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Abstract

Invasive Alien Species are a major threat to global biodiversity due to the tremendous ecological
and economic damage they cause in forestry, agriculture, wetlands, and pastoral resources.
Understanding the spatial pattern of invasive species and disentangling the biophysical drivers of
invasion at forest stand level is essential for managing forest ecosystems and the wider
landscape. However, forest-level and species-specific information on Invasive Alien Plant

Species (IAPS) abundance and their spatial extent is largely lacking. In this context we analysed
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the cover of one of the world’s worst invasive plants, Chromolaena odorata, in Sal (Shorea
robusta) forest in central Nepal. Vegetation was sampled in four community-managed forests
using 0.01 ha square quadrats, covering forest edge to the interior. C. odorata cover, floral
richness, tree density, forest canopy cover, shrub cover, tree basal area and disturbances were
measured in each plot. We also explored forest and IAPS management practices in Community
Forests. C. odorata cover was negatively correlated with forest canopy cover, distance to the
road, angle of slope, and shrub cover. Tree canopy cover had the largest effect on C. odorata
cover. No pattern of C. odorata cover was seen along native species richness gradients. In
conclusion, forest canopy cover is the overriding biotic covariate suppressing C. odorata cover

in Sal forests.

Key words: Biotic resistance, canopy cover, disturbance, forest management, invasive alien

species
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Introduction

Invasive alien species of plants and animals are an important driver of global environmental
change and a major threat to biodiversity loss (Vitousek et al. 1997, Bellard et al. 2016, IPBES
2019). They have already caused tremendous economic losses in agriculture, forestry, pasture
and fisheries across different geographical scales (Diagne et al. 2021). These threats are ever-
growing due to development of transportation networks, and increased mobility of people and
commaodities (Simberloff et al. 2013, Sardain et al. 2019). Invasive alien species compete with
native biota, alter and homogenize forest composition, change ecosystem functions, compromise
ecosystem services, and reduce native species diversity (Bellingham et al. 2018). They also
degrade habitat quality for wildlife (Murphy et al. 2013), and potentially impact across all types
of ecosystems as well as individual species. Nevertheless, impacts are contingent on the traits of
the invading species and the types of ecosystem exposed to the invasion (Martin et al. 2009,

Pysek et al. 2012, Liebhold et al. 2017).

Distribution and abundance of Invasive Alien Plant Species (IAPS) varies across spatial scales
(Foxcroft et al. 2009). At larger geographical scales, the impact of IAPS is the result of an
interplay between of social, ecological and economic variables, including national gross
domestic production (GDP) and population density (Liu et al. 2005, Hulme 2009, Niemiec et al.
2018, Sardain et al. 2019). Road networks and mobility of people not only transport 1APS
propagules from one place to another, but also create locally disturbed areas which are suitable
for propagule establishment (Gonzalez-Moreno et al. 2014, Fuentes-Lillo et al. 2021). These

factors are fundamental to the early stage of invasion. However, further augmentation of IAPS at
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the local scale is determined by local environmental factors including habitat disturbance,
species invasiveness, habitat invasibility and propagule pressure (Stohlgren et al. 2006). Newly
arrived propagules have to pass climatic, edaphic and biological filters for successful invasion

(Davis 2009).

Resident ecological communities naturally tend to resist the establishment and spread of
incoming species, a phenomenon explained as ‘biotic resistance hypothesis’ (Levine et al. 2004,
Nunez-Mir et al. 2017). This hypothesis predicts that species-rich communities have a lower
vulnerability to invasion at the local scale (Levine et al. 2004). Analysis of native and invasive
plant species richness has found a negative relationship across communities and ecoregions in
continental United Sates (Beaury et al. 2020). However, the diversity resistance hypothesis is not
always supported by empirical studies (Byun & Lee 2018, Smith & C6té 2019). Rather there are
instances of congruence of higher native diversity and higher invasion, particularly at larger
spatial scales (Stohlgren et al. 2006). Similarly, it is also found that the native-invasive plant
species richness relationship is contingent to human disturbance, which mediates the relationship

(Fuentes-Lillo et al. 2021).

The main mechanism behind biotic resistance is competition (Nunez-Mir et al. 2017).
Competition for key resources - for example, light, water and nutrients, and space between
incoming species and the recipient community - may be the main mode of the interactions. The
attributes of resident communities that curtail the availability of key resources required for
incoming species may vary across resident communities and incoming species. Nevertheless,
higher species richness of a native community does not necessarily make the community more
competitive and invasion resistant (Levine 2000, Fridley et al. 2007). Besides species richness,

other attributes of communities, for example, density, crowding and biomass, potentially make
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80 communities more competitive and resistant to invasion (Kennedy et al. 2002, Luo et al. 2018,
81  MacLaren et al. 2019). In forest stands, native species richness, tree density, canopy cover and
82  the shrub/sapling layer are important community attributes for invasion resistance (Gomez et al.
83  2019). Indeed, these attributes determine the availability of empty niches for successful
84  invasions. Forest stand attributes, therefore, may be relatively more important than other local
85  factors for invasion success on the forest floor by limiting the amount of light reaching the
86  surface of the ground (Charbonneau & Fahrig 2004, Fajardo & Gundale 2018, Bustamante et al.
87  2019). Shrub/saplings and ground vegetation layers potentially reinforce the impacts of canopy
88  cover by preventing intercepted light falling on the ground. Nevertheless, the impact of canopy
89  may also be dependent on the nature of invading species, as many shade tolerant invasive species

90 are favored in dense and undisturbed forest (Martin et al. 2009).

91  Distribution patterns generated from coarse scale spatial data, and models based on climatic
92  suitability, may not depict the local scale distribution and abundance of IAPS. Some areas of
93  forests, for example canopy gaps and forest margins, provide more conducive environments than
94  forest interiors for invasion success (Driscoll et al. 2016, Arellano-Cataldo & Smith-Ramirez
95 2016, Khaniya & Shrestha 2020). Therefore, understanding the drivers of local scale patterns of
96 IAPS abundance is crucial for their management at the site (forest stand) level (Foxcroft et al.
97  2009). However, how abundance of invasive alien plant species are correlated with stand
98 attributes, and how native species richness is related to IAPS richness for specific forest types, is

99  not well understood.

100 In this context we assessed the abundance of the invasive plant species Chromolaena
101  odorata (L.) R.M.King & H.Rob. in Sal (Shorea robusta Gaertn.) forest. Sal forest is a major

102  forest type in the tropical and subtropical parts of the Indian subcontinent and has been widely
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103  invaded by C. odorata. The few studies that have analysed invasive species in forests have
104  shown a positive correlation between forest disturbances and light intensity (Joshi et al. 2006)
105  and lower species richness in invaded plots compared to non-invaded plots (Thapa et al. 2016,
106  Bhatta et al. 2020). Nevertheless, this inference was either drawn from studies conducted on
107  large-sized plot (Joshi et al. 2006) or from a small sample size (Thapa et al. 2016), and these
108  studies did not analyse the relationship between stand attributes and invasive species abundance.
109  Therefore, this study sets out to analyse how forest stand attributes, including local disturbance,
110 influence C. odorata coverage in Sal forest using small-sized plots across a canopy cover

111 gradient. We also test the hypothesis that native species rich plots are more resistant to invasion.

112

113  Methodology

114  Study area

115  This study was conducted in four community-managed forests (Community Forests) of central
116 Nepal; two in each of Makawanpur and Nawalparasi districts. All the sampled forests were
117  similar in terms of geography, climate, vegetation and management regime; however, the forests
118 in Nawalparasi were more fragmented than in Makawanpur (Figure 1). Community Forests are
119 the forest categories that are managed by local users formed into legally recognised
120  organizations. Nepal has exemplary success in the sustainable management of forest commons
121 through its Community Forestry program, with over 22,000 Community Forest User Groups

122 (CFUGs) formed and registered (Niraula et al. 2013, Pandey & Pokhrel 2021).

123 All four forests in this study are located in the foot-hills of the Siwalik (Churiya) range. The

124  Siwalik range is geologically young, forming an east-west band of unconsolidated hills that runs
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125  parallel to the south of the main Himalayan ranges. Two forests (Sunachuri and Manakamana)
126 faced southwest, while other two (Janakalyan and Ghumauri) faced south. Sampled forests

127  contained some slopes and some flat land, with maximum slope of 40 degrees.

128  The sampled forests are located between 200-550 m elevation. The climate is subtropical and
129  monsoonal, with hot and humid summers, and cool dry winters. Average annual rainfall is 2,200
130 mm (recorded between 1971-2010) of which 80% falls during the monsoon (June to August),
131 with an average annual temperature of 24.6°C recorded between 2000-2010 (CBS 2011). The
132 forests in all four sites are dominated by Sal (Shorea robusta). Sal is a member of
133 Dipterocarpaceae, a tropical family mainly distributed in the Indo-Malayan region. It forms
134  extensive mono-dominant or mixed forests in the southern part of the Himalayas and in the
135  tropical to subtropical areas of the Indian subcontinent (Gautam & Devoe 2006). Sal is a robust,
136  gregarious, semi-deciduous tree species, and an important high-value timber species extensively
137  used in construction and furnishing. Dillenia pentagyna Roxb., Buchanania latifolia Roxb. and
138  Mallotus philippensis (Lam.) Mill. Arg. are the main sub-canopy species in Sal forests.
139  Clerodendrum viscosum Vent. is the most common native species of the shrub layer (Wesche &

140  Karsten 1997).

141  Focal invasive species

142 Chromolaena odorata (Common called Siam weed, Nepali name Seto Banmara ‘white forest
143  killer’, family Asteraceae), is among the 100 worst invasive alien species in the world (Lowe et
144  al. 2000). It now occurs in more than 100 countries in Asia, Oceania, Africa and America, and
145 has been reported as a problematic invasive weed in more than 35 countries

146  (https://www.cabi.org/isc/datasheet/23248#todistribution). It is a light-demanding species,
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147  flourishing in disturbed forests, roadsides, fallow and abandoned lands. Its biological and
148  morphological attributes (such as long tap root, production of large quantities of wind dispersed
149  seeds, and relatively high specific leaf area) are shared by other IAPS, giving it a competitive
150  advantage over native species (Joshi et al. 2006, PySek & Richardson 2008, Malahlela et al.
151 2015, Rindyastuti et al. 2021). C. odorata can grow to three meters in height and forms a dense
152  layer above the ground (Figure 2). This plant has already severely invaded the lowland districts
153  of central and eastern Nepal at elevations below 1000 m and is now spreading into the western

154  lowlands (Tiwari et al. 2005).
155  Vegetation sampling

156  Vegetation sampling was conducted in November and December 2018. All the forests sampled
157  were linked to a disturbance source, i.e. roads or human settlement. We sampled the vegetation
158 along a belt transect from the disturbance source into the forest interior. In each forest two
159  transects were made. Before laying out the plot, the length of transect and number of plots were
160 identified. The distance between plots was between 100-200 m, depending on forest size, and in

161  each forest 28 to 30 plots were sampled.

162  Vegetation data were collected for plots of 10 x 10 m. Each plot was divided into four subplots
163  of 5 x 5 m. Diameter at Breast Height (DBH) of all tree individuals greater than 5 cm DBH were
164  measured within the plots. DBH was used to calculate the Basal Area (Area= nr?) of trees in the
165  plot; Basal area of individual trees was summed up to get plot level Basal Area. Canopy cover
166  above the plot was measured using a spherical densitometer, with four readings taken at each

167  plot following the standard protocol (Lemmon 1956).
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168  Chromolaena odorata cover was estimated from the center of each subplot. The cover of
169  subplots was combined to estimate cover for the 100 m? plot. The same method was used to

170  estimate shrub and herb cover.

171 In each plot, two quadrats of 1 m? were sampled randomly to record species richness. All

172 herbaceous plants, shrubs and tree seedlings were recorded in each quadrat.

173 In each plot, ground disturbance (grazing, tree/saplings lopping and trampling) was recorded on
174  ascale of 0 to 3, where 0 represents absence of disturbance and 3 being severely disturbed. Plots
175  lying between these two extremes were scored 1 and 2. Distance of the plot from the nearest road

176 was measured using Google Earth Pro.

177  To evaluate how community forest user groups are managing Chromolaena odorata in the study
178  sites, we interviewed community forest user group leaders (n=8, Chairman and Secretary in each
179  Community Forest) and one local knowledgeable person as indicated by the Community Forest
180  chairman (n=4, one in each Community Forest). Similarly, we also interviewed community
181  forest user group leaders (Chairman or Secretary) in 15 other community forest user groups in
182  other parts of the country (Tanahu, Chitwan, Gorkha, Sindhuli and Jhapa district) which had Sal
183  forest with C. odorata invasion. Some informal discussions with local people were also
184  conducted for each community forest visited in public areas where people gather, to explore the

185  general understanding of invasive species and their management.
186

187  Data analysis
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188  For data analysis, rather than comparing individual forest we pooled plot data together and
189  analysed plot level data. Ground disturbance was calculated combining three variables i.e.
190  grazing, lopping and trampling, using Principal Component Analysis (PCA). PCA first axis score
191  was used to represent ground disturbance complex. The predictor variables were checked for
192  collinearity and only one of the collinear variables was selected for further analysis.
193  Chromolaena odorata cover was the response variable. We used Zero Inflated Beta regression to
194  evaluate impact of forest attributes on C. odorata cover as the response variable is a proportion
195  and contains many zeros (Blrkner 2017). Zero Inflated Beta regression is suitable when response
196  variable is vegetation cover and consists of proportion data between zero and one (Keim et al.
197 2017). C. odorata cover was modelled against each covariate individually and significant
198  covariates were chosen. A full model was run with C. odorata cover as response and with all the
199  non-collinear independent variables (canopy cover, shrub cover, native richness, herb cover,
200 disturbance complex and distance) as predictors. Predictor variables that did not explain any
201  variation in the model were subsequently dropped in the final model. Forest types (four
202  community forests) were included as the random variable in the model. The final model included
203  canopy cover, shrub cover, distance and slope as predictor variables. The R package BRMS
204  (Bayesian Regression Model using ‘Stan”) (Burkner 2017) was used for the regression analysis.
205  The R? for each model was calculated using add_criterion function of BRMS (Biirkner 2017).
206  Each predictor variable was centered and scaled by subtracting its mean and dividing by its
207  standard deviation prior to regression analysis so as to facilitate model convergence as well as to

208  make relative effect size of predictor variables directly comparable (Muscarella et al. 2020).

209  We compared the differences in i) C. odorata cover among canopy cover classes, and ii) native

210  species richness between invaded and non-invaded plots. Canopy cover was categorized as low,
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211 medium and high. Values below the 1st quartile were considered low and those above 3rd
212 quartile were considered high. Values lying around the median were considered as medium. C.
213  odorata cover among canopy cover class was visualized in box plots and compared using

214  Kruskal Wallis test.

215 All analyses were performed in R version 3.5.3 (R Core Team 2019).

216  Results

217  Shorea robusta was the most dominant canopy forming tree species in all the community forests
218  studied. A total of 120 native plant species were recorded from those four forests. Native species
219  richness ranged from one to 20 species per plot with a mean of 11.41+3.48. In addition to
220 Chromolaena odorata, six other invasive species, namely Spermacoce alata Aubl.,
221  Mesosphaerum suaveolens (L.) Kuntze, Ageratum conyzoides L., Mimosa pudica L., Senna
222 tora (L.) Roxb. and Mikania micrantha Kunth) were also recorded. C. odorata was present in

223 60% of the plots with cover ranging from 0 to 95%.

224  Relationship between stand attributes and C. odorata cover

225  Chromolaena odorata cover was negatively correlated with canopy cover, shrub cover, basal
226  area and tree density. The strongest correlation was with forest canopy cover (r=-0.59) followed
227 by basal area and tree density (Supplementary Table 1). Forest canopy cover was positively
228  correlated with basal areas and tree density. Native species richness had a weak negative
229  correlation with C. odorata cover. Native species richness had weak correlations with the
230 measured stand attributes (Supplementary Table 1). Similarly, native species richness was not
231 different between invaded and non-invaded plots (mean richness in invaded=11.58 and non-

232 invaded=11.18), nevertheless the spread was higher in invaded plots (Supplementary Figure 1).

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456


https://en.wikipedia.org/wiki/Carl_Linnaeus

233  Environmental covariates affecting C. odorata cover

234  Regression models containing canopy cover, distance from a road, shrub cover and slope had the
235  highest mean r? value. C. odorata cover declined linearly along the canopy cover gradient
236 (Figure 3). Similarly, C. odorata cover declined linearly away from a road, with increasing shrub
237  cover and slope (Supplementary Figures 2, 3 and 4). Canopy cover had the largest effect size on
238  C. odorata cover, -0.53 (CI: -0.79, -0.28) while it has relatively lower error for the regression
239  estimates (Table 2). Distance from a road had the second largest effect on C. odorata cover i.e. -
240  0.29 (-0.56, -0.02). Slope and shrub cover had relatively smaller effects (Table 2). Canopy cover,
241  the most important stand attribute affecting C. odorata cover, in turn increased with increasing

242  distance from the nearest road (Figure 4).

243  Chromolaena odorata cover did not show any trends with native species richness, herb cover

244  and ground disturbance complex.

245  Chromolaena odorata cover was different among the canopy cover classes (Figure 5). Its cover
246 was highest (meanzSE, 34.03+5.22) in forests with low canopy cover, and lowest (4.08+1.74)
247  when canopy cover was higher. Its mean cover was 12.98+3.13 when canopy cover was
248  moderate. The Kruskal Wallis test showed that C. odorata cover was different between the

249  canopy cover classes (H,2=18.806, p<0.001)

250 Invasive species in forest management

251  We recorded that community forest user groups are organizing regular bush clearing (jhadi safai)
252 of understory plants in their forests. However, these activities generally occur in forested areas

253 and rarely occur in open parts invaded by Chromolaena odorata. Community forest user groups
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254  did not have any specific programs targeting C. odorata or other invasive plants, and their forest

255  management plans did not recognize invasive species as a problem.

256  Discussion

257  The results demonstrate that forest stand attributes and other environmental variables affect the
258  cover of Chromoleana odorata in the Sal forests of Nepal. We discuss how attributes of Sal
259  forests determine the cover of invasive species and highlight practical relevance of these findings

260  to the management of community and other fragmented or otherwise disturbed forests.

261  Canopy cover is the overriding covariate affecting C. odorata cover

262  We have demonstrated that canopy cover, shrub cover, slope, and distance from a road all have
263  some effect on Chromolaena odorata cover in Sal forest. C. odorata cover declines gradually
264  away from the roadside which is probably due to high propagule pressure along roads. Roadsides
265 in turn have lower canopy cover and more open areas, and are important driver of invasion from
266  local to the regional level (Flory & Clay 2006, Follak et al. 2018). Roads bring propagules as
267  well as create disturbances and open spaces (vacant niches), which consequently favour invasion.
268  Roads provide corridors for invasive species, connecting them with suitable habitats, therefore,
269  roadsides and forest edges often have high density of invasive species (Benedetti & Morelli

270 2017, Follak et al. 2018).

271 Accessible parts of Sal forests are subjected to anthropogenic disturbances involving lopping
272 trees, cutting saplings, and trampling of the ground during firewood and fodder collection
273 (Sharma et al. 2016). Anthropogenic disturbance has been shown to be an important variable
274  affecting invasive species in ecosystems including forests (Fuentes-Lillo et al. 2021, Mungi et al.

275  2021). Counterintuitively, we found that ground disturbance had a very weak correlation with
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276  Chromolaena odorata cover, and it did not improve the regression model, which indicates that
277  ground disturbance is not a major factor governing the cover of C. odorata in forests in this

278  study.

279  Canopy cover showed a negative relationship with C. odorata cover in Sal forest. In the
280  composite model containing disturbance, and distance to disturbance sources, forest stand level
281  canopy cover was the overriding factor in determining C. odorata cover. C. odorata cover
282  declined linearly with increasing canopy cover. In general, this negative relationship supports
283  previous studies reporting C. odorata a light demanding preferring to grow in well-illuminated
284  areas (Joshi et al. 2006). In addition, as C. odorata is an understory shrub it cannot compete with
285  trees for light, consequently the canopy trees limit this crucial resource for C. odorata. Joshi et
286 al. (2006) also found that seed production of C. odorata is suppressed with low light intensity.
287  Similarly, lower light intensity also retards the germination of C. odorata seeds (Chauhan &
288  Johnson 2008). Higher canopy cover implies lower level of light availability below the forest
289  canopy. Many Invasive Alien Plant species prefer to grow in open areas in forests and forest
290 ecotones (Mavimbela et al. 2018). Open areas in forests provide sites for regeneration and
291 growth of IAPS and have higher proportion of IAPS density and coverage compared to closed-
292 canopy areas (Charbonneau & Fahrig 2004, Driscoll et al. 2016). Nevertheless, the impact of
293  canopy density may also be dependent on the nature of invading species, as shade tolerant

294  invasive species may be favoured where there is a dense canopy (Martin et al. 2009).

295  Native species richness and C. odorata cover

296  Conventional diversity resistance hypothesis asserts that sites with higher species richness have

297  lower susceptibility to exotic invasions, mainly at local scale (Fridley et al. 2007). However, this
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298  hypothesis is not always supported by empirical studies (Peng et al. 2019); some studies
299  corroborate the hypothesis (Kennedy et al. 2002, Beaury et al. 2020) while others refute it (Wiser
300 et al. 1998). Alternatively, it is also argued that native species may even facilitate invasion
301  (Fischer et al. 2009). Our study in the Sal forests showed that Chromolaena odorata cover is not
302  correlated with the higher levels of native biodiversity (species richness. Our results are contrary
303 to those of a prior study (Thapa et al 2016) from similar forest from the region who reported non
304 invaded plots to be richer than invaded plots, however, we differ in our sampling approach and
305 richness of study system. Most of the published analysis of the effect of native richness on
306 invasion comes from studies on grasslands (Kennedy et al. 2002, Peng et al. 2019) and diversity
307  resistance experiments in forest systems are scarce. The main mechanism for invasion resistance
308 is thought to be competition. It has been suggested that richness alone may not resists invasion
309 rather there may be role of other factors co-varying with diversity which may contribute to the
310 invasion resistance of communities. In our case, forest canopy cover appears to be a more
311 important factor than species richness with respect to community competitiveness to invasion

312 resistance.

313  Management implication

314  Chromolaena odorata is one of the world’s worst invasive alien plant species (Lowe et al. 2000).
315  National policy documents categorize its impacts as ‘massive’ in Nepal and its distribution in the
316  Himalayas is expected to expand with climate change (Shrestha & Shrestha 2019). This species,
317 along with other invasive species, demand immediate action so that their expansion to new
318 location can be curtailed. The existing biomass needs to be controlled so that ecological and

319  biodiversity loss can be prevented.
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320 The Community Forestry program in Nepal is exemplary in restoring degraded forests and has
321 played a key role in increasing forest cover and averting deforestation in Nepal (Niraula et al.
322 2013). Local people have also observed that C. odorata abundance is suppressed with forest
323  protection and canopy closure (Personal communication). Although Community Forests do not
324  have specific plans and activities to control C. odorata, it appears that they have unwittingly
325 played an important role in controlling C. odorata in forests by protecting forest and increasing
326 forest canopy. Control of invasive species through increased forest cover could be an
327  ‘undocumented contribution’ of community forest user groups of Nepal. However, additional
328 data are needed from different physiographic regions and socio-economic settings to evaluate

329 this hypothesis.

330  Our findings have immediate practical relevance in forest management. Community Forests are
331 mostly small patches of forest interspersed with settlement and agriculture. These forest patches
332 are subjected to disturbance associated with biomass extraction, grazing and forest silviculture,
333 and many Community Forests are potentially vulnerable to invasion by Chromolaena odorata.
334  Community Forests should consider enhancing forest canopy cover to suppress the growth of C.
335 odorata (Khaniya & Shrestha 2020). Currently, Nepal has adopted intensive silvicultural
336 practices in Sal forests. Tree felled and canopy opened areas are highly susceptible to invasion
337 by C. odorata therefore such patches within forests should be monitored regularly to control this

338 invasion.

339  The results of this study showed that forest areas along roadsides have a higher cover of C.
340 odorata. Intact forest margins along roads potentially buffer propagule dispersal towards forest
341 interiors (Cadenasso & Pickett 2001). Therefore, increasing tree density and forest crown along

342  roadsides could be a strategy to control the cover and control the spread of C. odorata in
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343  fragmented forests. Forest managers should consider restoring degraded forests and increasing
344  tree crown along roadsides and open areas so that invasive species can be suppressed while also

345  gaining other forest ecosystem services.

346  Conclusion

347  Our study clearly indicated that forest canopy cover can resist the invasion of C. odorata in Sal
348  forests. The resistance mechanism could be related to resource limitation, primarily light, to the
349  invading species. Disturbance of the ground or undergrowth is probably not a primary driver
350 facilitating invasion in forest when the invading species is light-demanding, as is C. odorata. Our
351 results provide practical insights for the management of Sal forests and degraded areas to avert
352 invasion by invasive species, and they may apply to other forest types and other light-demanding

353  IAPS.

354  Acknowledgements

355  We would like to thank Laxman Paudel, Chandra Bahadur KC, Ram Chandra and Raju Bhandari
356  for their help during the field work. This study was supported by the Darwin Initiative UK

357  (Project 23-031).

358

359

360

361

362

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456



363

364

365
366
367

368
369

370
371

372
373
374

375
376

377
378
379

380
381

382
383
384

385
386

387
388

389

390
391
392

393
394
395

396

397

References

Arellano-Cataldo G and Smith-Ramirez C (2016) Establishment of invasive plant species in
canopy gaps on Robinson Crusoe Island. Plant Ecol 217:289-302.
https://doi.org/10.1007/S11258-016-0570-4

Beaury EM, Finn JT, Corbin JD et al. (2020) Biotic resistance to invasion is ubiquitous across
ecosystems of the United States. Ecol. Lett. 23:476-482

Bellard C, Cassey P and Blackburn TM (2016) Alien species as a driver of recent extinctions.
Biol Lett 12:20150623. https://doi.org/10.1098/rsbl.2015.0623

Bellingham PJ, Tanner EVJ, Martin PH et al. (2018) Endemic trees in a tropical biodiversity
hotspot imperilled by an invasive tree. Biol Conserv 217:47-53.
https://doi.org/https://doi.org/10.1016/j.biocon.2017.10.028

Benedetti Y and Morelli F (2017) Spatial mismatch analysis among hotspots of alien plant
species, road and railway networks in Germany and Austria. PLoS One 12:e0183691

Bhatta S, Joshi LR and Shrestha BB (2020) Distribution and impact of invasive alien plant
species in Bardia National Park, western Nepal. Environ Conserv 47:197-205.
https://doi.org/10.1017/S0376892920000223

Birkner P-C (2017) brms: An R package for Bayesian multilevel models using Stan. J Stat Softw
80:1-28

Bustamante RO, Gémez P, San Martin J et al. (2019) Forest canopy, a proxi of light intensity,
arrests Pinus radiata invasion: basic science to conserve the Coastal Maulino forest, Central
Chile. bioRxiv 512194, https://doi.org/10.1101/512194

Byun C and Lee EJ (2018) Giant ragweed invasion is not well controlled by biotic resistance. J
Plant Biol 61:301-308

Cadenasso ML and Pickett STA (2001) Effect of edge structure on the flux of species into forest
interiors. Conserv Biol 15:91-97. https://doi.org/doi:10.1111/j.1523-1739.2001.99309.x

CBS (2011) Environmental statistics of Nepal. Central Bureau of Statistics, Kathmandu

Charbonneau NC and Fahrig L (2004) Influence of canopy cover and amount of open habitat in
the surrounding landscape on proportion of alien plant species in forest sites. Ecoscience
11:278-281

Chauhan BS and Johnson DE (2008) Germination Ecology of Two Troublesome Asteraceae
Species of Rainfed Rice: Siam Weed (Chromolaena odorata) and Coat Buttons (Tridax
procumbens). Weed Sci 56:567-573. https://doi.org/10.1614/WS-07.200.1

Davis MA (2009) Invasion Biology. Oxford University Press, Oxford, UK.

Diagne C, Leroy B, Vaissiére A-C et al. (2021) High and rising economic costs of biological

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456



398 invasions worldwide. Nature 592:571-576. https://doi.org/10.1038/s41586-021-03405-6
399  Driscoll AG, Angeli NF, Gorchov DL et al. (2016) The effect of treefall gaps on the spatial

400 distribution of three invasive plants in a mature upland forest in Maryland . J Torrey Bot
401 Soc 143:349-359

402  Fajardo A and Gundale MJ (2018) Canopy cover type, and not fine-scale resource availability,
403 explains native and exotic species richness in a landscape affected by anthropogenic fires
404 and posterior land-use change. Biol Invasions 20:385-398

405  Fischer LK, Von Der Lippe M and Kowarik | (2009) Tree invasion in managed tropical forests
406 facilitates endemic species. J Biogeogr 36:2251-2263. https://doi.org/10.1111/j.1365-
407 2699.2009.02173.x

408  Flory SL and Clay K (2006) Invasive shrub distribution varies with distance to roads and stand
409 age in eastern deciduous forests in Indiana, USA. Plant Ecol 184:131-141

410 Follak S, Schleicher C and Schwarz M (2018) Roads support the spread of invasive Asclepias
411 syriaca in Austria. Die Bodenkultur J L Manag Food Environ 69:257-265

412  Foxcroft LC, Richardson DM, Rouget M and MacFadyen S (2009) Patterns of alien plant

413 distribution at multiple spatial scales in a large national park: implications for ecology,
414 management and monitoring. Divers Distrib 15:367-378.

415 https://doi.org/doi:10.1111/j.1472-4642.2008.00544.x

416  Fridley JD, Stachowicz JJ, Naeem S et al. (2007) The invasion paradox: Reconciling pattern and
417 process in species invasions. Ecology 88:3-17. https://doi.org/10.1890/0012-

418 9658(2007)88[3:tiprpa]2.0.co;2

419  Fuentes-Lillo E, Lembrechts JJ, Cavieres LA et al. (2021) Anthropogenic factors overrule local
420 abiotic variables in determining non-native plant invasions in mountains. Biol Invasions, 1—
421 16. https://doi.org/10.1007/S10530-021-02602-8

422  Gautam KH and Devoe NN (2006) Ecological and anthropogenic niches of sal (Shorea robusta
423 Gaertn. f.) forest and prospects for multiple-product forest management - A review.

424 Forestry 79:81-101. https://doi.org/10.1093/forestry/cpi063

425  Gobmez P, Murta M, San Martin J et al. (2019) Maintaining close canopy cover prevents the
426 invasion of Pinus radiata: Basic ecology to manage native forest invasibility. PLoS One
427 14:¢0210849

428  Gonzélez-Moreno P, Diez JM, Ibafiez | et al. (2014) Plant invasions are context-dependent:
429 multiscale effects of climate, human activity and habitat. Divers Distrib 20:720-731.

430 https://doi.org/doi:10.1111/ddi.12206

431  Hulme PE (2009) Trade, transport and trouble: managing invasive species pathways in an era of
432 globalization. J Appl Ecol 46:10-18. https://doi.org/doi:10.1111/j.1365-2664.2008.01600.x

433 IPBES (2019) Summary for policymakers of the global assessment report on biodiversity and
434 ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456



435

436
437
438

439
440
441

442
443

444
445
446

447
448

449
450

451
452

453
454

455
456
457

458
459
460

461
462
463

464
465
466

467
468
469

470

Ecosystem Services. IPBES secretariat, Bonn, Germany

Joshi C, De Leeuw J, van Andel J et al. (2006) Indirect remote sensing of a cryptic forest
understorey invasive species. For Ecol Manage 225:245-256.
https://doi.org/https://doi.org/10.1016/j.foreco.2006.01.013

Keim JL, DeWitt PD, Fitzpatrick JJ and Jenni NS (2017) Estimating plant abundance using
inflated beta distributions: Applied learnings from a lichen—caribou ecosystem. Ecol Evol
7:486-493. https://doi.org/10.1002/ece3.2625

Kennedy TA, Naeem S, Howe KM et al. (2002) Biodiversity as a barrier to ecological invasion.
Nature 417:636. https://doi.org/10.1038/nature00776

Khaniya L and Shrestha BB (2020) Forest regrowth reduces richness and abundance of invasive
alien plant species in community managed Shorea robusta forests of central Nepal. J Ecol
Environ 44:1-8. https://doi.org/10.1186/S41610-020-00158-7

Lemmon PE (1956) A spherical densiometer for estimating forest overstory density. For Sci
2:314-320

Levine JM (2000) Species diversity and biological invasions: Relating local process to
community pattern. Science 288:852—854. https://doi.org/10.1126/science.288.5467.852

Levine JM, Adler PB and Yelenik SG (2004) A meta-analysis of biotic resistance to exotic plant
invasions. Ecol Lett 7:975-989. https://doi.org/doi:10.1111/j.1461-0248.2004.00657.x

Liebhold AM, Brockerhoff EG, Kalisz S et al. (2017) Biological invasions in forest ecosystems.
Biol Invasions 19:3437-3458

Liu J, Liang S-C, Liu F-H et al. (2005) Invasive alien plant species in China: regional
distribution patterns. Divers Distrib 11:341-347. https://doi.org/10.1111/j.1366-
9516.2005.00162.x

Lowe S, Browne M, Boudjelas S and De Poorter M (2000) 100 of the world’s worst invasive
alien species: a selection from the global invasive species database. Invasive Species
Specialist Group Auckland

Luo Z, Chen X, Xia G and Chen X (2018) Extrinsic environmental factors, not resident diversity
itself, lead to invasion of Ageratum conyzoides L. in diverse communities. Ecol Res
33:1245-1253

MacLaren C, Swanepoel P, Bennett J et al. (2019) Cover crop biomass production is more
important than diversity for weed suppression. Crop Sci 59:733-748.
https://doi.org/10.2135/cropsci2018.05.0329

Malahlela OE, Cho MA and Mutanga O (2015) Mapping the occurrence of Chromolaena odorata
(L.) in subtropical forest gaps using environmental and remote sensing data. Biol Invasions
17:2027-2042

Martin PH,Canham CD and Marks PL (2009) Why forests appear resistant to exotic plant

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456



471 invasions: intentional introductions, stand dynamics, and the role of shade tolerance. Front

472 Ecol Environ 7:142-149. https://doi.org/10.1890/070096

473  Mavimbela LZ, Sieben EJJ and Proches S (2018) Invasive alien plant species, fragmentation and
474 scale effects on urban forest community composition in Durban, South Africa. New Zeal J
475 For Sci 48:19. https://doi.org/10.1186/s40490-018-0124-8

476 ~ Mungi NA, Qureshi Q and Jhala YV (2021) Role of species richness and human-impacts in

477 resisting invasive species in tropical forests. J Ecol. 109: 3308-3321.

478 https://doi.org/10.1111/1365-2745.13751

479  Murphy ST, Subedi N, Jnawali SR et al. (2013) Invasive mikania in Chitwan National Park,

480 Nepal: the threat to the greater one-horned rhinoceros Rhinoceros unicornis and factors

481 driving the invasion. Oryx 47:361-368. https://doi.org/10.1017/S003060531200124 X

482  Muscarella R, Emilio T, Phillips OL et al. (2020) The global abundance of tree palms. Glob Ecol
483 Biogeogr 29:1495-1514. https://doi.org/10.1111/GEB.13123

484  Niemiec RM, Asner GP, Brodrick PG et al. (2018) Scale-dependence of environmental and

485 socioeconomic drivers of albizia invasion in Hawaii. Landsc Urban Plan 169:70-80.

486 https://doi.org/10.1016/j.landurbplan.2017.08.008

487  Niraula RR, Gilani H, Pokharel BK and Qamer FM (2013) Measuring impacts of community
488 forestry program through repeat photography and satellite remote sensing in the Dolakha
489 district of Nepal. J Environ Manage 126:20-29.

490 https://doi.org/10.1016/j.jenvman.2013.04.006

491  Nunez-Mir GC, Liebhold AM, Guo Q et al. (2017) Biotic resistance to exotic invasions: its role
492 in forest ecosystems, confounding artifacts, and future directions. Biol Invasions 19:3287—
493 3299

494  Pandey HP and Pokhrel NP (2021) Formation trend analysis and gender inclusion in community
495 forests of Nepal. Trees, For People 5:100106. https://doi.org/10.1016/J. TFP.2021.100106
496  Peng S, Kinlock NL, Gurevitch J and Peng S (2019) Correlation of native and exotic species
497 richness: a global meta-analysis finds no invasion paradox across scales. Ecology

498 100:e02552. https://doi.org/10.1002/ECY .2552

499  Pysek P, Jarosik V, Hulme PE et al. (2012) A global assessment of invasive plant impacts on
500 resident species, communities and ecosystems: the interaction of impact measures, invading
501 species’ traits and environment. Glob Chang Biol 18:1725-1737.

502 https://doi.org/doi:10.1111/j.1365-2486.2011.02636.x

503  Pysek P and Richardson DM (2008) Traits Associated with Invasiveness in Alien Plants: Where
504 Do we Stand?. Biol Invasions 97-125. https://doi.org/10.1007/978-3-540-36920-2_7

505 R Core Team (2019) R: A language and environment for statistical computing. R

506 Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456


https://doi.org/10.1007/978-3-540-36920-2_7

507

508 Rindyastuti R, Hapsari L and Byun C (2021) Comparison of ecophysiological and leaf

509 anatomical traits of native and invasive plant species. J Ecol Environ 45:1-16.

510 https://doi.org/10.1186/S41610-020-00174-7

511  Sardain A,Sardain E and Leung B (2019) Global forecasts of shipping traffic and biological

512 invasions to 2050. Nat Sustain. 2: 274-282. https://doi.org/10.1038/s41893-019-0245-y

513  Sharma LN,Grytnes J-A, Maren IE and Vetaas OR (2016) Do composition and richness of

514 woody plants vary between gaps and closed canopy patches in subtropical forests?. J Veg
515 Sci 27:1129-1139. https://doi.org/10.1111/JVS.12445

516  Shrestha UB and Shrestha BB (2019) Climate change amplifies plant invasion hotspots in Nepal.
517 Divers Distrib 25: 1599-1622. https://doi.org/10.1111/ddi.12963

518  Simberloff D, Martin JL, Genovesi P et al. (2013) Impacts of biological invasions: what’s what
519 and the way forward. Trends Ecol Evol 28:58-66. https://doi.org/10.1016/j.tree.2012.07.013
520  Smith NS and Cété IM (2019) Multiple drivers of contrasting diversity—invasibility relationships
521 at fine spatial grains. Ecology 100:e02573. https://doi.org/10.1002/ecy.2573

522  Stohlgren TJ, Barnett D, Flather C et al. (2006) Species richness and patterns of invasion in

523 plants, birds, and fishes in the United States. Biol Invasions 8:427-447

524  Thapa LB, Kaewchumnong K, Sinkkonen A and Sridith K (2016) Impacts of invasive

525 Chromolaena odorata on species richness, composition and seedling recruitment of Shorea
526 robusta in a tropical Sal forest, Nepal. Songklanakarin J Sci Technol 38:683-689

527  Tiwari S, Siwakoti M, Adhikari B and Subedi K (2005) An inventory and assessment of invasive
528 alien plant species of Nepal. IUCN Nepal, Kathmandu

529  Vitousek PM, Mooney HA, Lubchenco J and Melillo JM (1997) Human domination of Earth’s
530 ecosystems. Science 277:494-499. https://doi.org/10.1126/science.277.5325.494

531  Wesche and Karsten (1997) A classification of a tropical Shorea robusta foreststand in southern
532 Nepal. Phytocoenologia, 27 103-118. https://doi.org/10.1127/PHYTO/27/1997/103

533  Wiser SK, Allen RB, Clinton PW and Platt KH (1998) Community structure and forest invasion
534 by an exotic herb over 23 years. Ecology 79:2071-2081. https://doi.org/10.1890/0012-

535 9658(1998)079[2071:csafib]2.0.co;2

536

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456



537

JOURNALOF TROPICAL ECOLOGY HTTPS://DOI.ORG/10.1017/S0266467421000456



List of Tables and Figures

Table 1: Information on the four sampled community forest

Name of Area Elevation Geographic Forest type and Invasive species
CF (ha) location dominant species
Pashupati 195 250-450  Siwalik/Chure Sal forest (Shorea Chromolaena odorata
Sunachuri 266 250-350 foot hills robusta), with dominant, with Mikenia
Janakalyan 182 200-300 Terminalia alata, micrantha, Parthenium

) Adina cordifolia. hysterophorus, Spermacoce
Ghumauri 207 250-540 Dominant shrubs: alata, Mesosphaerum

Clerodendrum suaveolens

viscosum, Pogostemon
benghalensis.

Table 2: Model summary of Bayesian regression analysis where C. odorata cover is response
and other forest attributes are predictors.

Variables Estimate Estimated error  95% confidence interval
Lower Upper
Intercept -1.14 0.24 -1.63 -0.69
Canopy cover -0.53 0.13 -0.79 -0.28
Shrub cover -0.21 0.14 -0.48 0.06
Slope -0.27 0.14 -0.54 -0.01
Distance -0.29 0.14 -0.56 -0.02

sd (Random effect of sites) 0.27 0.31 0.01 1.10
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Figure 1: Maps showing the study areas; a) Location of Nawalparasi and Makawanpur district in
the physiographic regions of Nepal, b) land cover of Nawalparasi site, c) land cover of

Makawanpur site



Figure 2 Chromoleana morphology: a) an open area invaded by the species; b) flowerhead on
stem; c) inflorescence detail; d) single flower head detail; e & f) leaf dorsal and ventral surface

showing margin and venation. Pictures taken in Janakalyan community forest Nawalparasi.
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Figure 3: The relationship between C. odorata cover and canopy cover (%) showing the fitted
line based on Bayesian regression analysis and its 95% confidence intervals around the fitted

line.
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Figure 4: Relationship between canopy cover and distance to the nearest road along with the

fitted linear regression line and its 95% confidence intervals around the fitted line
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Figure 5: Box and Whisker plot showing C. odorata cover in different canopy classes. The
medians (horizontal line), whiskers (vertical line), and outliers (points) above the maximum

value and interquartile range are indicated in the plot.



