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Abstract 
 

This thesis addresses MacArthur and Wilson‟s Theory of Island Biogeography 
 

(1967) on a set of islands around the north-east coast of the North Island of 
 

New Zealand. The flora species lists from these islands were obtained from 
 

both published and unpublished island surveys whilst Geographical 
 

Information Systems (GIS) techniques were utilised in order to calculate the 
 

physical geography of islands. 
 

 
 

These islands were an ideal study site for such research because they 
 

display natural gradients in both physical geography as well as native and 
 

exotic species richness. The literature on the Theory of Island Biogeography 
 

has yet to comprehensively understand the differences between the patterns 
 

of exotic richness and native richness. Furthermore, the importance of studies 
 

on exotics species is increasingly relevant given the negative effect they 
 

have had on native communities worldwide. 
 

 
 

The results of my research illustrated that there were similar species- 
 

area and species-isolation relationships between exotic and native species. 
 

These two relationships were also consistent with what is expected under 
 

classical island biogeography principles. Interestingly however, I found that 
 

distance  from  the  mainland  had  a  stronger  negative  effect  on  exotics 
 

species. There were a significantly lower proportion of exotics with increasing 
 

isolation. 
 

 
 

This result has applicable outcomes for conservation management on 
 

the Hawaiki archipelago. I suggested that weeding effort focus on larger 
 

islands and in particular the islands closer to the mainland. Globally, the 
 

biogeographical patterns of exotic species are still poorly examined. With 
 

insights  from  this  study  and  other  similar  research  the  Theory  of  Island 
 

Biogeography may be an informative approach to dealing with the ominous 
 

threat of exotic species. 
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1. Introduction 
 

1.1 General introduction 
 

One of the most striking features of the science of ecology is that species 
 

diversity follows geographical patterns. These patterns can be found at all 
 

scales of research ranging from small scale experimental (Kennedy et al., 
 

2002; Naeem et al., 2000) to global patterns such as latitudinal gradients 
 

(Brown & Sax, 2004). Biogeography is the branch of ecology dedicated to 
 

the study of the geographic distribution of species. 
 

 
 

The focus on island systems has been greatly explored in biogeography 
 

(Warren et al., 2015) and in particular, gave rise to one of ecology‟s most 
 

celebrated models, the Theory of Island Biogeography (MacArthur & Wilson, 
 

1963). Over the last 50 years the model has held up to empirical evidence 
 

(Losos & Ricklefs, 2009) and has also been a great success in conservation 
 

ecology where it is one of the central concepts (Whittaker & Fernández- 
 

Palacios, 2007). However an understudied area of biogeography is the island 
 

biogeography of exotics species in their new community  (Sax & Gaines, 
 

2006). The environmental factors that drive native species richness may not 
 

have the same influence on exotic species. Understanding the differences 
 

between native and exotic richness is imperative for conservation ecology 
 

because  of  the  threat  of  certain  exotic  species  to  regional  biodiversity 
 

(Hulme, 2009; Vitousek, 1977). 
 

 
 

1.2 Islands are model systems for research 
 

Analyses  of  insular  island  systems  have  played  an  important  role  in  the 
 

development of biogeography and the broader fields of evolutionary and 
 

conservation theory. The simplicity of islands allows them to be used as model 
 

systems that provide insights into the formation of ecological communities 
 

(Warren  et  al.,  2015).  The  key  attributes  of  islands  as  model  systems  in 
 

biogeography are 
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(1)Islands have clearly defined hard boundaries set by the shoreline. In 
 

contrast on continents the range of species is large and it can be 
 

difficult to determine clear borders in terms of dispersal and gene 
 

flow.  These  boundaries  allow  ecologist  to  infer  insular  ecological 
 

communities. 
 

(2)In general islands are small (compared to continents) and therefore it 
 

is feasible to complete comprehensive inventories of species diversity. 
 

This  is  also  important  because  diversity  changes  with  time. On  a 
 

smaller land area species inventories can be captured in a short 
 

space of time. 
 

(3)A  common  ecological  concept  is  that  physical  elements  of  the 
 

environment  are  significant  drivers  of  species  diversity.  On  islands 
 

these elements, such as area, elevation, isolation from the source 
 

population, geological history, topographic characteristics, soil type 
 

and land use are more easily measured. 
 

(4)Across different islands these physical elements naturally vary across a 
 

given gradient. Furthermore islands are reoccurring geographical sites 
 

across  the  globe  which  provides  repetitions  for  research.  These 
 

characteristics support quantitative study. 
 

 
 

It is important to note that these are the important elements of islands 
 

for the study of biogeography in particular. This is not intended to be an 
 

exhaustive list of all key attributes because there are also major study sites for 
 

other fields in ecology. Such a list can be found in Warren et al. (2015). 
 

 
 

1.3.1 The Theory of Island Biogeography 
 

One of the most important ecological discoveries from the study of islands is 
 

undoubtedly MacArthur and Wilson‟s Theory of Island Biogeography 
 

(hereafter TIB)(Wilson & MacArthur, 1967). Previous studies with success using 
 

 insular  systems  encouraged  them  to  conceptualise  islands  as  insular 

 microcosms of communities (Lomolino & Brown, 2009). Broadly, their theory 



8 
 

suggests that diversity on islands are dynamic equilibriums balanced by the 
 

continuous effects of extinction and immigration (Lomolino, Brown, & Sax, 
 

2010). Perhaps the authors were not the first to draw the ideas together 
 

(Lomolino & Brown, 2009) however they where they first to conceive and 
 

publish  a working theory. Over the last 50 years the  TIB has become a 
 

conceptual foundation in biogeography and ecology as a whole. It has 
 

spawned many other ideas such as metapopulation theory (Wiens, 1996) and 
 

neutral theory (Hubbell, 2001) as well as applications in conservation ecology 
 

(Whittaker & Fernández-Palacios, 2007). 
 

 
 

1.3.2 The two observations of the TIB 
 

The TIB was created to account for two widely observed patterns of species 
 

richness  that  had  both  been  described  by  the  1960s.  The  patterns  that 
 

initiated the TIB were: 
 

 
 

(1)   The  species-area  relationship;  or  the  positive  relationship  between 
 

species richness and the size of the area of habitat. 
 

(2)   The species-isolation relationship; or the negative relationship between 
 

species richness and the distance from the source population. 
 

 
 

The first observational pattern of the TIB is (1). This is one of the oldest 
 

and most persistent patterns in ecology (Darlington, 1957). It describes the 
 

positive scaling between the number of species found and the area of 
 

sampling. In other words, smaller areas will contain less species than larger 
 

areas all other factors being equal. This relationship has been found across 
 

different taxa on both mainland and islands (Darlington, 1957; Lomolino, 
 

Brown, & Davis, 1989). Although it is widely regarded as one of ecology‟s few 
 

laws, explanations for the relationship remain varied and are unable to fully 
 

explain the diversity of empirical observations. Many explanations seek to 
 

explain the pattern and they are well summarised in Blackburn, Delean, 
 

Pyšek, and Cassey (2015). 
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The second foundation pattern of the TIB is (2). The species-isolation 
 

relationship has also been well documented (Lack, 1970; Lomolino et al., 
 

1989). Variation in dispersal ability is commonly suggested as the limiting 
 

factor behind this pattern (Long, Trussell, & Elliman, 2009). Islands that are 
 

near the mainland will receive more propagules than distant islands because 
 

species  differ  in  the  maximum  range  of  dispersal  (Rosenzweig,  1995). 
 

Moreover they will also receive propagules from a higher number of species. 
 

As such near islands have both a higher chance of colonisation from more 
 

propagules and a higher pool of potential richness from a higher variation of 
 

propagules. However, distance from the mainland may not be  the best 
 

metric of isolation. In stepping stone theory (Gilpin, 1980) intermediate islands 
 

can act as source populations for dispersal outside of the mainland. Also the 
 

patterns of oceans and winds, differences in topography with island age and 
 

historical land bridges can facilitate or inhibit colonisation (Moody, 2000). 
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1.3.3 Predictions and inferences from the observations 
 

In  “An  equilibrium  theory  of  insular  zoogeography”  MacArthur  &  Wilson 
 

reconciled the species-area relationship and the species-isolation relationship 
 

on the study sites of islands. They suggested a working theory where island 
 

species  diversity  should  be  viewed  as  a  diversity-dependent  dynamic 
 

balance  between  immigration  and  extinction.  In  order  to  come  to  this 
 

conclusion they made two key predictions: 
 

 
 

(1) The  immigration  rate  for  an  island  decreases  as  species  richness 
 

increases; or a negative relationship between immigration rate and 
 

richness 
 

(2) The rate of species extinctions increases as species richness increases; 
 

or a positive relationship between extinction rate and richness. 
 

 
 

These predictions are visualised in Fig. 1. The rate of immigration curve is 
 

negative with increasing species richness whilst the rate of extinction curve is 
 

positive. The intersection of the two curves is a dynamic equilibrium where the 
 

species richness on the island is constant. At the dynamic equilibrium species 
 

richness is stabilised because the rate of extinction is balanced by the rate of 
 

immigration of new species. The exact species at this point will change 
 

continuously,  as  species  turnover  occurs,  however  total  species  richness 
 

remains constant and hence the “dynamic” equilibrium. Since both of the 
 

initial predictions, (1) and (2), involve the number of species this equilibrium is 
 

diversity dependant. 
 

 
 

Based on the dynamic equilibrium the TIB makes two further predictions that 
 

incorporate geography into the model: 
 

 
 

(3) Islands  nearer  to  the  source  population  will  have  higher  rates  of 
 

immigration as opposed to islands further away. 
 

(4) Larger islands have lower rates of extinction than smaller islands. 
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(3) Leads to the two different curves for immigration pictured in Fig. 1; one for 
 

near islands and one for far islands. Similarly, (4) leads to two extinction 
 

curves; one for small islands and the other for large islands Fig. 1. These 
 

predictions are true provided that the immigration and extinction curves are 
 

monotonic and all other factors being equal. From (3) it can then be inferred 
 

that nearer islands have more species than more distant islands and from (4) 
 

that large islands have more species than small islands. These two conclusions 
 

are in fact the two key tenets to the TIB. 
 

 
 

1.3.4 Applications of the TIB 
 

Perhaps, the greatest success of MacArthur and Wilson‟s theory is application 
 

to conservation. Since islands in the sense of the TIB are "a self-contained 
 

region  whose  species  originate  entirely  by  immigration  from  outside  the 
 

region" (Rosenzweig, 1995) then under the concept of habitat fragmentation 
 

patches  of  nature  reserves  in  human-altered  landscapes  can  also  be 
 

considered as islands (Laurance, 2008). By recognising two elements that 
 

underlie species diversity the base TIB was thus extrapolated onto a larger 
 

scale to indicate mechanisms that drive the global loss of diversity. In terms of 
 

the design of nature reserves Diamond (1975) suggested the TIB produced six 
 

key principles (Fig. 2). 
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Fig.2. Diamond‟s six key geometric 

principles (1975) for the design of 

nature reserves developed from 

island biogeography. 
 
 

A) A large reserve is better than a 

small reserve 

 

B) A single reserve is superior to 

several smaller reserves 

 

C) If there are several reserves then 

they should be as close to each 

other as possible 

 

D) If there are several reserves then 

should be spaced equally from 

another and not spaced in a straight 

line 

 

E) If reserves are linear then they 

should be connected by nature 

corridors 

 

F) Circular reserves are better than 

linear reserves 
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His  paper  was  widely  discussed  in  ecology  and  provoked what is 
 

termed the single large or several small (SLOSS) debate. Critics to Diamond‟s 
 

line of thought argued that reserves should in fact be multiple smaller reserves 
 

comprising the total area of the larger reserve (Simberloff & Abele, 1976) 
 

because the species on smaller metaphorical islands are not necessarily 
 

subsets of the large island. The critics, led by Dan Simberloff, considered 
 

Diamonds paper to be a dangerous over-simplified model for conservation. 
 

Broadly,  Simberloff  suggests  that  habitat  diversity  is  either  as  or  more 
 

important than reserve size  in shaping the number of species protected 
 

(Simberloff & Abele, 1976). The SLOSS debate is still ongoing (Mackey et al., 
 

2015) and has been described as "ecology's own gentle version of trench 
 

warfare” (Quammen, 2012). That said, regardless of the outcome of the 
 

SLOSS debate the TIB has already proved to be a central theory in applied 
 

conservation. 
 

 
 

1.3.5 Updating the model 
 

In the last 50 years MacArthur and Wilson‟s model has been a fundamental 
 

paradigm in ecology. Paradigms however are made to be reconsidered, 
 

broken  and  ultimately  upgraded.  Over  the  lifetime  of  the  TIB  empirical 
 

research has unearthed its strengths but also its shortcomings. In general, the 
 

strongest criticism of the model is the under-representation of evolutionary 
 

processes and the „general dynamic theory‟ by Whittaker, Triantis, and Ladle 
 

(2008) is the leading work addressing this perceived flaw. 
 

 
 

However a different weakness of the TIB and one that is much less 
 

investigated in the literature, is the lack of distinction between native and 
 

exotics species. The dichotomy between native and exotics species presents 
 

natural gradients in species richness that lend towards studies of TIB. Although 
 

a positive element of the TIB is its simplicity modifying the theory to account 
 

 for the differences between native and exotic species could foster 
 

tremendous applications in conservation (Burns, 2015). 
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1.4.1 Exotic species 
 

Exotic species can be defined as species whose presence in a region is 
 

attributable  to human  actions, which  have  enabled  them  to  overcome 
 

fundamental  biogeographical  boundaries  (Blackburn  et  al.,  2011).  The 
 

seminal  work  in  the  discipline  of  invasion  biology  was  “The  Ecology  of 
 

Invasions by Animals and Plants” by Elton (1958) but the field only began to 
 

take shape in the early 1980s (Davis, 2009). Publications on invasion biology 
 

have  become  popular  as  the  importance  of  conservation  and  species 
 

diversity has come to the forefront of ecological literature. 
 

 
 

Currently, biotic invasions are widely considered to be a major threat to 
 

global  biodiversity  (Pimentel,  Morrison,  &  Zuniga,  2005;  Vitousek,  1977) 
 

Different  explanations  for  the  success  of  certain  exotic  species  in  new 
 

geographical  areas  have  been  postulated.  In  general  these  are  (1) 
 

competitive advantages over natives (Daehler, 2003), (2) the release from 
 

natural predators (DeWalt, Denslow, & Ickes, 2004) and (3) novel traits in new 
 

communities  or  environmental  conditions  (Vitousek,  1990).  Predicting  the 
 

outcome of invasions has been challenging and thus biotic invasions are a 
 

key concern for conservation (Sax, Gaines, & Brown, 2002; Strayer, Eviner, 
 

Jeschke, & Pace, 2006). 
 

 
 

Elton  theorised  that  communities  rich  in  native  species  restrict  the 
 

colonisation of exotic species better than species-poor communities. This is 
 

known as “the biotic resistance hypothesis” (Elton, 1958). The rationale behind 
 

his hypothesis is the concept that communities rich in native species fill the 
 

niches better and thus the competition for resources is stronger within the 
 

community. As such communities rich in native species are better able to 
 

resist the establishment of exotic species through a variety of biotic factors. 
 

This  thought  therefore  infers  that  exotic  and  native  richness  should  be 
 

negatively correlated. For  conservational  practices  the  “biotic  resistance 
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hypothesis” would therefore suggest that maintaining native species diversity 
 

is important in resisting the threat of exotics species. Species diversity is meant 
 

in the sense of both species richness and species evenness, or the number of 
 

individuals  of  each  species. The  relationship  between  exotic  and  native 
 

species  richness  is  termed  the  diversity-invasibility  relationship  (Levine  & 
 

D'Antonio, 1999). 
 

 
 

1.4.2 The invasion paradox 
 

A hypothesised negative diversity-invasibility relationship has been observed 
 

in both empirical and experimental studies at small scales, often at 10m2 or 
 

less (Kennedy et al., 2002; Shea & Chesson, 2002). There has also been 
 

confirmation that the observed pattern is driven by the biotic resistance of 
 

species-rich  communities  as  predicted  by  Elton  (Naeem  et  al.,  2000; 
 

Stachowicz,  Whitlatch,  &  Osman,  1999).  However  when  the  diversity- 
 

invasibility  relationship  is  examined  at  board  spatial  scales  the  result  is 
 

inversed. There is no negative correlation and in fact it is often found to be 
 

positive (Brooks, Lockwood, & Jordan, 2013). To explain this pattern at larger 
 

scales Stohlgren, Barnett, and Kartesz (2003) suggested that larger areas that 
 

can support many native species can also support many exotic species and 
 

thus “the rich get richer”. This is termed the biotic acceptance hypothesis 
 

(Stohlgren et al., 2006). The two conflicting results of the diversity-invasibility 
 

relationship come from independent lines of research and constitute what is 
 

now known as the “invasion paradox” (Fridley et al., 2007). 
 

 
 

It has been suggested that the invasion paradox may simply be the 
 

result of spatial scale (Fridley et al., 2007). As the size of the surveyed area 
 

increases  so  does  the  importance  of environmental  factors. The  relative 
 

effect of biotic interactions therefore decreases (Knight & Reich, 2005; Shea 
 

& Chesson, 2002) However some publications have also reported the lack of 
 

a negative  relationship even at small  scales  (Guo, 2015). An  alternative 
 

hypothesis to the paradox is that the diversity-invasibility relationship is time- 
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dependant. The correlation has been observed to change from negative to 
 

positive with (Clark & Johnston, 2011). This suggests that with time exotics are 
 

subject to the same processes that shape native richness  such as dispersal, 
 

disturbance and recolonisation) so the relationship becomes positive (Clark, 
 

Johnston, & Leung, 2013). 
 

 
 

Research  into  the  invasion  paradox  has  suggested  that  natural 
 

processes drive native and exotic species richness independently. Then, the 
 

question  that  arises  is  do  natives  and  exotics  respond  differently  and 
 

furthermore  are  the  differences  in  their  patterns  of  richness,  if  any,  still 
 

predictable by the TIB? 
 

 
 

1.5 Comparing island biogeography between exotic and native species 
 

The  literature  comparing  species-area  and  species-isolation  relationships 
 

between exotic and native species is relatively poor given the number of 
 

publications addressing those relationships in general (Sax & Gaines, 2006). 
 

The first study to explicitly consider the species-area relationship between 
 

native  and  exotics  was  (Crawley,  1987).  He  found  that  although  both 
 

species-area relationships were significant and positive the slope was steeper 
 

for natives. In other words natives and exotics responded differently to area 
 

and native richness was more heavily influenced.  Other empirical studies 
 

have also shown the opposite scenario where the slope is steeper for exotics 
 

 (Pyšek, 1998) as well as cases with no significant difference in slope 
 

(Blackburn et al., 2015). 
 

In terms of the species-isolation relationship exotic and native species in 
 

the same community have also shown contrasting responses. There is not 
 

always a significant richness-isolation regression in exotic species (Kueffer et 
 

al., 2010; Moody, 2000) but when there is the slope is different to that of 
 

natives (Long et al., 2009). 
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To  summarise,  the  current  literature  suggests  that  although  the 
 

underlying processes remain unclear (1) island area acts positively on both 
 

native and exotic species richness (2) isolation can act in both positive and 
 

negative ways on both sets of species. The magnitude of response also varies 
 

between native and exotics which is intuitive because natural processes are 
 

unlikely to influence both native and exotics exactly the same way. 
 

 
 

1.6 Literature overview 
 

In summary, there has been a lack of consistent outcomes in the literature on 
 

the diversity-invasibility relationship as well as the influence of geological 
 

factors compared between native and exotics species richness. MacArthur 
 

and Wilson‟s model has played a pioneering role in conservation since its 
 

conception but it fails to distinguish between native and exotic species. This 
 

distinction  is  critical  because  the  threat  of  biotic  invasions  is  a  central 
 

problem in global conservation (Vitousek, 1977). Although some argue that 
 

exotic species are not dangerous to global  diversity  (Davis et al., 2011) 
 

understanding how exotic and native species respond differently to physical 
 

gradients  can  nonetheless  inform  ecologists  about  how  biotic  factors 
 

influence community composition. 
 

 
 

1.7 Study site – The Hawaiki Archipelago 
 

 The choice of islands as study sites has been widely successful in 
 

biogeography (Warren et al., 2015) and thus for my research a set of New 
 

Zealand islands was used. The study site starts at the nearshore islands in the 
 

the Bay of Plenty on the east coast of the North Island and heads north all the 
 

way to the top of the Coromandel peninsula including a few from the top of 
 

the west coast (Fig. 3). These include groups such the Cavalli Islands, the Poor 
 

Knights Islands and the Hen and Chicken Islands. These islands offer wide 
 

gradients in physical geography, in particular those relevant to the TIB, as well 
 

as considerable  variability  in  exotic  and native  species  richness. For the 
 

purposes of this study this set of islands will be called the Hawaiki archipelago. 
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In short, my research is an assessment of the species-area and species- 
 

isolation relationships found on the Hawaiki archipelago for native and exotic 
 

plant species. The use of flora to understand macroecological patterns has 
 

been tremendously valuable (Kreft, Jetz, Mutke, Kier, & Barthlott, 2008; Sax et 
 

al., 2002). For this study flora species lists were collected from a wide range of 
 

both published and unpublished literature. This was done in collaboration 
 

with Peter Bellingham from Landcare Research and Ewen Cameron from the 
 

Auckland Museum. The physical geography of islands where determined 
 

using techniques in ArcGis 10.2 from the Topo50 map dataset retrieved from 
 

www.linz.govt.nz. 
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1.8 Thesis Aims 
 

The overall goal of this research is to discover any variation in the influence of 
 

physical geography between native and exotic species. The specific aims of 
 

the research are to understand: 
 

 
 

(1)How exotic species richness correlates to natives 
 

  Hypothesis – a positive scale in line with the invasion paradox 
 

(2)If the TIB can also be used to explain patterns of exotic richness 
 

  Hypothesis – area and isolation will also explain exotic richness 
 

(3)And if so what are the differences between the patterns of exotic and 
 

native richness. 
 

  Hypothesis – no difference in the patterns between exotic and 
 

 native richness. 
 

 
 

2. Methods 
 

2.1 Spatial maps of the Hawaiki archipelago 
 

I  collected  high  resolution  maps  of  the  Hawaiki  archipelago  from  Land 
 

Information  New  Zealand‟s  website  http://www.linz.govt.nz/.  The  two 
 

important data layers for the study were: 
 

 
 

(1) NZ Island Polygons (Topo, 1:50k)(LINZ) 
 

  which contains spatial data on all of NZ‟s nearshore islands 
 

(2) NZ Coastlines (Topo, 1:50k) (LINZ) 
 

  which shows the geographic limits of New Zealand‟s mainland 
 

 
 

2.2.1 Geographical Information Systems (GIS) 
 

These data layers where combined into one data frame on ArcGIS10.2 under 
 

 the commonly used NZGD 2000 New Zealand Transverse Mercator 
 

coordinate system and the Transverse Mercator projection system. I then 
 

resized  the  data  frame  to  only  encompass  the  north  island  in  order  to 
 

accelerate future calculations. 
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2.2.2 Island area measurements 
 

To  obtain  island  area  the  coordinates  of  the  islands  were  found  from 
 

searches on http://www.topomap.co.nz/. Failing that island size was found 
 

from the publication containing the flora species list. These coordinates were 
 

then used in the „Go To XY‟ function to identify the polygon in the data frame 
 

corresponding to the islands. This was confirmed by crosschecking the name 
 

of the target island with the name in the attribute table of the polygon. 
 

Finally, the „Calculate Geometry‟ tool supplied the size of the target island. 
 

 
 

2.2.3 Island isolation measurements 
 

Distance to the mainland is the traditional measurement for isolation in the 
 

study of island biogeography. To obtain the distance to mainland of each 
 

island the „Polygon To Line‟ tool was used to turn the NZ coastlines shapefile 
 

into a line shapefile. Next the „Generate Near Table‟ tool calculated the 
 

closest distance between the target island and the NZ coastline (Settings – in: 
 

target island polygon, near: coastline polyline). 
 

 
 

Similarly to Diver (2008), the area of land in a given circumference 
 

around each island was also calculated. This was done at distances of 250m, 
 

500m and 1km around each island forming three separate concentric circles. 
 

The percentage of land in each concentric circle was averaged over the 
 

three distances to give an alternative measure of isolation. In this metric 
 

islands with a low percentage of land were deemed more isolated than 
 

those with a high percentage. A model was created to calculate these 
 

concentric circles (Fig. 4). Additionally, I merged all the polygons on the 
 

island polygons dataset with the coastlines shapefile to create a shapefile 
 

which contained all the land in the study site. The model first used the „Buffer‟ 
 

tool  to  draw  the  concentric  circle  around  the  selected  island  at  the 
 

designated distance. The model then used the „Intersect‟ tool to determine 
 

the  overlapping  area  between  the  concentric  circle  and  a  shapefile 
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containing all land in the study site (Fig. 5). „Outside Only‟ was selected as the 
 

„Side Type‟ in the „Buffer‟ tool to exclude the area of the target island itself. 
 

 
 

2.3 Flora species lists 
 

The species lists of the archipelago were collected from a variety of both 
 

published and unpublished work and amalgamated into a single dataset. 
 

The relevant literature used to represent each island was suggested by my 
 

collaborators and in particular, Peter Bellingham. Journals such as Tane - 
 

 the journal of  the  Auckland  University  Field  Club  and  the  New  Zealand 
 

Journal of Botany were used. Ewen Cameron also solved all issues on species 
 

names synonyms, determining exotic species and general nomenclature. 
 

These species lists were completed for over 200 islands, however a few were 
 

too small to appear on the spatial maps so the final study site encompassed 
 

186 islands. 
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Fig. 4. The ArcGis Model used to  
 

construct the concentric circles metric 
 

of isolation in ArcGIS 10.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5. A visualisation of how the concentric circle metric was calculated in 

ArcGIS 10.2. Key: Green- Target Island. Purple - Other land. Blue - The Buffer 

area at the determined distance around the island. Beige - The land inside 

the buffer area calculated by Intersect tool. 
 

Islands with more beige areas are said to be less isolated (from other land). 
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2.4.1 General statistical methodology 
 

For all data analyses I  used the SPSS version 22 statistical package. The 
 

statistical tools I employed were: 
 

 
 

 (1) Simple Linear Regressions were used to assess the relationships 
 

between  native  species,  exotics  species,  island  area  and  island 
 

isolation. 
 

(2) To ensure that the data conform to normality, the ln function was used 
 

on variables where necessarily due to positive skewing. 
 

(3) Furthermore, ln (species richness+1) was used because in some cases 
 

islands had no native, no exotic or no species in general. 
 

 
 

2.4.2 Statistical methodology for calculating relationships 
 

(1) Species Area Relationships 
 

I regressed ln (species richness+1) as a function of ln (area) in both 
 

natives and exotics. 
 

(2) Species Isolation Relationships 
 

To account for the  dominating effect of area on  richness species 
 

isolation relationships were analysed independently of the effect of 
 

area. In order to achieve  this the  residuals from the  species area 
 

regressions were then regressed themselves as a function of isolation for 
 

 exotics  and  natives independently.  This  statistical  analysis  was 

 completed  for  both metrics  of  isolation,  distance  to  mainland 
 

(hereafter distance) and concentric circles. 
 

(3) Diversity-Invasibility relationship 
 

To evaluate the relationship between exotic and native richness a 
 

Pearson product-moment correlation coefficient was calculated. 
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3. Results 
 

3.1 Species-area relationship 
 

Area was a significantly positive predictor of exotic richness (Fig. 6a); (ln 
 

(exotic richness) = 0.29 x ln (island area) – 0.06, R2 = 0.31, P < 0.01) as well as 
 

native richness (Fig. 6b); (ln (native richness) = 0.27 x ln (island area) + 0.75, R2 
 

= 0.35, P < 0.01). 
 

 
 

3.2 Species-isolation relationship 
 

Both exotic and native plant richness significantly decreased with distance 
 

from the mainland when analysed independently of area (Fig. 7) (exotics, P < 
 

0.01; natives, P < 0.01). However, the strength of the effect of distance to 
 

mainland varied between exotics and natives. Distance explained more of 
 

the variation in exotic richness than native (exotics, R2 = 0.11, P < 0.01; natives, 
 

R2  = 0.04, P < 0.01). The negative slope was also stronger for exotic species 
 

than for natives (Fig. 7) (exotics: y= -0.19x ; natives: y = -0.11x). 
 

 
 

To further understand the differential effect of distance to mainland 
 

between natives and exotics, the percentage of species that are exotic was 
 

regressed  against  ln  (distance).  There was  a  significant  decrease  in  the 
 

percentage of exotics species with distance. (Fig. 8) (proportion of exotic 
 

species = -0.04 ln (distance) + 0.53, R2 = 0.12, P < 0.01). The alternative metric 
 

for  isolation  of  concentric  circles  similarly  showed  that  exotic  richness 
 

decreased in more isolated islands (P = 0.02) but was not significant for native 
 

richness. 
 

 
 

3.3 Diversity-invasibility relationship 
 

Native and exotic richness were strongly and positively correlated on islands 
 

in  the  archipelago.  A  Pearson  product-moment  correlation  coefficient 
 

showed a significant, strong and positive correlation between exotic and 
 

native plant richness. (Fig. 9) (R2 = 0.85, P < 0.01). 
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Fig. 6. The relationship between richness and area 

(originally measured in m2) for (a) exotic species and 
 

(b) native species of plants in the Hawaiki archipelago 

(N = 186). Fitted regression lines are shown along with 

their equation and the R2 values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7. The relationship between species richness after 

removing the effects of area (the residuals from the – 

species-area regressions) and distance from mainland 

(originally measured in m) for (a) exotic species and 
 

(b) native species of plants in the Hawaiki archipelago 

(N = 186). Fitted regression lines are shown along with 

their equation and the R2 values. 
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Fig. 8. The proportion of all plant species that are exotic species as a 

function of distance from mainland (originally measured in m) on the 

Hawaiki archipelago (N = 186). Fitted regression line is shown along with 

the R2 value. 

 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

Fig. 9. The correlation between native and exotic richness of plant 

species on the Hawaiki archipelago (N = 186). Each data point 

represents the number of native and exotic species on an island. The 

fitted regression line and its equation is shown. 
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4. Discussion 
 

4.1 The species-area relationship 
 

Given  its  widely  observed  influence  on  the  patterns  of  species  richness 
 

globally, a comparison of the species-area relationship between exotic and 
 

native richness is a logical starting point. I hypothesised that the same area- 
 

richness pattern predicted by island biogeography in natives would also be 
 

quantitatively similar to that of exotic species. An almost identical positive 
 

scaling in richness with island area was observed (Fig. 6). With respect to the 
 

TIB this suggests that common processes underlie the slope of this relationship 
 

in both sets of species. For example the rate of extinction is hypothesised to 
 

be lower on larger islands and this result implies that this occurs equally in 
 

natives and exotics. 
 

 
 

These results are congruent with the biotic acceptance hypothesis 
 

(Stohlgren et al., 2006). The hypothesis holds that habitats are either good or 
 

bad for species in general. Thus habitats that were originally good for natives 
 

 were also good for newly-arrived exotics and thus the “rich get 
 

richer”(Stohlgren et al., 2003). Larger islands should, in general, hold higher 
 

habitat heterogeneity. It follows that there is increased niche availability 
 

which supports higher species richness. Therefore larger islands are “good” 
 

habitats for native species and, as the hypothesis predicts, they seem to be 
 

similarly “good” for exotics. However larger islands do not necessarily have 
 

greater habitat heterogeneity than smaller islands because of differences in 
 

island  topography.  Thus  to  find  comprehensive  support  for  the  biotic 
 

acceptance hypothesis, higher native richness should match higher exotic 
 

richness outside of the parameters of island biogeography. A strong positive 
 

diversity-invasibility relationship, similar to what was observed, is consistent 
 

with this prediction. 
 

 
 

Sax  and  Gaines  (2006)  described  similar  results  to  this  study.  Their 
 

research on plant species in the California Channel Islands and on Oceanic 
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Islands showed an increase in richness for both exotic and native species. For 
 

the  Channel  Islands  they  found  the  proportion  of  natives  to  be  higher, 
 

similarly to our study, however the slopes of the regressions differed between 
 

the two sets of species. This inconsistency was explained by variation in the 
 

effect of isolation from the mainland between the two sets. On the other 
 

hand their research on the oceanic islands showed almost identical area- 
 

richness slopes as well as a tight diversity-invasibility relationship which were 
 

comparable to my results. In a recent study Blackburn et al. (2015) also found 
 

comparable results in terms of both similar regression slopes and a strong 
 

diversity-invasibility relationship in plants. It was suggested that the positive 
 

exotic  species-area  relationship  occurs  because  the  size  of  the  island 
 

influences native richness and the degree of human impact. Whilst Sax and 
 

Gaines  do  not  explicitly  offer  explanations  to  the  pattern  Blackburn‟s 
 

suggestion is not contradicted by my research and could serve to be a 
 

working hypothesis in the future. 
 

 
 

To summarise, the positive correlation between the area of sampling 
 

and the number of native species is one of the canonical relationships in 
 

ecology (Rosenzweig, 1995). As observed in this study and the majority of 
 

similar studies, this relationship is not just limited to native species; exotic 
 

species richness also increases with area. The underlying factors in this pattern 
 

are  unclear  which  make  it  an  important  topic  for  both  the  fields  of 
 

biogeography and invasion ecology. 
 

 
 

4.2. The species-isolation relationship 
 

In comparison the pattern of species isolation relationships for exotic species 
 

are unclear. I hypothesised, in accordance with the TIB, that both exotic and 
 

native richness would decrease with distance from the mainland and this was 
 

the pattern that was observed (Fig. 7). Interestingly, the effect of distance 
 

was more influential on exotic species and this resulted in a significantly 
 

decreasing proportion of exotics with increasing mainland isolation (Fig. 8.). 
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This quantitatively different relationship between the assemblages of both 
 

sets of species is indicative of varied biotic responses to isolation. 
 

 
 

It has been suggested that more isolated islands are less resistant to 
 

establishing exotics because either the endemic plants on such islands are 
 

weak  competitors  (J.  S.  Denslow,  2003)  or  because  species  diversity  is 
 

relatively low (Kueffer et al., 2010). These ideas suggest that the proportion of 
 

exotic species should increase with distance from the mainland or, in other 
 

words, the opposite  pattern to what was observed. One  idea that can 
 

explain the deviation in this study from the expected relationship is that 
 

exotics  species  are  more  dispersal  limited  than  natives.  Although  more 
 

isolated islands are weaker at defending against exotic species those species 
 

do not disperse far enough to reach those islands. In any case this result, that 
 

distance to mainland influences exotic species differently, demonstrates that 
 

biotic traits and not just environmental factors are important in structuring 
 

communities. 
 

 
 

The results for the species-isolation relationship differ from other studies 
 

which have also analysed the same relationship after removing the effect of 
 

area. Moody (2000) found that isolation only had a significant relationship on 
 

native species and not exotics although the slope was negative. However this 
 

study site only contained 8 islands which, when compared to my study site of 
 

almost 200, explains the stark difference. A more nuanced approach was 
 

taken in a paper published by Long et al. (2009) in Ecology. Research on the 
 

plant richness from 25 islands in the Boston harbour exhibited consistent results 
 

with the TIB in both exotic and native species as well as a strong diversity- 
 

invasibility relationship. These results are strongly consistent with the Hawaiki 
 

dataset and similarly Long (2009) also reported variation in the influence of 
 

isolation from the mainland on exotics compared to natives. Their key result 
 

however was that the isolation effect was significantly stronger in native 
 

species  which  resulted  in  a  higher  proportion  of  exotics  with  increasing 
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isolation; the opposite pattern to what was observed in my study. These 
 

contrasting patterns are compounded by the fact that both studies were 
 

observed in studies on similar geographic and time scales. 
 

 
 

Such contradiction only serves to highlight the need to improve our 
 

understanding of island biogeography on exotic species. In particular, the 
 

species-isolation relationship for exotics is still poorly understood (Long et al., 
 

2009). There is however promise that the pattern of this relationship may be 
 

influenced by biotic factors and thus important in predicting the outcome of 
 

future immigration of exotics. 
 

 
 

4.3 The diversity-invasibility relationship 
 

With the threat of exotic species in ecological communities around the world 
 

 the diversity-invasibility relationship is a pattern which is increasingly 
 

examined. Richness of native plant species was correlated to exotic plant 
 

richness as hypothesised (Fig. 9). This was not surprising as all medium and 
 

large scale studies reviewed have reported similar patterns. There are two 
 

hypotheses explaining the observed positive diversity-invasibility relationship. 
 

 
 

The first suggests that the relationship is scale-dependant because at 
 

larger scales the relative influence of biotic factors is reduced in comparison 
 

to environmental factors (Fridley et al., 2007; Knight & Reich, 2005). With 
 

respects to my research the study sites were naturally occurring islands with 
 

the  smallest being Calf Island at 391m2. Small  scale  studies exhibiting a 
 

negative diversity-invasibility relationship have generally been experimental 
 

studies at 10m2 or less (Guo, 2015). As such my observed result of a positive 
 

diversity-invasibility relationship from a large scale study is consistent with that 
 

of the scale-dependent hypothesis. 
 

 
 

The second hypothesis is that the relationship is time-dependant; with 
 

time the same environmental factors that shape native richness also shape 
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exotic richness (Clark & Johnston, 2011). The islands from my research have 
 

been above sea level for around 100 years at a minimum and most for far 
 

longer (McSaveney, 2013). In the time-dependant hypothesis it is suggested 
 

that the shift to a positive correlation from an initially negative relationship is 
 

dependent on the fecundity of exotics. The earlier exotic species become 
 

established in a community the earlier they become subject to the same 
 

post-introduction processes as native species (Clark et al., 2013). Over a 
 

minimum of 100 years it can be assumed that such effects have taken place 
 

and thus the time-dependant hypothesis is consistent with my results. 
 

 
 

In summary, the positive diversity-invasibility relationship I observed is in 
 

accordance with the literature. Both scale and time dependant hypotheses 
 

have been suggested to explain this pattern of diversity and my results are 
 

consistent with both. 
 

 
 

4.4 General support for the TIB 
 

The species richness on almost 200 islands in the Hawaiki archipelago closely 
 

followed  the  patterns  predicted  by  MacArthur  and  Wilson‟s  TIB.  In  the 
 

isolation-richness regressions there were species richness values that deviated  

slightly from the expected patterns for exotic species. It is with such 

occurrences however that ecologists can make predictions about the roles 

of other non-island biogeography factors. By themselves such little deviations 

from the general pattern do not change the overwhelming support for the  

TIB. Aside from global meta-analyses of the TIB (Blackburn et al., 2015; Sax et  

al., 2002) this study has one of the highest numbers of replicates in related  

literature. This study thus shows strong empirical evidence for the TIB which is 

particularly relevant given the recent literature implying the need for an  

updated model (Whittaker et al., 2008). 
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 4.5 Shortcomings 
 

 Distance to mainland may not be the best predictor of isolation because 
 

 plants can use intermediate islands as stepping stones to disperse to more 
 

 isolated  islands  (Gilpin,  1980).  To  take  advantage  of  techniques  made 
 

 possible by GIS I used a technique similar to that used by Diver (2008) which 
 

 calculated concentric circles in order to create an alternative metric for 
 

 isolation. Similarly to Diver I found the expected negative relationship 
 

 between isolation and richness after accounting for the effect of island area. 
 

 Although it was significant the slope of the relationship was weak and it 
 

 explained  less  of  the  variation  than  the  standard  distance  to  mainland 
 

 metric. Ideally, I would have calculated step isolation as the metric for island 
 

 isolation. In order to calculate step isolation the island nearest to the target 
 

 island is firstly identified. If this new island is closer to the mainland than the 
 

 original island then the measurement for the distance to mainland from the 
 

 new  islands  is  also  applied  to  the  original  target island. To  account  for 
 

 multiple stepping stones this method is repeated for the new target island 
 

 and so on and so forth. Such a calculation was too demanding for me to 
 

 complete on almost 200 islands and so the method with concentric circles 
 

 was applied instead. Although it was left unused in the statistical analysis this 
 

 technique did show promise given the significant result and consistency with 
 

 the expected pattern. In particular it could be useful in large studies such as 
 

 this one where it is not feasible to calculate multiple step isolation. 
 

 
 

 Although it was done to the best of my ability the collection of data 
 

 was not perfect. The surveys forming the plant species lists were conducted 
 

 at different times and by different people which creates error. There could 
 

 also have  been  human error when  combining  these  lists  into  the  single 
 

 database from each survey. Finally, the set of islands used in the study was 
 

 not exhaustive of the entire archipelago. 
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 4.6 Further research on the Hawaiki 
 

 The database I  assembled represents a wealth of information for further 
 

 studies  on  the  TIB  and  with  particular  respect  to  the  patterns  of  exotic 
 

 richness. One element of the physical geography of the islands which was 
 

 not assessed in my research was land type. The islands in the archipelago 
 

 represent a diverse geological history. These range from volcanic islands, 
 

 such as White Island, to remnants of volcanic rock, such as the Poor Knights 
 

 Islands, to true oceanic islands (McSaveney, 2013). It is very possible that 
 

 different geological groups will contain different species compositions. This 
 

 was not a direction I wanted to take in my research however spatial maps 
 

 which  include  land type information  do exist for future research  on  the 
 

 archipelago. 
 

 
 

 A different physical characteristic of islands purported to influence 
 

 species richness is elevation. In studies concerning total species richness it has 
 

 been reported that the richness-elevation relationship has most often been 
 

 linear and negative or hump-shaped (M. W. Denslow, Palmer, & Murrell, 
 

 2010). There have also been studies, although very few, that have assessed 
 

 the different responses of exotic and native richness towards an elevation 
 

 gradient.  In  a  study  comparing  exotic  to  native  richness  Palmer,  Pyšek, 
 

 Kaplan, and Richardson (2006) found that elevation similarly influenced both 
 

 exotics and native species. On the other hand M. W. Denslow et al. (2010) 
 

 only found the expected hump-shaped relationship in native species. 
 

 Elevation records for the islands in my study site were only obtainable for 
 

 around 100 of the islands and as such could not be quantitatively assessed 
 

 without making large assumptions. The islands with missing elevation data 
 

 were most often very small islands. Therefore running the GLM on just the 100 
 

 islands with known elevations would have excluded a non-random sample of 
 

 small islands. Alternatively, a maximum elevation such as 10m could have 
 

 been estimated for the other islands. However, given that this was almost half 
 

 of the islands this would have misconstrued the dataset altogether. In future 
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 studies the use of topographical maps and GIS may allow the calculation of 
 

 island elevations on the archipelago. If the elevation of more of the islands 
 

 can be obtained then this database could produce a rare comparison of the 
 

 species-elevation relationship between exotic and native species 
 

 
 

 The nature of exotic species is that human activity has aided their 
 

 immigration into new geographical areas (Hulme, 2009). The role of human 
 

 impact, which was not quantitatively assessed here, could be an underlying 
 

 factor shaping the observed richness patterns. It could be suggested for 
 

 example that the nearer islands in the archipelago have had more human 
 

 impact as they are more accessible. Exotic species are commonly spread by 
 

 anthropogenic movement and so this might explain the higher proportion of 
 

 exotic richness on nearer islands. The majority of islands in the study have 
 

 recorded human contact since the 1900‟s (McSaveney, 2013) however it is 
 

 difficult to measure the degree of human impact as a metric (Blackburn et 
 

 al.,  2015;  Kueffer  et  al.,  2010).  Thus  in  future  analyses  of  this  database 
 

 quantitatively assessing human impact could be an informative approach. 
 

 
 

 4.7 Conservation management 
 

 The Hawaiki archipelago was a model laboratory to test the differences 
 

 between native and exotic plant richness. This species dichotomy is important 
 

 given the threat of certain exotic species to global species diversity. The 
 

 management of invasive species has drawn considerable economic 
 

 resources. One earlier study quantified the effects of invasive species in the 
 

 U.S. to be $120 billion annually (Pimentel et al., 2005) whilst Vitousek (1977) 
 

 cite invasive as one of the world‟s worst environmental threats. 
 

 
 

 In  New  Zealand  we  have  been  fortunate  because  the  continued 
 

 arrival  of exotic species has not coincided with  the  loss of native  plant 
 

 species as reported in other parts of the world (Hulme, 2009; Sax et al., 2002). 
 

 Efforts to control the spread of exotic plant species in New Zealand include 
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 weeding programmes organised by the Department of Conservation (DOC). 
 

 The current weeding effort in the study area has existed for at least 20 years 
 

 (Atkinson, 1997).The key result from my research on the archipelago in terms 
 

 of conservation was the decreasing percentage of exotic plant species with 
 

 increasing distance from the mainland. Furthermore the size of the island was 
 

 the single most significant indicator of exotic richness. The implications for 
 

 conservation management on the Hawaiki archipelago are thus that 
 

 weeding efforts should focus on larger islands and particularly those closer to 
 

 the mainland. Implications from this research are also of direct use for other 
 

 weed control programmes on New Zealand islands as well as abroad. 
 

 
 

 4.8 General conclusion 
 

 During the last two centuries the global composition of species has altered 
 

 dramatically due to the anthropogenic spread of exotic species (Clavero & 
 

 Garcia-Berthou,  2005;  Pimentel  et  al.,  2005).  The  general  significance  of 
 

 exotic species to local diversity is still uncertain however one of the 
 

 ecological patterns often used to examine this is the species-area 
 

 relationship. The ultimate goal for such research is to accurately predict any 
 

 future loss of diversity. If native species are at risk then the challenge is then to 
 

 create applications in conservation management for prevention. My 
 

 research and the few other similar studies suggest that the species-isolation 
 

 relationship could also hold key insights into the future patterns of exotic 
 

 species. Crucially, I  found  that exotic  species  were  more  influenced  by 
 

 isolation from the mainland than native species and I consequently suggest 
 

 that the management programme by DOC focuses on islands near the 
 

 mainland. Beyond the Hawaiki archipelago it may be possible that the results 
 

 are also applicable on a global scale. However, only future studies of a similar 
 

 nature will allow us to know whether these results are indicative of a greater 
 

 general pattern. Were these trends to be general in nature they could be 
 

 used to better inform more effective and efficient management efforts both 
 

 in NZ and abroad. 
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