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• Plant diversity on uninhabited islands in
North China was analyzed at island and
site scales.

• The gradients included morphology,
proximity, landscape, terrain, atmo-
sphere, soil, and vegetation.

• The plant diversity showed distinct spa-
tial heterogeneity at the dual scales in
the study area.

• Island area, vegetation condition, and
terrain complexity contributed the
most at island scale.

• Most of gradient factors influenced the
species composition and distribution at
site scale.
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Uninhabited islands are important for providing isolated habitats for unique biological resources, and revealing
the spatial pattern of plant diversity is of great significance for the island biodiversity conservation. A total of
15 uninhabited islands in Miaodao Archipelago, a group of typical uninhabited islands in North China, were se-
lected as the study area. The multiple gradients at island and site scales were identified and quantified based
onfield investigation and remote sensingmethods, and seven “frommacro tomicro” aspects, includingmorphol-
ogy, proximity, landscape, terrain, atmosphere, soil, and vegetation, were selected to cover all aspects of factors
influencing the plant diversity. Then, the single and comprehensive effects of themultiple gradients on the spatial
pattern of plant diversity at the dual scales were analyzed using methods of regression analysis and canonical
correspondence analysis ordination. Results indicated that 130 plant species were recorded. The species accumu-
lation curves proved the sufficiency of the numbers of sampling sites and islands to represent the overall charac-
teristics of plant diversity. The species composition on the uninhabited islands possessed common characteristics
with the neighboring inhabited islands and mainland, meanwhile, showed unique features on the dominant
species. The α diversity showed distinct spatial heterogeneities at the dual scales; the β diversity indicated the
great difference of species composition within an island and among different islands. At island scale, island
area, vegetation condition, and terrain complexity contributed the most to the spatial pattern of plant diversity.
At site scale, biodiversity indices changed irregularly along the multiple gradient factors, yet all aspects of
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gradients showed significant effects on the species composition and distribution. The island area played a
fundamental role in determining the α diversity at island scale and generating the β diversity within an island,
however, was not significantly correlated with the diversity at site scale.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Uninhabited islands are islandswithout registered inhabitants living
on them (Zhou, 2014). Compared with inhabited islands, most of the
uninhabited islands generally possess smaller areas, farer distances to
the mainland, and less human activities (Nam et al., 2010; Zhang
et al., 2012; Chi et al., 2017a). Island ecosystems are always vulnerable
to external disturbances due to the special position, limited areas, and
isolated space (Eldridge et al., 2014; Morgan and Werner, 2014;
Taramelli et al., 2015; Chi et al., 2015, 2017a; Xie et al., 2018; Gil et al.,
2018). Thus, the ecosystems of uninhabited islands aremore vulnerable
to the disturbances, whichmainly refer to natural disturbances, such as
drought, storm surge, and seawater intrusion (Yang and Ying, 1997;
Reaser et al., 2007; China Islands Compiling Committee, 2013; Chi
et al., 2015). The islands provide isolated habitats for unique biological
resources, and are always recognized as “biodiversity hotspots” with
small areas but a disproportionate amount of the biodiversity
(Whittaker and Fernández-Palacios, 2007; Maunder et al., 2008;
Weigelt et al., 2013; Eldridge et al., 2014; Borges et al., 2018). Themain-
tenance for plant diversity is the one of the core ecological functions of
islands (Maunder et al., 2008; Nogué et al., 2017). The plant diversity on
the uninhabited islands is especially valuable due to the little anthropo-
genic influences. These islands provide not only the important habitats
for rare species, but also the natural laboratory for the study on biogeog-
raphy and conservation biology (Nam et al., 2010; Chi et al., 2016;
Nogué et al., 2017; Patiño et al., 2017). Meanwhile, plant diversity,
which involves ecological structures, functions, and processes, is of
great significance for the stability of the uninhabited island ecosystem
(Hooper et al., 2005; Tilman et al., 2006; Chi et al., 2016; Chen et al.,
2018). It is important to reveal the composition of the plant species
and the spatial pattern of the plant diversity on the uninhabited islands,
for grasping the fundamental characteristics of the island ecosystem
and providing reference for island biodiversity conservation. However,
current studies focusing on the plant diversity on the uninhabited
islands are still insufficient.

The spatial pattern of plant diversity on the uninhabited islands is
influenced by various ecological factors. The multiple gradients are
naturally generated and should be artificially identified from the
complicated ecological characteristics of the uninhabited islands. In a
macro view, the morphology of the islands, which mainly refers to the
island area and shape, is the most unique feature for the uninhabited
islands, and it provides the carrier and delimits the extent for the
plant community (MacArchur and Wilson, 1963, 1967; Weigelt et al.,
2016; Whittaker et al., 2017; Chi et al., 2018). The proximities to the
mainland, the inhabited islands, and the sea indicate the isolation of
the uninhabited islands and the influences from the sea (Peng et al.,
2014; Chi et al., 2016; Whittaker et al., 2017). In an intermediate view,
landscape and terrain gradients take effects. The landscape gradient in-
dicates the land cover composition and configuration, and it influences
the plant diversity via the effects on the regional species pool and
dispersal limitations (Janišová et al., 2014). Bedrock islands, which con-
stitute the majority of the uninhabited islands in China, always possess
complex terrain condition; the terrain condition influences the plant
diversity by altering the microclimate (Panitsa et al., 2006; Chi et al.,
2016; Boscutti et al., 2018). In amicro view, the atmosphere, soil factors,
and vegetation growth condition directly represent different habitat
conditions for the plant diversity (Hu and Xu, 2018; Jactel et al., 2018;
Li et al., 2018). The aforementioned gradients cover different “from
macro to micro” aspects of factors influencing the spatial pattern of
plant diversity on the uninhabited islands. Furthermore, scale effects
exist in the ecological characteristics of an archipelago, that is, the mul-
tiple gradients and plant diversity pattern may vary across different
scales, which received few studies (Sfenthourakis and Panitsa, 2012;
Chi et al., 2018; Ibanez et al., 2018). The multiple gradients can be
identified and quantified at island and site scales, and they influence
the spatial pattern of plant diversity at the dual scales. How the spatial
pattern of plant diversity varies under the multiple gradients at the
dual scales is urgent to be explored.

Therefore, the spatial pattern of plant diversity on the uninhabited
islandswas focused on, and a total of 15 uninhabited islands inMiaodao
Archipelago, a group of typical uninhabited islands in North China, were
selected as the study area. Themultiple gradients at the dual scaleswere
measured based on field investigation and remote sensing methods,
and seven “from macro to micro” aspects, including morphology,
proximity, landscape, terrain, atmosphere, soil, and vegetation, were
selected to cover all aspects of factors influencing the plant diversity
pattern. Then, the single and comprehensive effects of the multiple
gradients on the spatial pattern of plant diversity at the dual scales
were analyzed using methods of regression analysis and canonical
correspondence analysis (CCA) ordination (Fig. 1).

We aimed to solve the following scientific questions in this study:
How the plant diversity on the uninhabited islands varied under the
multiple gradients at island and site scales? Which gradient factors
contributed the most to the spatial pattern of plant diversity? We
proposed the following hypotheses: First, The plant species composi-
tions possessed differences between the uninhabited islands and the
neighboring areas (the inhabited islands and the mainland), as well as
among different uninhabited islands, due to the differences in natural
and anthropogenic conditions. Second, theα and β diversities exhibited
spatial heterogeneities within the studied uninhabited islands at differ-
ent scales. Third, the spatial pattern of plant diversity was determined
by multiple gradients, and the influences of the multiple gradients var-
ied across island and site scales.

2. Materials and methods

2.1. Study area and data source

2.1.1. Study area
Miaodao Archipelago is located in the junction of the Bohai and

Yellow Seas, and it is at the north of Shandong Peninsula in North
China (Fig. 2a). The archipelago is composed of 10 inhabited islands,
which possess large areas, and numerous uninhabited islands, which
are small in areas. The inhabited islands carry the majority of human
activity in the archipelago, whereas the uninhabited islands are much
less influenced by human activities due to their small areas, distinct
isolation, and steep terrain. However, some infrastructures were
constructed in certain areas on parts of the uninhabited islands for the
developments of tourism and aquaculture in recent years, which may
result in anthropogenic influences on the plant diversity through
occupying the habitat, splitting the natural landscape, generating the
pollutants, and introducing alien species (Chi et al., 2016, 2017a,
2017b, 2018).

The uninhabited islands with vegetation coverage were used as our
study objects. There are still many uninhabited islands that are uncov-
ered in Miaodao Archipelago, and these islands are composed of bare
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Fig. 1. Framework of spatial pattern of plant diversity from the perspectives of the dual scales: IA: island area; ISI: island shape index; PTI: proximity to the inhabited islands and the
mainland; PTS: proximity to the sea; VP: vegetation proportion; CP: construction proportion; NP: number of patches; TE: total edge; AWMSI: area weighted mean shape index; Al:
altitude; Sl: slope; As: aspect; BT: brightness temperature; BSI: bare soil index; MC: moisture content; Sa: salinity; FI: fertility index; TC: total coverage; NDVI: normal difference
vegetation index; NPP: net primary productivity.
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rockwithout vegetation andwere not considered in this study. A total of
15uninhabited islandswere selected, and theywere named as Is 1–Is 15
in a descending order of their areas (Fig. 2a). Great differences in areas,
shapes, distances to the mainland exist among different islands. These
islands are bedrock islands with eroded hills as the main topographic
type, and the terrain conditions are complicated. Furthermore, human
activity intensity, although in a low level as a whole, possesses spatial
heterogeneity on different islands and in different positions within an
island. All these conditions contribute to the multiple gradient effects
on the spatial pattern of plant diversity at island and site scales.

2.1.2. Data source

(1) Field investigation and sampling

Field investigation and sampling were conducted in June 2018. The
uninhabited islands have no routine sailings, and the docks on them
are mostly simple and in disrepair, resulting in bad traffic conditions.
A boat with small draft was used to reach the islands. The sampling
sites were set based on the island area, vegetation area, plant commu-
nity, representativeness and accessibility. Specifically, more sampling
sites were set on islands with larger island and vegetation areas, as
well as more various plant community types. In the process of field
work, the sampling sites were set to represent the ecological character-
istics of the surrounding areas, and the actual positions of the sampling
sites were adjusted according to the accessibility condition in the
premise of steep terrain. Finally, a total of 62 sampling sites were set
(Fig. 2b, c, and d). The latitude and longitude of each sampling site
were measured using a handheld GPS device. The altitude (Al), slope
(Sl), and aspect (As) were measured using an electronic compass. The
community types were recorded. They could be roughly divided into
tree, shrub, and herb communities. In detail, tree community consisted
of Celtis bungeana, Robinia pseudoacacia, Pinus thunbergii, Ulmus pumila,
and Ailanthus altissima communities; the tree species has a low number,
however, various understory shrub and herb species exist. Shrub and
herb communities possess various types; the former includes Grewia
biloba, Flueggea suffruticosa, and Cudrania tricuspidata communities;
and the latter includes Artemisia lavandulaefolia, Carex lanceolata, and
Phragmites australis communities. Plant data, including abundance,
coverage, and height of species in tree, shrub, and herb layers, were
investigated. The surface (0–20 cm) soil samples were collected, and
moisture content (MC), salinity (Sa), total nitrogen (TN), available
phosphorus (AP), available potassium (AK), and organic matter (OM)
were measured in a laboratory.

(2) Remote sensing

A set of remote sensing data with the date in accordance with the
field investigation were acquired from satellites LANDSAT 8 and SPOT
6. Radiometric calibration, image clipping, and band fusion were
conducted using ENVI 5.3 and ArcGIS 10.0. The top of atmosphere
(TOA) radiance and reflectance of each band in LANDSAT 8 data were
obtained for the calculations of ecological indices. The fused image
with red-green-blue color was obtained based on SPOT 6 data. Based
on the fused image, the outlines of the 15 uninhabited islands were
drawn. Then, the land cover types were divided into vegetation area,
bare land, building land, and traffic land using visual interpretation
method. They were generated for the calculations of factors in
landscape gradient. The vegetation areas denote forest, shrub, and
grassland; the bare lands indicate the natural lands without vegetation
coverage, and consist of bare rock in the shore areas and uncovered land



Fig. 2. Location (a), island composition (a), sampling sites (b, c, and d), and land cover types (b, c, and d) of the study area: Is 1: Dazhushan Island; Is 2: Gaoshan Island; Is 3: Houji Island; Is
4: Xiaozhushan Island; Is 5: Tanglang Island; Is 6: Nantuozi Island; Is 7: Danglang Island; Is: 8: Yangtuozi Island; Is 9: Niutuozi Island; Is 10: Tuozi Island; Is 11: Cheyou Island; Is 12:
Shaobing Island; Is 13: Yulin Island; Is 14: Lijuba Island; Is 15: Xiedao Island. The number in the bracket after the island name indicates the number of sampling sites on this island.
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in the inner island; the building lands refer to the building areas for
tourism and aquaculture; and the traffic lands are composed of docks
and roads (Fig. 2b, c, and d).

2.2. Spatial distribution of plant diversity

2.2.1. Species statistics
Shrub and herb specieswere used to represent the plant diversity on

the uninhabited islands considering the low number of tree species. The
term “species” refers to the “species, subspecies, and variety” in the
study. The species on all and each of the uninhabited islands were ana-
lyzed and the species list was shown in Table S1 in the Supplementary
data. The important value (IV), which was frequently used in the mea-
surement of biodiversity indices and the determination of the dominant
species, was adopted (Zhang, 2004; Fang et al., 2009; Chi et al., 2016). It
was calculated based on the abundance, coverage, and height using the
following equation:

IVs;i ¼
Abs;i
Abs

þ Cos;i
Cos

þ Hes;i
Hes

� �
=3; ð1Þ

where IVs,i, Abs,i, Cos,i, and Hes,i are the IV, abundance, coverage, and
height of species i in sampling site s, respectively; and Abs, Cos, and Hes
are the total abundance, total coverage, and total height in sample site
s, respectively. On all of the uninhabited islands, the species with the
highest 10 IVs were considered the dominant species; on each of the
uninhabited islands, the species with the highest three IVs were consid-
ered the dominant species on this island.

Then, species accumulation curves were adopted to identify the rep-
resentativeness of our recorded species for the study area (Gotelli and
Colwell, 2001; Chi et al., 2016). The species accumulation curves for
number of species versus numbers of sampling sites and uninhabited
islands were generated by randomly and repeatedly sampling all of
the record species using the software Estimate S 9.1 (Colwell, 1997).

2.2.2. α diversity
Theα diversity was analyzed at island and site scales. Three indices,

namely, species number (N), Shannon Wiener index (H′), and Pielou
index (E), were used to measure the α diversity. The N directly refers
to species richness and was used for the island scale. It was measured
for each island and the N map was generated at island scale. The H′
and E reflect species complexity and evenness, respectively; they were
adopted for the site scale and calculated using the following equations
(Chi et al., 2016):

H0
s ¼ −

Xn
i¼1

IVs;iLnIVs;i; ð2Þ

Es ¼ H0
s=Ln Nsð Þ; ð3Þ

where Ns, H′s, and Es are the species number, Shannon–Wiener index,
and Pielou index, respectively, of sampling site s. The two indices were
calculated for each site and their maps were generated at site scale.
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2.2.3. β diversity
Whittaker (W) and Jaccard (J) indiceswere adopted to represent the

β diversity within an island and among different islands, respectively.
The W was used to represent the difference of species composition
across all sampling sites contained in an island; and the J aimed to reveal
the species diversity variance between each two islands. The two indi-
ces were calculated using the following equations (Mac Nally et al.,
2004; Magurran, 2004):

W ¼ Nc=Nm−1; ð4Þ

J ¼ a= aþ bþ cð Þ; ð5Þ

where Nc and Nm are cumulative N value and mean N value among all
sampling sites of an island; a indicates the number of species shared
by the two islands; b and c refer to thenumbers of species only observed
on each one of the two islands. The W was calculated for each of the
islands; and the J was calculated for each combination of two islands
in all the islands. Then, to explore the driving factors of the W and J in-
dices, the relationships of theWwith the island area (IA) and proximity
to the inhabited islands and the mainland (PTI), as well as the J with
area difference and mutual distance among islands, were analyzed.

2.3. Multiple gradient effects on the spatial pattern of plant diversity

2.3.1. Multiple gradient factors
The multiple gradients are naturally generated at island and site

scales due to the unique ecological conditions of the uninhabited
islands, and they were identified and classified as seven “from macro
to micro” aspects.

(1) Morphology

The morphology denotes the area and shape of an uninhabited is-
land. The IA is the most basic parameter for an island and it determines
the space and carrying capacity for population, as well as various eco-
logical processes (MacArchur and Wilson, 1963, 1967; Chi et al.,
2018). The island shape affects the spatial extent of plant community
and influences the continuity of its spatial distribution. It was repre-
sented by an island shape index (ISI) using the following equation
(Peng et al., 2014):

ISI ¼ P= 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π� IA

p� �
; ð6Þ

where P is the island perimeter. ISI = 1 indicates that the island shape
shows a circle, and ISI increases with the increase in the complexity of
the island shape. The IA and ISI were used as the morphology gradient
factors, and they were derived based on the outlines of the uninhabited
islands.

(2) Proximity

The proximity refers to the spatial distances to geographical objects
that are important to the plant diversity on the uninhabited islands. The
inhabited islands and the neighboring mainland provide species source
and sink for the uninhabited islands (Whittaker et al., 2017). The PTI in-
dicates the isolation of the uninhabited island, which greatly influence
the species migration (MacArchur and Wilson, 1963, 1967; Peng et al.,
2014). The sea is also an important geographical object. The seawater
intrusion contaminates underground water, generates soil sanilization,
and then affects plant growth (Moujabber et al., 2006; Fan et al.,
2012); the sea wind restrains plant height, causes abnormal crown,
and occasionally destroys plants (Niu et al., 2015). The positions closer
to the sea are more influenced by the sea compared to the positions in
the inner island (Chi et al., 2016). Thus, PTI and proximity to the sea
(PTS) were considered the proximity gradient factors. Based on the
Euclidean Distance tool in ArcGIS 10.0, the PTIs were obtained by input-
ting the positions of the barycenters of the uninhabited islands and the
extents of the inhabited islands and the mainland, and the PTSs were
obtained by inputting the positions of the sampling sites and the extent
of the sea.

(3) Landscape

Landscape is regarded as an area that contains a mosaic of different
natural and artificial land covers (Ndubisi, 2014; Chi et al., 2018). It af-
fects the plant diversity by changing the composition and configuration
of the land covers (Fu et al., 2011; Lam et al., 2018). The composition
was represented by proportions of vegetation (VP) and construction
areas (CP), which are natural and artificial land cover types, respec-
tively. The construction areas are the sum of building and traffic lands.
The landscape configuration wasmeasured by common landscape indi-
ces, namely, number of patches (NP), total edge (TE), and areaweighted
mean shape index (AWMSI), which represent the landscape fragmenta-
tion, edge effect, and shape complexity, respectively (Chi et al., 2018).
Therefore, five factors were selected in the landscape gradient, and
they were obtained based on the land cover data.

(4) Terrain

The terrain gradient denotes the Al, Sl, and As, which were found to
be important factors influencing the island plant diversity (Chown et al.,
1998; Panitsa et al., 2006;Whittaker et al., 2017). The data for Al, Sl, and
As were obtained by field work. The original As values increase clock-
wise from 0° to 360°, and they were standardized using the equation
in the study of Chi et al. (2016). The standardized As values increase
when the aspects turn to the south.

(5) Atmosphere

Atmosphere gradient refers to the heat and aridity conditions of the
land surface. They are important physical parameters for the plant di-
versity (Chown et al., 1998; Ávila et al., 2019). The extent of the study
area is in a small scale with heterogeneous temperature and precipita-
tion, which have little effects in the spatial patterns of plant diversity
within the study area. However, differences in heat and aridity condi-
tions of the island surface still exit, and brightness temperature (BT)
and bare soil index (BSI) were adopted to represent the heat and aridity
gradients, respectively. They were obtained through band calculations
based on the LANDSAT 8 data. The BT was calculated using the TOA ra-
diance and themetadata (USGS, 2018); the BSI was calculated using the
following equations (Hu and Xu, 2018):

BSI ¼ Re6 þ Re4ð Þ− Re5 þ Re2ð Þ
Re6 þ Re4ð Þ þ Re5 þ Re2ð Þ ; ð7Þ

where Rex is the TOA reflectance of band x.

(6) Soil

Soil factors are closely related to plant community (He et al., 2011; Li
et al., 2018). Soil MC, Sa, and fertility are key factors for plant growth on
bedrock islands (Chi et al., 2016). The soil factors were obtained by field
sampling and laboratory measurement. The fertility was represented
using a fertility index (FI) using the equation in the study of Chi et al.
(2018).

(7) Vegetation

Vegetation gradient denotes the vegetation growth condition, and
total coverage (TC), normalized difference vegetation index (NDVI),
and net primary productivity (NPP) were used as the vegetation gradi-
ent factors. The relationship between plant diversity and productivity is
a key issue in ecology research (Jactel et al., 2018; Schulze et al., 2018).
The TC was measured through field work; the NDVI was obtained
through band calculation based on the LANDSAT 8 data; and the NPP
was estimated using the Carnegie–Ames–Stanford approach based on
the LANDSAT 8 and meteorological data (Potter et al., 1993).



Table 1
Dominant species on all the uninhabited islands in Miaodao Archipelago.

Rank Species Genus Family

1 Artemisia lavandulaefolia Artemisia Compositae
2 Chenopodium album Chenopodium Chenopodiaceae
3 Flueggea suffruticosa Flueggea Euphorbiaceae
4 Grewia biloba Grewia Tiliaceae
5 Cudrania tricuspidata Cudrania Moraceae
6 Miscanthus sinensis Miscanthus Gramineae
7 Elymus dahuricus Elymus Gramineae
8 Dendranthema lavandulifolium Dendranthema Compositae
9 Phragmites australis Phragmites Gramineae
10 Caragana leveillei Caragana Leguminosae

The dominant species were determined by their IVs and ranked following a descending
order of IVs.
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The archipelagic geological age and configuration information were
also proven to be the important factors for the variation of species
diversity among islands in large spatial scales (Chown et al., 1998;
Ávila et al., 2019). All the islands in Miaodao Archipelago possessed
the same geological background, and their formation and changes
were consistent across the geological periods. At the beginning of
Holocene, the configuration of Miaodao Archipelago was formed
generally as it is now. Thus, the geological age and configuration
information are the same among the studied islands and were not
considered in the multiple gradients.

2.3.2. Multiple gradient effects at the dual scales

(1) Multiple gradient factors at the dual scales.

Themultiple gradients involved seven aspects and consisted of 20 gra-
dient factors. These factors influenced the spatial pattern of plant diversity
at both island and site scales. For the 20 gradient factors, the IA, ISI, and PTI
could be calculated only at island scale, and their values at site scale were
assigned according to the island where the sampling sites were located.
The PTS, Al, Sl, As, BT, BSI,MC, Sa, FI, TC, NDVI, andNPP could be calculated
only at site scale, and their values at island scale were obtained using the
average values of the sampling sites on the island. The VP, CP, NP, TE, and
AWMSI can be calculated at the both scales. At island scale, these factors
were calculated using the extent of the island as the analysis unit; at
site scale, the analysis unit was the extent of a circle with the sampling
site and 50 m as the center and radius, respectively.

(2) Single gradient effect.

The single gradient effect was analyzed to reveal the change of plant
diversity along each single gradient factor. The scatter diagrams were
Table 2
Dominant species on different uninhabited islands.

Island Rank 1

Is 1 (54) Artemisia lavandulaefolia
Is 2 (50) Flueggea suffruticosa
Is 3 (44) Flueggea suffruticosa
Is 4 (36) Chenopodium album
Is 5 (28) Phragmites australis
Is 6 (31) Vitis amurensis
Is 7 (19) Hemerocallis minor
Is 8 (29) Phragmites australis
Is 9 (22) Cudrania tricuspidata
Is 10 (16) Hemerocallis minor
Is 11 (24) Allium ramosum
Is 12 (18) Miscanthus sinensis
Is 13 (16) Carex lanceolata
Is 14 (10) Phragmites australis
Is 15 (14) Dendranthema lavandulifolium

The dominant species were determined by their IVs and ranked following a descending order o
after the island name indicates the species number on this island.
generated using Excel, and regression analyses were conducted. At
island scale, each gradient factor and the N value were used to analyze
the single gradient effect; at site scale, each gradient factor and the H′/E
value were used. Coefficient of determination (R2) was obtained based
on the scatter diagrams and regression analyses. The single gradient
effects were evaluated based on the R2, and considered as weak,
intermediate, and strong effects when R2 ≤ 0.3, 0.3 b R2 ≤ 0.6, and R2 N

0.6, respectively.

(3) Comprehensive gradient effect.

The comprehensive gradient effect focuses on the spatial pattern of
plant diversity under the multiple gradients. CCA ordination was
adopted to reveal the comprehensive effects at the dual scales. At island
scale, the matrices of “islands × species IVs” and “islands × gradient
factors”were inputted as species and environmental data, respectively;
at site scale, thematrices of “sampling sites × species IVs” and “sampling
sites × gradient factors” were inputted. The CCA ordination diagrams
were generated to reveal the spatial pattern of plant diversity under
the multiple gradients. The effect degree of each gradient factor in the
comprehensive effect was identified using the canonical eigenvalue
(Chi et al., 2016).

3. Results

3.1. Spatial distribution of plant diversity

3.1.1. Species composition
A total of 130plant specieswere recorded in the62 sampling sites on

the 15 uninhabited islands. The species belonged to 100 genera and 41
families. At the family level, Compositae possessed the highest species
number (21), followed by Gramineae (14) and Liliaceae (12). At the
genus level, Artemisia (7), Cynanchum (5), and Lespedeza (4) had the
highest species numbers. The dominant species on all and each of the
uninhabited islands are shown in Tables 1 and 2, respectively. Artemisia
lavandulaefoliawas the most important species in the study area. Great
differences of dominant species exited among different islands, and a
total of 27 dominant species were observed. Cudrania tricuspidata was
the dominant species on five islands, i.e., Is 4, Is 7, Is 9, Is 12, and Is 13;
Phragmites australis was the dominant species on four islands, i.e., Is 5,
Is 6, Is 8, and Is 14; Artemisia lavandulaefolia, Chenopodium album,
Miscanthus sinensis, and Hemerocallis minor were the dominant species
on three islands. The others were the dominant species on one or two
islands.

Species accumulation curves for species number versus numbers of
sampling sites and uninhabited islands are shown in Fig. S1 in the
Supplementary data. The species number increased with the increase
Rank 2 Rank 3

Chenopodium album Grewia biloba
Artemisia lavandulaefolia Chenopodium album

Cleistogenes hancei Caragana leveillei
Cudrania tricuspidata Grewia biloba
Imperata cylindrica Leymus chinensis
Phragmites australis Pueraria lobata
Cudrania tricuspidata Periploca sepium

Artemisia lavandulaefolia Oxalis corniculata
Artemisia argyi Clerodendrum trichotomum

Lespedeza formosa Miscanthus sinensis
Polygonatum sibiricum Artemisia capillaris
Cudrania tricuspidata Hemerocallis minor

Vitis amurensis Cudrania tricuspidata
Ziziphus jujuba Mill. var. spinosa Cynanchum chinense

Miscanthus sinensis Silene aprica

f IVs. The abbreviations for the islands are the same as for Fig. 2. The number in the bracket



Fig. 3. Plant diversity map at island scale: N: species number. The legends were divided
using a quantile method in ascending order of values.
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in the numbers of sampling sites and islands. The slopes of the curves
were decreasing, and the curves tended to be gentle, indicating that
more sampling sites and islands yielded a fewer new species.
Fig. 4. Plant diversity maps at site scale: H′: Shannon-Wiener index; E: Pielou index.
3.1.2. α diversity
The N map at island scale is shown in Fig. 3. The mean N value was

27.4. Is 1 and Is 2 possessed high N values of 54 and 50, respectively,
followed by Is 3, Is 4, and Is 6 with N values of 44, 36, and 31, respec-
tively. Is 8, Is 5, Is 11 had intermediate N values, and the other
islands possessed low N values. The H′ and E maps at site scale are
shown in Fig. 4. The mean H′ and E values were 2.155 and 0.911,
respectively. The H′ and E exhibited considerable spatial heteroge-
neities among sampling sites on different islands and within one
specific island.

3.1.3. β diversity
TheWvalues ranged from 0 to 4.43with themean value of 1.45, and

the highest and lowest values were achieved by Is 1 and Is 14, Is 15, re-
spectively. The scatter diagrams for relationships of W with IA and PTI
are shown in Fig. S2. The W distinctly increased with the increase in
IA and PTI. The correlation coefficients of W with IA and PTI were
0.871 (P b 0.01) and 0.760 (P b 0.01), respectively; and the partial cor-
relation coefficients of W with IA and PTI were 0.693 (P b 0.01) and
0.297 (P = 0.302), respectively (each of the IA and PTI were selected
as the controlled variable for one another).

The J values between different uninhabited islands are shown in
Table S2. All J values were b0.4, and themean J value of all the combina-
tionswas 0.198, indicating the difference of species composition among
different islands. All uninhabited islands showed the followingdescend-
ing order of themean J values: Is 4, Is 1, Is 8, Is 12, Is 9, Is 3, Is 6, Is 5, Is 7, Is
13, Is 2, Is 11, Is 10, Is 14, and Is 15. The correlation coefficients of the J
with area difference and mutual distance are shown in Table S3. For
the area difference, Is 1–Is 4 showed significant negative correlations;
for the mutual distance, Is 1, Is 2, Is 4, Is 10, and Is 11 exhibited signifi-
cant negative correlations. The other islands had no significant correla-
tions in the two aspects.
The legends were divided using a quantile method in ascending order of values.
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3.2. Spatial pattern of plant diversity under the multiple gradient effects

3.2.1. Single gradient effect
The changes of N values along the gradient factors at island scale

are shown in Fig. S3. The strong effects were observed in gradient
factors of IA, PTS, NP, TE, and BT. The N values generally increased
with the increase in these factors. The intermediate effects could be
seen in gradient factors of PTI, VP, AWMSI, Al, NDVI, and NPP. The
N values increased with the increase in PTI, VP, Al, NDVI, and NPP,
and decreased with the increase in AWMSI. The other gradient
factors showed weak effects.

The changes of H′ and E values along the gradient factors at site scale
are shown in Figs. S4 and S5. All the gradient factors possessed weak ef-
fects on the H′ and E at site scale.

3.2.2. Comprehensive gradient effect
CCA ordination results showed that all the canonical axes were sig-

nificant (P b 0.01). Based on axes 1 and 2, two-dimensional CCA ordina-
tion diagrams were generated. The projected position and length of the
ray with an arrow on the axis referred to the nature and degree of the
relationship between this axis and the gradient factor that the ray rep-
resented (Chi et al., 2016).

At island scale, the CCA ordination diagrams are shown in Fig. 5.
From left to right along axis 1, ISI and BSI slightly increased, TC, FI, As,
NP, NDVI, and VP slightly decreased, and TE, NPP, IA, Al, PTS, and PTI
considerably decreased. From bottom to top along axis 2, BT, BSI, Al,
and NP slightly decreased, and Sl greatly decreased. In Fig. 5a, species
were in the 2nd and 3rd quadrants with concentrated distribution,
and in the 1st and 4th quadrants with scattered distribution. In Fig. 5b,
all dominant species except species 3 and 9 were distributed around
Fig. 5. CCA ordination diagrams of all species (a), dominant species (b), and all islands (c) at isl
species in Table 1; in (c), different colors of islands indicate different values of N (species num
the origin. Species 3 was mainly observed on islands with high NP, Al,
Sl, BT, and BSI; species 9 was distributed mainly on islands with low
IA, PTI, PTS, NP, TE, Al, Sl, BT, and BSI. In Fig. 5c, different colors of islands
indicated different N value intervals as the legend. Most islands were
distributed in the 1st and 2nd quadrants, of which the islands with
low N values were mainly in the 1st quadrant. It indicated that the
islands with high IA, PTI, PTS, VP, NP, TE, Al, Sl, As, FI, BT, and NDVI gen-
erally possessed high N values.

At site scale, the CCA ordination diagrams are shown in Fig. 6. From
left to right along axis 1, PTI, IA, NPP, and PTS greatly increased, NDVI, Al,
TC, and VP slightly increased, and BSI and ISI slightly decreased. From
bottom to top along axis 2, PTI, BSI, Al, and BT slightly increased, and
Sl considerably increased. In Fig. 6a, the species were distributed all
over the diagram, and each species had its specific position. In Fig. 6b,
the dominant species were relatively concentrated around the origin
except for species 3, 5, and 9. Species 3 was mainly in sampling sites
with high PTI, Al, Sl, BT, and BSI; and species 5was on the contrary. Spe-
cies 9 was always in sampling sites with low IA, PTI, PTS, VP, Al, Sl, BT,
BSI, TC, NDVI, and NPP. In Fig. 6c and d, different colors of sampling
sites indicated different H′ and E value intervals as the legend. Different
colors of sampling sites were generally evenly distributed in the
diagrams.

The effect degrees of gradient factors in the comprehensive effect
were shown in Table 3. At island scale, 10 of the 20 gradient factors
possessed significant effects, of which PTI, Al, and PTS had the
highest effect degrees. At site scale, 15 of the 20 gradient factors
showed significant effects, of which PTI, NPP, and BT had the highest
effect degrees; compared to the results at island scale, ISI, As, MC, FI,
TC, and NDVI changed to be significant, and TE changed to be
insignificant.
and scale: In (b), dominant species numbers of 1–10 indicate the corresponding dominant
ber) as for Fig. 3. Abbreviations for the gradient factors are the same as for Fig. 1.



Fig. 6. CCA ordination diagrams of all species (a), dominant species (b), and all sampling sites (c and d) at site scale: in (b), dominant species numbers of 1–10 indicate the corresponding
dominant species in Table 1; in (c) and (d), different colors of sampling sites indicate different values of H′ (Shannon-Wiener Index) and E (Pielou Index) as for Fig. 4. Abbreviations for the
gradient factors are the same as for Fig. 1.
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4. Discussion

4.1. Species composition

The total species number on the uninhabited islands in Miaodao Ar-
chipelago summed to 130 in 62 sampling sites. The species accumula-
tion curve is an effective tool to clarify the species composition and to
estimate the species richness (Ugland et al., 2003; Colwell et al., 2004;
Bevilacqua et al., 2018). It could be used to verify the sufficiency of
the islands and sampling sites to represent the overall characteristics
of plant species composition in the study area. Generally, the curve
initially drastically ascended because a large number of species were
observed when the number of samples increased; then, the curve
tended to be gentle when the samples reached a certain number
(Ugland et al., 2003; Mao et al., 2005). The sufficiency of the islands
and sampling sites was judged based on the aforementioned features.
The islands and sampling sites were insufficient when the curve drasti-
cally ascended, and became sufficient when the curve was gentle. The
species accumulation curve in this study indicated the sufficiency of
the islands and sampling sites to represent the plant species diversity.
Considering the difficulty of the field investigation due to the bad traffic
condition and the complex terrain condition, our study hasmade a little
but important contribution to the island plant species database in China.
The species number in our study area was similar to other islands in
China, such as the inhabited islands in Miaodao Archipelago which
were in the same region to our study area and possessed 114 species
(Chi et al., 2016), the Zhoushan Archipelago which was also a bedrock
archipelago and possessed 125 species (Wang and Ye, 2017), and the
Chongming Island which was the world's largest estuarine alluvial is-
land and 129 species were recorded (Huang et al., 2008).

The species composition was compared with those in the neighbor-
ing mainland and inhabited islands. The Kunyu Mountain, which is
located in the central Shandong Peninsular and a location of the Na-
tional Forest Park, was selected to represent the species composition
in the neighboring mainland (Zhang et al., 2003; Du et al., 2007; Sun
et al., 2011); and the five southern islands in Miaodao Archipelago
were used as the neighboring inhabited islands (Chi et al., 2016). Most
of the recorded species in our study area could be frequently observed
in the neighboring mainland and inhabited islands. In a large spatial
scale, the uninhabited islands are offshore islands with positions close
to the inhabited islands and mainland, and the highest PTI of all the
uninhabited islands was 19.12 km, which was achieved by Is 1. The



Table 3
Effect degrees of each gradient factor in the comprehensive effects at island and site scales.

Gradient factor Island scale Site scale

Effect degree P value Effect degree P value

IA 0.34⁎ 0.014 0.34⁎⁎ 0.002
ISI 0.293 0.118 0.293⁎⁎ 0.002
PTI 0.379⁎⁎ 0.002 0.379⁎⁎ 0.002
PTS 0.357⁎⁎ 0.004 0.326⁎⁎ 0.002
VP 0.318⁎ 0.028 0.275⁎ 0.018
CP 0.261 0.48 0.205 0.274
NP 0.31 0.05 0.181 0.548
TE 0.326⁎ 0.032 0.214 0.144
AWMSI 0.222 0.792 0.213 0.158
Al 0.379⁎⁎ 0.002 0.332⁎⁎ 0.002
Sl 0.331⁎ 0.02 0.307⁎⁎ 0.002
As 0.291 0.092 0.276⁎⁎ 0.004
BT 0.343⁎ 0.01 0.346⁎⁎ 0.002
BSI 0.327⁎ 0.024 0.33⁎⁎ 0.002
MC 0.219 0.752 0.253⁎ 0.02
Sa 0.231 0.696 0.227 0.172
FI 0.273 0.278 0.277⁎⁎ 0.008
TC 0.295 0.11 0.332⁎⁎ 0.002
NDVI 0.289 0.112 0.298⁎⁎ 0.002
NPP 0.341⁎ 0.028 0.358⁎⁎ 0.002

Abbreviations for gradient factors are the same as for Fig. 1.
⁎⁎ P b 0.01.
⁎ P b 0.05.
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isolationwas not as high as that on oceanic islands, resulting in the high
rate of migration (Whittaker et al., 2017). Thus, the plant species list
was generally identical to those in the neighboring mainland and
inhabited islands. At the family level, the common families were similar
in themainland and the islands with the Compositae and Gramineae as
the most two common families. At the genus level, Artemisia was the
most common genus on the islands and possessed much higher species
number than the other genera; however, it was just one of the common
genera in the mainland. It indicated that the plant species composition
between the islands and mainland were similar at the family level and
began to show difference at the genus level. At the species level, the
dominant species on the uninhabited islands were remarkably different
from those on the inhabited islands. This could be explained by the
difference in human activity intensity. For the inhabited islands,
frequent transportation activities connecting the islands with themain-
land increased the opportunity for species migration (Wu et al., 2004);
extensive plantation considerably changed the understory habitat con-
ditions and thereby influenced the specie composition (Michelsen et al.,
2014); and intensive urban construction influenced the plant commu-
nity through occupying the natural habitat and generating pollutants
(Moffatt et al., 2004; Chi et al., 2015). All these activities resulted in
the difference in the dominant species between the inhabited and unin-
habited islands. The dominant species also greatly differed among
different uninhabited islands, which was mainly driven by the natural
conditions. Cudrania tricuspidata was the dominant species on five
uninhabited islands with different natural conditions, indicating its
wide distribution in these islands because of its high drought tolerance.
Phragmites australis was the dominant species on four uninhabited
islands, and it was always distributed near the shoreline due to its
inclination to wet environment. Chenopodium album and Artemisia
lavandulaefolia were mainly distributed on the uninhabited islands
with large areas, whereas Miscanthus sinensis and Hemerocallis minor
were always observed on small islands. Furthermore, no invasive alien
species were observed in the 130 species based on the Invasive Alien
Species List in China, which indicated the less influence from the
anthropogenic introduction of alien species. As a contrast, five invasive
alien species, namely, Amaranthus retroflexus, Bidens pilosa, Conyza
canadensis, Erigeron annuus, and Pharbitis purpurea, were found on the
inhabited islands (Chi et al., 2016). Therefore, the species composition
on the studied uninhabited islands had the regional common character-
istics, meanwhile, showed the unique features, which validated the first
hypothesis of this study.

4.2. α and β diversities

Theα diversity indicates the species richness and evenness in a spe-
cific area or site (Cingolani et al., 2010). The α diversity was measured
using N at island scale and using H′ and E at site scale, and these indices
showed distinct spatial heterogeneities at different scales. At island
scale, the N values generally decreased with the increase in the island
serial number, i.e., the decrease in the IA and the number of sampling
sites, and the highest (54) and lowest (10) N values were achieved by
Is 1 and Is 14, respectively. It can be easily understood that more
sampling sites contributed a higher species number (Sun et al., 2011).
However, even the Is 1 had N value lower than the half of the total N
value in the study area, and each of the islands, except for Is 12 and Is
13, possessed species that only existed on this island, which indicated
that almost all of the islands contributed to the plant diversity of the
study area. At site scale, the mean H′ value was higher than that in the
neighboring mainland and inhabited islands, and the mean E value
was higher than that in the mainland but lower than that on the
inhabited islands (Du et al., 2007; Chi et al., 2016). The results indicated
the higher plant diversity on the islands than in themainland, aswell as
the higher species complexity on the uninhabited islands than the
inhabited islands, at site scale. The spatial heterogeneities of H′ and E
can be observed among different sampling sites, across different islands
and within the same island.

Theβ diversity is ametrics involving the changes of species diversity
between sites or dates (Carvalho et al., 2012; Borges et al., 2018). In our
study, the β diversity indicated the spatial difference of the species
composition, and the W and J were adopted to reveal the species com-
position difference within an island and among different islands, re-
spectively. For the β diversity within an island, the IA provides space
and resource availability for different plant communities; the PTI refers
to the possibilities for species migration from the inhabited islands and
mainland (Whittaker et al., 2017). The significant correlation andpartial
correlation betweenW and IA revealed the decisive role of IA in gener-
ating the difference of species composition within an island, which val-
idated the study of Ibanez et al. (2018). The significant correlation and
insignificant partial correlation between W and DTI indicated the less
effect of PTI on theW. For the β diversity among islands, the area differ-
ence andmutual distance of different islands represented the ecological
niche and species diffusion, respectively, which were considered the
main driving factors for the β diversity (Harrison et al., 1992; Soininen
et al., 2007; Chi et al., 2016). Is 1–Is 4 had larger areas than the other
islands, and Is 1, Is 2, Is 4, Is 10, and Is 11 were located in border posi-
tions with far mutual distances to the other islands, which resulted in
the significant negative correlations of these islands in Table S3. The re-
sults indicated that both ecological niche and species diffusion pro-
cesses influenced the species composition in the study area, and the
larger area difference and farer mutual distance contributed to greater
difference of species composition among different uninhabited islands.
The studies on the β diversity have been constantly conducted and im-
proved by different scholars (Condit et al., 2002; Anderson et al., 2010;
Carvalho et al., 2012). Among the studies, Carvalho et al. (2012)
proposed a new method to measure the β diversity using species re-
placement and species richness differences, and the method has been
widely recognized. In our study, theW and J indices were clear to reveal
the aspect of species replacement. In addition, the changes ofα diversity
along the multiple gradients were also belonging to the categories of β
diversity in a broad sense (Borges et al., 2018). They corresponded to
the aspect of species richness differences and were specifically elabo-
rated in the following subsection. Furthermore, the spatial heterogene-
ities of the biodiversity indices corresponded to the second hypothesis
of the study.
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4.3. Multiple gradient effects at the dual scales

The multiple gradients on the uninhabited islands were unique and
distinct, and seven “from macro to micro” aspects constituted the mul-
tiple gradients, which covered all aspects of factors influencing the plant
diversity from the perspectives of island and site scales. We conducted
single and comprehensive gradient effect analyses using the multiple
gradient factors. The single effect analysis could reveal the changes of di-
versity indices, namely, N, H′, and E, along each of the gradient factors.
The comprehensive effect analysis aimed to clarify not only the biodi-
versity index changes, but also the variations of species composition
and distribution, under the multiple gradients.

At island scale, IA, PTI, PTS, VP, NP, TE, AWMSI, Al, BT, NDVI, and NPP
exerted strong or intermediate effects on the plant diversity in the sin-
gle gradient effect analysis, and the N values generally increased with
the increase in all aforementioned factors except for AWMSI. The results
were consistent with the results in the comprehensive gradient analy-
sis, which indicated that high N values were always on the islands
with high IA, PTI, PTS, VP, NP, TE, Al, Sl, As, BT, FI, and NDVI. As the afore-
mentioned discussions, the N value increased with the increase in the
IA, which is one of the basic regularities in ecology studies (Storch and
Chiarucci, 2016; Whittaker et al., 2017). However, exceptions always
existed. That is, some islands had the similar areas yet showed the dis-
tinct difference of N values. Among the aforementioned factors, IA, PTI,
PTS, VP, TE, Al, Sl, BT, and NPP possessed significant effects in the com-
prehensive effect analysis (Table 3). They influenced the N values, as
well as the species composition and distribution, at island scale. The IA
is the fundamental factor for the plant diversity (MacArchur and
Wilson, 1963, 1967; Patiño et al., 2017). The rate of the increase in the
N value with the increase in the IA was closely relevant to the isolation
(Whittaker et al., 2017). The island species-area relationship was fur-
ther studied using the log transformed power model, which has been
proven to be the best model for the relationship (Triantis et al., 2012;
Matthews et al., 2016). The slope of the trend line was shallow and
lower than the studies of Panitsa et al. (2006) and Sfenthourakis and
Panitsa (2012), indicating the low rate of the increase (Fig. 7). It
reconfirmed that the studied uninhabited islands were generally close
to the continental region with frequent species migration. Some other
gradient factors, including PTI, PTS, TE, Al, and BT, were closely related
to the IA (Fig. S6). They influenced the N values through the IA. Many
other factors influenced the island plant diversity (Helmus et al.,
2014; Graham et al., 2017). In this study, The VP, Sl, and NPP had
weak correlations with the IA (Fig. S6). Their influences on the N values
were independent of the IA and explained the aforementioned
Fig. 7. Island species-area relationship: Ln (IA) and Ln (N) indicate the natural logarithmic
values of IA andN, respectively. The scale units of vertical and horizontal axes are the same
to exhibit the rate of the increase.
exceptions. VP and NPP represent the vegetation area and growth con-
dition, and higher VP and NPP contributed to higher N values regardless
of the IA. It indicated the positive correlation between biodiversity and
productivity on the uninhabited islands at island scale. The habitat con-
ditions for plant growth are generally worse on the uninhabited islands
compared to those in the mainland (Chi et al., 2016). Thus, the increase
in vegetation area and productivity indicated the improvement of
the carrier for the plant diversity. The Sl always denotes the terrain
complexity (Wang et al., 2015). High Sl values resulted in complicated
terrain conditions and then the high N values at island scale.

At site scale, the correlations of H′ and E values with each gradient
factor were weak in the single effect analysis, which was in accordance
with the results in the comprehensive gradient analysis, that is, the
sampling sites with different H′ and E values were generally evenly lo-
cated in the CCA ordination diagrams. The results revealed that the H′
and E values in different sampling sites changed irregularly along the
multiple gradient factors, and the sampling sites with different H′ and
E value intervals were scattered in the multiple gradients. The multiple
gradient effects on the H′ and E values at site scale were not as distinct
as those on the N value at island scale. For themorphology and proxim-
ity, which generated gradient effects at island scale, the plant diversity
at site scale was not sensitive to them. This finding was in accordance
with the study of Sfenthourakis and Panitsa (2012), who analyzed the
plant diversity on 19 Aegean islands, however, somehow different
from the study of Ibanez et al. (2018), who studied 41 tropical islands
of the Indo-Pacific region and argued that the IA influenced the plant
diversity at all scales, including archipelago, island, and site. The differ-
ences of the results may be determined by the spatial scales studied. For
the other gradients, which was measured at site scale and represented
the local habitat condition, the biodiversity indices did not show signif-
icant differences among different habitat conditions. However, themul-
tiple gradients still influenced the species composition and distribution
at site scale. For instance, the sites with low and high NPP, whichwas in
vegetation gradient, always referred to shrub/herb and tree communi-
ties, respectively. They differed greatly in species composition, yet
may have similar values of biodiversity index (Zhao et al., 2010). More
gradient factors possessed significance than those at island scale for
the effect degrees in the comprehensive effect analysis (Table 3). In
the seven aspects of the gradients, all gradients exhibited significant
effects. Only CP, NP, TE, and AWMSI in landscape gradient and Sa in
soil gradient had insignificant effects, revealing that the landscape
configuration and soil salinity content did not play a major role in the
changes of plant species composition and distribution. The landscape
configuration denoted the spatial distributions and interrelations of
landscape patches andwas characterized by the fragmentation in recent
decades, which was caused mainly by human activities and resulted in
decline in species number and hindered species migration (Ramalho
et al., 2014; Lam et al., 2018). However, the landscape fragmentation
was in a low level, which verified the little anthropogenic influences
on the local plant community in our study area. For the Sa, seawater
intrusion may result in the soil salinization in coastal areas, which
threatened the plant community (Yu et al., 2014; Chi et al., 2019).
Though the seawater intrusion was observed in Miaodao Archipelago
(Cui et al., 2015), the Sa was less influenced and showed low values in
our study area, and thus contributed little to the species composition
and distribution. The mean H′ and E values at site scale was insignifi-
cantly correlated with the N value at island scale, reconfirming that
the plant diversity could not be replaced or predicted across scales in
the study area (Sfenthourakis and Panitsa, 2012). The differences of
the multiple gradient effects across different scales verified the third
hypothesis of the study.

The uninhabited islands in this study are generally in a small spatial
scale with consistent climate, and the findings could reveal the spatial
distribution of the plant diversity within the uninhabited islands and
their neighboring areas. In the future work, more archipelagos across
different climate zones will be focused on to reveal the spatial
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characteristics of island plant diversity in a large regional scale. Besides
the spatial variance, the temporal dynamics is also an important issue in
the studies of island biogeography (Whittaker et al., 2017; Borges et al.,
2018). The temporal variations of plant diversity under the background
of global changes should also be paid attention.

5. Conclusions

The multiple gradients of the uninhabited islands were identified
and quantified at island and site scales based on field investigation
and remote sensing methods. The multiple gradients included seven
“from macro to micro” aspects of morphology, proximity, landscape,
terrain, atmosphere, soil, and vegetation, and a total of 20 gradient fac-
tors were selected to cover all aspects of factors influencing the spatial
pattern of plant diversity on the uninhabited islands. The single and
comprehensive effects of the multiple gradients were analyzed, and
the spatial patterns of plant diversity under the multiple gradients
were revealed at island and site scales in the study area. The multiple
gradients could be applied in analyzing the island plant diversity in dif-
ferent areas.

The results on the uninhabited islands of Miaodao Archipelago indi-
cated that a total of 130 plant species were recorded. The 62 sampling
sites on the 15 islandswere adequate to represent the overall character-
istics of plant diversity, which was proved by the species accumulation
curves. The species composition on the uninhabited islands possessed
common characteristics with the neighboring inhabited islands and
mainland, meanwhile, showed unique features on the dominant spe-
cies. The α diversity, represented by the N, H′ and E, showed distinct
spatial heterogeneities at the dual scales. The β diversity, represented
by the W and J, indicated the great difference of species composition
within an island and among different islands. At island scale, the IA, veg-
etation condition, and Sl contributed the most to the spatial pattern of
plant diversity, and the N values increased with the increase in these
factors. At site scale, the H′ and E values in different sampling sites
changed irregularly along the multiple gradient factors. However,
most of the factors showed significant effects on the species composi-
tion and distribution, yet CP, NP, TE, and AWMSI in landscape gradient
and Sa in soil gradient had insignificant effects. The IA played a funda-
mental role in determining theα diversity at island scale and generating
the β diversity within an island, however, was not significantly corre-
lated with the diversity at site scale.
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