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24 Abstract

25 Land cover change is a key component of anthropogenic global environmental change, 

26 contributing to changes in environmental conditions of habitats. These changes can lead to 

27 the redistribution of species and shifts in the functional composition and properties of 

28 ecosystems. Deforestation is globally the most widespread anthropogenically driven land 

29 cover change leading to conversion from closed forest to open non-forest habitat. The 

30 consequences of these functional habitat changes on species distributions are only poorly 

31 understood. This study investigates the relative roles of geographic features, species climatic 

32 niche characteristics and species traits in determining the ability of open-habitat plant species 

33 to take advantage of recently opened habitats. We use current occurrence records of 18 

34 herbaceous, predominantly open-habitat species of the genus Acaena (Rosaceae) to 

35 determine their prevalence in recently opened habitat. Geographic features of the spatial 

36 distribution of open habitat, species’ climatic niche characteristics, and species traits related 

37 to dispersal were tested their correlation with species’ prevalence in anthropogenically 

38 opened habitat. While primary open habitat (naturally open) was characterised by cold 

39 climates, secondary open habitat (naturally closed but anthropogenically opened) is 

40 characterised by warmer and wetter conditions. We found high levels of variation in the 

41 prevalence of secondary open habitat among the investigated species indicating differences 

42 between species in their ability to colonise newly opened habitat. For the species 

43 investigated, geographical and climatic niche factors showed generally stronger relationships 

44 with species’ prevalence in secondary open habitat than functional traits did. For small 

45 herbaceous species, geographical and environmental factors appear to be more important than 

46 species functional traits for facilitating expansion into secondary open habitats. Our results 

47 suggested that the land cover change might have triggered the shifts of factors controlling 
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48 open-habitat plant distributions from the competition with forest trees to current 

49 environmental constraints.

50

51 Introduction
52 Over three quarters of the global land surface have been modified by human activity [1]. In 

53 the last two decades alone, c. one-tenth (3.3 million square km) of global wilderness areas 

54 was lost [2]. Such anthropogenic land cover change affects biodiversity loss from habitat 

55 declines, and therefore can lead to the functions and distributions of species and ecosystems 

56 [3-5]. As the original (or natural) vegetation and physical properties of an area are modified, 

57 the available habitat to species and the environmental conditions will change and affect 

58 which species and ecosystems are found in that area [6]. 

59 Deforestation is a typical example of anthropogenic land cover change and, at its most basic 

60 level, results in a change from forest habitat to more open, non-forest habitat, usually 

61 scrubland or grassland. Deforestation occurred in many parts of the world following human 

62 settlement (e.g. North America [7], Europe [8] and New Zealand [9]) and is ongoing; 2.3 

63 million square kilometres forest was lost globally between 2000 and 2012 [10]. Species 

64 distributions are strongly dependent on the environmental conditions that define habitat, and 

65 therefore, species are susceptible to land cover change [11-13]. Understanding how species 

66 respond to habitat change is important for predicting how ongoing anthropogenic land cover 

67 change may influence future species assemblages. Here, we investigate the relative 

68 contribution of landscape structure, species climatic niches and species functional traits to 

69 species’ expansion into recently opened habitats. 

70 The effects of land cover change history on plant distributions have been reported widely in 

71 the world [14-16]. Although the history since pre-human times is not generally available, 

72 New Zealand offers good records of the land use change history since the first human 
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73 settlement, because a human being settled in the land much later (c. 800 years ago) than other 

74 regions in the world. Habitats which have been available for organisms before and after 

75 anthropogenic activities, primary habitats, and those which became available after 

76 anthropogenic activities, secondary habitats, have different ecosystems. For example, a 

77 primary forest in tropical zones showed marked differences in community structure and 

78 composition from secondary and plantation forests [3]. Therefore, the expansion of secondary 

79 open-habitat following human arrival provides a new ecological opportunity for open habitat 

80 species to expand their range across these recently deforested areas. 

81 In this study, we investigate the geographical distribution and climatic niches of 18 

82 herbaceous species in relation to both primary and secondary open habitat in New Zealand. 

83 We assess the relative prevalence of the species in these habitats and determine the 

84 importance of three sets of factors – the geographic features, the species’ climatic niches and 

85 the species’ dispersal traits for expansion into the secondary habitats. Specifically, we address 

86 three questions;

87 1) What are the climatic characteristics of primary and secondary open habitats occupied by 

88 the species?

89 2) What are the current spatial distributions of the species in primary vs. secondary open 

90 habitat? 

91 3) What is the relative importance of geographic features of habitat, the species’ climatic 

92 niches and species dispersal traits for expansion into secondary open habitat? 

93

94 Material and Methods

95 Study Species
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96 Occurrence records - We used occurrence records and trait data for 18 of 21 species of the 

97 genus Acaena occurring in New Zealand (Table S1). Three species were not used in this 

98 study because of the small number of occurrence records (< 5). The genus Acaena is a 

99 characteristic herbaceous element of open habitats in New Zealand, with a wide geographical 

100 and environmental range [17]. The genus is confined mostly to the southern hemisphere and 

101 comprises approximately 50 species [18, 19]. Indigenous New Zealand species of Acaena are 

102 prostrate, long-lived perennials, representing two main divisions based on contrasting 

103 dispersal features; the presence/absence of barbed spines on their fruits [17]. Of the 18 

104 species selected, 17 species are native to New Zealand and one species (A. agnipila) is 

105 introduced from Australia and naturalised [20]. Occurrence records of these species were 

106 compiled from personal observation, surveys and reports (See a reference list in Appendix for 

107 detailed source information) and location information from online databases; New Zealand 

108 Virtual Herbarium (http://www.virtualherbarium.org.nz) and New Zealand National 

109 Vegetation Survey (https://nvs.landcareresearch.co.nz). 

110

111 Pre-human and current land cover data

112 New Zealand’s pre-human land cover was derived from modelled spatial data of potential 

113 suitability of New Zealand’s key forest tree species at 100 m grid resolution [21]. Current 

114 land cover was derived from the latest version of the New Zealand land cover polygon data, 

115 ‘LCDB4’ [22]. We converted pre-human and current land cover and a digital elevation model 

116 for the area [23] to rasters on 1km grid resolution using the majority rule in ArcGIS 10.2 

117 [24]. 

118 In both land cover datasets, land cover classes were amalgamated so that each 1 km grid cell 

119 was assigned to one of three land cover types:

120 1) Native forest: Grid cells with any type of indigenous forest.
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121 2) Non-forest: Grid cells with non-forest, open land cover classes, which are potentially 

122 suitable for Acaena species, e.g. grasslands, shrublands and gravel areas. These non-forest 

123 grid cells are here referred to as ‘open’ habitat.

124 3) Others: Grid cells with land cover classes that are typically not potential habitats for 

125 Acaena species e.g. urban area and waterbodies.

126 For a full list of class conversions from LCDB land cover classes into the three land cover 

127 types used in this study, see Table S2. In addition, the grid cells of current non-forest were 

128 assigned levels of openness, “high” or “low” (Table S2b). 

129 In order to quantify the change from forest to open habitat, each 1 km grid cell was assigned 

130 one of the following three categories:

131 I) Primary open habitat: Grid cells that continuously had open habitat, i.e. are non-forest land 

132 cover in pre-human and current times.

133 II) Secondary open habitat: Grid cells that only had open habitat since human arrival, i.e. had 

134 forest land cover in pre-human times and non-forest land cover currently.

135 III) Others: Grid cells that are neither primary nor secondary open habitat.

136 Hereafter, we refer to species occurrence records in primary/secondary open area as 

137 “primary/ secondary open occurrence records”.

138

139 Our principle metric is “species prevalence in secondary open habitat”, which quantifies 

140 effects of anthropogenic land cover change on open habitat species. We calculated the species 

141 prevalence in secondary open habitat as:

142 𝑃2𝑜𝑝𝑒𝑛 =
𝑁2𝑜𝑜𝑟

𝑁𝑝𝑜𝑜𝑟 + 𝑁2𝑜𝑜𝑟

143 where is the proportion of secondary open habitat, is the number of secondary 𝑃2𝑜𝑝𝑒𝑛 𝑁2𝑜𝑜𝑟 

144 open occurrence records and  is the number of primary open occurrence records.𝑁𝑝𝑜𝑜𝑟
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145 High values reflect that the species has a proportionally high prevalence in secondary open 

146 habitat, which we interpret as high ability to utilise newly opened habitat.

147

148 Current climatic conditions and Acaena species climatic niches

149 Gridded average climate data (1960 - 1990) was retrieved from 

150 http://www.worldclim.org/current for four climate variables to quantify climatic conditions 

151 available in New Zealand and species climatic niches: annual mean temperature, minimum 

152 temperature of coldest month, annual precipitation and precipitation seasonality [25]. 

153 Environmental analyses were limited to climatic factors, as temperature and precipitation are 

154 likely to be primary driving factors of Acaena species distributions at this national spatial 

155 scale [26]. To capture the multi-dimensional climate space, an ordination, Principal 

156 Component Analysis (PCA) [27], was performed on the four climate variables using the 

157 package “stats” in R [28]. The first two ordination axes explained 61.6% and 24.0% of the 

158 variation in the climate data respectively and were here used to delineate New Zealand 

159 climate space and the Acaena species’ climatic niches. Hereafter, the first ordination axis is 

160 referred to as the “temperature axis” because it is strongly correlated with temperature 

161 variables and the second axis is referred to as “precipitation axis”. High values on the 

162 temperature axis indicate a cold environment, while high values on the precipitation axis 

163 indicate a dry environment. 

164

165 Correlates of prevalence in secondary open habitat

166 We investigated the relative importance of species geographical, environmental and 

167 functional trait features for facilitating species to move into new open habitat as it became 

168 available following human settlement. The relationship between “species prevalence in 
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169 secondary open habitat” (response variable) defined above and the following indices 

170 (predictor variables) from the three main groups (Table 1) was tested with a generalized 

171 linear model using the R package “stats” with a normal error function and an identity link.

172 A) Geographical variables:

173 1. Species’ current range size was calculated as the natural-log-transformed number of 

174 species occurrence records across all habitats.

175 2. Species’ preference for open habitat was calculated as the proportion of all 

176 occurrence records that are located in open habitat over occurrence records that are in 

177 native forests and open habitats.

178 3. Availability of secondary open habitat: In order to quantify how much open habitat 

179 has become available in the neighbourhood of primary occurrences, the availability of 

180 secondary open habitat was quantified for each species as follows: for each primary 

181 occurrence (that is, an occurrence record in forest or primary open habitat), the 

182 number of grid cells with secondary open habitat within a 10 × 10 km neighbourhood 

183 around the occurrence record was calculated. Availability of secondary open habitat is 

184 defined as the cumulative total number of secondary open grid cells. Each secondary 

185 open grid cell was not counted more than once when it was located in the 

186 neighbourhood of more than one primary occurrence.

187 4. Mean elevation of current range: to test whether species occurring at a higher 

188 elevation are more likely to take advantage of newly opened habitats, the mean 

189 elevation of all occurrence records across all habitats was calculated. 

190 B) Climatic variables:

191 5. Species climatic niche volume: Niche volume was estimated as a proxy of climatic 

192 tolerance and was quantified as niche overlap on 2-D space comprising of temperature 

193 and precipitation axes between each species and the entire New Zealand climate 
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194 space. Niche volume was calculated using Schoener’s D index [29] with the “ecospat” 

195 package in R [30]. Schoener’s D ranges from 0 to 1 with higher values indicating 

196 larger niche overlap. 

197 6. Niche overlap between primary and secondary open habitat was quantified as 

198 climatic niche overlap (Schoener’s D) between the climatic niches occupied by 

199 primary and secondary open occurrence records of each species. Higher values 

200 indicate higher similarity in climate conditions between occurrence records in primary 

201 and secondary open habitat.

202 7. Medians of species temperature and precipitation niches: The median of the 

203 temperature and precipitation axes of the species occurrences across all habitats were 

204 calculated to analyse the individual effects of temperature and precipitation on species 

205 distributions. 

206 C) Species trait variables:

207 Life form – dispersal ability: We selected two functional traits on the basis of 

208 relevance for the species’ ability to shift its range to analyse effects of species 

209 functional traits on species distribution.  Each species was assigned one of the three 

210 combinations of life forms and dispersal ability classes; Stoloniferous-Ancistrum 

211 (eleven species), Rhizomatous-Microphyllae (five species) and other combinations 

212 (two species) (Table S3).

213 Based on published information [20], each species was classified as either rhizomatous (five 

214 species) or stoloniferous (eleven species) with two species belonging to other life forms. The 

215 genus Acaena has three distinct phylogenetic sections (Pteracaena, Ancistrum and 

216 Microphyllae; Bitter [18]) which are characterised by morphological differences in their 

217 fruits. We used these sections as an index of dispersal ability; Ancistrum has barb-tipped 
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218 spines which attach the fruits to passing animals and therefore is considered as having higher 

219 dispersal ability than barbless species in the other two sections. 

220

221 Table 1. Correlates of prevalence for secondary open habitat in the investigated Acaena 

222 species. 

Groups of 
factors

Factors tested Coefficients SE p-values

Intercept 0.85 0.39 0.06

Geography Species’ current range size -0.48 0.41 0.28

Preference for open habitat 0.83 0.90 0.39

Availability of secondary open 
habitat

1.84 2.20 0.43

Mean elevation of current range -4.2 x 10-4 <0.01 0.43

Climatic niche Species’ niche volume 1.93 1.55 0.25

Niche overlap between primary 
and secondary open habitat 
occupied by a species

-4.6 x 10-3 0.39 0.91

Median of temperature niche -5.7 x 10-2 0.13 0.68

Median of precipitation niche 0.23 0.25 0.39

MR -0.05 0.12 0.70Functional trait

O -0.08 0.17 0.65

223

224 Nine factors from three main groups (Geographical features, climatic niche, functional traits) 

225 were tested using a multivariate generalized linear model (GLM). Coefficients, SE; standard 

226 error and p-values of each explanatory variables were derived from the GLM. The results of 

227 the GLM for “species’ life form – dispersal ability” were calculated using the comparisons 

228 with Stoloniferous-Ancistrum. MR: comparison between Stoloniferous-Ancistrum and 

229 Microphyllae_Rhizomatous and O: comparison between Stoloniferous-Ancistrum and other 

230 types of species’ life form and dispersal ability.

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted February 27, 2019. ; https://doi.org/10.1101/562959doi: bioRxiv preprint 

https://doi.org/10.1101/562959
http://creativecommons.org/licenses/by/4.0/


11

231

232 Results

233 Pre-human and current distribution of open habitat 

234 Geographical distribution - Open habitat in the study region increased from 18.4% to 

235 63.4% of the total land area since human arrival in the 13th Century AD (Fig. 1 a). Currently, 

236 15.3% of New Zealand’s land area is a primary open area, while approximately half (48.1%) 

237 of its current land area is secondary open habitat (Fig. 1 b). 91.0% of the primary open area 

238 and 47.7% of secondary open area are located in the South Island.

239

240 Figure 1. Forest and open land cover in New Zealand since human settlement at 1km 

241 grid cell resolution. (a) Forest (green) and non-forest, open (brown) land cover modelled for 

242 pre-human times in the 13th century [21] and observed for current times in 2012 [22]. See 

243 Table S2 for a detailed description of land cover classes. (b) Open areas: Primary open areas 

244 (blue) indicate areas that were forest free prior to and are still open today; secondary open 

245 areas (red) are areas that were forested prior to human settlement but that are currently 

246 characterised by open habitat; others (white) area areas that are currently not open habitat or 

247 are considered unsuitable for our target species (e.g. urban area and waterbodies). 

248

249 Climate –The climate associated with open habitats in New Zealand have shifted from cold 

250 to warm conditions since the forest clearances following human settlement, however, there 

251 was no clear directional shift along the precipitation axis (Figs. 2, 3 a).  The highest 

252 frequency of current open habitat comprising both primary and secondary open habitats 

253 occurred in a warmer and wetter environment (0 – 0.5 in temperature axis and -0.5 – 0 in 

254 precipitation axis) than the pre-human open habitat (2.0 - 3.0 in temperature axis and 2.0 - -
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255 1.5 in precipitation axis) (Fig. 2). Note that temperature axis is negatively correlated with 

256 actual temperature. The more of indigenous forests in a warm environment was cleared than 

257 indigenous forests in a cold environment, as shown by the highest frequency of current forest 

258 in a colder environment (0.5 - 1.0 in temperature axis) than secondary open habitats (0 – 0.5 

259 in temperature axis) (Fig. S1)

260

261 Figure 2. Climate conditions of forest and non-forest, open areas in New Zealand before 

262 and after human settlement.  Forests are shown as green dots and open habitats are shown 

263 as brown dots. Figures show the first two axes of a Principal Component Analysis of four 

264 climate variables (see methods) at 1km grid resolution. The total climate space of New 

265 Zealand is shown in dark grey. Schoener’s D values indicate the overlap in climate conditions 

266 between forest and non-forest areas.

267

268 Figure 3. Climate space of primary and secondary open habitat areas (a) and niches of 

269 Acaena species in currently occupied primary and secondary open habitat (b). 

270 Schoener’s D values indicate the climate niche overlap between species’ occurrence records 

271 in primary and secondary open areas. “N” is the total number of 1 km grid cells with Acaena 

272 occurrences. 

273

274

275 Acaena distributions in primary vs secondary open habitat 

276 There were 9944 occurrence records of the 18 Acaena species ranging from 9 to 3892 (see Fig. 

277 S2 for each species’ distribution and climatic niche). Species of Acaena are commonly open-

278 habitat species, which was reflected in 68.4 % of all occurrence records of the studied species 

279 being found in currently open habitat and 26.6 % in native forest. Furthermore, the numbers of 
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280 14 species’ occurrence records in open habitats were larger than those in forests (Fig. 4). Of all 

281 occurrence records in open habitats, 46.9 % were found in primary open habitat and 53.0 % 

282 were found in secondary open habitat, indicating that Acaena occurrence records distribute 

283 almost equally in primary and secondary open habitats. Of all Acaena occurrence records, 

284 54.9% are primary occurrences and 36.3% are secondary occurrences, given that secondary 

285 open habitat drove from the pre-human forest. The proportion of occurrence records in 

286 secondary open habitat for any species excluding A. minor with no occurrence records in 

287 primary open habitat ranged from 13% (A. tesca) to 92% (A. juvenca) with an average of 56% 

288 (Table S3). For eight of the 18 studied species, their proportions of secondary open habitat 

289 occupied were > 50%, indicating that they had more of occurrence records in secondary than 

290 in primary open habitat.

291  

292 Figure 4. Proportion of Acaena species occurrence records in open (light grey) and 

293 forest (dark grey) habitats. Species are arranged in descending order of proportions of open 

294 habitat. Black dots indicate the proportion of occurrence records in secondary open habitat. 

295 See Table S1 for species name codes.
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296

297 Correlates of prevalence in secondary open habitat

298 Geography - Current range size across all habitats showed no correlation with the proportion 

299 of secondary open habitat (p = 0. 28; Fig. 5a; Table 1). 

300 On average over the studied 18 Acaena species, availability of secondary open habitat was 

301 6.6% of all secondary open area with the maximum was 35% and the minimum was 0.12%. 

302 The availability of secondary open habitat showed no correlation with proportions of 

303 secondary open habitat which species currently occupy (p = 0.43: Fig. 5b).

304 Preference for open habitat, the proportion of occurrence records in open habitats to forests 

305 and open habitats, ranged from 0.20 to 1 with an average of 0.77. Species preference for open 

306 habitats did not show a significant correlation with the proportion of secondary open habitat 

307 currently occupied (p = 0.39).  Six species with smaller preferences for open habitats than the 

308 average over all the studied species (< 0.77) all had high proportions of secondary open 

309 habitats (> 0.5), indicating that species common in primary forests also tend to get into open 

310 habitats. The average of temperature niche medians of four strictly open habitat species, 

311 species with > 0.95 preference for open habitats, was 1.24. The average was larger than the 

312 average of temperature niche medians over all the other species (0.77), indicating that strictly 

313 open habitat species typically occur in a colder environment than the climate in which the 

314 species common in forest occur. 

315 Over the studied 18 species, the average elevation of all occurrence records was 741 m, the 

316 maximum was 1220 m and the minimum was 38 m. Mean elevation of the species occurrence 

317 records was unrelated to the proportions of secondary open habitat (p = 0.43; Table 1). Mean 

318 elevations of species with a high preference for open habitats (> 0.75) were generally high 

319 (average; 902 m), indicating that species occurring at a high elevation generally were more 

320 likely to occur in open habitats.
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321

322 Figure 5. Prevalence of secondary open habitats for Acaena species in New Zealand and 

323 its relationship with species current range size across all habitats, availability of 

324 secondary open habitat adjacent to current Acaena species distribution and species’ 

325 niche volume across all habitats derived from climate parameters. See Table S1 for 

326 species name codes.

327

328 Climate – Compared to primary open habitat, Acaena distributions in secondary open habitat 

329 covered larger climate spaces and showed a shift into warmer climates (Fig. 3 b). However, 

330 there was no significant relationship between the species’ niche medians on the temperature 

331 nor precipitation axes and the proportion of secondary open habitats currently occupied by 

332 the species (Median of temperature axis; p = 0.68. Median of precipitation axis; p = 0.40. 

333 Table S3).

334 Species climatic niche volume across all habitats ranged from 0.05 to 0.40 (mean; 0.21) 

335 (Table S3). Climate niche volume was not significantly correlated with the proportion of 

336 secondary open habitat currently occupied by the species (p = 0.25).

337 Over the investigated 18 species, the average niche overlap between primary and secondary 

338 open habitats was low at 0.22, indicating the climates of primary and secondary open habitats 

339 occupied by the species were generally not very similar. The maximum niche overlap 

340 between primary and secondary open habitats was 0.58 (A. novae zelandiae) and the 

341 minimum was 0 (A. microphylla var. microphylla, A. saccaticupula and A. tesca) (Table S3). 

342 Species niche overlap between primary and secondary open habitats was not significantly 

343 related to the proportion of secondary open habitat occupied (p = 0.91).

344
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345 Figure 3. Climate space of primary and secondary open habitat areas and niches of 

346 Acaena species in currently occupied primary and secondary open habitats. Schoener’s 

347 D values indicate the climatic niche overlap between species’ occurrence records in primary 

348 and secondary open areas. “N” is the total number of 1 km grid cells with Acaena 

349 occurrences. 

350

351 Species functional traits – There was no significant difference in proportions of secondary 

352 open habitat occupied by species among the three different types of functional traits. The mean 

353 of proportions of secondary open habitat over Stoloniferous - Ancistrum species was 62.6%, 

354 the mean over Rhizomatous - Microphyllae species was 46.2% and the mean over species with 

355 the other type was 45.1%

356
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357 Discussion

358 We investigated the climate conditions of pre-human and current open habitat and the 

359 prevalence of species from an open-habitat genus (Acaena) in secondary, i.e. recently opened 

360 habitat. We quantified the relative importance of three sets of factors – geographic features, 

361 species’ climatic niches and the species’ dispersal traits for the ability of species to utilise 

362 secondary open habitat. Our main findings are; 1) the majority of current open habitat 

363 comprising of primary and secondary open habitat is characterised by warmer climate 

364 conditions than pre-human open habitat. 2) Secondary open habitat is generally warmer than 

365 primary open habitat. 3) The prevalence in secondary open habitat varies among studied 

366 species, however, none of the measures of geographic features, climatic niche and functional 

367 traits was significant predictors of species prevalence in the deforested, secondary open 

368 habitat. Nevertheless, geographical and climatic niche factors showed stronger relationships 

369 with the species’ prevalence in secondary open habitat than functional traits associated with 

370 dispersal.

371

372 Pre-human and current distribution of open habitats and the 

373 current distribution of open habitat plants

374 Since the first human settlement, c. 60% of the original, pre-human forest habitat, was 

375 transformed to open habitat in New Zealand [31]. Our results showed that the majority of 

376 current open habitats are located in low-lying warm and dry areas, in comparison with the 

377 pre-human open habitats. Pre-human open habitats were restricted to relatively small areas, 

378 mostly in the alpine areas above the natural tree line, in wetlands and riverbeds, in frosted 

379 valley floors or in dry low-lying inland areas, which generally have cold environments [32]. 

380 Low-altitude regions with warm climate were especially vulnerable to fire and are often best 
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381 suited and easily accessed for agricultural conversions in New Zealand and elsewhere that 

382 deforestation happens (e.g. tropical forest [33, 34] and Latin America [35]). Therefore, open 

383 habitats in the world should have experienced the climatic shift to warmer conditions due to 

384 human activity.

385

386 The relative importance of factors driving prevalence for 

387 secondary open habitat

388 Geography

389 1. Current range size across all habitats

390 Current range size across all habitats of Acaena species did not show significant correlation 

391 with the proportion of secondary open habitat occupied. Range limits can be set by climate, 

392 topography, soils and biotic interaction [36]. The factors controlling the current range limit of 

393 Acaena in secondary habitat are likely different from those in pre-human open habitats. It is 

394 likely that pre-human open-habitats reflected very limited climate space as they were 

395 restricted to alpine area where trees did not naturally occur [32], therefore climate of pre-

396 human open habitat could have been insufficient for some species to realize their potential 

397 climatic niche fully, indicating that competition with forest trees was the main driver of open-

398 habitat plant distributions in pre-human time. However, current drivers appear to vary 

399 depending on species, because the environments in secondary open habitats have broadened 

400 due to anthropogenic forest clearances, and therefore, currently available climate conditions 

401 allow open-habitat plants to obtain more of their potential climatic niche than those which 

402 they occupied before the forest clearance.

403 2. Availability of secondary open habitat
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404 When new habitat becomes available for colonisation, species whose primary occurrences 

405 have more of the new habitats nearby can have advantages for expansion of their distribution 

406 into the new habitats [37]. The positive influence of historical habitat availability on 

407 grassland species richness was found in Estonian islands [38] and wood cricket populations 

408 in the UK were mainly found in woodland fragments situated closely to another occupied site 

409 [39]. However, the positive influence of habitat availability on species re-distribution was not 

410 supported by our study, in which the availability of secondary open habitat was unrelated to 

411 the proportion of secondary open habitat occupied by the species (Fig. 5b). Our method to 

412 quantify the availability of secondary open habitat did not consider possible dispersal 

413 distance (1 – 1500 m from parent plants [40]) and geographical barriers, e.g. high mountains 

414 and glacier. Glaciers worked as barriers for habitat expansion of arctic-alpine plants from the 

415 Last Glacial Maximum to date [41]. Dispersal ability is discussed further in “Species 

416 functional traits”. 

417 3. Habitat characteristics

418 Characteristics of current habitats can explain prevalence in specific habitats. Although 

419 Acaena species are generally open-habitat species, some species can occur within forests and 

420 in edge habitats between forests and open habitat (e.g. A. anserinifolia) [17]. In terms of their 

421 current distribution, species with a high preference for open habitats seem to be restricted in 

422 more open habitats (e.g. grasslands), while species with a low preference for open habitats 

423 tend to occur in less open habitat (e.g. shrublands) frequently (Fig. S3). Both grasslands and 

424 shrublands were considered open habitats in our study, however, they have different levels of 

425 openness. Species with a low preference for open habitat should be shade-tolerant, indicating 

426 that the species would survive in less open habitat.

427 In general, species occurring mainly at higher elevations occupy smaller areas of secondary 

428 open habitat, which was indicated by the negative relationship between means of elevation of 
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429 current range and proportions of secondary open habitat (Table 1). This appears to represent 

430 specialisation to colder conditions, and therefore, indicates more restrictions on the species 

431 expansion into secondary open habitats. For instance, species whose primary habitat was 

432 restricted to the alpine/montane area and/or colder regions showed very small proportions of 

433 secondary open habitat (e.g. A. saccaticupula and A. tesca). 

434 Environmental space

435 Species with larger climatic niche volumes did not have significantly greater occupancy in 

436 secondary open habitats (Table 1). This result is against the idea that niche breadths predict 

437 geographical range size [42]. However, temperature niches of Acaena species were generally 

438 a better predictor of species geographical range expansion than precipitation. Species that 

439 mostly occur in cold primary open area (> 0 of temperature axis) tend to occupy a small 

440 proportion of secondary open habitat (e.g. A. saccaticupula and A. tesca). Deforestation in 

441 New Zealand expanded substantial open habitats in warmer climates, however, had small 

442 impacts on extending the availability of these habitats across rainfall gradients.

443 Species functional traits

444 Functional traits associated with regeneration and dispersal are critical for establishing 

445 populations in new habitats [40]. Laanisto, Sammul [43] showed a strong relationship 

446 between distribution change and functional traits across 736 species in diverse genera. Barb-

447 spined Acaena species (species in Ancistrum section) generally showed broad geographical 

448 ranges and habitat distributions (Fig. S2) and have higher adherence to animals than barb-less 

449 species [44, 45]. However, life form and dispersal ability of Acaena did not show any 

450 relationships with species prevalence of secondary habitats. This result supports Lloyd, Lee 

451 [46] showing no consistent trait differences between common and rare species and could be 

452 attributed to far greater dispersal efficiency following the human arrival with the introduction 

453 of many small mammals, stock, particularly sheep and cattle, and granivorous birds [47]. The 
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454 difference of dispersal ability tested in our study was just an improvement of an adhesive 

455 feature of seeds to animals, which does not change dispersal types. In addition, the frequent 

456 occurrences of Acaena beside roads and tracks reported by Lloyd, Lee [46] indicate that 

457 human transport has established novel pathways for the spread of Acaena, as well as for alien 

458 species all over the world [48]. 

459 Mechanism of realized niche change

460 Some of Acaena species have obtained new climatic niche with obtaining secondary open 

461 habitat. There are two possible mechanisms of how Acaena obtained new climatic niche: 

462 1) Niche evolution; species of Acaena from forest and primary open habitats adapted to the 

463 new habitats created by deforestation, expanding environmental tolerance and range.

464 2) Competitive release; species of Acaena were released from the competition with forest 

465 plant species, which triggered the expansion of Acaena distribution into newly opened 

466 habitats.

467 1. Niche evolution

468 Niche conservatism constrains the environmental expansion and diversification of species 

469 because of inherent restrictions in adaptive plasticity [49]. However, niche evolution along 

470 specific climatic parameters is poorly understood. The evolution rates of potential 

471 environmental niches appear variable. Petitpierre, Kueffer [50] showed that change of 

472 climatic niche through emigration into new habitats is uncommon for terrestrial plants and 

473 Wasof, Lenoir [51] showed that niche can be conserved up to 104 years. On the other hand, 

474 Early and Sax [52] showed that a large proportion of species’ naturalized distributions 

475 occurred outside the climatic conditions occupied in their native ranges. 

476 2. Competitive release
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477 Change of land cover can have drastic and rapid effects on species distribution. Realized 

478 environmental niche can change on the change of non-climatic factors [e.g. species traits and 

479 land use; 53, 54, 55], if they play a strong role in limiting species’ native distributions. Land 

480 cover change can destroy habitats of some species, however, it can let other species to shift 

481 their habitat into new habitats by releasing them from competitions. Species expansion 

482 through release from competition has been found in animals where a reduced predator 

483 community contributed to modern fishers' range expansion [56]. The competitive release is a 

484 more realistic mechanism for the change in species prevalence in open habitat than the 

485 evolution of Acaena species’ climatic niche, because evolutionary processes of adaptions to 

486 new environments generally take a long time.

487 Although some species traits can change in a shorter period (e.g. change of timing of 

488 phenological events as the reaction to climate change [57]), evolutionary change of species 

489 traits (e.g. morphological change) generally requires significantly more time. Therefore, the 

490 time since when Acaena species have obtained their new climatic niche (c. 800 years) 

491 appears too short for them to evolve their climatic niches.

492 The response of Acaena species to new habitats and climates in our study suggests that 

493 species will exhibit varying distributional shifts as the climate warms. The most vulnerable 

494 Acaena species would be those restricted to colder montane/alpine habitats, where 

495 physiological specialisation can restrict options in a warming world. This indicates that 

496 global warming could lead to habitat loss and elevational range shifts of species restricted to 

497 colder montane/alpine habitats as the upward elevational range shifts which have been 

498 reported globally [58, 59]. 

499 Limitations
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500 Our study is based on the land cover data on 1 km grid resolution which can be too coarse 

501 scale for measuring ecological processes. Moreover, a single land cover class was assigned to 

502 each grid, homogenising any fine-scale habitat diversity. 

503 Plant response to environmental change can take decades or longer [60]. However, it is likely 

504 that the herbaceous studied species have attained equilibrium with the new climate regime 

505 after 800 years from the human arrival, because this time frame is much longer than lags in 

506 climate response reported in other studies [e.g. 40, 59, 61, 62]

507

508 Conclusions

509 Land cover change is a key component of global environmental change driving the 

510 redistribution of species as a consequence of human activity. Change from closed forest to 

511 open habitat is a typical feature of anthropogenic environmental change providing new and 

512 more area suitable for open-habitat species. The climate conditions of current open habitats in 

513 New Zealand are warmer than pre-human times, because forests in warm lowland were 

514 cleared for hunting and agricultural purposes. Thus, anthropogenic activity has opened new 

515 parts of the available climate space for open-habitat species. Our result suggested that open-

516 habitat species could have occupied only parts of their potential climate space at the LGM, 

517 because they were kept out of climatically suitable areas through competition with trees. 

518 Whereas at the present, open-habitat species possibly occupy larger parts of their 

519 climatically-suitable areas than those at the LGM because these areas have been made tree-

520 free by humans. We found that overall geographical and environmental factors were more 

521 important than species functional traits for potentially facilitating expansion into secondary 

522 habitats. 

523
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Figure S1. Climate space of forest (green) and secondary open habitats (blue) in New Zealand 
after human settlement. All the figures show climate space of New Zealand as darker grey 
background. Climate space of native forests (top left) and open habitat (bottom left) areas are shown 
respectively. The centre figures show climate space of the two habitats together. The histograms on 
the right side show numbers of 1 km grid cells along temperature (top) and precipitation (right) axes.

Figure S2. Maps and climate space of primary (blue) and secondary (red) occurrences of 
Acaena species. “N” in the legend of maps shows the number of occurrences in primary and 
secondary open area. The total climate space of New Zealand is shown in dark grey.

Figure S3. Proportion of Acaena species occurrences in LCDB land cover classes and 
proportion of secondary open habitat. LCDB land cover classes were coloured by a habitat type 
and levels of openness; open habitat with low openness (blue gradient colours), open habitat with high 
openness (yellow gradient colours) and forests (green gradient colours). Black points on bars show 
species’ proportion of secondary open habitat. Proportion of secondary open habitat for A.minor 
(”MIN” in the figure) is 1 due to no occurrence records in primary open habitat. Bars were sorted in 
descending order of preference for open habitat. Species name codes are shown in Table S1.

Table S1. List of species and their number of occurrence records and habitats.

Table S2. List of land cover classes in original pre-human and current land cover data and 
classes after conversion to 1 km grid cell data. 

Table S3. List of analyzed variables; proportion of secondary open habitat and 9 environmental 
predictors. SO: Proportion of secondary open habitat, the number of secondary open occurrence records 
divided by the number of primary and secondary open occurrence records. Niche overlap; values of Schoener’s 
D showing climate niche overlap between primary open occurrence records and secondary open occurrence 
records

Reference list of surveys and reports
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