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Abstract: We describe spatial patterns in the geographic ranges of all New Zealand ferns and lycophytes, test
if range sizes are correlated with phylogeny, and identify ecological characteristics related to their range sizes.
Herbarium records for all species of fern and lycophyte in New Zealand were used to generate distribution
maps and estimate range sizes by summing the area of occupied ecological districts. Trait, habitat, biostatus,
and distribution data were compiled from the literature and DNA sequence data were obtained for each species.
Species’ range sizes varied between 356 km? and the entire country (266 067 km?). The range size frequency
distribution for New Zealand ferns was right skewed and bimodal, showing that although most species have
small ranges, there is a smaller, core group of very widely distributed species. Larger range sizes were most
associated with species that were native, epiphytic, habitat generalists, and which occurred across a large
altitudinal extent. The range size of introduced species was positively related to both the number of years since
arrival in New Zealand, and the number of global regions they occur in.
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Introduction

Exploring large-scale patterns in species distributions
contributes to our understanding of the factors that generate
ecological patterns in species’ current distributions (Gaston
1994; Estrada et al. 2016) and provide data that underpin our
ability to understand and predict the effects of climate change
on biotas (e.g. Davis & Shaw 2001; Reich et al. 2015). Such
macroecological studies across a range of taxa and spatial
scales have revealed global consistencies in the spatial patterns
of species’ range sizes. For instance, although large variation
exists in species’ range sizes within floras and faunas, and
most species within biotas are relatively rare (Gaston 1996),
ranges decrease in size closer to the equator (‘Rapoport’s Rule’;
Janzen 1967; Rapoport 1982; Stevens 1989). Despite these
repeated patterns, there is good evidence that the processes
causing variation in species’range sizes are context-dependent
(Rabinowitz 1981), scale-dependent (Gaston 1994), and likely
the result of more than one process (Kunin & Gaston 1997).
For example, individual species’ characteristics can predict
variation in occupancy and range size (Buckley & Freckleton
2010, Diamond etal.2011). Consequently, relating features of
species, such as their morphology, ecology and phylogenetic
relatedness, to their range sizes allows us to determine if and
how we can use knowledge of species’ traits and life histories
to aid in understanding these patterns. Knowing what traits
and other factors are associated with range size may lead to
generalisations or system-specific knowledge that can be
applied in the conservation and management of species at
risk of climate change effects. This is particularly useful in
speciose communities, where obtaining detailed understanding
of the autecology of large numbers of species is not feasible.

Ferns and lycophytes (hereafter, ferns; see Pryer
et al. 2004; PPG 1 2016) are a useful taxonomic group

for macroecological studies due to their wide variation in
geographic range sizes (Kessler 2010), life history traits, and
habitat preferences (Kessler 2010; Nagalingum et al. 2015).
Most fern macroecology has focussed on patterns in species
diversity; however, geographic distributions of ferns have
been observed to be wider than those of other taxa (McGlone
et al. 2001) and to be closely tied to climatic variation and
vegetation type boundaries (e.g. Ramirez-Barahona & Luna-
Vega 2015). These observations are thought to be related to
life history characteristics, such as reproductive strategies and
environmental tolerances, making ferns possible candidates
as indicator species of global change.

Many aspects of fern reproductive biology contribute to
their ability to disperse and establish, and therefore, potentially
influence their geographic ranges. The two “alternate
generations” (sporophyte and gametophyte) of ferns are
free-living: the adult plant, the sporophyte, produces asexual
spores which germinate into gametophytes, and it is in this
stage that fertilisation occurs, producing a new sporophyte.
Gametophytes, the highly understudied life stage, are very
small, usually short-lived, and free water is essential for their
fertilisation (Brownsey & Smith-Dodsworth 2000, Sharpe
& Mehltreter 2010), potentially limiting the probability of
establishment. Ferns have numerous, small, light-weight,
widely-dispersed spores (Tryon 1970), which are capable
of long-distance dispersal (sensu Nathan 2006; Brownsey
2001; Kessler 2010). The majority of ferns are homosporous
and can both cross-fertilise and self-fertilise, so that a single
spore can potentially establish a new population, a feature that
may be advantageous after a long-distance dispersal event
(Barrington 1993; Kessler 2010). Ferns as a group exhibit
a variety of reproductive modes: sexual, vegetative, and
apogamous (development of an embryo without fertilisation),
and many ferns are capable of more than one mode, which
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has been shown to positively influence range size (Guo et al.
2003; Wickell et al. 2017).

Giventhatdispersal limitation (in contrast to establishment
limitation) is not thought to be important in limiting the
distributions of most ferns, the interaction of habitat factors,
such as moisture availability and temperature, with individual
species’ preferences and tolerances are the key determinants
of fern establishment, and consequently, their range sizes
(Tryon 1970, 1986; Richard et al. 2000; Smith et al. 2006;
Brock et al. 2016). For instance, most ferns have brown
spores, but some are green or yellow and contain chlorophyll.
These chlorophyllous spores are more vulnerable to climatic
extremes and less persistent than brown spores (Page 2002).
Some fern species have strong preferences for particular soil,
light and moisture conditions (Brownsey & Smith-Dodsworth
2000; Arens 2001) and some epiphytic ferns are host-specific
(Mehltreteretal. 2005). Such habitat specialists are most likely
to have restricted range sizes, particularly if their preferred
habitat only occurs in relatively small, geographically isolated
areas (Peck et al. 1990; Kessler 2010). Further, polyploidy
is common among ferns and, although the advantages and
disadvantages of polyploidy are not well understood, ithas been
suggested that polyploid species may have more potential to
adapt to a wider range of environmental conditions (Marchant
etal. 2016), or may be more competitive than diploid species
(Pandit et al. 2011). Thus, polyploidy may be a causal factor
in fern range sizes.

The three main islands of New Zealand host 248 species of
ferns (Breitweiser et al. 2009). Of these, 196 are native and 52
have been introduced since Europeans arrived about 250 years
ago (Breitweiser et al. 2009). There are 76 genera, of which 16
are represented only by introduced species, and 31 families,
three of which contain only introduced species. The rate of
endemism in ferns in New Zealand is 44%, about half the rate
ofendemism for seed plants (Breitweiser etal. 2009). There are
only a few geographically restricted, “narrow” endemic ferns
in New Zealand (Brownsey 2001), almost half of which occur
on isolated islands. Several introduced species have spread
and become problem weeds, such as Selaginella kraussiana,
Dryopteris filix-mas (both introduced as ornamentals) and
Equisetum arvense (introduced accidentally), but many others
are only noted in occasional records as garden “escapees”
(Breitweiser et al. 2009).

Brownsey (2001) showed that many New Zealand ferns
have wide geographical ranges and thus their dispersal does
not appear to have been constrained by geographical barriers
within New Zealand. There is a relationship between climatic
gradients (mean annual temperature and rainfall) and fern
distribution patterns (Lehmann et al. 2002; Zaniewski et al.
2002). For a few species, geothermal environments influence
distributions by either excluding species, or providing specialist
habitats (Brownsey 2001). More fern speciation has occurred
in cool forest environments than in the alpine zones, which
are the hotspot of many of New Zealand’s flowering plant
radiations (Winkworth et al. 2005). Consequently, more of
New Zealand’s endemic ferns have southern distributions.
Some species that are widespread in other countries appear
to be constrained to the warm temperate areas of northern
New Zealand by climate (Brownsey 2001).

Here, we build on these previous works by quantitatively
assessing spatial patterns in the range sizes of all New Zealand
ferns across the whole country. New Zealand ferns are ideal
for studying species’ distribution patterns because of the
variability in life histories, habitat preferences, and distribution

patterns within a flora that is of manageable size and well-
known taxonomically and botanically (Brownsey & Smith-
Dodsworth 2000; Breitweiser et al. 2009). New Zealand spans
a broad latitudinal range from 34° to 47°, has mountainous
topography and a long coastline, which provides high habitat
diversity. Ecologically and biogeographically, New Zealand
ferns are an understudied group, but are potentially valuable
indicators of the particular environmental changes predicted for
New Zealand with climate change, such as increased dryness
in eastern areas. In this paper, we ask: (1) What patterns are
there in the New Zealand geographic ranges of fern species?
(2) What factors (life history traits, habitat, distribution, and
biostatus) are correlated with range size in New Zealand ferns?
(3) Do phylogenetically closely-related New Zealand ferns
have similar range sizes?

Methods

Data collection

A dataset compiled from herbarium records was used to map
distributions of individual New Zealand fern species on the
three main islands (North, South and Stewart), and to calculate
range sizes. Range data were obtained for all fern species in
New Zealand using data from three herbaria in 2013: Te Papa
(WELT), Auckland War Memorial Museum (AK) and the Allan
Herbarium (CHR) at Landcare Research in Lincoln. Species’
names and synonyms were updated and standardised to align
with the Te Papa fern list (Brownsey & Perrie 2013b) and recent
taxonomic revisions (Brownsey et al. 2013; Brownsey & Perrie
2013a; Perrie et al. 2013; Perrie et al. 2014). Sub-species were
combined for the purpose of this study, with the exceptions of
Asplenium appendiculatum subspecies appendiculatum and A4.
a. maritimum, Asplenium flaccidum subspecies flaccidum and
A. f haurakiense, Dicksonia lanata subspecies lanata and D. [.
hispida, Notogrammitis angustifolia subspecies angustifolia and
N. a. nothofageti, and Polystichum neozelandicum subspecies
neozelandicum and P, n. zerophyllum,which were all considered
to be ecologically and/or spatially distinct enough to be
considered separately. Specimens that were hybrids or had an
inconclusive identification were excluded. Thus, the full dataset
contained 255 taxa (including subspecies), of which 92 taxa were
endemic (36%), 112 were native but not endemic (44%) and
50 were introduced (20%) (see Appendix S1 in Supplementary
Material). Ten species were removed prior to analysis because
they occurred only on offshore islands, and a further 32 were
removed because they were classified as ‘casuals’, meaning
introduced species that self-propagated in New Zealand, but
were not yet fully naturalised. The analysed dataset therefore
contained 212 taxa (hereafter, species), within 65 genera and
30 families.

To quantify species’ ranges, point locations obtained from
databased herbarium records were used to create GIS point
maps for each species. These maps were individually checked
against documented distributions (e.g. Brownsey & Smith-
Dodsworth 2000) and edited using expert knowledge (LP and
PB). Anomalous records were discarded if their identification
and/or location could not be verified. These updated datasets
were used, in combination with the GIS layer of New Zealand
Ecological Districts (n = 268; McEwen 1987), to calculate
the area of occupied ecological districts within the three main
islands (North, South and Stewart). Second, using the updated
herbarium-based point locations layer, the latitudinal maximum,
midpoint, minimum and extent for each species were extracted.
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We correlated range sizes of New Zealand native and
introduced fern taxa with trait, habitat, and biostatus data
compiled from literature sources (Tagawa & Iwatsuki 1989,
Flora of North America Editorial Committee 1993, Brownsey
& Smith-Dodsworth 2000, eFloras 2014, Brownsey etal. 2013,
Perrie & Brownsey 2012, Perrie etal. 2012, Perrie et al. 2013,
Perrieetal. 2014). The choice of data was based on hypotheses
about the factors thought to be important for fern range sizes
(Table 1). Trait data included (Appendix S2): polyploidy

(or not), spore colour (green or brown), heterosporosity (or
homosporosity), frond dimorphism (different reproductive
fronds), presence of indusia (or not), plant size, mean leafarea,
plant structure (rthizome, short or tall trunk), epiphytic (or not).
Taxa were assigned to one of three structural types, climbing
or creeping rhizomes, erect rhizome or short trunk (less than
1.5 m), and tall trunk (greater than 1.5 m). A typical minimum
and maximum measurement for stipe length, lamina length
and width and pinnae length and width were recorded for all

Table 1. Hypothesised predictions of variable effects on range sizes and their effects and significance (Sig.) or non-significance
(NS) in the models for both native and introduced fern species, and for introduced species only. Model results were either
in line with hypothesised effects (v') or not (%); + indicates that the non-significant trend was in line with hypothesised
effects. Hypothesised predictions without citations are from this paper.

Variable Prediction and rationale

Effect Sig.

Model with both native and introduced fern species

Trait variables

Epiphytic
Rhizome or trunk type
Plant size

Mean lamina area

Dimorphism

Heterospory

Indusium

Spore colour

Polyploidy

Habitat variables
Habitat specialists
Forest habitats

Open habitats

Terrestrial
Rupestral

Distribution variables

Altitudinal zones
Global regions
Biostatus
Introduced

Native

Epiphytic species will have larger range sizes than non-epiphytic species because of advantage of height
for wind dispersal of spores (Tryon 1986).

Species with tall woody trunks (i.e. tree ferns) will have larger range sizes than those without because of
the advantage of height for wind dispersal of spores (Tryon 1986).

Larger plants will have larger range sizes than smaller plants. Taller plants have both competitive and
dispersal advantages over smaller plants due to height and more spores produced (Tryon 1986).

Species with larger lamina area will have larger range sizes than those with smaller lamina area.
Larger lamina area means larger photosynthetic surface and competitive advantage, by capturing more
light, shading out competitors and potentially more area for spores (Tryon 1986).

Species with dimorphic fronds will have larger range sizes those with monomorphic fronds.

Species with separate fertile fronds are more adaptable in resource partitioning in response to
environmental conditions. This could give a competitive advantage (Page 2002).

Homosporous species will have larger range sizes than heterosporous species because they may be able
to self-fertilise and therefore have an advantage in colonising new patches of habitat (Page 2002).
Species with indusia will have larger range sizes than those without indusia, as they have their spores
protected from heavy rain and strong wind until ripe and the plant is ready to release them, ensuring their
reproductive effort is not wasted.

Species with green spores will have smaller range sizes that those with brown spores. Species with green
spores have a shorter time frame in which to germinate (Lloyd & Klekowski 1970) so it is more difficult
to disperse widely.

Polyploid species will have larger range sizes than non-polyploid species. Polyploid species may be

better able to adapt to a wider range of environmental conditions (Marchant et al. 2016, Pandit et al. 2011).

Species that are habitat specialists will have smaller range sizes than generalist species because their
establishment and distributions are constrained by availability of suitable habitat (Peck et al. 1990;
Gaston 1994).

Forest fern species will have larger ranges than species that only occur in other habitats. Species which
prefer montane forest habitats currently have a large potential area to inhabit in New Zealand.

Species which live in open habitats will have larger range sizes than those that do not. Species which

live in open habitats have fewer physical obstacles to spore dispersal and therefore have an advantage

for long distance dispersal (Tryon 1986). Also, species which live in open habitats may be better
colonisers, adapted to exploiting disturbed areas, and have a lot of scope in agricultural landscapes which
dominate NZ today.

Terrestrial species will have larger range sizes than non-terrestrial species. Terrestrial species have more
potential habitat available than non- terrestrial species.

Rupestral species will have smaller range sizes than non-rupestral species. Rupestral species are limited
by the limited availability of their habitat requirements.

Species occurring in more altitudinal zones will have larger range sizes, because they have wider
environmental tolerances.

Species occurring in more global regions with will have larger range sizes than species that occur in fewer
regions. Species with wide global distributions are likely to be well-dispersed generalists with wider
distributions within New Zealand.

Introduced species will have smaller range sizes than native species because they have only arrived
within the last 200 years and have had less time to reach their maximum distribution.

Non-endemic native species will have larger range sizes than introduced species. Native species arrived
here unaided, have been in New Zealand for a longer time than introduced species and are therefore more
likely to be closer to their maximum range.

Sig.
NS
NS

NS

NS

NS

NS

NS

NS

Sig.

NS

NS

NS

NS

Sig.

NS

Sig.

Sig.
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Table 1. Continued.

Variable Prediction and rationale Effect Sig.

Endemic Endemic species will have larger range sizes than introduced species Endemic species have evolved in v Sig.
New Zealand, are well adapted to this environment, and have had time to maximise their distributions.

Model results for introduced species only

Global regions Species occurring in more global regions with will have larger range sizes than species that occur in v Sig.
fewer regions. Introduced species with wide global distributions are likely to be well-dispersed generalists
with wider distributions within New Zealand.

Years since naturalised Introduced species that naturalised earlier will have larger range sizes than those that naturalised later. v Sig.

Species that have been naturalised for longer have had a longer time to spread.

species for which this information was available. A plant size
variable was calculated by adding the maximum stipe length
and maximum lamina length. In some cases, where no stipe
is present, just the maximum lamina length was used. An
estimate of lamina area was calculated as the area of an oval:

0.5 X (Liax +me)) (0.5 X (Wanax +Wirin) ) (1)

mean lamina area = n( > 2

where L is the lamina length and W is the lamina width. Ferns
were classified as either monomorphic if the sterile and fertile
fronds were similar in appearance, or dimorphic if they differed
(Jones 1987; Sharpe & Mehltreter 2010). Most ferns have brown
spores but some have green, chlorophyllous spores, therefore
the colour was recorded as well as the presence or absence
of indusia (protective flaps over the spore bearing structures;
Jones, 1987). Information regarding spore colour was sourced
from Lloyd and Klekowski (1970). The heterosporous or
homosporous status of each species was taken from Smith etal.
(2006). Data about polyploidy were compiled by comparing
reference lists of chromosome numbers (Kramer & Green
1990; Smith et al. 2006) with lists of observed chromosome
numbers (Dawson et al. 2000; Dawson 2008).

Ferns were classified according to their habitat preferences
following Brownsey & Smith-Dodsworth (2000), Flora of
North America Editorial Committee (1993), and eFloras
(2014) by scoring each species as to whether it was terrestrial,
epiphytic, rupestral, or none of these, and whether it was
known to preferentially occur in forest or open habitats.
Further, species were classified as habitat specialists if they
are specialised in one of the following ways: (1) species
which occur in coastal environments only, (2) those occurring
predominantly in thermally active environments, (3) those only
in base-rich substrates, such as limestone outcrops, (4) those
that live only in water, i.e. aquatic species, (5) those which
grow in hot rock habitats (dry, sunny rocky areas in full sun,
excluding limestone), and (6) those only in gumland soils
(sites which were previously kauri forests, characterised by
infertile, acidic soils). Species which did not prefer any of these
six habitats were recorded as habitat generalists. There is little
host-specificity in the New Zealand fern flora. Trichomanes
venosum usually occurs on the trunks of a subset of the tree
fernspecies. Tmesipteris elongata, T. horomaka, T. lanceolata,
and T sigmatifolia are also usually found on tree ferns, and
for some of these Tmesipteris species, the specificity is getting
close to absolute and only on a subset of the tree fern species.
The tree ferns themselves are widespread.

Hymenophyllum malingii mainly (but not exclusively)
grows on Libocedrus bidwillii. It is unlikely that these patterns
for a few species would affect species’ range size patterns at
the level of the New Zealand flora, so host specificity was not
included as a variable.

Distribution data included the number of altitudinal zones
(coastal, lowland, montane, subalpine, and alpine) and the
number of global regions each species occurred in, which may
reflect the environmental tolerances and dispersal abilities of
species, respectively. For both introduced species and native
species, the other parts of the world where each species
occurred were recorded and included both current distributions
and native range. Global locations were clustered into seven
regions: Australia, the Pacific (excluding New Zealand),
Africa, North America, South and Central America, Asia and
Europe. A coarse measure of global distribution was calculated
by summing the occurrence of each species across the seven
regions. New Zealand endemic species were assigned a global
distribution value of zero. For introduced species, the number
of years since naturalisation was recorded (New Zealand Plant
Conservation website http://www.nzpcn.org.nz/) as 2014 minus
the year naturalised.

Biostatus data were collated by classifying each species
as either endemic, native but not endemic, or introduced.
The conservation status of each species in New Zealand was
recorded using the New Zealand Threat Classification Series
(de Lange et al. 2013).

A phylogeny for all 212 species was assembled using
Mesquite (Maddison & Maddison 2015), based on previous
phylogenetic analyses of DN A sequences. Relationships among
families and genera were determined using Pryer et al. (2004)
and Schuettpelz & Pryer (2007). Additional sources were used
to determine relationships among genera (Wikstrom & Kenrick
2000; Perrie et al. 2003; 2010; 2012; 2014; Korall et al. 2006;
Schneider et al. 2006; Ebihara et al. 2007; Bouma et al. 2010;
Hennequin etal. 2010; Lehtonen etal. 2010; He & Zhang 2012;
Perrie & Parris 2012; Labiak et al. 2014; Brownsey et al. 2013;
Ohlsen et al. 2015). Known allopolyploids were systematically
linked with their maternal (chloroplast) parent.

Data analysis

Variation in range measures (ecological districts range area,
latitudinal maximum, midpoint, minimum and extent) for the
taxa that occurred on the mainland (n = 212) was visualised
and compared graphically across taxa and biostatus groups. We
used generalised linear mixed-effects models to quantify the
relationships between species’range sizes and the measured trait
variables while accounting for phylogenetic non-independence
of species by including genus and family as random effects
in the models. Generalised linear mixed-effect modelling has
the advantage over phylogenetic least squares regression of
allowing an estimate of variance explained by both the fixed and
random effects to be estimated (Nakagawa & Schielzeth 2013).
Pearson’s correlations were used to investigate correlations
among traits; only uncorrelated sets of traits were included in
models explaining variation in species’ range sizes.
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Two sets of mixed-effects models were constructed,
each using a different subset of the data. First, a model set
was constructed for the 165 species for which a full dataset
of traits and other characteristics could be obtained. This
model set consisted of the full model containing all variables,
an intercept-only model (to allow us to estimate the overall
importance of our variables), a ‘trait’ model (including
heterospory (aquatic ferns), epiphytic, rhizome/trunk structure,
plant size, dimorphism, spore colour, indusium, mean leaf
area, polyploidy), a ‘habitat’ model (including specialist or
generalist, terrestrial, rupestral, forest, open), a ‘distribution’
model (including number of altitudinal zones occupied,
number of global regions occupied) and a ‘biostatus’ model
(whether species were endemic, native but not endemic, or
introduced). Taxonomic family and genus were both included
as random effect terms. An additional model set, constructed
in the same manner, but using 212 species for species with
values for all variables except polyploidy, plant size and mean
leaf area, gave very similar results to the model for the 165
species and so is not discussed further here (Appendix S3). We
used the phylogenetic topology to create an ultrametric tree
by computing branch lengths using Grafen’s (1989) method.
This phylogeny was used to estimate the degree to which
species’range sizes were correlated with phylogeny for the full
model by using weighted generalised least squares modelling
to estimate Pagel’s lambda for each of the model sets above
(excluding genus and family). In each case, we compared a full
model with lambda set to zero, which assumed no influence
of evolution on range size, with a second model with lambda
set to one, which assumed Brownian motion evolution, given
the tree (Symonds & Blomberg 2014).

Afinalmodel setusing the 41 introduced species, including
the 32 “casual” species, was constructed from only two
variables: the number of years since naturalisation and the
number of global regions occupied. This,and models containing
each variable separately, were compared to an intercept-only
model. Data for casual species were incomplete, so only
two variables were tested. Due to the low sample size, only
taxonomic family was used as a random effect.

For each of the two model sets, a full model containing all
trait and characteristic data was constructed and compared to
an intercept-only model. In each case, model averaging of the
entire set of models was used to visualise the predicted effects
ofeachvariable (Symonds & Moussalli2011; Mazerolle 2015).
Each model was weighted according to its Akaike weight in
the model averaging process, so the maximum amount of
information was retained from each model, but in proportion
to how useful each model was deemed to be by the previous
AICc comparison process (Burnham & Anderson 2002).
The modelled effects of trait and characteristic variables are
graphically presented as predicted values.

All data analyses were conducted in R version 3.1.2 (R
Core Team 2014); generalized linear mixed effects models
were conducted using the package ‘lme4’ (Bates et al. 2014)
and compared with the packages ‘AICcmodavg’ (Mazerolle
2015) and ‘MuMIn’ (Barton 2015); generalized least squares
models were conducted using the package ‘nlme’ (Pinheiro
etal.2014), and phylogenetic tree data were manipulated using
the package ‘ape’ version 3.3 (Paradis et al. 2004).

Results

Patterns in geographic range size

The three most common species with range sizes greater than
13 000 km? were all native: Asplenium flaccidum, Asplenium
hookerianum and Polystichum vestitum; of these, only
P, vestitum is endemic. The five most narrowly-distributed
species (excluding ‘casuals’) with range sizes less than
1000 km~ were also all native: Macrothelypteris torresiana,
Notogrammitis angustifolia subsp. angustifolia, Sticherus
tener, Sticherus urceolatus, Tmesipteris horomaka, and of
these, only 7. horomaka is endemic.

Most species (c. 70%) had small range sizes of less than
75 000 km?, although range sizes were not strongly right-
skewed; about one-third of species had ranges greater than
75 000 km? showing that a core group of species were fairly
widely distributed throughout New Zealand (Fig. 1a). Ranked
species’ range sizes similarly showed that very few species
were widespread, with ranges greater than 100 000 km?
(Fig. 1b); these patterns were unrelated to the extent of their
global distributions (Appendix S4). Comparison of native and
introduced species showed that the majority of introduced
species were relatively narrowly distributed in New Zealand;
introduced species, including most of the ‘casuals’, comprised
60% of the species with range sizes under 10 000 km? (Fig. 1b).
In contrast, non-endemic native species and endemic species
varied widely in their range sizes, and these groups contained
substantially more species (n = 73) with range sizes greater
than 75 000 km? (Fig. 1b); of these, 52% were endemics and
the remainder were non-endemic, native species.

Latitudinal extent data showed that more species were
relatively widely distributed across latitudes than narrowly,
and that latitudinal extent was strongly related to range size
(Fig. 2a). Most species had far southern range limit (Fig. 2b),
range midpoints near to the centre of New Zealand: —40.85
degrees latitude (Fig. 2¢), and a far northern range limit (Fig.
2d). Introduced species were the exception to these patterns,
with many being limited to northern latitudes (Figs 2a—d).

Of the 24 native species with range sizes of less than
10 000 km?, nine were categorised as habitat specialists (38%
specialists, compared to specialists comprising only 12% of
the total number of species), and all but four species were on
the threatened species list with ratings from “Atrisk, naturally
uncommon” to “Threatened, nationally critical”. On average,
native species of conservation concern had substantially smaller
range sizes than non-threatened species; the meanrange size (+
one standard deviation) of species of conservation concern was
14 627 £ 13 416 compared to that of non-threatened species
=72 288 + 33 627, (see Appendix S1 for the list of species
and their current conservation status, and Appendix S5 for a
comparison of range size between species of conservation
concern and non-threatened; range size is one of the criteria
for determining rarity and threat status).

Factors correlated with range size

Mixed-effects models for all fern species for which we had
trait and other characteristics (n = 165) showed that four
variables were important in predicting differences in range
size measured as area of ecological districts occupied (Tables
1-3): (1) species that were epiphytic had larger range sizes than
those that were not epiphytic (see model-averaged predictions
in Fig. 3a), (2) habitat specialists (in coastal environments,
thermal environments, base rich substrates, aquatic habitats or
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occurring on the main islands of New Zealand
— (n = 254), calculated using area of ecological
districts occupied and range polygons shown
204 as (a) frequency histograms and (b) ranks from
8 smallest to largest range size. The number
B - of species in each biostatus category was 50
2 ] introduced, including casuals (black), 112
s || - native but not endemic (medium grey) and 92
g endemic (light grey).
E 104 —
=3
z
0 -
0 50000 100000 150000
b Area of occupied ecological districts (km2)
150000 4
<
3
E
b
2
T 100000
8
8
Q
3
3
S 50000
Q
8
kS
E
<
04
0 30 60 %
Species rank
* 150000 o ® *150000 8 Figure 2. Different measures of range
. o ° size for all fern species occurring on
E S 4 E @ the three main islands of New Zealand
;u;' A Py (n=254). (a) Relationship between
£ 100000 oo 8 L £ 1000001 2 range size, as measured by the area
e o © ~ 2 A o o of ecological districts occupied, and
§ o ® 0008 oy .' § 00 & ® latitudinal range extent (degrees;
8 O.} $°%% | 3 o & R southern range limit minus the
@ 500001 ® . ogoo oc® 0| o s ‘)(2 o O'o L northern range limit). Relationships
@ O 8 o oo | @ & C? €9 oo between range size (as area of
g 5 P% © éz o0 2 ® .lﬁ ‘Oo ecological districts occupied) for all
. Moo, %:'..% = 08°° ¢ o =Y fern species occurring on the main
0 ® o 8 ®e O ® . % o islandsofNew Zealand (n=241)and
0 5 10 B3 B Ea their latitudinal range characteristics
C. Range size latitudinal extent (degrees) d ) Southern range limit (degrees) in degrges: (b) Sotherr} range limit,
150000 o ] (c) Latitudinal midpoint, and (d)
_ ® Northern range limit (note that more
E ° @ < ® negative latitudes are further from the
2 . = equator in the Southern Hemisphere).
£ 100000 | o 2 ° Black circles represent introduced
£ 00 % Fe = 1000001 °o 9 ! ! pres
e o O 5 L4 species, mid-grey circles represent
§ e g & g A native, but not endemic species and
3 o %. 0 3 § g light grey circles represent endemic
@ .
@ 50000 L SAPTSE T ® ool .c?' % species.
2] @ @ % (e}
9 Q§H 9 @ b oP
g ® @ = )
9] @& 'Y ] O Cﬁ
G2 0% e o
@ ® ® & [ ) °
| ®°  oceeee ° ' e®® © . e e &

44 - 40 -36 a4 40 36
Latitudinal midpoint (degrees) Northern range limit (degrees)



254

New Zealand Journal of Ecology, Vol. 42, No. 2, 2018

a.

100000 Figure 3. Model average predictions and
their standard errors representing the effects
of biostatus and (a) whether epiphytic (or

75000 not), (b) habitat specialist or generalist, and

E (c) number of altitudinal zones occupied
© (observed data are shown as points) on range
& Biostatus size (area of ecological districts occupied) for

Introduced 3
£ 50000 Nairoaa 165 New Zealand fern species.
= not endemic

B Endemic
°
5
9
o 25000

0
Not epliphytic Epiplhytic

b Epiphytic

60000 4

N
£
X
[0}

N

@ Biostatus
8, 40000 - [ introduced
S Native
= not endemic
B Endemic
°
g
9
a 20000+

0-
Gene‘ralist Speéialist
C. Habitat breadth
150000
L]
a ° °

— ¢

E ' |

= 100000 1 2 e
© 0 e

N ] P Biostatus
[} [} - =——e—Introduced
jo2} ] o
c u i n Native .
© ; ! not endemic

8 2 Endemic

- ]

S 50000+ - s

e}

19 .

o L

.
o
g $
0 © L2 °

1 2 3
Number of altitudinal zones occupied

gumland soils) had smaller range sizes than generalists (Fig.
3b), (3) introduced species had smaller range sizes than either
native but not endemic species or endemic species (Figs 3a,b),
and (4) species that occupied more altitudinal zones (coastal,
lowland, montane, subalpine, and alpine) had larger range
sizes than those with more restricted altitudinal distributions
(Fig. 3c). Azolla rubra, a widespread native aquatic fern,
was the only habitat specialist with a very large range. Other
variables included in the models did not predict differences
in range size (Appendix S6).

For introduced species (n = 41), those that had been
naturalised for longer had larger range sizes, as did those that
occupied a greater number of global regions (Table 2, Fig. 4).
The five species which had been naturalised the longest were

Cystopteris fragilis, Polystichum proliferum, Polystichum
setiferum, Pteris cretica, and Osmunda regalis, and the
introduced species with largest range sizes were Selaginella
kraussiana and Equisetum arvense, followed by Dryopteris
filix-mas and Adiantum raddianum.

Importance of phylogenetic effects in determining range
size

Despite median range sizes differing substantially among
genera and families (Fig. 5), only a small proportion of
variation in range size was accounted for by genus (Rzadj =
6%) and family (Rzadj =6%) in linear models with either genus
or family as a fixed effect, and neither was a significant term
in the model (Table 2). The estimate of Pagel’s Lambda from
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Table 2. Linear mixed effects model AICc model comparison statistics showing the relationships between (a) range sizes and
species’ traits, habitat variables, distribution variables and biostatus for 165 species for which all variables were recorded
and (b) range sizes of introduced (including casual) species to the number of global regions (‘Global’) and the years since
naturalisation (“YrsNat”). In each case, all variables in the model sets were combined in a ‘Full”’ model and compared to an
‘Intercept-only’ model. See Table 1 for further details of the models. In each model set, change in AICc (AAICc) relative
to the top model and the probability that each model was the top model (AICc weights; AICcWt) were calculated in
comparison to all other models in the set. The number of model parameters (K), the log likelihood of the model fitting the
data better than the other models (Log Lik.), the variance explained by the fixed effects alone (R? fixed) and the fixed and
random effects combined (R? total) are given. For (a), the evidence ratio between the “Full” model and the “Distribution”
model was 2.13, meaning that the “Full” model is 2.13 times more likely to be the best fit model in the model set. For (b),
the evidence ratio was 66.5.

Model K AlICc AAICc AICcWt Log Lik. R? fixed R? total

a. Native and introduced species (n= 165)

Full 23 3909.06 0.00 0.68 —1927.61 0.44 0.44
Distribution 6 3910.57 1.51 0.32 —1949.02 0.28 0.28
Habitat 10 3932.08 23.02 0.00 —1955.32 0.22 0.28
Biostatus 6 3937.76 28.70 0.00 —1962.61 0.14 0.16
Intercept-only 4 3957.05 47.99 0.00 —1974.40 0.00 0.06
Trait 14 3962.37 53.32 0.00 —1965.79 0.11 0.11

b. Introduced species (n = 41)

Full 5 130.74 0.00 0.98 —59.52 0.48 0.48
YrsNat 4 139.14 8.39 0.01 —65.01 0.32 0.32
Global 4 140.70 9.95 0.01 —65.79 0.31 0.40
Intercept-only 3 152.24 21.49 0.00 —72.79 0.00 0.00

Figure 4. Model average predictions and their
. standard errors representing the effects of (a)
years since naturalisation and (b) number of
global regions occupied on range size (arca
of ecological districts occupied) for 41 fern
species introduced to New Zealand. The
coefficient estimates (standard error) values
from the “Full” model were 0.66 (0.17) for
year since naturalisation and 0.59 (0.17) for
the number of global regions occupied; both

Log Predicted range size (kmz)

. ° are considered significant because an interval
" . o of two standard errors from these estimates
o did not overlap zero. Observed data are shown
61 ® as points.
[
5‘0 160

Years since naturalised

Log Predicted range size (km2)

T T T T T

1 2 3 4 5
Number of global regions occupied
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Table 3. Coefficient estimates and their standard errors from the set of linear mixed effects models relating fern range sizes
(n = 165) to species’ traits (heterospory (aquatic ferns), epiphytic, trunk structure, plant size, dimorphism, spore colour,
indusium, mean leafarea, polyploidy), habitat variables (specialist or generalist terrestrial, rupestral, forest, open), distribution
variables (number of altitudinal zones occupied, number of global reglons occupled) and biostatus (endemic, native but not
endemic, introduced). The “Full” model explained 44% of the total variance in species’ range sizes. Variables for which an
interval of two standard errors from the estimate does not overlap zero are considered significant (bold).

Variable Estimate Standard error
Heterospory 30522.1 18300.8
Specialist vs. generalist habitat preference —27365.0 8526.7
Biostatus — native but not endemic vs. introduced 23928.0 9391.0
Biostatus — endemic vs. introduced 23420.4 11339.0
Epiphytic 21549.6 7567.3
Number of altitudinal zones occupied 13737.9 2713.8
Terrestrial 12418.8 8118.3
Rhizome/Trunk structure — creeping vs. tall —12307.9 18457.4
Rhizome/Trunk structure — short vs. tall -9671.5 18587.9
Plant size 7942.8 4095.7
Dimorphic fronds 7504.3 8079.7
Rupestral =7231.9 7942.2
Forest habitat 6387.1 6366.7
Spore colour — green —5800.7 8626.9
Open habitat —2637.6 5363.4
Indusium present —2065.8 5983.4
Number of global regions occupied —3744.2 3572.8
Rhizome/Trunk structure — creeping vs. short 2636.4 5305.2
Mean leaf area —1337.6 4753.5
Polyploid —846.1 6209.9
Biostatus — endemic vs. native but not introduced =507.6 6359.2
a.
150000 Figure 5. Boxplots showing the
distribution of range sizes calculated as
’ the area of ecological districts occupied
< . I for (a) species in the eleven genera with
£ 100000 . . .
< five or more species, (b) species in the
S Q thirteen families with five or more species.
f:; The black line within the box represents
é 50000 the median range size, the box is the
interquartile ranges and the whiskers are
%l ' ’ 1.5 times the interquartile range. Box
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a generalized least squares model (n = 165) containing all
fixed effects was 0.04 (—0.28, 0.36 =95% confidence interval,
which includes zero). Likelihood ratio tests comparing the fit
of generalized least squares models setting Pagel’s lambda to
zero (assuming no influence of phylogeny on range size) and
one (assuming Brownian motion in evolution, given the tree)
showed that the model excluding phylogeny fitted better. These
results suggest that phylogeny was not significantly related to
the range sizes of ferns.

Discussion

Patterns in New Zealand fern range size are consistent with
those of other taxonomic groups (Rabinowitz 1981, Gaston
1996, Gaston et al. 1998, Morin & Lechowicz 2011). More
species have narrow ranges than are widespread, range sizes
decrease at latitudes closer to the equator and species’ traits and
habitat preferences are correlated with range size: species with
larger ranges are more likely to be native, have an epiphytic
growth habit, be able to occupy a wider altitudinal range, and/
or are not a habitat specialist. We discuss these results in the
context of rarity classification, spatial patterns in range size,
and the implications of biostatus and habitat preferences for
future changes in the New Zealand fern flora.

We observed a greater number of range-limited than
widespread species; however, a substantial proportion of native
species had relatively large range sizes, of greater than 75 000
km? (Fig. 1). This suggests that a large proportion of species are
not limited by their dispersal ability (Brownsey 2001; McGlone
et al. 2001). The larger proportion of species with narrower
ranges, the ‘rare’ species, may be thought to be at higher risk
of extinction (Di Marco & Santini 2015). However, we have
investigated only two of the three characteristics (range size
and habitat specialisation, but not population density) with
which Rabinowitz (1981) constructed her classification of
rarity, so we can only classify rarity patterns for New Zealand
ferns in a simpler matrix of four types (Table 4). The upper
left quadrant of Table 4 contains widespread species, of
which most are considered common; 22% of species occur
throughout the three main islands (Brownsey 2001). The
upper right quadrant contains species which are not habitat
specialists, but in New Zealand, their ranges are restricted to
northern latitudes by temperature tolerance. Some of these
species have widespread tropical distributions. Others are
introduced species with small ranges, probably due to their
recent introduction, rather than habitat specificity. The lower

left quadrant contains those few species that are relatively
widespread in spite of their habitat specificity (likely due to
their specific habitat being widespread), and the lower right
quadrant contains those species with very specific habitat
requirements and restricted ranges (likely due to their specific
habitat being narrowly distributed).

The effect of geometric constraints due to the shape of
New Zealand (Colwell & Hurtt 1994, Colwell & Lees 2000)
is a strong determinant of range size for these ferns, a result
consistent with McGlone et al. (2010) for tree ferns. Many
native and endemic species have large geographic ranges that
are only constrained by either the terrestrial southern or northern
limit of New Zealand. These geometric constraints create a
pattern partially consistent with Rapoport’s rule, which predicts
that species’ range sizes become smaller towards the equator
(Janzen 1967; Rapoport 1982; Stevens 1989). InNew Zealand,
latitudinal extent was strongly related to fern range size (Fig.
2a). However, fern distributions were only measured within
the major islands of New Zealand, regardless of where they
occurred elsewhere, so distributions necessarily end where the
land meets the sea, ifnot before. Thus, the relationship between
range size and latitude asymptotes at the latitudinal extent of
New Zealand: from —47.31 to —34.38 degrees latitude (Figs
2c,d); species with midpoints further towards the northern or
the southern end of New Zealand had smaller ranges (Fig. 2c¢).
The distributions of species northern and southern latitudinal
limits show that many species had large ranges extending well
into the South Island, but only a few species were restricted
to these southern areas (Figs 2b,d). Consequently, many
species with large ranges had range latitudinal mid-points
occurring near the latitudinal mid-point of New Zealand (Fig.
2¢). Species with large range sizes are expected to be more
geometrically constrained than those with small range sizes
(Colwell & Hurtt 1994). New Zealand has a long latitudinal
spread and is relatively narrow longitudinally, so range sizes
and latitudinal extent were correlated (Fig. 2a). Thus, any
other mechanisms that might generate patterns consistent
with Rapoport’s rule are likely to be partially obscured by the
strong effect of geometric constraints (Colwell & Lees 2000).
For example, there were a larger number of species with range
mid-points in northern New Zealand latitudes than southern
(Fig. 2c). These northern species often are ferns of tropical
origin, which are restricted to the far north of New Zealand
by climatic constraints (Brownsey 2001).

We identified four factors significantly correlated with
range size across all New Zealand fern species: epiphytic
growth habit, habitat specialisation, the number of altitudinal

Table 4. Types of rarity identified for New Zealand ferns based on their geographic range size and their habitat specificity.

Geographic range

Habitat specificity Large

Small

Wide Widespread, common, native, e.g. Polystichum

vestitum, Blechnum penna-marina,
Microsorum pustulatum.

Narrow Widespread, but habitat specialists, e.g.

Asplenium lyallii (endemic), which grows in
base-rich environments and Azolla rubra, a

native aquatic fern.

Limited range, but habitat generalists, e.g. native (but not
endemic) tropical species confined to far North of New
Zealand by temperature such as Pteris comans,
Macrothelypteris torresiana. This category also includes
most introduced species.

Very restricted ranges and habitat specialists, e.g.
Asplenium cimmeriorum, limestone cave entrances;
Dicranopteris linearis geothermal areas; Pleurosorus
rutifolius hot rocks.
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zones inhabited and biostatus. Native species had significantly
larger range sizes than introduced species. Fern species
introduced to New Zealand have all arrived since European
settlement, a little over 200 years ago. This contrasts with the
native species, which have all had much longer periods of
time in which to disperse, adapt and evolve in situ, so it is not
surprising thatthey have larger ranges than introduced species.
Three quarters of the introduced species analysed are classed
as “casuals”, meaning they are not considered naturalised,
and these, by definition, have very small, and sometimes
disjunct, ranges. There is a clear relationship between the
length of time since a fern species arrived and how far it has
spread, consistent with introduced species from other plant
groups in New Zealand (Sullivan et al. 2004). This pattern of
increasing range size over time indicates that we can expect
future spread of introduced ferns. The number of global regions
that an introduced species occurs in was also found to relate
to range size, so it is likely that some species that are already
widespread outside of New Zealand will extend their ranges
within New Zealand significantly, and may become invasive,
as has already occurred for Equisetum arvense, Selaginella
kraussiana and Dryopteris filix-mas.

Not surprisingly, we observed that, on average, habitat
specialists had significantly smaller range sizes than habitat
generalists. This pattern is likely explained by the limited area
of the preferred habitats of these specialist species, such as
thermal zones, and limestone areas. One species that breaks
that pattern is the aquatic fern, Azolla rubra, which has a
relatively large range size (82 199 km?). This species is the
only nitrogen-fixing fern native to New Zealand (symbiosis
with the cyanobacterium Anabaena azolae) (Peters 1977),
which may increase its tolerated range of habitats. The number
of altitudinal zones occupied was included in our models to
represent elevational differences in fern distributions, in the
absence of more precise elevation data. These altitudinal zones
reflect different habitat types in that a larger elevational range
indicates a broader tolerance of environmental differences
(Kessler 2002), which implies generalist habitat preferences
and therefore, larger expected range sizes. Ferns which grew
epiphytically were more widespread than those which did
not; 42% of the species with the 50 largest range sizes were
epiphytic, whereas only 30% of all species were epiphytic.
This result is consistent with some other studies (e.g. Bach
et al. 2007) and could be because of the added height gained
from their host trees creating an advantage for spore dispersal
to new sites. However, Watkins et al. (2006) observed that
epiphytes have larger elevational ranges, suggesting they
have broader climatic tolerances than terrestrial species. In
contrast to the pattern observed here, Kessler (2002) observed
no relationship between epiphytic growth forms and range
size in ferns in Bolivia.

The effect of phylogenetic relatedness on range size was
found to be very small relative to the effects of the other
variablestested. Guo etal. (2003) found indications of possible
phylogenetic constraints on distributions in Japanese ferns
by analysing differences between speciose genera and the
Japanese fern flora as a whole. In New Zealand ferns there
is considerable variation in range size distributions among
taxonomic families and among genera. Almost all genera
contain a few species with very small range sizes, but not all
genera have species with very large range sizes. Adiantum
and Lycopodiella are unusual among genera because almost
all species have relatively small range sizes (except Adiantum
cunninghamii). Cyathea and Lastreopsis are unusual in that

both have little variation in range size among their species,
and all are mid-size. However, our analysis showed the
overall relationship across the 165 modelled species between
phylogeny and range size of ferns was insignificant.

Species’ geographic range sizes are seen as predictors
of their extinction risk (Di Marco & Santini 2015). Our
research shows that a substantial portion of the fern flora
appear to be habitat specialists that are consequently limited
in their distributions and thus at risk from land use change,
climate change effects and disturbance. These results highlight
data gaps required for further research on the ecology and
conservation of New Zealand ferns (also see Brock etal. 2016).
More meaningful predictions of potential change in species’
distributions could be made by including information on other
ecological characteristics such as detailed habitat preferences,
population dynamics, and response to environmental
disturbances (e.g. Brock et al. 2018). Further, such data, when
combined with more detailed trait data which better represent
species’ environmental effects and responses, such as from
the leaf economic spectrum (Karst & Lechowicz 2007) and
leaf venation (Sack & Scoffoni 2013), can be used to ask
interesting questions about drivers of the spatial distributions
of New Zealand ferns.
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