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Abstract 12 

Few conifers are considered invasive in Europe, yet recent studies indicate that several species used 13 

for forestry display abundant regeneration and spread into surrounding natural habitats. Three species 14 

were identified as being particularly at risk in Belgium, but data is lacking regarding their dispersal. We 15 

characterized the recruitment curves of Tsuga heterophylla, Abies grandis and Thuja plicata. Isolated 16 

plantations were monitored and realized dispersal (i.e. seedlings and recruited regeneration) was 17 

exhaustively recorded and measured over 750 meters in different directions. We calculated the wave 18 

expansion rate and frontier expansion rate for each planting site, and fitted dispersal kernels for each 19 

site and species. Regeneration was classified in three size categories (seedlings, saplings and trees 20 

above 1.5 m), and the recruitment distances were analyzed for each size class.  The effect of the forest 21 

type (deciduous, coniferous, open or mixed) on the density of regeneration was also investigated with 22 

regression models. The recruitment curves varied greatly across sites, showing heterogeneous habitat 23 

suitability and uneven post-germination processes. Considering the frontier expansion rate, the three 24 

conifers appear to spread beyond documented threshold rate of invasiveness. Regeneration density 25 

was higher in coniferous forest type, as well as open areas for Tsuga heterophylla. An escape effect 26 

was noticed as mean and maximal dispersal distances of saplings and taller trees were greater than 27 

those of seedlings. Our study indicates that Tsuga heterophylla displays the highest risk of rapid spread 28 

into adjacent natural habitats, followed by Abies grandis. Thuja plicata faces more recruitment 29 

limitations.  30 
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Introduction 39 

Silviculture is one of the main paths of introduction of invasive tree species (Pyšek 2016). Essl et al. 40 

(2010) demonstrated that conifers introduced for wood production had higher chances of escaping 41 

cultivation than conifers introduced for other purposes. Invasions by conifer species are mainly 42 

documented in the Southern hemisphere, for example with Pinus species in New Zealand and South 43 

Africa, or Cryptomeria japonica in the Réunion Island (Richardson et al. 2004; Richardson and 44 

Rejmánek 2004; Edwards et al. 2021). In Europe, few cases of invasion by conifers are reported. It may 45 

be because of a more recent history of introduction, as well as a phylogenetic proximity of introduced 46 

species with native conifers (Kowarik 1995; Carrillo-Gavilán and Vilà 2010). However, some conifer 47 

species are known to have an invasive behavior in temperate forests of Europe. For example, Picea 48 

sitchensis is considered as invasive in Norway, reports of dense regeneration of Tsuga heterophylla 49 

exist in Scotland and studies recommended not to plant Pseudotsuga menziesii close to sensitive 50 

natural habitats in Germany (Forestry Commission Scotland 2015; Nygaard and Øyen 2017; Bindewald 51 

et al. 2021). 52 

Dispersal is a critical component of the invasion process. An invasive tree species must be capable of 53 

creating new populations far from the planted parent trees. While dispersal curves are built to model 54 

seed dispersal over the distance from a seed source, recruitment curves describe the distribution of 55 

actual descendants at increasing distance from the parent trees. The former corresponds either to the 56 

predicted density of seeds as a function of distance, or to probability density function, also called 57 

dispersal kernels, representing the distribution of post-dispersal locations at different distances from 58 

the parent trees (Nathan et al. 2012). Several standardized dispersal kernels are described in the 59 

literature, which perform relatively well according to the studied growth form or dispersal mode 60 

(Bullock et al. 2017). Wald, 2DT, Lognormal and mixed models are often preferred for wind-dispersed 61 

species (Bullock and Clarke 2000; Greene et al. 2004; Martin and Canham 2010; Norghauer et al. 2011; 62 

Loebach and Anderson 2018; Wyse and Hulme 2021). However, the preliminary choice of a function is 63 

quite subjective, and the best approach is to fit several functions and assess their relevance with a 64 

best-fit approach and examination of the credibility of the tail prediction (Bullock et al. 2006). 65 

Some functional traits have also been related to seed dispersal capacities, such as the propagule size 66 

and mass and its terminal velocity and plant height (Caplat et al. 2012; Moravcová et al. 2015; Johnson 67 

et al. 2019). In 2014, Tamme et al. demonstrated that decent predictions of maximum dispersal 68 

distances can be achieved using a combination of simple traits, such as dispersal syndrome, growth 69 

form, seed mass, seed release height and terminal velocity. 70 

Most seeds dispersed by wind fall near the seed source – those that fall within the canopy rarely exceed 71 

a distance of a few tree heights from the parent trees. However, seeds at the top that can encounter 72 

updrafts and rise above the canopy are good candidates for Long-Distance Dispersal events (LDD) if 73 

the wind is favorable in terms of speed and turbulence (Bullock and Clarke 2000; Horn et al. 2001). 74 

If the study of seeds dispersal if crucial to understand the capacity of a species to reach long distances, 75 

the germination and recruitment of seedlings also play a critical role in the abundance and spatial 76 

structure of the natural regeneration and in populations dynamics (Amm et al. 2012; Beckman et al. 77 

2020). Realized dispersal is the combination of seed dispersal and establishment of seedlings (Bullock 78 

et al. 2006). The distribution of surviving seedlings can be impacted by the spatial distribution of 79 

suitable micro-habitats in the surroundings, post-dispersal predation or diseases, intra- or inter-80 

specific competition as well as the mortality rate of the seedlings (Amm et al. 2012), hence the shape 81 

of the recruitment curve can be quite different from the shape of the seed shadow. This vulnerability 82 

to predators and pathogens is often believed to be more important close to the parent trees, this 83 
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distance-dependent process being called the Janzen-Connell effect (Janzen 1970; Connell 1971). 84 

Recruitment of seedlings should therefore be more important far from parent trees – this effect has 85 

been rephrased more simply as the “escape hypothesis” by Howe and Smallwood (1982). However, 86 

Hubbell (1980) argues that recruitment near adult trees is more important due to the much higher 87 

seed densities. Martin et al. (2010) clearly identified a density-dependent effect for recruitment curves 88 

of both native and exotic species in closed temperate forests of Connecticut, the mean dispersal 89 

distance of seedlings being further from parent trees than the mean dispersal distance of seeds. The 90 

escape hypothesis was also validated in a study on Pinus halepensis in Israel, where Nathan et al. (2000) 91 

found that the probability of seedlings’ survival increased with the distance from plantation.  92 

Replacing seed traps by seedlings counts on large areas and analyzing the recruitment curves allows 93 

to better understand the spatial distribution of the offspring and bring post-germination processes to 94 

light (Amm et al. 2012). In late successional forests, these post-germination events and microsites 95 

availability are even more important that the seed dispersal limitations for the spread of a species 96 

(Sagnard et al. 2007). 97 

Richardson et al. (2000) suggested the threshold of 100 meters in 50 years for seed-dispersed alien 98 

plants to be considered invasive. As an application of this definition, Nygaard and Øyen (2017) 99 

described the dispersal of established regeneration Picea sitchensis around plantings in Norway with 100 

two indicators: the Wave Expansion Rate (WER), which is the median distance divided by the parent 101 

stand age minus their maturity age, and the Frontier Expansion Rate (FER) is the maximum dispersal 102 

distance divided by the parent stand age minus their maturity age. These indicators allow to discuss 103 

invasiveness with empirical and objective quantitative data. 104 

In a study performed in old forest arboreta of Southern Belgium, Fanal et al. (2021) identified several 105 

conifer species displaying an important natural regeneration density and trespassing this threshold of 106 

dispersal over 100 meters from plantings in 50 years. However, the measurement of the dispersal was 107 

restricted to a 100 m buffer around the arboreta, leading to truncated dispersal curves. In this study, 108 

we selected the three wind-dispersed species presenting the highest invasive potential in Fanal et al. 109 

(2021) based on the combination of their regeneration density, dispersal distance and size structure: 110 

Tsuga heterophylla (Raf.) Sarg., Abies grandis (Douglas ex D.Don) Lindl. and Thuja plicata Donn ex 111 

D.Don. These three species were planted in forest trials in Southern Belgium during the last century, 112 

but to a very limited extent. 113 

The aim of this study is to (1) describe the recruitment curves of the three non-native conifers in several 114 

isolated planting sites and test a potential escape effect, (2) characterize the realized dispersal with 115 

quantitative indicators to assess the invasiveness of the three species, and (3) test whether the type 116 

of forest around the plantings impacts the dispersal distances and regeneration densities.  117 

 118 

Material and method 119 

Four to six sites per species were selected in Southern Belgium. These sites are isolated, monospecific 120 

and even-aged small stands (less than 1 hectare), at least 2 km away from plantings of the same species 121 

or related species that could be confounded at the seedling stage, and are at least 50 years old. Dates 122 

of planting ranged from 1919 to 1970. The elevation of the sites ranges from 197 to 634 meters above 123 

sea level. The exact location of these sites is given in Table 1 and illustrated in Fig. 1. Surroundings of 124 

plantings varied according to the location but mainly consisted in forest areas, from native beech 125 

forests to intensively planted spruce stands, sometimes with the presence of open clear-cuts or 126 

grasslands. 127 
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Fieldworks took place from 2018 to 2022. At each site, three directions were randomly chosen. A circle 128 

sector of 10° and 750 meters long was delimited for each direction, starting 20 meters inside of the 129 

planting to describe the regeneration under the parent trees as well (Fig. 2). This methods ensures a 130 

constant sampling effort along increasing distance (Bullock and Clarke 2000). For each 10-meters 131 

interval, the number of individuals originating from the natural regeneration was counted and assigned 132 

to one of the three size classes: 0 to 0.3 m (A), 0.3 to 1.5 m (B) and more than 1.5 m (C). The type of 133 

forest cover (deciduous, coniferous, mixed or open) was also noted for each 10-m interval. 134 

For each site, histograms of the logarithm of the density in relation to the distance to the planting are 135 

plotted. They also include the regeneration density values in the 20 meters inside the plantings. For 136 

the rest of the analyses, only seedlings outside plantings will be considered. 137 

Descriptive statistics are retrieved for each site: the mean, median, maximum and 95th percentile of 138 

dispersal distance and the maximum regeneration density. An ANOVA on rank-transformed maximal 139 

value of dispersal was performed on the maximum dispersal values in each sector with the species as 140 

fixed factor and the site as grouping variable, to test whether the maximum dispersal distances differ 141 

significantly between species. The Wave Expansion Rate (WER) and the Frontier Expansion Rate (FER) 142 

were calculated following the method described in Nygaard and Øyen (2017). Age of first fecundity of 143 

the three species was retrieved from Petit et al. (2017): 25 years for Tsuga heterophylla and Abies 144 

grandis, and 20 years for Thuja plicata. Descriptive statistics on dispersal distances and number of 145 

seedlings per size class were also retrieved. 146 

The “dispfit” package was used to model the probability density functions for each species. The 147 

“dispfit” package fits and compares several parameterized functions usually used in dispersal studies 148 

to describe dispersal curves and predict dispersal distances (Proença-Ferreira et al. 2023). For each site 149 

as well as the combination of all sites per species, the best function was selected based on AIC. The 150 

parameters value, mean, skewness and kurtosis were extracted with the “dispfit” package. The 151 

predicted values were plotted with the “ggplot2” package (Wickham 2016). All analyses were 152 

performed in R Studio (R Core Team 2022).  153 

To test the influence of the forest cover type on the density of regeneration, zero-inflated Gamma 154 

regressions were fitted on the dispersal distances for each species with the “glmmTMB” package 155 

(Brooks et al. 2017). Forest cover type and distance were set as fixed effects, site as random effect and 156 

the logarithm of density as response variable. The distance was also used as covariate for the zero-157 

inflated part of the model. Significance threshold was set at P=0.05. The effect of time since planting 158 

on the maximum regeneration density and on the mean and maximum dispersal distances was finally 159 

tested with the “lmerTest” package (Kuznetsova et al. 2017), with the interaction of age and species 160 

as fixed effect and site as random effect. 161 

 162 

Results 163 

In total, 11077 Tsuga heterophylla, 26435 Abies grandis and 1070 Thuja plicata were counted across 164 

all sites (seedlings, saplings or even mature trees originating from natural regeneration). If we remove 165 

the first 20 meters inside the plantings, the numbers drop to 4889, 18347 and 378 respectively. 166 

Therefore, 35 to 69 % of the counted regeneration was situated under the planting. However, 92 to 93 167 

% of this under-parent’s regeneration was under 0.3 m high. The raw dispersal data, expressed as the 168 

natural logarithm of the density of regeneration according to the distance from plantings, is shown for 169 

the three species in Fig. 3A, Fig. 4A and Fig. 5A.  170 
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When we consider the regeneration outside plantings (after distance 0), the number of individuals in 171 

each site ranged from 55 to 3593 for Tsuga heterophylla, 6 to 33 for Thuja plicata and 213 to 12485 172 

for Abies grandis (Table 1). Maximum regeneration densities reached 5.27 trees/m² for Tsuga 173 

heterophylla, 3.02 trees/m² for Thuja plicata and 55.2 trees/m² for Abies grandis. The mean dispersal 174 

distance across all sites was 68.4 m for Tsuga heterophylla, 30.1 m for Thuja plicata and 23.25 m for 175 

Abies grandis. Median distance observed was 50.0 m for Tsuga heterophylla, 22.5 m for Thuja plicata 176 

and 15 m for Abies grandis. Maximum distances were 565 m for T. heterophylla, 265 m for T. plicata 177 

and 355 m for A. grandis. When comparing maximum dispersal distances across sectors, the three 178 

species differed significantly (ANOVA, p= 0.029). 179 

Among sites, WER ranged from 0.14 to 6.21 m.year-1 for Tsuga heterophylla, with an average of 1.41 180 

m.year-1. It ranged from 0.11 to 1.22 m.year-1 for Thuja plicata, with an average of 0.63 m.year-1 and 181 

from 0.17 to 1 m.year-1 for Abies grandis, with an average of 0.44 m.year-1. FER varied from 0.38 to 182 

17.12 m.year-1 for Tsuga heterophylla, with an average of 8.20 m.year-1. It ranged from 1.49 to 6.02 183 

m.year-1 for Thuja plicata, with an average of 3.56 m.year-1 and from 2.93 to 10.14 m.year-1 for Abies 184 

grandis, with an average of 7.04 m.year-1.  185 

Time since planting varied from 50 to 101 years. However, we did not find any significant effect of time 186 

since planting on the maximum regeneration density, nor on the mean and maximum dispersal 187 

distances. 188 

The probability density functions show right-skewed, leptokurtic recruitment curves, with parameters 189 

varying greatly between sites (Table S1, supplementary material). Particularly, the curve of Mirwart 190 

presents a remarkably flat shape and fat tail and differs greatly from all the other recruitment curves 191 

of Tsuga heterophylla (Fig. 3). In most cases, most of the seeds fall in the first 100 meters of the seed 192 

source. Among all the tested functions, the Wald function was the most often selected, followed by 193 

the 2Dt function. 194 

Dispersal parameters also varied according to the considered size class. Looking at Table S2 195 

(supplementary material), mean and median distances are often higher for trees above 0.3 m (B) and 196 

1.5 m (C) than for seedlings under 0.3 m (A). If we consider the 95th percentile of distance, saplings 197 

and well-established trees are found further from plantings than seedlings: 201.9 (B) and 195.3 m (C) 198 

against 93 m for seedlings of Tsuga heterophylla, 85.9 (B) and 82.7 m (C) against 55 m for seedlings of 199 

Abies grandis and 89.3 (B) and 71.5 m (C) against 48.3 m for seedlings of Thuja plicata.  200 

The effect of the forest cover type (deciduous, coniferous, mixed or open) over the density of 201 

regeneration was tested with Gamma regressions. Deciduous covers were mainly beech- or oak-202 

dominated stands while coniferous covers mainly consisted in Norway spruce plantings. Open areas 203 

were clear-cuts or small forest clearings. There was a significant effect of the forest cover type on the 204 

density of regeneration after accounting for distance and sites, except for Thuja plicata (Table S3, 205 

supplementary material). Even if the latter seems to favor open areas, the smaller number of saplings 206 

counted led to higher errors and did not allow to identify a clear pattern. For Tsuga heterophylla, 207 

regeneration densities are higher under open and coniferous covers (Fig. 3C). Abies grandis clearly 208 

favors coniferous covers (Fig 4 C). 209 

 210 

Discussion 211 

For an exotic tree species to be considered as invasive according to the widely accepted definition by 212 

Richardson et al. (2000), offspring must be generated further than 100 m from parent trees in less than 213 
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50 years, which corresponds to a spread of 2 m.year-1. It must also be abundant in the established 214 

regeneration (Nygaard and Øyen 2017). Also, its offspring must be capable of reaching maturity and 215 

reproduce in turn, creating new populations.  216 

Looking at the values of Wave Expansion Rate (WER), the 2 m.year-1 benchmark is only crossed once, 217 

for Tsuga heterophylla in one site. However, the Frontier Expansion Rate can be considered a more 218 

reliable estimate of species actual spread (Skarpaas and Shea 2007). Considering FER, the three species 219 

cross the invasive threshold in at least three sites. On average, Tsuga heterophylla FER is 8.20 m.year-220 
1 but it even reaches 17 m.year-1 in the most invaded site of Mirwart. Abies grandis FER hits 10 m.year-221 
1, against 6 m.year-1 for Thuja plicata. As the maximum distance used for the calculation of FER may 222 

represent a rare LDD event, we also calculated a similar estimate with values of the 95th percentile; yet 223 

again, the three species cross the threshold of 2 m.year-1 at least once. Long-distance dispersal 224 

determines the rate of invasions by allowing the settlement of new populations at far distances. These 225 

events are not as rare as one might think (Horn et al. 2001). For wind-dispersed species, the occurrence 226 

of LDD events depends more on the characteristics of the winds than on variations in seed traits. LDD 227 

is nearly impossible to detect on dispersal experimental setups and samplings. However, we did find 228 

some regeneration at far distance from the plantings, exceeding 200 m for Thuja plicata, 300 m for 229 

Abies grandis and even 500 m for Tsuga heterophylla.  230 

The density of regeneration of the three exotic conifer species varied greatly from site to site. Wald 231 

and 2Dt were the most selected functions, two distributions that tend to produce fat tails (Nathan et 232 

al. 2012). Tsuga heterophylla displayed the most important dispersal distances with one site 233 

characterized by a really flat dispersal curve, with half of the regeneration exceeding 200 m. For the 234 

rest of the sites and species, curves were very right-skewed with half of the regeneration in the first 235 

50 meters around the plantings. This is consistent with other observations of recruited dispersal made 236 

in similar studies; in Amm et al. (2012), the mean of the realized dispersal distance of A. alba is 5 to 25 237 

m from parent trees. In Nygaard and Øyen (2017), median spread distance of Picea sitka was often 238 

under 50 meters, except for a few sites where it reached up to 200 m. As our three species are wind-239 

dispersed, wind and topography likely affect the maximum dispersal distance, and therefore our 240 

observations may vary according to the chosen sampling direction. We did expect dispersal at further 241 

distance in the direction of strongest winds during the period of seeds release, and we tested this 242 

assumption (data not shown). However, the test was inconclusive because of the great variations in 243 

the direction of strongest winds between years and sites. Though, considering this effect, we did 244 

sample at least three sectors per site in varying directions and managed to have a balanced 245 

representation of directions for each species.  246 

High densities of regeneration were observed for the three conifer species, especially for Abies grandis 247 

for which the maximum density measured was 55 trees/m². These high values are usually observed in 248 

the first 50 meters after the planting edge, except on the site of Mirwart where high densities of Tsuga 249 

heterophylla were still observed 200 meters from plantings, probably due to very favorable abiotic 250 

and/or biotic conditions for the germination and survival of seedlings. If a high number of stems of 251 

Tsuga heterophylla and Abies grandis were found in our sampling sectors (11077 and 26435 252 

respectively), only 1070 stems of Thuja plicata were identified across the four sites. For Tsuga 253 

heterophylla, 61 % of the stems were saplings between 0.3 and 1.5 m high, and 13 % were above 1.5 254 

m. Amongst these were cone-bearing mature trees. This clearly shows that not only do the seeds 255 

germinate, but the development of the descendants is common. For Abies grandis, trees over 1.5 m 256 

high represent less than 1% of the regeneration (13 individuals) and saplings 5% (931 individuals 257 

nonetheless).  Finally, only 2 trees over 1.5 m were found for Thuja plicata (<1%) and 34 saplings (9%), 258 
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against 342 seedlings. The mortality of seedlings seems to be far more important for Abies grandis and 259 

Thuja plicata than for Tsuga heterophylla.  260 

Not only are recruited trees present for Tsuga heterophylla and Abies grandis, but taller trees are found 261 

further from plantings. The probability of seedlings recruitment is therefore higher with increased 262 

distance from parent trees, which validates the escape hypothesis for these studied species. This 263 

suggests that the shape of the recruitment curves is dissimilar to the seed shadow, both because of 264 

varying favorable micro-sites availability and distance-dependent survival rates. However, we do not 265 

have the necessary data to clarify the process under this escape effect, i.e. if it is due to competition 266 

or herbivory and pest pressures. Though, regeneration was also dense inside the plantations, under 267 

the parent trees, but most of this regeneration was under 0.3 m high: dense planting densities and lack 268 

of light reaching the understory likely induce competition that hinders seedling development. 269 

Both seed dispersal and environmental characteristics play an important role in the recruitment of 270 

seedlings (Amm et al. 2012). The great variation of spread observed in the different sites is probably 271 

due to abiotic and biotic filters. On the seed dispersal stage, time since fecundity, topography and local 272 

wind conditions can influence the seed rain spatial distribution (Norghauer et al. 2011; Caplat et al. 273 

2012) . Availability of favorable microsites (vegetation type, disturbances…) affects the germination of 274 

seeds, while the recruitment stages is highly dependent on the resource availability and the structure 275 

and composition of the receiving community (competition, herbivory, pests…). The invasibility of the 276 

habitats surrounding the plantings of exotic species therefore plays a critical role in the spread of an 277 

exotic tree species (Nygaard and Øyen 2017). In a study conducted by Fanal et al. (2021) on the 278 

regeneration of exotic conifers in old arboreta, it appeared that the density of regeneration was in 279 

general higher under coniferous stands and in forest clearings than under deciduous tree species. In 280 

Amm et al. (2012), the regeneration of Abies alba was affected by tall beech trees but facilitated by 281 

pine plantations. Calviño-Cancela and Rubido-Bará (2013) demonstrated that native forests are more 282 

resistant to invasions from exotic eucalyptus species than pine plantations. In our study, we found that 283 

regeneration of Abies grandis is facilitated by conifer plantations, while Tsuga heterophylla favors open 284 

areas (such as forest clearings) and coniferous stands as well. Climax native beech forest appear to be 285 

particularly resistant to invasions from exotic conifers, that struggle to find favorable germination 286 

conditions. Thuja plicata also displayed low regeneration in the region of the “Hautes Fagnes” (sites of 287 

Jalhay and Baelen) because of dense layers of graminoids, mainly purple moor-grass (Molinia 288 

caeruleae). This detrimental competition with graminids was also observed for Sitka spruce in Coastal 289 

Norway (Nygaard and Øyen 2017). 290 

Performing an exhaustive data collection of the realized dispersal around isolated, mature plantings 291 

provides valuable information on the dispersal process and potential of a species, which is an 292 

indubitable asset in assessing its invasive potential. Still, this method is particularly time-consuming. 293 

Almost 100 man.day were necessary to conduct this study, and the important variation between 294 

locations emphasizes the need of multiplying monitoring sites. Yet, management of an exotic species 295 

must be undertaken before its exponential spread to be effective. Given the urgency to detect species 296 

at risk at an early stage of invasion, simplified protocols could be developed to assess the potential of 297 

regeneration and spread. Wyse and Hulme (2021) demonstrated that modelled dispersal potential is 298 

the strongest predictors of spread rates of exotic pines in New-Zealand, far more efficient that 299 

currently used risk assessment tools. Dispersal models could become part of risk assessment 300 

combining on-site monitoring of mature plantings with simpler predictors such as species traits or 301 

introduction pathways. Growth and dispersal traits have already been identified as predictors of 302 

invasiveness (Grotkopp et al. 2002; Richardson and Rejmánek 2004; van Kleunen et al. 2010; Fanal et 303 

al. 2022, 2023). In 2014, Tamme et al. (2014) demonstrated that reasonable predictions of maximum 304 
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dispersal are possible with a simple model comprising the growth form, dispersal syndrome and mean 305 

seed mass (R²=0.53). They developed the “dispeRsal” R package to estimate maximum dispersal 306 

distances of species based on simple traits. We tested the model on our three species to predict their 307 

maximum dispersal distance and compared the results to our observations. Maximum dispersal 308 

distances estimated were 408 m (CI = 234 – 712 m) for Tsuga heterophylla, 325 m (CI = 189 – 558 m) 309 

for Abies grandis and 274 m (CI = 150 – 502 m) for Thuja plicata. These predictions are close to our 310 

maximum observed distances (585, 375 and 285 m respectively) and most of our observations within 311 

sites fall into the confidence interval. This result reaffirms that simple traits can help predict the spread 312 

of exotic species in the environment and be used in risk assessments. Examined in parallel with the 313 

vulnerability of the receiving ecosystem, such risk assessment tools would provide helpful information 314 

for a smart selection of species used in future forest plantings. 315 

 316 

Conclusion 317 

Given the numerous post-germination events affecting the recruitment of seedlings and the spatial 318 

heterogeneity of micro-sites suitable for germination, multiplying sites and transects is a necessity to 319 

assess the invasive potential of exotic conifers based on their spread. Tsuga heterophylla, Abies grandis 320 

and Thuja plicata all present spread rates above 2m.year-1, but considering the measured size classes 321 

and regeneration densities, Tsuga heterophylla is the species the most at risk of becoming invasive in 322 

suitable receiving communities. Models predicting maximum dispersal distances based on functional 323 

traits may prove useful when on-site monitoring is not feasible. 324 
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Tables 487 

Table 1: Description of the sites where the dispersal of the three species was investigated. GPS coordinates in 488 
World Geodetic System 84 (WGS84) and elevation of the sites are given. “Date” is the date of planting. Realized 489 

dispersal is described with the mean, median, 95th percentile and maximum distance. “N tot” is the total 490 
number of trees measured on the site. “Max density” is the maximum density (trees.m-²) observed on a site. 491 

WER is the Wave Expansion Rate, FER is the Frontier Expansion Rate. 492 
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Figures 509 

 510 

 511 

Fig. 1 Location of the study sites for each species in Wallonia, Belgium. Background on the map is the tree cover 512 
in 2000 (Hansen et al. 2013). 513 

 514 

 515 

 516 

 517 

Fig. 2 Delimitation of a 10° circle sector starting 20 meters inside the planting. The 10-m sections were delimited 518 
with stakes and the direction was held with the help of a compass. 519 
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 520 

Fig. 3 A) Raw data of dispersal of Tsuga heterophylla per site. Y axis is the mean of the log of regeneration 521 
densities between 3 sectors in random directions. X axis is the distance from the edge of the plantation. Colors 522 

indicate the proportion of trees in the size classes: A for seedlings < 0.3 m, B for saplings between 0.3 and 1.5 m, 523 
C for young trees > 1.5 m. B) Comparison of predicted values of dispersal (probability density functions) for each 524 
site and for the combination of all sites. Best model, based on AIC, is used each time. C) Proportion of recruited 525 

trees found under each forest cover type. 526 
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 527 

 528 

 529 

Fig. 4 A) Raw data of dispersal of Abies grandis per site. Y axis is the mean of the logarithm of regeneration 530 
density between three sectors in random directions. X axis is the distance from the edge of the plantation. 531 

Colors indicate the proportion of trees in the three size classes: A for seedlings less than 0.3 m, B for saplings 532 
between 0.3 and 1.5 m, C for young trees above 1.5 m. B) Comparison of predicted values of dispersal 533 

(probability density functions) for each site and for the combination of all sites. Best model, based on AIC, is 534 
used each time. C) Proportion of recruited trees found under each forest cover type. 535 



17 
 

 536 

 537 

 538 

 539 

Figure 5: A) Raw data of dispersal of Thuja plicata per site. Y axis is the mean of the logarithm of regeneration 540 
density between three sectors in random directions. X axis is the distance from the edge of the plantation. 541 

Colors indicate the proportion of trees in the three size classes: A for seedlings less than 0.3 m, B for saplings 542 
between 0.3 and 1.5 m, C for young trees above 1.5 m. B) Comparison of predicted values of dispersal 543 

(probability density functions) for each site and for the combination of all sites. Best model, based on AIC, is 544 
used each time. C) Proportion of recruited trees found under each forest cover type. 545 

 546 
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Table S1: Estimates of parameter and moments for the best dispersal model on every site. These values were calculated by the “dispfit” 
R package. 

  

  

 

 

Species Site Distribution Parameter 1 Parameter 2 Mean Std deviation Skewness Kurtosis

Mirwart 2Dt 1069.74 22.34 208.94 15.40 262.47 285.68

Gedinne Wald 84.20 18.09 84.20 181.66 117.09 69.81

Saint-Michel Log-normal 5.46 0.32 5.74 1.88 1.01 1.88

Vecmont Wald 23.08 18.48 23.08 25.79 61.96 18.73

Vielsalm Wald 68.69 19.18 68.69 129.99 108.90 53.72

Viroinval Wald 18.83 12.45 18.83 23.15 45.94 22.68

All Weibull 171.30 1.10 165.10 149.76 1.72 4.31

Laidprangeleux Wald 22.08 20.12 22.08 23.13 63.23 16.46

Froidchapelle Wald 15.99 16.53 15.99 15.72 48.78 14.50

Melreux 2Dt 6.17 1.93 10.69 inf inf inf

Rochefort 2Dt 57.35 3.14 42.73 7.32 68.92 107.09

All Wald 25.65 19.10 25.65 29.75 66.33 20.18

Baelen Exponential 16.97 NA 16.97 16.97 6.00 24.00

Buchholz Log-normal 7.96 0.65 9.81 7.06 2.53 13.23

Jalhay Weibull 33.09 1.39 30.21 22.07 1.22 1.91

All Wald 13.70 15.10 13.70 13.05 43.14 13.61
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Table S2: Mean, median, maximum and 95th percentile of distance (m) from parent trees for the three size classes. A is for seedlings 

under 0.3 m high, B is for saplings between 0.3 and 1.5 m high and C is for trees over 1.5 m high. Values are given for each site, and the 

mean per species is also calculated. Total number of seedlings per size class and site is also given. 
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Table S3: Results of the zi-gamma regressions performed on the density of regeneration (log) as a function of 

the distance from plantation (m) and forest cover type. “Deciduous cover” is the base type used for comparison. 
Variance of the random effect “site” is also given. 

 

 

  Covariate Estimate Std. Error Z value P value 

T
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Conditional 

Model 

Deciduous - - - - 

Coniferous 1.026 0.226 4.533 < 0.001 

Mixed 0.872 0.437 1.997 0.046 

Open 1.310 0.300 4.384 < 0.001 

Distance -0.011 0.001 -16.120 < 0.001 

ZI model Distance 0.007 0.001 11.970 < 0.001 
 

Random effect variance (site): 1.18 
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Conditional 

Model 

Deciduous - - - - 

Coniferous 1.317 0.348 3.79 < 0.001 

Mixed -0.325 0.334 -0.973 0.331 

Open -0.476 0.326 -1.46 0.144 

Distance -0.022 0.001 -21.14 < 0.001 

ZI model Distance 0.016 0.001 11.81 < 0.001 
 

Random effect variance (site): 0.37 
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Conditional 

Model 

Deciduous - - - - 

Coniferous 0.080 1.050 0.077 0.939 

Mixed 0.811 1.151 0.704 0.481 

Open 1.780 1.134 1.569 0.117 

Distance -0.019 0.002 -7.130 < 0.001 

ZI model Distance 0.025 0.005 5.400 < 0.001 
 

Random effect variance (site): 0.53 


