposed to the environment, either through the opening of the seed pod 261 

or the start of the simulation. Abscission, in contrast, refers to the point at which the diaspore 262 

detaches from the seed pod and dispersal begins. 263 
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Data collection 264 

Our first aim was to assess wind dynamics across the forest height gradient. The trees, in which 265 

vertical airflow was measured (Figure 1), were chosen primarily based on accessibility, while 266 

also ensuring that trees of different heights, architectures, and species were included in the 267 

sampling. In 15 out of 16 cases, the trees were accessed with the canopy crane, and once through 268 

a rope access system. The first replicate was the crane itself, which was securely accessed by 269 

climbing its mast. Hereafter, these seventeen replicates will be referred to as vertical profiles. 270 

Field work began on March 8, 2023, and lasted eight weeks (until May 4). Two-dimensional 271 

ultrasonic anemometers (HOBO Ultrasonic Wind Speed and Direction Smart Sensor S-WCG-272 

M003, Onset Computer Corporation, Bourne, MA, USA) were installed at various heights and 273 

distances along the stems of trees. Where possible, this encompassed the entire forest height 274 

gradient from trunk base to upper crown. Often, however, this was not possible as densely 275 

growing vegetation prevented access to some parts of the tree. This was particularly often the 276 

case from 10–15 m downwards. Then, anemometers were placed where access was possible. 277 

Per vertical profile, four different heights were sampled (once only three). Per height, we 278 

installed two anemometers: one near the stem (the “in” position, 0.35 m distance from stem) and 279 

one further out (the “out” position, 1.35 m distance from stem). This aimed to investigate 280 

whether there are differences in air movement close to the stem and slightly further out. The 281 

anemometers were screwed to an aluminium frame, which was strapped to the stem at different 282 

points to keep it in a horizontal position (Appendix 1: Figure S4). Importantly, because our focus 283 

was on vertical airflow, the anemometers were installed horizontally (even when the tree or 284 

branch was growing at an angle). Typically, these anemometers are installed vertically, but prior 285 
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trials showed that horizontal installation does not influence the measurements (Westphal & Zotz, 286 

unpublished). Consequently, instead of aligning the anemometers to the True North using a 287 

Northing tool, as is standard practice, they were aligned to face upward (Appendix 1: Figure S5). 288 

One logger (HOBO H21-USB Micro Station Data Logger, Onset Computer Corporation, 289 

Bourne, MA, USA) per height and per two anemometers was strapped directly onto the stem 290 

(Appendix 1: Figure S4). The first three replicates were set to logging intervals of 4, 10, and 5 291 

seconds, and thereafter all replicates logged at three second intervals, the maximum resolution of 292 

these anemometers. Within their measurement range (0 to 41.2 m s–1), they measure at a 293 

resolution of 0.33 m s–1—which also corresponds to the minimum non-zero speed they can 294 

accurately measure (measurement threshold)—and with an accuracy of ±0.8 m s–1 or ±4% of the 295 

reading, whichever is greater. The anemometers take a reading once every three seconds and 296 

then report wind speed (m s–1) as the mean speed calculated over a specified logging interval; 297 

gust speed (m s–1) as the maximum 3-second wind speed in that same interval; and wind 298 

direction (in degrees) as the unit-vector averaged direction of that interval.  299 

At each attachment point, we measured height (meters above ground) using a 50 m measuring 300 

tape, facing direction (the cardinal direction, in degrees, toward which the anemometer set is 301 

oriented) using a handheld compass, and stem diameter (cm) using a diameter tape. We recorded 302 

the total height of the tree (using the same 50 m measuring tape) and its GPS position (using a 303 

Garmin eTrex 30, Garmin Ltd., Olathe, Kansas, USA). The trees were identified to species level. 304 

All plant names follow Plants of the World Online (POWO; 2026). 305 

As there may be minor measuring differences between individual anemometers, their positions 306 

and heights were varied at random. During the process of randomisation and reading out data 307 
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from the preceding replicate—which was done at the forest floor or at the research station 500 m 308 

away from the crane site, using the free software HOBOware (Onset Computer Corporation, 309 

2022)—the solar-powered anemometers were placed in the sun to recharge their batteries. 310 

During the 59 days of fieldwork, 124 different height × position combinations were assessed, 311 

with differing numbers of replicates among combinations. This amounted to approximately 312 

11,000 hours of wind measurements in total, with most sampling effort concentrated at 313 

intermediate heights (Appendix 1: Figure S6). We sampled 17 vertical profiles, the canopy 314 

access crane itself and nine different tree species: four times a Brosimum utile (Kunth) Oken, 315 

three times Socratea exorrhiza (Mart) H. Wendl. and Virola fosteri D. Santam., and once a 316 

Cordia bicolor A. DC., Dussia atropurpurea N. Zamora, R.T. Penn. & C.H. Stirt., Guatteria 317 

lucens Standl., Humiriastrum diguense (Cuatrec.) Cuatrec., Lonchocarpus heptaphyllus (Poir.) 318 

DC., and a Pera arborea Mutis. Except for S. exorrhiza and C. bicolor, which only reached the 319 

mid-canopy, trees were approximately average forest height (ca. 30 m at San Lorenzo) or 320 

emergent, i.e., part of the high-crown zone (Appendix 1: Figure S2). Most trees had numerous 321 

(hemi-) epiphytes except Virola trees, which had very few or none. Rain was registered on 322 

eleven days. For an interactive map of the field site with detailed information on the vertical 323 

profiles, including imagery, refer to our shinyApp (Appendix 2).324 

Lidar and topographic data, as well as aerial imagery of the forest plot recorded in May 2023, 325 

were obtained from Vasquez et al. (2024). We also used subsets of the long-term climate dataset 326 

for sites across Panama hosted by the Smithsonian Tropical Research Institute (STRI; Paton, 327 

2019a–f, 2020). At San Lorenzo, among other devices, a temperature sensor and a cup 328 

anemometer are installed near the top of the crane. They log minimum, mean, and maximum 329 

temperature, as well as mean and maximum wind speed, and mean wind direction for every 15-330 
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minute interval. However, due to a failure in the anemometer during the sampling period, no 331 

wind data were available for San Lorenzo. The nearest functional meteorological station was the 332 

Galeta tower site ca. 15 km distance from the San Lorenzo crane. 333 

We modelled the long-term relationship between Galeta and San Lorenzo (14 years of data; 334 

Paton 2019a–d) using simple linear regression to assess whether it is justified to impute the 335 

missing data. Because the relationships between wind and gust speeds at Lorenzo and Galeta was 336 

moderately strong and significant (R = 0.5 for wind and R = 0.53 for gusts; p < 0.01 for both), we 337 

replaced the missing data for San Lorenzo using the fitted data of the model. 338 

To relate any obtained patterns of wind dynamics to the dispersal of epiphyte diaspores, we 339 

sourced data on the terminal velocity of epiphyte diaspores from primary literature (Bennett, 340 

1988; Mondragón & Calvo-Irabién, 2006; Zotz et al., 2016). Additionally, we measured the 341 

falling velocity of three Tillandsia species in a custom-built apparatus at the University of 342 

Oldenburg, Germany (see Zotz et al., 2016 for specifications). 343 

Data analysis 344 

Lidar data and aerial imagery 345 

Using CloudCompare (2023), only the relevant geographical section of the lidar data (Vasquez et 346 

al., 2024) was extracted and transformed to the LAS file type. Using ArcGIS Pro (Esri Inc., 347 

2024), we overlaid the aerial imagery of the San Lorenzo plot with the GPS data of the 17 348 

vertical profiles for post-referencing. In all cases of emergent trees, we were able to locate the 349 

crown of the trees in which wind dynamics were assessed using the imagery. Where applicable, 350 

we adjusted the GPS positions to match the middle of the crowns. In the case of non-emergent 351 
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trees, which did not appear in the aerial imagery, the measured GPS positions were used. We 352 

then traced the outline of the tree crowns to calculate crown area. Subsequently, the point 353 

locations of trees and the polygons of the crowns were extracted. 354 

The lidar point cloud, point locations and polygons were imported to R (ver. 4.5.2; R Core Team, 355 

2023) and processed, analysed, and visualised using the libraries lidR (Roussel et al., 2020), 356 

tidyverse (Wickham et al., 2019), raster (Hijmans, 2025), sf (Pebesma, 2018), sp (Bivand et al., 357 

2013), and terra (Hijmans, 2025). We generated a 2D image of the canopy from the lidar surface 358 

(shown in Figure 1). With the crown polygons, we extracted a subset of lidar points that show 359 

only the locations of the 17 vertical profiles. We used the anemometers’ x, y, and z coordinates 360 

to mark their measuring positions in the full point cloud as well as the subset. These can be 361 

viewed interactively in our shinyApp (Appendix 2). 362 

Using the leafR library (Almeida et al., 2021), we derived leaf area density (LAD) profiles 363 

across the full forest height gradient, averaged a) across the entire plot (i.e., mean LAD per 364 

height), b) across all vertical profiles, and c) for each profile individually. However, because this 365 

method does not distinguish between leaves and wood (or other structures), these estimates are 366 

more appropriately interpreted as plant area density (PAD) rather than true leaf area density. 367 

Further, plant or leaf area densities are often criticised for omitting vertical surface components 368 

(Olivas et al., 2013), which are formed mainly by tree trunks and provide important attachment 369 

surfaces for epiphytes. We therefore refer to the lidar-derived estimates as horizontal plant area 370 

density (PADh), representing the horizontal plant surface area per unit volume. 371 

To account for this limitation, we estimated a second component, namely the vertical plant area 372 

density (PADv), from stem surfaces. Specifically, we used diameter at breast height (dbh; 373 
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measured at 1.3 m above ground) and stem diameter data collected at higher positions along the 374 

stem from previous censuses (Janner & Fernández-Lucero, work in progress; Ramos et al., 2024) 375 

alongside our own stem diameter measurements at sensor heights. 376 

We interpolated missing diameters at 1 m height intervals using simple linear regression. For 377 

each 1 m stem segment, we calculated vertical surface areas as 2πrh (where r = stem radius [m] 378 

and height h = 1 m) and divided this by the corresponding stem volume (m3), πr2h, and the 379 

crown surface area (m2) to obtain PADv beneath the crown. To reflect our assumption that 380 

epiphyte diaspores are most likely to attach only to the side of the stem facing their release point, 381 

we multiplied this surface area by 0.5, thereby ignoring redistribution to the opposite side of the 382 

stem by turbulent airflows. This yielded a local estimate of PADv for the airspace beneath that 383 

crown. For a plot-level estimate, we averaged stem diameters within each 1 m height class across 384 

all trees. We then converted these mean diameters to stem surface area, scaled them by the 385 

number of trees in the plot, and divided by plot area (1 ha), following our previous 386 

implementation. 387 

In both approaches, the resulting PADv profiles were matched to the lidar-derived horizontal 388 

plant area density profile (PADh) at 1 m vertical resolution. Thus, total plant area density was 389 

defined as the sum of the (lidar-derived) horizontal and the (stem diameter-derived) vertical 390 

components of plant area density (PAD = PADh + PADv). Hereafter, we use PAD to refer to this 391 

combined measure. 392 

Wind dynamics 393 

To answer our first question, how vertical airflow is structured across forest strata and 394 

environmental conditions, the measurement data were imported into R for all subsequent 395 
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analyses and combined with site characteristics (e.g., anemometer height, PAD, stem diameter 396 

etc.). Because the data were not normally distributed (according to Shapiro-Wilk tests, 397 

histograms, and qqplots), showed high skewness, high kurtosis, and non-homogenous variances, 398 

and had uneven sample sizes among height categories (Appendix 1: Figure S6), we used non-399 

parametric tests. Specifically, we used Kruskal-Wallis (KW) tests followed by Dunn’s post hoc 400 

tests with Bonferroni correction, implemented with the rstatix library (Kassambara, 2025). 401 

Outliers, i.e., points exceeding 1.5 times the interquartile range, were not removed from the data 402 

as gusts—the maximum wind speeds in a specified time interval—represent, by definition, 403 

extreme values. 404 

To investigate wind dynamics across vertical profiles we pooled the replicates into 5-meter 405 

height categories, starting from 0–5 m and ending at 30–35 m, where the highest anemometers 406 

were installed. To justify pooling, we assessed the contribution of height to the total variance 407 

within each replicate and across all replicates together. Specifically, we calculated the ratio of 408 

intra-height variance to inter-height variance, and because inter-height variance exceeded intra-409 

height variance in four of the seven height categories (Appendix 1: Figure S7), supporting our 410 

decision to pool replicates by height. Height category was subsequently used as a factor in the 411 

analysis. 412 

Effects of height and time of day on gust frequency, mean hourly speed, and relative speed 413 

To assess wind dynamics across the forest height gradient, we used several indices: absolute (i.e., 414 

raw) up-wind and up-gust speeds, up/down-gust frequency, mean up-/down-gust speeds415 

calculated separately, and mean vertical gust speed as an index of net vertical airflow. These 416 

indices were calculated either by hour of the day, for some visualisations, or by diel period, for 417 
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most statistical tests. A day began at 06:00 and ended at 18:00; the remaining time was treated as 418 

night. This roughly corresponded to the sunrise and sunset times at the study site during the 419 

sampling period (±30 minutes). Differences in means among heights, diel period, and position 420 

(in/out) were tested using KW-tests followed by Dunn’s post hoc tests with Bonferroni 421 

correction.  422 

We calculated the frequency of all up- and down-gusts ≥0.33 m s–¹ (the measurement threshold) 423 

for each height, date, and hour-of-day subset. For this calculation, we excluded the first three 424 

vertical profiles because their measurement intervals exceeded 3 seconds and were therefore not 425 

directly comparable with the remaining data. Relative up-gust and down-gust proportions were 426 

calculated relative to the total number of measured gusts per height category. Mean hourly up-427 

gust and down-gust speeds were calculated for the same subsets, with measurements of 0 m s–¹ 428 

divided evenly between up-gusts and down-gusts because they are essentially directionless but 429 

still contribute to the mean. To determine whether net vertical airflow was predominantly 430 

upward or downward, we calculated mean vertical gust speed per diel period for each height 431 

category. For this signed mean, down-gusts were assigned negative values before averaging.  432 

Effects of combined environmental factors on within-canopy gust speed 433 

To test the effect of the environment on within-canopy mean gust speed, we fitted a Bayesian 434 

hierarchical model using the brms library (Bürkner, 2017). We calculated the 5-minute mean 435 

vertical gust speed (μ), matching the temporal resolution of the above-canopy predictors, which 436 

had been interpolated to 5-min intervals as described previously. To reduce computational load 437 

and avoid over-representing certain height categories, the data were balanced by down-sampling 438 

each height group to the smallest group (~2,200 data rows). Residual spread (σ) was modelled 439 
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simultaneously to allow variability around the mean to also depend on environmental conditions. 440 

Early model testing showed that some relationships were not well described by straight lines, so 441 

we allowed moderate non-linearity in the effects of all predictors by using smooth terms. 442 

Predictors included above-canopy wind speed, temperature, and vegetation structure, which was 443 

represented by two variables: PADlocal—defined as PAD at anemometer height—and cumulative 444 

PAD above anemometers (PADabove), calculated as the sum of PAD per vertical metre above. We 445 

also modelled the linear interaction between above-canopy wind speed and both PAD variables. 446 

Sensor height was strongly negatively associated with PADabove (Pearson’s R: –0.9) and therefore 447 

excluded. Vertical profile ID was included as a random intercept to account for repeated 448 

measurements. All predictors were z-standardised before modelling.  449 

Mean vertical gust speed was modelled with a Student-t distribution to accommodate occasional 450 

extreme values: 451 

𝑦𝑖~𝑆𝑡𝑢𝑑𝑒𝑛𝑡 𝑡(𝜈,𝜇 𝑖 ,𝜎𝑖),452 

(Equation 1) 453 

where 𝑦𝑖is the observed mean gust speed for observation 𝑖, 𝜇𝑖is the predicted mean gust speed 454 

for observation 𝑖, 𝜎𝑖 is the predicted residual scale (i.e. variability) for observation 𝑖, and 𝜈 is the 455 

degrees-of-freedom parameter controlling tail heaviness, allowing the model to accommodate 456 

extreme values better than a Gaussian distribution. The predicted mean 𝜇𝑖was modelled as: 457 

𝜇𝑖  = 𝛽0 + 𝑠(𝑎𝑏𝑜𝑣𝑒 𝑐𝑎𝑛𝑜𝑝𝑦 𝑤𝑖𝑛𝑑𝑖 ,𝑘 = 5) + 𝑠(𝑃𝐴𝐷𝑎𝑏𝑜𝑣𝑒𝑖 ,𝑘 = 5) + 𝑠(𝑃𝐴𝐷𝑙𝑜𝑐𝑎𝑙𝑖 ,𝑘 = 5) +458 

𝑠(𝑚𝑒𝑎𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖,𝑘 = 5) + 𝛽1(𝑎𝑏𝑜𝑣𝑒 𝑐𝑎𝑛𝑜𝑝𝑦 𝑤𝑖𝑛𝑑𝑖 × 𝑃𝐴𝐷𝑎𝑏𝑜𝑣𝑒𝑖) + 𝛽2459 

(𝑎𝑏𝑜𝑣𝑒 𝑐𝑎𝑛𝑜𝑝𝑦 𝑤𝑖𝑛𝑑𝑖 × 𝑃𝐴𝐷𝑙𝑜𝑐𝑎𝑙𝑖) + 𝑏𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝐼𝐷[𝑖],  460 
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(Equation 2) 461 

where 𝛽0 is the intercept, 𝑠(⋅) denotes a smooth term, and 𝑘 is the basis dimension controlling 462 

the maximum flexibility of the smooth. The coefficients 𝛽1and 𝛽2describe interaction effects 463 

between above-canopy wind and PADabove, and between above-canopy wind and PADlocal, 464 

respectively; 𝑏vertical profile ID[𝑖] is a random intercept for vertical profile identity. 465 

The residual scale parameter was modelled as: 466 

log(𝜎𝑖) = 𝛼0 + 𝑠(𝑎𝑏𝑜𝑣𝑒 𝑐𝑎𝑛𝑜𝑝𝑦 𝑤𝑖𝑛𝑑𝑖 ,𝑘 = 5) + 𝑠(𝑃𝐴𝐷𝑎𝑏𝑜𝑣𝑒𝑖 ,𝑘 = 5) +467 

𝑠(𝑃𝐴𝐷𝑙𝑜𝑐𝑎𝑙𝑖 ,𝑘 = 5) + 𝑠(𝑚𝑒𝑎𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖, 𝑘 = 5), 468 

(Equation 3) 469 

where 𝛼0 is the intercept. 470 

Weakly informative regularising priors were used throughout. Because predictors were z-471 

standardised, population-level coefficients were assigned zero-centred normal(mean = 0, SD = 472 

0.15) priors to favour modest effect sizes while remaining broad enough to accommodate 473 

stronger effects if supported by the data. The mean intercept was assigned a normal(mean = 0, 474 

SD = 0.2) prior, centred on zero because mean vertical gust speed was generally close to zero. 475 

Random-effect and smooth-term standard deviations were assigned exponential(10) and 476 

exponential(2) priors, respectively, to limit implausibly large between-group variation and 477 

excessive complexity in smooth terms while preserving flexibility. In the σ model, the intercept 478 

was assigned a normal(mean = log[0.03], SD = 0.5) prior, corresponding to a low but uncertain 479 

residual standard deviation under average predictor conditions. The Student-t degrees-of-480 
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freedom parameter was assigned a gamma(α = 2, β = 0.1) prior, where α controls the shape of the 481 

distribution and β its rate, allowing for heavy-tailed residual variation. 482 

Stable fitting and convergence were achieved after increasing the target acceptance rate to 0.995 483 

and the maximum tree depth to 15. Convergence diagnostics, including trace plots, posterior 484 

predictive checks, and Bayesian R2, indicated that this sampling effort was sufficient. We report 485 

beta coefficients (β) for estimated linear effects and interactions, standard deviations (sds) for the 486 

magnitude of non‑linear smooth variation, the standard deviation (sd) for random‑effect 487 

variation, the residual standard deviation for residual spread (σ), the degrees‑of‑freedom 488 

parameter (ν) governing the heaviness of the Student‑t residual tails, and 95% credible intervals 489 

(CrI). 490 

Additional R libraries used in our analyses are: data.table (Barrett et al., 2025) for working with 491 

large data; circular (Agostinelli & Lund, 2025) for calculating circular means; png (Urbanek, 492 

2025) to add background images to the plots; patchwork (Pedersen, 2025) to join plots; 493 

PMCMRplus (Pohlert, 2024) and biostat (Gegzna, 2020) to create clds to add to the plots; ggtext 494 

(Wilke & Wiernik, 2022) for generating plot annotations and figure titles; ggbreak (Xu et al., 495 

2021) to create axis breaks; viridis (Garnier et al., 2024) for colourblind-friendly colour scales; 496 

ggpmisc (Aphalo, 2025) and modelR (Wickham, 2023) for fitting generalised linear models; 497 

scales (Wickham et al., 2025) for (pseudo-)log transformation of axes and legends; moments 498 

(Komsta & Novomestky, 2022) to test for skewness and kurtosis, and RColorBrewer 499 

(Neuwierth, 2022) for the colour grading in Figure 1. Most of the generated figures were further 500 

manipulated using the free software Inkscape (Inkscape’s contributors, 2023).  501 
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Diaspore dispersal simulation 502 

To estimate primary dispersal success within the forest height gradient, we developed a 503 

trajectory model (EpiDisp 1.0) that is based on the winds and gusts measured at the different 504 

heights. As in other trajectory models, our model calculates the cumulative vertical and 505 

horizontal dispersal distance of a diaspore based on its trajectory during shorter time intervals.  506 

Input parameters 507 

The model incorporates three independent variables: release height (assumed to be the heights at 508 

which the anemometers were installed), terminal velocity (Vterm), and plant area density (PAD). 509 

Reported terminal velocities for epiphytes range from 0.06 m s–1 in (not truly epiphytic) ferns to 510 

0.09 m s–1 in orchids and to 0.5 m s–1 in bromeliads (Bennett, 1988; Chilpa-Galván et al., 2018; 511 

Zotz et al., 2016; Hoensbroech, pers. data, unpublished); EpiDisp 1.0 considers a terminal 512 

velocity range of 0.01 m s–1 to 1 m s–1. Like other trajectory models, this model neglects the 513 

short (relative to its subsequent flight period) initial acceleration period of the diaspore (usually < 514 

0.5 s) and assumes that Vterm remains constant during the diaspore’s flight (Nathan et al., 2002; 515 

Nathan, Katul et al., 2011; Tackenberg, 2003).516 

Plant area density (PAD) affects a diaspores flight: as a rule of thumb, the more obstacles in the 517 

form of, e.g., leaves, branches, or stems are present (the higher the PAD), the more likely it is 518 

that a diaspore is intercepted by (deposited on) them early during its trajectory. Because bark 519 

generally forms the outermost layer of the woody parts of trees, the wood component was used 520 

as a proxy for potential bark interception. As the available lidar data did not allow us to 521 

distinguish leaves from wood, we estimated this partition from values reported in the literature: 522 

in tropical forests, woody surfaces, i.e., bark, contribute approximately 20% to horizontal plant 523 
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area density (PADh; Kalacska et al., 2005; Olivas et al., 2013). We therefore assumed that 20% 524 

of PADh represented bark, while vertical plant area density (PADv), being derived from stem 525 

surfaces, was assumed to consist entirely of bark. Based on these assumptions, we calculated 526 

bark area density (BAD) as: BAD = 0.2 × PADh + PADv, and leaf area density (LAD) as the 527 

difference between PAD and BAD (LAD = PAD–BAD). 528 

Simulation experiments 529 

EpiDisp 1.0 calculates primary dispersal distance as the sum of the wind/gust speeds (the 530 

effective wind) minus the diaspore’s falling velocity for every measured time increment 531 

(Equations 4a and 4b). Per increment, the maximum absolute gust speed contributes one third, 532 

the 1-minute wind average two thirds to the effective wind (the sum of the two components). For 533 

the vertical distance, the terminal velocity is subtracted from wind/gust speeds, so that 534 

𝐷𝑤  = ∑
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(Equations 41a and 4b) 537 

where 𝐷𝑤 and 𝐷𝑢 are the sum of the, respectively, vertical or horizontal dispersal distances, 538 

𝑤′and 𝑢′ the vertical and horizontal gust speeds, 𝑤 and 𝑢 the 1-minute vertical and horizontal 539 

wind averages, 𝑡 is the time increment and 𝑉𝑡𝑒𝑟𝑚 the (negative) terminal velocity of a diaspore. 540 

Dispersal distances are influenced by terminal velocity only when it exceeds the speed of the 541 

downward airflow. When the air moves downward faster than the diaspore's terminal velocity, 542 
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the airflow carries the diaspore entirely, effectively cancelling out the influence of terminal 543 

velocity on its trajectory (Horn et al., 2012).  544 

Simulations begin at a randomly selected time interval (T) at release height H within a vertical 545 

profile. Each diaspore is assigned a terminal velocity (Vterm) from a predefined set of 12 possible 546 

values (0.01, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, and 1 m s⁻¹). At each time 547 

step, the model evaluates whether the current wind speed or gust exceeds Vterm. If yes, the 548 

diaspore is abscised and enters flight. If no, the diaspore remains attached and advances to the 549 

next time interval (T′) without changing height. Once abscised, the diaspore moves horizontally 550 

and vertically according to wind vectors and its Vterm. On its way towards each new height (H′), 551 

the diaspore potentially encounters obstacles represented by plant area density (PAD) and its 552 

components (BAD and LAD).  553 

𝐼𝑃𝑤  =  1 − 𝑒𝑥𝑝(−𝑃𝐴𝐷 |𝐷𝑤|) or 𝐼𝑃𝑢  =  1 − 𝑒𝑥𝑝(−𝑃𝐴𝐷 |𝐷𝑢|)554 

(Equations 5a and 5b) 555 

The probability that a diaspore is intercepted by a substrate during its horizontal (Pu) or vertical 556 

(Pv) trajectory is modelled as a function of the absolute horizontal or vertical distance it travels 557 

(|Du| or |Dv|) and the plant area density (PAD) at its release height, following Equations 5a and 5b 558 

based on Bohrer et al. (2008). To determine whether interception occurs, the model generates a 559 

random number (R) between 0 and 1. The diaspore is intercepted by a substrate when R < Pu or 560 

R < Pv. Dispersal is successful when that substrate is bark (R < BAD) and unsuccessful when it is 561 

a leaf (R > BAD) or when it is dispersed to the forest floor (H′ = 0). When it is dispersed above 562 

the canopy (H′ > crown height), possibly initiating LDD, the success remains undetermined. In 563 

the latter three cases, the diaspore is removed from the simulation. If none of these conditions are 564 
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met, the trajectory continues until termination criteria are reached (see Figure 2, as well as 565 

Appendix 3 for a detailed flowchart). The point of interception is calculated as Du or Dv, i.e., the 566 

distance it would have travelled without interception, multiplied by the random number R. 567 

We ran the simulation per subset, defined by vertical profile ID, anemometer position (in/out), 568 

and diel period. To capture finer temporal variation, we initially divided the day into four diel 569 

periods (early day: 06:00–11:59; late day: 12:00–17:59; early night: 18:00–23:59; late night: 570 

00:00–05:59). For each subset, trajectories were simulated across all Vterm values using the same 571 

randomly selected 1,000 time steps, corresponding to approximately 30 min of wind data, or 572 

fewer if the subset was shorter. 573 

Output analysis 574 

To answer our second question, how airflow, forest structure, release height, and diaspore traits 575 

jointly determine dispersal success and escape from the canopy, we first quantified the relative 576 

frequency of successful and canopy dispersal events. We calculated the relative proportion of the 577 

different dispersal outcomes, i.e., the ratio of diaspores per outcome to the total diaspores 578 

released per release height, Vterm, and diel period. Because diel period contributed little 579 

explanatory power (< 0.01%), we simplified it to a binary day/night factor for analysis, 580 

combining early and late day into day and early and late night into night. 581 

We then assessed whether the probability of successful and canopy dispersal increased with 582 

decreasing Vterm and increasing release height using binomial regression. However, we observed 583 

that the binomial regression performed poorly for canopy dispersal, and instead used general 584 

additive models (GAMs), which showed a relatively lower Akaike Information Criterion (AIC) 585 

indicating better model fit. Both the binomial regression for successful and GAM for canopy 586 
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dispersal considered Vterm, release height, and diel period as predictor variables. Diaspores that 587 

dispersed successfully or above the canopy received a value of 1, the remaining outcomes a 588 

value of 0. Diaspores still “in dispersal” at the end of the simulation were excluded from both 589 

regressions as the outcome remained uncertain. Vertical profiles with a crown height ≤15 m were 590 

excluded from the canopy dispersal regression as the respective tree crowns were too low to 591 

model dispersal above the forest canopy. We ran the model on all Vterm values to visually identify 592 

those that exhibited the most pronounced differences in probabilities. Only those (Vterm: 0.01, 0.1, 593 

0.3, 0.5, and 1 m s–1) were considered for the manuscript. 594 

We interpreted statistical significance with caution, as inferential outcomes can be strongly 595 

influenced by the number of simulated replicates rather than by the biological relevance of an 596 

effect. Following Murray and Conner (2009), we therefore emphasized variable importance 597 

rather than significance testing by first screening predictors using zero-order associations with 598 

the binary response and then quantifying their independent contributions using hierarchical 599 

partitioning. For the binomial response models, hierarchical partitioning was implemented with 600 

the R library hier.part (Mac Nally & Walsh, 2004), using a binomial error structure and log-601 

likelihood as the goodness-of-fit metric. We report the independent contribution of each 602 

predictor and its percentage of the total independent explanatory contribution to describe the 603 

dominant tendencies generated by the simulations, rather than treating small p-values as 604 

evidence of biological importance. 605 

For bark interception probability, hierarchical partitioning indicated that Vterm was the dominant 606 

predictor of simulated outcomes, followed by diel period and release height. In the full model, 607 

Vterm, diel period, and release height accounted for 82%, 12%, and 6% of the total independent 608 
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contribution, respectively. Because removal of release height after zero-order screening produced 609 

nearly the same ranking of the remaining predictors, we report the full model in the Results. 610 

For LDD probability, hierarchical partitioning of the full model ranked Vterm first, release height 611 

second, and diel period third, each accounting for 63%, 37%, and < 0.1% of the total 612 

independent contribution, respectively. After removal of diel period following zero-order 613 

screening, the reduced model retained the same ranking of the remaining predictors. Again, 614 

because removing diel period after zero-order screening produced nearly the same ranking, we 615 

present the full model in the Results. 616 

To assess our third question, to what extent these processes generate dispersal limitation and 617 

contribute to the spatial and vertical structuring of epiphyte communities, we used linear 618 

regression models to quantify the influence of Vterm, release height, and diel period on vertical 619 

and horizontal dispersal distances of successfully dispersed diaspores. We compared the simpler 620 

models (release height, Vterm or diel period alone) with the more complex models (their 621 

combination) using AIC to evaluate whether additional predictors improved model fit. In all 622 

cases, the more complex model had a lower AIC, indicating they captured the signal better. We 623 

repeated the linear regression models on only parts of the forest height gradient to determine 624 

whether the degree of influence of predictor variables varied between different forest zones, but 625 

the effect was not significant. 626 

We fitted dispersal kernel models to the observed vertical and horizontal dispersal distances of 627 

diaspores intercepted by bark using the R dispfit library (Proença-Ferreira et al., 2025). We 628 

excluded distances of 0 m and converted negative distances to their absolute values. Dispersal 629 

directions (downward, upward, and horizontal) as well as groups (Vterm × release height) were 630 
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modelled separately. For visualisation, we selected the best-supported model (lowest AIC) and 631 

used this model for plotting. We then summarised kernels across groups by calculating the mean 632 

kernel estimate and its standard error (SE). We estimated the distances at which 50%, 75%, and 633 

95% of diaspores were predicted to be bark-intercepted by deriving these quantiles from the 634 

cumulative bark-interception curve. We additionally used 2d relative densities (i.e., densities per 635 

Vterm × release height group) to visualise their distribution in the forest post-bark interception. 636 

Finally, we developed a continuous metric of dispersal limitation by combining the proportion of 637 

diaspores that successfully dispersed with the distances they moved within the 1 ha forest plot. 638 

Vertical and horizontal dispersal distances were expressed relative to their respective maximum 639 

possible distances (i.e., from release height to ground or canopy, and across the plot extent, ~140 640 

m, roughly reflecting the maximum dispersed distance of ca. 146 m), describing how broadly 641 

diaspores spread away from the parent plant. Both vertical and horizontal displacement were 642 

scaled linearly between zero and one. 643 

The relative importance of vertical positioning and horizontal spread was controlled using 644 

weighting parameters (α and β, respectively), which determine how strongly each component 645 

contributes to the realised dispersal contribution of individual diaspores (ranging from 0 = no 646 

influence to 1 = proportional influence, with values >1 increasing emphasis). For example, 647 

values around 0.5 indicate moderate importance, whereas values ≥0.8 reflect a dominant role of 648 

that component. 649 

For each release height × terminal velocity × diel period combination, the realised dispersal 650 

contribution of an individual diaspore i was defined as: 651 

𝐶𝑖 = 𝑆𝑖 ⋅ (𝑉𝑖
𝛼) ⋅ (𝐻𝑖

𝛽
),652 
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(Equation 6) 653 

where Ci is the contribution of diaspore i, Si is a binary indicator of dispersal success (1 = 654 

successful interception, 0 = unsuccessful), Vi is the scaled vertical displacement, and Hi is the 655 

scaled horizontal displacement. Both Vi  and Hi range from 0 to 1 relative to their maximum 656 

achievable distances. The parameters α and β control the relative weighting of vertical and 657 

horizontal components. 658 

Rather than averaging contributions arithmetically, we aggregated dispersal contributions using a 659 

power mean of order q: 660 

𝐶̄𝑞 = (
1

𝑛
∑𝐶𝑖

𝑞

𝑛

𝑖=1

)

1/𝑞

,662 

(Equation 7) 661 

where 𝐶̄𝑞is the mean realised dispersal contribution and q controls the weighting of contributions 663 

across diaspores. When q = 1, this reduces to the arithmetic mean, such that all diaspores 664 

contribute equally. For q > 1, higher-contribution diaspores exert disproportionately greater 665 

influence on the aggregate metric, thereby reducing the dominance of abundant low-distance 666 

dispersal events and increasing the importance of rare greater dispersal distances.  667 

To incorporate fecundity, we scaled the aggregated contribution by a fecundity term, such that 668 

dispersal limitation was defined as: 669 

Dispersal limitation = (1 − 𝐶̄𝑞)log(1+𝐹),670 

(Equation 8) 671 



33 

where F is fecundity. The logarithmic scaling of fecundity reflects diminishing returns of 672 

increasing diaspore supply, such that additional diaspores increase the likelihood of successful 673 

dispersal but with progressively smaller marginal gains. This prevents unrealistically rapid 674 

collapse of dispersal limitation at high fecundity. 675 

Values of dispersal limitation close to zero indicate weak limitation, whereas values close to one 676 

indicate strong limitation. Overall, this framework assumes that dispersal success depends jointly 677 

on arrival probability and spatial redistribution, while allowing rare greater dispersal distances to 678 

disproportionately influence outcomes through the power-mean formulation.  679 

Results 680 

Effects of height and diel period on gust speed, frequency, and net airflow 681 

Highest raw gust speeds occurred within the trunk zone (~20 m) and lowest gust speeds below 682 

the low crown zone (5–10 m; Appendix 4: Figure S1A) The interaction of height and position 683 

(Appendix 4: Figure S1A,B) on raw gust speeds was significant (p < 0.001, KW-Hdf=13,n=9,864,421684 

= 632,588; Dunn’s p < 0.001 for all except one combination (at 30–35 m, the difference between 685 

the in and out position was p < 0.005). Height also significantly increased 1-minute maximum 686 

up-gust speeds (p < 0.001, KW-Hdf=3,n=36,946 = 11,895; Dunn’s p < 0.001 for all combinations; 687 

Appendix 4: Figure S2). Across heights, the majority of up-gusts remained below 1 m s–1, though 688 

we also recorded up-gust speeds > 5 m s–1 at all heights except in the 5–10 m category, where 689 

up-gusts did not exceed 2 m s–1, and up-gust speeds > 10 m s–1 at 0–5 m and 15–20 m (Appendix 690 

4: Figure S2).  691 
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The frequency of up- and down-gusts increased with height (Figure 3A, Appendix 4: Figure 692 

S3A), peaked at around noon, and plummeted to nearly 0 occurrences at night. Consistent with 693 

this, height (p < 0.001, KW-Hdf=5,n=558,442 = 140,206), diel period (p < 0.001, KW-Hdf=1,n=558,442 = 694 

4931), and their interaction (p < 0.001, KW-Hdf=1,n=558,442 = 144,770) significantly increased 695 

hourly up-gust frequency as well as down-gust frequency (height: p < 0.001, KW-Hdf=5,n=605,061 = 696 

70,003, diel period: p < 0.001, KW-Hdf=1,n=605,061 = 14,895, height × diel period: p < 0.001, KW-697 

Hdf=11,n=605,061 = 98,232). For instance, near the forest floor, the frequency of up-gusts peaked at 698 

50 gusts per hour, while at 25–30 m it peaked at more than 200 gusts per hour (Figure 3A). 699 

Down-gusts were relatively more common than up-gusts from the forest floor up to ca. 15 m 700 

(Appendix 4: Figure S3A), where up-gusts became more dominant, increasing from 0.1 near the 701 

forest floor to 0.3–0.4 in the high crowns (25–30 m; difference between heights: p < 0.001, KW-702 

Hdf=13,n=4728 = 1542). Yet, overall, horizontal gusts prevailed at all heights (Appendix 4: Figure 703 

S3A).  704 

Mean hourly gust speeds showed similar diurnal variation as gust frequency (Figure 3B, 705 

Appendix 4: Figure S3B), with peaks at noon and lows throughout the night at all heights. Again, 706 

height (p < 0.001, KW-Hdf=6,n=2,031,308 = 784,187), diel period (p < 0.001, KW-Hdf=1,n=2,031,308 = 707 

75,220), and their interaction (p < 0.001, KW-Hdf=13,n=2,031,308 = 896,367) significantly increased 708 

the hourly mean of up-gust speeds and of down-gust speeds (height: p < 0.001, KW-709 

Hdf=6,n=1,841,283 = 523,294, diel period: p < 0.001, KW-Hdf=1,n=1,841,283 = 8,146, height × diel period 710 

p < 0.001, KW-Hdf=13,n=1,841,283 = 567,638). Both peaked at 25–30 and 30–35 m, though down-711 

gusts were relatively stronger than up-gusts, and horizontal gusts were stronger yet (Appendix 4: 712 

Figure S3B).  713 
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Mean (signed) vertical gust speed, i.e., net airflow, mostly fell within a range of ± 0.25 m s–1, 714 

though variation was substantial, particularly above 15 m (Figure 3C). Height (p < 0.001, KW-715 

Hdf=6,n=3,872,591 = 414,620), diel period (p < 0.001, KW-H1, 3,872,591 = 22,594), and their interaction 716 

(p < 0.001, KW-Hdf=13,n=3,872,591 = 456,575) significantly increased net airflow. At night, net 717 

airflow was downward throughout the height gradient. During the day, net airflow was 718 

downward only below 15 m, increased relatively sharply toward 20 m, and became upward 719 

above that. This transition zone coincided with a pronounced decrease in plant area density 720 

(PAD) and its components (leaf are density [LAD] and bark area density [BAD]); Figure 3D), 721 

which was even more prominent when considering only the seventeen vertical profiles 722 

(Appendix 4: Figure S4). 723 

Effects of combined environmental factors on within-canopy gust speed 724 

The Bayesian model explained only a small proportion of the variation in mean signed gust 725 

speed (Bayesian R² = 0.02, 95% CrI = 0.02 to 0.03), indicating weak overall structure in the 726 

fitted mean. Smooth-term variation in the mean (μ) model was relatively small for above-canopy 727 

wind (sds = 0.03, 95% CrI < 0.01 to 0.11), PADabove (sds = 0.16, 95% CrI = 0.06 to 0.45), 728 

PADlocal (sds = 0.2, 95% CrI = 0.08 to 0.55), and temperature (sds = 0.12, 95% CrI = 0.04 to 729 

0.35). Predicted mean gust speed nevertheless varied with above-canopy wind speed, and there 730 

was evidence that this relationship depended on canopy structure (Figure 4A,B), with a weak 731 

positive interaction with PADlocal (β < 0.01, 95% CrI = 0 to < 0.01; Figure 4A) and PADabove (β = 732 

0.01, 95% CrI = 0 to < 0.01; Figure 4B). The fitted mean decreased towards negative values with 733 

higher above-canopy wind, especially when PADlocal was intermediate (Figure 4A). When 734 

plotted against above-canopy wind speed, μ was more positive at low PADabove but declined 735 

more strongly as above-canopy wind speed increased (Figure 4B). At higher PADabove, μ 736 
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remained closer to zero across above-canopy wind speeds. Additional interactions can be 737 

explored in our shinyApp (Appendix 2). 738 

In contrast, the σ sub-model showed substantially stronger structure, with larger smooth-term 739 

variation for above-canopy wind (sds = 1.71, 95% CrI = 0.97 to 2.96), PADabove (sds = 0.79, 95% 740 

CrI = 0.35 to 1.68), PADlocal (sds = 1.06, 95% CrI = 0.48 to 2.01), and especially temperature 741 

(sds = 2.04, 95% CrI = 1.22 to 3.38). Residual spread increased strongly with above-canopy 742 

wind speed, and it decreased strongly with increasing PADabove and PADlocal across the observed 743 

range (Figure 4A,B). Temperature was also strongly associated with σ, indicating overall that 744 

predictor variables were more strongly associated with variability around the mean than with the 745 

fitted mean itself. Variation among vertical profiles was modest (sd = 0.02, 95% CrI = 0.02 to 746 

0.04), and the low Student-t degrees-of-freedom parameter indicated heavy-tailed residuals (ν = 747 

1.95, 95% CrI = 1.86 to 2.04). 748 

Diaspore dispersal 749 

Based on the wind dynamics at San Lorenzo during the sampling period, EpiDisp 1.0 predicts 750 

that, overall, approximately 74% of diaspores are effectively lost during primary dispersal: 16% 751 

of diaspores remain unabscised, 59% are intercepted by a leaf, 7% are still in dispersal at the end 752 

of the simulation, 2% fall to the ground. Less than 0.1% are dispersed above the canopy, and 753 

only 16% are intercepted by bark and, as per our definition, successfully dispersed (Appendix 4: 754 

Figure S5). These proportions, however, vary strongly with Vterm, release height, and diel period 755 

(Appendix 4: Figure S5, Table S1), and differences become most evident at the extremes of the 756 

predictors’ ranges. For example, more than 7% of diaspores with a Vterm of 0.01 m s–1 released 757 

(and abscised; refer to Table 1 for the difference between released and abscised) at 30–35 m 758 
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during the day dispersed above the canopy—but none below 5 m did. In fact, nearly all diaspores 759 

(> 99%) with a Vterm of 1 m s–1 released below 10 m and at night remain unabscised. Between 760 

10% and 30% of diaspores released below 5 m end up on the ground, whereas this proportion 761 

decreases to < 3% when released above 10 m.  762 

Bark interception probability and long-distance dispersal probability were both affected by Vterm, 763 

release height, and diel period. Higher Vterm strongly reduced both bark interception probability 764 

(Figure 5A, Table 2) and above-canopy emergence probability (Figure 5B, Table 2). Release 765 

height and diel period showed contrasting effects: higher release heights and nighttime 766 

conditions decreased bark interception probability (Figure 5A, Table 2) but increased long-767 

distance dispersal probability (Figure 5B, Table 2). Interaction terms indicated that these effects 768 

depended on one another, particularly for the combinations of release height and Vterm, Vterm and 769 

nighttime, and the three-way interaction among release height, Vterm, and nighttime (Table 2). 770 

Vertical and horizontal dispersal distances of bark-intercepted diaspores were also shaped by 771 

Vterm, release height (Figure 6A,B, Appendix 4: Figures S6−S8), and diel period (Table 2). 772 

According to GAMs, higher Vterm reduced vertical dispersal distance but increased horizontal 773 

dispersal distance, whereas nighttime conditions reduced both vertical and horizontal distances 774 

(Table 2).  775 

Within-canopy spread after successful dispersal varied with both Vterm and release height: lower 776 

Vterm and higher release heights were associated with broader distributions across horizontal 777 

distance and interception height, whereas higher Vterm produced more compact distributions 778 

closer to the point of release and showed greater spread towards lower heights (Appendix 4: 779 

Figure S6). Kernel densities of bark-intercepted diaspores were overall concentrated near the 780 
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release point and declined steeply with distance in both the vertical and horizontal dimensions 781 

across nearly all release height × Vterm groups (Appendix 4: Figure S7A,B). Diaspores released 782 

from 30–35 m tended to show a less distinct peak and more often reached greater dispersal 783 

distances. Across all groups, kernel density peaked strongly near 1 m from the release point and 784 

declined rapidly in all directions (Figure 6A,B). Downward, 75% of intercepted diaspores 785 

occurred within < 5 m of the release point, whereas upward, 95% occurred within < ~6 m of 786 

release point (Figure 6A). Horizontally, 50% of intercepted diaspores occurred within 5 m, 75% 787 

within 10 m, and 95% within 25 m of the release point (Figure 6B). It seemed that release height 788 

added less variation to vertical (Appendix 4: Figure S7A) than to horizontal spread (Appendix 4: 789 

Figure S7B), whereas terminal velocity strongly shaped both (Appendix 4: Figure S8A,B). 790 

Dispersal limitation remained generally high across all release height × Vterm × diel period 791 

combinations (Figure 7, Appendix 4: Figure S9), typically ranging between ~80% and 100% 792 

when horizontal spread was moderately weighted (β > 0.5). The degree of dispersal limitation 793 

declined when neither vertical nor horizontal spread were weighted (α = 0, β = 0) and with 794 

increasing power-mean exponent (q), reflecting the growing influence of rare longer distance 795 

dispersal events. 796 

Increasing release height generally reduced dispersal limitation, with a slight peak in the trunk 797 

zone. This decline was most pronounced under daytime conditions and for low terminal 798 

velocities, particularly when vertical positioning was not considered (α = 0). When vertical 799 

positioning was included (α > 0), higher terminal velocities exhibited comparatively lower 800 

dispersal limitation, reflecting their greater downward dispersal. 801 
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Discussion 802 

Understanding how dispersal operates within forest canopies is essential for explaining the 803 

spatial and vertical structure of epiphyte communities. Our results show that dispersal 804 

contributes to the patchy and vertically stratified distribution patterns commonly observed in 805 

epiphyte communities but is unlikely to explain these patterns alone. Instead, dispersal in forests 806 

emerges as a context-dependent, three-dimensional process in which success, horizontal and 807 

vertical dispersal distances, and fecundity jointly determine the degree to which diaspores reach 808 

suitable substrates. At the per-diaspore level, epiphytes appear strongly constrained: the 809 

probability of being intercepted by bark is low, and most successful diaspores remain close to 810 

their parent plant. However, this constraint varies with terminal velocity, release height, and 811 

canopy context, and may be substantially reduced at the individual or community level when 812 

high fecundity is considered. Thus, dispersal limitation should not be interpreted as a fixed 813 

property of epiphytes or other organisms, but as a scale- and context-dependent outcome of 814 

dispersal success, dispersal distances, and diaspore supply. 815 

This perspective is important because wind dispersal in forests is often conceptualised from a 816 

terrestrial point of view, in which vegetation interception represents loss from the dispersal 817 

process and success is defined by arrival at ground-level habitat. Yet many wind-dispersed 818 

organisms and particles—canopy soil (and soil organisms), pollen, fungal spores, ballooning 819 

spiders—move through forests without necessarily requiring ground deposition. Epiphytes 820 

provide a particularly clear reversal of this framework: their diaspores must be intercepted by 821 

suitable aboveground substrates, such as bark, to disperse successfully. To capture this process, 822 

we developed EpiDisp 1.0, a mechanistic within-canopy dispersal model using epiphytes as a 823 

model system. In the following, we discuss how canopy context and diaspore traits shape 824 
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dispersal outcomes in epiphytes, while highlighting their broader relevance for wind dispersal in 825 

vertically structured environments. 826 

Patterns of dispersal in a stratified forest canopy 827 

Dispersal success in forests depends on the target surface of the dispersal unit. For epiphytes, 828 

dispersal success is defined by interception on suitable aboveground substrates, here modelled as 829 

bark. A central assumption in epiphyte ecology is that dispersal success is extremely low. Seed-830 

trap studies, for example, report retention values of ~0.5% for epiphyte diaspores (Cascante-831 

Marín et al., 2009; Mondragón & Calvo-Irabién, 2006; Paggi et al., 2010). Our results suggest 832 

that such methods may underestimate primary dispersal success in epiphytes. Using a 833 

mechanistic trajectory model, we estimate that ~16% of diaspores are initially intercepted by 834 

bark and thus disperse successfully during primary dispersal. This indicates that the initial 835 

dispersal bottleneck may be weaker than previously assumed, although most diaspores still fail to 836 

reach suitable substrates. The discrepancy likely reflects methodological differences. Seed-trap 837 

studies rely on the chance recovery of tiny diaspores at their final resting positions and may miss 838 

a large fraction of dispersal events. In contrast, EpiDisp 1.0 tracks each diaspore to its first point 839 

of interception and therefore quantifies primary dispersal rather than the full dispersal pathway. 840 

Incorporating diaspore retention (Tay et al., work in progress) and secondary dispersal could 841 

refine these estimates by accounting for how many diaspores are later removed from—or added 842 

to—interception sites. Nevertheless, mechanistic estimates of primary interception are likely to 843 

remain higher than values inferred from seed-trap studies because they are not constrained by the 844 

incomplete recovery of dispersed diaspores. Even this higher estimate, however, indicates that 845 

dispersal represents a demographic bottleneck, consistent with earlier suggestions for epiphytes 846 

(e.g., Ackerman et al., 1996) and plants more broadly (van der Pijl, 1982). 847 



41 

For other wind-dispersed organisms, interception by vegetation may also constitute successful 848 

dispersal. This is evident, for instance, in ballooning arthropods such as spiders, which even 849 

show vertical stratification comparable to that in epiphytes (Costa et al., 2025). Unlike epiphyte 850 

diaspores, however, spiders may be able to move to a more suitable microhabitat after 851 

interception. In foliar pathogens, successful dispersal may occur when wind-borne fungal spores 852 

are intercepted directly by susceptible leaf tissue. In ash dieback, for example, wind-borne spores 853 

of Hymenoscyphus fraxineus enter ash (Fraxinus L. spp.) leaves before spreading into and 854 

infecting petioles and shoots (e.g., Mansfield et al., 2018). Our results suggest that, when leaves 855 

are the target substrate, interception rates can be very high (Appendix 4: Figure S5), which could 856 

help explain rapid local transmission in ash dieback. Thus, whether vegetation functions as a 857 

dispersal barrier or as a successful destination depends on the organism and, critically, on the 858 

surface required for establishment. 859 

Dispersal success, however, captures only whether diaspores reach their destination, not how far 860 

they disperse. To understand dispersal in a three-dimensional environment, horizontal and 861 

vertical dispersal distances must also be considered. In wind-dispersed plants, dispersal kernels 862 

are typically characterised by a strong concentration near the source and a thin tail of rare long-863 

distance events (e.g., Nathan & Muller-Landau, 2000; Qin et al., 2025). Our model reproduces 864 

this general pattern for both horizontal and vertical dispersal distances (Figure 6). As a 865 

consequence, most successful diaspores move only short distances. In a forest context, these 866 

short dispersal distances would often keep diaspores within the same or neighbouring trees and, 867 

vertically, within the same or adjacent strata, consistent with earlier observations on epiphyte 868 

distributions (Schimper, 1908; Torres et al., 2018; Zotz & Vollrath, 2003). Dispersal can 869 
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therefore contribute to the patchy and vertically stratified distribution patterns commonly 870 

observed in epiphyte communities. 871 

In addition to bark interception and within-canopy dispersal distances, EpiDisp 1.0 also 872 

quantified above-canopy dispersal, a separate outcome that may initiate long-distance dispersal 873 

(LDD). In our simulations, the probability of above-canopy dispersal remained low overall, 874 

especially for diaspores released from lower forest strata. Fewer than 0.1% of diaspores released 875 

below 10 m dispersed above the canopy, regardless of Vterm, reinforcing the assumption that 876 

diaspores originating from lower forest strata rarely undergo LDD (Bohrer et al., 2008). In 877 

contrast, up to 8% of diaspores released between 30 and 35 m dispersed above the canopy 878 

(Figure 5B, Appendix 4: Table S1), likely because they experienced a shorter vertical distance to 879 

the canopy boundary and more favourable wind conditions in the high crowns, where upward 880 

airflow was more common at San Lorenzo (Figure 3C). Thus, although above-canopy dispersal 881 

was generally rare, its probability depended on the interaction between release height and Vterm882 

(discussed below). 883 

Dispersal above the canopy, however, does not guarantee success. On the contrary, the farther a 884 

diaspore travels from its parent plant, the lower its chances for survival may become (Winkler et 885 

al., 2009), and even surviving diaspores might still fail to land in a suitable site. Consequently, 886 

our above-canopy dispersal estimates are only a coarse proxy for LDD, and effective LDD is 887 

likely to be lower due to post-dispersal demographic filters. In this sense, our results fully agree 888 

with the view that LDD events are rare in epiphytes (Givnish et al., 2016; Trapnell et al., 2013) 889 

and understorey plants in general (Bohrer et al., 2008).  890 
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Canopy context and diaspore traits shape dispersal 891 

Terminal velocity emerged as the main driver of dispersal outcomes, but its effects depended on 892 

canopy context and on which dispersal outcome was considered. For bark interception, terminal 893 

velocity was more important than release height. Against our expectation, bark interception 894 

probability was broadly similar across release heights, while terminal velocity emerged as the 895 

stronger predictor of primary dispersal success (Table 2). This contrasts with studies identifying 896 

release height as a dominant driver of wind dispersal in forests (Heydel et al., 2014; Soons et al., 897 

2004), although few studies have modelled release from the understorey, and none considered 898 

bark as the final destination. In EpiDisp 1.0, especially diaspores with Vterm < 0.5 m s⁻¹ were only 899 

weakly affected by release height. This may partly reflect our decision to keep vertical bark 900 

surface (PADv) constant in EpiDisp 1.0, which constrained interception probabilities similarly 901 

across heights. By contrast, diaspores with Vterm > 0.5 m s⁻¹ showed a near-linear increase in 902 

dispersal success with increasing release height, possibly because their predominantly downward 903 

trajectories (Appendix 4: Figure S6) exposed them to more cumulative bark surface before 904 

reaching the ground. However, this pattern may have limited relevance for epiphyte dispersal, 905 

because terminal velocities reported so far for wind-dispersed epiphyte diaspores do not appear 906 

to exceed 0.4 m s⁻¹—although they may approach higher values when wet or dispersed in 907 

clusters (Zotz et al., 2016). Thus, for most wind-dispersed epiphytes, primary dispersal success 908 

appears to be governed less by where diaspores are released than by how slowly they fall. 909 

Although terminal velocity remained the main determinant of dispersal outcomes, release height 910 

became more important for dispersal distances and above-canopy dispersal than it was for bark 911 

interception. However, its effect appeared to be driven less by height per se than by the highly 912 

localised airflow associated with different forest zones. Diaspores released from the lower strata 913 
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were most dispersal-limited (Figure 7), showing lower dispersal success (Figure 5A), shorter 914 

dispersal distances (Figure 6A,B), and rarely dispersing to other strata, neighbouring trees, or 915 

above the canopy (Appendix 4: Figures S6–S8). Similar constraints on understorey dispersal 916 

have been observed in other forest systems (Heydel et al., 2014; Svahnström et al., 2025), likely 917 

reflecting dense vegetation and weak, possibly downward, airflow (Figure 3C). At San Lorenzo, 918 

conditions beneath the low crowns (<15 m)—predominantly downward flow, high PAD, and a 919 

weaker gust regime—would be expected to restrict the upward transport of ascending diaspores 920 

while retaining those descending from above, effectively creating a partial one-way filter. Yet 921 

this filter was not impermeable: although most diaspores released in the lower forest strata were 922 

retained locally, intermittent up-gusts appear to lift some diaspores above the low crowns 923 

(Appendix 4: Figure S6), or transport them from the low crowns beyond the canopy (Figure 5B). 924 

In contrast, release from higher strata, and particularly the trunk zone, increased dispersal 925 

distances (Appendix 4: Figure S6), consistent with previous studies reporting greater dispersal 926 

distances from higher release points (Heydel et al., 2014; Lee & Yoon, 2025; Soons et al., 2004). 927 

These longer dispersal distances reduced dispersal limitation (Figure 7), likely due to stronger 928 

horizontal airflow in these layers (Appendix 4: Figure S3A,B). Yet stronger or more turbulent 929 

airflow did not promote all forms of dispersal.  930 

The trunk zone, despite lower PAD (Figure 3D) and stronger, more turbulent airflow (Figure 931 

3A–C), showed neither higher bark interception (Figure 5A) nor greater above-canopy dispersal, 932 

which instead declined (Figure 5B). This suggests that open, turbulent parts of the canopy may 933 

promote horizontal transport without necessarily facilitating vertical transport out of the forest. 934 

By contrast, densely vegetated crown zones, although characterised by higher PAD and reduced 935 

airflow, do not necessarily impede dispersal. Instead, tree crowns may facilitate complex vertical 936 
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air movements, intermittently enabling uplift events while dampening horizontal winds (Pounden 937 

et al., 2008; Qin et al., 2022, 2025). This may explain the relatively high above-canopy dispersal 938 

probability from the low and high crown zones (Figure 5B), particularly the small peak in the 939 

low crown zone. The reduced prevalence and intensity of down-gusts at night (Figure 3A–C) 940 

may likewise help explain the greater nocturnal above-canopy dispersal observed for the 941 

diaspores with lowest Vterm (Figure 5B, Table 2). Thus, intermediate gusts, rather than strong 942 

turbulence, may be particularly important for above-canopy dispersal in epiphytes, as also 943 

suggested for small diaspores more generally (Norros et al., 2014; Qin et al., 2025).944 

The effects of terminal velocity were comparatively consistent across these outcomes. Diaspores 945 

with low terminal velocities were transported farther horizontally and occasionally upward, 946 

whereas increasing terminal velocity progressively shifted dispersal downward, with terminal 947 

velocities >0.5 m s⁻¹ producing the greatest downward dispersal distances (Appendix 4: Figures 948 

S6, S8A). Taken together, these results show that wind dispersal in forests is strongly structured 949 

by terminal velocity, but that canopy context determines how this trait translates into bark 950 

interception, horizontal and vertical dispersal distances, and above-canopy dispersal. 951 

How dispersal-limited are epiphytes really? 952 

In its strict sense, dispersal limitation quantifies the degree to which diaspores fail to arrive at all 953 

available suitable sites within their theoretical niche. Yet, in practice, it is often treated as a 954 

qualitative label, quantified only indirectly, or inferred from spatial patterns without testing 955 

whether environmental heterogeneity could also explain those patterns (Münzbergová & Herben, 956 

2005). Existing quantitative approaches typically focus on expected seed shadows, recruitment 957 

limitation, or the proportion of sites reached relative to null expectations, and they explicitly 958 

recognise that arrival depends on both dispersal probabilities and diaspore supply (Clark et al., 959 



46 

1999; Nathan & Muller-Landau, 2000; Terborgh et al., 2011). Building on these approaches, the 960 

metric developed here aims to quantify dispersal limitation from mechanistic evidence by 961 

integrating the probability of successful dispersal with horizontal and vertical dispersal distances 962 

and fecundity. This makes it possible to compare how limitation changes across diaspore traits, 963 

canopy positions, and biological scales, while retaining the distinction between low per-diaspore 964 

arrival probabilities and potentially high absolute numbers of arriving diaspores. 965 

Because our dispersal limitation metric integrates dispersal success, dispersal distances, and 966 

fecundity, the context-dependent dispersal outcomes described above affected the degree of 967 

dispersal limitation (Figure 7). Overall, they translated into strong limitation at the per-diaspore 968 

level (fecundity = 1). Low bark interception probability and short horizontal and vertical 969 

dispersal distances together mean that most diaspores fail to colonise sites far from their parent 970 

plant.  971 

However, this does not necessarily imply strong dispersal limitation at the level of individuals or 972 

communities. Epiphytes can produce vast numbers of diaspores, from <300 diaspores per 973 

individual in some Tillandsia spp. to several million diaspores per individual in many orchids 974 

(e.g., Arditti & Ghani, 2000; Croat, 1978; Toledo-Aceves, 2012; Zotz, 1997, 1998). The 0.4 ha 975 

subplot at San Lorenzo contains nearly 14,000 vascular epiphyte individuals (Mendieta‑Leiva et 976 

al., 2022; Zotz & Schultz, 2008). Tentatively assuming these are sexually reproductive and 977 

produce an average of 100,000 diaspores each, this would imply 1.4 billion diaspores produced 978 

every year (see also Gòmez Noguez & Flores Galván, 2019). Even if only 1% dispersed beyond 979 

10 m vertically or horizontally, this would still yield 14 million diaspores escaping the 980 

immediate vicinity of their parent plant, which is still an intentionally conservative estimate 981 

(Figure 6A,B, Appendix 4: Table S1, Figures S7, S8). If only 0.1% dispersed above the canopy, 982 
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this would still translate to 1.4 million diaspores that can potentially colonise distant forests. 983 

Such numbers exceed even reports of relatively high colonisation rates at San Lorenzo 984 

(Mendieta‑Leiva et al., 2022) and elsewhere (Einzmann & Zotz, 2017a,b), suggesting that strong 985 

per-diaspore dispersal limitation can coexist with relatively low community-level dispersal 986 

limitation. 987 

High fecundity therefore changes the interpretation of dispersal limitation. It does not remove the 988 

per-diaspore bottleneck, but it means that low probabilities of successful dispersal, movement 989 

between strata, or dispersal to distant trees can still translate into large absolute numbers of 990 

arriving diaspores. If many diaspores move beyond their parent plant, neighbouring trees, or 991 

vertical zones, then dispersal alone should produce less distinct patches and weaker vertical 992 

stratification than are commonly observed. Therefore, dispersal cannot be solely responsible for 993 

epiphyte distribution patterns, and later demographic filters must strongly determine which 994 

arrivals are ultimately retained, germinate, and establish (Trapnell et al., 2013; Wagner et al., 995 

2013; Winkler et al., 2009). Vertical zonation, as often demonstrated, is likely shaped more 996 

strongly by epiphyte physiology, microclimatic gradients, host-tree characteristics, bark 997 

properties, and other post-dispersal processes (Petter et al., 2016, 2021; Pittendrigh, 1948; 998 

Wagner et al., 2013). Nevertheless, because release height and terminal velocity determine where 999 

diaspores arrive in the first place, dispersal should not be excluded from explanations of vertical 1000 

niche preferences. 1001 

Altogether, our study calls for a more nuanced and explicitly quantitative view of dispersal 1002 

limitation. By integrating mechanistically derived dispersal success, horizontal and vertical 1003 

dispersal distances, and fecundity into a single framework, our metric provides a way to quantify 1004 

dispersal limitation beyond qualitative labels or indirect inference from spatial patterns. This 1005 



48 

approach complements existing concepts based on seed shadows or site occupancy (Clark et al., 1006 

1999; Nathan & Muller‑Landau, 2000; Terborgh et al., 2011) by explicitly linking dispersal 1007 

processes to spatial dispersal outcomes. Applied to epiphytes, it shows that strong limitation at 1008 

the per-diaspore level can coexist with much weaker limitation at the community level once 1009 

fecundity is taken into account. 1010 

Importantly, this metric is inherently flexible, but its interpretation depends on the spatial scale 1011 

and habitat definition considered. In its current form, it captures the dispersal component of 1012 

limitation within the modelled plot, including whether diaspores reach a target surface and how 1013 

far they disperse horizontally and vertically. However, it does not yet quantify the full spatial 1014 

availability or suitability of recruitment sites. For example, it does not distinguish between 1015 

occupied and available bark area, nor does it incorporate variation in bark suitability, 1016 

microclimate, host-tree identity, or other factors that determine whether a site forms part of the 1017 

theoretical niche of the species or dispersal unit of interest. Moreover, because our estimates are 1018 

limited to the plot scale, expanding the spatial extent to larger forest areas, landscapes, or 1019 

metacommunities would likely change the estimated degree of dispersal limitation. Processes 1020 

that appear strongly limiting within a single plot may be less limiting when evaluated across 1021 

larger populations with high diaspore production, while rare above-canopy dispersal events may 1022 

become more important at broader spatial scales. These processes could be incorporated in future 1023 

extensions, thereby moving closer to a strict definition of dispersal limitation as the failure to 1024 

reach all suitable sites within the theoretical niche. Developing such an integrated metric 1025 

represents a substantial step in itself, but it offers the potential to disentangle the relative 1026 

contributions of dispersal, diaspore supply, habitat availability, spatial scale, and post-dispersal 1027 

filtering to observed patterns. More broadly, by making these components explicit and 1028 
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comparable, this framework provides a basis for more consistent, testable, and transferable 1029 

interpretations of dispersal limitation across plant ecology (Münzbergová & Herben, 2005). 1030 

Wind dynamics across forest height and environmental conditions 1031 

Gust speed, frequency, and net airflow increased with height, indicating clear vertical structuring 1032 

within the canopy. This is broadly consistent with previous studies showing that horizontal and 1033 

vertical air movements generally increase from the forest floor towards the canopy (Dias-Júnior 1034 

et al., 2017; Finnigan, 2000; Froelich et al., 2005; Heydel et al., 2014; Kruijt et al., 2000; Santana 1035 

et al., 2018). On average, this increase has been described as exponential within and logarithmic 1036 

above the canopy (Horn et al., 2001; Rodrigues et al., 2021), although profiles may vary within 1037 

individual trees (Zhu et al., 2004). Our data diverged from such an average vertical profile and 1038 

instead peaked in the trunk zone at ~20 m. This suggests that although height matters, its effect is 1039 

modified, and in some layers even overridden, by local forest structure. 1040 

Wind dynamics at San Lorenzo were influenced by both atmospheric conditions, such as above-1041 

canopy wind and temperature, and forest structure (Figure 4A,B), although these effects were 1042 

difficult to disentangle and relationships were generally weak. This is not unexpected given the 1043 

complexity of the system (Froelich et al., 2005) and the many interacting controls involved, 1044 

including radiation, temperature or humidity gradients, atmospheric stability (i.e., the resistance 1045 

of the atmosphere against vertical motion), and topography (Bohrer et al., 2008; Brunet, 2020; 1046 

Froelich et al., 2005; Tackenberg, 2003). With the diurnal cycle acting as an overarching control 1047 

on several of these drivers, diel period emerged as a strong predictor of gust activity. Gusts 1048 

became stronger and more frequent during the day and peaked around noon, consistent with 1049 

diurnal patterns reported from other forests (Froelich et al., 2005; Maurer et al., 2013).1050 
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Mean vertical airflow within the forest was not predominantly upward during the day, as might 1051 

be expected (Froelich et al., 2005; Maurer et al., 2013). Instead, at heights up to 15 m, mean 1052 

vertical airflow remained downward both day and night. This discrepancy may partly reflect 1053 

differences in measurement context, because earlier studies focused on airflow above the canopy 1054 

and therefore did not capture within-canopy dynamics directly. Another possible explanation is 1055 

that, at the very low wind speeds common in the lower half of the San Lorenzo forest, directional 1056 

measurements become unreliable because of meandering (Anfossi et al., 2005). Even so, the 1057 

daytime intensification of both up- and down-gusts may be important for driving diaspore 1058 

movement through the forest interior. 1059 

Forest structure, expressed here through plant area density (PAD), appeared to be one of the key 1060 

modifiers of wind dynamics in our study (Figures 3C,D, 4A,B). In general, turbulence increased 1061 

where PAD decreased, with the clearest effect in the trunk zone (compare Figure 3C,D). Similar 1062 

local peaks in airflow have been attributed to channelling or blow-through effects, whereby air is 1063 

constricted and accelerated as it passes through gaps within or between crowns (e.g., Shaw, 1064 

1977; Zeng & Takahashi, 2000; Zhu et al., 2004). This same zone was also dominated by down-1065 

gusts (Figure 3B), consistent with studies describing strong sweeps or negative momentum 1066 

fluxes in comparable forest layers (Kruijt et al., 2000; Rodrigues et al., 2021). At the same time, 1067 

vertical airflow is often considered a “mean-zero process” (Maurer et al., 2013), in which 1068 

horizontal turbulence generates both down- and up-gusts that largely cancel each other out over 1069 

time. Indeed, mean net vertical airflow within the forest remained below |0.25| m s–1 overall 1070 

(Figure 3C), as also described within and immediately above the canopy in other forests 1071 

(Froelich et al., 2005; Heydel et al., 2014). Taken together, these patterns suggest that forest 1072 

structure, especially gap dynamics, can redirect and intensify local airflow, creating aerodynamic 1073 
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pathways that may enhance or inhibit dispersal within the canopy. This provides a mechanistic 1074 

explanation for the contrasting dispersal outcomes among forest zones described above, 1075 

including increased dispersal distances in the trunk zone but higher above-canopy dispersal from 1076 

crown zones. 1077 

Limitations and perspectives 1078 

Several limitations of this study should be acknowledged, primarily with respect to wind-data 1079 

quality. The temporal resolution of wind measurements, with one reading every 3 to 10 seconds 1080 

(0.3 to 0.1 Hz), was relatively low. Heydel et al. (2014) recommend a minimum of 10 Hz to 1081 

capture the effects of continuous turbulence on diaspore trajectories, and other studies have used 1082 

even higher frequencies (Abdoli et al., 2023; Santana et al., 2018). Moreover, the anemometers 1083 

used in this study had a detection threshold of 0.33 m s⁻¹, so weaker gusts went unrecorded. This 1084 

threshold is substantial in the context of epiphyte dispersal, because many epiphyte diaspores 1085 

have terminal velocities below this value and could potentially travel considerable distances in 1086 

airflows weaker than those captured by our anemometers. However, because EpiDisp 1.0 used 1087 

mean wind speeds averaged over one-minute intervals, some effects of weak but persistent 1088 

airflow may still have been captured in the model input. Further, horizontal winds were not 1089 

filtered from the data, which may have obscured signals from vertical wind components (Abdoli 1090 

et al., 2023). Especially strong horizontal winds passing through the anemometers could have 1091 

induced turbulence within the sensor plates, falsely registering vertical motion (van der Molen et 1092 

al., 2004). Additionally, ultrasonic anemometers are known to suffer from (co)sine response 1093 

errors due to wind angle of attack (van der Molen et al., 2004). These errors should be assessed 1094 

and corrected for the specific model used. Future studies could improve vertical wind 1095 
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measurements by shielding anemometers from horizontal winds using shrouds (Abdoli et al., 1096 

2023), although excluding horizontal winds may also obscure important dispersal dynamics. 1097 

A particular challenge was the occurrence of extreme up-gusts of up to 32 m s⁻¹. These readings 1098 

were an order of magnitude higher than the interpolated above-canopy gusts and may therefore 1099 

foster doubt in the accuracy of the measurements. We failed to find comparable data, because 1100 

vertical winds are commonly reported as time averages, normalised values, covariance, 1101 

skewness, kurtosis, or turbulence intensity rather than as absolute maxima (Dias-Júnior et al., 1102 

2017; Finnigan, 2000; Kruijt et al., 2000; Santana et al., 2018). To the best of our knowledge, the 1103 

highest absolute vertical winds reported from a forest under normal conditions, that is, without 1104 

wildfires, were 7 m s⁻¹ (Dias-Júnior et al., 2017). Some of our extreme gusts may therefore 1105 

reflect measurement artefacts, for example if canopy elements such as leaves or twigs entered the 1106 

measuring plate. 1107 

However, we also tentatively suggest that some extreme values may represent apparent rather 1108 

than actual winds. Apparent wind is the wind experienced by an object in motion, whereas actual 1109 

wind is relative to the motionless surface of the earth (Appendix 1: Figure S1). Trees and 1110 

branches are flexible and can sway considerably (Einzmann et al., 2022; Gardiner, 1995; Mayer, 1111 

1987). When a flexible branch bends under external load, elastic potential energy accumulates 1112 

and is released as kinetic energy when the load lifts, causing the branch or stem to spring back 1113 

and forth until it reaches its resting position. Because the anemometers moved with the stems or 1114 

branches to which they were attached, and sometimes independently of them (MH, pers. 1115 

observation), they may have recorded apparent winds generated by this motion. When 1116 

anemometer movement opposed the actual wind direction, apparent wind speeds could exceed 1117 

actual wind speeds (Appendix 1: Figure S1; Video S1 and Video S1 Metadata).1118 
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This distinction is biologically relevant because epiphytes growing on moving substrates will 1119 

experience some component of the same apparent wind. The magnitude of this movement varies 1120 

with tree and attachment height, architecture, foliage (or lack thereof), epiphyte load, 1121 

neighbouring trees, and, naturally, wind intensity (Einzmann et al., 2022; Jackson et al., 2021; 1122 

Mayer, 1987; Rudnicki et al., 2001). Epiphytes near the stem base should experience weaker 1123 

apparent winds than those growing in crowns, where sway is greater (Einzmann et al., 2022). 1124 

Reported sway amplitudes range from centimetres to metres (Gardiner, 1995; Jackson et al., 1125 

2021), and branch velocities can reach approximately 6 m s⁻¹ (Milne, 1991), although absolute 1126 

speeds have rarely been quantified. Such apparent turbulence may trigger diaspore release even 1127 

under relatively weak winds, perhaps more effectively than strong but laminar airflow (Niklas, 1128 

1992). Dynamic diaspore release under wind loading is a recurring theme in dispersal biology 1129 

(Cousens et al., 2008; Murray, 1986; Salisbury, 1942) that, despite its importance for dispersal, 1130 

remains poorly investigated. Thus, while apparent winds and possible contact artefacts may not 1131 

fully explain all recorded extreme gusts, they highlight the need to consider substrate motion and 1132 

apparent wind in dispersal models, because true wind alone may not adequately represent the 1133 

aerodynamic conditions governing dispersal within forest canopies. 1134 

EpiDisp 1.0 incorporates apparent winds as epiphytes might experience them, but like other 1135 

trajectory models, it relies on several simplifying assumptions. First, the model assumes that the 1136 

abscission threshold equals the terminal velocity of diaspores, although gravity alone might 1137 

sometimes suffice for abscission. The threshold may also decrease as diaspores mature or with 1138 

changing environmental conditions, such as updrafts or a drop in relative humidity, whereas wet 1139 

diaspores may not abscise at all (e.g., Cousens et al., 2008; Greene & Quesada, 2011). 1140 

Incorporating a dynamic abscission threshold in future versions of EpiDisp 1.0 or similar models 1141 
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could improve model accuracy, but experimental work is needed to quantify and parameterize 1142 

such thresholds. 1143 

Similarly, Vterm is treated as constant, despite evidence that it can change under different 1144 

environmental conditions. Diaspores may change shape when exposed to high humidity, thereby 1145 

altering drag, lift forces, and ultimately Vterm (e.g., Lee & Yoon, 2025; Seale et al., 2022). The 1146 

model also assumes single-seed dispersal, although diaspores may disperse in clusters, as seen in 1147 

orchids (Zotz et al., 2016) and bromeliads (MH, pers. observation). Such clustering may increase 1148 

terminal velocity and, ultimately, dispersal success, although the range of terminal velocities 1149 

modelled by EpiDisp 1.0 may have covered at least some of these events. 1150 

Interception probability was also simplified. It was based on mean plant area density, which 1151 

cannot fully capture the complex vertical stratification and heterogeneity of forests (Lee & Yoon, 1152 

2025). Although this structure was not represented explicitly in the interception term, it was 1153 

included indirectly through wind speeds, which reflect local forest structure. We also ignored 1154 

particle trapping: slow-falling diaspores, such as fern spores or orchid dust seeds, may remain 1155 

trapped within an eddy for longer periods (Heydel et al., 2014; Horn et al., 2001; Nathan, Katul 1156 

et al., 2011), potentially reducing interception likelihood. Finally, the model only accounts for 1157 

primary dispersal, even though diaspores may later be uplifted by wind (and other agents) once 1158 

more. In some cases, this would resemble release from a corresponding height already simulated 1159 

by EpiDisp 1.0. Future work should therefore assess movement after first surface interception 1160 

and may require dedicated secondary dispersal models that incorporate additional vectors such as 1161 

water or animals. 1162 

Addressing these limitations would enhance the predictive power of future dispersal models. 1163 

Priorities include higher-resolution wind measurements, improved quantification of apparent 1164 
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winds and substrate motion, more detailed forest-structure data, dynamic abscission thresholds, 1165 

environmental effects on Vterm, multi-seed dispersal, eddy dynamics, and secondary dispersal. An 1166 

especially informative empirical research direction would be to test whether epiphyte 1167 

morphology or substrate movement enhances diaspore abscission through locally generated 1168 

turbulence. 1169 

Given the spatial and temporal complexity of forests, EpiDisp 1.0 represents an important step 1170 

towards a realistic approximation of within-canopy (epiphyte) dispersal. Unlike models relying 1171 

on derived rather than measured wind data, it incorporates empirical within-canopy airflow, an 1172 

abscission threshold, interception on both horizontal and vertical surfaces, and explicit effects of 1173 

release height and terminal velocity. This is particularly relevant given the scarcity of 1174 

mechanistic within-canopy dispersal models. Future work should validate model predictions 1175 

through empirical approaches, such as trap-based dispersal studies (Mondragón & Calvo-Irabién, 1176 

2006) or wind-tunnel experiments (Bennett, 1988), and test whether the framework can be 1177 

extended to other wind-dispersed canopy guilds, such as trees, lianas, understorey plants, as well 1178 

as pollen or fungal spores.1179 

Conclusion 1180 

Epiphytes occupy the entire height gradient of many tropical forests, showing they have 1181 

overcome the first major challenge of their life cycle: their diaspores landing on a suitable 1182 

aboveground substrate. Yet this crucial aspect of their life history has remained poorly 1183 

understood. Using a simulative trajectory model based on the wind conditions that epiphytes 1184 

experience inside a tropical forest, this study provides evidence that dispersal limitation is high at 1185 

a per-diaspore level: the probability of settling on suitable substrate is relatively low, and 1186 

successful dispersal occurs mostly within a few meters of release. However, high fecundity 1187 
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strongly reduces the degree of dispersal limitation at the community level. Our study therefore 1188 

provides a mechanistic explanation for how dispersal contributes to patchy or vertically stratified 1189 

epiphyte distributions, while also showing that they cannot be explained by dispersal alone. 1190 

Overall, our study is a major advance in understanding epiphyte dispersal and within-canopy 1191 

dispersal more broadly. By integrating tree-scale wind data into a mechanistic trajectory model, 1192 

it provides a framework for studying dispersal in complex, vertically structured environments. 1193 

Beyond epiphytes, similar approaches could be applied to other wind-dispersed organisms, 1194 

including pollen, fungal spores (whether beneficial like mycorrhizae or harmful like those 1195 

responsible for forest diseases such as ash dieback), understorey herbs, lianas, wind-dispersed 1196 

trees, invasive plants, and ballooning arthropods. Such models could help inform conservation 1197 

strategies aimed at improving habitat connectivity through corridors, isolated trees, or stepping-1198 

stone habitats that facilitate pollen-mediated gene flow and diaspore dispersal. Our study 1199 

therefore opens new opportunities to understand how organisms overcome spatial barriers and 1200 

how dispersal processes shape forest communities. 1201 
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Table 1. Glossary of key terms used in this paper (in alphabetical order). 1659 

Term Definition 

Abscission 
The point at which a diaspore detaches from the seed pod and 

dispersal begins. 

Actual wind The wind relative to the motionless surface of the earth. 

Apparent wind The wind an object in motion experiences. 

Bark area density (BAD) The bark area (unit2) per forest volume (unit3). 

Diaspore 

The plant reproductive unit that is dispersed, consisting of a 

seed or spore and any additional tissues or structures that 

facilitate dispersal. 

Dispersal limitation 

A continuous measure of how strongly dispersal constraints 

restrict a species from occupying its full theoretical niche, e.g., 

by limiting the distance or likelihood of reaching suitable sites. 

Effective dispersal 
Successful dispersal of a diaspore combined with subsequent 

success in germination and establishment. 

Ejection Gradual upward air motion. 

Leaf area density (LAD) The leaf area (unit2) per forest volume (unit3). 

Long-distance dispersal 

(LDD) 

The movement of a diaspore outside of the spatial limits of a 

stand and/or the genetic neighbourhood area of individuals. 

Mean up/down-gust speed 
The time average of either up-gusts or down-gusts occurring 

over a specified time interval. 

Mean vertical gust speed 

The time average of up- and down-gusts over a specified time 

interval, where up-gusts contribute positively and down-gusts 

negatively. 

Plant area density (PAD) 
Total plant area density constituting both leaf and wood 

components. 

Primary dispersal 

The first dispersal phase, in which a diaspore moves away from 

the parent plant immediately after release until its first 

deposition, as opposed to secondary dispersal, which refers to 

any subsequent movement after that initial deposition. 

Release height 

The height at which a diaspore is first exposed to the 

environment, either through fruit opening or at the start of the 

simulation. 

Safe site 

A site at which a dispersed diaspore settles and where 

conditions are suitable for it to germinate (also see vertical 

niche.) 

Successful dispersal 
The settling of an abscised epiphyte diaspore on suitable 

substrate (here: bark) of a suitable host after primary dispersal, 
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Term Definition 
recognising that this state is not necessarily final and may be 

modified through secondary dispersal. 

Sweep Sudden downward air motion. 

Terminal velocity (Vterm) 
The constant speed at which a diaspore falls in still air after 
initial acceleration.

Up/down-gusts The measured maxima of upward or downward flowing air 
during a specified time interval.

Up/down-gust frequency The number of up-gusts or down-gusts during a specified time 
interval.

Up/down-winds The time averages of upward or downward flowing air 
calculated over a 1-minute or 5-minute interval.

Vertical niche The portion of the forest’s vertical profile in which abiotic 
conditions are suitable for a given epiphyte species to establish 
and persist; differences among species’ vertical niches can 
produce vertical stratification.

Vertical stratification Non-random distribution of epiphyte species along host-tree or 
canopy height gradients, typically attributed to microclimatic 
variation.

Note: terms appear in when first mentioned in the text. 1660 
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Table 2. Parameter estimates for predictors of bark interception, canopy dispersal, and dispersal 1661 

distance in epiphyte diaspores. 1662 

Model Term Estimate 
Std. 

error 
Statistic p-value

Bark 
interception 
probability 
(GAM) 

Intercept (Release height = 0, 
Vterm = 0, Day)

–1.2 < 0.1 –120.5 < 0.01

Release height < 0.1 < 0.1 –4.9 < 0.01
Vterm –1.5 < 0.1 –67.4 < 0.01
Night –0.2 < 0.1 –12.6 < 0.01
Release height × Vterm < 0.1 < 0.1 33.1 < 0.01
Release height × Night < 0.1 < 0.1 10.5 < 0.01
Vterm × Night –0.9 < 0.1 –22.8 < 0.01
Release height × Vterm × Night < 0.1 < 0.1 2.1 0.1

Vertical 
distance at 
bark 
interception  
(GLM) 

Intercept (Release height = 0, 
Vterm = 0, Day)

0.5 < 0.1 19.4 < 0.01

Release height –0.1 < 0.1 –21.3 < 0.01
Vterm –2.3 < 0.1 –33.2 < 0.01
Night –0.4 < 0.1 –9.0 < 0.01
Release height × Vterm –0.1 < 0.01 –28.0 < 0.01
Release height × Night < 0.1 < 0.01 4.3 < 0.01
Vterm × Night 0.5 0.1 3.8 < 0.01
Release height × Vterm × Night < 0.1 < 0.1 –14.0 < 0.01

Horizontal 
distance at bark 
interception 
(GLM) 

Intercept (Release height = 0, 
Vterm = 0, Day)

3.6 < 0.1 49.6 < 0.01

Release height < 0.1 < 0.1 24.0 < 0.01
Vterm 0.9 0.2 4.7 < 0.01
Night < 0.1 0.1 0.1 0.9
Release height × Vterm < 0.1 < 0.1 1.7 0.1
Release height × Night –0.1 < 0.1 –5.6 < 0.01
Vterm × Night 0.8 0.3 2.3 0.1
Release height × Vterm × Night < 0.1 < 0.1 –0.1 0.9

Above–canopy 
emergence  
probability 
(GAM) 

Intercept (Release height = 0, 
Vterm = 0, Day)

–7.7 < 0.1 –97.0 < 0.01

Release height 0.2 < 0.01 51.1 < 0.01
Vterm –5.1 0.4 –12.1 < 0.01
Night 1.6 0.1 15.1 < 0.01
Release height × Vterm < 0.1 < 0.1 2.1 0.1
Release height × Night –0.1 < 0.1 –10.6 < 0.01
Vterm × Night –7.3 1.0 –7.7 < 0.01
Release height × Vterm × Night < 0.1 < 0.1 2.1 0.1

Note: Generalized additive models (GAMs) tested the effects of terminal velocity (Vterm), release 1663 

height, diel period, and their interaction on the probability of bark interception (relative to 1664 



85 

landing on the ground, leaf interception, or non-abscission) and canopy dispersal. Generalized 1665 

linear models (GLMs) tested the effects of the same predictors on vertical and horizontal 1666 

dispersal distances. Shown are estimated regression coefficients, standard errors, test statistics (z1667 

for GAMs, t for GLMs), and p-values. 1668 
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Figure captions 1669 

Figure 1. Map of the study site in the San Lorenzo National Park and its location within Panama 1670 

(inset). Colours represent the height of the canopy, generated using lidar data; dots mark the 1671 

locations of the seventeen vertical profiles. White lines and text show altitude contours. 1672 

Figure 2. Flow chart of the mechanistic dispersal (trajectory) model EpiDisp 1.0. Abbreviations 1673 

used in the figure: Terminal velocity = Vterm, time at release = T, time increment after 1674 

release = T’, height at release = H, height after abscission = H’, plant area density = PAD, bark 1675 

area density = BAD.1676 

Figure 3. Day–night variation in wind dynamics (A–B) and across the height gradient (C) 1677 

alongside different vegetation indices (D). (A) Mean hourly frequency of up- and down-gusts 1678 

≥0.33 m s–1 (the lowest wind speed measurable by the anemometers) per 5 m height category. 1679 

Because the first three vertical profiles were sampled at longer time intervals, up-gust frequency 1680 

was computed only from the fourth vertical profile onward, resulting in no 30–35 m category in 1681 

this panel. (B) Mean hourly speed of up- and down-gusts with measurements of 0 m s–1 included. 1682 

(C) Mean hourly vertical wind speed, coloured by datetime, with all measurements of 0 m s–11683 

included, with down-gusts contributing negative and up-gusts positive values. The smoothed 1684 

lines go through the means per 5 m height category. (D) Plant area density (PAD) and its 1685 

components bark area density (BAD) and leaf area density (LAD) along the forest height 1686 

gradient, averaged across the San Lorenzo 1 ha permanent plot. PAD was calculated from lidar 1687 

data provided by Vasquez et al. (2024); the derivation BAD and LAD leaned heavily on previous 1688 

censuses at San Lorenzo (Janner & Fernández-Lucero, work in progress; Ramos et al., 2024). 1689 

The silhouette in the background illustrates the forest structure and was adapted from a graphic 1690 
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generated with Microsoft Copilot (Microsoft, 2024). Points and whiskers show means and 1691 

standard errors (SE) in panels A-C. In most cases, SE is much smaller than symbol size. 1692 

Figure 4. Model-predicted mean gust value (mu, solid lines) and residual variation (sigma, 1693 

dashed lines) as functions of above-canopy wind speed and plant area density. (A) Predictions 1694 

across PADlocal (0.1–0.4 m2 m−3), with colour indicating above-canopy wind speed. (B)1695 

Predictions across above-canopy wind speed, with colour indicating PADabove (1–4 m2 m−3). All 1696 

other covariates were held at their median reference values. Shaded ribbons indicate uncertainty 1697 

around predictions. PAD indices were calculated from lidar data from the San Lorenzo plot 1698 

provided by Vasquez et al. (2024), and above-canopy wind speed was derived from Paton 1699 

(2019a–d). 1700 

Figure 5. Effects of release height, terminal velocity, and diel period on dispersal outcomes. (A)1701 

Predicted bark interception probability as a function of release height, shown for each terminal 1702 

velocity and separated by day and night. (B) Predicted above-canopy emergence probability, 1703 

used here as a proxy for long-distance dispersal probability, as a function of release height, 1704 

shown for each terminal velocity and separated by day and night. Curves are fitted GAM 1705 

smooths using cubic regression splines (k = 5), and grey ribbons indicate 95% confidence 1706 

intervals. Note the different y-axis scales. 1707 

Figure 6. Distance density distribution of bark-intercepted diaspores. (A) Vertical and (B)1708 

horizontal dispersal kernels (black line) with standard errors (grey shading) calculated from the 1709 

dispersal kernels in Supplement 2: Figure S7. Dashed vertical lines mark the distances at which 1710 

the cumulative dispersed population reaches 50%, 75%, and 95%, respectively. Note the pseudo-1711 

log transformed x-axis and the different axis scales. 1712 
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Figure 7. Dispersal limitation as a function of release height and terminal velocity under varying 1713 

fecundity levels. Points represent release height × Vterm group simulation outcomes during 1714 

daytime and are sized by bark interception probability (%), lines show smoothed trends across 1715 

release height, and colours indicate terminal velocity (m s⁻¹). Dispersal limitation was calculated 1716 

assuming strong weighting of both vertical and horizontal displacement (α = 1, β = 1), such that 1717 

both vertical and horizontal spread contribute proportionally to dispersal success. Contributions 1718 

were aggregated using a power mean of order q = 2, which increases the influence of longer 1719 

distance dispersal events relative to the arithmetic mean while still retaining contributions from 1720 

the broader distribution. Note the truncated y-axis. 1721 
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Figures 1722 

Uploaded as separate files. 1723 
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Figure S1. Conceptual diagram of branch movements and their apparent winds that diverge from 

the actual winds due to (A) mechanical disturbance and (B) branch sway due to wind loading. 

Note that other factors such as the direction of movement relative to the direction of the actual 

wind, inertia, resistance, or drag also play a role in the magnitude and the direction of the 

apparent wind. The icons used in this figure were sourced from the built-in icon library in 

Microsoft PowerPoint (Microsoft, 2024) and adapted by MH. 
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Figure S2. The different forest zones this study refers to and the terminology used. Note that the 

heights and vegetation densities of the zones may vary within and between forests, and that they 

are not necessarily representative of the San Lorenzo Forest studied here. The silhouette was 

adapted by MH from a graphic generated with Microsoft Copilot (Microsoft, 2024). 
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Figure S3. Percent of wind-dispersed vs. animal-dispersed epiphyte individuals at the San 

Lorenzo 0.4 ha forest plot with absolute numbers of wind-dispersed individuals given inside the 

columns. The data are based on the census by Zotz & Schultz (2008), encompassing 11,950 

epiphyte individuals of 126 species.  



5

Figure S4. Assessing wind dynamics along the forest height gradient. Sonic anemometers (A), 

screwed to an aluminium frame at two positions (in = near the stem, out = 1.35 m away from the 

stem), were strapped to stems or branches of trees at four heights to measure winds, gusts, and 

wind direction for 3- to 10-second intervals (0.3 to 0.1 Hz) for one to five consecutive days. 

Loggers (B) logged the measurements. Every anemometer was additionally coupled with a 

temperature sensor (C). The images were taken by MH.
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Figure S5. The plane of wind measurements during the study of the wind dynamics at San 

Lorenzo, Panama, showing measurement directions in cursive and geographic directions in bold. 

The measurement plane was divided into four equally sized portions, which denote the respective 

measurement direction categories (up, down, or horizontal [two times]). The geographic 

direction was derived with the help of the facing direction (see equations in Figure). However, 

because this horizontal alignment of the anemometers gave only two readings of horizontal 

direction, i.e., left (90o) and right (270o), horizontal winds/gusts were largely ignored during the 

analyses. The image of the anemometer was taken and modified by MH. 



7 

Figure S6. Hours of measurement per height category with numbers of replicates inside the bars. 

Note that this is for a single anemometer (i.e., the “in” treatment: 0.3 m from the stem); the hours 

of measurements duplicate when the second position ("out": 1.3 m from the stem) is added.



8 

Figure S7. Ratio of inter-height to intra-height variance of  gust speeds. A positive value 

indicates that the variance is greater between height categories than within a height category. 

Note that the axis is shifted down 1 unit to highlight the differences, i.e., a shown value of 0 

corresponds to a ratio of 1, i.e., equal variances.
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Figure S1. Screenshot of the interactive shinyApp, available at: 

https://mariehoensbroech.shinyapps.io/epi-wind-dispersal/. Users can explore the study site as 

a 3D lidar scene, inspect vertical profiles and anemometer wind sensor positions, and animate 

above-canopy wind and gust conditions measured at 50 m from the top of the canopy access 

crane, and discover how below-canopy gust speeds change with above-canopy wind, 

temperature, or vegetation density. The data and R scripts associated with the ShinyApp will 

be made available in the study’s data repository such that the app can be run locally as well.
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Joining below-canopy wind data with the tree data

speeds are in m/s, 

temperature in oC,

heights in m



Datetime Wind speed 
11.3 in

1234567

Gust speed
11.3 in

1234567

Wind 
direction 

11.3 in
1234567

2023-04-10 
15:43:32

0 0.33 340

2023-04-10 
15:43:35

0 0 10

Replicate # Position Sensor ID
Below-canopy 

wind data

Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340

2023-04-10 
15:43:35

11.3 in 1234567 0 0 10



Replicate # Measurement Sensor ID Position Tree 
species

Sensor height Sensor 
direction

Tree height Canopy 
density (four 

readings)

11.3 Wind 1234567 in Brosimum 17.4 60 36.1 24, 40, 5, 37

11.3 Temp 23456789 out Brosimum 17.4 60 36.1 24, 40, 5, 37

Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340

2023-04-10 
15:43:35

11.3 in 1234567 0 0 10

Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Tree species Sensor height Sensor 
direction

Tree height Canopy 
density

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340 Brosiimum 17.4 60 36.1 24, 40, 5, 37

2023-04-10 
15:43:35

11.3 in 1234567 0 0 10 Brosimum 17.4 60 26.1 24, 40, 5, 37



Interpreting direction



horizontal 

draft

Updraft

Downdraft

0o

“North”

180o

Facing direction

e.g., 20o

270o

90o

90o

horizontal 

draft

45o

135o

225o

315o



Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

Height 
category

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340 Down 17.4 15 – 20

2023-04-10 
15:43:35

11.3 in 1234567 0 0 10 Down 17.4 15 – 20

Interpreting 
direction 
category

Grouping into 5 m –
height categories



Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

....

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340 Down 17.4

2023-04-10 
15:43:35

11.3 in 1234567 0 0 10 Down 17.4

lubridate::ceiling_date() -> 1 minute

Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

2023-04-10 
15:44:00

11.3 in 1234567 0 0.33 350 Down 17.4

2023-04-10 
15:45:00

11.3 in 1234567 0.12 0.66 345 Down 17.4

2023-04-10
15:46:00

11.3 in 1234567 0.22 1 270 Horizontal Sensor 
height

2023-04-10
15.47:00

11.3 In 1234567 0.1 0.33 170 Up 17.4

mean max
circular mean

3 second data

1 minute data

per group: replicate # and position



Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

2023-04-10 
15:44:00

11.3 in 1234567 0 0.33 350 Down 17.4

2023-04-10 
15:45:00

11.3 in 1234567 0.12 0.66 345 Down 17.4

2023-04-10
15:46:00

11.3 in 1234567 0.22 1 270 Horizontal 17.4

2023-04-10
15.47:00

11.3 In 1234567 0.1 0.33 170 Up 17.4

1 minute data

5 minute data

Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

2023-04-10 
15:45:00

11.3 in 1234567 0 .06 0.66 347.5 Down 17.4

2023-04-10
15:50:00

11.3 in 1234567 0.22 1 270 Horizontal 17.4

2023-04-10
15.50:00

11.3 In 1234567 0.1 0.33 170 Up 17.4

lubridate::ceiling_date() -> 5 minutes
mean

max

circular mean

per group: replicate # and position and direction



Joining below-canopy data with above-canopy data



Datetime Mean wind Max wind
(gust)

Wind 
direction

Mean 
temperature

Rain

2023-04-10 
15:45:00

5.4 7.7 0 29.5 10

2023-04-10
16:00:00

5.7 7.5 10 29.4 0

Datetime Mean wind Gust Wind 
direction

Mean 
temperature

Rain

2023-04-10 
15:45:00

5.4 7.7 0 29.5 10

2023-04-10
15:50:00

5.5 7.64 29.46

2023-04-10
15:55:00

5.6 7.57 29.42

2023-04-10
16:00:00

5.7 7.5 10 29.4 0

dplyr::na_spline()

Datetime Mean wind Gust Wind 
direction

Mean 
temperature

Rain

2023-04-10 
15:45:00

5.4 7.7 0 29.5 3.33

2023-04-10
15:50:00

5.5 7.64 0 29.46 3.33

2023-04-10
15:55:00

5.6 7.57 0 29.42 3.33

2023-04-10
16:00:00

5.7 7.5 10 29.4 0

Copy down Divide by 3



Datetime Replicate 
#

Position Sensor 
ID

Wind 
speed 

Gust 
speed

Wind 
direction 

Direction Sensor 
height

Mean 
wind

Gust Wind 
direction

Mean 
temperature

Rain

2023-04-10 
15:45:00

11.3 in 1234567 0 .06 0.66 347.5 Down 17.4 5.4 7.7 0 29.5 3.33

2023-04-10
15:50:00

11.3 in 1234567 0.22 1 270 Horizontal 17.4 5.5 7.64 0 29.46 3.33

2023-04-10
15.50:00

11.3 In 1234567 0.1 0.33 170 Up 17.4 5.5 7.64 0 29.46 3.33



Calculating up-gust proportion



Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

....

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340 Down 17.4

2023-04-10 
15:43:35

11.3 in 1234567 0 0 10 Down 17.4
3 second data

Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340 Down 17.4

2023-04-10 
15:43:43

11.3 in 1234567 0 0 10 Up 17.4

Filter gusts above 0.33 m/s (the anemometers’ threshold) 

Calculate total number of gusts per hour, the number of gusts 
in each direction category, and the relative proportion

Datehour Datetime Replicate # Position Sensor ID Wind speed Gust speed Wind 
direction 

Direction Sensor 
height

Total 
number of 

gusts

Number of 
gusts per 

group

Proportion

2023-04-10
16:00:00

2023-04-10 
15:43:32

11.3 in 1234567 0 0.33 340 Down 17.4 2500 100 0.04

2023-04-10
16:00:00

2023-04-10 
15:43:43

11.3 in 1234567 0 0 10 Up 17.4 2500 323 0.13



EpiDisp 1.0 – the trajectory model



Datetime Daytime Replicate # Position Vertical wind 
speed 

Vertical gust 
speed

Horizontal 
wind speed

Horizontal 
gust speed

Sensor 
height

Tree height

2023-04-10 
15:43:32

Late day 11.3 In 0.1 0.33 1.6 -2.3 10.2 36.1

2023-04-10 
15:43:32

Late day 11.3 In 0 0 0 0 13.2 36.1

2023-04-10 
15:43:32

Late day 11.3 In 0.1 -0.67 1.6 0 17.4 36.1

2023-04-10 
15:43:32

Late day 11.3 In 0.1 0 1.6 1.2 21.1 36.1

2023-04-10 
15:43:33

Late day 11.3 In 0.1 0 1.6 1.5 13.2 36.1

Negative when 
cardinal wind 

direction between 
90.1o and 270o

When at a certain time, at 
a given height, no 

measurements were 
taken, they received 0 as 

value

Datetime Daytime Replicate # Position Vertical wind 
speed 

Vertical gust 
speed

Horizontal 
wind speed

Horizontal 
gust speed

Sensor 
height

Tree height

2023-04-10 
21:43:32

Early night 11.3 Out 0.1 0.33 1.6 -2.3 10.2 36.1

2023-04-10 
21:43:32

Early night 11.3 Out 0 0 0 0 13.2 36.1

2023-04-10 
21:43:32

Early night 11.3 Out 0.1 -0.67 1.6 0 17.4 36.1

2023-04-10 
21:43:32

Early night 11.3 Out 0.1 0 1.6 1.2 21.1 36.1

2023-04-10 
21:43:33

Early night 11.3 Out 0.1 0 1.6 1.5 13.2 36.1

Mean wind speed for every minute per 
height.  

Dataframes were 
split by replicate #, 
position, and 
daytime

Vertical winds and gusts received a negative sign when 
downward flow, positive when upward flow.

A ca. 30-min 
period (~1000 
rows) were 
randomly chosen





Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

Not to scale

Diaspore (Vterm = 0.1 ms-1) 
released into simulation 

at H = 17.4 m at 
T = 2023-04-10 15:43:32



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

Diaspore abscised

2023-04-10 
15:43:32

Late day 11.3 In 0.1 -0.67 1.6 0 17.4 36.1

Datetime Daytime Replicate # Position Vertical wind 
speed 

Vertical gust 
speed

Horizontal 
wind speed

Horizontal 
gust speed

Sensor 
height

Tree height

|gust| and |wind| > Vterm



Additional columns are added now

Datetime Seed ID Time 
interval

(seconds)

Vertical 
wind 

speed 

Vert. 
gust 
spee

d

Horizontal 
wind 

speed

Hor. gust 
speed

Sensor height 
=

Original 
release 
height

Tree 
height

Vterm Abscision Time 
of 

abs.

2023-04-
10 
21:43:32

2023-04-10 
21:43:32 __
10.2 m  __

Out 

3 0.1 0.33 1.6 -2.3 10.2 36.1 0.1 T 2023-
04-10 
21:43:

32

2023-04-
10 
21:43:32

2023-04-10 
21:43:32__
10.2 m  __

Out 

3 0 0 0 0 13.2 36.1 0.1 F NA

2023-04-
10 
21:43:32

2023-04-10 
21:43:32__
10.2 m  __

Out 

3 0.1 -0.67 1.6 0 17.4 36.1 0.1 T 2023-
04-10 
21:43:

32

2023-04-
10 
21:43:32

2023-04-10 
21:43:32__
10.2 m  __

Out 

3 0.1 0 1.6 1.2 21.1 36.1 0.1 T 2023-
04-10 
21:43:

32

When a seed was 
released, at what height, 

and at what position

True, if a vertical or 
horizontal gust speed 

was greater than Vterm

terminal velocity (m/s)

Only filled when 
abscision = T and Time 

of abscision = NA



𝐷𝑤 =෍

𝑤′ + 2ഥ𝑤

3
− 𝑉𝑡𝑒𝑟𝑚 ), 𝑖𝑓

𝑤′ + 2ഥ𝑤

3
> 𝑉𝑡𝑒𝑟𝑚

𝑤′ + 2ഥ𝑤

3
, 𝑖𝑓

𝑤′ + 2ഥ𝑤

3
< 𝑉𝑡𝑒𝑟𝑚

and    𝐷𝑢 = σ
1

3
𝑢′ +

2

3
ത𝑢 𝑡

(Equations 1a and 1b),

where 𝐷𝑤 and 𝐷𝑢 are the sum of the vertical and horizontal dispersal 

distances, 𝑤′and 𝑢′ the vertical and horizontal gust speeds, 𝑤 and 𝑢 the 1-

minute vertical and horizontal wind averages, 𝑡 is the time interval and 𝑉𝑡𝑒𝑟𝑚

the terminal velocity of a seed.  The vertical distance was corrected for the 

apparent speed, meaning that the falling velocity did not affect the downward 

motion if winds were equal to or more negative than the falling velocity. For 

example, a seed with a terminal velocity of 0.1 m/s in a down-gust of 0.2 m/s 

does not fall at 0.3 m/s but at 0.2 m/s; conversely, a seed with a falling velocity 

of 0.5 m/s falls at 0.5 m/s. Wind vectors of the same direction cancel out; 

hence, the more negative value determines the downward distance. 

Calculating vertical and horizontal distances:



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

2023-04-10 
15:43:32

Late day 11.3 In 0.1 -0.67 1.6 0 17.4 36.1

Datetime Daytime Replicate # Position Vertical wind 
speed 

Vertical gust 
speed

Horizontal 
wind speed

Horizontal 
gust speed

Sensor 
height

Tree height



Where 
𝐼𝑃𝑤

and 
𝐼𝑃𝑣

are the probabilities that a diaspore is

intercepted during the horizontal (Pu) or vertical (Pv) trajectory, 
(|Du| or |Dv|) the absolute horizontal or vertical distance it travels, 
and PAD is the plant area density (PAD) at height H. 

The model generates a random number (R) between 0 and 1. 
When R < Pu or R < Pv, interception occurs. Specifically, when R < 
wood area density (WAD), it was intercepted by wood and 
considered successful.

Calculating substrate interception proability
𝐼𝑃𝑤

= 1 − 𝑒𝑥𝑝 −𝑃𝐴𝐷 𝐷𝑤 or

𝐼𝑃𝑢 = 1 − 𝑒𝑥𝑝(−𝑃𝐴𝐷 |𝐷𝑢|)

(Equations 2a and 2b)



When random number R < wood area density (WAD), it was 
intercepted by wood and considered successfully dispersed

Calculating substrate interception proability
𝐼𝑃𝑤

= 1 − 𝑒𝑥𝑝 −𝑃𝐴𝐷 𝐷𝑤 or

𝐼𝑃𝑢 = 1 − 𝑒𝑥𝑝(−𝑃𝐴𝐷 |𝐷𝑢|)

(Equations 2a and 2b)



When random number R > wood area density (WAD) but < PAD it 
was intercepted by a leaf and considered unsuccessfully 
dispersed.

Calculating substrate interception proability
𝐼𝑃𝑤

= 1 − 𝑒𝑥𝑝 −𝑃𝐴𝐷 𝐷𝑤 or

𝐼𝑃𝑢 = 1 − 𝑒𝑥𝑝(−𝑃𝐴𝐷 |𝐷𝑢|)

(Equations 2a and 2b)



When random number R > PAD, it was not intercepted and the 
simulation continued

Calculating substrate interception proability
𝐼𝑃𝑤

= 1 − 𝑒𝑥𝑝 −𝑃𝐴𝐷 𝐷𝑤 or

𝐼𝑃𝑢 = 1 − 𝑒𝑥𝑝(−𝑃𝐴𝐷 |𝐷𝑢|)

(Equations 2a and 2b)



Additional columns are added now

Date
time

Seed ID Time 
interval

(s)

Vert. 
wind 

speed 

Vert. 
gust 
spee

d

Hor.wi
nd 

speed

Hor. gust 
speed

Sensor 
height =
Original 
release 
height

Tree 
height

Vterm Ab-
scision

Time of 
abs.

New 
vert. dis-

tance

New 
hor. dis-

tance

Sum 
vert. 

distance

Sum 
hor. 

distance

New 
release 
height

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32 
__

10.2 m  __
Out 

3 0.1 0.33 1.6 -2.3 10.2 36.1 0.1 T 2023-04-
10 

21:43:32

0.23 2.43 0 + 0.21 
= 0.21

0 + 2.43 
= 2.43

10.2

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32_
_

10.2 m  __
Out 

3 0 0 0 0 13.2 36.1 0.1 F NA 0 0 0 0 13.2

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32_
_

10.2 m  __
Out 

3 0.1 -0.67 1.6 0 17.4 36.1 0.1 T 2023-04-
10 

21:43:32

-0.67 3.2 0 + 0.32 
= 0.32

0 + 3.2 = 
3.2

17.4

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32_
_

10.2 m  __
Out 

3 0.1 0 1.6 1.2 21.1 36.1 0.1 T 2023-04-
10 

21:43:32

0 3.6 0 0 + 3.6 = 
3.6

21.1

Calculated using 
equations 1 and 2 

The new distances were 
added to the value 
present here. First 

iteration = 0

Explained in the 
next slide



If the total vertical distance travelled by a seed exceeded a higher or lower sensor, that sensor was used for the next wind 
calculations. For example:

Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

Seed released

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

If the vertical distance travelled is equal to or greater than 3.7, 
the winds/igusts measured at 21.1 m height will affect the 

seeds trajectoy n the next loop

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

If a seed travels between the ground and the lowest anemometer, the 
measurements of the lowest anemometer will affect the seed’s trajectory

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m As long as the seed is below or at tree height, the 
measurements of highest anemometer affect its trajectory

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Once the diaspore is intercepted, new columns are generated:

Date
time

Seed ID Time 
interval

(s)

Vert. 
wind 

speed 

Vert. 
gust 
spee

d

Hor.wi
nd 

speed

Hor. gust 
speed

Sensor 
height =
Original 
release 
height

Tree 
height

Vterm Ab-
scision

Time of 
abs.

New 
vert. dis-

tance

New 
hor. dis-

tance

Sum 
vert. 

distance

New 
release 
height

Inter-
cepti-
on

Inter-
ception 

by 
wood

Height at 
inter-
ception

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32 
__

10.2 m  __
Out 

3 0.1 0.33 1.6 -2.3 10.2 36.1 0.1 T 2023-04-
10 

21:43:32

0.23 2.43 0 + 0.21 
= 0.21

10.2 T T 10.2 + 
0.23 = 
10.53

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32_
_

10.2 m  __
Out 

3 0 0 0 0 13.2 36.1 0.1 F NA 0 0 0 13.2 NA NA NA

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32_
_

10.2 m  __
Out 

3 0.1 -0.67 1.6 0 17.4 36.1 0.1 T 2023-04-
10 

21:43:32

-0.67 3.2 0 + 0.32 
= 0.32

17.4 F NA NA

2023-
04-10 
21:43:3
2

2023-04-
10 

21:43:32_
_

10.2 m  __
Out 

3 0.1 0 1.6 1.2 21.1 36.1 0.1 T 2023-04-
10 

21:43:32

0 3.6 0 21.1 T F 21.1 + 0 = 
21.1



If seeds remain in the loop, results from previous iteration are added to the new 
iterationNew seeds

Datetime Seed ID Time 
interval

(seconds)

Vertical 
wind 

speed 

Vert. 
gust 

speed

Horizontal 
wind speed

Hor. gust 
speed

Sensor height =
Original 

release height

Tree 
height

Vterm Abscision Time 
of abs.

New vert. 
distance

New hor. 
Distance

Sum vert. 
distance

Sum hor. 
distance

New 
release 
height

2023-04-
10 
21:43:33

2023-04-10 
21:43:33 __
10.2 m  __

Out 

3 0 0 0 0 10.2 36.1 0.1 F NA 0 0 0 0 10.2

2023-04-
10 
21:43:33

2023-04-10 
21:43:33__
10.2 m  __

Out 

3 0.1 0.3 -1 -0.7 13.2 36.1 0.1 T 2023-
04-10
21:43:

33

0.2 -2.23 0 + 0.2 = 
0.2

0 – 2.23 = 
-2.23

13.2

2023-04-
10 
21:43:33

2023-04-10 
21:43:33__
10.2 m  __

Out 

3 0 0 0 0 17.4 36.1 0.1 F NA 0 0 0 0 17.4

2023-04-
10 
21:43:33

2023-04-10 
21:43:33__
10.2 m  __

Out 

3 0 0 0 0 21.1 36.1 0.1 F NA 0 0 0 0 21.1

Old seeds with old ID, but with new datetime and new wind/gust measurements.

2023-04-
10 
21:43:33

2023-04-10 
21:43:32 __
10.2 m  __

Out 

3 0 0 0 0 10.2 36.1 0.1 F 2023-
04-10 
21:43:

32

0 0 0.21 + 0 = 
0.21

2.43 + 0 = 
2.43

10.2

2023-04-
10 
21:43:33

2023-04-10 
21:43:32__
10.2 m  __

Out 

3 0.1 0.3 -1 -0.7 13.2 36.1 0.1 T 2023-
04-10
21:43:

33

0.2 -2.23 0.2 + 0 = 
0.2

0  - 2.23 = 
-2.33

13.2

2023-04-
10 
21:43:33

2023-04-10 
21:43:32__
10.2 m  __

Out 

3 0 0 0 0 17.4 36.1 0.1 F 2023-
04-10 
21:43:

32

0 0 0 + 0.32 = 
0.32

3.2 + 0 = 
3.2

17.4

2023-04-
10 
21:43:33

2023-04-10 
21:43:32__
10.2 m  __

Out 

3 0 0 0 0 21.1 36.1 0.1 F 2023-
04-10 
21:43:

32

0 0 0 3.6 + 0 = 
3.6

21.1



Datetime Seed ID Time 
interval

(seconds)

Vertical 
wind 

speed 

Vert. 
gust 

speed

Horizontal 
wind speed

Hor. gust 
speed

Sensor height =
Original 

release height

Tree 
height

Vterm Abscision Time 
of abs.

New vert. 
distance

New hor. 
Distance

Sum vert. 
distance

Sum hor. 
distance

New 
release 
height

2023-04-
10 
21:50:30

2023-04-10 
21:43:33 __
10.2 m  __

Out 

3 0 0 0 0 10.2 36.1 0.1 F 2023-
04-10 
21:43:

35

0 0 2.5 0 10.2

Example: a seed moves into a new category

Datetime Seed ID Time 
interval

(seconds)

Vertical 
wind 

speed 

Vert. 
gust 

speed

Horizontal 
wind speed

Hor. gust 
speed

Sensor height =
Original 

release height

Tree 
height

Vterm Abscision Time 
of abs.

New vert. 
distance

New hor. 
Distance

Sum vert. 
distance

Sum hor. 
distance

New 
release 
height

2023-04-
10 
21:50:33

2023-04-10 
21:43:33 __
10.2 m  __

Out 

3 1 2 0 0 10.2 36.1 0.1 F 2023-
04-10 
21:43:

35

2.67 0 2.5 + 2.67 
= 5.17

0 13.2

An upward dispersal of 
5.17 m, in this case, 

exceeds the height of 
the next highest 

anemometer

The measurements of 
this anemometer are 

now used to calculate 
the further trajectory



The iterations continue until the last datetime in a data frame is reached, 
and then begin anew with a different terminal velocity. All seeds 
dispersed beyond the tree height or to the ground are stored in a separate 
dataframe. All seeds still unabscised or travelling within the tree column 
remain.



Dispersal outcomes



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

If the seed travels to the ground, it is removed from the 
simulation and considered unsuccesfully dispersed.

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

Once the seed has travelled beyond the tree height, it is 
removed from the simulation. It now has the chance for long-

distance dispersal.

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

The seed is intercepted by wood = succesful dispersal

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

The seed is intercepted by a leaf = unsuccesful dispersal

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

The seed was never abscised 

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale



Anemometer at 21.1 m 

17.4 m 

13.2 m 

10.2 m 

Tree height: 36.1 m 

The seed is still «in dispersal» at the end of the simulation

15 m 

3.7 m 

4.2 m 

3 m 

Not to scale
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Figure S1. Variation in gust speed (all directions) across anemometer positions and measurement 

heights. (A) Differences in gust speed among replicates across height categories and anemometer 

positions (in = 0.35 m from the stem; out = 1.35 m from the stem). Boxplots show the median 

(vertical line), the interquartile range (box), values within 1.5 × the interquartile range 

(whiskers), and outliers (points). The x-axis is truncated at 1.5 to emphasize the denser range of 



the data. (B) Differences in gust speed between the in and out anemometer positions, shown as 

standard boxplots. Although Dunn’s test detected a significant difference between positions 

(compact letter display above the x-axis), the two distributions differ mainly in the frequency and 

extent of outliers.  



Figure S2. One-minute maximum up-gust speeds measured at different heights within the San 

Lorenzo forest. Note the axis-break at 2.0 ms-1 used to place focus of the denser data areas. Bars 

indicate medians, boxes the 0.25 and 0.75 quantiles, lines the 1.5 times interquartile range, and 

points outliers. Grey points inside the boxes show means. The silhouette in the mean panel 

illustrates forest structure and was adapted by MH from a graphic generated with Microsoft 

Copilot (Microsoft, 2024). 



Figure S3. (A) Relative proportion of gust directions (gusts ≥ 0.33 ms-1) per height category. (B) 

Mean gust speeds per hour of the day, based on their moduli (absolute values), separated by 

distance from stem (in = 0.35 cm, out = 1.35 cm) and gust direction.  



Figure S4. Bark area density (BAD), leaf area density (LAD), and their combination, the plant 

area density (PAD) along the individual vertical profiles and averaged across all, with the (mean) 

position of anemometers (grey dots) and tree tops (yellow triangle) shown. Refer to the Materials 

and Methods section in the main text for their derivation. The silhouette in the mean panel 

illustrates forest structure and was adapted by MH from a graphic generated with Microsoft 

Copilot (Microsoft, 2024). PAD was calculated from lidar data provided by Vasquez et al. 

(2024); the derivation of BAD and LAD leaned heavily on previous censuses at San Lorenzo 

(Janner & Fernández-Lucero, unpublished data; Ramos et al., 2024).



Figure S5. Relative proportion of dispersal outcomes of the hypothetical diaspores released by 

the trajectory model EpiDisp, separated by release height, time of day (rows), and terminal 

velocity (Vterm, columns) and overall proportion (inset). Ground = diaspore was dispersed to the 

ground; unabscised = diaspore was not abscised from the mother plant; dispersal = diaspore was 

still in the air at the end of the simulation period; leaf interception = diaspore intercepted a leaf 



within the forest; bark interception = diaspore intercepted by bark within the forest; canopy = 

diaspore was dispersed above the canopy, where the simulation stopped.  



Table S1. The number of simulated days per Vterm and release height category, the absolute 

numbers of diaspores released (Ntotal), the absolute number and percentage (in parentheses) of 

diaspores per dispersal outcome. The last column reports diaspores that settled on bark after 

dispersing more than 5 m vertically (first number) or horizontally (second number), with their 

proportion of all successfully dispersed diaspores (bark interception) shown in parentheses.  

Vterm Height Days Ntotal Un-
abscised

In 
disper-

sal

Ground Leaf inter-
ception

Bark
Inter-

ception

Above-
canopy

>5m

0.01 0 - 5 3.4 30521 516 (1.7%) 3585 
(11.7%)

68 (0.2%) 20731 
(67.9%)

5621 
(18.4%)

0 48 (<0.01%) / 
1702 (0.3%)

5 - 10 8.6 40808 2804 
(6.9%)

6644 
(16.3%)

7 (<0.01%) 24694 
(60.5%)

6605 
(16.2%)

54 (0.1%) 123 (<0.01%) 
/ 1849 (0.3%)

10 - 15 7.2 59345 1698 
(2.9%)

5499 
(9.3%)

76 (0.1%) 40175 
(67.7%)

10985 
(18.5%)

912 (1.5%) 357 (<0.01%) 
/ 4006 (0.4%)

15 - 20 13.7 10464
6

8690 
(8.3%)

15598 
(14.9%)

26 
(<0.01%)

63007 
(60.2%)

17106 
(16.3%)

219 (0.2%) 907 (<0.01%) 
/ 7851 (0.5%)

20 - 25 11.9 90651 893 (1%) 13814 
(15.2%)

0 58500 
(64.5%)

15880 
(17.5%)

1564 
(1.7%)

871 (<0.01%) 
/ 7133 (0.4%)

25 - 30 3.8 20332 19 
(<0.01%)

1360 
(6.7%)

0 14095 
(69.3%)

3809 
(18.7%)

1049 
(5.2%)

354 (<0.01%) 
/ 2459 (0.6%)

30 - 35 2.6 16784 2 (<0.01%) 2354 
(14%)

0 10401 
(62%)

2698 
(16.1%)

1329 
(7.9%)

615 (0.2%) / 
1233 (0.5%)

0.1 0 - 5 3.4 30521 882 (2.9%) 1773 
(5.8%)

2049 
(6.7%)

20268 
(66.4%)

5549 
(18.2%)

0 3 (<0.01%) / 
1665 (0.3%)

5 - 10 8.6 38473 4073 
(10.6%)

3047 
(7.9%)

533 (1.4%) 24281 
(63.1%)

6529 
(17%)

10 
(<0.01%)

167 (<0.01%) 
/ 1754 (0.3%)

10 - 15 7.1 57066 2247 
(3.9%)

3012 
(5.3%)

330 (0.6%) 40357 
(70.7%)

10779 
(18.9%)

341 (0.6%) 468 (<0.01%) 
/ 3900 (0.4%)

15 - 20 13.7 10025
6

10730 
(10.7%)

9803 
(9.8%)

83 
(<0.01%)

62601 
(62.4%)

16955 
(16.9%)

84 
(<0.01%)

1005 
(<0.01%) / 

7820 (0.5%)
20 - 25 11.9 88450 1696 

(1.9%)
11240 

(12.7%)
5 (<0.01%) 58769 

(66.4%)
15963 
(18%)

777 (0.9%) 914 (<0.01%) 
/ 7424 (0.5%)

25 - 30 3.8 19787 80 (0.4%) 1191 
(6%)

0 14218 
(71.9%)

3925 
(19.8%)

373 (1.9%) 236 (<0.01%) 
/ 2518 (0.6%)

30 - 35 2.6 16525 45 (0.3%) 2326 
(14.1%)

0 10871 
(65.8%)

2813 
(17%)

470 (2.8%) 1005 (0.4%) / 
1270 (0.5%)

0.3 0 - 5 3.4 30520 978 (3.2%) 855 
(2.8%)

7543 
(24.7%)

16550 
(54.2%)

4594 
(15.1%)

0 1 (<0.01%) / 
1019 (0.2%)

5 - 10 8.6 37043 4181 
(11.3%)

1488 
(4%)

2665 
(7.2%)

22532 
(60.8%)

6177 
(16.7%)

0 576 (<0.01%) 
/ 1347 (0.2%)

10 - 15 7.1 54759 2338 
(4.3%)

1850 
(3.4%)

1099 (2%) 38765 
(70.8%)

10690 
(19.5%)

17 
(<0.01%)

1175 (0.1%) / 
3645 (0.3%)



15 - 20 13.7 95489 10867 
(11.4%)

6611 
(6.9%)

1197 
(1.3%)

60334 
(63.2%)

16459 
(17.2%)

21 
(<0.01%)

2639 (0.2%) / 
7139 (0.4%)

20 - 25 11.9 81985 1896 
(2.3%)

8473 
(10.3%)

405 (0.5%) 55736 
(68%)

15173 
(18.5%)

302 (0.4%) 2408 (0.2%) / 
6612 (0.4%)

25 - 30 3.8 17430 100 (0.6%) 737 
(4.2%)

1 (<0.01%) 12966 
(74.4%)

3529 
(20.2%)

97 (0.6%) 353 (0.1%) / 
2197 (0.6%)

30 - 35 2.6 15202 60 (0.4%) 1392 
(9.2%)

0 10875 
(71.5%)

2753 
(18.1%)

122 (0.8%) 1595 (0.6%) / 
1021 (0.4%)

0.5 0 - 5 3.3 30521 7220 
(23.7%)

293 (1%) 7137 
(23.4%)

12395 
(40.6%)

3476 
(11.4%)

0 6 (<0.01%) / 
585 (0.2%)

5 - 10 7.6 37732 13996 
(37.1%)

1162 
(3.1%)

2483 
(6.6%)

15841 
(42%)

4250 
(11.3%)

0 482 (0.1%) / 
999 (0.2%)

10 - 15 6.6 56435 12473 
(22.1%)

1145 
(2%)

1431 
(2.5%)

32301 
(57.2%)

9074 
(16.1%)

11 
(<0.01%)

1309 (0.1%) / 
3437 (0.4%)

15 - 20 13.3 97532 26851 
(27.5%)

4030 
(4.1%)

1445 
(1.5%)

51115 
(52.4%)

14079 
(14.4%)

12 
(<0.01%)

2849 (0.2%) / 
6657 (0.5%)

20 - 25 11.7 81373 13296 
(16.3%)

5954 
(7.3%)

596 (0.7%) 48274 
(59.3%)

13091 
(16.1%)

162 (0.2%) 2763 (0.2%) / 
5899 (0.5%)

25 - 30 3.8 16771 1343 (8%) 505 (3%) 14 
(<0.01%)

11619 
(69.3%)

3224 
(19.2%)

66 (0.4%) 637 (0.2%) / 
1926 (0.6%)

30 - 35 2.6 14641 1392 
(9.5%)

813 
(5.6%)

0 9802 
(66.9%)

2591 
(17.7%)

43 (0.3%) 1637 (0.6%) / 
860 (0.3%)

1 0 - 5 3.1 30521 26847 
(88%)

0 902 (3%) 2119 
(6.9%)

653 
(2.1%)

0 0 / 219 (0.3%)

5 - 10 7.0 38740 35055 
(90.5%)

109 
(0.3%)

288 (0.7%) 2527 
(6.5%)

761 (2%) 0 84 (0.1%) / 
241 (0.3%)

10 - 15 6.0 58314 37551 
(64.4%)

240 
(0.4%)

684 (1.2%) 15403 
(26.4%)

4436 
(7.6%)

0 753 (0.2%) / 
2115 (0.5%)

15 - 20 12.1 10257
9

63952 
(62.3%)

1159 
(1.1%)

837 (0.8%) 28403 
(27.7%)

8223 
(8%)

5 (<0.01%) 1865 (0.2%) / 
4870 (0.6%)

20 - 25 10.4 85380 51218 
(60%)

1581 
(1.9%)

376 (0.4%) 24858 
(29.1%)

7309 
(8.6%)

38 
(<0.01%)

1675 (0.2%) / 
4082 (0.6%)

25 - 30 3.5 19835 10874 
(54.8%)

182 
(0.9%)

129 (0.7%) 6746 (34%) 1873 
(9.4%)

31 (0.2%) 519 (0.3%) / 
1494 (0.8%)

30 - 35 2.3 15527 8796 
(56.6%)

192 
(1.2%)

0 5156 
(33.2%)

1354 
(8.7%)

29 (0.2%) 916 (0.7%) / 
564 (0.4%)



Figure S6. Density distribution of bark-intercepted diaspores. Normalized two-dimensional 

densities of successful dispersal outcomes within the forest, based on horizontal dispersal 

distance and height after bark interception, shown across terminal velocity classes (columns) and 

release-height classes (rows). Zero densities are shown as white gradient fill. 



Figure S7. Fitted dispersal kernels for vertical (A) and horizontal (B) dispersal distances across 

release heights (colours) and terminal velocities (rows) for diaspores intercepted by bark. 

Markers show at which distance the cumulative dispersed population reaches a given percentage. 

The axes have been pseudo-log transformed; note the different scales.  



Figure S8. Fitted dispersal kernels for vertical (A) and horizontal (B) dispersal distances across 

terminal velocities (colours) and release height (rows) for diaspores intercepted by bark. Markers 

show at which distance the cumulative dispersed population reaches a given percentage. The 

axes have been pseudo-log transformed; note the different scales.



Figure S9. Sensitivity of dispersal limitation to vertical and horizontal weighting and 

aggregation of dispersal contributions. Dispersal limitation (%) is shown as a function of release 

height for combinations of vertical (α = 0, 0.5, 1) and horizontal (β = 0, 0.5, 1) weighting, and 

power-mean exponent (q = 1, 2, 3). Colours indicate terminal velocity (m s⁻¹), and solid versus 

dashed lines represent daytime and nighttime conditions, respectively.  
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Patterns of wind dispersal within a forest canopy: An epiphyte perspective 
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Video S1. Branch of Dussia atropurpurea gently swaying in the wind. Branch motion can be 

substantially more pronounced than shown here and may increase the apparent wind 

experienced by epiphytes relative to the actual wind. Even relatively weak branch sway can 

generate turbulence that may contribute to diaspore release, yet this remains a poorly 

investigated process. The video was taken by Marie Hoensbroech close to the canopy top of 

the San Lorenzo permanent forest plot (9.28°, -79.97°), approximately 30 m above ground. 
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