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Abstract 28 

Questions 29 

Understanding the composition and structure of island floras is crucial for making informed 30 

conservation decisions. Island floras are often nested, i.e. lower species richness assemblages 31 

are frequently subsets of those higher in richness. However, the circumstances under which this 32 

occurs on islands are often unclear. Moreover, research in island biogeography rarely integrates 33 

phylogeny and functional traits in nestedness studies. Here, we integrated phylogenetic and 34 

functional traits in the investigation of relationships between taxonomic nestedness and island 35 

characteristics to gain insight into the processes that shape the composition and structure of 36 

island floras. We asked whether (i) native plant species assemblages are nested according to 37 

their phylogeny and functional traits and (ii) whether nested patterns are related to island 38 

characteristics.  39 

Location 40 

264 islands offshore from northern Aotearoa New Zealand. 41 

Methods 42 

We combined field surveys and published data for 775 native plant species across the islands. 43 

We compiled information about their phylogeny at the fine (species) and coarse level (i.e. ferns 44 

and allies, conifers, monocots, and dicots). Then, for each species, we determined three plant 45 

functional traits (growth forms, dispersal modes, and species maximum height). We quantified 46 

nestedness by organizing species incidence matrices using the NODF (i.e. nestedness metric 47 

based on overlap and decreasing fill) and fixed-fixed null models. Finally, we correlated island 48 

nestedness ranks with three island characteristics (area, isolation, and exposure to ocean-borne 49 

disturbances).  50 

Results 51 
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All plant categories were nested, except for ferns and water-dispersed species. Nestedness 52 

ranks were consistently related to island area, strongly supporting the selective extinction 53 

hypothesis. Relationships with isolation and exposure to ocean-borne disturbances were less 54 

strong and varied by phylogeny and functional traits, suggesting weaker support for selective 55 

immigration and habitat nestedness.  56 

Conclusions 57 

These findings highlight the importance of nestedness studies and the integration of phylogeny 58 

and functional traits for identifying conservation priority areas. The overarching effect of island 59 

area in shaping insular plant composition underscores the key role of large islands for 60 

conserving plant diversity.  61 

 62 
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Introduction 67 

Islands harbour a disproportionately high number of endemic plant species, many of which are 68 

under significant threat (Caujapé-Castells et al. 2010; Fernández-Palacios et al. 2021; Schrader 69 

et al. 2024). Thus, understanding the structure and composition of island plant communities is 70 

essential for making informed conservation decisions. Island floras frequently exhibit a nested 71 

structure, where species-poor assemblages are subsets of richer ones (Hu, Feeley, Wu, Xu, 72 

and Yu 2011; Morrison 2013; Patterson and Atmar 1986; Traveset, Kueffer, and Daehler 2014). 73 

However, the circumstances under which this occurs and the implications for island 74 

conservation remain poorly understood.  75 

Nested patterns can be generated by three main ecological processes. First, extinction 76 

rates on small islands are often higher than on larger islands (MacArthur and Wilson 1967), 77 

especially for species with larger minimum area requirements (Higgins, Willig, and Strauss 78 

2006; Tjørve and Turner 2009) or with smaller population sizes (Matthews, Cottee-Jones, and 79 

Whittaker 2015). If extinctions are non-random, then communities on small, species-poor 80 

islands become subsets of larger, species-rich islands, a process known as selective extinction 81 

(Atmar and Patterson 1993; Chen, Zhan, and Wang 2022; Higgins et al. 2006; Lomolino 1996; 82 

Millien, Zhan, Li, Wang, and Wang 2024). Second, colonization rates are often lower on more 83 

isolated islands, especially for species with limited capacity for dispersal (Higgins et al., 2006). If 84 

colonization events are non-random, then communities on isolated, species-poor islands 85 
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become subsets of less isolated, species-rich islands, a process known as selective 86 

colonization (Chen et al. 2022; Higgins et al. 2006; Hu et al. 2011; Lomolino 1996; Millien et al. 87 

2024). Third is habitat nestedness (Chen et al. 2022; Higgins et al. 2006; Millien et al. 2024). In 88 

circumstances where habitats are nested, specialists disappear as their habitat does, while 89 

generalists do not (Higgins et al. 2006). Islands are typically exposed to disturbances originating 90 

from the ocean (e.g. strong wind, salt spray, storms, etc.), which will favour specialists of coastal 91 

habitats (Mologni 2022; Mologni et al. 2021; Morrison and Spiller 2008; Neufeld, Starko, and 92 

Burns 2017). As exposure to these disturbances declines, so will the number of specialists, 93 

promoting nested patterns.  94 

Traditionally, research has focused on taxonomic nestedness. Similar to the theory of 95 

island biogeography, this approach treats species as equivalent and independent of one 96 

another (MacArthur and Wilson 1967). More recent research that recognizes species are neither 97 

equivalent nor independent has led to evaluations of phylogenetic (Johnson, Adler, and Cherry 98 

2000; Sanmartín, Van Der Mark, and Ronquist 2008; Valente, Phillimore, and Etienne 2018; 99 

Weigelt and Kreft 2013) and functional island biogeography (Barajas Barbosa et al. 2023; 100 

Mologni et al. 2022; Schrader, Wright, Kreft, and Westoby 2021; Walentowitz, Troiano, 101 

Christiansen, Steinbauer, and Barfod 2022; Whittaker et al. 2014). Phylogenetic and functionally 102 

informed approaches have gradually extended to studies of nestedness (Chen et al. 2022; 103 

Millien et al. 2024; Zhan, Li, Chen, and Wang 2024). Implementing this approach has revealed 104 

distinct patterns in the nestedness of amphibians (Chen et al., 2022) and mammals (Millien et 105 

al., 2024; Zhan et al., 2024), both dependent on their phylogenetic relationships and functional 106 

traits. However, little is known about how phylogeny and traits influence nested patterns of 107 

native plant communities on islands.  108 

One way to integrate plant phylogeny in taxonomic nestedness studies on islands is by 109 

using broad phylogenetic categories, such as monocots, dicots, ferns, and conifers. While some 110 

of these groups are highly diverse and occupy a wide range of habitats, others are not. For 111 

instance, many fern species are confined to shaded, humid habitats (Mehltreter 2010), hence, 112 

islands without forest cover or highly exposed to the ocean might be too open or too lacking in 113 

humidity for many of them. Similarly, several traits can be integrated in taxonomic nestedness 114 

studies. For example, identifying traits associated with plant body size might help characterize 115 

the role of island area and selective extinction in shaping island plant communities. Most woody 116 

species are bigger than herbs (Pérez-Harguindeguy et al. 2013) and have higher minimum area 117 

requirements. Instead, other traits could be associated with selective colonization. Vectors vary 118 

among species, and while some, such as the wind, allow species to disperse over extended 119 
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distances, others, such as ants, will limit the distance a species can disperse to (Arjona, 120 

Nogales, Heleno, and Vargas 2018; Mologni et al. 2022; Negoita et al. 2016). Similarly, taller 121 

plants can disperse over longer distances (Thomson, Moles, Auld, and Kingsford 2011) but they 122 

might also have higher minimum area requirements due to their larger body size.  123 

There are several nestedness metrics (Almeida-Neto, Guimarães, Guimarães, Loyola, 124 

and Ulrich 2008; Atmar and Patterson 1993; Ulrich, Almeida-Neto, and Gotelli 2009; Wright, 125 

Patterson, Mikkelson, Cutler, and Atmar 1998). The nestedness metric based on overlap and 126 

decreasing fill (‘NODF’ hereafter) is generally considered the most appropriate (Almeida-Neto et 127 

al. 2008; Chen et al. 2022; Matthews et al. 2015; Ulrich, Almeida-Neto, et al. 2009). That is 128 

because it quantifies nestedness not exclusively for a whole presence/absence matrix (NODF), 129 

but also for columns (i.e. NODFc, or species composition across sites) and rows (i.e. NODFr, or 130 

species incidence) separately, allowing to determine the independent contribution of each 131 

component (Almeida-Neto et al. 2008; Chen et al. 2022). Quantifying column nestedness allows 132 

for assessing whether communities are nested among islands, while row nestedness for 133 

evaluating if specialists and rare species are present on islands that have generalists and 134 

widespread species (Traveset et al. 2014). Moreover, the NODF focuses on the overlap of 135 

species occurrences between sites rather than on unexpected presences or absences in the 136 

matrix. This reduces the risk of over- and underestimating nested patterns, respectively (Ulrich, 137 

Almeida-Neto, et al. 2009; Wright et al. 1998). The NODF is also more robust to variations in 138 

matrix fill (i.e. the proportion of non-zero elements), size (i.e. the total number of elements), and 139 

shape (i.e. the number of columns and rows), enabling the comparison of markedly different 140 

matrices (Almeida-Neto et al. 2008).  141 

Here, we investigated patterns of taxonomic nestedness of island floras in relation to 142 

island characteristics (i.e. area, isolation, and exposure to ocean-borne disturbances). We 143 

integrated phylogenetic and functional traits to gain insight into the processes that shape the 144 

composition and structure of island native floras. We focused on 264 islands offshore from 145 

northern Aotearoa New Zealand. We combined field surveys and published data for 775 native 146 

plant species. We compiled information about their phylogeny and functional traits and explored 147 

nestedness patterns using species incidence matrices and correlation techniques. We asked 148 

whether (i) plant species assemblages are nested according to their phylogeny and functional 149 

traits and (ii) whether nested patterns are related to island characteristics. 150 

 151 
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Methods 152 

Study system 153 

The islands in the study system are located between 34–38° S and 172–179° E, spanning over 154 

600 km, and vary markedly in their characteristics (Figure 1). The smallest island is only 21 m2 155 

and the least isolated are tidal islands (i.e. separated from the mainland only at high tide). 156 

Conversely, the largest island is over 277 km2 and the most isolated is over 50 km from the 157 

mainland. Geologically, the islands are nearly evenly split between volcanic (n=136, 51.5%) and 158 

sedimentary (n=122, 46.2%), with a small number having a mixed composition (n=6, 2.3%). 159 

Except for the Poor Knights Islands/Tawhitirāhi and Rangitoto, all were connected during the 160 

last glacial maximum (Fleming, 1979, Shane et al., 2013). 161 

 The climate of the islands is temperate and oceanic (McGlone, Buitenwerf, and 162 

Richardson 2016) and all but the smallest islands and those with <5 m maximum elevation 163 

originally supported warm temperate rain forests (Grubb, Bellingham, Kohyama, Piper, and 164 

Valido 2013; Peel, Finlayson, and McMahon 2007; Wilmshurst et al. 2014). Most islands have 165 

elevations <400 m, where the forests were comprised of evergreen angiosperms and conifers, 166 

the latter often emergent over angiosperms (Dawson 1988; Grubb et al. 2013). Today, old-167 

growth forests are rare in the study system, and confined to the largest islands (e.g. Cameron & 168 

Young, 2019).  169 

Most of the islands were deforested since human settlement of Aotearoa New Zealand 170 

in c. 1250 CE (Atkinson 2004; Bellingham et al. 2010; Daugherty, Gibbs, Towns, and Atkinson 171 

1990; Wilmshurst et al. 2014). Both burning and agriculture were abandoned on most islands, 172 

which are now in a process of secondary succession such that most islands are now dominated 173 

by second-growth warm temperate rain forests (Atkinson 2004; P J Bellingham 1984). Common, 174 

widespread trees in these second-growth forests include Brachyglottis repanda (Asteraceae), 175 

Coprosma macrocarpa and C. repens (Rubiaceae), Corynocarpus laevigatus 176 

(Corynocarpaceae), Kunzea ericoides s.l. (Myrtaceae), Melicope ternata (Rutaceae), Melicytus 177 

novae-zelandiae and M. ramiflorus (Violaceae), Metrosideros excelsa (Myrtaceae), Piper 178 

excelsum (Piperaceae), Pittosporum crassifolium (Pittosporaceae), Planchonella costata 179 

(Sapotaceae), and Pseudopanax lessonii (Araliaceae) (Atkinson 2004; Wardle, Bellingham, 180 

Bonner, and Mulder 2009). Two of the largest islands (Hauturu-a-Toi/Little Barrier Island, 30.79 181 

km2, and Aotea/Great Barrier Island, 277.21 km2), with elevations up to 722 m, support 182 

floristically distinct old-growth original forests above 500 m (Cameron and Young 2019; Ogden 183 

and Perry 2023). Active and recent volcanic islands (i.e. Whakaari/White Island and Rangitoto) 184 
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are undergoing primary succession, in which M. excelsa is the dominant colonising tree 185 

(Clarkson and Clarkson 1994; Shane et al. 2013). Non-native plant species, most introduced 186 

since the 19th century, comprise approximately half of the total flora of the study system 187 

(Mologni et al. 2021). Presently, 41 islands (15.5% of all islands) are inhabited. 188 

 189 

Species lists and plant functional traits 190 

We collated lists of plant species native to Aotearoa New Zealand (>80% endemic; McGlone et 191 

al., 2001) for each of the 264 islands using both published material and field surveys (see 192 

Mologni et al., 2021, 2022 for more details). After removing duplicates and aggregating records 193 

at the species level, a total of 810 native plant species were recorded. We removed 35 species 194 

due to taxonomic uncertainty (e.g. genus only noted in species lists), thus only 775 were used in 195 

the analyses. A further 25 and 3 species were removed from dispersal modes and plant height 196 

analyses due to a lack of data (Table 1). Lists were combined into a presence/absence matrix. 197 

Plant species lists follow consistent vascular plant taxonomy (Allan Herbarium 2023b, 2023a). 198 

 To account for phylogeny, we organized species matrices using both fine (species level) 199 

and coarse phylogenetic levels (i.e. dicots, monocots, conifers, and ferns and allies, Table 1). 200 

To account for plant functional traits, we organized species according to their growth forms and 201 

dispersal modes and determined species maximum height. We used five categories for growth 202 

forms: graminoids, forbs, woody species, climbers and lianas, and epiphytes (Table 1). We used 203 

five categories for dispersal modes: unspecialized, short-distance, wind-, animal-, and water-204 

dispersed (Table 1). Data for each species’ maximum height were obtained in July 2024 mostly 205 

from the New Zealand Plant Conservation Network (2024) and the Manaaki Whenua - Landcare 206 

Research (2005, see Appendix 2 for the full list), with additions from expert knowledge (PJB). 207 

For species that lacked data for maximum height, we used average height data instead. For 208 

hybrids, we used the average of the parent species’ maximum or average height. We then 209 

organized species in three categories: short (maximum height < 1 m), medium (1–10 m), and 210 

tall (> 10 m, Table 1). We excluded categories with a sample size below 50 species, namely 211 

conifers (n = 12), climbers and lianas (n = 35), epiphytes (n = 8), and short-distance (n = 34, 212 

Table 1).  213 

 214 

Island characteristics  215 

We quantified three island characteristics: area, isolation, and exposure to ocean-borne 216 

disturbances (e.g. storms, waves, and salt spray). We measured island area as the surface of 217 
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an island viewed from above (km2) using available sources or manually digitizing it (Mologni et 218 

al. 2021). Isolation was measured as a series of concentric belts of different radii surrounding 219 

each island (radii = 250, 500, 1000, 1500, 2000, 2500, 3000 m, see Carter, Perry, and Russell 220 

2020; Diver 2008; Mologni et al. 2021; Negoita et al. 2016; Weigelt and Kreft 2013). We 221 

quantified the proportion of land within each radius and subtracted this value from the total area, 222 

to ensure that greater values indicate greater isolation. We utilized the radius that performed 223 

best (Mologni et al. 2021). We estimated exposure to ocean-borne disturbances by drawing two 224 

lines starting from the centre of an island and connecting to the edge of the nearest landmasses 225 

(the mainland or islands larger than 50 km2). The angle between these two lines represents the 226 

degree of exposure of an island to ocean-borne disturbances (Burns and Neufeld 2009). All 227 

spatial analyses were carried out using ArcGIS 10 and QGIS 2 (ESRI 2011; QGIS Development 228 

Team 2018). 229 

 230 

Statistical analyses 231 

For all phylogenetic and trait categories, we calculated Nestedness based on overlap and 232 

decreasing fill (NODF, Almeida-Neto et al., 2008). Nestedness was assessed on the entire 233 

matrix (NODF), on columns (i.e. species composition, NODFc) and rows (i.e. species incidence, 234 

NODFr). We employed a fixed-fixed null model with a ‘quasi-swap’ algorithm and 999 235 

simulations to test for significant nestedness (Millien et al. 2024; Ulrich, Almeida-Neto, et al. 236 

2009). Fixed-fixed null models maintain row and column totals fixed, which reduces the number 237 

of possible arrangements in the randomized matrices and thus the likelihood of identifying 238 

statistically significant nested patterns (Matthews et al. 2015). This is a more conservative 239 

approach which reduces the risk of type I errors (Ulrich, Almeida‐Neto, and Gotelli 2009). 240 

Relationships between island nestedness ranks and the three island characteristics were 241 

quantified using partial Spearman correlation coefficients (Millien et al. 2024). This method 242 

enables the comparison of more than 3 predictors and the assessment of the independent effect 243 

of each one (Frick, Hayes, and Heady III 2009; Millien et al. 2024; Shipley 2016). We extracted 244 

island nestedness ranks from the nested incidence matrix and correlated them with island 245 

characteristics (i.e. area, isolation, exposure to ocean-borne disturbances). Nestedness ranks 246 

assign higher values to species-poor sites and species that occur less frequently. If, for 247 

instance, species disappear as area declines so that communities on small islands are subsets 248 

of communities on large islands, this will result in a negative relationship between nestedness 249 

ranks and island area. Plant categories whose distribution is not significantly nested, or nested 250 
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only according to rows (i.e. species incidence, NODFr) will be excluded from this analysis. A 251 

Bonferroni correction was applied to account for multiple tests and reduce type I error rates. 252 

This approach was applied to all native species (fine phylogenetic level) and all subsets 253 

separately (coarse phylogenetic level, growth forms, dispersal modes, and plant height 254 

categories). Spearman correlation coefficients were calculated for all comparisons with more 255 

than one predictor, but no correlation exceeded the threshold of 0.7 (Appendix 3, Figure S1). All 256 

analyses were conducted in R. Nestedness was quantified using the package vegan (Oksanen 257 

et al. 2024), nestedness ranks using the package bipartite (Dormann, Gruber, and Fründ 2008), 258 

and Spearman partial correlation coefficients using the package ppcor (Seongho Kim 2012).  259 

 260 

Results 261 

Most native species groups were significantly nested based on at least one of the 3 nestedness 262 

metrics (P<0.039, full matrix, rows, and columns, Table 2). All species (fine phylogenetic level), 263 

dicots, forbs, wind-dispersed, short and medium-height species were nested based on both the 264 

full matrix and columns (Table 2). Graminoids, unspecialized, and medium-height species were 265 

nested only according to columns (i.e. species composition, Table 2). Tall species were nested 266 

based on both the full matrix and rows, while woody species and animal-dispersed species were 267 

nested only according to rows (i.e. species incidence, Table 2). Monocots were nested 268 

according to both columns and rows, but not across the entire matrix (i.e., both species 269 

composition and incidence, Table 2). Ferns and allies and water-dispersed species were not 270 

significantly nested (P>0.05, Table 2). 271 

 Island area was negatively related to island nestedness ranks of all plant categories that 272 

were significantly nested according to the full matrix (NODF) or columns (i.e. species 273 

composition, see Figure 2 & Appendix 3, Table S1). Isolation was positively related to the island 274 

nestedness ranks of all species (fine phylogenetic level), monocots among the coarse 275 

phylogenetic categories, graminoids among growth forms, wind-dispersed and unspecialized 276 

species among dispersal modes, and short and medium-height species among plant height 277 

categories. The island nestedness ranks of dicots, forbs, and tall species were not significantly 278 

related to isolation (P>0.05). Exposure to ocean-borne disturbances was positively related to 279 

the island nestedness ranks of all phylogenetic groups (all species, monocots, dicots), forbs 280 

among growth forms, wind-dispersed species among dispersal modes, and all plant height 281 

categories (short, medium, and tall). The island nestedness ranks of graminoids and 282 

unspecialized species were not significantly related to exposure to ocean-borne disturbances.  283 
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 284 

Discussion 285 

Assemblages of the highly endemic native plant species across 264 offshore islands in 286 

Aotearoa New Zealand are largely nested, regardless of phylogenetic and functional trait 287 

categories, except for ferns and water-dispersed species assemblages. With light propagules 288 

(e.g. spores) and the ability to take advantage of water currents, these plant categories can 289 

disperse over long distances (Thomson et al. 2011), potentially reaching most islands and 290 

overriding nested patterns. Woody and animal-dispersed species were nested only according to 291 

rows (i.e., species incidence), indicating that widespread species occur across most sites, while 292 

rarer species are restricted to sites with higher diversity. This pattern is likely influenced by 293 

differences in plant traits, such as variations in the dispersal capacity of carriers for animal-294 

dispersed species. The nestedness ranks of plant categories nested according to the full matrix 295 

or columns (i.e. species composition) were generally correlated with island area, isolation, and 296 

exposure to disturbance, with variations depending on phylogenetic and functional trait 297 

categories. 298 

Nestedness ranks of native plant species were consistently related to island area, 299 

irrespective of the phylogenetic or functional group considered. Island area is a well-established 300 

predictor of plant diversity (Arrhenius 1921; MacArthur and Wilson 1967). Larger islands provide 301 

more space, more diverse habitats, and more resources, supporting higher species richness 302 

(Tjørve and Turner 2009). Previous work in the same study system found that larger islands 303 

contain more species, regardless of plant functional traits (Mologni et al. 2021, 2022). In the 304 

current study, we observed that native plant assemblages on smaller islands were consistently 305 

subsets of those of larger islands. This pattern aligns with the selective extinction hypothesis, 306 

which posits that as islands get smaller, species with larger area requirements or smaller 307 

population sizes are more likely to become extinct, generating nested patterns (Higgins et al. 308 

2006; Matthews et al. 2015; Tjørve and Turner 2009). In addition, the effect of island area was 309 

at least twice as great as that of other predictors, suggesting selective extinction might be the 310 

dominant process in the study system (see Figure 2). However, the effect size of island area 311 

was comparable across all groups. If both large- and small-bodied species (e.g. woody species 312 

and graminoids, short and medium-height species) exhibit similar responses to island area, then 313 

minimum area requirements might be less important in plants than in animals (Millien et al. 314 

2024).  315 
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The pronounced effect of area on island floras has strong conservation implications. In 316 

the longstanding debate on whether it is best to protect a single large area versus several small 317 

ones (Wright and Reeves 1992), our overall results support protecting larger islands (Diamond 318 

1975; Donaldson, Wilson, and Maclean 2017; Fahrig et al. 2022; Tjørve and Tjørve 2008). 319 

However, options to protect larger islands in Aotearoa New Zealand are limited simply because 320 

there are few of them and most of the islands >100 ha in our study region are either wholly or 321 

largely managed for nature conservation (e.g., Armitage, 2011; Veitch & Wade, 2019). Their 322 

long-term protection gives the best prospect of safeguarding the greatest number of native plant 323 

species. Nationally and in our study region over 70% of protected islands are <100 ha (Towns 324 

and Ballantine 1993). The smaller islands in our study region need long-term protection to 325 

preserve the diversity of plant categories that are not nested, such as ferns, water-dispersed, 326 

and tall species, as well as endemic plant species that are confined to or are most abundant on 327 

small islands with high densities of nesting seabirds and with strong maritime climatic influences 328 

(Cameron 1990; Gillham 1960; Norton, Delange, Garnock-Jones, and Given 1997). 329 

A second process linked to nested patterns is selective immigration, when, due to 330 

varying dispersal capabilities, communities on isolated islands become subsets of those on less 331 

isolated islands. However, the effect of isolation was less consistent than that of area, and three 332 

categories did not respond to it: dicots, forbs, and tall species. One explanation is that these 333 

categories might simply be more homogenous in their dispersal capabilities. For instance, tall 334 

species are likely to be consistently better dispersers than short and medium-height species 335 

(Thomson et al. 2011).  336 

Similarly, the effect of islands’ exposure to ocean-borne disturbances varied across 337 

groups. This suggests that habitat nestedness, or the systematic disappearance of specialists 338 

following their habitat, does not apply to all cases. Among growth forms, graminoids were the 339 

only category unrelated to exposure. Some grasses deposit high amounts of silica in their 340 

leaves (Lanning and Eleuterius 1983), increasing resistance to sand, salt, and other particulate 341 

matter carried by the wind, making graminoids more resistant to ocean-borne disturbances. 342 

Among dispersal modes, only wind-dispersed species were related to exposure. Strong oceanic 343 

winds will likely blow propagules away, preventing colonization (Carlquist 1974; Cody and 344 

Overton 1996). If so, this pattern might be better explained by selective immigration than habitat 345 

nestedness. Alternatively, ocean-borne disturbances might simply increase the chance of 346 

extinction events, resulting in the depauperate floras of exposed islands being a subset of the 347 

floras found on sheltered islands. Other studies have also shown that pressure from 348 

disturbances results in nestedness (e.g. in breeding bird communities, Wang, Ding, Chen, and 349 
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Zheng 2013). Ocean-borne disturbances are likely to play a role in explaining the effect of island 350 

area as well, given that species on smaller islands are more prone to extinction (MacArthur and 351 

Wilson 1967). 352 

Most of the islands in northern Aotearoa New Zealand were connected to the mainland 353 

during the last glacial maximum (Fleming, 1979, Shane et al., 2013). As such, relictual plant 354 

populations might homogenize the flora and mitigate nested patterns. More recently, human 355 

activities have heavily modified these islands. The land was often burned or cleared for 356 

agriculture. Historic deforestation and subsequent secondary successions, which are likely to 357 

have been influenced at least in part by dispersal of species among islands and from the 358 

mainland, are also likely to have homogenized the flora (Christensen and Peet 1984) and 359 

mitigated nested patterns. Finally, a large number of non-native species were introduced and 360 

they now amount to half of the total flora (Mologni et al. 2021), some of which are invasive and 361 

highly competitive. Habitat loss and invasive species most likely drove more than one native 362 

species to extinction, influencing nestedness patterns. Unfortunately, we could not account for 363 

these factors. Data are lacking for relictual populations and habitat loss, while non-native and 364 

native species have similar distributions within this study system (Mologni et al. 2021), rendering 365 

any interpretation potentially circular.  366 

In this study, we focused only on ecological processes such as selective extinction and 367 

immigration. However, nested patterns can also be generated by stochastic processes, 368 

prominently passive sampling (i.e. rare species are underrepresented in the community 369 

compared to abundant species) and collecting artifacts (i.e. the disproportional sampling of rare 370 

species or small assemblages, Higgins, Willig, and Strauss 2006; Hu, Feeley, Wu, Xu, and Yu 371 

2011). Unfortunately, we lack data to investigate the role of these processes. Additionally, we 372 

used a fixed-fixed null model and the Bonferroni correction, both very conservative approaches. 373 

While this reduces the risk of type I errors, they inevitably increase the risk of type II errors. 374 

Similar trade-offs also apply to other methods, and we thus advise caution in interpreting the 375 

results.  376 

Overall, native plant communities were nested across northern Aotearoa New Zealand 377 

islands but varied according to plant phylogeny and functional traits. This aligns with previous 378 

work on animals (Chen et al., 2022; Millien et al., 2024; Zhan et al., 2024), and highlights the 379 

importance of incorporating phylogeny and functional traits into studies of island nestedness of 380 

plants (Schrader et al. 2021). Furthermore, island floras were largely nested according to area, 381 

which emphasises the need to protect large islands, since, at least in our study system, some of 382 
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the larger islands are also inhabited, highly modified, and more invaded (Mologni et al. 2021; 383 

Mologni, Bellingham, Cameron, and Wright 2024). Nestedness studies can suggest probable 384 

processes that determine insular community composition and aid in identifying conservation 385 

priority islands.   386 
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Tables 401 

Table 1 - Description of phylogenetic and functional trait categories utilized to investigate 402 

taxonomic nestedness across 264 Aotearoa New Zealand offshore islands. Numbers with an 403 

asterisk indicate categories excluded due to the small sample size (n<50). 404 

Category Description Number 

Phylogenetic categories 

Fine level All species 775 

Coarse level  775 

Ferns and allies Ferns and lycophytes 157 

Conifers Conifers 12* 

Monocots Monocotyledons 220 

Dicots Dicotyledons 386 

Functional trait categories 

Growth forms  775 

Graminoids Grasses, sedges, and rushes 123 

Forbs Herbaceous, non-graminoid 393 

Woody species Trees and shrubs 216 

Climbers and lianas Herbaceous or woody climbers 35* 

Epiphytes Plants that grow upon other plants 8* 

Dispersal modes  750 

Water-dispersed Buoyant propagules, e.g., corky tissues, air 
pockets (hydrochory)  

61 

Unspecialized No evident or prevalent morphological adaptations 
(unspecialized) 

110 

Short-distance Morphological adaptations for short-distance 
dispersal only (ballochory, myrmecochory) 

34* 

Animal-dispersed  Fleshy fruits or adhesive barbs (endo and 
epizoochory) 

176 

Wind-dispersed Plumes, wings, dust diaspores (anemochory) 369 



 

 

Plant height  772 

Short Maximum height below 1 m  361 

Medium Maximum height between 1 and 10 m  335 

Tall Maximum height above 10 m  76 

 405 
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 418 

 419 

 420 
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Table 2 - Nestedness parameters for matrices including all species (phylogenetic fine level) and 428 

phylogenetic (coarse level) and functional (growth forms, dispersal modes, plant height) 429 

categories. In bold are significant nested patterns. In grey are categories that are not 430 

significantly nested for any parameter.  431 

Category NODF p-value NODFr p-value NODFc p-value 

Phylogenetic categories 

Fine level 55.27 0.003 64.29 0.303 54.231 0.003 

Coarse level 

Ferns and allies 56.24 0.509 53.52 0.439 63.94 0.959 

Monocots 54.84 0.659 53.96 0.005 56.12 0.005 

Dicots 55.07 0.007 64.31 0.529 50.76 0.003 

Functional trait categories 

Growth forms 

Graminoids 53.83 0.533 53.00 0.089 57.70 0.007 

Forbs 57.71 0.001 65.14 0.473 54.37 0.001 

Woody species 59.79 0.201 62.86 0.039 55.19 0.899 

Dispersal modes 

Wind-dispersed 59.52 0.015 64.58 0.253 56.91 0.025 

Water-dispersed 61.95 0.249 62.33 0.391 54.69 0.163 

Unspecialized 48.84 0.053 48.23 0.209 52.36 0.033 

Animal-dispersed 66.44 0.137 70.73 0.005 56.77 0.393 



 

 

Plant height 

Short 56.65 0.001 61.60 0.053 54.00 0.003 

Medium 56.83 0.019 63.84 0.413 52.48 0.011 

Tall 51.74 0.033 50.19 0.047 70.63 0.495 

 432 
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Figures 434 

Figure 1 Map and example photos of the 264 islands offshore northern Aotearoa New 435 

Zealand investigated. 436 

 437 

Figure 2 Relationships between the nestedness rankings of phylogenetic and functional 438 

trait categories and island characteristics across 264 islands offshore northern Aotearoa New 439 

Zealand. On the x-axis are species categories. Categorizations were phylogenetic (fine - all 440 

species; coarse - monocots and dicots), growth forms (graminoids and forbs), dispersal modes 441 

(wind-dispersed and unspecialized) and plant height categories (short, medium, and tall). On 442 

the y-axis are rho values, which quantify the strength and direction of the relationship between 443 

two variables. A Bonferroni correction was applied to reduce type 1 error rates. The alpha level 444 

was set at 0.005, dividing 0.05 by the number of categories (n = 10). 445 

 446 
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Appendix 2 - Supplementary analyses 786 

 787 

Table S1 - Spearman partial correlation coefficients for each plant category and island 788 

characteristics. Columns represent rho and p-values for each variable. In bold are significant 789 

relationships. A Bonferroni correction was applied to reduce type 1 error rates. The alpha level 790 

was set at 0.005, dividing 0.05 by the number of categories (n = 10). 791 
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 795 

 796 
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Category Area (km2) Isolation (%) Exposure (°) 

Rho p Rho p Rho p 

Phylogenetic - 

Fine All species -0.777 <0.0001 0.203 0.0010 0.229 <0.0001 

Phylogenetic - 

Coarse 

Monocots -0.740 <0.0001 0.249 <0.0001 0.190 0.0020 

Dicots -0.768 <0.0001 0.166 0.0069 0.191 0.0020 

Functional - 

Growth forms 

Graminoids -0.713 <0.0001 0.282 <0.0001 0.154 0.0124 

Forbs -0.755 <0.0001 0.134 0.0302 0.252 <0.0001 

Functional - 

Dispersal modes 

Unspecialised -0.723 <0.0001 0.267 <0.0001 0.151 0.0141 

Wind -0.762 <0.0001 0.218 0.0004 0.287 <0.0001 

Plant height 

Short -0.731       <0.0001 0.208       0.0007 0.182 0.0031    

Medium -0.786 <0.0001 0.174       0.0047   0.254 <0.0001 

Tall -0.755       <0.0001 0.170      0.0058 0.201       0.0011 



 

 

Figure S1 Correlation matrix for the island characteristics used in the models.  798 
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