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Grassland plant functional groups exhibit distinct time-lags
in response to historical landscape change
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Abstract Recent studies have shown significant
impacts of past landscapes on present distributions of
species, and discussed the existence of an extinction
debt. Understanding of the processes building an
extinction debt is fundamentally important for explain-
ing present and future diversity patterns of species in
fragmented landscapes. Few empirical studies, how-
ever, have examined the responses of different plant
functional groups (PFGs) to historical landscape
changes. We aimed to reveal PFG-based differences
in species’ persistence by focusing on their vegetative,
reproductive, and dispersal traits. We examined
whether the present distributions of PFGs of grassland
species in the edges of remnant woodlands established
on former semi-natural grasslands are related to the

Electronic supplementary material The online version of
this article (doi:10.1007/s11258-011-9979-y) contains
supplementary material, which is available to authorized users.

T. Koyanagi (P<)) - Y. Kusumoto - S. Yamamoto -
N. Iwasaki

Biodiversity Division, National Institute for Agro-
Environmental Sciences, 3-1-3, Kannondai, Tsukuba,
Ibaraki 305-8604, Japan

e-mail: koya@affrc.go.jp

S. Okubo - K. Takeuchi

Department of Ecosystem Studies, Graduate School of
Agricultural and Life Sciences, The University of Tokyo,
1-1-1 Yayoi, Bunkyo, Tokyo 113-8657, Japan

past surrounding landscapes at different time periods
and spatial scales. The effects of past landscapes varied
significantly among the PFGs. Richness of short, early
flowering forbs and tall, late-flowering, wind-dis-
persed forbs showed significant positive relationships
with the surrounding habitat proportions more than
50 years ago (the 1950s) and at wide spatial scales
(more than 1 km?). Richness of tall, late-flowering
forbs with unassisted and other types of dispersal
mechanisms showed positive relationships with the
surrounding habitat proportions in recent times (the
1970s) and at smaller spatial scales (0.25 kmz). Our
results suggested that plant growth form, flowering
season and dispersal ability—with additional informa-
tion on seed bank persistence—can be good indicators
for identifying species’ specific sensitivity to sur-
rounding habitat loss. Trait-based approaches can be
useful for understanding present and future distribu-
tions of grassland species with different persistence
strategies in human-modified landscapes.

Keywords Landscape history - Habitat

fragmentation - Extinction debt - Relaxation time -
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Introduction

Historical landscape change has strongly affected
the processes of species colonization and extinction
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by affecting dispersal ability across landscapes (Bruun
etal. 2001; Lunt and Spooner 2005). The concept of an
“extinction debt” (Tilman et al. 1994) predicts that
present populations of species are not in equilibrium
with current fragmented landscapes, and that species
will go extinct in the future after a time-lag following
surrounding habitat loss. This is also called “relaxa-
tion time” (Diamond 1972). The existence of long
time-lags between landscape change and community
response highlights the significance of past landscapes
for a better explanation of present and future species
distributions. Understanding the mechanisms under-
lying an extinction debt is fundamentally important for
providing effective biodiversity conservation strate-
gies in human-modified landscapes (Vellend et al.
2006; Lindborg 2007).

Recent studies show significant impacts of past
landscapes on the present distribution of plant species
(e.g., Eriksson et al. 2002; Lindborg and Eriksson
2004; Honnay et al. 2005; Helm et al. 2006; Cousins
2006, 2009b) and discuss the existence of an extinc-
tion debt in the landscape (Cousins 2009a; Kuussaari
et al. 2009). However, not all studies have provided
empirical evidence of delayed responses of species to
landscape changes (e.g., Krauss et al. 2004; Piessens
et al. 2004; Adriaens et al. 2006), and divergent results
make it difficult to draw any general conclusions about
an extinction debt in landscapes.

Differences in responses to landscape changes
among species are among the key factors in
accurately detecting extinction debt (Kuussaari
et al. 2009). Although recent studies have exam-
ined species- or trait-based responses to historical
landscape changes (Kolb and Diekmann 2005;
Vellend et al. 2006; Lindborg 2007; Piqueray
et al. 2011), empirical evidence of these differ-
ences are still sparse. Most importantly, analysis
of a single trait might not sufficiently explain a
species’ persistence in fragmented landscapes
compared to multiple-trait analysis. To derive a
general understanding of the underlying mecha-
nisms in building an extinction debt, it is essential
to focus on combinations of these traits and their
background effects on species persistence (Adria-
ens et al. 2006). Species that have similar trait
combinations can be defined as functional groups,
representing a functional role of the species in a
community (Noble and Gitay 1996; Lavorel et al.
1997; Grime 2002). Thus, approaches based on
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plant functional group (PFG) can deepen the
understanding of the background processes
that allow species persistence in fragmented
landscapes.

Species persistence in fragmented landscapes
depends on the species’ clonal ability (Maurer et al.
2003; Piessens and Hermy 2006; Lindborg 2007), seed
bank longevity (Piessens et al. 2004, 2005; Lindborg
2007; Tremlova and Miinzbergova 2007), and species
turnover rate or life span (Bossuyt and Honnay 2006;
Vellend et al. 2006). Although few studies have
provided empirical evidence, long-distance dispersal
may be another crucial aspect for the survival of plant
populations in a fragmented landscape (Bohrer et al.
2005; Adriaens et al. 2007; Lindborg 2007). Plant
height also affect dispersal distances of seeds (van
Dorp et al. 1996; Vittoz and Engler 2007; Thomson
et al. 2011), and therefore might be important in
determining species persistence against surrounding
habitat loss. Here, we considered the combined effects
of species vegetative, reproductive, and dispersal traits
by adopting a PFG-based approach, focusing on
grassland plant species in an agricultural landscape.
Our approach leads to a more profound understanding
of the underlying ecological mechanisms determining
species’ persistence in a fragmented landscape (Verh-
eyen et al. 2003; Hérault and Honnay 2005; Adriaens
et al. 20006).

The main objective in this study was to identify
differences in the relative importance of the past
surrounding landscapes (i.e., important time periods
and spatial scales) among functional groups of grass-
land species. We examined whether the present
distributions of PFGs of grassland plant species in
the edge vegetation of remnant woodlands established
in former semi-natural grasslands areas are related to
the past surrounding landscapes at different time
periods and at different spatial scales. A previous
study conducted in the same study area has already
revealed that the impacts of past surrounding land-
scapes on the present distribution of grassland species
could be recognized even in the linear vegetation of
woodland edge, and detected existence of an extinc-
tion debt in the landscape (Koyanagi et al. 2009).
Through the analyses, we aimed to reveal the PFG-
based differences in species’ persistence and estimate
the differences in underlying processes building an
extinction debt among the PFGs in the fragmented
landscape.
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Methods
Study area

This study was conducted in the Tsukuba-Inashiki
upland region, which lies in the eastern part of Japan’s
Kanto Plain. The altitude ranges from approximately
20 to 30 m above sea level. The study area is located
on a diluvial upland overlain by immature soils
derived from aeolian volcanic ash or tephra, called
the Kanto Loam layer. The mean annual temperature
is 13.5°C (2.3°C in January and 25.2°C in August),
with a mean annual precipitation of 1,236 mm (Japan
Meteorological Agency 2011).

The region’s potential climax vegetation is a mixed
evergreen—broadleaved woodland dominated by
Quercus myrsinaefolia, Quercus glauca, and Castan-
opsis sieboldii (Miyawaki 1986). Two main types of
semi-natural habitats for grassland species had been
maintained by the traditional agricultural system; open
semi-natural upland grassland and open secondary
woodlands which consist mainly of Quercus acutiss-
ima, Quercus serrata, and Pinus densiflora (Kamata
and Nakagoshi 1990; Koyanagi et al. 2009). The semi-
natural grassland was burned in early spring and
mown in summer (between the end of July and the
beginning of October), and the practices were repeated
almost every other year (Sprague et al. 2000). Semi-
natural grassland provided fodder for domestic live-
stock, materials for the construction of thatched roofs,
and organic fertilizer for arable land, including paddy
fields (Sprague et al. 2000). The secondary oak and
pine woodlands provided firewood and charcoal for
domestic use and compost from fallen leaves and
twigs. The understorey vegetation was also mown to
produce organic fertilizer or livestock feed every
summer and autumn. These traditional management
practices enabled many grassland species to coexist in
the understorey vegetation of the secondary oak and
pine woodlands by maintaining high light availability
(Fujii and Zinnai 1979; Yamamoto and Itoga 1988,
Fig. 1).

Both semi-natural grassland and secondary wood-
lands had been maintained under the traditional
management regime for many centuries [i.e., at least
since the Edo era (1603-1867)] before decrease in
their areas (Sprague et al. 2000). These semi-natural
habitats used to be widely distributed in the study area
in the 1880s, but they decreased gradually until the

1950s by conversion to cropland as a result of agrarian
land reform, and further decreased drastically by the
1960s by the rapid economic growth causing urban-
ization and agricultural intensification (Sakiyama and
Itoga 1994; Fig. 2). As a result, nearly all semi-natural
grasslands had disappeared over time. The land-use
conversions since the 1970s to recent times have been
moderate, but most of the remnant woodlands in this
region were abandoned during that period (Yamamoto
and Itoga 1988). In the present highly fragmented
landscapes, only small remnant fragments are left in
the past semi-natural grassland and secondary wood-
lands areas (Fig. 2).

Land-use data

We investigated the distribution of potentially suitable
habitats during the past 100-150 years by using
100 x 100 m grid of land-use data at four different
time periods; the 1880s, 1950s, 1970s, and 1990s
(Fig. 2). The details of the data sources and data
creation procedures are provided in Koyanagi et al.
(2009). Among the eight different land-use categories
(i.e., paddy field, cropland, grassland, woodland, urban
landuse, other landuse, and open water), we used
grassland and woodland as the potentially suitable
habitats for grassland species (Koyanagi et al. 2009).

Data sampling

From July to August in 2007, 2008, and 2009, we
conducted vegetation surveys in the edge vegetation of
the remnant woodlands (72 sites) located in the
different 100 x 100 m grid cells (Fig. 2). The sur-
veyed woodlands have no history of the past cultiva-
tion and have been maintained as grassland or
woodland since the 1880s. The occurrence of all
herbaceous, grass, and woody species was recorded
along the roads within 1-2 m from the pavement edge.
The total length of road surveyed at each site ranged
from 15 to 54 m, depending on the length of the
woodland edge.

Species classification
We focused mainly on the differences in vegetative,
reproductive, and dispersal traits of the target grassland

species. Semi-natural grassland vegetation in the study
area belongs to the Pleioblastus chino—Miscanthus
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Open semi-natural grassland

Open secondary woodland

Many grassland species coexist in both vegetation types.

Edge vegetation of an abandoned woodland site established

in former semi-natural grassland area

Fig. 1 Examples of the habitats for grassland plant species
remaining in the study area. Open semi-natural grassland and
secondary woodland are maintained by regular management

sinensis phytosociological community (Miyawaki
1986, 1994). Thus, we defined characteristic species
of this community type as typical grassland species.
Information provided by Sasaki (1973) and Okuda
(1997) explaining semi-natural grassland vegetation
and their characteristic species was also used to
identify target grassland species. On the basis of the
differences in plant growth form, plant height, flow-
ering season and dispersal mode, we identified five
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only on public property (i.e., on research institute property in
these cases) in the study area

PFGs of grassland species (Fig. 3): FS, short early
flowering forbs; FTW, tall late-flowering forbs with
wind dispersal; FTU, tall late-flowering forbs with
unassisted and other types of dispersal mechanisms;

Fig. 2 Distribution of potentially suitable habitats (i.e., grass-»
land and woodland) for grassland plant species in the study area
at four different time periods. The locations of the sampling sites
for vegetation survey are shown on the 1880s and 1990s land-
use map
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GS, grasses and sedges; and SV, shrubs and woody
vines. We gathered all the trait information from
existing literatures (Miyawaki 1994; Satake et al.
1998; Natural History Museum and Institute, Chiba
2003). Although the data was incomplete for PFG
classification, we also gathered information on seed
bank persistence and density for some of the target
grassland species from our recently published study
(Koyanagi et al. 2011).

Data analysis

The past and present landscapes were analyzed with
regard to the proportions of potentially suitable habitats
(i.e., grassland and woodland) around the sampling sites
at five different spatial scales (3 x 3,5 x 5, 7 x 7,
11 x 11,and 15 x 15 grid cells; about 0.09, 0.25, 0.49,
1.21, and 2.25 km?, respectively) at four different time
periods (the 1880s, 1960s, 1980s, and 2000s). These five
spatial scales were chosen to include the range at which
the surrounding habitats might show relationships with
the present grassland species distributions (see Koyan-
agi et al. 2009). We calculated the proportions of
grassland and woodland cells surrounding the central

Fig. 3 Plant functional
groups (PFGs) classified by
vegetative and reproductive
traits (growth form, plant
height, flowering season,
and dispersal mode)

— Forbs

Tall/

Growth form Plant height/
Flowering season

Short /

Summer-flowering

— Grasses and sedges

— Shrubs and woody vines

cell that contained the sampling site within the five
different spatial scales (i.e., 3 x 3, 5 x5, 7 x 7,
11 x 11, and 15 x 15 grid cells) at each time period,
and tested them as variables to explain the present
distribution of grassland species at each site.

First of all, we assessed the impacts of surveyed
length of woodland edge vegetation on the richness of
all species and grassland species using a generalized
linear model (GLM) with a logarithmic link function
that followed a Poisson distribution. Second, we
evaluated the spatial autocorrelation among the sam-
pled sites using Moran’s I correlograms (Sawada
1999). The value of Moran’s [ generally varies
between +1 and -1. Positive autocorrelation in the
data translates into positive values of Moran’s I;
negative autocorrelation produces negative values.
Absence of autocorrelation results in a value close to
zero (Legendre and Legendre 1998). We used the
Moran’s I metric to calculate autocorrelation at several
different distance units in all the response and
explanatory variables (response variables: richness
values of all species, grassland species and five PFGs;
explanatory variables: habitat proportions at each time
period and spatial scale). Analysis of spatial

Dispersal mode PFG

Group FS
Spring- and early summer-flowering
<|: Wind-dispersed —— Group FTW

Unassisted and — Group FTU

other types of

dispersal mechanisms
Group GS
Group SV

Group FS; Early-flowering short forbs

Group FTW; Late-flowering tall forbs with wind-dispersal

Group FTU; Late-flowering tall forbs with unassisted and other types of
dispersal mechanisms

Group GS; grasses and sedges

Group SV; shrubs and woody vines
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Table 1 Results of generalized linear models, which investigated the relationships between the richness of all grassland species and
of five different PFGs and explanatory variables using a logarithmic link function that followed a Poisson distribution

Grassland species

Functional groups of grassland species

FS FTW FTU GS SV
3 x 3 grid scale
1880s 0.0020 0.0107 0.0041 0.0741 (0.0556) 0.0763
1950s 0.0072 0.0345 0.0118 0.0812 0.0519 0.1092
1970s 0.0033 0.0146 0.0071 0.0823 0.0540 (0.0744)
1990s (0.0034) (0.0175) (0.0050) 0.0503 0.0520 (0.0686)
5 x 5 grid scale
1880s 0.0156 0.0200 (0.0214) 0.1713 (0.0503) 0.0548
1950s 0.0572 0.0363 0.0583 0.2919 0.0506 0.0846
1970s 0.0413 0.0192 0.0353 0.2461 (0.0500) (0.0533)
1990s (0.0488) (0.0307) (0.0376) (0.1580) 0.0500 (0.0572)
7 x 7 grid scale
1880s 0.0286 0.0265 (0.0169) 0.0759 (0.0593) (0.0617)
1950s 0.1103 0.0629 0.0503 0.0921 0.0739 0.1332
1970s 0.0514 0.0208 0.0266 0.1570 0.0707 (0.0693)
1990s (0.0630) (0.0348) (0.0171) (0.0852) (0.0654) (0.0687)
11 x 11 grid scale
1880s 0.2079 0.1194 (0.2024) 0.0316 0.0740 (0.0680)
1950s 0.7935 0.3892 0.6588 0.0372 0.1246 0.1246
1970s 0.2085 (0.1264) 0.5093 0.0550 0.0769 (0.0805)
1990s 0.2017 (0.1942) 0.2739 (0.0333) 0.0839 0.0840
15 x 15 grid scale
1880s 0.0077 0.1605 (0.0384) 0.0148 0.0794 (0.0856)
1950s 0.0310 0.4454 0.0755 0.0144 0.1463 0.0822
1970s 0.0081 (0.1380) 0.0570 0.0168 (0.0825) (0.0869)
1990s 0.0088 (0.1427) 0.0517 (0.0145) 0.0951 0.0998

The PFGs are explained in Fig. 3. Each value shows the sums of Akaike weights (D _w;) for each explanatory variable, which reflects
the relative importance of each variable (the larger the Y w; the more important a variable i is, relative to other variables). The
negative effects of the explanatory variables are shown in parentheses

autocorrelation was performed with Spatial Analysis
for Macroecology (SAM) version 4.0 (Rangel et al.
2010).

Finally, we evaluated the relative importance of the
surrounding habitat proportions at different time
periods and spatial scales in explaining the present
richness of all grassland species and different PFGs of
grassland species. We performed the GLM and model
selection based on both AICc (Akaike’s information
criterion corrected for small sample sizes) and AICc
differences (AAICc) using a logarithmic link function
that followed a Poisson distribution. In this procedure,
the explanatory parameters of the surrounding habitat
proportions in each time period at the same spatial

scales were included one at a time. To evaluate the
relative importance of the explanatory parameters
included in the models at explaining the present
richness values, we calculated the Akaike weight (w;)
of each model as an indicator of the strength of
evidence that the selected best model is convincingly
the best (Burnham and Anderson 2002). Then, we
calculated the sum of Akaike weights (3 _w,) of all
models that include a particular parameter, and the
sum value can be the evidence of importance of that
parameter. To predict influence of each parameter
(i.e., positive or negative) we used model averaging by
weighting the estimate values by the Akaike weights
(Burnham and Anderson 2002). All statistical
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procedures were performed with R version 2.12.2
(R Development Core Team 2011).

Results

We recorded a total of 246 species at the 72 sample
points, including 38 typical grassland species. The
average richness of all species and grassland species
was 33.4 and 5.21 per site, respectively. All grassland
species recorded in this study were classified into the
five different PFGs (Appendix 1—Supplementary
material). The numbers of all species recorded in the
edge vegetation were significantly positively corre-
lated with the length of surveyed vegetation along the
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roads (P < 0.001), while richness of grassland species
showed no relationships with surveyed edge lengths
(P = 0.513). Considering the response variables, no
significant spatial autocorrelations were found in the
richness of grassland species and groups FTW at any
distance units (Appendix 2—Supplementary mate-
rial). For the other response variables (i.e., richness of
all species, and groups FS, FTU, GS, and SV),
significant spatial autocorrelations were only found
at very few of the distance units. For surrounding
habitat proportions, spatial autocorrelations were not
found at most of the distance units at any time periods
except 1950s at smaller spatial scales (i.e., 3 x 3 and
5 x 5) (Appendix 3—Supplementary material). At
larger spatial scales (i.e., 11 x 11 and 15 x 15 grid
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scale), both positive and negative spatial autocorrela-
tions (i.e., P < 0.05) were found at most of the
distance units in the 1880s and 1950.

The model-selection procedure suggested that four
models could be considered as plausible (i.e.,
AAICc < 4, Appendix 4—Supplementary material)
to explain the present richness of all grassland species.
Not the present but the past habitat proportions in the
1950s showed the largest > w;ata 11 x 11 grid scale,
and had strong positive effect on the present grassland
species richness (Table 1). All the plausible models
for explaining each PFG’s richness are shown in
Appendix 4—Supplementary material. The relative
importance of the surrounding habitat proportions
varied among the groups (Table 1, Fig. 4). Among the
five PFGs, only groups FS and FTW showed distinct
relationships with the surrounding habitat proportions
at the past, while groups GS and SV showed relatively
weak relationships at all time periods and spatial
scales (Table 1). The present richness of group FS was
positively correlated with the surrounding habitat
proportion in the 1950s at the 15 x 15 grid scale
(Fig. 4). The richness of group FTW was positively
correlated with those in the 1950s and 1970s at the
11 x 11 grid scale (Table 1), although the overall
effect of surrounding habitat proportions in the 1950s
was stronger than those in the 1970s (Fig. 4a). The
richness of group FTU showed significant relation-
ships with the surrounding habitat proportions in the
1950s and 1970s at the 5 x 5 grid scale, although the
effects were not as distinct as those of groups FS and
FTW (Table 1, Fig. 4). The overall effect of sur-
rounding habitat proportions in the 1970s was stronger
than those in the 1950s (Fig. 4a).

Discussion

The relative effects of the past surrounding suitable
habitat (i.e., surrounding habitat proportions) varied
markedly according to PFGs. Our results suggested
that combinations of growth form, plant height, and
dispersal mode can be good indicators for identifying
species’-specific sensitivity to surrounding habitat
loss. As different species respond differently to
historical landscape changes, the relative importance
of the past landscapes could vary among species with
different functional traits. Our results provide useful
information for understanding different persistence

strategies that determine plants’ ability to cope with
surrounding habitat loss.

Although vegetation of woodland edge (i.e., road
verge) are not equivalent to that of semi-natural
grassland vegetation (Tikka et al. 2000), historical
impacts of surrounding habitat proportions could be
recognized as well as the impacts of the present
environmental variables (Koyanagi et al. 2009). For
example, woodland type, road width, and steepness of
verges have significantly affected the present distribu-
tion of grassland species in the edge vegetation
(Koyanagi et al. 2009). The vegetation of road verges
have been managed by more frequent mowing (i.e.,
twice or three times during summer) compared to semi-
natural grassland, which makes differences in species
compositions and grassland species richness between
these habitats (Tikka et al. 2000). The effects of the
present local sites conditions, however, are not so strong
to eliminate the effects of suitable surrounding habitat
both at the present and past (Koyanagi et al. 2009).

The present richness of all grassland species was
correlated positively with the past habitat proportions,
especially in the 1950s at the 11 x 11 grid scale, and
negatively in the 1990s, the recent time period. These
results could support the existence of an extinction debt
(Cousins 2009a; Kuussaari et al. 2009), i.e., a signif-
icant time-lag of grassland species’ responses to
landscape changes as shown in the previous study
(Koyanagi et al. 2009). The most drastic loss of
potential habitats for grassland species (i.e., semi-
natural grassland and open secondary woodland)
occurred between the 1950s and the 1970s (periods
of rapid economic growth) in the study area. Almost
half of the traditional semi-natural habitat and open
secondary woodland areas disappeared during those
periods with land-use conversion for building devel-
opments and intensive agriculture (Sakiyama and Itoga
1994, Fig. 2). The negative relationships between the
present richness of grassland species and the surround-
ing habitat proportions of the recent years (i.e., the
1990s) might be because of the recent loss of potential
habitats in surrounding areas by rapid urban develop-
ment. Although the proportions of surrounding suitable
habitat in the recent time periods decreased drastically
in some woodland sites, edge vegetation of these
woodlands still retain pools of grassland species.

In functional group level, the present richness of
group FS (short early flowering forbs) showed signif-
icant relationships with the surrounding habitat
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proportions in the 1950s, whereas that of group FTW
(tall, late-flowering, and wind-dispersed forbs)
showed significant relationships with those both in
the 1950s and 1970s. Group FTU (tall, late-flowering
forbs with unassisted and other types of dispersal
mechanisms) showed more distinct relationship with
surrounding habitat proportions in the 1970s than
1950s, although the effects of surrounding landscapes
were less significant for explaining the richness of this
group. We found that the important spatial scales of
surrounding landscapes were also different among the
functional groups FS, FTW, and FTU. These results
offer empirical support for the notion that differences
in a groups’ capacity for persistence depend on the
combinations of vegetative, reproductive, and dis-
persal traits. Although dispersal ability was not
thoroughly justified (i.e., wind dispersal does not
guarantee long-distance dispersal; see Soons et al.
2005) in this study, group FTW species could persist
longer than species with unassisted or less-dispersed
species of group FTU. The effective spatial scales
could also be related to dispersal distances, favoring
species with widely dispersed seeds, which would
have a seed supply from a wider surrounding area
(Malanson and Cairns 1997; Bohrer et al. 2005). This
can be the reason for group FTW species to be affected
by the surrounding habitat proportions at the larger
spatial scale. The reproductive characteristics can be
the key factors for group FS species to be affected by
the past surrounding habitat proportions at larger
spatial scale. The longer time-lag of group FS might be
due to their longer persistence of seeds in the soil
(Appendix 1—Supplementary material). A recent
seed bank analysis (Koyanagi et al. 2011) revealed
that half of all FS species produce long-term persistent
seeds (e.g., Lysimachia japonica f. subsessilis, Viola
grypoceras, Ixeris dentate, and Potentilla freyniana),
whereas seed densities of FTU and FTW species are
quite low or they produce transient seeds (Appendix
1—Supplementary material). Dispersal disadvantages
of group FS species (all are unassisted or have other
dispersal mechanisms except for /. dentata, a wind-
dispersed species; Appendix 1—Supplementary mate-
rial) might be mitigated by the longer persistence of
their seeds in the soil, allowing their persistence in the
fragmented landscape (Lindborg 2007). Group FS
species complete their flowering and seed production
before summer, which makes it possible to transfer
their seeds along the roads (i.e., spread wider areas)
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when mowing management is conducted. Although
the underlying mechanisms are still indistinct, human-
induced dispersal might have played some role for
group ES species to be affected by the surrounding
habitat proportions at the larger spatial scale.

The reason for the weak relationships of group GS
(i.e., less sensitivity to surrounding habitat loss)
might be the low habitat specificity of these species,
especially the dominant M. sinensis and Imperata
cylindrica, which are characteristic species of the
grassland community in the region. These species
can disperse widely and recolonize in open and
disturbed habitats even after cultivation or land
reclamation, and thus could easily recolonize habitats
within a fragmented landscape (Fischer and Stocklin
1997; Helm et al. 2006; Kuussaari et al. 2009). The
weak relationships of group SV might be due to their
wider dispersal range by birds, especially the woody
vine species Rubus parvifolius, the most frequently
recorded species in the study area. The longer
lifespan of group SV than of herbaceous species
could also explain its lower sensitivity to surrounding
landscape changes (Bossuyt and Honnay 2006;
Garcia 2008).

This study provides useful information for species
conservation in fragmented landscapes. The fact that it
takes a long time for an extinction debt to be paid off
indicates that even after major habitat loss dating back
to the 1950s in the study area, there is still an
opportunity to prevent further local extinctions of
grassland species by habitat restoration (Kuussaari
et al. 2009). Among the functional groups we identi-
fied, species of group FTU (e.g., Sanguisorba offici-
nalis, Thalictrum minus var. hypoleucum, Lysimachia
clethroides; Table 1) might be the most sensitive to
surrounding landscape changes. The other species
groups, especially group FTW (e.g., Eupatorium
chinensis var. oppositifolium, Aster scaber, Cirsium
Jjaponicum, Cirsium oligophyllum; Table 1) and group
FS (e.g., Potentilla sprengeliana, Potentilla freyni-
ana), tend to coexist with the species of group FTU in
remnant habitats because of their longer persistence to
landscape change. The remnant forested sites that
retain pools of group FTU species should be given
higher priority for future restoration of grassland
communities.

Although the precise time scale over which time-
lags are likely to operate in the target species groups
was difficult to establish using our approach
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(Kuussaari et al. 2009), we were able to provide
empirical evidence of differences in relative lengths of
time-lag among species that have different functional
trait combinations. Our approach could be useful for
identifying general trends in trait-based responses to
historical landscape changes and for understanding not
only present, but also future distributions of grassland
species with different persistence strategies in human-
modified landscapes.
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