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ABSTRACT

Aim The aim of this study was to investigate whether the equilibrium theory
of island biogeography (ETIB) is equally applicable at regional and local spatial
scales, and whether the ‘echo pattern’, the correlation between regional species
pool and local diversity by which the diversity of the regional species pool
‘trickles down’ to local scales, influences local diversity equally across a range
of sampling scales.

Location Twelve mountain regions on islands having different sizes, degrees
of isolation and environmental conditions in Indonesia and the Philippines.

Methods We sampled ferns in standardized field plots within a fixed spatial
design at six spatial scales (with the grain size varying from plot to island). Using
ordinary least squares regression and relative variable importance, we tested for
the predictive power of area and isolation as well as of local and regional envi-
ronmental factors for explaining diversity at the chosen spatial scales.

Results Consistent with MacArthur and Wilson’s ETIB, we found the strong-
est correlations of area and isolation with diversity at regional scales. The
explanatory power of area increased with increasing spatial scale. The strength
of the negative relationships among diversity and isolation decreased with
increasing spatial scale. We found evidence for an ‘echo pattern’ at large to
intermediate but not at small spatial scales.

Main conclusions Area and isolation are strong predictors of biodiversity at
regional scales. The size of the species pool has a scale-dependent influence on
diversity at smaller scales but is unimportant at the most local scale, where
environmental conditions dominate as predictors of diversity. To make predic-
tions about local diversity on islands it is therefore important to take the scale
dependence of the ‘echo pattern’ into account.

Keywords

Equilibrium theory, island ecology, isolation, local diversity, pteridophytes,
regional diversity, spatial extent, spatial scale, species—area relationship, spe-
cies pool.

INTRODUCTION

on an island is mainly dependent on the balance between
species immigration and extinction at rates determined by

Island systems have long played a crucial role in biogeo-
graphical and biodiversity research because they provide
comparatively simple systems with clearly defined subunits
of usually varying sizes and ecological conditions (Whittaker,
1998). The classical equilibrium theory of island biogeogra-
phy (ETIB) predicts that the number of species that occur
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the surface area of the island and its isolation (MacArthur &
Wilson, 1967), although current models also include island
age and geological processes (Whittaker et al., 2008).
According to the ETIB, species diversity on islands is posi-
tively related to island area and negatively related to isola-
tion. Area is the most fundamental parameter influencing
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diversity patterns on islands (Arrhenius, 1921; Connor &
McCoy, 1979; Lomolino, 2001; Kreft et al., 2008) and can
have different effects on species diversity at different spatial
levels (Rosenzweig & Ziv, 1999; Whittaker et al, 2001). A
direct effect at the regional scale concerns the number of
species that can coexist within a given region (MacArthur &
Wilson, 1967). It is still unclear, however, to what degree the
increase of species numbers on larger islands is determined
by the increase of area per se or by the larger number of
habitats (Triantis et al., 2003; Kallimanis et al., 2008) influ-
encing both the maximum number of co-occurring species
and the rate of speciation (Losos & Schluter, 2000; Kisel &
Barraclough, 2010). In contrast to area, isolation shows
inverse relationships with the probability of dispersal to an
island and the chance of its colonization. Continuously arriv-
ing propagules increase the population viabilities of species
present on less isolated islands (the ‘rescue effect’; Brown &
Kodric-Brown, 1977). On large islands, the effect of isolation
may decrease, because large islands receive more immigrants
(the ‘target area effect’; Whittaker, 1998) and serve as better
arenas for in situ speciation (Losos & Schluter, 2000; Kisel &
Barraclough, 2010). Finally, gene flow to island populations
is negatively related to isolation, resulting in a higher chance
of speciation on remote islands (Heaney, 2000).

Species diversity is also known to be dependent on spatial
scale, with different processes acting at different scales
(Levin, 1992; Whittaker, 2000; Whittaker et al., 2001; Trian-
tis et al, 2012). Therefore, the variables explaining species
diversity at a local spatial scale may not be the same as those
accounting for diversity at regional spatial scales (Willis &
Whittaker, 2002; Triantis et al., 2012). While at large scales
evolutionary history and energy availability are important
factors, at small scales dispersal limitation or random pro-
cesses might prevail (Triantis et al., 2012). This scale depen-
dence also applies to the effects of area and isolation (Karger
et al., 2011; Gillespie et al., 2013; Weigelt & Kreft, 2013).

In addition to the above-mentioned effect of area at the
regional scale, at the local scale larger sampling areas typi-
cally include more species because they more completely rep-
resent the regional species pool (Connor & McCoy, 1979).
However, even if sampling area is held constant, regional
area will influence local species indirectly through its effects
on the regional species pool (the ‘echo pattern’ sensu Rosen-
zweig & Ziv, 1999). Local communities can be perceived as
dynamic samples from the regional species pool (Terborgh,
1973; Graves & Gotelli, 1983; Cornell, 1985; Ricklefs, 1987),
with the size of the surrounding area as a surrogate of the
regional species pool (Terborgh & Faaborg, 1980; Cornell &
Lawton, 1992; Caley & Schluter, 1997; Cornell, 1999; Romdal &
Grytnes, 2007).

The ‘echo pattern’ has a potential impact on island bioge-
ography theory across spatial scales as it shows how local
diversity is affected by the regional diversity it emanates
from. The ETIB predicts local diversity to increase continu-
ously with an increase of the regional species pool (or regio-
nal diversity) owing to higher immigration rates (MacArthur
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& Wilson, 1967; Kelly et al., 1989). Therefore, independent
of the spatial grain chosen to assess species diversity, a higher
regional diversity should always result in a higher local diver-
sity (Fig. 1a). Assuming this relationship between regional
and local diversity, species diversity is expected to increase
with island area and to decrease with its isolation, indepen-
dent of the spatial grain at which the species diversity on an
island is assessed (Fig. 1b). In contrast, if the spatial grain at
which local diversity is assessed influences the way regional
diversity translates into local diversity (Fig. 1c), no consistent
relationship with island area and isolation is expected at the
smallest spatial grain (Fig. 1d). Clearly, a limited regional
species pool limits the number of co-occurring species in a
local community, but local diversity may not increase con-
tinuously with the size of the regional species pool because
local communities may become saturated at some point and
local diversity may remain constant even if regional diversity
increases (Huston, 1999; Srivastava, 1999). Consequently,
species diversity at small spatial grains would be more
strongly influenced by local environmental conditions that
limit the number of individuals that are able to survive in a
community than by immigration from the regional species
pool.

Islands provide ideal testing grounds for investigating the
‘echo pattern’ and its scale-dependent influence on the ETIB,
as their regional species pools can be defined using island
area and island isolation, which are directly related to the
number of potential species that can occur within a local
sampling site on an island. In contrast, most mainland stud-
ies on local species diversity either have a common species
pool or have species pools that overlap to unknown degrees
(e.g. the Amazonian lowlands; Tuomisto et al., 2003). The
species pool contains all those species that could, in theory,
disperse to a local community within the study area. On
islands, distinguishing the species pool is therefore possible
by using the area of the island, representing the ‘island’ spe-
cies pool, as well as island isolation, representing the immi-
gration from the ‘mainland’ species pool. However, while
several studies have investigated drivers of species diversity
by focusing on the scale dependence of species diversity
(Crawley & Harral, 2001; Lennon et al., 2001; Rahbek &
Graves, 2001), an investigation into how well the two main
factors of the ETIB, area and isolation, predict species diver-
sity at different scales has not yet been conducted. To tackle
this, we selected 12 islands of different sizes and degrees of
isolation in Indonesia and the Philippines and sampled fern
diversity at six spatial grains. We tested whether regional area
and isolation are strong predictors of diversity at all grain
sizes or whether environmental conditions are more impor-
tant at a small grain size. We formulated the following two
competing hypotheses in accordance with the above-men-
tioned theoretical assumptions to address the question
whether the ETIB is equally applicable from regional (island-
level) to local (plot-level) scales.

H;: Regional area and isolation are strong predictors of
species diversity at all grain sizes. The ‘echo pattern’ will lead
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Echo patterns

Diversity patterns
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Figure 1 Schematic representation of how the grain size at which local diversity is assessed changes the way regional diversity (black
squares, solid line) translates into local diversity (white squares; modified after Rosenzweig & Ziv, 1999). ‘Echo patterns’ (a, ¢) show the
relationship between regional diversity and local diversity within islands; diversity patterns (b, d) show the patterns of diversity at
different grain sizes across islands. If grain size does not affect how regional diversity translates into local diversity (no spatial scale
effect), intra-island species—area relationships (SARs; dashed lines) are parallel lines at all spatial scales (a). This results in parallel
species—area relationships when species diversity patterns assessed at different grain sizes are plotted over island area and isolation (b). If
grain size affects intra-island SARs (spatial scale effect; c), for example owing to an increase in species saturation at smaller spatial
scales, the resulting diversity patterns will show an increase in species diversity for large grain sizes, but not for small grain sizes (d).
The grey area shows the potential species diversity that a local sampling site can harbour in relation to regional diversity.

to an equal increase in diversity with regional area at all
grain sizes. Therefore, the ETIB is equally applicable at all
spatial scales.

H,: Regional area and isolation are strong predictors of
species diversity only at large grain sizes. The species pool
affects local diversity in a way that is dependent on the grain
size at which local diversity is assessed. The biogeographical
effects of regional area and isolation resulting from immigra-
tion from the regional species pool are diluted at local scales,
where local environmental conditions set an upper limit to
species diversity. Therefore, the ETIB is applicable only at
regional spatial scales.

MATERIALS AND METHODS

Study sites

We selected 12 mountain regions on islands having different
sizes, degrees of isolation and environmental conditions in
Indonesia and the Philippines (Fig. 2). On each island,
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sampling sites were located at 1100 m a.s.l. and 1200 m
a.sl. in the main mountain range of the island (Table 1).
We chose this elevational belt for two reasons. First, it has
a high number of fern and lycophyte (henceforth called
fern) species (Bhattarai et al., 2004; Carpenter, 2005; Kluge
et al., 2006; Kessler et al., 2011), enabling us to collect
statistically relevant samples. Second, the human footprint
at this elevation is the lowest world-wide (Nogués-Bravo
et al., 2008), providing us with mostly undisturbed natural
ecosystems.

Ferns as a model group

Ferns are distributed world-wide, and are independent of
biotic pollination and animal vectors because of their spore
dispersal (Barrington, 1993). The high species diversity of
ferns allows statistical inference based on the documented
data, and the relatively low dependence on biotic vectors
allows linkage of patterns of distribution directly to abiotic
factors.

Journal of Biogeography 41, 250-260
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Figure 2 Study locations and sampling design of fern diversity on Southeast Asian islands. Left: sampling locations (white circles with
numbers; Table 1) spanning the gradients of habitat area and isolation in the Malesian Archipelago and New Guinea. Right: schematic
representation of the sampling design consisting of 16 plots of 20 m x 20 m each (mean richness = o), with one transect consisting of
four plots at fixed distances of 20 m (y,). Two transects of four plots each were arranged 100 m apart (yg), each at both 1100 and
1200 m elevation (Y16). Ycaao as an approximation of the local species pool was calculated using a species diversity estimator (Chao 2)
across all 16 plots. Habitat area was measured as the land surface of each studied mountain range per island between 700 and 1700 m a.s.l.
(grey shades on islands, left), corresponding to the mean elevational range amplitude (1000 m) of montane fern species.

Table 1 Locations of the sampling sites of fern diversity in Indonesia and the Philippines. The numbers refer to the locations of the

islands in Fig. 2.

No. Island Mountain/Site Latitude Longitude Habitat area/site (km?) Island area (km?)
1 Luzon Mingan Mountains 15°25' N 121°24"' E 390 104,688
2 Sibuyan Mount Guiting Guiting 12°26' N 122°33" E 50 445
3 Panay Mount Madia-as 11°21' N 122°08' E 787 12,011
4 Camiguin Mount Timpoong 09°11' N 124°42" E 29 238
5 Mindanao Mount Kitanglad 08°08' N 124°55' E 5854 97,530
6 Sulawesi Toro, Lore Lindu NP 01°29' S 120°03' E 30,557 174,600
7 Tidore Gunung Kiematubu 00°40" N 127°24' E 11 116
8 Bacan Gunung Sibela 00°42" S 127°31' E 110 1900
9 Buru Wafehai 03°13' S 126°34' E 2022 8473

10 Seram Manusela NP 02°59" S 129°11' E 1451 17,100

11 Lombok Gunung Rinjani 08°20" S 116°24' E 799 4725

12 New Guinea Pass Valley 03°46' S 139°14' E 173,416 780,000

Transect design

Samples were taken in standardized plots of 20 m x 20 m.
This plot size has previously been used for surveys of local
fern diversity (Kessler, 2001; Kluge et al, 2006) and is large
enough to be representative but small enough to be ecologi-
cally homogeneous and to allow rapid and efficient surveys
(Kessler & Bach, 1999). We used a fixed sampling design of
transects of four plots separated by a distance of 20 m. In
each mountain range, transects were established in pristine
forests: two at 1100 m a.s.l. separated by 100 m, and two at
1200 m a.s.l. separated by 100 m (Fig. 2).

Plant sampling
For each plot, we assembled a list of all fern species. Epiphytic

species were surveyed by a combination of climbing trees,
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cutting selected branches, looking for fallen branches on the
ground, and using binoculars. This approach has previously
been successfully applied in studies of this kind (Kessler, 2001;
Kluge et al., 2006; Kessler et al., 2011). Every fern species in
each study region (but not in each plot) was collected for later
identification and deposited in the Herbarium Zurich (ZH),
the Herbarium of the Central Mindanao University (Central
Mindanao University Herbarium), the Herbarium Bogor
(BO), or the Herbarium University of California, Berkeley (UC).

Data treatment

We defined o-diversity as the mean diversity of all sixteen
20 m x 20 m plots. y,-diversity was defined as the total
number of species found in all four plots per transect (calcu-
lated as the mean of four transects per site); ys-diversity was
defined as the total number of species found in two transects
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of a total of eight plots at a given elevation (calculated as the
mean of two transects per site); and y;¢-diversity was defined
as the total number of species found in four transects of a
total of 16 plots. ycpuao-diversity was calculated using the
Chao 2 estimator (Chao, 1984) based on 7y,¢-diversity and
the number of singleton and doubleton species recorded.
Yreg-diversity was defined as the total number of fern species
on an island, quantified as the total number of species listed
in the Flora Malesiana (Kalkman & Nooteboom, 1998).

Spatial scale

The term ‘scale’ in this context refers to the size of the units
used in the sampling of the assemblages or grain size (Whit-
taker et al., 2001; Scheiner, 2011) and ranges from 400 m?
(o) to the area of the island (y,.). We considered species
numbers at the levels of o to Ycpao as estimates of local spe-
cies diversity because they refer to fern assemblages at scales
of < 1 km?; that is, at a scale at which direct species interac-
tions are likely to occur. As regional diversity estimates, we
used both Yy, and Ycuao. The latter was included in both
the local and regional scales because, while ycao is a subset
of Yeg and hence ‘local’ in this regard, at the same time it
represents a narrower ‘regional’ species pool from which the
even more local species assemblages (o to v;¢) are recruited.

Explanatory variables

We used area, isolation, habitat heterogeneity and biocli-
matic and edaphic characteristics to explain species diversity
at the various spatial scales.

Area

We defined area as the total habitat area within the mountain
range where the sampling sites were located. For ferns, which
have their maximum diversity at mid-elevations and few low-
land species (Bhattarai et al., 2004), the lowlands are dispersal
barriers for most species, rendering the mountain ranges the
actual habitat islands. Using the whole surface area of an
island would therefore be misleading. We calculated habitat
area based on the total surface area of the elevational belt
ranging from 700 to 1700 m a.s.l. This corresponds to the ele-
vational range amplitude of the majority of montane fern spe-
cies (Bhattarai et al., 2004; Carpenter, 2005; Kluge et al., 2006;
Kessler et al., 2011) and allows an approximation of the area
that hosts the species pool from which the local assemblages
are recruited from. We used ArcGis 10 (ESRI, Redlands, CA,
USA) to calculate the surface area of the respective mountain
ranges based on Shuttle Radar Topography Mission (SRTM)
topographic data at 90-m resolution (Jarvis et al., 2008).

Isolation

Following Weigelt & Kreft (2013), we selected a measure of
island isolation empirically by comparing metrics that repre-
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sent different isolation concepts and source landmasses (see
Appendix S1 in Supporting Information). Because the ETIB
had been formulated for entire islands, we selected the isola-
tion metric based on the model fit of .., in dependence on
area and isolation (y,eg ~ area + isolation), considering only
models that showed the expected negative relationship
among isolation and species diversity. We used the corrected
Akaike information criterion (AIC; Burnham & Anderson,
2002) as the measure of model fit. The distance of a moun-
tain range to the nearest mountain range of at least 100 km?
on the mainland (Asia or Australia) received strongest sup-
port as an explanatory variable for fern species diversity, and
we thus chose this metric for further analyses. Metrics that
considered the amount of mountain area in the surrounding
mountain ranges did not show consistent relationships to
diversity at any spatial scale (see Appendix S1). Distances
were measured using azimuthal equidistant map projections
using the ‘near table’ tool in ArcGrs 9.31. Mountain ranges
were defined as areas above 700 m a.s.l. according to SRTM
topographic data at 90-m resolution (Jarvis et al., 2008).

Environmental variables

We used global temperature and precipitation models of 19
climatic variables derived from WorldClim — Bioclim (Hij-
mans et al., 2005) at a resolution of 30 arcseconds (compare
Weigelt et al., 2013). At the local scale (a0 to Ycpao), biocli-
matic data were extracted for the locations of the sampling
plots. At the regional scale (Yreg Ycrao)> We extracted the
bioclimatic variables as the mean over the whole mountain
range in which the sampling site was located. ycyao has
been included as both local and regional, as it has been cal-
culated on the basis of local data but represents a more
regional diversity.

Relative air humidity is a crucial environmental factor for
ferns because of their relatively poor evaporative control
(Kluge et al., 2006; Kessler et al., 2011), but measuring it
in situ over long periods of time requires considerable effort.
Therefore, we used bryophyte cover on trees as a proxy for
relative air humidity, a method which has been verified for
five sites within the Philippines using data loggers to mea-
sure relative humidity (Karger et al., 2012). We also included
local environmental factors such as mean inclination of the
plot and canopy cover, which were visually estimated in each
plot. Soil samples were taken from every plot and analysed
for 15 soil parameters (see Appendix S2).

Because the factors potentially co-vary and the use of
more explanatory variables than observed variables violates
the conditions for regression analysis, we reduced the envi-
ronmental variables for regional climatic conditions (temper-
ature and precipitation), as well as for local environmental
conditions, using principal components analysis (PCA). PCA
axes were selected using a threshold of 70% variance
explained (see Appendix S3). Where applicable, variables
were zero-mean unit-variance standardized to account for
different measuring units.

Journal of Biogeography 41, 250-260
© 2013 John Wiley & Sons Ltd



Diversity models

To test the applicability of the ETIB of MacArthur & Wilson
(1967) at various spatial scales, we compared regional area
and isolation as predictors of fern species diversity assessed
at different grain sizes (ot to Yy). In addition, we used regio-
nal species diversity (Yr.g) as a predictor of species diversity
at smaller grain sizes (o to Ycuao). We used partial residuals
to visualize the effect of each factor accounting for the
respective co-variable in linear multi-predictor models
(S ~A + 1), with S = species diversity at a given grain size,
A = habitat area, I = island isolation.

To account for regional differences in bioclimate and in
microclimatic, edaphic and structural conditions at plot level,
we included axes derived from the bioclimate and plot-
environment PCAs. The relative importance of each predic-
tor in the multi-predictor framework was assessed using the

pmvd metric in the R package ReLAiMPO (Groemping, 2006).

Island biogeography and spatial scale

All statistical analyses were performed using R statistical soft-
ware version 2.14.2 (R Development Core Team, 2005).

RESULTS

The ETIB of MacArthur & Wilson (1967) applied best at
regional scales (Fig. 3, Table 2). Species—area slopes increased
with spatial grain, but the relationships were significant only
from the 7y,4-level upwards. These results were consistent
both when accounting for the effect of isolation in the
multi-predictor models and when disregarding it (Fig. 3).
The slopes of the negative relationships between diversity
and isolation decreased with increasing spatial grain. How-
ever, this relationship was significant only at the island level
(Yreg)- The explanatory power of the equilibrium model mea-
sured as R? increased monotonically with the spatial grain
from 0.18 (o) to 0.74 (Vg Table 2). Similar patterns arose
when species diversity at different grain sizes were plotted
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Table 2 Model statistics for regional area and isolation (left) and 7y, (right) as descriptors of fern diversity at various spatial scales in mountain ranges on Southeast Asian islands (using
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ordinary least squares regression). Area was measured as the land surface of each studied mountain range per island between 700 and 1700 m a.s.l. Isolation was quantified as the distance to

the nearest mountain range in the mainland of Asia or Australia.

Vreg

Regional area and isolation

. Karger et al.

Vreg

Intercept

Isolation

Area

Intercept

RZ

est.

est.

RZ

est.

est.

est.

Response

—2.88 0.018 0.74

—0.91
—0.13

—0.15
—0.03

0.042

2.37

49.376
39.053
25.399

0.041

2.39
0.70
0.47
0.42
0.83
0.89

303.628

Vreg

0.64
0.48
0.21

0.002
0.012

4.20
3.05
1.64
1.94
1.25

1.403
2.095

0.541

0.63
—0.01

29.677
—0.895
45.878

0.57

0.386
0.903
0.715

0.029

2.59
2.72
2.05
1.95
1.35

0.503

64.206
26.557

YcHAO
Y16

0.990
0.655

0.52

0.00

0.023

0.651

0.132
0.082

2.120
3.591

0.46
0.03
0.47

0.34

0.38
0.15
0.28

0.01

0.071

14.706

0.686
0.431

18.264
24.243
15.315

Vs

0.27
0.13

0.978

3.039
56.678

0.33
0.17

0.883

0.00
0.00

0.084

9.388

Va

0.241

4.787

0.646

0.783

0.210

3.798

0.395

Yreg> total number of fern species on an island; Ycpao, number of species calculated using the Chao 2 estimator (Chao, 1984) based on y,¢-diversity and the number of singleton and doubleton species

recorded; v;6, mean number of species found in four transects of a total of sixteen 20 m x 20 m plots; Y5, mean number of species found in two transects of a total of eight plots; y4, mean number of

species found in all four plots per transect; o, mean diversity of sixteen 20 m x 20 m plots.

est., estimated values.

Table 3 Relative importance of explanatory variables of fern
diversity at various spatial scales in mountain ranges on
Southeast Asian islands. Relative importance was quantified
using the pmvd metric (Groemping, 2006) based on ordinary
least squares regression models including all (significant) factors.
See Table 2 for a definition of the measures of diversity.

Variable Yreg YCHAO Y16 s Ya o
Area 026 026 032 028 021 0.10
Isolation 038  0.10 0.07  0.04 004 0.3

TEMPPCl,, 0.02 0.03 - - - -
PRECPCl g 0.11 0.07 - - - -

PRECPC2,, 0.23 0.15 - - - -

TEMPPC1 - 0.02 0.01 0.01 0.01 0.01
PRECPC1 - 0.02 0.01 0.04 0.05 0.07
ENVPC3 - 0.31 0.46 0.52 0.61 0.67

Area, area of the mountain range between 700 and 1700 m as.l;
Isolation, distance to nearest mountain range on the mainland;
TEMPPCl,,, regional temperature principal components analysis
(PCA) axis 1; PRECPCl g, regional precipitation PCA axis 1;
PRECPC2,.,: regional precipitation PCA axis 2; TEMPPCI, local
temperature PCA axis 1; PRECPCI, local precipitation PCA axis 1;
ENVPC3, local environmental conditions PCA axis 3. ENVPCI and
ENVPC2 are not shown here owing to low predictive power com-
pared with ENVPC3.

OVer Yy as an alternative explanatory factor for fern diver-
sity at several smaller spatial grains (Fig. 3e, Table 2).

The relative importance of area decreased with the spatial
grain of the units at which diversity was measured (Table 3).
Only when diversity was measured as the diversity of the
entire island (y,g) was the relative importance of area lower
than expected from a linear decrease. Island isolation showed
a significant relationhip with diversity only at the largest
grain size (Table 3). However, a decrease of relative impor-
tance from 7,e-diversity and ycpao-diversity to a-diversity
was apparent. Temperature did not explain diversity at any
given grain size (Table 3). Precipitation was important only
at the regional level but not at grains smaller than ycpao
(PRECPC2,e,; Table 3). Local environmental conditions
(ENVPC3) showed a clear increase in relative importance
with decreasing spatial grain (Table 3). Consequently, the
maximum relative importance of environmental conditions
was found at the a-level (Table 3).

DISCUSSION

At the regional scale (y,eg), we found the expected relation-
ships of species diversity and habitat area per mountain
range and level of isolation, as predicted by the classical the-
ory of island biogeography (MacArthur & Wilson, 1967;
Whittaker, 1998). In contrast, the marked decline in impor-
tance of area and isolation for diversity measured at smaller
spatial scales shows that the ETIB loses its predictive power
with decreasing spatial scale from regional to plot level
(Fig. 3, Table 2).

At the smallest grain size (o), diversity was correlated nei-
ther with regional area nor with isolation. Based on these
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results, we have to reject our hypothesis that the ETIB is
equally applicable across spatial scales (H;) in favour of an
effect of spatial scale on species diversity on islands (H,).
This leads us to conclude that the influence of the species
pool on local diversity is scale-dependent and decreases with
decreasing spatial scale. A possible explanation for this pat-
tern could be that local (o) diversity is saturated, limiting
the number of species that can migrate into local communi-
ties from the regional species pool, so that diversity becomes
less saturated at larger scales (Fox & Srivastava, 2006). A
local community is considered saturated when the maximum
number of species that can disperse into the community,
find a suitable niche and keep a viable population size, is
reached (Fox & Srivastava, 2006). In addition, a community
can be saturated simply because the upper limit of species
diversity is reached owing to ecological constraints (Srivast-
ava, 1999). The strong increase in the importance of envi-
ronmental factors with decreasing spatial scale would favour
the hypothesis of environmentally constrained saturation
(Table 3). At the o-scale, species diversity thus can be con-
sidered to be saturated, as the maximum fern diversity possi-
ble under the current environmental conditions appears to
have been reached. An increase in the species pool can there-
fore have no effect on local species diversity, as the maxi-
mum number of species that the local assemblages can hold
has already been reached.

Isolation did not show the same pronounced patterns as
area across spatial scales. Although a decline in the impor-
tance of isolation was visible, this was only marginally signifi-
cant. In fact, only two of the tested isolation metrics showed
the expected significant negative effect, and only at the largest
scale (YVreg see Appendix S1). This might be partly a result of
the relatively small sampling size of 12 islands, but most likely
reflects the fact that the variability of isolation among our
study islands (3-fold) was much less than that of area
(15,000-fold). Furthermore, isolation in a set of islands as
complex as the Southeast Asian archipelago is difficult to
quantify, as inter-island connectivity might affect the degree
of isolation of small islands more than that of large islands,
and a common source pool for all islands is hard to define. In
addition, the comparatively low importance of isolation might
also be linked to a high degree of speciation, which may coun-
teract the negative effect of isolation on species diversity, espe-
cially on large islands such as New Guinea and Mindanao
(Kisel & Barraclough, 2010; Weigelt & Kreft, 2013).

Among the regional environmental variables, precipitation
appeared to be important for fern diversity at regional and
intermediate scales (Yreg Ycrao). The influence of precipita-
tion on regional fern diversity has been shown previously at
a global scale for ferns (Kreft et al., 2010) and overall for vas-
cular plants (Kreft & Jetz, 2007). Its importance, however,
declines towards smaller scales, where local environmental
factors become more important. In contrast, temperature did
not show any relationship to species diversity at any scale
(Table 3). This is not surprising, considering that all of our
investigated islands are within the tropics, without a pro-
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nounced gradient in mean annual temperature and that
water-related variables are more likely drivers of vascular
plant diversity in high-energy regions (Kreft & Jetz, 2007).
However, the data constraints of WorldClim might be prob-
lematic in this context as WorldClim is known to perform
especially poorly in tropical mountain regions (Soria-Auza
et al., 2010). We therefore caution against an ecological
inference from these factors in this case.

Local environmental factors such as soil fertility and mi-
croclimatic conditions in contrast varied extensively at the
grain size of one study site, and therefore showed a stronger
correlation with species diversity at the local scale compared
with regional environmental variables. Local environmental
factors are also known to increase regional diversity when
more environmental conditions are sampled by using a larger
number of sampling plots on large islands than on small
islands (Sfenthourakis & Panitsa, 2012). We therefore cau-
tion against making the inference that local environmental
factors do not matter for regional diversity. They can influ-
ence regional diversity, however, only when most of their
within-island variability is assessed to reflect the regional var-
iation of local environmental conditions (Sfenthourakis &
Panitsa, 2012). This, however, contrasts with the equal num-
ber of plots per island used in our study, and therefore an
influence of local environmental factors on regional diversity
might only be a sampling artefact which arises from an
uneven number of sampling plots.

By providing evidence for a scale-dependent response of
local diversity, our study reveals important insights into how
regional diversity translates into local diversity. Translations
of regional diversity into local diversity have been thought to
be different on islands than on mainlands (Rosenzweig &
Ziv, 1999). On the mainland, regional diversity would trans-
late into local diversity, as observed in our data for fern
diversity at a larger grain size of local diversity in compari-
son to islands. On islands, in contrast, regional diversity
would translate into local diversity, as observed in our data
at small spatial grain sizes. This shows that relationships
between regional and local diversity can be altered not only
by different geographical settings (mainland versus islands)
but also by spatial scale.

CONCLUSIONS

In conclusion, we found that the two main factors of the
ETIB, area and isolation, are strong predictors of fern diver-
sity on islands at regional scales. The species pool has a
scale-dependent influence on diversity and is unimportant at
the local (o) scale, where diversity appears to be saturated.
At this scale, local variation in environmental conditions
becomes a far stronger predictor of fern diversity. The lack
of explanatory power of area and isolation at the local
a-scale is most probably a result of the species saturation of
communities. More generally, to make predictions about
how regional processes may influence local assemblages, it is
therefore important to take the scale dependence of species-pool
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effects into account and to acknowledge that these effects
influence species diversity only down to the scale at which
diversity becomes saturated.
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