
Cambridge University Press
978-1-108-47707-9 — The Species–Area Relationship
Edited by Thomas J. Matthews , Kostas A. Triantis , Robert J. Whittaker 
Excerpt
More Information

www.cambridge.org© in this web service Cambridge University Press

Part I

Introduction and History

www.cambridge.org/9781108477079
www.cambridge.org


Cambridge University Press
978-1-108-47707-9 — The Species–Area Relationship
Edited by Thomas J. Matthews , Kostas A. Triantis , Robert J. Whittaker 
Excerpt
More Information

www.cambridge.org© in this web service Cambridge University Press

www.cambridge.org/9781108477079
www.cambridge.org


Cambridge University Press
978-1-108-47707-9 — The Species–Area Relationship
Edited by Thomas J. Matthews , Kostas A. Triantis , Robert J. Whittaker 
Excerpt
More Information

www.cambridge.org© in this web service Cambridge University Press

1 � The Species–Area Relationship:
Both General and Protean?
THOMAS J. MATTHEWS, KOSTAS A.

TRIANTIS AND ROBERT J. WHITTAKER

The history of the species–area field is long and rife with debate. Workers

have argued about the form of the relationship, its interpretation, and the

reasons for its existence. This argument is not trivial and without

consequence.

(McGuinness, 1984, p. 424)

An introduction to a book on the species–area relationship (SAR) would

be incomplete without the oft-repeated statement that the SAR, which

describes the increase in richness observed with increasing sample area

(Figure 1.1A), is the closest thing to a general law in ecology (Schoener,

1976; Rosenzweig, 1995; Lawton, 1999; Lomolino, 2000; Tjørve &

Tjørve, 2017). However, while its characterization as a ‘law’ can be

debated, there is no disputing the fact that the SAR is an almost univer-

sally observed phenomenon. It has been described for practically all taxa,

across multiple spatial and temporal scales and in a range of systems and

landscape types (MacArthur & Wilson, 1967; Connor & McCoy, 1979;

Rosenzweig, 1995; Lomolino, 2000; Drakare et al., 2006; Triantis et al.,

2012; Bolgovics et al., 2015; Matthews et al., 2016a; Dengler et al.,

2020). The few cases where the expected relationship is not observed are

where other variables exert a much stronger influence on richness than

area and either negatively co-vary with area (e.g. likelihood of wildfire;

Wardle et al., 1997) or vary independently of area. As a pattern, it has

intrigued ecologists and biogeographers for over 200 years (Chapter 2).

Indeed, the SAR has formed the focus of much of our own research (e.g.

Triantis et al., 2008, 2012; Whittaker et al., 2014, 2017; Matthews et al.,

2016a, b). It represents a fundamental component of numerous eco-

logical and biogeographical theories, including the equilibrium theory of

island biogeography (MacArthur & Wilson, 1967) and the unified
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neutral theory of biodiversity and biogeography (Hubbell, 2001; Chap-

ter 11). In addition, SAR models have been widely used in applied

ecology and conservation science and represent one of the most import-

ant tools in the conservation biogeographer’s toolkit (Rosenzweig, 2004;

Figure 1.1 Three key representations of the Species�Area Relationship. (A) An

idealized power model SAR, which describes a curved relationship in arithmetic

space and a straight-line relationship in its log–log form. (B) E. O. Wilson’s (1961)

figure of SARs for ponerine and cerapachyine ants in Melanesia. Solid dots represent

islands (ISARs); open circles, cumulative areas of New Guinea up to and including

the whole island (SACs); triangles, archipelagos (not used in the regression); and the

square, the whole of South-East Asia. (C) Some alternative configurations of area

that might be involved in different studies: the bottom right represents a group of

isolates that could be the basis for an ISAR, whereas the other three sampling

scenarios would be used to construct a SAC. (A) From Lomolino et al. (2017; figure

13.8); (B) and (C) from Whittaker and Fernández-Palacios (2007; figure 4.2 and box

4.2, respectively; part (B) was originally adapted from Wilson, 1961)
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Whittaker et al., 2005; Chapters 13�17). For example, the SAR is a

cornerstone of the applied ‘reconciliation ecology’ research agenda

(Rosenzweig, 2003, 2004).

1.1 The Many Types of Species–Area Relationship

At this stage it is necessary to define what exactly is meant by the term

‘species–area relationship’. While the SAR may appear to be a relatively

uncomplicated concept, its application within the ecological literature is

often somewhat ambiguous. Most of this ambiguity concerns the fact

that there is not a single type of SAR, but instead there is a suite of

relationship types with more or less distinct data structures. While the

search for an agreed classification and terminology has generated much

debate (e.g. Scheiner, 2003; Gray et al., 2004; Dengler, 2009), there are

only two variables involved in each case: area and species number, and so

the problem can be quickly described. First, the areal units analysed may

be geographically separated or contiguous, permitting their analysis either

as separate entities or as a nested sequence. Second, each species can be

counted once as area is accumulated (whether from a nested sequence of

contiguous areas or not) or separately in each (sub-)area. Third, for the

accumulation curve structure, the value of richness entered for a given

size of area can represent a single data point or the average richness value

of multiple samples of that size (Dengler et al., 2020).

The upshot is that several forms of species accumulation curve (SAC)

can be identified as types of species�area relationship (Type I�III curves

in Scheiner’s 2003 typology) but just one type of data structure of

‘isolate’ area versus species number per isolate (Gray et al., 2004), which

some term island species–area relationships (ISARs; Type IV SARs in

Scheiner, 2003) (e.g. Triantis et al., 2012; Matthews et al., 2016a, b).

Further, SACs are often constructed using non-area-based measures of

sampling effort (e.g. trap hours) and so sample area-based SACs can be

distinguished as a subset of SACs.

At its most basic, SACs are constrained by their mode of construction

to display a monotonic increase in species richness. A SAC must either

remain constant or increase with each increment in area (Figure 1.2),

such that the total richness of the study system is described by the final

data point. By contrast, sometimes a larger island can have fewer species

than a smaller one and, in certain rare circumstances, there can even be a

negative overall ISAR or the relationship may be negative over a limited

span of the area range of a study system (Figure 1.2).
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The lack of a generally agreed terminology distinguishing SAR types

has presented a real hindrance to the development of a shared under-

standing. Studies comparing SARs often combine ISARs and SACs

without acknowledging that that the two types have different proper-

ties (but see e.g. Drakare et al., 2006; Matthews et al., 2016b). For

example, the seminal SAR figure of Wilson (1961) for ponerine and

cerapachyine ants in Melanesia compares an ISAR (island data) with a

SAC (‘mainland’ New Guinea), a feature that is often neglected in

work citing or reproducing it (see Figure 1.1B). Indeed, some have

argued that, to fairly compare SARs from different systems, the whole

sampling design must be identical, including range of area, type of SAR

(SAC or ISAR) and if SACs are the focus of study, the accumulation

order, sampling intensity, plot shape, use of continuous or discontinu-

ous plots and, if the latter, the locations of the discontinuous plots

within the study extent (see Chapter 7; see Figure 1.1C for some

examples of SAR construction approaches).

In this volume, we have encouraged authors to make explicit reference

to the type(s) of SAR (e.g. ISAR, SAC or both) that their chapter is

focused on. However, and as with most things in science and life in

general, different people have different opinions on the correct termin-

ology to use and we have not imposed a standard usage. For instance, in

certain chapters SACs are referred to as nested SARs, and the term saSAR

Figure 1.2 Two hypothetical species�area relationships. To the left, an island

(isolate) species�area relationship (ISAR) in which there is scatter around the mean

trend, to the extent that some islands are less rich than one or more smaller island; to

the right, a species accumulation curve (SAC). The SAC is constructed by adding the

new species encountered per each extension of area, such that the SAC is

constrained never to decrease. As each island may contain different subsets of species,

the ISAR only crudely constrains the possible overall system richness, whereas the

final data point for the SAC describes the overall system richness.
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is used in some chapters to refer to sample-area based SACs. We acknow-

ledge that our own use of the term ‘island SAR’ (or Isolate SAR) may not

be the best solution as ISARs might be constructed using data not from

isolates but for other irregularly sized geographical units of varying degrees

of geographical isolation (e.g. countries or biogeographic provinces).

1.2 A Flexible Biogeographical Law

Our work has generally focused on the ISAR, whether that be for true

islands (e.g. Triantis et al., 2012) or habitat islands (Matthews et al., 2016a).

What has struck us during this work (and in reading the work of many

others) is that the idea that the ISAR is universal is only really true in the

sense that larger areas tend to have more species than smaller areas. Beyond

that, many characteristics of ISARs have been found to differ (often quite

considerably) between datasets. Lomolino (2000; see also Whittaker &

Triantis, 2012) recognized this when he described the ISAR as ‘protean’.

The adjective ‘protean’, meaning ‘versatile’, ‘flexible’ and ‘able to change

easily’, is derived from the Ancient Greek God ‘Proteus’. According to

Greek mythology, Proteus was an early prophetic sea-god who had the

ability to foresee the future, but would frequently change his shape to avoid

those who asked him to share his prophetic knowledge. The name Proteus

suggests the ‘first’, and the ISAR is considered to be one of the first discussed

general patterns related to the diversity of life. One other obvious way that

the ISAR can be considered a protean pattern is the fact that the mathemat-

ical form of the relationship often varies between datasets (Triantis et al.,

2012;Matthews et al., 2016a; Leveau et al., 2019). In practice, we can often

fit multiple models successfully to the same dataset. We then have the

challenge of trying to work out which is the best model, that is, the closest

approximation to the true form of the relationship. This may be attempted

as a statistical exercise, that is, as a black box type of approach. Alternatively,

we may regard the process of model fitting rather differently, as an exercise

in hypothesis testing, that is, wemay have theoretical grounds for predicting

a particular form or a particular set of alternative forms that are linked to

distinct mechanisms or processes. The step of model fitting is then used to

determine the plausibility of the initial hypothesis or of selecting from a set

of multiple-working hypotheses those which remain standing and then, of

these, which has the greatest verisimilitude. Hence, SARs have what we

might think of as phenomenological flexibility, as we are describing a suite

of slightly different aspects of how diversity and area are related and then, for

these different phenomena, there are advocates for particular mathematical
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models to represent the SAR. Indeed, over thirty different functions have

been proposed (Chapter 7).

While the variation in ISAR form between datasets has (so far) pre-

cluded the identification of a universal model that provides the best fit to

all datasets, the discovery of generalities regarding how and why ISARs

vary has improved our understanding of the processes shaping diversity

patterns more generally (see the Foreword). We know for example that

the factors that influence species richness vary across spatial scale (Shmida &

Wilson, 1985; Rosenzweig, 1995; Whittaker et al., 2001; Turner &

Tjørve, 2005) and thus the ISAR should be scale-dependent (see

Figure 1.3A). These different factors should also affect the nature of the

relationship of species richness with area. Recent meta-analyses have

shown that ISAR slope (z) increases from habitat, to continental shelf, to
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Figure 1.3 Two contrasting models of ISAR form. (A) The theoretical relationship of

species richness with area in arithmetic space according to Lomolino (2000). Starting at

the left side, there is little change in species number until a critical threshold is reached,

but beyond threshold t1, species number increases rapidly, as a function of the

immigration/extinction dynamics of the equilibrium model of island biogeography.

With islands larger than t2, species number shows a further increase, as it is afforced by

in situ speciation. The ‘small-island effect’ is shown by many island datasets (see also

Chapter 19), but the generality (and even existence) of the second threshold and the

upward curve towards the right side of the plot is contested. (B) As archipelago

isolation increases, the ISAR slope (z) generally increases. Rescue effect systems are the

least isolated and hence species populations on smaller islands are continually rescued

from extinction by supplementary immigration, resulting in high intercepts and low

slopes. Islands of intermediate isolation experience higher rates of species turnover and

therefore feature steeper slopes and lower intercepts. Speciation dominated systems

refer to remote archipelagos in which larger islands gain species through in situ

diversification, generating the steepest slopes and lowest intercepts. This panel is only

approximated by analyses of empirical datasets (e.g. Matthews et al. 2016a). (A) From

Lomolino (2000; figure 6) under license from John Wiley and Sons; (B) from

Whittaker et al. (2017; figure 4A) and reprinted with permission from AAAS
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oceanic islands (Triantis et al., 2012; Matthews et al., 2016a). The shal-

lowest slopes and higher intercepts characterize systems with minimal

isolation, in which island-extirpation events are typically rapidly reversed

by recolonization (‘rescue effects’) and which therefore feature compara-

tively high richness even on the smaller islands. By contrast, remote

oceanic islands receive such low rates of immigration that colonizing

lineages can diversify in isolation. In these systems, in theory, the smallest

islands have low species richness because their small, unreliable resource

bases cannot sustain marginal populations of small size or permit the origin

and persistence of newly formed endemics. In practice, as we argue in

Chapter 3, the more remote oceanic archipelagos can be so isolated that

the configuration of the archipelago itself exerts a strong influence on

ISAR form, in part overriding the effect on slope and intercept exerted by

distance from the mainland (and see Matthews et al., 2019).

Thus, different processes are expected to result in different slopes; the

difference is expected to be most pronounced when speciation-dominated

systems are compared to systemswhereMacArthur�Wilson dynamics prevail

and speciation has a secondary or no role (Figures 1.3 and 1.4). The cichlid

Figure 1.4 The effect of adaptive radiation on the ISAR (lighter points = lakes with

speciation; darker points = lakes without speciation). The fit of two-slope ISAR

models are shown (solid line = whole dataset; dashed line = lakes with speciation

only). For the whole dataset model fit, the pre-breakpoint slope does not

significantly differ from zero, the breakpoint occurs at 1,030 km2 and the post-

breakpoint slope (1.29) is significant and positive. For the model fit to the lakes with

speciation, the pre-breakpoint slope does not significantly differ from zero, the

breakpoint occurs at 1,470 km2 and the post-breakpoint slope (0.99) is significant

and positive. In both cases the two-slope model provides a better fit to the data than

a one-slope regression model according to AICc. The data are of cichlid fishes in

forty-six African lakes. FromWagner et al. (2014; figure 3b) under license from John

Wiley and Sons

The Species–Area Relationship: Both General and Protean? · 9

www.cambridge.org/9781108477079
www.cambridge.org


Cambridge University Press
978-1-108-47707-9 — The Species–Area Relationship
Edited by Thomas J. Matthews , Kostas A. Triantis , Robert J. Whittaker 
Excerpt
More Information

www.cambridge.org© in this web service Cambridge University Press

species of the Great African Lakes provide an illustration of these differences,

but also of a clear threshold effect where there appears to be no relationship

between species and area until a minimum lake area has been reached. Above

this threshold, those lakes in which in situ diversification has occurred dem-

onstrate a clear positive relationship. The Anolis lizards of the Caribbean

provide another pertinent example of a threshold in the speciation�area

and species–area relationships (Losos & Parent, 2010; figures 15.3 and 15.5).

Elements of the above arguments were codified in Rosenzweig’s

(1995) seminal scale-structured model of species–area relationships,

which, however, included both ISARs and SACs (see Scheiner, 2003;

Whittaker & Fernández-Palacios, 2007). His interprovincial curve repre-

sents an ISAR fitted between distinct biogeographical provinces, which

he argued should exhibit a slope always >0.6 and generally close to

unity (see Rosenzweig, 1995, 1998, 2001) (Figure 1.5A). SACs within

continents, his intraprovincial curves, should be flatter and with higher

intercepts than regular ISARs found within the province, which should

display a range of values depending on their degree of isolation.

Figure 1.5B was inspired by Rosenzweig’s model but differs in showing

exclusively ISARs. Given the propensity for remote oceanic archipelagos

to generate endemics in situ, the expectation is for the between-

archipelago or archipelagic species–area relationship (ASAR) to provide

a steep relationship, where the relevant within-archipelago ISAR only

crudely predicts the archipelagic value and, again, there is variation in the

overall richness of different archipelagos (Figure 1.5A and B) in perhaps

widely different locations. This reasoning is supported by analyses show-

ing that i) for oceanic archipelagos, inter-archipelago species–area rela-

tionships (ASARs) are systematically steeper than the constituent ISARs

(e.g. Triantis et al., 2015) and ii) ISARs estimated for endemic species are

typically steeper with lower intercepts than those for non-endemic native

species for the same archipelago (Figure 1.5C; Triantis et al., 2008). The

final panel (Figure 1.5D) presents another generalization, which is that,

for forest habitat island systems, ISARs calculated for generalist bird

species are flatter and with higher intercepts than those for forest specialist

bird species (Matthews et al., 2014). That i) specialist species, more reliant

upon and restricted to the focal habitat, have the steeper slopes and ii)

island endemic species have steeper slopes than non-endemic species

(which may have populations on other islands or landmasses exchanging

propagules with the islands in question) appears to be part of the same

pattern, relating to the extent to which, as Rosenzweig put it, the islands

in question are acting as sources or as sinks.
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