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endemism are a conservation priority, both patterns and drivers of
endemism are poorly understood in New Zealand. Here we
explore whether invertebrate species distribution records in New
Zealand represent the complete geographic range of species. We KEYWORDS

use distribution records of 2,322 invertebrate species to survey Diversity; endemism;
variation in range size and regional-endemism among 28 New extinction; geology;
Zealand regions, and explore the correlates of diversity and invertebrates of New
regional-endemism. Our data suggest patterns of regional- Zealand; range size
endemism in New Zealand invertebrates are not artefacts of

sampling effort and the majority of species are not widespread.

We found that endemism-score (which is a measure that corrects

for species diversity) correlates positively with the relative size of

the region three million years ago. Five variables (and their

interactions) contributed to the relative level of invertebrate

species endemism within a region (in a generalised linear model).

Level of endemism tends to be lower in regions with greater

geographic connectivity. This suggests that high levels of

regional-endemism are not simply the product of the

accumulation of species over time, but depends on the ability of a

region to retain local species.
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Introduction

Diversity is unevenly distributed around the globe (Wallace 1876) with more variation in
life existing at the tropics than in temperate regions (latitudinal biodiversity gradient;
Dowle et al. 2013). Nevertheless, temperate New Zealand has a high proportion of
species that are found here and nowhere else, thus it has high species endemism and is
considered a ‘biodiversity hotspot’ (Myers et al. 2000). Island Biogeography theory
(MacArthur and Wilson 1967) might help explain the biodiversity in New Zealand,
founded as it is on the principle that the number of species on an island is determined
by an equilibrium between the rate of arrival of new species and the extinction of existing
species. Distance from sources of colonists and island area are considered the main deter-
minants. As an archipelago that is relatively large and distant from other landmasses
(Neall and Trewick 2008), the Island Biogeography model predicts both low arrival rate
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and low extinction rate for New Zealand. As species can only be viewed as endemic if they
occur nowhere else both extinction of source populations and in situ speciation have a role
in development of New Zealand’s highly endemic biota.

The same factors may influence species diversity at finer scale and can be revealed by
recording regional variation in diversity within a land mass such as New Zealand (e.g.
Heenan et al. 2017). Here we consider in particular regional endemism with a species
regarded as a regional-endemic if it is restricted to an a priori area within the landscape.
Thus, the term ‘regional-endemism’ is scale dependent. Our present focus on New Zealand
invertebrates utilises published data where the ‘regions’ are already defined (see methods).
The number of species recorded within a region and the number of these species that are
restricted to it can be compared to similar sized regions to better understand the distri-
bution of biodiversity across the landscape. The more species that exist in a region, the
greater the chance some will be endemic (Jetz et al. 2004), although diversity and ende-
mism indices are not always congruent (Daru et al. 2014). Total diversity and endemicity
of a geographic region are expected to be controlled by the interplay of (1) area, (2) phys-
ical connectivity, (3) ecological diversity, and (4) habitat/climatic stability.

(1) Land area available can affect levels of terrestrial endemism due to its influence on
population size, extinction rates and speciation rates (MacArthur and Wilson 1967;
Foote et al. 2007; Crampton et al. 2010; Kisel and Barraclough 2010), the latter
being higher for lineages associated with more persistent habitats (Ribera et al.
2001; Papadopoulou et al. 2009). Therefore, endemism is expected to be relatively
high in regions that have had more land available for longer. Species longevity
varies considerably, with marine molluscs shown to have average durations of
about nine million years (Foote et al. 2007), while mammal species may have
average durations of only one million years (Martin 1993). These timespans are com-
patible with genetic analyses suggesting geologically recent, rather than ancient pro-
cesses have determined the distribution of invertebrate species in New Zealand (e.g.
McGlone et al. 2001; Trewick and Wallis 2001; Trewick et al. 2011; Goldberg et al.
2014).

(2) Physical connection of regions is expected to influence relative levels of regional-ende-
mism as barriers to dispersal might restrict species to a single region. Although time
frames associated with shifts in species ranges are not well understood, range expan-
sion is probably more rapid than speciation, so it might be expected to have a substan-
tial short-term influence on regional diversity (Anderson 1994). Species ranges may
not be in equilibrium and rather than being fixed, range change may be part of the
life-cycle of a species (Webb and Gaston 2003). Analyses using well-sampled fossils
of extinct marine invertebrates indicate a trend of range expansion and population
increase peaking at either early or mid-duration of the species lifetime before
decline to extinction (Foote et al. 2007). Similarly, within the regional-endemic
species of New Caledonian Agnotecous crickets, range size was correlated with
species lineage age (Nattier et al. 2012). Therefore, it is possible that regional-ende-
mism is transitional and a precursor of expansion to inhabit adjacent regions. In con-
trast, computer simulations suggest small-ranged species are not transient but have
similar durations to species with larger ranges (Birand et al. 2012).
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(3) Climate and habitat type influence endemism and species diversity in many ways.
Slope, for example, may impact speciation rates because topographic heterogeneity
results in habitat variation (Veech and Crist 2007) and more complex communities
(Wollenberg et al. 2008), that may yield differential selection and high rates of specia-
tion relative to extinction (species pump model, Moritz et al. 2000; Rahbek and Graves
2001). A complex environment with many biotic interactions might result in more
species in the same geographic space compared to a simple community with few
competitive interactions (species packing; MacArthur 1969). In Africa, endemism is
concentrated in mountainous regions with low seasonality (Fjeldsad et al. 1997; Jetz
et al. 2004).

(4) Climatic/habitat stability is likely to suppress rates of extinction (Wallace 1876; Dowle
et al. 2013). In some places the distribution of plants and animals appears to have been
influenced by glaciation and aridification during Pleistocene glacial periods. For
example, a gradient of European endemism suggests refugia in warmer climes were
influential in preserving local diversity (Essl et al. 2013).

Regional-endemism in New Zealand

Endemism appears to be unevenly graded across the New Zealand landscape (Wardle
1963; Rogers and Walker 2005; Millar et al. 2017) with three approximately coincidental
regions of relatively high endemisms among vascular plants and insects (Figure 1; Wardle
1963; Trewick et al. 2011). It is also notable that some taxa have disjunct distributions in
regions of high endemism and absence between (Trewick and Wallis 2001; Wallis and
Trewick 2009; Wallis et al. 2016) which probably reflects recent extirpation. Protracted
disjunction could lead to regional-endemism because of continued evolutionary diver-
gence or extinction from all but one of the occupied areas.

During New Zealand’s last glacial maximum (LGM; Williams et al. 2015), glaciers were
restricted to mountainous parts of South Island and the most extensive forests were in
northern North Island (McGlone et al. 2010). Many other regions that could have been
LGM refugia for forests and their fauna are now under the ocean along with much paly-
nological evidence. In particular the near coast areas most likely to have supported forest
during the LGM are now submerged (Trewick and Bland 2012). Because species with
high-density populations can persist in small areas, LGM refugia for invertebrates may
have existed anywhere that glaciers did not. Open forest, scrub and grassland may all
have supported insect diversity and may have been widespread (Shepherd et al. 2007;
Morgan-Richards et al. 2017). A mosaic landscape with cryptic refugia may explain
why many New Zealand invertebrates have phylogeographic structure suggesting persist-
ence through Pleistocene glaciations (e.g. Trewick et al. 2000, 2011).

Explanations for regional-endemism in New Zealand have included all four of the pro-
cesses evoked elsewhere: (1) land area - extinction in the southern North island due to
Pliocene marine transgression (Heenan et al. 2017), (2) physical connections with other
regions - range displacement (Heads 1997 but see Trewick and Wallis 2001), (3) ecological
diversity — speciation in the young southern mountains (Heenan et al. 2017), (4) habitat
stability or longevity — Pleistocene glacial refugia (Wardle 1963; McGlone et al. 2001), spe-
ciation driven by glaciation (Wallis et al. 2016), and lack of habitat before the Pleistocene
(Rogers 1989; Trewick and Bland 2012). It has also been suggested that the spatial
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Figure 1. Differences in levels of species endemism among five zones of North Island and South Island
New Zealand. (A) Approximate numbers (left) of c.355 endemic vascular plants and their approximate
proportions (right) in different sections of the landscape (northern and southern North Island, and
northern, central and southern South Island demarked by pink dashed lines) as reported by Wardle
(1963). (B) Invertebrate endemism in relation to the same regional zones expressed as the proportion
of species in a zone that are endemic to that zone (left; 1724 species in total), and proportion of all the
species endemic to only one zone that are endemic to each (right; 596 species; Trewick et al. 2011). (C)
The northern North Island zone (NNI) is rich in both endemic plants (green) and invertebrates (yellow),
although the northern South Island (NSI) has the most endemic plant species (Wardle 1963).

coverage of New Zealand’s natural history collection records might create artificial pat-
terns of species diversity (Ward 2012). Biased sampling effort and taxonomically incom-
plete collections can create artefacts in perceived distributional patterns (Ahrends et al.
2011; Ward 2012).

Here we examine whether current invertebrate distribution records are representative
of the full range of species or limited by sampling. We sought to distinguish sampling
effort from true regional-endemism by comparing patterns of endemism among well-
sampled taxa, where both presence and absence are recorded, with patterns in a larger
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taxon dataset. We investigate potential drivers of New Zealand’s invertebrate regional-
endemism by seeking correlations with environmental variables to infer the combination
of environmental variables most associated with regional-endemism patterns. If the domi-
nant influence on relative levels of regional-endemism in New Zealand is:

(1) the equilibrium between origin (arrival and speciation) and extinction we expect a
positive correlation between land area and regional endemicity (measured by both
the current and past size of the region).

(2) the ability of species to expand or shift their ranges we expect to see a correlation
between land connectivity and regional endemicity.

(3) species-packing and ecological speciation we expect to see a positive correlation
between regional diversity of topology and climate and regional endemicity.

Regional bias in extinction rates linked to environmental stability (e.g. climatic change
and the extent of glaciers) is likely to be involved in determining relative levels of regional-
endemism (4: habitat stability/longevity), but the size and heterogeneity of the 28 recog-
nised regions considered in in our analyses preclude a test for this effect.

Material and methods

Invertebrate diversity
The Fauna of New Zealand series (FNZ; 1982-2012) provide the distribution and charac-
teristics of well-studied invertebrate groups (Table 1). Location data are linked to each of
28 recognised geographic regions (Crosby regions or NZ entomological areas) averaging
9492 km” and defined primarily by natural landscape features including ridge lines and
rivers (Crosby et al. 1976, 1998; Figure 2A, Table 1). The presence/absence of species
within each region is documented in the FNZ on the basis of confirmed records
verified by expert systematists, and this provides a rich and reliable dataset for investi-
gating regional-endemism. High resolution geographic information system (GIS) data
are available only for a subset of species so mapping to a particular spatial grid would
result in most taxa being excluded from analysis. For the purposes of analysing patterns
of endemism in North Island and South Island New Zealand we included only native
invertebrates that are found on one or both of these islands and excluding all species
restricted in distribution to smaller islands within New Zealand’s economic/political zone.
We collated data on a total of 2,322 species encompassing representatives of 12 invert-
ebrate orders and the superorder Acari (Table 1). These data derived from 63 FNZ
volumes with information on New Zealand Formicidae (ants) included from Don
(2007). With these records we were able to generate measures of regional species diversity
defined as the number of different species recorded in a region. Regional-endemics are
species restricted to a region within a larger landmass, and here, due to the nature of
the data, we defined regional-endemics by their occurrence in one of the 28 Crosby geo-
graphic regions. Thus endemism of a region is the number of species recorded in that
region and nowhere else. Following the approach of Taberlet et al. (2012), an endemism
score for each species was expressed as the inverse of the mean geographic distance
between the centroids of each region in which it occurred. Species present in one
region received a score of one. The endemism score for each region was calculated as
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Table 1. Invertebrates used to study regional-endemism in New Zealand. FNZ = Fauna of New Zealand
series published by Landcare Research (¥or other reference).

Number of

Class Order FNZ edition (common name) taxa
Insecta Coleoptera 2: Osoriinae (Staphylinidae) (rove beetles) 37
3: Anthribidae (fungus weevils) 35

6: Hydraenidae (aquatic ‘minute moss beetles’) 32

26: Tenebrionidae (darkling beetles) 108

29: Cryptorhynchinae (Curculionidae) (weevils) 212

34: Anthicidae (ant-like flower beetles) 14

39: Molytini (Curculionidae: Molytinae) (weevils) 17

42: Aphodiinae (Scarabaeidae) (scarab beetles) 5

43, 53 & 62: Carabidae (ground beetles) 392

45: Nemonychidae, Belidae, Brentidae 14

47: Erotylidae (fungus beetles) 5

48: Scaphidiinae (Staphylinidae) (rove beetles) 19

59: Erotylinae (Cucujoidea: Erotylidae) (fungus beetles) 6

61: Lucanidae (stage beetles) 27

Diptera 8: Calliphoridae (blow-flies) 24
20: Bibionidae (March flies) 5

23: Sciapodinae, Medeterinae (longlegged flies) 22

24: Therevidae (stiletto flies) 63

68: Simuliidae (sandflies, black flies) 1

Ephemoptera 36: Leptophlebiidae (mayflies) 29
46: Nesameletidae (mayflies) 4

Hemiptera 11: Pseudococcidae (mealybug) 84
21: Margarodidae (scale insects) 7

25: Cercopidae (spittlebugs) 1

35: Cydnidae, Acanthosomatidae, and Pentatomidae (stink 3

bugs)

40: Cixiidae (planthoppers) 5

41 & 51: Coccidae (scale insects) 37

50: Heteroptera (true bugs) 202

63: Auchenorrhyncha (cicadas, leafhoppers) 127

66: Diaspididae (scale insects) 13

67: Peloridiidae (moss bugs) 1

Hymenoptera 12: Pompilidae (spider wasps) 2
13: Encyrtidae (parasitic wasps) 21

15: Ambositrinae (Diapriidae) (parasitic wasps) 43

17: Mymaridae (fairy wasps) 18

18: Chalcidoidea (wasps) 1

32: Sphecidae (solitary wasps) 6

33: Moranilini (Pteromalidae: Eunotinae) (wasps) 7

57: Apoidea (wasps and bees) 14

58: Alysiinae (Braconidae) (parasitoid wasp) 13

*Ants of NZ: Formicidae (Don 2007) 2

Lepidotera 16: Nepticulidae (midget moths) 17
30: Hepialidae (ghost moths) 21

49: Lithinini (Geometridae: Ennominae) (geometer moths) 3

54: Hierodoris (Oecophoridae) (concealer moths) 16

65: Izatha (Oecophoridae) (concealer moths) 36

Plecoptera 22: Notonemouridae (stoneflies) 26
27: Antarctoperlinae (stoneflies) 28

Protura 9: Protura (coneheads) 7
Thysanoptera 1: Terebrantia (thrips) 12
10: Tubulifera (thrips) 39

Arachnida Araneae 44: Lycosidae (wolf spiders) 18
64 Pisauridae (nursery web spiders) 2

Cryptostigmata  7: Cryptostigmata (Oribatida; moss mites) 230
Sarcoptiformes  4: Eriophyoidea (herbivorous mites) 30
5: Eriophyinae (mites) 48

Trombidiformes  52: Raphignathoidea (mites) 54
Malacostraca Amphipoda 31: Terrestrial Talitridae (land hoppers) 13

(Custacean)
Tylenchida (Nematode)  Rhabditida 55: Criconematina (plant nematode) 24
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Figure 2. (A) Twenty-eight entomological regions of New Zealand used to investigate regional-ende-
mism. Area codes and boundaries used to categorise specimen locality data are shown (after Crosby
et al. 1976). For full names of regions see Table 2. (B) New Zealand land area 3 million years ago
(Ma; Trewick & Bland 2012). Light grey represents areas of low-lying land and marginal-marine depo-
sition. (C) Approximate land area 3 Ma for each of the 28 geographic regions used for recording speci-
men localities. Three regions had no change in size (OL, MK, CO). (D) New Zealand regional-endemism
score calculated from 2322 species was significantly correlated with land area 3 Ma (R*=0.34; P=
0.001). Endemism score was the mean endemism among all species occurring in the region, calculated
as the inverse of the mean geographic distance between the regions in which it occurred.

the mean endemism among all species occurring in the region. Endemism score therefore
accounts for variation in overall species diversity among regions. We tested for spatial
autocorrelation of endemism and diversity indices using the Moran’s Index statistic
(Moran 1950).

We examined whether regional-endemic species were distributed evenly among regions
using a chi-square test, with expected values calculated as the total number of endemic
species in the analysis divided equally among the number of regions (n = 28; Table 2).
The observed values were the numbers of endemic species recorded for each region.
We repeated this test to take into account the effect of differences in area of each
region on the expected number of endemic taxa by calculating the proportion of New
Zealand surface area represented by each region and multiplying by the total number of
endemic species.

Sampling effort

To test whether high levels of putatively endemic species in some regions resulted from
low overall and thus potentially stochastic sampling effort, we excluded all taxa recorded
of only one site within a region unless the overall sampling of the relevant genus or family
was sufficient to provide evidence of nearby absence. We defined sites as sampling
locations >5 km apart. This reduced the number of regional-endemic taxa within the con-
servative dataset from 734 to 152. The relationship between initial estimates of regional-
endemism within each region and the number of well-sampled regional-endemics was
then investigated. To further explore whether regional variation in endemism was
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Table 2. Three datasets used in the analysis of regional-endemism in New Zealand comprised two well-
sampled families (Simuliidae blackflies known as sandflies in NZ and Lycosidae wolf spiders) and a set of
data for 2322 invertebrate taxa found on North and South Islands.

Lycosidae (wolf

Dataset Simuliidae (sandflies) spiders) All species

Region A B C D A B C A B @ E
AK - Auckland 1 0 0.00 25 2 0 0 658 68 0.1 10
BP - Bay of Plenty 1 0 0.00 20 4 1 0.25 450 22 0.05 3
BR - Buller 4 0 0.00 30 4 0 0.01 566 36 0.07 8
CL - Coromandel 1 0 0.00 14 3 0 0 362 9 0.03 1
CO - Central Otago 2 0 0.00 36 8 0 0 287 28 0.1 4
DN - Dunedin 2 0 0.00 13 2 0 0.01 239 15 0.07 2
FD - Fiordland 5 1 0.20 26 3 0 0 344 54 0.16 22
GB - Gisborne 1 0 0.00 12 0 0 0 209 5 0.03 1
HB - Hawkes Bay 1 0 0.00 18 1 0 0 213 7 0.04 0
KA - Kaikoura 2 0 0.00 14 1 0 0.01 173 7 0.04 1
MB - Marlborough 3 0 0.00 18 2 0 0.01 310 16 0.06 2
MC - Mid Canterbury 6 1 0.17 46 9 0 0 490 54 0.1 8
MK - Mackenzie 4 0 0.00 14 7 0 0 195 10 0.06 1
NC - North Canterbury 5 0 0.00 32 6 0 0 279 6 0.03 1
ND - Northland 0 0 0.00 48 3 1 0.34 596 108 0.18 33
NN - Nelson 3 0 0.00 61 5 0 0 763 101 0.14 26
OL - Otago Lakes 4 0 0.00 1 4 0 0 287 18 0.07 0
RI - Rangitikei 2 0 0.01 14 1 0 0 215 4 0.02 0
SC - South Canterbury 3 0 0.01 16 5 0 0.01 140 0 0 0
SD — Marlborough Sounds 3 0 0.00 7 0 0 0 287 13 0.05 0
SL - Southland 2 0 0.00 32 3 0 0.01 262 21 0.08 3
TK - Taranaki 1 0 0.00 18 2 0 0 308 1 0.04 5
TO - Taupo 2 0 0.01 37 2 0 0 444 16 0.04 1
WA - Wairarapa 1 0 0.00 13 2 0 0 184 3 0.02 0
WD - Westland 7 1 0.15 31 3 0 0 414 35 0.09 10
WI - Wanganui 1 0 0.00 5 1 0 0 198 5 0.03 0
WN - Wellington 1 0 0.00 15 2 0 0 548 42 0.08 6
WO - Waikato 1 0 0.00 14 1 0 0 302 20 0.07 4

Note: A — total taxa, B — endemic taxa, C- endemism score, D — number of sites, E — well-sampled endemics.

evident when site sampling was abundant, we used two densely-sampled datasets for
Simuliidae black flies (Insecta: Diptera; Craig et al. 2012) and Lycosidae wolf spiders (Ara-
chnida: Araneae; Vink 2002).

Comparison of endemism with geography/environment

To investigate potential causes of variation in regional diversity and endemism we looked
for relationships with geophysical and environmental parameters that might affect specia-
tion or extinction rates, or promote sampling bias.

The well-recognised global relationship between latitude and biodiversity (Dowle et al.
2013) suggests that latitude might be a proxy for diversity traits in New Zealand, given that
the two main islands extend over more than twelve degrees of latitude. Region latitude was
taken as the mean of the latitudinal limits of each geographic region. The current land area
of each region was calculated in ArcMap from ArcGIS 10.1 (ESRI, CA) using geographic
regions (LENZ layer ‘NZ Area Codes for recording specimen localities’). We also investi-
gated the influence of inferred land area 3 million years ago (Ma). This time-frame
coincides with the age of the most recent common ancestor for many New Zealand
taxa, as determined by patterns of genetic diversity (e.g. McGlone et al. 2001; Trewick
et al. 2011). Approximate land area 3 Ma (Figure 2C) was estimated for each region
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excluding low-lying land and marginal-marine deposition (Figure 2B) (Trewick and Bland
2012). As a proxy for the extent of connectivity/isolation of each region we used the
number of neighbouring regions currently sharing a boundary. For each region, measures
of slope and elevation were included as proxies for habitat heterogeneity. Mean annual
temperature and mean annual solar radiation were included because these variables
might conceivably influence underlying mutation rates and speciation rate (Dowle et al.
2013). Mean monthly water balance ratio (MMWBR; the average of the monthly ratios
of rainfall to potential evaporation) was used as a measure of water availability since
aridity may have effects on patterns of regional-endemism, as observed for Madagascan
fauna (Wilmé et al. 2006). This information was derived from the Ministry for the
Environment data service website. The mean and variance of each region for each variable
was calculated in ArcMap from ArcGIS 10.1 (ESRI, CA) using geographic regions (LENZ
layer ‘NZ Area Codes for recording specimen localities’). As a measure of habitat avail-
ability, we included prehuman forest cover, calculated from McGlone (1989) and an esti-
mate of current forest cover in each region (as a measure of the recent impact of human
arrival). We used the relative human population size of each region and the presence of a
relevant research institution in the region (a binary variable) as a proxy for sampling bias,
because there might be a tendency for more thorough description of local versus more
distant fauna. The relative population size of each region was calculated based on 2006
census data using the ‘populated places’ polygon (by Peter Scott, from Koordinates.com).

We looked for correlations of diversity and endemism (both number of endemic taxa
and endemism score) with these environmental variables. We then developed a regression
model to test which environmental variables and their interactions best explained the
number of endemic taxa sampled from each region. Since ‘endemic taxa’ is count data,
with some small values, we modelled it using a generalised linear model (GLM) with a
quasi-Poisson distribution correcting for overdispersion using R v3.1.3 (R Development
Core Team 2010). Many environmental variables were significantly correlated with one
another (see Table S2). Where several environmental variables were found to be strongly
correlated, some were excluded by systematically substituting correlated variables for one
another in separate iterations of the model. Variables were removed by a stepwise search
for the optimal model judged by the F tests and by examination of diagnostic plots.

Results

Regional-endemism in New Zealand was investigated using the presence or absence of
2,322 invertebrate species in 28 regions. Species diversity varied among New Zealand
regions (Figure 3, Table 1) and was positively correlated with endemism (R*=0.73; P<
0.001) (Figure 4A). The Nelson region (NN) had the highest invertebrate species diversity
(763) and South Canterbury (SC) the lowest (140) and none of these were regional-ende-
mics (Table 2). Less than 11% of species were found in ten or more regions. Most species
(84%) were found in seven or fewer regions and 734 out of 2,322 species (32%) were
regional-endemics, restricted to a single region (Figure 3). These regional-endemic
species were unevenly distributed among regions (x> = 809.28; d.f=27; P <0.0001), even
after correction for differences in area (y>=772.74; d.f.=27; P<0.0001). Northland
(ND) had the most endemic species within our sample (108) followed by Nelson (101)
(Figure 3; Table 2). Together these two regions accounted for 28.5% of all of the
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Figure 3. Endemism and diversity levels of invertebrate species are not homogeneous among regions
of New Zealand. Four colours represent discretized (binned) numbers per region out of a sample of
2322 taxa. (A) Total invertebrate diversity. (B) Number of endemic invertebrates. (C) Endemism
score using the average level of endemism for each taxon. Bar plots illustrate ranked regional total
diversity (D) and ranked regional total number of endemic taxa (E).

regional-endemic taxa, but only 8.8% of the total land area of mainland New Zealand. In
contrast, Hawke’s Bay (HB), Gisborne (GB), Wanganui (WI), Rangitikei (RI), Wairarapa
(WA), Kaikoura (KA), north Canterbury (NC) and south Canterbury (SC) accounted for
23% of total land area but only 5% of all endemic taxa. No spatial autocorrelation was
detected within the endemism and diversity indices (P > 0.05).

Sampling effort

To explore whether the data were dominated by sampling effort we excluded taxa recorded
from only one site and that had poor overall sampling of the group. This reduced the
number of regional-endemic taxa from 734 to 152 species. The strong relationship
between the number of endemic taxa in each region and the number of well-sampled
endemic taxa (R* = 0.87; P < 0.001; Figure 4B), suggests that overall sampling is represen-
tative of actual levels of endemism within regions.

We explored further the influence of variation in sampling effort using patterns of
endemism in two intensely sampled families; Simuliidae flies and Lycosidae spiders
(Table 2). Within each region, every collection site provided independent presence/
absence records for each of the 11 Simuliidae and 18 Lycosidae species endemic to
North Island and/or South Island New Zealand. In both families, most species were
recorded from few regions while few species were widespread, in keeping with the predo-
minant pattern of range restriction seen in the larger invertebrate dataset (Figure 5).
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Figure 4. (A) Regional-endemism and diversity are correlated in a sample of 2322 New Zealand invert-
ebrates, 734 of which are Regional-endemics. (B) Well-sampled endemic taxa (n = 152) was strongly
correlated with endemic taxa. Data visualisation was aided with Daniel’s XL toolbox addin for Excel,
version 6.52, by Daniel Kraus, Wiirzburg, Germany (available at: http://xltoolbox.sourceforge.net).

Although intensely sampled, neither the Simuliidae nor Lycosidae comprise sufficient
species diversity to test for significant heterogeneity among regions.

Endemism and environment

The relationship between endemism and the environment was tested using a set of
environmental variables (Table S1). There were no simple correlations between endemism
or diversity and the environmental variables, however, a significant positive correlation
(after Bonferroni correction) was observed between endemism-score (which is a
measure that corrects for species diversity) and land area 3 million years ago (R* =0.34;
P =0.001; Figure 2D). Variation in levels of regional-endemism among the regions was
best explained by multiple variables in the general linear model (Table 3). Total species
diversity (t=6.20; P=0.00001), land area 3 Ma (¢ =7.45; P <0.00001) and the presence
of a research institution (¢ = 7.32; P < 0.00001) each improved the model, having a signifi-
cant positive impact on regional-endemism. Climatic variables (represented in this model
by the ratio of rainfall to evaporation and seasonal sunshine variation) also contributed to
regional-endemicity, and each correlated with other environmental variables not in the
model (Table 3 and S2). Interestingly, variance in solar radiation and water availability
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Figure 5. In a sample of 2322 New Zealand invertebrate species, most were reported from only few
regions compared to a small number of widespread species. The well-sampled spider (Lycosidae, 18
species) and sand fly (Simuliidae, 11 species) datasets showed a similar pattern with most species
found in few regions.

(MMWRBR) interacted to have a significant negative effect (t = —3.49; P = 0.003). The effect
of total species diversity and number of neighbouring regions interacted with one another
to negatively affect regional-endemism (f=-3.11; P=0.007). Two other variables
included in the model, mean slope and current forest cover, did not have a significant
effect (t < 1.25; P> 0.05).

Discussion
The patterns

The same pattern of regional variation was apparent in our dataset of endemic invert-
ebrates and a subset of more intensely-sampled endemic species. Two intensely-

Table 3. Generalised linear model to explain variation in the number of endemic invertebrate species
within 28 regions of New Zealand.

Variable Estimate SE t P

Land area 3 Ma 0.00008 0.00001 7.454 <0.00001
Research institution 0.77710 0.10610 7.322 <0.00001
Species diversity 0.00550 0.00089 6.203 0.00001
Mean water balance ratio 0.20740 0.03668 5.654 0.00004
Variance in solar radiation 9.36500 2.40100 3.901 0.00127
Current forest cover 0.00003 0.00002 1.137 0.27231
Neighbouring regions 0.09691 0.11910 0.814 0.42760
Mean slope —0.01328 0.01080 -1.230 0.23632
Species diversity x neighbouring regions —0.00082 0.00026 -3.111 0.00672
Variance in solar radiation x mean water balance ratio —1.51000 0.43280 —3.489 0.00303
(Intercept) —0.07020 0.47900 —0.147 0.88532

Note: The model used a quasi-Poisson distribution correcting for overdispersion in endemism count data. Variables (and
their interactions) were removed by a stepwise search for the optimal model judged by the F tests and by examination of
diagnostic plots.
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sampled families of New Zealand invertebrates, Lycosidae spiders and Simuliidae black
flies, provided information on absences and were not biased by sampling effort. Within
these families, species distributions were heterogeneous with few widespread and many
restricted species, as seen in the larger invertebrate dataset (Figure 5). We are confident
that the distributions of invertebrate species, as recorded in the Fauna of New Zealand
series, do contribute meaningful data for analysing patterns of New Zealand regional-
endemism.

As observed in plants (Wardle 1963; McGlone et al. 2001; Heenan et al. 2017), levels of
invertebrate endemism are not homogeneous among New Zealand regions. Rather, some
regions have high endemism while others had few or no endemic invertebrate taxa in our
sample (Figure 3). Our generalised linear model (GLM) indicated that sampling activity,
represented by the presence of a research institute, did explain some variation in relative
regional-endemism, but other variables were also significant and there was no evidence for
a relationship between human population size and endemism. Research centres were more
likely to have poorly-sampled endemic species, for example, only 15% of endemic taxa
from Auckland and mid Canterbury (regions with research centres) were well-sampled
compared with 41% in Fiordland and 31% in Northland (regions without relevant insti-
tutions). These poorly sampled taxa might be due to species being described in the nine-
teenth Century based on one or few specimens/sample sites. This result is unexpected and
contrasts with analyses of Hymenoptera records from New Zealand which were skewed to
high sampling in the Auckland region (Ward 2012).

Space - speciation or extinction?

We found that of all the environmental variables tested, only land area 3 Ma was signifi-
cantly positively correlated with endemism score. Because endemism score accounts for
variation in overall species diversity among regions, this correlation suggests a role for
retaining species (low extinction rate) rather than simply species generation (arrival and
speciation). Land area 3 Ma also had a significant positive impact on regional-endemism
levels in our model (GLM), with no significant interactions detected. In contrast, current
land area was not correlated with endemism and did not improve the GLM, suggesting
that the amount of land available in the recent past has had a greater effect on endemism
levels than current land area. The most notable effector of the relationship between land
area 3 Ma and endemism was the lack of land in southern North Island which was still
submerged until about 1.5 Ma (Trewick and Bland 2012), and where there are relatively
few endemic species (Goldberg et al. 2014). This feature was previously identified as a
driver of plant patterns (Rogers 1989; Heenan et al. 2017). Thus, a combination of past
speciation and extinction rates controlled by area availability is likely to be a key inter-
action determining relative regional-endemism levels in New Zealand.

Range expansion

The more species that exist in a region, the greater the chance that some will be endemic
(Jetz et al. 2004). We predicted that if the ability of species to expand or shift their ranges is
of greatest importance in determining relative levels of regional-endemism we would see a
correlation between land connectivity and regional endemicity. We found that
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invertebrate species diversity was positively correlated with endemism in New Zealand
(Figure 4A). However, species diversity interacted with number of connecting (neighbour-
ing) regions to lower the total number of endemic species. Levels of diversity and ende-
mism were affected differently by range expansion; expansion into new regions
decreases endemism but can increase diversity within a region. In our GLM, number of
neighbouring regions interacted negatively with species diversity influencing endemism
within a region. This reflects the opportunity for terrestrial species to migrate into adjacent
regions with land connection and so reduce regional-endemism.

The number of neighbouring regions is an estimate of current connectivity but it does
not take into account past connectivity. Although the Nelson region (NN) currently has
high numbers of endemic taxa and few neighbours, during the last glacial maximum
(LGM) there was land connection between this South Island region and Wanganui/Tar-
anaki in North Island (McGlone et al. 2010; Trewick et al. 2017). Large differences in
diversity and endemism among historically neighbouring regions may be explained by
demographic processes, such as competitive exclusion (e.g. Waters et al. 2013; Bulgarella
et al. 2014). Range expansion also requires ecological compatibility, so although, for
example, the West Coast has many neighbours, the steep environmental gradient across
the Southern Alps is likely to limit the ranges of species. In other words, the region bound-
ary is also an ecological barrier in some cases.

Species packing

Climate and habitat could influence endemism and species diversity in many ways. We
predicted that if species-packing and ecological speciation are of importance in determin-
ing relative levels of regional-endemism we would detect a positive correlation between
regional diversity of topology and climate and regional endemicity. Our GLM included
significant climate variables, with strong seasonality of sunshine and high rainfall to evap-
oration ratio increasing endemicity. However, we found that water availability (MMWBR)
interacted with variance in solar radiation to give a negative impact on endemism.
Environmental variables tend to be correlated with one another and in our dataset we
found that solar radiation variance was negatively correlated with prehuman forest
cover while water availability was positively correlated with current forest cover and
slope (Table S2). Slope, for example, may impact speciation rates because topographic
variation results in a greater variety of habitats (Veech and Crist 2007) and more
complex communities (Wollenberg et al. 2008), and may thus result in differential selec-
tive pressures and high rates of speciation relative to extinction (species pump model;
Moritz et al. 2000; Rahbek and Graves 2001). Although endemism can be high in moun-
tainous regions with low seasonality (Fjeldsad et al. 1997; Jetz et al. 2004), in New Zealand,
mountainous areas were impacted by glaciation during the last glacial maximum that
probably resulted in local extinctions (Trewick et al. 2000). However, high levels of
neo-endemism in South Island plants (Heenan et al. 2017) and animals (Wallis et al.
2016) presumably reflects recent alpine speciation. The effects of climatic factors are
complex and the mechanism by which these variables have a significant effect on invert-
ebrate endemism levels is not currently understood. Although patterns may be driven by
climatic variation during the Pleistocene, processes such as ecological interactions are
likely to play a role in the maintenance of patterns (e.g. Bulgarella et al. 2014; Sivyer
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et al. 2018). Although we have evidence that climate and habitat may influence relative
levels of invertebrate species endemicity the correlation of variables and heterogeneity
of regions makes isolation of the relevant drivers difficult.

Climatic and habitat stability

The distribution of plants and animals appears to have been influenced in some places
by glaciation and aridification during Pleistocene glacial periods. For example, a gradient
in levels of European endemism suggests refugia in warmer climes were influential in
preserving local diversity (Essl et al. 2013). During New Zealand’s LGM (Williams
et al. 2015), glaciers were restricted to mountainous parts of South Island while the
most extensive forests were in northern North Island (McGlone et al. 2010).
However, latitude did not improve our model of New Zealand regional endemism of
invertebrates. Coastal areas that could have been LGM refugia for forests are now
under the ocean (Trewick and Bland 2012). Because high-density populations can
persist in small areas, a mosaic landscape with cryptic refugia may explain why many
New Zealand taxa have phylogeographic structure suggesting persistence through Pleis-
tocene glaciations (Trewick et al. 2011). Our modelling found no single environmental
factor controls variation in regional-endemism. Due to the correlation of climatic and
geographic variables the positive contribution of mean water balance and its interaction
with variance in solar radiation could potentially be due to combinations of elevation
and temperature (Table 3 and S2). As drivers of endemism can involve numerous vari-
ables the influential combination could differ within and among regions. For example,
Northland is relatively flat and dry compared to other regions of high invertebrate ende-
mism, so its endemism may be better explained by past land area or past forest cover.
Other regions may be more strongly influenced by geographical connections and
sampling effort.

Our study of New Zealand invertebrates used the New Zealand Fauna Series as a
source of data. All taxa included are relatively well studied and both their systematics
and distributions can be trusted. However, these data required an analysis of regional-
endemism based on 28 a priori regions that divide New Zealand into similar sized areas
that do not reflect biogeographical zones since they were intended primarily to facilitate
the labelling, retrieval, and documentation of specimens in natural history collections
(Crosby et al. 1976). Boundaries between regions are a mixture of roads, straight
lines between points and natural features, such as mountain ridges. Thus, the New
Zealand regions used here each comprise a range of habitats and micro-climates. For
example, Mid Canterbury extends from the peaks of the Southern Alps across the Can-
terbury plains and includes Banks Peninsula. In particular, the use of the 28 a priori
regions demanded by the data available, prevented us examining the effect of habitat
and climate stability and extent of glaciers on levels of regional-endemism. It is also
possible that the shape of the regions had important effects (some districts are long
and narrow such as WD while others are compact TO). Future work that was able
to divide New Zealand into grids of equal size and shape (e.g. Crisp et al. 2001; Taber-
let et al. 2012; Heenan et al. 2017) while retaining reliable distribution data for a large
number of invertebrate taxa would allow the patterns of endemicity identified here to
be examined in more detail.
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Conclusions

Small-ranged species are a conservation priority, therefore, understanding current pat-
terns of regional-endemism in New Zealand is important for protection of biodiversity.
We investigated regional-endemism using a rich invertebrate dataset and found that
although variation in sampling effort does influence the data, most species are range
restricted and endemism levels are not evenly distributed across the country. High invert-
ebrate species diversity and high endemism can both be conserved if Northland and
Nelson are provided with resources to protect their natural habitats. No single variable
appears to drive variation in regional-endemism. Those variables that were important
appear to be related to differences in geologically recent land availability, and connectivity
between regions. High levels of endemism in some regions are not simply a product of the
accumulation of species over time, rather regional-endemism depends on the ability of a
region to retain local species. Regions with fewer neighbours have lower migration rates,
whereas those with many neighbours are less able to retain endemic taxa. The absence of
land in southern North Island until recent geological time shows that tectonic activity in
New Zealand continues to have a significant influence on current endemism levels.
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