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Abstract 47 

Theory predicts that increasing habitat cover in the local landscape or “neighbourhood” 48 

of a habitat patch should increase colonisation rates over time. Although this prediction 49 

is widely invoked, empirical tests with longitudinal data are lacking. Here we tested this 50 

hypothesis using a 41-year repeat survey of 26 forest fragment reserves on Te Pātaka o 51 

Rākaihautū | Banks Peninsula, Aotearoa | New Zealand. Reserves with greater 52 

neighbourhood forest regeneration experienced greater native understorey plant 53 

species colonisation between 1970 and 2011. Evidence for positive effects on species 54 

richness was weak but directionally consistent. Overall, these findings provide rare 55 

longitudinal support for theoretical predictions linking neighbourhood habitat gains to 56 

community dynamics and highlight the conservation value of young secondary forest 57 

patches in fragmented landscapes. 58 

 59 

 60 

Introduction 61 

Habitat loss and fragmentation are driving losses of biodiversity worldwide (Haddad et 62 

al. 2015, Watson et al. 2018, Chase et al. 2020, Gonçalves-Souza et al. 2025). For 63 

many taxa, remaining habitat is confined to isolated patches in fragmented landscapes 64 

(Ewers et al. 2006, Prugh et al. 2008). In these landscapes, conservation outcomes 65 

might be improved by identifying and promoting ecological processes that positively 66 

influence the diversity of locally indigenous species persisting in remnant patches. 67 

 68 
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Most theories of habitat loss and fragmentation predict that patches with more habitat in 69 

their local landscapes or “neighbourhoods” will contain more habitat specialist species 70 

(MacArthur & Wilson 1963, Haila 2002, Fahrig 2013). Although these theories are 71 

typically applied to spatial comparisons among patches, they also imply a temporal 72 

prediction: increasing available habitat around an existing patch should positively 73 

influence colonisation rates and, ultimately, species richness within the patch over time 74 

(Tilman & Kareiva 1997, Farneda et al. 2015, García-Martínez et al. 2017, Newmark et 75 

al. 2023). Neighbourhood habitat gains might also reduce extinction rates via rescue 76 

effects—i.e., increased immigration of conspecifics (Brown & Kodric-Brown 1977). 77 

Longitudinal evidence for these predictions remains scarce. It is unclear to what extent, 78 

or how quickly, neighbourhood habitat restoration might reverse biodiversity declines 79 

owing to past habitat loss and fragmentation (Whytock et al. 2018). 80 

 81 

The scarcity of longitudinal evidence on the effects of neighbourhood habitat 82 

regeneration owes partly to logistical difficulty. The proximal mechanisms of species 83 

richness change—colonisation and extinction—may occur slowly relative to the duration 84 

of typical field studies (Tilman & Kareiva 1997, Magurran et al. 2010, Watts et al. 2020). 85 

Thus, detecting community responses to habitat regeneration often requires data on 86 

both community composition and habitat cover spanning decades or more. Historical 87 

ecology approaches, which integrate legacy surveys with historical landscape 88 

reconstructions, may provide a way to assemble such data when conventional methods 89 

are not feasible (Vellend et al. 2013).  90 

 91 
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Te Pātaka o Rākaihautū | Banks Peninsula provides a rare opportunity to assess the 92 

influence of neighbourhood habitat regeneration on species turnover in remnant habitat 93 

patches over time (Fig. 1). Following human arrival, forest cover declined sharply until 94 

approximately 1920, followed by widespread secondary forest regeneration (Ogilvie 95 

2007, Wilson 2009, Wilson 2013). Many of the oldest and largest remnant forest 96 

patches are now protected as Scenic Reserves or covenants. The indigenous flora of 97 

each Scenic Reserve was surveyed in 1970 (Kelly 1972), establishing a valuable 98 

baseline for assessing how long-term changes in native forest plant diversity have 99 

responded to local landscape changes. 100 

 101 

Here, we tested the hypothesis that neighbourhood forest regeneration promotes 102 

increased colonisation, decreased extinction, and increased species richness of native 103 

understorey plant species in remnant forest patches. To test this hypothesis, we 104 

combined repeat botanical surveys from 26 Scenic Reserves on Te Pātaka o 105 

Rākaihautū with reconstructions of historical forest cover to quantify long-term changes 106 

in plant communities and neighbourhood habitat availability. 107 

 108 

 109 

 110 

 111 
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 112 

 113 

Fig. 1: Study region: Te Pātaka o Rākaihautū | Banks Peninsula. a) Mainland Aotearoa 114 

with study region shown in blue. b) Purple polygons show 1920 forest cover, and 115 

orange polygons show forest regenerated between 1920 and 2012 (Wilson 2013, LCDB 116 

v5.0 2018). Black points show study sites. c) Example of forest regeneration between 117 

1970 (Geoff Kelly, used with permission) and 2011 (the authors). 118 

 119 

Methods 120 

Study area 121 

Before anthropogenic deforestation began on Te Pātaka o Rākaihautū several centuries 122 

ago, this roughly 1,300 km2 landscape was covered by nearly continuous evergreen 123 

forest (Wilson 2009, Wilson 2013). Following Māori arrival, portions of this forest were 124 

burned, and subsequent European settlement resulted in extensive additional clearing 125 

(Ogilvie 2007, Wilson 2009, Wilson 2013). By approximately 1920, only a small minority 126 

of original forest cover remained in isolated fragments, surrounded by a matrix of 127 

primarily non-indigenous grass and forb-dominated pasture with small areas of 128 

regenerating forest (Ogilvie 2007, Wilson 2009, Wilson 2013, Fig. 1). Since then, a 129 



6 
 

combination of passive and active forest restoration has increased indigenous forest 130 

cover across the landscape (Wilson 2013). 131 

 132 

Baseline survey 133 

Focusing on native obligate forest-dwelling understorey plants, we used data from Kelly 134 

(1972) to characterise species occurrence in 1970 for 26 forest fragment reserves 135 

across Te Pātaka o Rākaihautū (including the Port Hills). Kelly (1972) surveyed each 136 

reserve using transect routes of varying lengths, which covered each habitat type 137 

identified a priori from aerial photos. The lengths of routes were apportioned among 138 

habitat types in approximate proportion with their percent cover within the reserve. The 139 

exact routes (not documented) were designed haphazardly or pseudo-randomly, but 140 

independently of ease of access (G. Kelly pers. comm.). All native species observed 141 

were recorded. Survey effort was quantified by the total number of hours spent 142 

surveying each reserve. 143 

 144 

Repeat survey 145 

To characterise native understorey plant species occurrence in 2011, we repeated a 146 

modified version of Kelly’s (1972) survey. In each reserve, we surveyed 4-15 50 m 147 

transects apportioned among forest types, classified by dominant tree species, in 148 

approximate proportion with their percent cover within the reserve in 2011. (Three 149 

reserves were too small for 50 m transects, so 10 m transects were used instead.) We 150 

recorded all species observed within 2 m of each transect. Within patches of each forest 151 

type, transects were placed randomly, yielding a stratified random sampling design. The 152 
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total number of transects for each reserve was set in approximate proportion to the total 153 

area of forest in that reserve. We quantified 2011 survey effort using the total length of 154 

transects surveyed at each reserve. See Appendix 1 for further detail regarding 155 

measures taken to promote comparability between the 1970 and 2011 datasets. Table 156 

S1 lists all species recorded in 1970 and/or 2011. 157 

 158 

Quantifying neighbourhood habitat change 159 

To account for potential lagged responses of native understorey plant communities to 160 

habitat change, we quantified neighbourhood change in forest cover relative to 1920, as 161 

shown in a historical map (Wilson 2013). We compared this to 2012 data from the New 162 

Zealand Landcover Database version 5.0 (LCDB v5.0 2018). We assume that the one-163 

year gap between our 2011 survey and the 2012 habitat data had negligible influence 164 

on our analysis. See Appendix 1 for further details. 165 

 166 

We used a buffer metric of neighbourhood forest cover (Prugh 2009, Watling et al. 167 

2020), in which total forest area is summed within a given radius from the focal site. 168 

Following Watling et al. (2020), we computed six versions of this variable using buffer 169 

radii of 200 m, 500 m, 1 km, 2 km, 3 km, and 6 km. We compared the performance of 170 

these six buffer radii in our main analysis (see below) via AICc. 171 

 172 

Statistical analyses 173 

We used generalised additive models (GAMs) to analyse three response variables: 174 

colonisation, extinction, and change in species richness. In all models, we used a two-175 
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dimensional smoothing spline over sites’ spatial coordinates to account for spatial 176 

autocorrelation. Colonisation was quantified as the number of species present in 2011 177 

and absent in 1970. We modeled colonisation using a restricted maximum likelihood 178 

GAM with a Tweedie error distribution. Extinction was quantified as the proportion of 179 

species present in 1970 that were absent in 2011. We modeled extinction using a 180 

Bayesian ordered beta GAM, which accommodates proportions including exact 0 and 1 181 

values (Kubinec 2023). Species richness change was quantified proportionally—i.e., 182 

2011 richness divided by 1970 richness—and modeled with a restricted maximum 183 

likelihood Tweedie GAM. (Continuous response distributions were used because our 184 

approach to summarising uncertainty in species identification yielded non-integer values 185 

for colonisation, extinction, and richness change. See Appendix 1.) 186 

 187 

Each model included neighbourhood forest cover change and three additional 188 

covariates that could influence understorey plant community dynamics. These included 189 

reserve forest area (Kelly 1972), presence or absence of fencing, and presence or 190 

absence of walking tracks. 191 

 192 

For each response variable, we fit two versions of the model. In one version, we 193 

controlled for temporal variation in sampling effort by including an additional covariate. 194 

This covariate was the ratio of total transect length surveyed in 2011 to adjusted survey 195 

effort in 1970. To estimate forest-specific sampling effort, survey effort in 1970 was 196 

multiplied by the proportion of each reserve classified as forest, as some reserves 197 

contain non-forest habitats that were included in Kelly's (1972) surveys. In the second 198 
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model version, sampling effort was standardised prior to analysis via rarefaction (see 199 

Appendix 1). 200 

 201 

For each of the six basic models described above—comprising three response 202 

variables and two methods to account for sampling effort—we fit separate versions with 203 

each of the six neighbourhood buffer radii discussed above, which were compared via 204 

AICc. This approach yielded a total of 36 regression models (12 for each response 205 

variable). 206 

 207 

A correlation matrix of predictor variables is given in Table S2. 208 

 209 

Software 210 

All analyses were done in R version 4.5.3 (R Core Team 2026). Restricted maximum 211 

likelihood GAMs were fit with mgcv (Wood 2011), and Bayesian GAMs were fit with 212 

brms (Bürkner 2017). 213 

 214 

Results 215 

Neighbourhood buffer radii 216 

In the colonisation models (details below), radii of 200 m and 500 m were most favored 217 

by AICc (Table S3). For the non-rarefied data, AICc favored the 500 m buffer over the 218 

200 m buffer by 1.3, whereas for the rarefied data, the 200m buffer was favored by only 219 

0.1. Richness models showed little differentiation of AICc values across buffer radii (see 220 

Table S4), but 500 m again performed well. (Extinction showed little signal of 221 
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neighbourhood habitat effects; see below.) Thus for consistency, all main results 222 

reported here use the 500 m buffer. Alternative results using the 200 m buffer are 223 

reported in Tables S5-S10. 224 

 225 

 226 

Fig. 2: Summaries of variables characterising neighborhood forest cover change and 227 

native forest understorey plant species turnover across 26 Banks Peninsula Scenic 228 

Reserves between 1970 and 2011. Temporal variation in sampling effort was controlled 229 

in two ways: one using rarefaction-based methods and one using regression-based 230 

methods. Both rarefied and unrarefied versions of the data are shown. (Non-integer 231 
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species count estimates.) b-f) Non-integer values result from summarising uncertainty 232 

in field specimen identification (see Appendix 1). 233 

 234 

Changes in neighbourhood forest cover 235 

For the 500 m buffer radius, the mean change in forest cover was a 22 ha increase, with 236 

values ranging from a 59 ha decrease to a 120 ha increase (Fig. 2a). 20 sites showed 237 

increases, while 6 showed decreases. 238 

 239 

Colonisation 240 

The mean number of new species encountered in 2011 for the unrarefied dataset was 241 

1.3 (SD 1.4). The mean for the rarefied dataset was 0.7 (SD 0.7). (See Fig. 2c-d.) The 242 

number of new species encountered was positively associated with changes in 243 

neighbourhood forest cover for both the unrarefied data (Fig. 3, p=0.007) and the 244 

rarefied data (Fig. 3, p=0.03). Compared to zero neighbourhood regeneration, predicted 245 

colonisation for a reserve with 100 ha of regeneration was greater by 3.9 species. 246 

Tables S5-6 show coefficient estimates for other predictor variables in the colonisation 247 

models. 248 

 249 

Extinction 250 

The mean number of species from the 1970 survey not refound in the 2011 survey—251 

“extinct species” for brevity—was 2.2 for the unrarefied dataset (SD 1.6). The mean for 252 

the rarefied dataset was 2.6 (SD 1.6). (See Fig. 2e-f.) Extinct species showed no clear 253 
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relationship with changes in neighbourhood forest cover for either the rarefied or 254 

unrarefied data (Tables S7-8). 255 

 256 

Richness 257 

The mean number of species recorded in 1970 was 5.9 (SD 3.3). The mean in 2011 258 

was 4.9 for the unrarefied data (SD 3.0) and 4.0 for the rarefied data (SD 2.6). Richness 259 

change over time showed a weak positive association with changes in neighbourhood 260 

forest cover for the unrarefied data (Table S9, p=0.24), and little clear signal for the 261 

rarefied data. Tables S9-10 show coefficient estimates for other predictor variables. 262 

 263 

 264 

 265 
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 266 

Fig. 3: Association between change in neighbourhood forest cover and number of new 267 

species recorded between 1970 and 2011. Conditional mean curves and 95% 268 

confidence bands were generated by Tweedie GAMs with a log link function. Inset 269 

shows point estimates and 95% confidence intervals for standardised effect sizes—the 270 

effect of a one-standard deviation (37 ha) increase in neighborhood habitat change. X-271 

axis rug marks show the distribution of the data. 272 

 273 

Discussion 274 

Here we show, across 26 forest reserves on Te Pātaka o Rākaihautū, that native 275 

understorey plant species colonisation over 41 years increased with the degree of 276 

neighbourhood forest regeneration (Fig. 3). Compared to a reserve with no 277 



14 
 

neighbourhood regeneration, a reserve with 100 ha of neighbourhood regeneration was 278 

expected to have 3.9 more new species recorded in 2011. These results suggest that 279 

neighbourhood forest regeneration promoted colonisation of remnant patches over time. 280 

Neighbourhood forest regeneration had no clear relationship with extinction (Tables S7-281 

8), whereas temporal changes in species richness were also positively associated with 282 

neighbourhood habitat gains, although the signal was weaker (Tables S9-10). Overall, 283 

these findings suggest that neighbourhood forest gains are increasing colonisation rates 284 

of native understorey plant species in remnant forest fragments over time, which may 285 

eventually lead to clearer patterns of increase in species richness. 286 

 287 

More broadly, these findings help fill an important conceptual gap regarding the effects 288 

of neighbourhood habitat gains on species turnover in remnant patches. Although 289 

fragmentation theory predicts that increasing neighbourhood habitat should increase 290 

colonisation and species richness through time (MacArthur & Wilson 1963, Haila 2002, 291 

Fahrig 2013), most empirical support derives from spatial comparisons among patches 292 

rather than temporal responses to habitat gains (García-Martínez et al. 2017, Lindgren 293 

& Cousins 2017, Torrenta & Villard 2017, Watling et al. 2020). Longitudinal studies of 294 

habitat loss have documented ensuing extinctions and richness declines (Ferraz et al. 295 

2007, Horváth et al. 2019), but direct observations of the effects of neighbourhood 296 

habitat gains remain scarce. Our results provide rare longitudinal evidence that 297 

neighbourhood habitat gains can promote increased colonisation in remnant patches. 298 

 299 
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From a management perspective, these results suggest that forest regeneration near 300 

remnant patches can contribute to biodiversity recovery by increasing colonisation of 301 

native understorey plant species. Since peak deforestation in approximately 1920, most 302 

forest regeneration on Te Pātaka o Rākaihautū has been passive, producing the small, 303 

young secondary forest patches that now surround many older remnants (Wilson 2013, 304 

Fig. 1). Our findings underscore that these secondary patches have conservation value 305 

(Norton et al. 2018, Riva & Fahrig 2022). Even where regenerated forests are small or 306 

relatively young, these patches may increase landscape connectivity and promote 307 

colonisation of nearby reserves (Metzger et al. 2009, Fahrig 2020). This finding does 308 

not diminish the importance of protecting large, old forest remnants (Norton & Miller 309 

2000, Watson et al. 2018), but affirms that remnant protection can be complemented by 310 

allowing, protecting, and (where appropriate) actively restoring secondary forest in the 311 

surrounding landscape (Forbes et al. 2023). In addition to neighbourhood forest 312 

regeneration, our results also provide longitudinal evidence for livestock exclusion 313 

fencing as a tool to promote increased colonisation (Tables S5-6), decreased extinction 314 

(Tables S7-8), and more positive species richness trends (Tables S9-10) in native 315 

understorey plant communities, consistent with prior research (Burns et al. 2011).  316 

 317 

A primary limitation of this study is that the 1970 and 2011 surveys differed in sampling 318 

methods, necessitating retrospective harmonisation of the datasets. We approached 319 

this task in two ways, including both rarefaction-based and regression-based controls 320 

for survey effort. Our primary conclusion—that neighbourhood habitat gains promote 321 

colonisation in remnant fragments—was robust to alternative assumptions regarding the 322 
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role of survey effort. Strength of support for our secondary hypothesis—that 323 

neighbourhood habitat gains positively influence species richness over time—is weaker 324 

and depends on the analytical method used to account for differences in survey effort. 325 

Another important caveat is that the goal of harmonisation is simply to standardise the 326 

degree of over-sampling or under-sampling relative to the 1970 baseline, such that fair 327 

comparisons can be made across reserves regarding temporal change in species 328 

assemblages. It is not possible to achieve equal absolute levels of sample 329 

completeness between time points within each reserve. Thus our results can only 330 

inform questions regarding relative comparisons across reserves—not absolute trends 331 

in colonisation or richness over time. 332 

 333 

Overall, our results indicate that colonisation of native understorey plant species into 334 

remnant forest patches on Te Pātaka o Rākaihautū increased with neighbourhood 335 

forest regeneration. Increased colonisation may have also promoted more favorable 336 

trends in overall species richness. Our findings suggest an equivalent national-scale 337 

analysis using National Vegetation Survey plot data could be informative. Together, 338 

these findings highlight the conservation value of forest regeneration in fragmented 339 

landscapes, including small and young secondary forest patches. 340 

 341 
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