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Abstract

Aim Seed traits and climatic covariates are hypothesised to be potential drivers deter-
mining the large-scale patterns of plant diversity; seed dormancy strategies function
to escape unfavourable seasons. The associations of dormancy with seed mass and
dispersal mode might facilitate for better understanding of plant biogeography in rela-
tion to trait-based community assembly. Here, we explore the geographical patterns
of dormancy/non-dormancy strategies to infer seed trait-dependent filtering/sorting
processes associated with climate factors.

Location Japan.

Taxon Woody plants.

Methods We compiled data on seed mass, dispersal and dormancy for 696, 1196 and
662 species respectively.We quantified the relationships between dormancy, seedmass
and dispersal mode, and their geographical patterns related to minimum temperature
of the coldest month and the length of the unfavourable period for plant growth.

Results Seedmasses of plants with anemochorous, zoochorous and hydrochorous dis-
persal decreased towards higher latitudes, but those of barochorous seeds increased.
The proportions of physiologically dormant species were comparatively high at
higher latitudeswith increasing climate harshness,whereas non-dormant, large-seeded
species occurred at both climatically milder, lower latitudes, and harsher, higher lat-
itudes. These geographic patterns demonstrate that plant regeneration responses are
the outcome of multi-dimensional interactions between seed dormancy, seed mass and
dispersal mode .

Extended author information available on the last page of the article
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Main conclusions Seed trait assembly patterns were shaped by correlative relation-
ships between seed mass, dispersal modes and dormancy types in response to the
minimum temperature and the unfavourable period. Physiologically dormant species
with smaller seeds are predominant in higher latitudes with colder unfavourable sea-
sons, suggesting a risk spreading strategy to delay germination timing until the optimal
seasons for growth. The high proportion of non-dormant species with larger seeds at
higher latitudes indicates a stress tolerance strategy for seedling survival after germi-
nation. Seed dormancy is a critical factor adapted to abiotic/biotic niche filtering, and
consequently contributes to shaping biogeographical patterns along climatic gradients.

Keywords Seed dormancy · Latitudinal diversity gradient · Seed trait-dependent
filtering · Seed mass · Seed dispersal · Species diversity

1 Introduction

Climatic gradients are major factors that shape plant species diversity across terres-
trial biomes (Kubota et al., 2018; Vázquez-Rivera & Currie, 2015). Macroecological
climatic covariates of various functional traits, which determine habitat suitability
for individual species, underpin the geographical patterns of plant species richness
and functional diversity at the assemblage level (Shiono et al., 2015). In the case of
woody plants, hierarchical trait-driven assembly processes have beenwell investigated
in terms of species-specific life history strategies (Adler et al., 2014) and large-scale
environmental and climatic filters (Kichenin et al., 2013; Swenson et al., 2012). How-
ever, much less is known about seed traits that play a key role in plant colonisation
and establishment success (Huijser & Schmid, 2011; Saatkamp et al., 2019). Seed
morphology and physiology are hypothesised to act as filtering factors causing species
sorting and packing in particular areas (Sandra et al., 1998; Pérez-Harguindeguy et al.,
2013). Therefore, climate-dependent seed strategies (as environmental adaptations)
should influence the geographical patterns of plant diversity. A better knowledge of
the seed trait filter processes related to abiotic factors might allow prediction of the
future impacts of climate change on plant species assembly (Chen et al., 2019, 2020;
Kichenin et al., 2013).

Seed mass, dispersal mode and dormancy are key traits in relation to germination
response to environmental cues or variability. They determine the species-specific
regeneration niche at the local scale (e.g., disturbance; Grubb, 1977; McIntyre et al.,
1999) and probably shape large-scale patterns of community composition along with
environmental factors (Correa et al., 2022; Wang et al., 2021; Wisnoski et al., 2019).
Globally, large-seeded species dominate at lower latitudes, whereas small-seeded
species become dominant at higher latitudes (Moles et al., 2007). More importantly,
seed dormancy is highly adaptive and/or phylogenetically conserved trait, depending
on the type of dormancy, that determines survival through the timing of germination
(Willis et al., 2014). In general, seeds remain dormant under unfavourable conditions
such as drought or low temperatures to prevent seedling mortality (Baskin & Baskin,
2004; Finch-Savage & Leubner-Metzger, 2006; Willis et al., 2014). Especially in
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woody plants, the occurrence or frequency of dormant species is known to exhibit
large-scale geographical patterns and to be linked to climate regimes. For example,
non-dormant woody plant seeds are ubiquitous in tropical and subtropical vegetation,
but they are less common in temperate and boreal regions with lower precipitation and
temperature (Baskin & Baskin, 2014; Zhang et al., 2022). Casas et al. (2017) reported
that seed dormancy is associated with the length of the growing season and seed
size: non-dormancy dominates in species with large seed mass occurring in regions
with long growing seasons. These patterns of seed dormancy coupled with seed mass
and dispersal mode could be associated with plant growth form and vegetation type.
Nevertheless, previous studies have mostly been limited to particular plant taxa and
focused on seed trait adaptations to severe environments, e.g., drought conditions
(Escobar et al., 2018, 2021). Biogeographical analyses of seed traits assembly asso-
ciated with environmental drivers have been scarce, especially in relation to a wide
range of climatic gradients (Butler et al., 2007; Poschlod et al., 2013). Notably, we
lack knowledge of the geography of seed dormancy types and how they covary with
seed mass and mode of dispersal. As seed traits are closely associated with plant size,
lifespan and growth form, they might be extremely important for plant community
assembly, as currently acknowledged (Venable & Brown, 1988; Greene & Johnson,
1993; Thomson et al., 2011; Chen et al., 2019).

Here, we focus on the woody plant assemblages of the Japanese East Asian islands
spanning subtropical evergreen, temperate deciduous and hemi-boreal habitats. Large-
scale patterns of species richness and community composition are determined by
filtering processes of leaf and woody traits in relation to climatic harshness and sea-
sonality, especially for temperature rather than precipitation (Shiono et al., 2015).
In this regard, seed traits, which have been overlooked in the context of community
assembly studies (Saatkamp et al., 2019), are worthy of further attention, by investigat-
ing diversification and adaptations in relation to climatic factors along the latitudinal
gradient. We start from the assumption that species assembly with different seed traits
involving dormancy associated with seed mass and dispersal mode is mainly driven
by the minimum winter temperature and the length of the unfavourable period for
plant growth. We then test which types of dormancy particularly show latitudinal and
climatic gradients and how these trends covary with seed dispersal mode and seed
mass. Finally, we discuss how the community-wide diversity of dormancy patterns
might be related to survival strategies.

2 Materials andmethods

2.1 Study area

The Japanese East Asian islands, including the Ryukyu archipelago and the Izu-Bonin
islands, form a long chain of islands located off the eastern coast of the Asian conti-
nent. They are mostly continental islands, but also include some oceanic islands that
have never been connected to the continent or main archipelagos. The mean annual
temperature ranges from − 5.3 to 24.2 °C, indicating that the study area covers a
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wide range of temperature with seasonality in the temperate zone. The annual precip-
itation is 650–4538 mm, which is among the highest in the world. The precipitation
exhibits pronounced seasonality; indeed, the precipitation in the driest months often
exceeds 100 mm in many places. Therefore, there are no wet or dry seasons as seen
in other regions (Fig. S1 in Appendix S2). This warm and wet monsoon climate con-
tributes to the development of diverse biomes (subtropical, temperate and hemi-boreal
vegetation) that shape a biodiversity hotspot in East Asia (Kubota et al., 2014, 2015).

2.2 Species distribution data

Distribution data for woody plant species were derived from a database of the Japan
Biodiversity Mapping Project (J-BMP) including all vascular plants (https://biodiver
sity-map.thinknature-japan.com/en/). These data have a spatial resolution of 10 × 10
km2 resolution and contain 4698 grid cells with terrestrial areas. Species occurrence
information was collected by searching the botanical literature on the flora of Japan.
Most of the references were species checklists and phytosociological tables (see Kub-
ota et al., 2015 for a compilation of species occurrence and distribution range data).
Species names followed those in the Japanese Scientific Names Index (Yonekura &
Kajita, 2003). In this study, planted and non-native species (introduced after the mod-
ernisation; ca. 150 years ago) were excluded from the dataset.

2.3 Environmental data

We focused on latitude and climate factors that reflect harshness and seasonality. Air
temperature data at the 1-km grid cell level were extracted from the Chelsa ver.2.1
database (Karger et al., 2017). We focused on bio6 (minimum temperature in the
coldest month) as the index of temperature harshness and on monthly mean temper-
ature between 1981 and 2010 to calculate the length of the unfavourable period for
plant growth (months below 5 degrees; Kikuzawa et al., 2013). Note that the Japanese
East Asian islands are entirely under humid climate with high rainfall (see Fig. S1 in
Appendix S2); thus, precipitation and its seasonality play only a small role in shaping
plant diversity pattern (Shiono et al., 2015). The definition of the unfavourable growth
period is based on Baskin and Baskin (2014): they defined 0–10 °C as the effective
cold temperature and 5 °C as the optimal temperature to break dormancy for many
species. To collate with the plant distribution maps, we averaged the climatic data at
the 1-km grid cells and aggregated into the same 4698 grid cells of 10 km × 10 km
as the species distribution data.

2.4 Seed trait data

We collected information on seed traits including mass, dispersal mode and dormancy
by a literature census (see Appendix S1 for references). We compiled data on seed
mass for 696 species, seed dispersal for 1196 species and seed dormancy for 662
species, accounting for 58.1%, 99.9% and 55.3% of Japanese woody plant species
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(1197 species except for bamboos), respectively. Most seed mass data were compiled
from the Royal Botanic Gardens Kew Seed Information Database (https://data.kew.
org/sid/). Additionally, we used data of the Global Tree Seed Bank Project Japan
(Millennium Seed Bank Partnership).

Seed dormancy type and dispersal mode were based on Baskin and Baskin (2014),
Japanese literature, and the DataWarehouse of theMillennium Seed Bank Partnership
(http://brahmsonline.kew.org/msbp/SeedData/DW). Dispersal modes were classified
into five categories (anemochory, barochory, zoochory, hydrochory and autochory).
According to the literature (e.g., Baskin & Baskin, 2014), seed dormancy can be
classified into five types: morphological dormancy (MD); physiological dormancy
(PD); morpho-physiological dormancy (MPD); physical dormancy (PY) and physical
plus physiological dormancy (PYPD). However, we were unable to collect sufficient
embryo size data, which is a critical factor to distinguish MD and MPD from ND and
PD, respectively (Baskin & Baskin, 2014). Therefore, in this study, we used a com-
bined classification in the geographical pattern analyses: non-dormancy including
morphological dormancy (ND_MD); physiological dormancy including morpho-
physiological dormancy (PD_MPD); physical dormancy (PY); and physical plus
physiological dormancy (PYPD) (Table 1). We confirmed that MD and MPD species
are rare in the study region (Table S1 in Appendix S3) and their presence/absence did
not significantly change the geographical patterns (Fig. S1 in Appendix S4). When a
species can produce both dormant and non-dormant seeds, we treated the species as a
physical/physiological dormancy species (i.e. PD_MPD, PY, or PYPD).

Table 1 Seed dormancy types of Japanese woody plants

Class of dormancy *Germinate
within 1 mo,
4 w, 30d (+)
or not (−)

*Need
cold/warm
stratification
(+) or not (−)

Embryo size
full (+), small
(−)

Seed coat
permeable (+)
impermeable
(−)

Modified
definition in
this study

Baskin &
Baskin
classification

ND_MD ND + – + +

MD + – – +

PD_MPD PD – + + +

MPD – + – +

PY PY – – + –

PYPD PYPD – + + –

Seed dormancywas classified into five types following Baskin and Baskin (2014): morphological dormancy
(MD); physiological dormancy (PD); morphophysiological dormancy (MPD); physical dormancy (PY) and
physical plus physiological dormancy (PYPD). In this study, we could not collect sufficient data on embryo
size, and thus omitted embryos as a factor in classifying dormancy types.Wefinally combined non-dormancy
(ND) and MD into ND_MD, and PD and MPD into PD_MPD
*Germination after next spring
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2.5 Statistical analysis

To quantify phylogenetic signals in seed dormancy types and dispersal modes, we
constructed a phylogeny for 1197 Japanese woody plant species based on molecular
data from GenBank and the Open Tree of Life project (Smith & Brown, 2018). We
used two types of phylogenetic signal measure: the D statistic (Fritz & Purvis, 2010)
and Blomberg’s K (Blomberg et al., 2003). The D statistic ranges from − ∞ to ∞,
where smaller and larger values mean phylogenetic clustering and over-dispersion,
respectively; D� 1 indicates that the observed binary variable is randomly distributed
on the phylogeny, and D � 0 corresponds to the expectation from a Brownian motion
model. Blomberg’s K varies from 0 to∞, where K� 1 corresponds to the expectation
from a Brownian motion model; K < 1 and K > 1 indicate that the relatives are less
or more similar than expected, respectively. The statistical significance of the phylo-
genetic signals was tested from 1000 permutations. We also tested the phylogenetic
signals in the presence/absence of dormancy information, to check for phylogenetic
bias in our data.

We calculated species richness (SR) and mean log-scaled seed mass (SM) for each
dormancy type and dispersal mode at the 10 km × 10 km grid cell level (4698 cells in
total). We standardised the relative dominance of species (proportion of species with
each dormancy type and dispersal mode to total number of species) and mean seed
mass using a null model, where species labels were randomly shuffled on the species
× seed trait matrix and respective SR and SM were re-calculated. This procedure was
repeated 1000 times to obtain the null distribution. In the null model, we included all
Japanesewoodyplant species (1197 species, including thosewithout seed information)
to account for a potential representation bias in our seed dataset. Then, we calculated
the standardised effect size (SES) for SR and SM as: (Xobs − mean of Xnull)/standard
deviation of Xnull, where Xobs is an observed value and Xnull is the null value. We
confirmed that the null values showed small skewness (average � 0.1, min � − 0.4,
and max � 3.1 for species dominance; average � − 0.1, min � − 2.5, max � 1.0 for
log-scaled seed mass), suggesting no serious bias in SES calculation (Botta-Dukát,
2018).

We analysed the relationships between the SES of SR and SM and environmen-
tal/geographical factors using bivariate regression models. We set the SES value as
the response variable. As explanatory variables, we set latitude (degrees), minimum
temperature in the coldest month (°C) and length of the unfavourable growth period
(months; mean temperature < 5 °C), which was based on 5 °C as the optimal tem-
perature to break dormancy for many species (Baskin & Baskin, 2014). Because of
strong intercorrelations between the environmental/geographical variables (Pearson’s
correlation coefficient r ≈ 0.9), we analysed each explanatory variable separately.
The relative importance of the environmental/geographical variables was evaluated
by the coefficient of determination (R2) of the models. To check the nonlinearity of
the relationships, we also fitted regression models with and without a quadratic term
and compared their R2 values.

We also tested using unfavourable growth lengths based < 0 °C and < 10 °C to define
the unfavourable growth period. We confirmed the choice of temperature thresholds
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had onlymarginal effects on the regression coefficients, especially for the linear terms;
the only exception was hydrochorous species, whose distribution range was limited to
low latitudinal (warm) regions; the explanatory powers of regressionmodels were also
comparable between the differences in threshold temperature with a few exceptions.
Therefore, we only showed the results of < 5 °C in the main text (see Figs. S6–S9,
S12, and S13 in Appendix S4 for the results of < 0 °C and < 10 °C).

All analyses were performed and graphics produced with R version 4.0.4 (R
Development Core Team, 2021) using the ‘data.table’ (Dowle & Srinivasan, 2021),
‘V.PhyloMaker’ (Jin & Qian, 2019) to construct phylogeny, ‘picante’ (Kembel et al.,
2010) and ‘caper’ (Orme et al., 2012) package to analyse phylogenetic signals.

3 Results

3.1 Seed trait patterns

Seed dispersal modes and dormancy types mostly showed significant phylogenetic
signal across all woody plant species studied (Table S2 in Appendix S3). The strength
of the phylogenetic signal was relatively high for anemochory (D� − 0.338 and K�
0.618) and low for ND (D � 0.842 and K � 0.005): in fact, anemochorous species are
distributed in particular order/family clades (e.g. Salicaceae inMalpighiales), whereas
ND species arewidely scattered across the phylogenetic tree (see Table S1 inAppendix
S3).

The number of species examined in allmodelswas consistently highest in the central
areas of Japan (Fig. S5 in Appendix S4), reflecting the broad geographical pattern of
species richness of woody plants in Japan. Species abundance and seed mass showed
clear geographical patterns for each dispersalmode and each dormancy type (Fig. 1 and
Appendix S4). For anemochory, hydrochory and zoochory, seed mass decreased with
increasing latitude (Fig. 1), whereas there were inflection points (geographical gaps)
in the latitudinal trend of seed mass between the subtropics (ca. 30°) and temperate
zone (ca. 40°). In contrast, barochorous seed mass increased with latitude. PD_MPD
seed mass decreased with increasing latitude, whereas ND_MD seed mass showed
a U-shaped latitudinal pattern with the bottom at around 35° to 40° N (Fig. 1 and
Appendix S4). There was no significant difference in seed mass between the ND_MD
and PD_MPD dormancy types (Fig. S2 in Appendix S4).

The standardised effect size of number of species richness of anemochorous taxa
increased with increasing latitude, whereas zoochorous and hydrochorous richness
decreased (Fig. 1). Barochorous species were relatively diverse across the islands and
showed no latitudinal gradient (Fig. 1). These geographical patterns of dispersalmodes
were also associated with dormancy types. The diversity of PD_MPD species with
anemochory and barochorywas greater in higher latitudes (Fig. 2, Figs. S3, S6, S8, S10
andS12 inAppendix S4 andTable S1 inAppendix S5), althoughPD_MPDzoochorous
and hydrochorous species were relatively rich in lower latitudes. PY species were
more diverse at lower latitudes, although there was no clear latitudinal pattern in seed
mass (Fig. S5 in Appendix S4). For ND_MD anemochory, species richness increased
with increasing latitude, whereas for ND_MD zoochory, hydrochory and barochory,
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Fig. 1 Geographical patterns of standardised effect size (SES) of number of species and log-scaled seed
mass for each dormancy type and dispersal mode. Scatter diagrams at the right side of each panel indicate
the latitudinal pattern of the variable with Lowess curve (smoothing parameter � 0.3): individual gray
symbols show values at the 10 km × 10 km grid cell level. The dormancy types are non-dormancy and
morphological dormancy species (ND_MD; a, g), and physiological and morphophysiological dormancy
species (PD_MPD; b, h). The dispersal types are anemochory (c, i), barochory (d, j), hydrochory (e, k) and
zoochory (f , l)
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Fig. 2 Relationships between standardised effect size (SES) of number of species per dormancy type and
dispersal mode and three environmental variables: latitude, minimum temperature of the coldest month
(bio6) and unfavourable growth period defined as months below 5 °C (UFP-5). Solid and broken lines rep-
resent the prediction from the linear and quadratic regression models, respectively. The dormancy types are
non-dormancy and morphological dormancy species (ND_MD), and physiological and morphophysiologi-
cal dormancy species (PD_MPD). The dispersal modes are anemochory (ane), barochory (bar), hydrochory
(hyd) and zoochory (zoo)

richness decreased with latitude (Fig. 2, Fig. S3, S6, S8, S10 and S12 in Appendix S4
and Table S1 in Appendix S5).

3.2 Environmental drivers of seed trait patterns

The diversity of PD_MPD species with anemochorous and barochorous seeds was
negatively associated with minimum temperature and positively associated with the
length of the unfavourable period, whereas that of PD_MPD species with hydrochory
and zoochory showed the opposite trends with these climatic variables (Fig. 2, Figs.
S3, S6, S8, S10 and S12 in Appendix S4 and Table S1 in Appendix S5). PD_MPD seed
mass was positively associated with minimum temperature and negatively associated
with the length of the unfavourable period (Fig. 3, Figs. S4, S7, S9, S11 and S13 in
Appendix S4 and Table S1 in Appendix S5).
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Fig. 3 Relationships between standardised effect size (SES) of log-scaled seed mass for different dormancy
types and dispersal modes and three environmental variables: latitude; minimum temperature of the coldest
month (bio6); and unfavourable growth period, defined as months below 5 °C (UFP-5). Solid and broken
lines represent the prediction from the linear and quadratic regression models, respectively. The dormancy
types are non-dormancy and morphological dormancy species (ND_MD), and physiological and morpho-
physiological dormancy species (PD_MPD). The dispersal modes are anemochory (ane), barochory (bar),
hydrochory (hyd) and zoochory (zoo)

Total ND_MD species richness was not associated with environmental factors, and
the correlation patterns showed a contrast between dispersal modes. ND_MD anemo-
chorous species richness was negatively correlated with minimum temperature and
positively correlated with the length of the unfavourable period, whereas ND_MD
barochorous, hydrochorous and zoochorous species richness were positively corre-
lated with minimum temperature and negatively correlated with the length of the
unfavourable period (Fig. 2, Figs. S3, S6, S8, S10 and S12 in Appendix S4 and Table
S1 in Appendix S5).

For ND_MD anemochory and barochory, seed mass was associated negatively
with minimum temperature and positively with the length of the unfavourable period
(Fig. 3, Figs. S4, S7, S9, S11 and S13 in Appendix S4 and Table S1 in Appendix
S5). In contrast, for ND_MD zoochory, seed mass was associated positively with
minimum temperature and negatively with the length of the unfavourable period.

123



Japanese Journal of Statistics and Data Science (2023) 6:885–901 895

ND_MDhydrochory showed no distribution in the region where the unsuitable growth
period (< 5 °C) was greater than one month, and their seed mass showed negative
correlations with minimum temperature and the length of the unfavourable period
(Fig. 3, Figs. S4, S7, S9, S11 and S13 in Appendix S4 and Table S1 in Appendix S5).

4 Discussion

This study documents the geographical patterns of seed traits across subtropical, tem-
perate and hemi-boreal regions. The correlative patterns between seed mass, dispersal
modes and dormancy demonstrate diversification of seed trait strategies in relation to
their trade-offs and environmental factors. Our findings are in partial agreement with
those reported in previous studies, but differ in other respects because of region-specific
species assembly processes on the East Asian islands, as discussed below.

Latitudinal gradients of seed mass, i.e., smaller seeds toward higher latitudes, have
been documented globally (Moles & Westoby, 2003; Moles et al., 2007) and region-
ally (Lord et al., 1997). A factor in shaping latitudinal seed mass gradients is the
geographical shift of plant growth forms from woody plants in low latitudes to herba-
ceous plants in mid and high latitudes. However, our study based on a single growth
form (i.e., woody plants) also confirmed a latitudinal seed mass gradient, suggesting
the existence of other macroecological mechanisms of seed mass geography, in addi-
tion to a growth form shift (Fig. 1 and Appendix S3). In fact, dispersal modes and
dormancy types (ND_MD versus PD_MPD) affected the latitudinal gradient in seed
mass. Specifically, barochory showed an increasing trend of seed mass with latitude,
and ND_MD large-seeded species were predominant in both lower and higher lati-
tudes (Figs. 1 and 3 and Appendix S3). Moreover, we found geographical gaps in the
latitudinal seed mass gradient. The seed mass gap between subtropical and temperate
regions reflects the distribution of hydrochorous species such as Malpighiales, includ-
ing mangroves that are limited to the subtropical islands (Fig. 1). Their large seeds
are likely to be recalcitrant/viviparous and are notable for their buoyancy, meaning
they can be dispersed by ocean currents (Bardou et al., 2020; Clarke et al., 2001).
Meanwhile, another gap between temperate and hemi-boreal regions was resulted
from the filtering out of large-sized barochorous species (e.g., Fagales, Ericales or
Rosales) in hemi-boreal regions (Wyse & Dickie, 2017) and the corresponding domi-
nance of anemochorous species with small seeds such as Salicaceae (Karrenberg et al.,
2003; Nishiyama et al., 1990). These findings indicate that the mechanisms shaping
latitudinal seed mass patterns across the East Asian islands are highly complex and
interact with dispersal modes and dormancy types (including non-dormancy), which
are potentially linked with life history strategies (Moles et al., 2005).

Importantly, the geographical patterns of seed traits could be explained by the min-
imum temperature and length of the period unsuitable for plant growth (Fig. 2 and
Appendix S2); this finding provides general support for the prediction that physiolog-
ical or morphophysiological dormancy becomes predominant with increasing climate
harshness (Baskin & Baskin, 2014; Dayrell et al., 2016). Notably, seed mass patterns
were mainly related to dispersal modes (anemochory, zoochory or hydrochory) rather
than dormancy types (Fig. 1 and Appendix S3). A previous study on the Fabaceae
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reported that the seed mass of non-dormant species was greater than that of dormant
species (Casas et al., 2017). Our findings may have resulted from expanding the target
species from a specific family (Fabaceae) to all woody plant species, and the rela-
tionship between seed mass, seed dispersal mode and seed dormancy type may differ
among the taxa.

The standardised effect size of species richness of each dispersal mode and dor-
mancy type differed geographically, especially for particular orders/families because
seed traits showed significant phylogenetic signals (Appendix S3). Non-dormant
anemochory was diversified at high latitudes, whereas non-dormant barochory or
zoochory and non-dormant hydrochory species were diversified at low to mid lati-
tudes. These patterns suggest that seed trait-dependent filtering plays an important
role in shaping large-scale patterns of plant diversity (Thomson et al., 2011; Gioria
et al., 2020; Wang et al., 2021). We note that non-dormant species, which were rel-
atively diversified across a variety of clades (Appendix S3), were also substantially
distributed in climatically harsh areas (Figs. 1 and 2), which is inconsistent with the
report by Casas et al. (2017) that non-dormant species of Fabaceae are abundant under
climatically mild and stable conditions. This difference reflects a U-shaped relation-
ship of seed mass with minimum temperature (Fig. 3), i.e., small- and large-sized seed
species without dormancy were abundant in both climatically stable and harsh areas.
This result suggests non-linearity of environmental filtering effects on trait assembly
(Rolhauser et al., 2021), working at opposite ends (cold and warm) of the temper-
ature gradient. Such adaptations to contrasting environmental conditions may have
resulted in the similar phenotypic trait. Increasing seed mass at lower latitudes with a
warm climate may be explained by metabolic cost (Murray et al., 2004). Additionally,
large-sized seeds were found in areas with cold temperatures: although they cannot
avoid unfavourable timing by dormancy, such seeds have an advantage in the survival
and establishment success of seedlings under climatically harsh conditions (Westoby
et al., 1996; Leishman et al., 2000; Moles & Westoby, 2006).

Comparison of geographical patterns between dormant-seeded and non-dormant
species suggest adaptive ecological/evolutionary strategies in response to theminimum
temperature and the length of the unfavourable period for plant growth along latitude,
as illustrated in Fig. 4. The predominance of physiologically dormant, small-sized
seed species in harsh-climate areas suggests that seed dormancy (i.e., dispersal over
time) functions as a risk-spreading/avoidance strategy to delay germination until the
appearance of better conditions (Baskin & Baskin, 2004; Finch-Savage & Leubner-
Metzger, 2006; Willis et al., 2014). In contrast, the predominance of non-dormant
species in both warm and cool climates suggests a stress-tolerance strategy in relation
to large seed size and dispersal modes (e.g., barochorous and anemochorous species in
harsh climates) that enable survival and establishment success after germination (Rees,
1994). Our results show that seed dormancy contributes to macro-scale climate niche
filtering, whereas seed mass and dispersal modes are associated with biotic filtering
at a local scale. These findings imply a geographical variability of seed banks, which
might serve as a proxy for region-specific compositional stability within ecological
time frames (DeMalach et al., 2021).

In conclusion, seed traits of Japanese woody plants, including evergreen and decid-
uous broadleaved species and conifers, are linked to seed mass, dispersal modes and
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Fig. 4 Geographical patterns of seed traits of woody plants on East Asian islands in Japan. The regional
species richness at the 10-km grid cell level was highest in the middle parts of Japan (Fig. S4 in Appendix
S4). Woody plants with dormant or non-dormant seeds diversify their adaptive ecological/evolutionary
strategies related to seed mass and dispersal modes along the latitudinal climate harshness gradient. The
predominance of species with physiological dormancy and small seeds in harsh climate areas suggests
that seed dormancy functions as a risk-spreading/avoidance strategy to escape unfavourable germination
timing. The predominance of non-dormant barochorous and anemochorous species in a harsh climate and
zoochorous and hydrochorous species in a warm climate suggest a stress-tolerance strategy related to large
seeds that enables survival and establishment after germination.ND_MD, non-dormancy andmorphological
dormancy; PD_MPD, physiological and morphophysiological dormancy

dormancy types relative to climatic factors including minimum temperature and the
unfavourable period for plant growth. The geographical patterns of dormant versus
non-dormant seeds, which are also associated with seed mass and dispersal modes,
revealed highly complex adaptations to different abiotic/biotic filtering processes
(Laanisto & Niinemets, 2015; Liu et al., 2017). For species with small-sized seeds,
physiological and morphophysiological dormancy, which are most frequent in tem-
perate regions, play a major role in avoiding mortality or damages resulting from
unfavourable weather conditions. Seed dormancy or non-dormancy, especially in cool
hemi-boreal regions or hot/dry subtropical regions, can be regarded as a critical fac-
tor for community assembly involving dispersal, germination, and establishment at
the beginning of plant life history and consequently contribute to shaping large-scale
plant diversity patterns through seed trait-dependent filtering. There are still significant
knowledge gaps on seed dormancy; for example, morphological dormancy appears to
be dependent on embryo size development. Further explorations using more detailed
seed dormancy data are required to develop seed trait functional biogeography of plant
communities (Saatkamp et al., 2019).

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s42081-023-00215-0.
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