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Abstract 30 

Rice ecosystems vary greatly in climate, edaphic conditions, landscape heterogeneity, 31 

agricultural management and biodiversity. However, ongoing land use intensification and 32 

conversion to large-scale monoculture are threatening this diversity. We analyzed how rice-33 

growing regions in Southeast Asia differ in diversity and composition of vascular plants in 34 

paddy rice ecosystems, and how the local and regional biodiversity of these plants is 35 

determined by variations in abiotic conditions, habitat type (paddy vs. bunds) and the 36 

proximity of non-paddy habitats. The vegetation of paddies and their bunds was surveyed in 37 

seven important rice production regions located in highlands and lowlands of Vietnam and 38 

the Philippines. Within the regions we sampled 67 pairs of study sites comprising a total of 39 

122 paddies and 134 bunds. We identified major drivers of field-level weed diversity (alpha 40 
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diversity) separately for bunds and paddies. Species turnovers (beta diversity) across 41 

sampling sites, between paddies and their bunds, and between regions were visualized using 42 

the Bray-Curtis coefficient of dissimilarity and DCA ordinations. Species richness on bunds 43 

was mainly influenced by the proximity of non-paddy habitats, mean annual temperature 44 

and soil acidity. Soil moisture was the decisive factor for the variation in paddy weed 45 

richness. In both habitat types, Shannon diversity and the number of insect-pollinated plants 46 

showed patterns similar to species richness. Regional differences in plot species richness 47 

were stronger on bunds than in paddies. Species turnover was high among habitat types and 48 

between upland and lowland regions. Future ecological engineering approaches can build on 49 

our findings to promote pollination services more efficiently in Southeast Asian rice 50 

landscapes. 51 
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The world’s population is predicted to reach 9.8 billion in 2050 (United Nations, 2017). 62 

Population growth, changes in consumption habits and augmented bioenergy use are likely 63 

to increase the global demand for agricultural products during the coming decades 64 

(Alexandratos and Bruinsma, 2012; Foley et al., 2011; Martin and Sauerborn, 2013). In 65 

Southeast Asia, about 32% of the terrestrial surface is already covered by agricultural land, 66 

ca. 28% is used to produce crops (FAO, 2020). Rice is the most important food crop and main 67 

source of income in rural areas (GRiSP, 2013). In 2018, 50 million ha were cultivated with rice 68 

in Southeast Asia (FAO, 2020). Further agricultural expansion is at the expense of valuable 69 

natural and semi-natural habitats and associated organisms, and conventional land-use 70 

intensification dramatically threatens farmland biodiversity (Cunningham et al., 2013; Foley 71 

et al., 2011; Kehoe et al., 2017; Newbold et al., 2015; Tilman et al., 2017). Agrobiodiversity 72 

plays a crucial role in maintaining essential ecosystem functions and services in agro-73 

ecosystems like pest control, crop pollination, maintenance of soil fertility and water quality, 74 

erosion control, aesthetic and cultural values, provision of food, fodder, biofuels and fibers 75 

etc. (Altieri, 1999; Martin and Sauerborn, 2013). In general, higher plant species richness 76 

augments the spectrum of resources like nectar, pollen and habitats, and probably leads to a 77 

higher resilience against disturbances in agro-ecosystems. But if intensification continues 78 

over the next few decades as predicted, the global biodiversity value of agricultural lands will 79 

be substantially reduced (Egli et al., 2018).  80 

Wild rice domestication began probably about 9000 years ago and rice is now grown in 81 

irrigated paddies, or in rainfed lowland, rainfed upland and flood-prone ecosystems (Khush, 82 

1997). Paddy rice production systems consist of three main habitat types (Bambaradeniya 83 

and Amerasinghe, 2003): the paddy (or field proper), the bund (levee) and the ditch (water 84 

supply canal). Together these habitat types form a mosaic of potentially high ecological, 85 
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economical and socio-cultural value (GRiSP, 2013). Paddies have mostly small local plant 86 

species pools (Miyawaki, 1960), often reduced by weed control, whereas the vegetation on 87 

bunds is usually more abundant and speciose (Fried et al., 2018). Both habitat types host a 88 

variety of globally rare species (Fried et al., 2017, 2018; IUCN, 2015; Nowak et al., 2015). In 89 

total, more than 1,800 plant species associated with rice cultivation were listed for South 90 

and Southeast Asia alone (Moody 1989). How this enormous plant diversity varies along 91 

environmental and spatial gradients and which drivers cause species loss is not well 92 

understood. The drivers of the Southeast Asian rice weed diversity are scale-dependent due 93 

to complex, multi-levelled agro-ecological patterns and processes. Despite recent research 94 

on the species composition in South and Southeast Asian rice weed communities (Fried et 95 

al., 2017, 2018; Kumalasari, 2014; Nowak et al., 2015, 2016), the factors underlying species 96 

diversity across habitats and regions remain to be determined. Besides climate, altitude, 97 

edaphic conditions and agricultural management, the surrounding landscape (e.g. the 98 

proximity of non-paddy habitats) may turn out to be a decisive factor for alpha, beta and 99 

gamma plant diversity in rice production systems. Lately, several studies examined the 100 

effects of the surrounding landscape on the plant diversity of agricultural areas, mainly in 101 

the Mediterranean (e.g. Armengot et al., 2011; Bassa et al., 2011; José-María et al., 2010) or 102 

temperate regions (e.g. Gabriel et al., 2005; Poggio et al., 2013; Roschewitz et al., 2005). 103 

Similar studies from tropical or subtropical rice fields are scarce and are inconclusive with 104 

respect to the effects of the proximity of non-crop habitats on weed diversity (Kumalasari, 105 

2014; Zhou et al., 2018). In this study, we analyze how local and regional-scale factors 106 

determine vascular plant diversity in tropical paddy rice agro-ecosystems. We sampled plant 107 

species in seven regions of Southeast Asia and covered three spatial levels: plots, landscapes 108 

and regions (in order of increasing area). We addressed the following questions: (a) What 109 
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are the abiotic conditions and surrounding landscapes in the local paddy rice agro-110 

ecosystems and what is their relative importance for vascular plants? (b) How and to which 111 

extent do plant diversity and composition differ within a region, between the paddies and 112 

their bunds, and across regions?  113 

2. Methods 114 

2.1 Study regions and experimental design  115 

Our study regions, scattered over extensive areas in Southeast Asia, encompass considerable 116 

variation in climate, landscape heterogeneity, edaphic conditions, agricultural management 117 

and biodiversity. We surveyed four study regions in Vietnam (VN) and three in the 118 

Philippines (PH), each covering 15 × 15 km (Fig. 1, Table 1). 119 

The Vietnamese regions were located in the Mekong Delta in the southern province Tien 120 

Giang (VN4), and along the Red River in the northern provinces of Hai Duong (VN1), Vinh 121 

Phuc (VN2) and Lao Cai (VN3), between sea level and 1,390 m. The tropical to subtropical 122 

monsoon climate has a wet season from May to September dominated by southeasterly 123 

winds and a dry season caused by northeasterly winds between October and April. The 124 

southern Mekong Delta is characterized by warm-humid conditions all year round whereas 125 

temperatures in the subtropical north are cooler during the dry season. Less warm summers 126 

and cool winters are typical in the northwestern mountains, although the local climate varies 127 

considerably. Mean annual temperatures range from 16 °C (Lao Cai) to 28 °C (Tien Giang), 128 

where mean annual precipitation differs between 2,500 mm and 1,500 mm, respectively 129 

(Rivas-Martinez and Rivas-Saenz, 1996-2009; Sterling et al., 2008; Vân, 2016). 130 

The three Philippine study regions range from sea level to 1,095 m and are located on Luzon 131 

Island in the provinces of Laguna (PH1), Nueva Ecija (PH2) and Ifugao (PH3). The tropical 132 
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climate is characterized by the southwest monsoon causing a wet season from May to 133 

October, and the northeast monsoon bringing the dry season between November and April. 134 

Local climates have relatively constant temperatures throughout the year, but vary in rainfall 135 

seasonality. Mean annual temperatures range from 19 °C in the mountains of Ifugao to 28 °C 136 

in the lowlands. Mean annual precipitation varies between 1,800 mm (Nueva Ecija) and 137 

3,700 mm (Ifugao). Tropical cyclones occur frequently between July and November 138 

(Coronas, 1920; CRU, 2008; GRiSP, 2013).  139 

Rice weed management and cultivation practices differ most strongly between lowland and 140 

upland regions rather than between countries (De Datta 1981; GRiSP 2013; Fried et al. 2017, 141 

2018): rice is usually harvested twice a year in lowland regions, whereas the mountain 142 

climate allows for only one crop cycle per year. Intensive manual labor, the use of traditional 143 

upland rice cultivars and reduced or zero input of synthetic herbicides and fertilizers are 144 

further characteristics of the traditional upland rice farming systems in Ifugao (PH3) and Lao 145 

Cai (VN3). Besides, weeds and the uppermost soil layer are typically removed from the 146 

upland bunds prior to the transplanting of rice seedlings, and the use of water buffalos for 147 

puddling and harrowing of paddies is still common. In contrast, lowland farmers mostly use 148 

machinery and apply synthetic products for pest control and fertilization. Particularly Tien 149 

Gang (VN4) is characterized by high chemical input, vast monoculture areas and three crop 150 

cycles per year. In Laguna (PH1), bund weeds are subject to frequent cutting, but herbicides 151 

are used less than in other lowland regions. For further details on land-use, structural 152 

heterogeneity and soil characteristics of the study regions, see Klotzbücher et al. (2015). 153 

We employed a paired study design to detect scale-dependent effects of abiotic conditions 154 

and surrounding landscape on the vegetation. In the following, the term “rice field” refers to 155 

the entity of a paddy and its bunds, whereas each “site” comprised a rice field irrespective of 156 
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whether only the vegetation of its bunds or also of its paddy was surveyed during the study. 157 

The study sites were selected preferentially according to their accessibility and 158 

approachability of farmers during the sampling period. In total, we selected five to eighteen 159 

pairs (landscape level) of study sites (plot level) in each region (regional level), resulting in 160 

134 sites, 67 pairs and 7 regions (Table 1). Each pair of sites comprised one monoculture site 161 

that was entirely surrounded by rice fields, and one structurally more diverse site that 162 

shared at least one border with one or more non-paddy habitats (such as agroforests, 163 

gardens or grasslands) resulting in “diverse” surroundings (and representing an enhanced 164 

habitat diversity). Distance between sites ranged from 40 m to 590 m (mean ± SD: 244 ± 120 165 

m). 166 

2.2 Vegetation survey 167 

The vegetation survey was conducted within the framework of an interdisciplinary research 168 

project on sustainable rice production (LEGATO; Settele et al., 2018). We established a total 169 

of 256 vegetation plots (122 in paddies, 134 on bunds), comprising 16 to 70 plots in each of 170 

the seven study regions (Table 1). Twelve paddies were abandoned or the crop had changed 171 

during the sampling period although the corresponding bunds had already been sampled. 172 

Every plot was sampled once between 2012 and 2015, either during wet or during dry 173 

season. Vascular plant species were recorded with their cover/abundance values using the 174 

nine-class Braun-Blanquet scale (Reichelt and Wilmanns, 1973). In each paddy, all vascular 175 

plant species were recorded in a representative rectangular plot of 20 m2. Five 2 m2 subplots 176 

were randomly selected on the bunds, stratified as to sample the vegetation at least once on 177 

each side of the paddy, because of their variation in width, shape and stability. Cover-178 

abundance values were transformed into percentages (r = 0.1, + = 0.5, 1 = 2.5, 2m = 2.5, 2a = 179 

10, 2b = 20.5, 3 = 37.5, 4 = 62.5, 5 = 87.5) (Dierschke, 1994). The species inventory of the five 180 
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subplots was pooled and percentages were averaged to represent plots of 10 m2 size per 181 

bund. Altitude and geographical coordinates were determined by GPS device (Garmin eTrex 182 

Vista® HCx) in the center of each study site.  183 

The following works were used for plant identification: Cook, 1996; eFloras, 2008; Harada et 184 

al., 1987, 1993; Ho, 1999, 2000, 2003; Le, 2007; Nguyen, 2002; Nguyen and Nguyen, 2007; 185 

Pancho and Obien, 1995; Soerjani et al., 1987. Voucher specimens of each plant species 186 

were collected and stored in GOET (Herbarium of the University of Göttingen). The 187 

taxonomy follows The Plant List (2013). 188 

2.3 Environmental variables 189 

Mixed soil samples were collected (10-20 cm depth) from five randomly selected spots per 190 

plot and analyzed in laboratories of Göttingen University and the Helmholtz Centre for 191 

Environmental Research – UFZ. A conductivity gauge of the type pH538 (WTW GmbH) was 192 

used to measure the electrical conductivity (EC) in the supernatant suspension of a 1:2.5 193 

soil:H2O mixture, before assessing the soil pH with a pH meter of the type pH358 (Krannich 194 

GmbH & Co.KG). Contents of Corg and Ntotal were measured with the Dumas combustion 195 

method using a VARIO MAX (elementar), afterwards humus content was estimated (Corg × 196 

1,725). Texture was determined on a moist sample of fine earth and through visible 197 

characteristics (FAO, 2006). Soil moisture was categorized into four levels by visual 198 

inspection: 1 - moist but solid soil; 2 - wet and soft soil; 3 - very wet and muddy soil with 199 

interspersed puddles; 4 - flooded soil completely covered by water. Fanny Langerwisch from 200 

the Potsdam Institute for Climate Impact Research supplied monthly mean temperatures 201 

from the years 2001-2006 based on a time-series dataset (CRU TS 3.0) provided by CRU et al. 202 

(2008). The local landscape surrounding each site (variable LandSur) was assessed 203 
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categorically according to the presence (at diverse sites) or absence (at monoculture sites) of 204 

non-paddy habitats in their direct proximity. Regional land use intensity and structural 205 

diversity classes were taken from Settele et al. (2013). 206 

2.4 Data analyses 207 

All statistical analyses were done in R (version 3.5.2; R Core Team, 2018). Cultivated species 208 

were disregarded. Data of bunds and paddies were treated separately. We used linear 209 

mixed-effects models (LME, ‘lme4’ package version 1.1-19; Bates et al., 2015) with a 210 

Gaussian error distribution or generalized linear mixed-effects models (GLMM) with a 211 

Poisson error distribution during an explorative model selection process to identify predictor 212 

variables with highest explanatory value and significant effect (p < 0.05) on our response 213 

variables species richness (S), Shannon diversity (H), and the number of entomophilous 214 

plants (insect-pollinated species, i.e. all vascular plants except Equisetaceae, Urticaceae, 215 

graminoids, ferns and submerged hydrophytes; Sipo). Corresponding to the final model 216 

residual diagnostics, we decided to use the Poisson GLMM for responses S and Sipo in 217 

paddies (count data), and Gaussian LME for S and Sipo on bunds and H in both habitat types. 218 

The used predictors were LandSur, MeanTemp, pH, EC, C/N, Humus, Moisture (only for 219 

paddies) and Texture (only for bunds). Correlation among response variables was tested 220 

using Kendall’s correlation coefficient τ. We did not incorporate altitude in our models due 221 

to a correlation with mean annual temperature (τ = -0.18, p < 0.001). The variables Region and 222 

Landscape were treated as nested random effects to account for the non-independence of 223 

sites within landscapes (or pairs, respectively) and regions. Continuous predictor variables 224 

were standardized (mean = 0, SD = 1). All variables are listed in detail in Table 2, correlation 225 

matrices are given in Appendices B.7 and B.8 of the Supplementary material. Model 226 

selection was based on Akaike’s Information Criterion (AIC) and residual diagnostics 227 
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according to Zuur et al. (2010). We used forward selection as former global tests with 228 

models including all predictors performed significantly better than their corresponding null 229 

models (cf. Blanchet et al., 2008). Predictors that led to the strongest decrease in AIC were 230 

included first into our models. We checked for interactions with already included fixed 231 

effects before including remaining predictors or their interactions into existing models. 232 

Heteroscedasticity and distribution of residuals were checked visually in diagnostic plots for 233 

each model. Collinearity among predictors was detected using variance inflation factors 234 

(VIFs, ‘car’ package version 3.0-6; Fox and Weisberg, 2019), with all VIFs < 2 accepted in the 235 

final model (Zuur et al., 2010). Fitted Poisson-GLMMs were not overdispersed. We assessed 236 

conditional R2 (‘performance’ package version 0.4.4; Lüdecke et al. 2020) and marginal R2 237 

(‘r2glmm’ package version 0.1.2; Jaeger 2017) for each model before assessing partial R2 238 

(‘r2glmm’ package) of corresponding predictors. Explained variances of random terms were 239 

calculated manually as the proportion of the total variance of the random effects models. 240 

Means of the predictors depending on LandSur-levels, habitat types or regions were 241 

compared using Two Sample t-Tests if the data was normally distributed, or Wilcoxon-Mann-242 

Whitney tests if non-normally distributed. Pairwise Wilcoxon Rank Sum tests were used for 243 

pairwise comparisons of species richness between regions or moisture levels with 244 

corrections for multiple testing (Holm). 245 

Analyses of species turnover and composition were performed with the ‘vegan’ package 246 

(version 2.5-4; Oksanen et al., 2019). Singletons and doubletons were eliminated from the 247 

dataset before excluding plots without weeds. The terms alpha and beta diversity refer to a 248 

wide variety of phenomena with various spatial scales (Tuomisto, 2010a). We use these 249 

terms as follows: alpha diversity equals the species diversity (S, Sipo or H) on the plot level, 250 

beta diversity quantifies the variation in species composition of plots within a region, 251 
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between bunds and paddies (across all regions) or between the seven regions. To quantify 252 

the compositional dissimilarity between different plots we used the Bray-Curtis coefficient 253 

(Bray and Curtis, 1957), which ranges between 0 (species composition and abundances 254 

between two plots are identical) and 1 (two plots do not share any species). Species 255 

turnover within regions (βintra) was calculated with Bray-Curtis dissimilarities between plots 256 

based on original species cover-abundances. Regional means were calculated by averaging 257 

all βintra values of the corresponding region (mean of all site pairs). Species turnover between 258 

regions (βinter) was calculated with Bray-Curtis dissimilarities based on the mean cover-259 

abundance of each species in a region. We also performed detrended correspondence 260 

analysis (DCA) on the square root-transformed species data to use the length of axis 1 as a 261 

direct measure of species turnover (c.f. Tuomisto 2010b) and to visualize differences in 262 

species composition between regions and habitat types. 263 

Kendall’s correlation coefficient τ was used to test for correlations of alpha diversity (S, Sipo 264 

and H) between bunds and paddies of the same study site, and between regional means of 265 

plot-level species richness and beta diversity (Bray-Curtis dissimilarities between plots) in 266 

both habitat types. 267 

3. Results 268 

3.1 Floristic diversity 269 

A total of 315 plant taxa (117 in paddies, 305 on bunds) were recorded in the studied rice 270 

landscapes, belonging to 98 genera and 63 families. We recorded 198 species (or 63% of the 271 

total species) exclusively on bunds, ten species (3%) occurred only in paddies and 108 272 

species (34%) in both habitats (Appendix A.1 Supplementary material). Ten species were 273 

cultivated (mostly intercropped on bunds), 193 species are insect-pollinated and 97 species 274 
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are red-listed as of “Least Concern” (IUCN, 2015). About 40% of all taxa were recorded less 275 

than three times. The mean number of species recorded per plot averaged 27.8 ± 11.7 276 

species on bunds (range: 0-53) and significantly less (p < 0.001) in paddies (S = 6.5 ± 5.8, 277 

range: 0-29). Species richness was highly correlated with H (τ = 0.60, p < 0.001) and Sipo (τ = 278 

0.85, p < 0.001) on bunds, and likewise with H (τ = 0.80, p < 0.001) and Sipo (τ = 0.86, p < 279 

0.001) in paddies. Species richness was also correlated between bunds and paddies of the 280 

same study site (τ = 0.34, p < 0.001), as were H (τ = 0.21, p = 0.002) and Sipo (τ = 0.39, p < 281 

0.001). 282 

3.2 Effects of local surroundings and abiotic conditions on the plant diversity of bunds 283 

Surrounding landscape (monoculture vs. diverse; LandSur), mean annual temperature and 284 

soil pH showed the strongest effects on the plant species richness of bunds (Fig. 2, Table 3, 285 

Appendices A.2, A.3 and B.1 Supplementary material). Bunds that were in proximity of non-286 

paddy habitats showed higher species richness (32 ± 10.5, range 0-53) than those that were 287 

not (24.9 ± 11.8, range 0-46, p = 0.001). Mean annual temperature had the second most 288 

prominent effect and an additional negative effect in interaction with rice monoculture 289 

around sites. Below a threshold of about 21 °C, rising temperatures clearly reduced species 290 

richness, almost independently of the surrounding landscape, whereas above this point, the 291 

decrease in species richness was mitigated in diverse sites (Appendix B.2 Supplementary 292 

material). Decreasing soil pH generally enhanced species richness on bunds, although this 293 

predictor showed the weakest significant effect in our model (Appendix B.3 Supplementary 294 

material). 295 

Regional differences in species richness were strong, ranging from a mean of 38.7 ± 7.1 296 

species on bunds in VN2 to 7.5 ± 10.5 species on bunds in VN4 (Fig. 3a, Table 4, Appendix A.3 297 
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Supplementary material). The patterns found for species richness depending on surrounding 298 

landscape, mean annual temperature and soil pH were clearly bound to region-specific 299 

effects. For example, regions with cooler mean annual temperatures (i.e. VN3 and PH3) 300 

supported fields with higher and less variable species richness, almost irrespective of the 301 

surrounding landscape (Appendix B.2 Supplementary material), whereas variation in species 302 

richness in relation to soil pH was higher at monoculture sites of these regions, but remained 303 

relatively stable between monoculture and diverse sites in all other regions (Appendix B.3 304 

Supplementary material). 305 

Models with H and Sipo as response variables showed weaker but mostly similar patterns, 306 

although the effects of variable soil pH were not significant (Fig. 2, Table 3, Appendices B.4 307 

and B.5 Supplementary material). Bunds in proximity of non-paddy habitats had in average a 308 

higher Shannon diversity (mean: 2.4 ± 0.5) compared to monoculture sites (mean: 2.1 ± 0.8), 309 

and also higher richness of entomophilous plants (meandiverse: 18.0 ± 6.8 and meanmonoculture: 310 

13.4 ± 7.0, respectively). Again, H and Sipo were reduced with rising mean annual 311 

temperatures, especially at monoculture sites, and varied among the study regions. 312 

3.3 Effects of local surroundings and abiotic conditions on plant diversity in paddies 313 

The only significant effects on the plant diversity in the paddies were related to soil moisture 314 

content (Fig. 4, Table 5, Appendices A.2 and A.3 Supplementary material). We observed 315 

differences in species richness among all four moisture levels, but not all levels differed 316 

significantly from each other (p < 0.05). We recognized comparable patterns in the models 317 

with H or Sipo as response variables, though effects on H were weaker (Table 5, Appendix A.3 318 

Supplementary material). Plant species richness ranged from 1.8 ± 1.3 in VN4 paddies to 319 

11.4 ± 4.9 in PH1 paddies, and was more balanced between regions compared to the bunds, 320 
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though some significant regional differences were found (Table 4, Fig. 3b). In paddies, 321 

regional differences of H and Sipo are again comparable to those of species richness 322 

(Appendices B.4 and B.5 Supplementary material). 323 

3.4 Species turnover 324 

The regional means of the Bray-Curtis dissimilarities among plots (mean βintra) were on 325 

average lower between bunds (mean: 0.70 ± 0.06) than between paddies (mean: 0.82 ± 326 

0.07). The highest species turnover was observed between bunds of PH1, and the lowest in 327 

VN3. In the paddies, VN2 showed the highest mean βintra and VN4 the lowest (Table 4). Mean 328 

species richness showed no significant correlation with mean βintra, neither on bunds (τ = -329 

0.61, p = 0.069) nor in paddies (τ = 0.24, p = 0.56). 330 

Bray-Curtis dissimilarities among regions (βinter) were also generally lower on bunds (mean: 331 

0.74 ± 0.09) than in the paddies (mean: 0.85 ± 0.08). Highest dissimilarities were found 332 

between upland and lowland regions: on bunds between PH1 and VN3, and in paddies 333 

between VN3 and VN4 (Table 6). Regions VN1 and VN2 showed the most similar species 334 

composition on bunds as well as in paddies. 335 

The DCA showed a clear distinction in the species composition of the two habitat types 336 

(Appendix B.6 Supplementary material): site scores of the bunds are located on the mid to 337 

lower left side whereas the paddy scores are spread on the mid to upper right side. 338 

Perpendicular to this separation line (from the upper left to the lower right corner of the 339 

graph), site scores are aligned in more or less vertical stripes according to their regional 340 

affiliation, and thus, highlight the regional differentiation in species composition. An axis 341 

length of 5.07 (DCA1) also indicates a complete species turnover along the first axis, and 342 

hence between the two habitat types and among the seven regions.  343 
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4. Discussion 344 

We showed that the local plant diversity can be linked to different abiotic conditions and the 345 

presence or absence of non-paddy habitats in proximity of the study sites. Further on, 346 

regions and habitat types differ in diversity and composition of rice weeds.  347 

4.1 Drivers of rice weed diversity on bunds 348 

The species richness on bunds was mainly influenced by the surrounding landscape, mean 349 

annual temperature and soil acidity. The close proximity of other habitat types was the key 350 

driver of the plot-level plant diversity (alpha diversity) on rice field bunds probably due to 351 

propagule influx from adjacent habitats (mass effect; Shmida and Wilson, 1985). Species 352 

pools on bunds might profit from the immigration of plants through dispersal from adjacent 353 

areas. Such neighborhood effects on plant diversity were described from temperate wheat 354 

fields (Gabriel et al., 2005) and subtropical areas dominated by rice and other crops (Zhou et 355 

al., 2018). In Indonesia, species richness on bunds with other crops or trees and in multiple-356 

crop landscapes was higher than on ordinary bunds and in monoculture landscapes 357 

(Kumalasari and Bergmeier, 2014). In our study regions, species richness is reduced by on 358 

average almost 20% in monoculture landscapes, whereas effects on Shannon diversity and 359 

the number of entomophilous plants were slightly weaker. In homogenous landscapes, plant 360 

diversity levels might also be more prone to indirect negative effects of other variables: 361 

monoculture sites showed generally stronger decreases in species richness with rising mean 362 

annual temperatures. In mountain sites, soil-acidity dependent species richness variation 363 

was higher in monoculture compared to diverse sites. We conclude that plant diversity in 364 

structurally complex rice landscapes is more resilient against the effects of agricultural 365 

intensification. Neighboring effects might again be enhanced in landscapes of complex 366 
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composition because of an increased availability of suitable habitats that can serve as 367 

refuges and corridors for rice weeds, such as wetlands, grasslands, home gardens, other crop 368 

fields or fallows. Besides, plant diversity was influenced by the surrounding landscape in 369 

agricultural areas in the tropics (Martínez et al., 2015), the subtropics (Zhou et al., 2018), the 370 

Mediterranean (José-María et al., 2010) and temperate regions (Gaba et al., 2010; Gabriel et 371 

al., 2005; Maskell et al., 2019; Poggio et al., 2013; Roschewitz et al., 2005). 372 

Regarding climatic conditions, we showed that mean annual temperature had a significant 373 

negative effect on plant diversity, especially at higher altitudes and at monoculture sites, 374 

perhaps due to higher topographical variation and reduced land-use intensity in the uplands. 375 

Higher species richness in upland areas was also observed in Indonesian paddies and bunds 376 

(Kumalasari, 2014), and altitude was identified as an important discriminating factor of plant 377 

communities in rice fields of Indonesia (Kumalasari, 2014), Nepal (Nowak et al., 2016) and 378 

Tajikistan (Nowak et al., 2013). A favorable climate as well as topographic and soil 379 

heterogeneity provide suitable conditions for plant life in mountainous regions of North 380 

Vietnam and the Philippines. The local farmland flora may also be enriched due to 381 

overlapping altitudinal distribution ranges of temperate/subtropical and tropical plant 382 

species in mid-elevations, as reported in studies on the diversity of introduced plants from 383 

other tropical mountain areas (Jakobs et al., 2010; Tassin and Rivière, 2003). Fried et al. 384 

(2017, 2018) found several genera in the species pools of PH3 and VN3 that are common to 385 

temperate regions. At some sites, the negative effects of high temperatures may be 386 

weakened by advantageous macro- and microclimatic conditions. However, the question 387 

why plant diversity independent of regional affiliation decreased with higher temperatures 388 

remained yet unresolved. This effect may well result from higher land-use intensity in the 389 

hot lowlands, but biogeographical reasons may also exist (higher species pools outside 390 
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lowlands). We tried to create meaningful land-use indices and incorporate them (as well as 391 

information about local weed management strategies) into our models, but weed 392 

management was too heterogeneous among study regions to allow for a proper statistical 393 

analysis of our data. However, land-use intensity in a particular region (e.g. in the mountain 394 

region Lao Cai, VN3) was not generally lower in fields at high altitudes (with cooler 395 

temperatures) than in fields at low altitudes (with higher temperatures) in the same region, 396 

whereas in regional comparison, highland regions generally use less input of synthetic 397 

fertilizers and pesticides than lowland regions. Most probably, land-use intensity is the best 398 

explanation for differences of plant diversity between regions (see Fig. 3), but not within 399 

each region. In our analyses, we included “Region” (and with it also region-specific 400 

differences, e.g. the strong differences of land-use intensity) in the random term of our 401 

models to reveal region-independent variables with effects within regions. Mean annual 402 

temperature, in contrast to any land-use index or weed control method, thus had a region-403 

independent effect on plant diversity. We also used partial datasets (e.g. by excluding VN4 404 

or by restriction to only lowland/highland regions) during model selection to ensure that we 405 

do not have statistical artefacts due to the distinctiveness of the study regions (e.g. because 406 

of their distinct weed management or climate) but the variables with significant effects 407 

remained the same among the models of the partial datasets. Future studies might focus on 408 

a particular region (with more local data) or provide more intersecting data to enable a 409 

sound statistical solution of the effect of land-use intensity (or weed management) on plant 410 

diversity. 411 

Plant growth and development depends on the availability of soil nutrients which leads to 412 

competition between rice plants and weeds, and thus influences species distributions. The 413 

availability of nutrients to plants is bound to the soil acidity making it an important chemical 414 
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property of rice soils (Fageria et al., 2011). Soil pH can influence the germination and 415 

composition of rice weeds (Singh and Singh 2009). Our previous studies in the study area 416 

have already identified soil acidity as a major determinant of the arable species composition 417 

(Fried et al., 2017, 2018). Our new findings also indicate a significant, region-independent 418 

increase of vascular plant diversity with decreasing soil acidity. Soil measurements are 419 

desirable in further rice vegetation analyses to explain interactions between soil, 420 

management, crop and weeds in more detail. 421 

4.2 Drivers of rice weed diversity in paddies 422 

Species diversity in paddies was much lower than on bunds, which corresponds to findings 423 

from China (Nemoto and Otsuka, 2014), Indonesia (Kumalasari, 2014), Japan (Fukamachi et 424 

al., 2005), and Sri Lanka (Bambaradeniya et al., 1998). Impacts of agricultural management, 425 

i.e. flooding, weed control and seeding, are generally more severe in paddies and lead to a 426 

comparatively depauperate and uniform flora. Particularly soil moisture was significantly 427 

negatively correlated with plant diversity in paddies. These findings are consistent with other 428 

studies on effects of water depth and availability on weed diversity and/or composition in 429 

tropical and subtropical paddies (Bambaradeniya et al., 1998; Juraimi et al., 2011; 430 

Kumalasari, 2014; Nowak et al., 2015, 2016; Tomita et al., 2003). Proper water management 431 

has been the traditional method of weed control long before synthetic herbicides became 432 

available. Standing water suppresses weed growth directly by reducing plant germination 433 

and establishment, and indirectly through the inherent size advantage of the crop (Tuong et 434 

al., 2005). Different strategies concerning level, duration and timing of flooding have been 435 

proposed, though most agree that flooding in the early stages of crop establishment reduces 436 

weed growth most effectively (e.g. Bhagat et al., 1996; Chauhan, 2013; De Datta, 1981; Hill 437 

and Mortimer, 2001; Williams et al., 1990), but distribution, growth and reproduction vary 438 
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between species and soil moisture levels (e.g. Arai et al., 1955; Bhagat et al., 1996; De Datta, 439 

1981; Juraimi et al., 2011; Kamoshita et al., 2010; Morita and Kabaki, 2002). C3 plants might 440 

outcompete C4 plants under water-saturated conditions (Tanaka, 1976), and flooding speed 441 

and intermittent draining might affect particularly algae and aquatic weeds (Hill et al., 1994). 442 

Sound knowledge on local species composition and community variation is essential to 443 

detect specific plant functional groups with beneficial effects for the local rice ecosystems 444 

and may help in adapting management strategies to make rice production more sustainable. 445 

Seasonal changes in rainfall and humidity should be less important in irrigated landscapes of 446 

permanent water availability, especially with respect to paddy vegetation. Temperature 447 

seasonality is pronounced particularly in the mountains (VN3 and PH3) where rice 448 

cultivation, and accordingly the sampling of the vegetation, was restricted to the wet season. 449 

Only some rice fields in the lowland regions were sampled in the dry season where 450 

temperature seasonality effects should be negligible. 451 

The proximity of non-paddy habitats showed no significant effect on species richness. This 452 

corresponds to findings from Indonesia, where nearby semi-natural vegetation did not 453 

enhance species richness in paddy fields, but on bunds (Kumalasari and Bergmeier, 2014). In 454 

Mediterranean cereal fields, landscape heterogeneity influenced plant diversity on 455 

boundaries and field edges, but not in field centers (José-María et al., 2010). Paddies are 456 

highly disturbed and unsuitable habitats for other plants than rice and its most closely 457 

associated weeds, so weed control effects might displace those related to the surrounding 458 

landscape. Additionally, rice plant communities are often fragmentary and characterized by 459 

comparatively low species richness (Miyawaki, 1960), making drivers of paddy plant diversity 460 

even harder to detect. This could as well be a reason why regional differences in plot level 461 

(alpha) diversity in paddies were weaker than on bunds. Nevertheless, effects of 462 
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environmental conditions on the composition of the local plant communities of paddies 463 

were recently revealed (Fried et al., 2017). 464 

4.3 Region-specific effects on the weed diversity 465 

Apart from drivers of plant diversity acting in all regions, we found regional differences of 466 

alpha diversity that can only be explained by region-specific factors. We documented 467 

severely decreased plant diversity at the study sites in the Mekong Delta (VN4), and to a 468 

lesser degree in Nueva Ecija (PH2), probably resulting from the highly intensive agricultural 469 

production methods and the consequently rather monotonous local landscape. In contrast, 470 

relatively high levels of plant diversity were observed in the heterogeneous rice terrace 471 

landscapes of Ifugao (PH3) and Lao Cai (VN3), where the climate allows for only one rice crop 472 

per year and the reduced usage of fertilizers, herbicides and machinery. Rice agro-473 

ecosystems in mountains are often characterized by traditional upland rice cultivars, 474 

reduced application of synthetic fertilizers and herbicides, and by selective manual weed 475 

control (De Datta, 1981; Doanh and Tuan, 2004; Galinato et al., 1999; GRiSP, 2013; Husson et 476 

al., 2001; Paudel, 2011; Roder et al., 1997; Roder, 1997). Regional rice weed diversity surely 477 

profits from specific traditional cultivation methods and high local landscape heterogeneity. 478 

Recently, Fried et al. (2017, 2018) documented the distinct weed control and cultivation 479 

methods of each study region. Land use practices and intensity vary so greatly among 480 

regions that no region-independent variable with general effects on the plant diversity was 481 

detected.  482 

4.4 Species turnover across sampling plots, between the paddies and their bunds, and 483 

between regions (beta diversity) 484 
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On bunds, Bray-Curtis dissimilarities between the plots revealed moderate species turnover 485 

within regions. There was a tendency of beta diversity to decrease with increasing alpha 486 

diversity, land use intensity and declining regional landscape heterogeneity, but we did not 487 

detect any significant correlation. Interestingly, species turnover across bunds of the rice 488 

terraces in the mountain regions Ifugao and Lao Cai was rather low despite high species 489 

numbers (in relation to the number of recorded plots) and alpha diversity, low land use 490 

intensity, and overall high regional landscape heterogeneity. In the hilly lowland of Vinh 491 

Phuc the pattern was similar. A reason for this might be a higher chance of recording shared 492 

species when the number of species per site increases. In contrast, species turnover was 493 

high across bunds in PH2 and VN4, where alpha diversity is low due to very intensive 494 

monoculture rice production, up to three crop cycles per year, and frequent application of 495 

herbicides (also on bunds) (Fried et al., 2018). Low species richness as in regions VN4 and 496 

PH2 with even the more common plant species occurring only sparsely cause high species 497 

turnover rates on bunds. Such effects might be compensated by larger sampling effort. The 498 

highest beta diversity on bunds was documented from Laguna on Luzon Island, where we 499 

had moderate species richness but an ample list of species that occurred sparsely and 500 

irregularly (cf. Fried et al., 2018). In paddies, lowest species turnover rates were found in the 501 

two contrasting regions VN3 and VN4, but no general pattern of beta diversity and its drivers 502 

could be revealed. Similar studies are not known to us, so we recommend future research in 503 

this field. 504 

We also found high levels of species turnover between regions. The Bray-Curtis 505 

dissimilarities shown in Table 4 underlined the strong differences in the species composition 506 

between regions that we presented in the DCA results. These findings are reflected by 507 

previous overall floristic inventories of rice fields in Vietnam and the Philippines (Moody, 508 
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1989). Geographical variability in climate and soil (least in close regions like VN1 and VN2), 509 

and differences in agricultural management (especially between uplands and lowlands) are 510 

the main factors characterizing the local rice weed communities (Fried et al., 2017, 2018). 511 

Regional differentiation might further be driven by historical events like isolation, migration 512 

and speciation. 513 

Our results of DCA and Bray-Curtis dissimilarities might be influenced by excluding rare 514 

species (40% of the recorded taxa) although this is a common practice to avoid noise in 515 

multivariate analyses (c.f. Poos and Jackson 2012). Nonetheless, we found many more 516 

species on bunds than in paddies, while previous studies have already shown that almost 517 

half of the recorded taxa in paddies occurred in less than 2% of the plots (Fried et al., 2017). 518 

We assume that a high rate of propagule influx from bunds (and perhaps irrigation channels) 519 

may enrich the local paddies’ species inventory with casual plants, depending entirely on the 520 

reproductive success in adjacent habitats. The correlations of plot-level plant diversity (S, Sipo 521 

and H) between bunds and paddies of the same study site support this assumption. Similar 522 

neighborhood effects are known from subtropical rice production sites in South China (Zhou 523 

et al., 2018) as well as from temperate wheat fields (Gabriel et al., 2005). The predominant 524 

life form in paddies, annual amphibious plants (Bolòs and Masclans, 1955; Fried et al., 2017; 525 

Miyawaki, 1960), is particularly capable of supporting sink populations in hostile 526 

environments through high seed production, dispersal and regeneration rates (cf. Kunin, 527 

1998; Santamaría, 2002). Bunds host the majority of rice weeds, in numbers and cover, and 528 

serve as an important source, refuge and corridor of plants in rice agro-ecosystems (Fried et 529 

al., 2018). They are an important and integral part of the rice agro-ecosystem with a distinct 530 

flora and vegetation and play a key role in the Southeast Asian agrobiodiversity. 531 

5. Conclusion 532 
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We found great regional variability in the plant species composition of local rice production 533 

landscapes. Neighboring habitats play an important role as source habitats for propagules of 534 

plant species in rice fields. Especially bunds represent important habitats for plant species 535 

that are not necessarily harmful to rice cultivation. Bunds and direct neighborhoods of rice 536 

fields could contribute to sustain and promote biodiversity of plants and associated animals, 537 

such as pollinators and parasitoids of pests or other pest antagonists, in rice production 538 

landscapes. In the study area, closer proximity to structurally more complex habitats led to 539 

higher numbers of entomophilous plants on bunds, while pollinator diversity, their 540 

functional diversity and plant-pollinator network complexity increased in rice fields and 541 

home gardens (Hass et al., 2018; Schrader et al., 2017) compared to those in monoculture. 542 

Diversification of rice agro-ecosystems through the protection and promotion of plant 543 

biodiversity may also lead to higher resilience against disturbances, but species composition 544 

and preservation of native species should have greater priority than conservation of species 545 

richness per se (Tylianakis et al., 2010). High plant species diversity can be conserved or 546 

promoted by reduced management intensity, conservation and restoration of extensively 547 

managed habitats, such as agroforests, and irrigation schemes that help to reduce pesticide 548 

inputs. Sustainable rice production systems should take care of biodiversity and the proper 549 

management of the bunds. Targeted managements of plant species on the bunds could 550 

prove as a potential measure for ecological engineering (Settele et al., 2018) and promote 551 

multiple ecosystem services, including pest control and pollination (Westphal et al., 2015), in 552 

rice landscapes that often comprise a mosaic of home gardens, orchards and rice paddies. 553 
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Appendix A.1: List of taxa found in Southeast Asian rice landscapes during the years 2012 to 572 

2015 with their status in The IUCN Red List of Threatened Species (IUCN 2015). Species 573 

counted in our index "Sipo" (marked as entomophilous) have showy flowers or are known 574 

from scientific literature (e.g. eFloras 2008) for being insect-pollinated. 575 
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with significant effects on plant species richness (S), Shannon index (H) and the number of 577 
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entomophilous plants (Sipo) on Southeast Asian rice field bunds (n = 123) and paddies (n = 578 

110). P-values are based on F-statistics. 579 

Appendix A.3: Effect sizes (% explained variances and R²) of the models and corresponding 580 

predictor variables. R² is given for the entire model and for the fixed terms, respectively. 581 

Explained variance of random terms is corresponding to random variance of final model. 582 

Appendix B. Supplementary material 583 

Appendix B.1: Generalized model predictions of the effects of surrounding landscape, mean 584 

annual temperature and soil acidity on the species richness of studied rice field bunds, based 585 

on linear mixed-effects models. 586 

Appendix B.2: Generalized model predictions (based on linear mixed-effects models with 587 

dotted lines showing 95% confidence intervals) of the effects of mean annual temperature 588 

and surrounding landscape on species richness of Southeast Asian rice field bunds. Species 589 

richness decreases with mean annual temperature, in particular if bunds belong to 590 

monoculture sites. Points represent original data points. 591 

Appendix B.3: Generalized model predictions (based on linear mixed-effects models with 592 

dotted lines showing 95% confidence intervals) of the effects of soil pH and surrounding 593 

landscape on regional species richness on bunds. Overall, decreasing soil acidity enhanced 594 

species richness, but regional differences and the effect of surrounding landscape were 595 

more conspicuous. Points represent original data points. 596 

Appendix B.4: The study regions (for full names see Fig. 1) were characterized by distinct 597 

levels of plot-level plant diversity (a) on bunds and (b) in paddies. Significant differences (p < 598 
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0.05) of Shannon diversity (H) between regions are indicated with letters (nbunds = 123 and 599 

npaddies = 110). 600 

Appendix B.5: The study regions (for full names see Fig. 1) were characterized by distinct 601 

levels of plot-level plant diversity (a) on bunds and (b) in paddies. Significant differences (p < 602 

0.05) of the number of entomophilous plants (Sipo) between regions are indicated with 603 

letters (nbunds = 123 and npaddies = 110). 604 

Appendix B.6: DCA ordination depicting plant community composition in paddies and their 605 

bunds. Site scores of the DCA ordination are shown along axes 1 (eigenvalue 0.50) and 2 606 

(eigenvalue 0.37). Symbol sizes indicate the species richness at sites. The total inertia was 607 

9.72. 608 

Appendix B.7: Correlation matrix of variables recorded on bunds. Numbers represent 609 

Pearson’s correlation coefficient. 610 

Appendix B.8: Correlation matrix of variables recorded in paddies. Numbers represent 611 

Pearson’s correlation coefficient. 612 

References 613 

Alexandratos, N., Bruinsma, J., 2012. World agriculture towards 2030/2050: the 2012 614 

revision. ESA Working paper No. 12, Rome, Italy. 615 

Altieri, M.A., 1999. The ecological role of biodiversity in agroecosystems. Agric Ecosyst 616 

Environ 74 (1–3), 19–31. 10.1016/S0167-8809(99)00028-6. 617 



 

28 
 

Arai, M., Miyahara, M., Yokomori, H., 1955. Ecological studies on weeds on arable land. IV. 618 

On the types produced by adaptation to the soil water of weeds. [In Japanese with English 619 

summary]. J. Kanto-Tokai Agr. Exp. Stn. 8, 56–62. 620 

Armengot, L., José-María, L., Blanco-Moreno, J.M., Romero-Puente, A., Sans, F.X., 2011. 621 

Landscape and land-use effects on weed flora in Mediterranean cereal fields. Agric Ecosyst 622 

Environ 142 (3-4), 311–317. 10.1016/j.agee.2011.06.001. 623 

Bambaradeniya, C.N.B., Amerasinghe, F.P., 2003. Biodiversity associated with the rice field 624 

agroecosystem in Asian countries: A brief review. Working Paper, Colombo, Sri Lanka. 625 

Bambaradeniya, C.N.B., Fonseka, K.T., Ambagahawatte, C.L., 1998. A preliminary study of 626 

fauna and flora of a rice field in Kandy, Sri Lanka. Ceylon J Sci 25, 1–22. 627 

Bassa, M., Boutin, C., Chamorro, L., Sans, F.X., 2011. Effects of farming management and 628 

landscape heterogeneity on plant species composition of Mediterranean field boundaries. 629 

Agric Ecosyst Environ 141 (3-4), 455–460. 10.1016/j.agee.2011.04.012. 630 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models using 631 

lme4. J Stat Softw 67 (1), 1–48. 10.18637/jss.v067.i01. 632 

Bhagat, R.M., Bhuiyan, S.I., Moody, K., 1996. Water, tillage and weed interactions in lowland 633 

tropical rice: A review. Agricultural Water Management 31 (3), 165–184. 10.1016/0378-634 

3774(96)01242-5. 635 

Blanchet, F.G., Legendre, P., Borcard, D., 2008. Forward selection of explanatory variables. 636 

Ecology 89 (9), 2623–2632. 10.1890/07-0986.1. 637 



 

29 
 

Bolòs, O. de, Masclans, F., 1955. La vegetacion de los arrozales en la region mediterranea. [In 638 

Spanish]. Collect Bot IV (32), 415–434. 639 

Bray, J.R., Curtis, J.T., 1957. An Ordination of the Upland Forest Communities of Southern 640 

Wisconsin. Ecol Monogr 27 (4), 325–349. 10.2307/1942268. 641 

Chauhan, B.S., 2013. Management strategies for weedy rice in Asia, Los Baños, Philippines. 642 

Cook, C.D.K., 1996. Aquatic and wetland plants of India. Oxford University Press, New York, 643 

USA. 644 

Coronas, J., 1920. The climate and weather of the Philippines, 1903 to 1918. Bureau of 645 

Printing, Manila, Philippines. 646 

[dataset] CRU - University of East Anglia Climatic Research Unit, Jones, P.D., Harris, I., 2008. 647 

Climatic Research Unit (CRU) time-series datasets of variations in climate with variations in 648 

other phenomena, http://catalogue.ceda.ac.uk/uuid/3f8944800cc48e1cbc29a5ee12d8542d. 649 

Cunningham, S.A., Attwood, S.J., Bawa, K.S., Benton, T.G., Broadhurst, L.M., Didham, R.K., 650 

McIntyre, S., Perfecto, I., Samways, M.J., Tscharntke, T., Vandermeer, J., Villard, M.-A., 651 

Young, A.G., Lindenmayer, D.B., 2013. To close the yield-gap while saving biodiversity will 652 

require multiple locally relevant strategies. Agric Ecosyst Environ 173, 20–27. 653 

10.1016/j.agee.2013.04.007. 654 

De Datta, S.K., 1981. Principles and practices of rice production. John Wiley & Sons, 655 

Singapore. 656 

Dierschke, H., 1994. Pflanzensoziologie: Grundlagen und Methoden. Ulmer, Stuttgart, 657 

Germany. 658 



 

30 
 

Doanh, Q., Tuan, H.D., 2004. Improving indigenous technologies for sustainable land use in 659 

northern mountainous areas of Vietnam. J Mt Sci 1 (3), 270–275. 10.1007/BF02919331. 660 

eFloras, 2008. Flora of China, http://www.efloras.org/ (accessed 22nd September 2015). 661 

Egli, L., Meyer, C., Scherber, C., Kreft, H., Tscharntke, T., 2018. Winners and losers of national 662 

and global efforts to reconcile agricultural intensification and biodiversity conservation. Glob 663 

Change Biol 24 (5), 2212–2228. 10.1111/gcb.14076. 664 

Fageria, N.K., Carvalho, G.D., Santos, A.B., Ferreira, E.P.B., Knupp, A.M., 2011. Chemistry of 665 

Lowland Rice Soils and Nutrient Availability. Commun Soil Sci Plan 42 (16), 1913–1933. 666 

10.1080/00103624.2011.591467. 667 

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R.J., Sirami, C., Siriwardena, 668 

G.M., Martin, J.-L., 2011. Functional landscape heterogeneity and animal biodiversity in 669 

agricultural landscapes. Ecology letters 14 (2), 101–112. 10.1111/j.1461-0248.2010.01559.x. 670 

FAO, 2006. Guidelines for Soil Description, fourth ed. FAO, Rome, Italy. 671 

FAO, 2020. FAOSTAT, http://faostat.fao.org/ (accessed 6th January 2021). 672 

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M., Mueller, 673 

N.D., O’Connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter, S.R., Hill, J., 674 

Monfreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., Tilman, D., Zaks, D.P.M., 675 

2011. Solutions for a cultivated planet. Nature 478, 337-342. 10.1038/nature10452. 676 

Fox, J., Weisberg, S., 2019. An R companion to applied regression, third ed. Sage, Thousand 677 

Oaks, USA. 678 



 

31 
 

Fried, O., Kühn, I., Schrader, J., Nguyen Van Sinh, Bergmeier, E., 2017. Plant diversity and 679 

community composition of rice agroecosystems in Vietnam and the Philippines. 680 

Phytocoenologia 47 (1), 49–66. 10.1127/phyto/2017/0123. 681 

Fried, O., Kühn, I., Schrader, J., van Sinh Nguyen, Bergmeier, E., 2018. Plant diversity and 682 

composition of rice field bunds in Southeast Asia. Paddy Water Environ 16 (2), 359–378. 683 

10.1007/s10333-018-0657-8. 684 

Fukamachi, K., Oku, H., Miyake, A., 2005. The relationships between the structure of paddy 685 

levees and the plant species diversity in cultural landscapes on the west side of Lake Biwa, 686 

Shiga, Japan. Landsc Ecol Eng 1 (2), 191–199. 10.1007/s11355-005-0019-8. 687 

Gaba, S., Chauvel, B., Dessaint, F., Bretagnolle, V., Petit, S., 2010. Weed species richness in 688 

winter wheat increases with landscape heterogeneity. Agric Ecosyst Environ 138 (3-4), 318–689 

323. 10.1016/j.agee.2010.06.005. 690 

Gabriel, D., Thies, C., Tscharntke, T., 2005. Local diversity of arable weeds increases with 691 

landscape complexity. Perspect Plant Ecol 7 (2), 85–93. 10.1016/j.ppees.2005.04.001. 692 

Galinato, M.I., Moody, K., Piggin, C.M., 1999. Upland rice weeds of South and Southeast Asia. 693 

International Rice Research Institute, Makati City, Philippines. 694 

Gámez-Virués, S., Perović, D.J., Gossner, M.M., Börschig, C., Blüthgen, N., de Jong, H., 695 

Simons, N.K., Klein, A.-M., Krauss, J., Maier, G., Scherber, C., Steckel, J., Rothenwöhrer, C., 696 

Steffan-Dewenter, I., Weiner, C.N., Weisser, W., Werner, M., Tscharntke, T., Westphal, C., 697 

2015. Landscape simplification filters species traits and drives biotic homogenization. Nat 698 

Commun 6 (1), 1–8. 10.1038/ncomms9568. 699 

GRiSP, 2013. Rice almanac, fourth ed., Los Baños, Philippines. 700 



 

32 
 

Harada, J., Paisooksantivatana, Y., Zungsontiporn, S., 1987. Weeds in the highlands of 701 

northern Thailand: Color illustrated, first ed. Project manual / National Weed Science 702 

Research Institute Project no. 3. National Weed Science Research Institute Project, c/o 703 

Botany and Weed Science Division, Dept. of Agriculture, Bangkok, Thailand. 704 

Harada, J., Shibayama, H., Morita, H., 1993. Weeds in the Tropics. Association for 705 

International Cooperation of Agriculture & Forestry, Tokyo, Japan. 706 

Hass, A.L., Liese, B., Heong, K.L., Settele, J., Tscharntke, T., Westphal, C., 2018. Plant-707 

pollinator interactions and bee functional diversity are driven by agroforests in rice-708 

dominated landscapes. Agric Ecosyst Environ 253, 140–147. 10.1016/j.agee.2017.10.019. 709 

Hill, J.E., Mortimer, A.M., 2001. Water and weed management in direct-seeded rice: are we 710 

headed in the right direction?, in: Peng, S., Hardy, B. (Eds.), Rice research for food security 711 

and poverty alleviation: proceedings of the International Rice Research Conference, 31 712 

March-3 April 2000, Los Baños, Philippines, pp. 491-510. 713 

Hill, J.E., Smith, R.J., JR, Bayer, D.E., 1994. Rice weed control: Current technology and 714 

emerging issues in temperate rice. Aust J Exp Agric 34 (7), 1021. 10.1071/EA9941021. 715 

Ho, P.-H., 1999-2003. Cayco Vietnam [An Illustrated Flora of Vietnam]. Vols. 1-3. [In 716 

Vietnamese]. Nha xuat ban tre [Mekong Printing], Ho Chi Minh City, Vietnam. 717 

Husson, O., Castella, J.-C., Ha Dinh Tuan, Naudin, K., 2001. Agronomic diagnosis and 718 

identification of factors limiting upland rice yield in mountainous areas of Northern Vietnam. 719 

SAM Paper Series 2, Ha Noi, Vietnam. 720 

IUCN, 2015. The IUCN Red List of Threatened Species: Version 2015-3, 721 

http://www.iucnredlist.org/ (accessed 9th September 2015). 722 



 

33 
 

Jaeger, B., 2017. R2glmm: Computes R Squared for Mixed (Multilevel) Models, 723 

https://CRAN.R-project.org/package=r2glmm. 724 

Jakobs, G., Kueffer, C., Daehler, C.C., 2010. Introduced weed richness across altitudinal 725 

gradients in Hawai’i: Humps, humans and water-energy dynamics. Biol Invasions 12 (12), 726 

4019–4031. 10.1007/s10530-010-9816-6. 727 

José-María, L., Armengot, L., Blanco-Moreno, J.M., Bassa, M., Sans, F.X., 2010. Effects of 728 

agricultural intensification on plant diversity in Mediterranean dryland cereal fields. J Appl 729 

Ecol 47 (4), 832–840. 10.1111/j.1365-2664.2010.01822.x. 730 

Juraimi, A.S., Muhammad Saiful, A.H., Uddin, M.K., Anuar, A.R., Azmi, M., 2011. Diversity of 731 

Weed communities under different water regimes in bertam irrigated direct seeded rice 732 

field. Aust J Crop Sci 5 (5), 595–604. 733 

Kamoshita, A., Ikeda, H., Yamagishi, J., Ouk, M., 2010. Ecophysiological study on weed seed 734 

banks and weeds in Cambodian paddy fields with contrasting water availability. Weed Biol 735 

Manag 10 (4), 261–272. 10.1111/j.1445-6664.2010.00393.x. 736 

Kehoe, L., Romero-Muñoz, A., Polaina, E., Estes, L., Kreft, H., Kuemmerle, T., 2017. 737 

Biodiversity at risk under future cropland expansion and intensification. Nat Ecol Evol 1 (8), 738 

1129–1135. 10.1038/s41559-017-0234-3. 739 

Khush, G.S., 1997. Origin, dispersal, cultivation and variation of rice. Plant Mol Biol 35 (1-2), 740 

25–34. 10.1023/A:1005810616885. 741 

Klotzbücher, T., Marxen, A., Vetterlein, D., Schneiker, J., Türke, M., Nguyen V.S., Manh, N.H., 742 

Chien, H.V., Marquez, L., Villareal, S., Bustamante, J.V., Jahn, R., 2015. Plant-available silicon 743 



 

34 
 

in paddy soils as a key factor for sustainable rice production in Southeast Asia. Basic Appl 744 

Ecol 16 (8), 665–673. 10.1016/j.baae.2014.08.002 745 

Kumalasari, N.R., 2014. Diversity of rice weeds vegetation and its potential as local forage 746 

resource in Java, Indonesia. Ph. D. thesis, University of Göttingen, Göttingen, Germany. 747 

Kumalasari, N.R., Bergmeier, E., 2014. Effects of surrounding crop and semi-natural 748 

vegetation on the plant diversity of paddy fields. Agric Food Secur 3 (1), 15. 10.1186/2048-749 

7010-3-15. 750 

Kunin, W.E., 1998. Biodiversity at the edge: A test of the importance of spatial "mass effects" 751 

in the Rothamsted Park Grass experiments. P Natl Acad Sci USA 95 (1), 207–212. 752 

10.1073/pnas.95.1.207. 753 

Le, K.B., 2007. Thuc vat chi viet nam (Flora of Vietnam). Vol. 7: Ho cuc - Asteraceae Dumort. 754 

[In Vietnamese]. Science and Technics Publishing House, Ha Noi, Vietnam. 755 

Lüdecke, D., Makowski, D., Waggoner, P., 2020. performance: Assessment of Regression 756 

Models Performance, https://CRAN.R-project.org/package=performance. 757 

Martin, K., Sauerborn, J., 2013. Agroecology. Springer, Dordrecht, Netherlands. 758 

Martínez, E., Rös, M., Bonilla, M.A., Dirzo, R., 2015. Habitat heterogeneity affects plant and 759 

arthropod species diversity and turnover in traditional cornfields. PLOS ONE 10 (7), 760 

e0128950. 10.1371/journal.pone.0128950. 761 

Maskell, L.C., Botham, M., Henrys, P., Jarvis, S., Maxwell, D., Robinson, D.A., Rowland, C.S., 762 

Siriwardena, G., Smart, S., Skates, J., Tebbs, E.J., Tordoff, G.M., Emmett, B.A., 2019. Exploring 763 

relationships between land use intensity, habitat heterogeneity and biodiversity to identify 764 



 

35 
 

and monitor areas of High Nature Value farming. Biol Conserv 231, 30–38. 765 

10.1016/j.biocon.2018.12.033. 766 

Miyawaki, A., 1960. Pflanzensoziologische Untersuchungen über Reisfeld-Vegetation auf den 767 

Japanischen Inseln mit vergleichender Betrachtung Mitteleuropas. [In German]. Vegetatio 768 

Acta Geobot 9 (6), 345–402. 10.1007/BF00299997. 769 

Moody, K., 1989. Weeds reported in rice in South and Southeast Asia. International Rice 770 

Research Institute, Los Baños, Philippines. 771 

Morita, H., Kabaki, N., 2002. Effects of soil moisture conditions on the emergence of weeds 772 

and rice plants from rainfed paddy soils in north-east Thailand. Weed Biol Manag 2 (4), 209–773 

212. 10.1046/j.1445-6664.2002.00070.x. 774 

Nemoto, M., Otsuka, H., 2014. Influence of farming system on the floristic composition of 775 

paddy landscapes: a case study in a rural hilly zone in Zhejiang province, China. Landsc Ecol 776 

Eng 10 (1), 173–180. 10.1007/s11355-011-0150-7. 777 

Newbold, T., Hudson, L.N., Hill, S.L.L., Contu, S., Lysenko, I., Senior, R.A., Börger, L., Bennett, 778 

D.J., Choimes, A., Collen, B., Day, J., Palma, A. de, Díaz, S., Echeverria-Londoño, S., Edgar, 779 

M.J., Feldman, A., Garon, M., Harrison, M.L.K., Alhusseini, T., Ingram, D.J., Itescu, Y., Kattge, 780 

J., Kemp, V., Kirkpatrick, L., Kleyer, M., Correia, D.L.P., Martin, C.D., Meiri, S., Novosolov, M., 781 

Pan, Y., Phillips, H.R.P., Purves, D.W., Robinson, A., Simpson, J., Tuck, S.L., Weiher, E., White, 782 

H.J., Ewers, R.M., Mace, G.M., Scharlemann, J.P.W., Purvis, A., 2015. Global effects of land 783 

use on local terrestrial biodiversity. Nature 520, 45-50. 10.1038/nature14324. 784 



 

36 
 

Nguyen, H.D., Nguyen, T.D., 2007. Thuc vat chi viet nam [Flora of Vietnam]. Vol. 11: 1. Bo 785 

rong mo - Fucales Kylin & 2. Ho rau ram - Polygonaceae Juss. [In Vietnamese]. Science and 786 

Technics Publishing House, Ha Noi, Vietnam. 787 

Nguyen, K.K., 2002. Thuc vat chi viet nam [Flora of Vietnam]. Vol. 3: Ho coi - Cyperaceae Juss. 788 

[In Vietnamese]. Science and Technics Publishing House, Ha Noi, Vietnam. 789 

Nowak, A., Nowak, S., Nobis, M., 2015. First insights into weed communities of rice 790 

agrocoenoses in southern Thailand. Phytocoenologia 45 (1), 157–174. 791 

10.1127/phyto/2015/0017. 792 

Nowak, A., Nowak, S., Nobis, M., 2016. Spring weed communities of rice agrocoenoses in 793 

central Nepal. Acta Bot Croat 75 (1), 99–108. 10.1515/botcro-2016-0004. 794 

Nowak, S., Nowak, A., Nobis, M., 2013. Weed communities of rice fields in the central Pamir 795 

Alai Mountains (Tajikistan, Middle Asia). Phytocoenologia 43 (1-2), 101–126. 10.1127/0340-796 

269X/2013/0043-0552. 797 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R., 798 

O'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., 2019. 799 

vegan: Community Ecology Package. 800 

Pancho, J.V., Obien, S.R., 1995. Manual of ricefield weeds in the Philippines. Philippine Rice 801 

Research Institute, Muñoz, Philippines. 802 

Paudel, M.N., 2011. Rice (Oryza sativa L.) cultivation in the highest elevation of the world. 803 

Agron J Nepal 2, 31–41. 804 



 

37 
 

Poggio, S.L., Chaneton, E.J., Ghersa, C.M., 2013. The arable plant diversity of intensively 805 

managed farmland: Effects of field position and crop type at local and landscape scales. Agric 806 

Ecosyst Environ 166, 55–64. 10.1016/j.agee.2012.01.013. 807 

Poos, M.S., Jackson, D.A., 2012. Addressing the removal of rare species in multivariate 808 

bioassessments: The impact of methodological choices. Ecol Indic 18, 82–90. 809 

10.1016/j.ecolind.2011.10.008 810 

R Core Team, 2018. R: A language and environment for statistical computing, R Foundation 811 

for Statistical Computing, Vienna, Austria. 812 

Reichelt, G., Wilmanns, O., 1973. Vegetationsgeographie. Westermann, Braunschweig, 813 

Germany. 814 

Rivas-Martinez, S., Rivas-Saenz, S., 1996-2009. Worldwide Bioclimatic Classification System, 815 

http://www.globalbioclimatics.org/ (accessed 22 September 2015). 816 

Roder, W., 1997. Slash-and-burn rice systems in transition: challenges for agricultural 817 

development in the hills of Northern Laos. Mt Res Dev 17 (1), 1–10. 10.2307/3673908. 818 

Roder, W., Phengchanh, S., Keobulapha, B., 1997. Weeds in slash-and-burn rice fields in 819 

northern Laos. Weed Res 37 (2), 111–119. 10.1046/j.1365-3180.1996.d01-6.x. 820 

Roschewitz, I., Gabriel, D., Tscharntke, T., Thies, C., 2005. The effects of landscape 821 

complexity on arable weed species diversity in organic and conventional farming. J Appl Ecol 822 

42 (5), 873–882. 10.1111/j.1365-2664.2005.01072.x. 823 



 

38 
 

Santamaría, L., 2002. Why are most aquatic plants widely distributed? Dispersal, clonal 824 

growth and small-scale heterogeneity in a stressful environment. Acta Oecol 23 (3), 137–825 

154. 10.1016/S1146-609X(02)01146-3. 826 

Schrader, J., Franzén, M., Sattler, C., Ferderer, P., Westphal, C., 2017. Woody habitats 827 

promote pollinators and complexity of plant–pollinator interactions in homegardens located 828 

in rice terraces of the Philippine Cordilleras. Paddy Water Environ 16 (2), 253-263. 829 

10.1007/s10333-017-0612-0. 830 

Settele, J., Kühn, I., Klotz, S., Arida, G., Bergmeier, E., Burkhard, B., Bustamante, J.V., Dao 831 

Thanh Truong, Escalada, M., Görg, C., Grescho, V., Ho Van Chien, Heong, K.L., Hirneisen, N., 832 

Hotes, S., Jahn, R., Klotzbücher, T., Marion, G., Marquez, L., Marxen, A., Moritz, R., Müller, F., 833 

Nguyen Van Sinh, Ott, J., Penev, L., Rodriguez-Labajos, B., Schädler, M., Scheu, S., Seppelt, R., 834 

Stoev, P., Tscharntke, T., Tekken, V., Thonicke, K., Vetterlein, D., Vidal, S., Villareal, S., 835 

Weisser, W.W., Westphal, C., Wiemers, M., Spangenberg, J.H., 2013. 836 

Kulturlandschaftsforschung in Südostasien – das LEGATO-Projekt. [In German with English 837 

summary]. Berichte. Geographie und Landeskunde 87 (3), 315-323. 838 

Settele, J., Heong, K.L., Kühn, I., Klotz, S., Spangenberg, J.H., Arida, G., Beaurepaire, A., Beck, 839 

S., Bergmeier, E., Burkhard, B., Brandl, R., Bustamante, J.V., Butler, A., Cabbigat, J., Le, X.C., 840 

Catindig, J.L.A., van Ho, C., Le, Q.C., Dang, K.B., Escalada, M., Dominik, C., Franzén, M., Fried, 841 

O., Görg, C., Grescho, V., Grossmann, S., Gurr, G.M., Hadi, B.A.R., Le, H.H., Harpke, A., Hass, 842 

A.L., Hirneisen, N., Horgan, F.G., Hotes, S., Isoda, Y., Jahn, R., Kettle, H., Klotzbücher, A., 843 

Klotzbücher, T., Langerwisch, F., Loke, W.-H., Lin, Y.-P., Lu, Z., Lum, K.-Y., Magcale-Macandog, 844 

D.B., Marion, G., Marquez, L., Müller, F., Nguyen, H.M., Nguyen, Q.A., van Nguyen, S., Ott, J., 845 

Penev, L., Pham, H.T., Radermacher, N., Rodriguez-Labajos, B., Sann, C., Sattler, C., Schädler, 846 



 

39 
 

M., Scheu, S., Schmidt, A., Schrader, J., Schweiger, O., Seppelt, R., Soitong, K., Stoev, P., Stoll-847 

Kleemann, S., Tekken, V., Thonicke, K., Tilliger, B., Tobias, K., Andi Trisyono, Y., Dao, T.T., 848 

Tscharntke, T., Le, Q.T., Türke, M., Václavík, T., Vetterlein, D., Villareal, S.'B.', Vu, K.C., Vu, Q., 849 

Weisser, W.W., Westphal, C., Zhu, Z., Wiemers, M., 2018. Rice ecosystem services in South-850 

east Asia. Paddy Water Environ 16 (2), 211-224. 10.1007/s10333-018-0656-9. 851 

Shmida, A., Wilson, M.V., 1985. Biological determinants of species diversity. J Biogeogr 12, 852 

1–20. 10.2307/2845026. 853 

Soerjani, M., Kostermans, A.J.G.H., Tjitrosoepomo, G., 1987. Weeds of rice in Indonesia. Balai 854 

Pustaka, Jakarta, Indonesia. 855 

Sterling, E.J., Hurley, M.M., Le, M.D., Powzyk, J.A., 2008. Vietnam: A natural history. Yale 856 

University Press, New Haven, Conn., London. 857 

Tanaka, I., 1976. Climatic influence on photosynthesis and respiration of rice plants, in: 858 

International Rice Research Institute (Ed.), Climate and rice, Los Baños, Philippines, pp. 223–859 

247. 860 

Tassin, J., Rivière, J.-N., 2003. Gradient altitudinal de richesse en plantes invasives à l'île de La 861 

Réunion (archipel des Mascareignes, océan Indien). [In French with English summary]. Revue 862 

d'écologie 58 (3), 257–270. 863 

The Plant List, 2013. Version 1.1, http://www.theplantlist.org/ (accessed 22nd September 864 

2015). 865 

Tilman, D., Clark, M., Williams, D.R., Kimmel, K., Polasky, S., Packer, C., 2017. Future threats 866 

to biodiversity and pathways to their prevention. Nature 546, 73-81. 10.1038/nature22900. 867 



 

40 
 

Tomita, S., Nawata, E., Kono, Y., Nagata, Y., Noichana, C., Sributta, A., Inamura, T., 2003. 868 

Differences in weed vegetation in response to cultivating methods and water conditions in 869 

rainfed paddy fields in north-east Thailand. Weed Biol Manag 3 (2), 117–127. 870 

10.1046/j.1445-6664.2003.00093.x. 871 

Tuomisto, H., 2010a. A diversity of beta diversities: Straightening up a concept gone awry. 872 

Part 1. Defining beta diversity as a function of alpha and gamma diversity. Ecography 33 (1), 873 

2–22. 10.1111/j.1600-0587.2009.05880.x. 874 

Tuomisto, H., 2010b. A diversity of beta diversities: Straightening up a concept gone awry. 875 

Part 2. Quantifying beta diversity and related phenomena. Ecography 33 (1), 23–45. 876 

10.1111/j.1600-0587.2009.06148.x. 877 

Tuong, P., Bouman, B.A.M., Mortimer, M., 2005. More rice, less water—Integrated 878 

approaches for increasing water productivity in irrigated rice-based systems in Asia. Plant 879 

Prod Sci 8 (3), 231–241. 10.1626/pps.8.231. 880 

Tylianakis, J.M., Laliberté, E., Nielsen, A., Bascompte, J., 2010. Conservation of species 881 

interaction networks. Biol Conserv 143 (10), 2270–2279. 10.1016/j.biocon.2009.12.004. 882 

United Nations, Department of Economic and Social Affairs, Population Division, 2017. World 883 

Population Prospects: The 2017 Revision, Key Findings and Advance Tables: Working Paper 884 

No. ESA/P/WP/248, New York, USA. 885 

Vân, N.K., 2016. Climatic zoning of the Bac Bo mountainous provinces and Western Thanh 886 

Nghe. [In Vietnamese with English summary]. Vietnam J Earth Sci 37 (3), 204–212. 887 

Westphal, C., Vidal, S., Horgan, F.G., Gurr, G.M., Escalada, M., Chien, H.V., Tscharntke, T., 888 

Heong, K.L., Settele, J., 2015. Promoting multiple ecosystem services with flower strips and 889 



 

41 
 

participatory approaches in rice production landscapes. Basic Appl Ecol 16 (8), 681–689. 890 

10.1016/j.baae.2015.10.004. 891 

Williams, J.F., Roberts, S.R., Hill, J.E., Scardaci, S.C., Tibbits, G., 1990. IPM: Managing water 892 

for weed control in rice. Calif Agr 44 (5), 7–10. 893 

Zhou, W., Lee, M.-B., Goodale, E., 2018. The relationship between the diversity of 894 

herbaceous plants and the extent and heterogeneity of croplands in noncrop vegetation in 895 

an agricultural landscape of south China. Glob Ecol Conserv 14, e00399. 896 

10.1016/j.gecco.2018.e00399. 897 

Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid common 898 

statistical problems. Method Ecol Evol 1 (1), 3–14. 10.1111/j.2041-210X.2009.00001.x.899 



 

42 
 

 900 


