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The influence of island dynamics and characteristics on taxonomic diversity, particu-
larly species richness, are well studied. Yet, our knowledge on the influence of island 
dynamics and characteristics on other facets of diversity, namely functional and phy-
logenetic diversity, is limited, constraining our understanding of assembly processes 
on islands (e.g. biogeographic history, dispersal and environmental filtering and spe-
cies interactions). Using barrier islands, a highly dynamic and so far, understudied 
island type, we investigate how multiple facets of vascular plant diversity (functional, 
phylogenetic and taxonomic diversity) are shaped by island geomorphology, modern 
and historic area, and habitat heterogeneity. In line with our expectation, historical 
dynamics in island geomorphology affected phylogenetic and taxonomic diversity via 
habitat heterogeneity. However, island area was the best predictor across all facets of 
diversity. Specifically, larger islands had higher functional and phylogenetic diversity 
than expected by chance while most of the smaller islands had lower diversity. The 
influence of area on functional diversity acted via habitat heterogeneity, with habi-
tat heterogeneity influencing negatively functional diversity. Our results suggest that 
larger islands accumulate functionally and phylogenetically unique species. Further, 
results for functional diversity pointed towards potential area–heterogeneity trade-offs, 
with these trade-offs likely resulting from increased interspecific competition favoring 
a specific set of trait values (of stronger competitors), particularly on smaller islands. 
Together, these results demonstrate that going beyond taxonomic diversity contributes 
to identifying underlying processes shaping diversity–area relationships.

Keywords: functional diversity, island biogeography, habitat heterogeneity, 
phylogenetic diversity, species–area relationship
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Introduction

In search of answers to complex ecological and biogeographi-
cal questions, scientists have long turned to islands as model 
systems (Warren et al. 2015) due to their comparatively small 
size, distinct spatial boundaries and their striking examples of 
evolutionary diversification (Mayr 1963, Losos and Ricklefs 
2010). Island research has advanced our general understand-
ing of evolutionary and ecological patterns and processes 
reaching far beyond islands, including the species–area rela-
tionship (Rosenzweig 1995, Triantis et al. 2012), the role of 
immigration and extinction (MacArthur and Wilson 1967) 
and adaptive radiation (Gillespie and Roderick 2002, Kisel 
and Barraclough 2010). One of the most prominent out-
comes of island research, the equilibrium theory of island 
biogeography (ETIB) by MacArthur and Wilson (1967), 
points to area and isolation as the major aspects influencing 
species richness on islands. However, test of ETIB found that 
other aspects such as climate (Kreft et al. 2008), environmen-
tal heterogeneity (Barajas‐Barbosa  et  al. 2020), geodynam-
ics and disturbance history (Fahrig et al. 1993, Weigelt et al. 
2016) as well as island age (Whittaker et al. 2008) also greatly 
influences insular plant diversity.

Island area is probably the most well studied abiotic 
island feature and its relationship with species richness is well 
known as the species–area relationships (SAR) (Turner et al. 
2005, Triantis et al. 2012). Beyond being influenced by fac-
tors such as spatial scale, sampling, minimum area effects 
and geographical location (Turner  et  al. 2005), the SAR 
also reflects underlying ecological processes, as higher habi-
tat heterogeneity and increasing immigration and speciation 
rates (Connor and McCoy 2001, He and Legendre 2002). 
Habitat heterogeneity is, arguably, the most consistent fac-
tor influencing SAR, from local to global scale (Rosenzweig 
1995, Turner et al. 2005). However, the relationship between 
area and habitat heterogeneity is not always straightforward. 
When heterogeneity increases for a given area, the effective 
area available for species is reduced which in turn may lead 
to declines in population size (Allouche et al. 2012, Ben-Hur 
and Kadmon 2020). However, such a hump-shaped rela-
tionship between species richness and habitat heterogene-
ity might not apply to island systems (Hortal  et  al. 2009). 
Despite extensive research, disentangling the effects of area 
and habitat heterogeneity on biodiversity remains an impor-
tant task, and going beyond species taxonomic identity might 
shed light on how those two aspects are intertwined.

Although area and habitat heterogeneity are paramount 
for our understanding about island biodiversity, they do not 
capture island dynamics. Recent models in island biogeogra-
phy highlight the importance of geo-environmental dynamics 
for key ecological processes like immigration, speciation and 
extinction and ultimately biodiversity dynamics on islands 
(Heaney 2000, Whittaker et al. 2008). Such non-equilibrium 
models stress that island age and geological ontogeny affect 
the carrying capacity of islands through time (Whittaker et al. 
2008). Island dynamics are present across a wide range of 
spatial–temporal scales, and range from tidal dynamics that 

shape island coastlines and coastal communities on a daily 
basis, wave action and sedimentation that change island area 
at the scale of decades and centuries (Fitzgerald et al. 1984, 
Ernstsen  et  al. 2006) as well as changes in climate and sea 
levels due to glacial cycles over tens of thousands of years 
(Weigelt et al. 2016) and geological dynamics over millions 
of years affecting species turnover, immigration and extinc-
tion rates (Whittaker et al. 2008).

The effects of area, habitat heterogeneity and island dynam-
ics on other biodiversity facets than species richness is poorly 
understood (Matthews  et  al. 2015, 2020, Negoita  et  al. 
2016). For a more mechanistic understanding of community 
assembly processes and how they influence biodiversity pat-
terns at different scales (Leibold and Chase 2018), we should 
consider the interrelationships between the three primary 
facets of biodiversity: taxonomic, functional and phyloge-
netic diversity (Latham  et  al. 1993, Swenson 2011, 2014, 
Bauer et al. 2021). Functional diversity represents the varia-
tion in morphological, physiological and ecological traits 
that affect individual performance and fitness (Garnier et al. 
2016), which in turn can help explain ecological strate-
gies and assembly processes (Tilman 2013). Studying traits 
variation related to species dispersal and resource acquisition 
strategies may unveil the main dispersal and environmental 
filters (Kraft et al. 2015a, de Bello et al. 2021). Phylogenetic 
diversity represents the phylogenetic relatedness among spe-
cies in a community that can be used to investigate assembly 
processes and the role of species interactions (Faith 1992, 
Webb et al. 2002).

Research on the influence of spatial features on functional 
and phylogenetic diversity has found highly context-depen-
dent relationships. For instance, Mazel  et  al. (2014) and 
Jarzyna and Jetz (2018) showed that richness-based metrics 
of functional and phylogenetic diversity produce a simi-
lar pattern as taxonomic diversity. However, the functional 
diversity–area relationship (FDAR) has a lower saturation 
point (i.e. when functional diversity stops increasing with 
area and the FDAR curve stabilizes) than SAR, indicating 
functional redundancy, i.e. several species with similar trait 
values, while the number of species still increases. In contrast, 
Karadimou et al. (2016) did not find evidence of a saturation 
point of FDAR. Wang et al. (2013) found that FDAR as well 
as phylogenetic diversity–area relationship (PDAR) closely 
mirrored SAR, but FDAR and PDAR did show scale depen-
dency, indicating competitive exclusion at small scales and 
habitat filtering at larger scales. Zhang et al. (2021) showed 
an area threshold requirement to maintain functional diver-
sity of woody plants. Overall, there is still a knowledge gap 
when it comes to understanding the scale dependency of 
functional and phylogenetic diversity.

A large proportion of studies in island biogeography 
focuses on oceanic islands (e.g. islands of volcanic origin such 
as the Hawaiian and Canary Islands or Galápagos), but other 
island types with different ontogenies and geo-environmen-
tal dynamics can offer fresh perspectives in island biogeog-
raphy (Ali 2017). Barrier islands, for instance, have highly 
dynamic landscapes composed mainly of unconsolidated 
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sediments (Davis 1994, Wang and Roberts Briggs 2015). 
These highly dynamic landscapes suffer from plant biomass 
destruction by stochastic disturbances in addition to large 
variation in resource availability over a short period of time; 
processes that may break established environment–plant–
ecosystem relationships (Kleyer et al. 2014). Studies on riv-
ers and wetlands found that neutral processes and dispersal 
limitation better explain species diversity in highly dynamic 
ecosystems than environmental filtering (Isabwe et al. 2019, 
Schöpke et al. 2019).

Barrier islands occur along about 15 percent of the 
world’s coasts and are present on almost all continents (Davis 
1994). Constant geomorphological activity caused by wind 
and water are changing barrier islands by destroying and 
renewing features across various temporal and spatial scales. 
While past geographical conditions and temporal changes 
in environmental conditions are increasingly recognized to 
greatly influence present plant diversity on oceanic islands 
(Whittaker  et  al. 2008, Warren  et  al. 2015, Weigelt  et  al. 
2016), their role in determining plant diversity of barrier 
islands remains largely unexplored. Water-related mecha-
nisms shaping barrier islands can be explained by inlet sedi-
ment bypassing, where sand is carried out from the beach 
by longshore drift and deposited at the upstream, as the 
inlet erodes the downstream causing the islands to move 
(Fitzgerald  et  al. 1984). Therefore, all barrier islands share 
‘head’ and ‘tail’ as common elements (Oost et al. 2012). In 
the Frisian islands, this process happens mainly from west 
to east following the direction of the sea tides and strong 
wind; that way the western parts of the islands (represent-
ing the ‘head’) consist of older, more consolidated sediment, 
while the islands’ ‘tail’ in the east are the younger parts of 
the islands, made up of newer sediments. The island tail 
mainly consists of salt-marshes and dunes and their extent 
vary widely from island to island (Groot  et  al. 2017). The 
West and East Frisian are much younger than most oceanic 
islands and thus lack in-situ diversification and endemic spe-
cies (Niedringhaus et al. 2008).

Here, we investigate how different facets of plant diver-
sity are affected by area (modern and historic), habitat 
heterogeneity and island geomorphological dynamics. The 
Frisian Islands are a particularly interesting model system to 
study the impact of island features on multifaceted diversity, 
because of their fast-changing geomorphology and constant 
environmental disturbances. They offer an opportunity to 
gain insights into patterns and drivers of biodiversity in 
a highly dynamic island system with geomorphological 
dynamics acting at the decadal to centennial time spans. 
The geomorphology of the Frisian islands causes them to 
grow by increasing the island’s ‘tails’, where habitats are 
mainly salt marshes and dunes. Therefore, we expect that 
the increase in island area will not necessarily amount to 
the increase in habitat heterogeneity. Consequently, larger 
islands can have a larger number of species, but species will 
remain highly similar in their functional traits. We hypoth-
esize that 1) habitat heterogeneity positively affects func-
tional and phylogenetic diversity, and that it is a stronger 

predictor than area per se. Considering the constant dis-
turbances naturally present in the barrier island system, we 
also hypothesize that 2) the temporal geomorphological 
dynamics negatively impact functional, phylogenetic and 
taxonomic diversity either directly or via changes in area 
and habitat heterogeneity.

Material and methods

Study site

The West and East Frisian Islands are located at the coast-
line of Germany and the Netherlands in the North Sea 
(53°02′05″N, 4°43′35″E–53°47′08″N, 8°00′20″E) (Fig. 1). 
This chain of barrier islands comprises 17 islands, all of which 
originated from sedimentation and erosion processes (Streif 
1989, Homeier et al. 2010) with the exception of Texel which 
became disconnected from the mainland in the 12th century 
by the ‘All Saints’ flood (Eisma and Wolff 1980). The islands 
vary in size (Table 1) and usually have an elongated shape, 
oriented parallel to the shore line; they are of similar age and 
at a similar distance from the shore (7 km on average). Most 
of the Frisian islands were formed approximately 7000 years 
ago when large amounts of sand accumulated along the sea-
shores by tidal action, creating dune ridges. Subsequently, 
plant colonization led to the stabilization of those dunes and 
the formation of salt marshes (Streif 1989, Davis 1994).

Species distribution

We extracted species distributions of vascular plants for each 
island from two different sources: Niedringhaus et al. (2008) 
for the East Frisian Islands and the Nationale Databank 
Flora en Fauna (2015) for the West Frisian Islands. The East 
Frisian comprised a group of ten islands with 1004 species, 
the West Frisian had a total of seven islands and 1368 species. 
We first standardized species’ names according to The Plant 
List, (2010). Hybrids and infra-specific ranks were excluded. 
During name standardization, 69 species names were changed 
in the East Frisian dataset and 161 in the West Frisian data-
set. Since all Frisian Islands are modified by human land 
use, we filtered out non-native species (Tamis  et  al. 2004, 
Niedringhaus et al. 2008) to best represent natural patterns. 
We then filtered out species known to only occur in human-
dominated habitats as classified by Klotz and Durka (2002) 
and Niedringhaus et al. (2008), assuming that even though 
native, these species would not be capable of colonizing the 
islands without human interference. From that we obtained a 
total of 938 species on East Frisian and West Frisian.

Functional traits and phylogenetic information

We selected four traits that represent different ecological 
strategies (Díaz et al. 2016): 1) maximum plant height (m), 
is connected to light interception and seed dispersal facilita-
tion (Moles  et  al. 2009, Garnier  et  al. 2016); 2) seed mass 
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(mg) is linked to colonization capacity and seedling survival 
(Thompson et al. 1993, Moles et al. 2004, Wyse and Hulme 
2021); 3) leaf mass per area (g cm−2) is related to carbon gain 
and leaf life span (Wright et al. 2004, Poorter et al. 2009); 4) 
leaf area (mm2) is linked to leaf energy production and water 
balance (Ackerly and Donoghue 1998, Farquhar et al. 2002). 
We obtained trait data primarily from the LEDA Traitbase 
(Kleyer et al. 2008), as the trait data salt marshes and dunes 
were collected in the East Frisian islands and further comple-
mented them with data from Minden et al. (2012), Minden 
and Kleyer (2015) and Kleyer et al. (2019). Further missing 
trait information was extracted from the GIFT (Weigelt et al. 
2020) and TRY databases (Kattge et al. 2020). We standard-
ized trait values to the same units of measurement and if spe-
cies had more than one measurement for the same trait, we 
took the mean, except for maximum plant height where we 
took the 90th percentile, in order to preserve the highest val-
ues. We only considered species with data for at least three out 
of the four traits, reducing our data set to a total of 712 species. 
From the 712 species, 99% had available data for maximum 
plant height, seed mass and leaf mass per area, while only 79% 
had data for leaf area. We imputed the remaining missing trait 
values using the missForest function in the missForest pack-
age (Stekhoven and Bühlmann 2012) which imputes missing 
values by repeatedly fitting a random forest (Breiman 2001) 
on the observed part of each plant trait. It uses phylogenetic 
eigenvectors (n = 1–30) to reduce prediction error, by select-
ing the number of phylogenetic eigenvectors that had the 
minimum imputation error for each trait. For the phyloge-
netic information we used the Daphne phylogenetic tree by 
Durka and Michalski (2012).

Multifaceted diversity

Taxonomic diversity is defined by species richness of each 
island. We assessed functional diversity as functional rich-
ness, using the hypervolume approach proposed by Blonder 
(2018), which places each species of an island within a mul-
tidimensional trait space and quantifies functional richness 
as the total volume created by all species in the trait space. 
Hypervolumes rely on kernel density estimations based on 
the distributions of the observations which returns a volume 
in a multidimensional space accounting for holes, i.e. miss-
ing trait combinations. To make sure the hypervolume for 
each island was comparable among each other and to identify 
structuring axes that segregate species, we performed princi-
pal component analysis (PCA) of the traits for the total spe-
cies pool and used the first three axes of this PCA as our 
dimensions for the calculation of hypervolume and kernel 
bandwidth estimation, using Silverman’s rule (Silverman 
1986). Kernel bandwidth and hypervolume were calculated 
using the functions estimate_bandwith and hypervolume 
from the R package hypervolume (Blonder et al. 2014).

To assess phylogenetic diversity, we used the richness-based 
metric Faith’s phylogenetic diversity (Faith 1992), calculated 
by summing up the branch lengths of the species (Tucker et al. 
2017). We calculated Faith’s phylogenetic diversity based on 
a matrix containing presence and absences of native species 
in each island and in our constructed tree using the function 
pd from the package picante (Kembel et al. 2010). Because 
functional and phylogenetic diversity systematically increase 
with species richness we standardized both values for effect 
size. Effect size control for species richness by testing for 

Figure 1. Map of the study area showing the 17 West and East Frisian Islands located off the German and Dutch coastline in the North Sea.
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significant deviation between observed and random commu-
nities. Therefore, it can inform if functional and phylogenetic 
diversity are higher or lower than expected by chance for a 
given species richness. We ran 100 null models, reshuffling 
the species list of each island from the total species pool, and 
then calculated the standardized effect sizes (SES) for func-
tional and phylogenetic diversity, using the formula as fol-
lows: SES = (obs. value − null mean)/null standard deviation; 
where ‘SES’ is standardized diversity index; ‘obs. value’ is the 
observed diversity index, while ‘null mean’ and ‘null standard 
deviation’ are the mean value and standard deviation of the 
null distribution of diversity index values generated for each 
island (Gotelli and Graves 1996). SES values lower than zero 
indicate less diversity than expected by chance, given spe-
cies richness, while positive values indicate higher diversity 
than expected. However, since SES usually leads to a nor-
mal distribution of data, significance starts at the 5% margin 
(above and below (−)1.96) (de Bello et al. 2021). Functional 
and phylogenetic diversity were highly correlated with tax-
onomic diversity (r = 0.77 and r = 0.97, respectively). Null 
model standardization reduced the correlation among func-
tional and phylogenetic diversity with taxonomic diversity to 
r = 0.26 and r = 0.75, respectively (Supporting information).

Abiotic island features

We extracted habitat heterogeneity from raster files at 100 m 
resolution from the Ecosystem Types of Europe dataset (Weiss 
and Banko 2018) (Supporting information), which maps 18 
different habitats on the Frisian Islands. We excluded habitats 
classified as urban or anthropogenic (n = 6 habitats). Then, we 
calculated the effective number of habitats based on their area 
using the Hill number approach (Chao et al. 2014), with total 
number of habitats (Hill number q = 0), Shannon diversity 
(Hill number q = 1) more strongly weighting rare habitats, and 
Simpson diversity (Hill number q = 2) more strongly weight-
ing common habitats. Patterns were consistent when includ-
ing total number of habitats, Shannon or Simpson diversity; 
we thus focus on results for the effective number of habitats 
with q = 2 (Simpson diversity). We calculated the effective 
number of habitats for each island except Lütje Hörn for 
which no data were available regarding its habitat types. Island 
area was assessed in two different ways: First, modern island 
area (hereafter area) was quantified by summing the area of 
natural and semi-natural habitats occurring for each island. 
Second, historic area was based on the year 1700 for all islands 
except Rottumerplaat (with the oldest record from 1900). To 
assess temporal geomorphological dynamics, we followed the 
approach by Scherber et al. (2018) using temporal area varia-
tion as a proxy for geomorphological dynamics. Temporal area 
variation serves as a proxy for the geomorphological dynamics 
of the islands because the changes in area are a consequence of 
the geomorphological processes of sedimentation and erosion 
caused by the tides and strong winds as well as big catastrophic 
events like floods and storms. We retrieved past island area from 
different points in time ranging from 1700 to 2008, from geo-
referenced historical maps using QGIS (QGIS Development 

Team 2020) and calculated the coefficient of variation (stan-
dard deviation divided by the mean) (Table 1). East Frisian 
islands historical maps are from Homeier et al. (2010) )  and 
historical maps of West Frisian island are from Utrecht Univ. 
library special collections: maps and atlases and David Rumsey 
map collection (Supporting information).

Statistical analyses

Due to the lack of consensus on which model form provides 
the best fit to FDAR and PDAR, we fitted 12 different mod-
els and averaged them (Mazel and Thuiller 2020). The models 
were weighted according to their AIC values and we further 
derived the average SAR, and standardized FDAR and PDAR. 
Using the R package ‘sars’ (Matthews et al. 2019), we started 
with the 20 models available in the package and evaluated the 
model’s normality of the residuals by Shapiro–Wilk tests and 
used Pearson correlation between squared residuals and area 
to test for homoscedasticity. The models that passed the tests 
were used for the final averaged diversity–area curves.

To assess the influence of island dynamics, area and habitat 
heterogeneity on the diversity facets, we used piecewise struc-
tural equation models (SEM) using the approach proposed by 
Lefcheck (2016). SEMs link multiple response and predictors 
variables in a single causal network, relying on pre-existing 
knowledge of the system to make educated hypotheses on 
the causal relationships between variables (Shipley 2016). 
It allowed us to test a hypothetical causal model based on a 
priori knowledge related to the relationships between island 
dynamics, area and habitat heterogeneity. We established two 
alternative SEM, one using area and another using historic 
area (Fig. 2a, b) For the SEM using area, direct paths between 

Figure 2. Conceptual figure of two alternative structure equation 
models on how modern and past island characteristics might affect 
different facets of insular plant diversity. Solid lines are the initial 
path added in the model while dotted blue lines were added only if 
this improved the model fit (based on modification indices, p-value 
< 0.05). In panel (a), geomorphological dynamics are hypothesized 
to influence diversity facets directly or indirectly via area and/or 
habitat heterogeneity. Alternatively, in panel (b), historic area is 
hypothesized to influence diversity facets directly or indirectly via 
geomorphological dynamics and/or habitat heterogeneity.
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geomorphological dynamics and area, geomorphological 
dynamics and habitat heterogeneity and island dynamics and 
diversity facets were included in the initial model. Alternative 
paths to the initial model between area and habitat heteroge-
neity as well as them and the biodiversity facets were added, 
if this improved the model fit (based on modification indi-
ces, p-value < 0.05, Fig. 2a). For the SEM using historic 
area, direct paths between historic area and geomorphological 
dynamics, historic area and habitat heterogeneity and historic 
area and diversity facets were included in the initial model. 
Alternative paths to the initial model between geomorpholog-
ical dynamics and habitat heterogeneity as well as them and 
the biodiversity facets were added, if this improved the model 
fit (based on modification indices, p-value < 0.05, Fig. 2b). 
Area (and historic area) and habitat heterogeneity were both 
log-transformed to fit normal distribution. Model fits were 
assessed using Fisher’s C statistic based on the test of directed 
separation. Therefore, if the p-value of the test was > 0.05, 
we considered the data to fit the hypothetical causal network 
(Lefcheck 2016). To calculate the piecewise SEM, we used 
the function psem from the piecewiseSEM package (Lefcheck 
2016). We also did a sensitive analyses on a data subset using 
two more traits, stem specific density to assess growth strategy 
and mechanical resistance (Díaz et al. 2016) and leaf nitrogen 
per leaf area, an indicator of the photosynthetic potential and 
herbivory resistance (Chapin 1980, Diaz et al. 2004).

Results

PCA of species traits revealed two independent main com-
ponents that together accounted for 68% of the variation in 
the four-dimensional trait space. Plant height and seed mass 
were mostly associated with PC1 (42.6%) while leaf traits 
contributed mostly to PC2 (24.8%) (Supporting informa-
tion). Most species were short stature, had small seeds and 
relatively acquisitive leaf strategy, i.e. low leaf mass per area. 
Most of the islands showed underdispersion (negative val-
ues) for standardized functional diversity (hereafter FD.ses) 
and standardized phylogenetic diversity (hereafter PD.ses) 
(Table 1). Larger islands had FD.ses values close to zero, indi-
cating randomness, or above it, indicating overdispersion of 
traits. Underdispersion in FD.ses was more pronounced in 
islands with area size below 30 km2. Texel, the largest island 
with the highest taxonomic diversity, had lower FD.ses than 
Terschelling and Ameland, that are considerably smaller and 
have less habitat heterogeneity. In the case of PD.ses, all 
islands showed values departing from the null expectations, 
however only three islands showed PD.ses values above zero 
(Texel, Vlieland and Ameland). Contrary to FD.ses, PD.ses 
does not show an area threshold, where the patterns change 
from underdispersion to overdispersion. The FDAR curve 
(Fig. 3a) showed a linear form, while he PDAR (Fig. 3b) 
curve mirrored the one of SAR (Fig. 3c).

Geomorphological dynamics measured as the coefficient 
of variation in island area varied from 0.05 to 0.59, Moreover, 
geomorphological dynamics were unrelated to island area 

with the whole range of values of geomorphological dynamics 
covered in smaller islands (Fig. 4a). In contrast, geomorpho-
logical dynamics negatively influenced habitat heterogeneity, 
as islands with lower geomorphological dynamics presented 
higher habitat heterogeneity (Fig. 4b). Further, larger islands 
were associated with higher habitat heterogeneity (Fig. 4c). 
Additionally, linear models results showed that standard-
ized FD.ses was neither influenced by habitat heterogene-
ity (Fig. 5a) nor by geomorphological dynamics (Fig. 5b), 
PD.ses was positively influenced by habitat heterogeneity (p 
< 0.0001, r2 = 0.51) (Fig. 5c) but not by geomorphologi-
cal dynamics (Fig. 5d). Taxonomic diversity was positively 
influenced by habitat heterogeneity (p < 0.0001, r2 = 0.47) 
(Fig. 5e) but not by geomorphological dynamics (Fig. 5f ).

When analyzing the relationships by piecewise SEMs, area 
explained 74, 80 and 78% of the variance for FD.ses, PD.ses 
and taxonomic diversity, respectively; with area driving the 
variation across diversity facets either directly (standardized 
effects = 1.2, 0.88 and 0.78 for FD.ses, PD.ses and taxonomic 
diversity, respectively) or via habitat heterogeneity (stan-
dardized effect via habitat heterogeneity = −0.47 for FD.ses, 

Figure 3. The three facets of diversity and their area relationship. 
Dashed blue lines in (a) and (b) mark the 0 point value. Values 
below 0 indicate functional and phylogenetic diversity lower than 
expected by chance (underdispersion); and values above 0 indicate 
functional and phylogenetic diversity higher than expected by 
chance (overdispersion).
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Fig. 6a). In other words, overall, larger islands had higher 
FD.ses, despite a negative effect of habitat heterogeneity on 
FD.ses. In addition, we found that geomorphological dynam-
ics did not significantly affect – neither directly nor via area and 
habitat heterogeneity – any of the diversity facets. The model 
using historic area (Fig. 6b explained 59, 89 and 79% of the 
variance for FD.ses, PD.ses and taxonomic diversity. Historic 
area emerged as the main driver of all diversity facets (standard-
ized effects = 0.77, 0.71 and 0.65 for FD.ses, PD.ses and taxo-
nomic diversity, respectively). However, this model unveiled an 
indirect effect of geomorphological dynamics on phylogenetic 
and taxonomic diversity via habitat heterogeneity (standard-
ized effect via habitat heterogeneity = −0.16 for PD.ses and 
taxonomic diversity). In contrast, no significant relationship 
between historic area and habitat heterogeneity was found.

Discussion

The West and East Frisian Islands are a comparatively young 
and highly dynamic island system. They are characterized by 

a large range of island sizes and different degrees of habitat 
diversity. Typical geomorphological dynamics of a barrier 
island system puts island plant communities under constant 
disturbances, such as storm surges, tidal floods and erosion 
and sedimentation caused by wind and water action. Yet, our 
results revealed that while geomorphological dynamics did 
play a role shaping multifaceted diversity via influencing hab-
itat heterogeneity, area was the most important driver of all 
three facets of diversity. Area was also closely related to habi-
tat heterogeneity, showing that they are both relevant and not 
independent of each other. Most islands showed lower FD.ses 
and PD.ses than expected by chance (underdispersed) but the 
few islands larger than 30 km2 showed closer to random or 
higher than expected (overdispersed) patterns for FD.ses. 
Even though we accounted for differences in species richness, 
FD.ses and PD.ses showed a strong relationship with area, 
suggesting that functionally and phylogenetically unique spe-
cies are accumulating on larger islands. The influence of area 

Figure  4. The three abiotic factors and their relationships. Solid 
lines indicate significant relationships (p < 0.05) and dashed lines 
show non-significant ones. Confidence intervals are shown as gray 
contours. When analyzed individually geomorphological dynamics 
presented no significant relationship with area but a negative rela-
tionship with habitat heterogeneity.

Figure 5. The three facets of diversity and their correlation with habitat 
heterogeneity and geomorphological dynamics. Solid lines indicate 
significant relationships (p < 0.05) and dashed lines show non-signif-
icant ones. Confidence intervals are shown as gray contours. When 
analyzed individually neither habitat heterogeneity nor geomorpho-
logical dynamics showed correlation with FD.ses (a), (b). Habitat het-
erogeneity was positively correlated with PD.ses and taxonomic 
diversity (c), (e), while geomorphological dynamics did not present 
any significant correlation with any of the diversity facets (d), (f ).
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via habitat heterogeneity, while weaker, was significant, with 
an unexpected negative effect on FD.ses.

Functional underdispersion occurred on islands smaller 
than 30 km2, while functional diversity increased on larger 
islands. On the one hand, functional underdispersion is 
commonly attributed to environmental filtering (Mazel and 
Thuiller 2020). The Frisian islands are constantly exposed 
to disturbances caused by wave and wind action, as well as 
storm surges, which are even more pronounced on smaller 
islands due their lack of taller dunes and more consolidated 
sediment. Therefore, the harsh environment of these islands 
may narrow the range in suitable trait values. On the other 
hand, competitive exclusion can also lead to underdispersion, 
depending on the trait being analyzed (Mayfield and Levine 
2010, Kraft  et  al. 2015b). Yet, disentangling abiotic from 
biotic filtering processes based solely on FD.ses patterns is an 
intricate task or even impossible (Mazel and Thuiller 2020).

The indication that plants on the Frisian islands are func-
tionally highly similar is further supported by PD.ses, which 
also shows underdispersion for most of the islands. Given 
that the description of a functional role might involve an 
unknown combination of traits, functional diversity has been 
used as proxy of functional diversity (Prinzing  et  al. 2001, 
Cadotte et al. 2009, Cavender-Bares et al. 2009), based on 
the assumption that phylogenetically closer species are func-
tionally more similar due to phylogenetic trait conservatism.

The shape of FDAR and PDAR curves are in line with 
previous studies that showed generally underdispersion, 
which decreases as area increases (Smith et al. 2013, Carvajal-
Endara et al. 2017, Zhang et al. 2021). In our study, the dif-
ference between the shape of FDAR and SAR curves can be 
explained by the influence that underlying functional data 

have on FDAR. Underdispersed functional diversity causes 
FDAR curves to depart from SAR curves, instead of mirror-
ing it (Mazel and Thuiller 2020). As FD.ses scales with area, 
islands larger than 30 km2 turn from underdispersed to over-
dispersed or random, which is a pattern that could be influ-
enced by anthropogenic activities. Larger islands with bigger 
populations are more subject to human modifications (e.g. 
fixation of dunes, grazing) which interfere with the natural 
habitats (e.g. dunes and salt marshes). These interferences can 
artificially create opportunities for new species to come in, 
which will potentially increase the range of trait values that 
are represented. Additionally, some species require a minimum 
area for maintaining viable populations and are filtered out on 
smaller islands (Zhang et al. 2021). The similarity in the shape 
of the PDAR and SAR curves can be attributed to the high cor-
relation between PD.ses and taxonomic diversity; this correla-
tion shows that the increase in number of species comes from 
species of different families (and different traits), reflecting the 
habitat heterogeneity correlation with PD.ses. This relation-
ship, however, disappears or becomes weaker once we take area 
(or historic area) into consideration in the SEMs, as PD.ses 
is greatly influenced by area (or historic area). The influence 
of area on FD.ses via negative effects of habitat heterogene-
ity on FD.ses is unexpected and differs from other diversity 
facets. This unexpected relationship may emerge because, high 
habitat heterogeneity in a limited space, such as on the islands 
of Baltrum, Norderney and Langeoog, causes a reduction in 
the amount of effective area available per habitat, also known 
as area-heterogeneity trade-off (Allouche  et  al. 2012). This 
could lead to 1) stochastic extinctions or 2) increased com-
petition pressure favoring a specific set of traits of stronger 
competitors, reducing trait variation. The area-heterogeneity 

Figure 6. Piecewise structure equation models with black arrows denote positive relationships, and red arrows negative ones. Arrows for 
non-significant paths (p ≥ 005) are semi-transparent and asterisks represent level of significance: 0 ‘***’, 0.001 ‘**’, and 0.01 ‘*’ 0.05. The 
thickness of the significant paths has been scaled based on the magnitude of the standardized regression coefficient model. Model (a) quanti-
fies modern island area as the sum of all natural and semi-natural habitats on each island, while model (b) uses historic area from the baseline 
year 1700 (with the exception of Rottumerplaat island which is from 1900).
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trade-off diminishes as island area grows or habitat heteroge-
neity declines, like on Texel and Terschelling and Ameland, 
which will in turn increase FD.ses. However, this effect was 
no longer present in the SEM using historic area. This can be 
explained by historic area being not directly correlated with 
habitat heterogeneity, which in turn diminishes the influence 
of habitat heterogeneity on FD.ses. The contrast between the 
two SEMs also highlights how area and habitat heterogeneity 
are intertwined, which makes it notoriously challenging to dis-
entangle their relative effects on diversity (Hortal et al. 2009).

Despite area being the best predictor of habitat hetero-
geneity and multifaceted diversity, linear models and the 
SEM using historic area highlight the underlying role of 
geomorphological dynamics influencing habitat heteroge-
neity and subsequently, PD.ses and taxonomic diversity. A 
higher degree of geomorphological dynamics and repeated 
disturbances makes it more difficult for some habitats to be 
formed and maintained. This includes habitats such as high 
marshes and gray dunes, which provide a less disturbed envi-
ronment and consequently harbor higher number of species 
(Leuschner and Ellenberg 2018). One possible explanation 
for the absence, weak or inconsistent effects of geomorpho-
logical dynamics on multifaceted diversity is that in highly 
dynamic systems, such as barrier islands, geomorphologi-
cal dynamics affect island plants on smaller time scales. For 
instance, processes including daily tide changes and seasonal 
storms may influence island composition, making it hard 
for the long-term metrics to capture the influence of geo-
morphology dynamics on plant diversity. Alternatively, one 
may argue that since the geomorphological dynamics of the 
islands have a direct impact on the abundance of species on 
the islands (e.g. by breaking monospecies communities of 
mature saltmarshes (de Groot et al. 2017), the diversity met-
rics we used, which are richness based, might been unable to 
fully capture the variations caused by the long-term geomor-
phological dynamics of the Frisian islands.

Our results on the influence of islands characteristics (geo-
morphological dynamics, area and habitat heterogeneity) on 
taxonomic diversity of plants contrast with those found by 
Scherber et al. (2018), which in a study on the East Frisian 
islands found that habitat heterogeneity and geomorpho-
logical dynamics were the best predictors to plant taxonomic 
diversity. This difference might at least partly arise from dif-
ferences in the underlying data and statistical approach used. 
For instance, our study considered seven additional islands 
in the Western part (on top of the ten East Frisian islands) 
which increased the range of island area size as the West 
Frisian islands are considerably larger than the East Frisian 
ones. Furthermore, our study could greatly benefit from data 
on species abundances, which would make it possible to bet-
ter assess the impact of the geomorphological dynamics and 
abundance weighted measure of functional and phylogenetic 
diversity. Another caveat is the assumption that habitats are 
independent entities, which most of the cases is not met, since 
different habitats often share the same species. Therefore, if the 
proportion of shared species by habitat is not included, habitat 
heterogeneity may fall short to capture the real heterogeneity.

Finally, our study adds to a growing body of literature on the 
scale dependency of functional and phylogenetic diversity. Our 
results also demonstrate that looking at multifaceted diversity can 
yield relevant information on the drivers and underlying mecha-
nisms of insular plant diversity. Our research also contributes to the 
general understanding of island dynamics and their temporal scale. 
Using barrier islands as a study system, we show that for this highly 
dynamic system, although historical dynamics in island geomor-
phology influence plant diversity, area is still the strongest driver.
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