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6 - Species—Area Relationships in
Alien Species: Pattern and
Process

TIM M. BLACKBURN, PHILLIP CASSEY
AND PETR PYSEK

6.1 Introduction

Earth is home to a remarkable diversity of life. We share our planet
with trillions of individual animals and plants and unimaginable
numbers of microbes. These organisms belong to millions of species,
most of which remain undescribed (Mora et al., 2011), distributed over
land and through the aquatic realms in a staggering array of forms. It is
the job of biologists to understand the rules that underpin this com-
plexity, yet it has not proved an easy task. Gradually, however, we have
started to identity regularities in the diversity and distribution of life.
We understand the broad process by which diversification occurs
(Darwin, 1859), even if we are still haggling over the details (Sherratt
& Wilkinson, 2009). We have also managed to identify regularities in
how the resulting diversity is distributed across the planet (Brown,
1995; Rosenzweig, 1995; Whittaker & Fernandez-Palacios, 2007).
Species richness is generally greater at low compared with high lati-
tudes, for example, and in larger relative to smaller geographic areas.
This latter pattern is the species—area relationship (SAR), of course, and
is our focus here.

The fact that species richness tends to increase with area has been
known for more than a century (Chapter 2) and there is an enormous
scientific literature documenting the form(s) of the relationship and
proposing and testing hypotheses for the underlying mechanism(s) (e.g.
Chapters 3 and 4). For most of the history of life, patterns in the
distribution of species have been the result of natural processes of
speciation, extinction and migration and the wide range of evolutionary,
ecological, environmental, life history and behavioural factors that deter-
mine variation in those processes. In the last few centuries, however,
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these natural processes have increasingly been perturbed and supplanted
by anthropogenic influences on the diversity and distribution of life.
Rates of speciation, extinction and migration have all been affected by
human activities, including habitat destruction and fragmentation, over-
harvesting, agriculture and trade. Rates of extinction and migration in
particular having increased worldwide in the last 500 years or so, by an
estimated two-to-three orders of magnitude above standard background
levels (Lawton & May, 1995; Gaston et al., 2003). Patterns of variation in
these rates have also been affected, with rates especially elevated on
islands (Moser et al., 2018).

The impacts of humanity on rates of migration have led to a new line
of research into SARs. Humans have primarily affected migration by
deliberately or accidentally translocating species beyond the natural
biogeographic limits of their distributions, to areas where they do not
naturally occur. These ‘alien’ species may establish viable populations in
their new recipient areas. Currently, emergent populations of alien
species are being recorded worldwide at an average rate of around
one a day, with no sign that the rate of accumulation is slowing down
(Seebens et al., 2017). Alien species that spread widely from the original
location of establishment and which have negative impacts on the
environment or socio-economic activities in their new range are
termed invasive (CBD, 2002). The negative impacts of some alien
species, coupled with the rate at which new aliens are accumulating,
have created a strong impetus to understand the process by which some
species invade and has led to the burgeoning research field of invasion
biology (Richardson, 2011). One interesting question here is the extent
to which alien species follow the same rules as native species when it
comes to patterns of diversity. In this chapter, we review the increasing
body of research exploring alien species richness in the context of
geographic area.

First, we assess the extent to which the richness of alien and native
species respond in similar ways to geographic area. This job has been
facilitated by the recent publication of a review and analysis of studies
that have assessed alien and native SARs for the same taxon in the same
set of areas, based on twenty-three studies reporting thirty-six native-
exotic pairs for both plant (twenty-two) and animal (fourteen) assem-
blages (Baiser & Li, 2018). Second, we assess how the addition of alien
species to areas affects the overall patterns of SARs. Third, we assess what
the relationship between area and richness for alien species tells us about
the mechanisms controlling the species—area relationship.
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6.2 Alien SARs

While studies in the ecological literature are near-unanimous in finding
that the number of species is a positive function of area, there is a range of
forms that the positive function can take (Chapters 4 and 7). Studies that
report SARs for alien species, however, as far as we are aware, are
unanimous in reporting species richness as a power function of area
(although that is not to say another SAR function may provide a better
fit in certain cases), such that:

S =A%, (6.1)
or to linearize the relationship for convenience:
log S=logc+z logA, 6.2)

where S is species richness, A is area, z is the exponent (slope) of the
relationship and ¢ is the intercept.

While it is possible to plot the relationship using nested areas (type I,
sensu Scheiner, 2003), such that smaller areas are subsets of larger ones,
only two studies of alien SARs that we are aware of have adopted this
approach (Hulme, 2008; Tarasi & Peet, 2017). This is too small a sample
to draw conclusions about the eftect of nesting areas on the form of alien
versus native SARs (although typically type I SARs as a group have
shallower slopes than other forms; Rosenzweig, 1995). All other studies
plot variation in species richness across discrete areas of different sizes,
with a slight preponderance of studies analysing areas that are true islands
(i.e. areas of land separated by water) versus different sized areas of a
contiguous landmass (e.g. different ecoregions within a continent; Baiser
& Li, 2018). Traditionally, island SARs are thought to have steeper slopes
than relationships from different sized areas of mainland (Rosenzweig,
1995).

Power function SARs can vary in terms of slope, intercept or both,
but most attention is typically focused on the slope. Baiser and Li (2018)
found that the slopes for alien SARs did not differ, on average, from the
slopes for native species plotted from the same taxon in the same area
(across studies, mean z = 0.233 versus 0.248, respectively). Thus, alien
species richness increases with area at the same rate as does native species
richness: in both cases, a ten-fold increase in area leads roughly to a 1.7-
fold increase in the number of species present. Further analyses incorpor-
ating information on taxon and location revealed SAR slopes to be
steeper for studies of plants than for animals and across islands versus
different-sized patches of mainlands (mainly island SARs but two nested
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SAR datasets were included), but still not to differ between alien and
native relationships in these taxa and locations (Baiser & Li, 2018). Thus,
plant richness accumulates faster with area than does animal richness and
faster with area on islands than on mainlands, but in each case still at the
same rate for alien and native species.

Comparison of SAR intercepts, on the other hand, reveals consistent
differences between alien and native species: in all cases, intercepts were
on average higher for native species than for aliens (Baiser & Li, 2018).
Intercepts were also higher for plants than for animals. Thus, a given area
in general has more species of plants than of animals and more native
species than alien species. However, it is worth noting that all bar three of
the fourteen studies for animals relate to vertebrates; we would expect
areas of a given size to have fewer species of plants than of some
invertebrate taxa, given the relative richness of different groups (Mora
et al., 2011).

The resulting average SARs reported for native and alien animals and
plants by Baiser and Li (2018) are presented in Figure 6.1, in the range
10 to 10,000 km”. Slopes for island SARs would be slightly steeper than
these depictions and slopes for mainland SARs slightly less steep. Overall,
the relationships suggest a general trend for there to be more alien species

15
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0.0

Log Number of Species

-1.0
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Figure 6.1 Depiction of the average species—area relationships identified by Baiser
and Li (2018) in their review of the literature, calculated from the average ¢ and
z-values for native and alien plants and animals, between areas of 10 and 10,000 km?.

Thick lines = plants, thin lines = animals, solid lines = natives, dashed lines = aliens.
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of plant in a given area than native species of animals in the studied
groups (though see the caveat about the lack of invertebrate studies) and
for the difference to be larger in larger areas. A total of 13,168 plant
species are known to have been naturalized somewhere in the world,
corresponding to 3.9% of the extant global vascular flora (van Kleunen
et al., 2015; Pysek et al., 2017), versus just over 400 bird species (Dyer
et al., 2017a) and around 150 mammal species (Capellini et al., 2015;
Blackburn et al., 2017). In fact, there are more species of naturalized plant
than there are native species of bird (around 11,000; HBW & BirdLife
International, 2017) or mammal (c. 5,400; Wilson & Reeder, 2005).
Given that the species richness of all these groups increases with area, we
would expect alien plants to outnumber the native species of birds and
mammals and many other taxa.

Additional studies document SARs for alien species, but without
corresponding comparative data for native species. For example, global
data on the combined richness of more than 15,000 alien species from
eight taxonomic groups (vascular plants, ants, spiders, fishes,
amphibians, reptiles, birds and mammals) across 446 regions of the
world also showed a general positive eftfect of area (z = 0.35), with a
steeper slope for island (0.53) versus mainland (0.25) regions (Dawson
et al., 2017). The lack of equivalent slopes for native species in this and
other studies makes them of lesser interest for a comparative assessment
of SARs in aliens versus natives and so we do not consider them
further here.

6.3 Aliens in SARs

The general similarity in the slopes of alien and native SARs for a given
taxon and the larger intercepts of the latter imply that SAR analyses that
do not account for the origins of the species included will produce results
that differ little from analyses that exclude aliens. The average slope and
intercept values for alien and native plant and animal SARs shown in
Figure 6.1 translate into five times as many native as alien plant species in
a given area, on average, and 3.5—4.0 times as many native as alien animal
species. Thus, SARs that do not distinguish native and alien species will,
in general, tend to have slightly higher intercept values, and minimally
different slope values. That said, there is a reasonable amount of variation
in the slopes and intercepts of alien and native SARs across studies, so that
in some cases the presence of alien species can make a substantial
difference to the observed relationship.
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For example, Whittaker et al. (2014) plotted SARs for spiders and
beetles of different provenance across nine islands in the Azores. The
overall SAR for all spider species (¢ = 2.915, z = 0.25) was heavily driven
by the presence of alien species (¢ = 2.38, z = 0.268), which constituted
two thirds of the species in the analysis and similar proportions of the
richness of individual islands. The SAR for indigenous spiders has both a
lower intercept (2.034) and slope (0.220). Thus, the presence of alien
spiders substantially alters the intercept of the SAR for Azorean spiders
and to some degree also the slope. Aliens similarly dominate the beetle
fauna of these islands, constituting more than 60 per cent of species. They
subsequently elevate the Azorean beetle SAR substantially and again
affect the slope to some degree (Whittaker et al., 2014).

Sax and Gaines (2005) found that SARs for native and alien plants on
oceanic islands showed common slopes (0.31) and intercepts (1.46), such
that these islands house equivalent richness of both groups. The addition
of alien species eftectively doubles the plant richness of these islands. Sax
and Gaines (2005) plot SARs for plants in five sets of areas before and
after human intervention (i.e. before versus after human-mediated
extinction and naturalization). They found that in all cases, the slopes
of the relationships remained eftectively constant, but the intercepts
increased. However, the magnitude of the increases relates to the richness
and isolation of the areas. Isolated, species-poor oceanic islands increase
the most (100 per cent increase), followed by California Channel Islands
(44 per cent), with well-connected, species-rich Californian mainland
counties increasing in plant richness the least (17 per cent). In this
example, aliens are thus causing the richness of species-poor and
species-rich areas to converge.

6.4 Mechanisms Underlying Alien SARs

The burgeoning number of alien species establishing populations world-
wide provides strong motivation on its own to study patterns of variation
in their richness. Alien species are a classic example of a natural experi-
ment (Diamond, 1986), in which human actions intentionally or acci-
dentally bring about changes in natural systems that can be considered
analogous to experimental manipulations. As such, they represent an
opportunity to explore the mechanisms that underpin variation in diver-
sity: 1) through the extent to which they show similar or divergent
patterns to native species and ii) given similarities and differences in the
way different hypothesized mechanisms may act on alien compared to

© Cambridge University Press www.cambridge.org



Species—Area Relationships in Alien Species - 139

native species (Sax et al., 2005; Cadotte et al., 2006). What then do the
regularities in alien versus native SARs tell us about the determinants of
richness in both groups?

6.4.1 Sampling Effects

Arguably, the simplest answer to this question is ‘nothing’. This position
arises from the observation that the number of alien species in an area is
typically a strong and positive function of the number of alien species that
have been introduced to that area (termed colonization pressure; Lock-
wood et al., 2009). For example, Blackburn et al. (2008) showed that the
SAR for alien birds established on a sample of thirty-five islands world-
wide had a more or less identical slope (but lower intercept) to the SAR
for alien birds introduced to those islands (0.18 versus 0.20). This suggests
that alien bird richness was eftectively a constant proportion of the
number of species humans had translocated to an island, with variation
in colonization pressure therefore being the primary driver of the alien
SAR slope. Dyer et al. (2017b) showed that colonization pressure was by
far the strongest predictor of alien bird species richness worldwide, albeit
with other anthropogenic (time since first introduction, distance to a
historic port) and environmental (native species richness) factors explain-
ing additional variation in richness. A positive relationship between alien
species richness and colonization pressure is expected because, at least in
closed systems such as many oceanic islands or archipelagos, the latter sets
a ceiling on the former (Lockwood et al., 2009): thus, the relationship is
between Y and X + Y, where Y is alien species richness (the number of
introduced populations that establish in an area) and X is the number
of introduced populations that fail. The null expectation for relationships
of this form, which are termed ‘spurious’ (Prairie & Bird, 1989; Brett,
2004), is positive rather than zero. While alien species can in theory
disperse between geographic regions, in practice few aliens spread widely
enough that the richness gains from spread outweigh losses due to the
failure of introduced populations to establish (most populations fail;
Williamson, 1996). Therefore, any SAR we observe for established alien
species may actually be a SAR for introduced alien species, with no
additional processes required to generate the established alien SAR
beyond random extinction.

Unfortunately, it is currently difficult to establish the generality of the
relationship between alien species richness and colonization pressure,
because, aside from birds, data on colonization pressure are few and far
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between. The fact that the relationship is spurious suggests that alien
SARs will necessarily be due at least in part to colonization pressure,
regardless of taxon. How large that part is depends on how many
introduced populations subsequently fail to establish, because, in spurious
relationships of this type, the correlation is small when Y is much smaller
than X. For example, Brett (2004) used simulations to show that X + Y
explains around 50 per cent of the variation in Y (r = 0.7) when X and
Y are equal, falling to around 5 per cent (r = 0.22) when Y/X = 0.2,
with only modest effects of sample size (the absolute magnitudes of
X and Y). Thus, alien SARs will be less likely to be a function of
colonization pressure when most introductions fail (Y <X). In the island
bird data analysed by Blackburn et al. (2008), the numbers of successes
and failures were about equal and so we would expect the alien SAR to
be strongly determined by colonization pressure. It might not be unrea-
sonable to assume that establishment success rates are relatively high for
large and adaptable homeothermic taxa like birds, which therefore may
not be representative of the extent to which colonization pressure influ-
ences alien SARs in other taxa. Yet again, the lack of information on
colonization pressure hampers a robust assessment of the situation,
although such data as do exist show that establishment success rates can
be highly variable within taxa (Jeschke & Strayer, 2005).

If alien taxa show SARs largely because colonization pressure is a
positive function of area, this begs the question of why the number of
species introduced should increase with area. The most likely answer is
that human population size (Pysek, 1998; Blackburn et al., 2008) and the
associated volume of traded goods imported (Moser et al., 2018) both
increase with area. These relationships mean that the number of alien
species introduced accidentally through trade would be expected to
increase with area and so too would opportunities for deliberate intro-
ductions. Indeed, multivariate analysis for alien bird introductions to
islands showed that area did not explain variation in colonization pressure
if human population size was also included in the model (Blackburn
et al., 2008). What is interesting, however, is that, for island data, both
human population size and trade increase with area with exponents close
to 1 (Blackburn et al., 2008; Moser et al., 2018), while the exponent for
colonization pressure is close to the typical z-value for island SARs (z =
0.2; Blackburn et al., 2008). In fact, we might reasonably expect such a
relationship from sampling effects alone.

In a classic paper, Preston (1962) derived an expected z-value for
island SARs of around 0.27, assuming a specific (‘canonical’) lognormal
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form for the species abundance distribution, a given minimum number
of individuals necessary for a species to persist and that the number of
individuals on an island is proportional to its area. Larger areas house
more individuals and, as a result, more species on the basis of the
underlying species abundance distribution. The canonical lognormal
form of this distribution means that, while the number of individuals
scales proportionally to area, the number of species scales with z close to
0.25 (difterent species abundance distributions give difterent predicted z-
values; May, 1975). Given that the introduction of alien individuals,
especially those introduced by chance, may be thought of as a random
sampling process from an underlying pool of species with a given species
abundance distribution, it is interesting that this process produces a slope
for the introduced alien SAR that is close to the theoretical expectation.
This implies that islands are sampling introduced individuals in propor-
tion to their area. The alien SAR could then arise because a proportion
of those introduced species goes extinct that is unrelated to area. How-
ever, two unanswered questions are: 1) does random sampling from an
underlying species abundance distribution give a slope for the introduced
alien SAR that is close to that observed given that, at this stage, we have
no constraint imposed for a minimum number of individuals and 1ii)
would we expect extinction rate to be unrelated to area if the number
of individuals sampled by a location is proportional to its area?

6.4.2 Simulating the Establishment Process

To answer these questions and assess whether a sampling model can
produce patterns consistent with those we observe in alien SARs, we
conducted a bespoke simulation experiment (Figure 6.2) in the
R software environment (Version 3.5.1) for statistical and graphical
computing (R Core Team, 2018). A species abundance distribution
was constructed in the package mobsim (May et al., 2018) from a log-
normal distribution with K species and I = 1x10 individuals; where for
the examples shown K = 100 (Figure 6.3A—C), 1,000 (Figure 6.3D-F) or
10,000 (Figure 6.3G-1).

For 100 iterations we randomly introduced individuals from our
species abundance distribution to ten islands in varying total numbers
(100, 200, 500, 1,000, 2,000, 5,000, 10,000, 12,500, 15,000, 20,000
individuals introduced in total across all species), where we assume that
the larger numbers of individuals are introduced to larger islands. For
each simulation, we extracted the total number of species that were
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Figure 6.2 An illustration of the simulation model. For each of a set of islands (four in
this example), a number of individuals is sampled at random from an underlying
lognormal species abundance distribution (A), with the number of individuals
proportional to island area. The number of species in those random samples gives the
introduced species—area relationship for the islands (upper points and line in B). The
probability that each species establishes a viable population is a stochastic function of
its founding population size (C), such that some introduced species fail to establish
(predominantly species with low founding population sizes). Those failures
transform the introduced alien species—area relationship into the established alien
species—area relationship (lower points and line in B). (A) depicts the actual species
abundance distribution with 10,000,000 individuals and K = 1,000 and (C) depicts
the actual functions for establishment as a function of propagule pressure, with the
central line (comprised of open circles) corresponding to Equation (6.3) (Cassey

et al., 2018) and the lines either side to Equation (6.3), but adding 3 or subtracting
3 from the intercept.

introduced to a given island across those introduced individuals, to
calculate an introduced alien SAR (upper points; Figures 6.2 and 6.3),
assuming that island area was proportional to the number of introduced
individuals.

Each introduced species has a founding population size (the total
number of individuals of that species introduced in that iteration of the
simulation, i.e. propagule pressure sensu Cassey et al.,, 2018). We then
evaluated the probability that a species introduced with a propagule
pressure of g individuals would be likely to establish successfully on an
island by comparing the mean probability of establishment for a given
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Figure 6.3 The outcome of simulations to model introduced (upper lines and points
in each plot) and established (lower lines and points in each plot) alien species—area
relationships (SARs). Introduced alien SARs were produced by random samples
from an underlying species abundance distribution (Figure 6.2A) with 1x10”
individuals and K = 100 (A, B, C; Low), 1,000 (D, E, F) or 10,000 (G, H, I; High)
species. Established alien SARs were produced by the failure of some introduced
species to establish, where establishment probability can be high (A, D, G), medium

(B, E, H) or low (C, F, I). The equations for the regression lines are given in
Table 6.1.

propagule pressure g (taken from the logistic function provided in figure
3 in Cassey et al. (2018) and reproduced here as Figure 6.2C) as follows:

logit(Establishment Success) = —3.10 + 2.35 * log;4(q)), (6.3)

with a random uniform integer between zero and one. If the probability
of establishment (for a given propagule pressure) was greater than the
random integer then the introduced species was considered to be suc-
cessfully established on the island. Otherwise the species failed to estab-
lish. For each simulation we extracted the total number of species that
were successfully established on a given island to calculate the established
alien SAR (lower points; Figures 6.2 and 6.3). We examined variation in
the form of the logistic relationship between establishment success and
propagule pressure (Figure 6.3B, E and H) by adding 3 to (Figure 6.3A,
D and G) or subtracting 3 from, the intercept (Figure 6.3C, F and I) in
Equation (6.3).
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Real data for island bird introductions (Blackburn et al., 2008) show
more or less parallel slopes for introduced and established alien SARs.
Our simulations show that the precise form of the SARs for introduced
and established species depends upon both the number of species in the
pool, K, and how establishment success relates to propagule pressure
(Table 6.1; Figure 6.3). Fewer introduced species establish when estab-
lishment probability for a given propagule pressure is lower (e.g. cf.
Figure 6.3A—C), as expected. However, how this affects the slope of
the established alien SAR also depends on K (cf. Figure 6.3C, F and I).

The difference between the slope values of introduced and established
alien SARSs increases as establishment probability decreases, and decreases
as K increases (Table 6.1). The first of these two effects is because
decreasing establishment success has its largest impacts on alien species
richness on small islands (cf. Figure 6.3A and C), where propagule
pressures will be lower, dragging down the slope of the established alien
SAR relative to that for introduced species. This leads to greater differ-
ences in the intercepts for introduced and established alien SARs.
Increasing K increases the number of species that get introduced, but
decreases the average propagule pressure for each of these species, thus
decreasing the likelihood that they will establish. The effect of higher
K in lowering establishment success is greatest at larger island sizes,
because the much higher introduced alien richness on these islands is
largely accompanied by smaller propagule pressures. This leads to rela-
tively higher failure rates on large islands as K increases (cf. Figure 6.3C
and I). In combination, these two eftects lead to similar slope values for
introduced and established alien SARs when establishment probability is
high and Kis low (Figure 6.3A) — most species on most islands succeed —
and when establishment probability is low and K is high (Figure 6.31) —
most species on most islands fail. In other words, parallel SARs for
introduced and established species are more likely when establishment
success is equalized across islands.

Simulated slope values (Table 6.1) are generally steep relative to those
observed for introduced (Blackburn et al., 2008) and established (Baiser
& Li, 2018) alien SARs. The introduced SAR slope depends on K alone
and, hence, the ratio of individuals to species in the simulations.
When the underlying species pool consisted of I = 1x10” individuals
and K = 100 species, this slope approximated that observed for island
birds (c. 0.20), but steepened as the number of species increased. This
suggests that a low ratio of K/I might approximate the species pool from
which birds introduced to islands were drawn. What that ratio might be

© Cambridge University Press www.cambridge.org



10°0 + +vL°0 SC0 F C9¢— 10°0 + 960 90°0 + 88'C— 10°0 F+ ¥8°0 €00 F 120 JuLwuysIqeIsy

10°0 F ¥L°0 ¥0'0 F €9°1 10°0 F ¥L°0 ¥0°0 F ¥9°1 1000 F €L°0 ¥0°0 + 69°1 uononponu] 00001

100 + IL°0 ¥C0 F 6¢°¢— 100 + ¢80 800 F S0OC— 10°0 + 250 900 + ¥8°1 JUSWYSIqEIsH

10°0 F ¢+°0 LO'0 F 80°¢ 10°0 F 1+°0 LO0F €l'e 10°0 F 1+°0 900 F91°¢ uononponu] 000°T

€00 + 650 L0 F ¥9C— 10°0 F 1570 cl'oF Ly O- 10°0 + 120 L0°0 F €LC JUSWYSIQEIsq

10°0 F91°0 LO'0 F 6C°¢ 100 F 91°0 800 F €¢'¢ 1000 F 91°0 800 F €¢°¢ uononponuy 001
adorg 1dooroyuy adorg 1dooroyuy adorg 1dooxayug 93e)s worseauy Y

d Mo ¥d wmipay d YStH

10070 > d v 040z woaf Juasaffip Apuvorfiudis aw sydoosayuy pup sadojs |y (7 °F°9 ©onas

23s) 3daouagur oy woif ¢ Sunyavuqns 1o Suppy Inq uoyvnba suyy uo pasvq X g mop puv Yy yim (¢'9) uoyvnbg wiosf saauap *°q
WNIPIPAT "] U245 v 40f ° J JIp 40f (K0QDIUDA IISVYI0IS UIALS) JUIDS U 240f24Y] SI YIRYM ‘SULD PRINPOLIUL AOf TS Y3 fo uiof aiyy 19affv
jou saop (**°q) yuawysyqoisa Jo Lirqoqoad ay [ *¢°9 NI U1 UMOYS sIUY UOISSAITaL ) 40f sanjpa adojs pup ydanaguy 2y 179 J[qeT,

www.cambridge.org

© Cambridge University Press



146 - Blackburn, Cassey and Pysek

in reality is unknown, although for the British breeding avifauna K/I ~
225/1.6x10° or around one tenth that in Figure 6.3A (Musgrove et al.,
2013; Blackburn & Gaston, 2018). In general, establishment failure
steepened these SAR slopes, so that z-values for established species were
generally in the range of 0.5 and above (Table 6.1). This is because, in
most cases, failure was proportionally higher on smaller islands. Again,
however, slopes were closer to those typically observed in alien SARs
when K was low. Introduced alien SARs in general appear more curvi-
linear on log—log axes than established alien SARs (Figure 6.3), but we
did not formally explore this element further.

Our simulations are simple and only scratch the surface of possible
parameter space in terms of K, I, the form of the species abundance
distribution, and how individuals might be sampled from that distribu-
tion. They also assume that alien individuals reach islands in proportion
to island area, which is speculative if not unreasonable, and do not
address alien population dynamics beyond establishment. That SARs
can be derived by sampling from underlying species abundance distribu-
tions is well known since the classic work of Preston (1962; see review in
McGill et al., 2007), but to our knowledge no one has previously
explored how establishment probability might transform introduced
SARs into established SARs. It is clear that some simple assumptions
allow realistic introduced SARs to be modelled as sampling effects and
realistic alien SARs to then arise from introduced population failure.
Sampling effects can therefore potentially explain both native and alien
SARs and, if native and alien colonists are drawn from underlying species
abundance distributions of similar form, why they have very similar
slopes (Baiser & Li, 2018).

6.4.3 Other Mechanisms

If the similarity between native and alien SARs is due to a common
mechanism, some of the other explanations proposed to underpin native
SARs seem likely to be ruled out. For example, MacArthur and Wilson
(1963, 1967) proposed that SARs are the result of size-dependent vari-
ation in the rates of colonization and extinction across islands. Larger
islands intercept more colonists and the species that colonize have lower
extinction rates than on small islands. However, for aliens, while the
number of colonist species does increase with area, extinction does not
seem (on the limited evidence available) to be a negative function of area
as MacArthur and Wilson posit —a more or less constant proportion (and
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hence a larger number) of introduced aliens goes extinct from larger
islands (Blackburn et al., 2008). That element of the Equilibrium Theory
of Island Biogeography is not supported, at least by island alien birds.
Metapopulation-based explanations also seem unlikely, inasmuch as
extinction probability in such models is also a negative function of patch
area (Hanski & Gyllenberg, 1997).

One oft-cited mechanism for SARs in native species is that areas with
a wider range of habitats can support more species, while habitat diversity
is a positive function of area (Williams, 1964; Pysek et al., 2002).
A related idea is that smaller areas may possess different habitats to larger
ones as a consequence of their smallness (Whittaker & Fernandez-Pala-
cios, 2007). Leaving aside the question of how habitats are defined
(which in practice is often in terms of their biological communities,
implying a degree of circularity), native and alien SARs could show
similar slopes if native and alien species respond to habitat diversity in
the same way. Once again, it seems surprising under this mechanism that
more of the alien populations introduced to larger areas should go
extinct, as one might expect introduced species to be more likely to find
suitable habitats in larger areas. However, it is not beyond the bounds of
possibility that a fairly constant proportion of species would fail to be
translocated to suitable habitats in areas of different sizes, given that more
species are translocated to larger areas (i.e. the introduced alien SAR).

In a related vein, Baiser and Li (2018) suggest that, if alien richness is
determined by the likelihood of disturbance, aliens and natives may show
similar SAR exponents if disturbance scales with area in the same way as
habitat diversity. This seems an unlikely coincidence across the range of
studies they reviewed. However, disturbance has itself been proposed as a
general driver of SARs, either if higher disturbance in small areas makes
such areas unsuitable for some species in the source pool (McGuinness,
1984) or, conversely, if greater disturbance in some areas creates oppor-
tunities for species that otherwise would not be present (Whittaker &
Fernandez-Palacios, 2007). Traditionally, species richness is argued to be
highest at intermediate levels of disturbance, as this allows the coexist-
ence of species that are good dispersers but poor competitors (and hence
that thrive in disturbed areas) with species that are good competitors but
poor dispersers, which would come to dominate communities in the
absence of disturbance (Connell, 1978). In effect, this is a restatement of
the habitat diversity hypothesis, but where diversity is maintained by
some areas (but not all) being subject to disturbance. Nevertheless, if
some disturbance leads to increased native species richness and allows
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alien species to establish, this could in theory lead to similar scaling of
native and alien richness with area. We know of no tests of this idea for
alien species, although the hypothesis of a relationship between species
richness and disturbance is arguably unsupported on both empirical and
theoretical grounds (Fox, 2013).

6.5 Conclusions

The species—area relationship is one of the most general patterns in
ecology (Chapters 1-3) and it is little surprise to see that alien species
also conform to this general pattern (Baiser & Li, 2018). With all else
being equal, we would expect to find more species in larger geographic
areas even if life were distributed randomly across the surface of the
planet. Yet, native and alien species are not just similar in showing
positive SARs — the slope values of their respective relationships would
seem to be too close to arise by coincidence. Alien species also exhibit
other macroecological patterns, including Bergmann’s Rule (Blackburn
et al,, 2019) and Rapoport’s Rule (Sax, 2001; Dyer et al., 2020),
suggesting that drivers of the distribution of native species across the
planet also force alien species distributions to adhere to their rules. Given
that alien species represent a massive natural experiment, encompassing
more or less every habitat on every significant continent and island, this
appears to open up an unprecedented opportunity to study the mechan-
isms underpinning the distribution of biodiversity worldwide.

And yet, alien SARS are the result of a sequential process involving the
transportation of individuals beyond their natural geographic range
limits, the introduction of some proportion of those individuals to a
place where they do not naturally occur and the establishment of a viable
population (only) from those introduced individuals (Blackbum et al.,
2011). The outcomes of later stages in this process depend on inputs from
the earlier stages. In particular, the alien species richness of an area is
typically some proportion (<1) of the number of alien species that were
introduced to the area; that is, colonization pressure. In the one data set
we have, island birds, this proportion is essentially constant across islands
of different areas, suggesting that the slope of the SAR for established
aliens is a consequence of the slope of the SAR for introduced aliens,
with the intercept modified by random extinction. Colonization pressure
similarly influences Bergmann’s and Rapoport’s Rules in alien birds
(Blackburn et al., 2019; Dyer et al., 2020) and may also explain when
alien species do not match the macroecological patterns of native species,
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for example in terms of spatial gradients of species richness (Dawson
et al., 2017; Dyer et al., 2017b).

That said, there are still many interesting and unresolved questions
about the similarities between native and alien diversity patterns. In terms
of SARs, for example, we would expect positive relationships if life were
distributed randomly across the surface of the planet, which is a state that
may at least be approximated by some alien species groups. The non-
deliberate transport and introduction of many alien species may well
approximate a random sampling process, leading to widespread and
abundant native species being more likely to be introduced (Colautti
et al., 2006; Leung & Roura-Pascual, 2012); this is also true for deliberate
introductions (Blackburn & Duncan, 2001). Yet, this process generally
leads to SARs with near-identical slopes to those for the native species in
the same taxon and location, once we factor in a biologically realistic
establishment process (Figure 6.2C). Can we identify drivers of establish-
ment failure related to any underlying factor? Could native SARs ultim-
ately be a consequence of random sampling of colonists from a species
pool, with the same establishment process (driven by founding popula-
tion size or propagule pressure) whittling the colonists down to the SAR?
‘What would a ‘colonist SAR’ look like for native species? Given that we
only really have one dataset underpinning our knowledge of how
introduced and established alien SARs might be related (island birds;
Blackburn et al., 2008), how representative is the introduced alien SAR
in those data? Parallel introduced and established alien SAR slopes seems
a less likely outcome of random sampling processes than a steeper alien
SAR slope (Figure 6.3), as we would generally expect higher extinction
rates on smaller islands. However, our simulations barely begin to
explore the possible parameter space of relevant processes.

The similar slopes of alien and native SARs, for the same taxa over the
same areas, are also interesting in terms of their implications and conse-
quences for the overall biodiversity of the areas concerned. While areas
are losing species to extinction at an elevated rate, as well as gaining
species through alien establishment, aliens in general add to the species
richness of areas, with gains more or less in proportion to native
species richness. Thus, areas with more species tend to gain more species
(Stohlgren et al., 2006). What does this mean for the drivers of species
richness? Does it mean that areas generally are not saturated in terms of
their species richness and can readily gain new species without conse-
quences? Does it mean that human activities in those areas have facili-
tated higher levels of richness, perhaps through the effects of disturbance
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(Kolar & Lodge, 2001)? Or is biodiversity now out of equilibrium in
many areas and, in the long term, we can expect more extinctions,
perhaps in both the native and alien biotas? Certainly, many species are
teetering on the brink (IUCN, 2018). Time will tell. In the meantime, it
will be helpful to try to gather more information on the process of
invasion by alien species, especially how introduced richness transforms
into established richness, both for what it tells us about how colonization
processes might operate in practice to generate richness and for mitigat-
ing that transformation in the future.
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