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ABSTRACT

Context. Extinction debt, the time-delayed species loss response to fragmentation associated with
habitat clearance, is a conservation concern for management of biological diversity globally.
Extinction debt is well defined but difficult to measure owing to the long-term data needed to
measure species loss, particularly for communities of long-lived species. Aims. We aimed to
estimate extinction debt for two adjacent threatened communities with contrasting soil fertility
in south-western Australia: banksia and tuart woodlands. Further, we assessed what species
functional traits are associated with extinction risk. Methods. Using contemporary (2016) and
historical (1992) data on vegetation richness, and patch characteristics dating back to the time of
European colonisation (1829), we examined 60 woodland patches using three methods to detect
and quantify extinction debt. Key results. We found evidence of extinction debt in banksia
woodland, but not in tuart woodland. We estimated the extinction debt for banksia woodlands
as a future average loss of 28% or ~|3 species per patch. Conclusions. Our study demonstrated
adelay of species loss consistent with extinction debt in one of two vegetation communities. Despite
sharing species and traits, these vegetation communities have responded differently to landscape
change over the same timescale and within the same landscape. Implications. Understanding
how vegetation communities, and functional trait types, respond to time-delayed impacts helps land
managers to prioritise intervention efforts to pre-empt species decline and extinction through
species conservation, and ecological restoration of remnant vegetation patches.

[Keywords: banksia woodland, extinction debt, habitat fragmentation, habitat loss, mediterranean,
plant traits, species—area relationship, tuart woodland, urbanisation.

Introduction

Earth’s species are in the midst of the greatest recent documented global extinction event
(IPBES 2019). Consequences of extinction extend far beyond species loss, impacting
ecosystem function and services, with flow-on effects for human societies, including
viability and well-being (IPBES 2019). Biodiversity decline is generally attributed to
habitat loss, climate change and competition from invasive species (Thomas et al. 2004;
Ewers and Didham 2006; Sax and Gaines 2008). However, in most instances species
losses occur gradually in response to these impacts, and these inherent time lags mean
that losses are under-estimated, until local or complete extinction of species occurs.
Habitat loss and subsequent fragmentation often occur faster than the demographic
processes which drive the population dynamics of many species. Demographic processes
(e.g. individual longevity and presence of persistent seed banks) determine the continued
persistence of species, with loss of species proceeding over a prolonged period via slow
demographic decline. The mismatch between timescales of habitat loss and species’
responses can mask the full impacts of habitat loss and fragmentation until decades or
centuries later. This lag time has been termed ‘extinction debt’ (Tilman et al. 1994) and
is defined as the lag time between habitat fragmentation and the loss of species where a
viable population is no longer able to persist in a patch of a given size (Tilman et al. 1994;
Hanski and Ovaskainen 2002). For example, populations of long-lived species may persist
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in a patch for 100s of years, but if there is limited or no
recruitment of new individuals, the population will eventually
become extinct. Thus, remnant fragments in a recently cleared
(i.e. decades to a century) landscape are more likely to be
carrying a high extinction debt (Hanski and Ovaskainen 2002),
particularly for plant or animal communities characterised by
long-lived species. Testing for extinction debt, and increasing
understanding of the processes leading to extinction, offers
an opportunity to anticipate future extinctions and act to
prevent their occurrence.

Land use transformation of wildlands to mixed agricultural,
rural, and urban landscapes generates a patchwork of native
remnant vegetation and is the major contributor to extinction
debt. Remnant patches are often of high conservation value
(Ives et al. 2016; Kendal et al. 2017). It is generally
accepted that many ecological processes are altered as a
result of fragmentation, however, the long-term effects of
these impacts are, for the most part, unclear (Hobbs and
Yates 2003; Haddad et al. 2015). Altered disturbance regimes
and climate change may also act in combination to degrade a
patch (e.g. fire, trampling, grazing). But how they contribute
to extinction debt remains uncertain.

Urbanisation is overtaking other forms of land use as the
primary cause of fragmentation globally, with the potential
for species extinctions from urban development a growing
concern worldwide (Hahs et al. 2009). Cities in biodiversity
hotspots support disproportionate numbers of species, many
of which are threatened (Ives et al. 2016). Through the 21st
century, cities will continue to expand, increasing from
55% of global population to a projected 68% by 2050, an
increase of 2.5 billion people (United Nations 2018). The
path to urbanisation is highly dynamic, involving land use
change and fragmentation; contemporary landscapes that may
appear similar in their current state may have had different
pathways (e.g. when, where and how much vegetation was
cleared over time) to reach this state (Ramalho and Hobbs
2012). As such, vegetation structure and composition are
potentially influenced by these differing histories, leading
to different possible species loss trajectories; for example, a
fragment urbanised from an agricultural landscape may respond
differently to a patch urbanised from a landscape of native
vegetation. Despite the potential impact on biodiversity,
there are few studies that have measured extinction debt in
urbanised fragments (du Toit et al. 2016; Figueiredo et al.
2019).

Measuring extinction debt is an attractive proposition, as
being able to predict future species losses is a powerful tool
for prioritising management and allocation of scarce
conservation resources (Wearn et al. 2012). However, extinc-
tion debts are difficult to quantify due to the long timescales
involved, and the inherent complexity of ecological systems
(e.g. different species, or regions respond differently to impacts,
due to differences in biogeography, ecology, history etc.)
(Hobbs and Yates 2003). There are three common approaches
to evaluating extinction debt (Kuussaari et al. 2009). The most
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common method uses contemporary species richness and
historical and contemporary patch characteristics, usually
patch area. A stronger correlation with historical landscape
metrics than contemporary landscape metrics indicates the
presence of an extinction debt (e.g. historical, not contem-
porary, patch area is a stronger predictor of species richness).
A second method categorises habitat patches into stable and
regressive patches based on the percentage area lost. Species
area relationships are built for stable patches which are then
used to predict species richness for regressive patches, the
difference between predicted and observed being the
extinction debt. A third method uses two or more timepoints
of richness and landscape data to calculate historical and
contemporary species area relationships, the difference
between these then serves as an estimate of the magnitude
of the extinction debt.

Given the considerable variation in plant species and their
traits, it is plausible that the presence or absence of an
extinction debt may be consistent with particular plant
traits. For example, long-lived perennial woody species may
be more likely to have large extinction debt compared with
annual or short-lived species. Consistent with this assumption,
Krauss et al. (2010) documented a large extinction debt for
vascular plants, but not for butterflies. Species traits are
fundamentally related to species level turnover rates — annual
(high) vs perennial (low), resprouter (lower) vs non-resprouter
(higher). As stated in Kuussaari et al. (2009) delayed extinctions
are more likely to occur in species with lower compared to
higher turnover rates.

Here, we measure extinction debt associated with urbani-
sation and growth of the city of Perth, Western Australia.
Perth is a relatively young city (European colonisation in
1829) and has rapidly urbanised, with its current population
of 2 million having more than doubled in the last 30 years
(Ritchie et al. 2021). It is located in a highly biodiverse
Mediterranean ecosystem type (MTE) region, with MTEs
characterised by one of the highest extinction rates of plants
globally (Myers et al. 2000; Humphreys et al. 2019). Most of
the urban expansion has occurred through the clearing of
native woodland vegetation of two types (banksia woodland
and tuart woodland). In such a young city, and where long-
lived woody species with low dispersal distances dominate
(Hopper and Gioia 2004), the consequences of fragmentation
on plant communities may not yet be fully realised; that is,
there may be a large extinction debt.

By comparing an historical dataset with contemporary
data, this study aimed to estimate extinction debt for the
MTE woodlands of the Perth region using three methods
based on historical and contemporary species richness and
patch characteristics (i.e. patch size, patch size change,
vegetation type), and to assess what traits may place species
at greatest risk of extinction. We predict that traits that are
indicative of a shorter lifespan (e.g. annual, non-resprouting
perennial, herbaceous perennial) are associated with species
at greater risk (Morris et al. 2008). We used three methods
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because using a range of methods enabled a greater chance of
detecting extinction debt if it were present (Kuussaari et al.
2009), and consistency of findings among methods gave
confidence in interpretation.

Methods

Study system

The study system includes banksia woodlands (with tree layer
dominants Banksia attenuata and Banksia mengiesii) and tuart
(Eucalyptus gomphocephala) woodlands of the Swan Coastal
Plain, south-west Western Australia. The study area stretches
over 250 km from Gingin (latitude —31.35° longitude
115.90°) in the north to Waroona in the south (-32.85°,
115.92°). The city of Perth (-31.95°, 115.86°) and its
suburbs have been expanding in the middle portion, which
is now largely urbanised, whereas to the north and south of
the city, mixed land uses (e.g. market gardens, small farms)
and native woodlands dominate (Fig. 1). The region has a
Mediterranean-type climate with hot, dry summers and
warm wet winters. The long-term average rainfall for Perth is
845 mm (1876-2016), which has declined by approximately
20% since the 1970s (884 mm 1876-1970, 716 mm 1971-2016)
(Bureau of Meteorology 2022).

The greater Perth region has several of the pre-requisites
required to measure extinction debt successfully. Spatially
accurate vegetation data exists, extending back to first
European colonisation in 1829. The two major native plant
communities (banksia and tuart woodlands) differ in ways
that likely influence the impact of urbanisation and subse-
quent responses including their substrate type, geographic
extent and species and functional trait composition. Banksia
woodlands have been more heavily impacted by urbanisation
because their distribution was continuous and is currently
fragmented, whereas tuart woodland distribution was
inherently fragmented due to their strong association with
disjunct patches of near-coastal calcareous soils (Hopkins
et al. 1996; Commonwealth of Australia 2019) with urbanisa-
tion exacerbating this fragmentation. Given the younger soils
on which tuart woodland occurs, and their higher nitrogen
and phosphorus levels, this also lends itself to a dominance
of shorter-lived species in the understory (Avolio et al.
2014), and thus potentially lower extinction debt (i.e. faster
overall species responses to change). A comprehensive
network of 125 permanent plots was established across the
Perth metropolitan region in 1991-1993 (Gibson et al.
1994). The data on which this study is based includes data
on plant species composition and richness collected when the
plots were established, and contemporary data for the
125 original plots, plus 35 additional plots, measured in
2015-2018 (Fig. 1).

Waroona

®

Fig. |. Locations of the 160 vegetation sample plots on the Swan
Coastal plain around Perth, Western Australia; from Gingin in the
north to Waroona in the south. Orange points indicate banksia woodland
plots, and blue points indicate tuart woodland (some points obscured by
other points). Grey areas indicate extant native vegetation, the solid black
line indicates the greater Perth metropolitan area, and shades of red
indicate human population densities (base data from data.wa.gov.au).

Background

European colonisation of Western Australia and establish-
ment of the Swan River Colony (now Perth) in 1829 marked
anotable change in the land use to that of the Noongar peoples
who have occupied the region for at least 48 000 years
(Turney et al. 2001). Landscape change happened in several
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distinct phases following European colonisation, from initial
low intensity agricultural practices (~1830-1890), to broadscale
farm-based crop and livestock production from the 1890s,
which led to habitat fragmentation (Richards 1993). Urban
expansion then proceeded more rapidly, with clearing of
banksia woodland occurring at rates of approximately 12%
per decade in the Greater Perth Metropolitan Area since the
1960s (Commonwealth of Australia 2016). In more recent
decades, much of the cleared farmland in closer proximity
to Perth has been converted to urban areas. With this urbani-
sation, there has been an increase of threats to remnant
woodland patches, such as from weeds, disturbance, and
disease.

Botanists have collected and described the plant species of
south-west Western Australia since the late 1600s (Gibson
2014), yet vegetation communities were not described until
the early 1900s (Diels 1906; Beard 2001) and not mapped
in detail until the late 1970s (Beard 1979). A formal,
comprehensive vegetation survey of the Swan Coastal Plain
was conducted in the early 1990s (Gibson et al. 1994). It
covered the southern Swan Coastal Plain (Gingin to Busselton)
with species data from 509100 m? plots used to classify
floristic communities of the region.

Historical data

We used a subset of the Gibson et al. (1994) data as the
comparative historical dataset for this study. Plots (100 m?)
in that study were established in 1991-1993 in remnant
vegetation areas (hereafter permanent plots). Lists of all
vascular plant species were compiled for each of the plots in
early or late spring over consecutive years with most species
vouchered in the state herbarium. All sites were marked with
steel fence dropper posts and their GPS location recorded.

Contemporary data

Permanent plots (N = 125, from Gibson et al. 1994) were re-
surveyed in spring 2015-2018. These 125 plots were
distributed among 38 woodland patches (1-31 plots per
patch) (Fig. 1). At some locations permanent plot markers
were no longer present, and for these we followed the
recommendation of Kapfer et al. (2017): using only those
plots with adequate information to identify an approximate
location (i.e. ~+10 m) in subsequent analyses. Approximated
plot locations have been shown to provide similar results to
exact remeasurements for showing changes over time
(Kopecky and Macek 2015). Additional plots and those
without sufficient relocation information (n = 35) were
classed as new plots without historical information. These
re-established plots were included to cover a broader range
of patch sizes, for analyses where historical data was not
utilised. Thus, there were 125 plots with relocation and
160 plots surveyed in total. Due to differences in flowering
phenology, which influences probability of detection and
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identification (especially for annuals and geophytes), plots
were assessed twice where possible (107 of 160), once in
early spring and once in late spring.

Landscape data

ArcGIS 10.6 (ESRI 2018) was used to calculate the metrics of
urbanisation and fragmentation in this study (Table 1), with
much of the base data available from data.wa.gov.au, or
otherwise generated by the authors. Landsat imagery was
extracted using Google Earth Engine (Gorelick et al. 2017)
for 1979 (Landsat 3, 60 m resolution), 1992 (Landsat 5,
30 m resolution) and 2016 (Landsat 8, 30 m resolution),
1979 being the oldest imagery available for patch size
determination, with 1992 and 2016 being the mid-points of
the historical and contemporary vegetation surveys, respec-
tively. For this study we considered habitat fragmentation
was by habitat clearing and included clearing for main
roads due to their ecological impermeability. Fragments
were processed via image reclassification in ArcGIS 10.6 to
identify vegetation patches. Fragments were defined with a
minimum gap of 20 m (any substrate) or separated by major
roads (coinciding with the Landsat time point, as defined by
the Western Australian Department of Main Roads), from
which patch size was quantified. To determine pre-European
landscape, historical habitat patches (within an assumed
continuous vegetated landscape), were used to calculate
patch size. Patches were further refined through removal of
wetland-derived soil types that support wetland vegetation
communities rather than banksia or tuart woodland.

Data analysis

We used three independent approaches to test for extinction
debt. First, we used contemporary species richness data to test
the relationship of species richness to remnant area (logo
richness and area) at different time points: 2016, 1992,
1979, and pre-European. This approach yielded an estimation
of extinction debt by comparing the strength of the relation-
ship between years, with a stronger relationship to historical
area indicating evidence of an extinction debt (following
Adriaens et al. (2006); hereafter Method 1). Second, we
categorised the 58 banksia woodland patches by area lost,
based on proportion of vegetation cover reduction between
the historical and contemporary surveys. Stable and regressive
vegetation patches were defined as less than 40% loss and
greater than 40% loss from pre-European extent respectively
(n =9 stable and 49 regressive patches). Using all 146 banksia
woodland plots, species—area relationships were created for
the nine stable patches and used to predict species richness for
49 regressive patches, thus creating a quantitative estimate
of extinction debt from the difference between predicted and
observed by reversing the log transformation of predictions
and subtracting predicted from observed richness (following
Helm et al. (2006); hereafter Method 2). Third, we used
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Table |I. Summary of species groupings by vegetation type.
Exotic Native
Total Annual Perennial Woody Non-woody Resprouter Non-resprouter
SL LL LL SL LL SL
Tuart woodland 58 136 20 115 49 82 79 56
Banksia woodland 86 420 39 374 166 238 246 159

Note: some traits could not be determined for all species, and therefore pairings may not sum to total.

SL, trait conferring shorter lifespan, LL, trait conferring longer lifespan.

historical and contemporary data on both patch area and
species richness (following Cowlishaw (1999); hereafter
Method 3). We calculated the species area relationship between
historical habitat area and historical richness and used this
relationship to calculate the predicted number of species for
the contemporary area with the difference between predicted
and contemporary species richness used as the extinction debt
estimate.

Expanding on Method 1, the influence of plant traits on
extinction debt was assessed by allocating species to binary
trait groups for longevity (annual, perennial), woodiness
(yes, no), and resprouting ability (yes, no), each of which
provide proxies for lifespan. The number of species repre-
senting each trait group was used to generate trait—area
relationships for each landscape year (pre-European, 1979,
1992 and 2016). We could not allocate taxa identified to
genus level or above to all trait groups with certainty, where
unallocated these were removed from the analysis (longevity
n = 7, woodiness n = 16, resprouting ability n = 15).
Extinction debts calculated from all three methods were
assessed for significance using generalised linear mixed models
(GLMM, package lme4, Bates et al. 2015, in R ver. 3.5.2, R Core
Team 2020). Patch identity was represented as a random
factor, and the results were visualised using ggplot2 (Wickham
2016). We used an alpha level of 0.05 and 95% confidence
intervals not overlapping zero as evidence of an effect.

Results

We recorded a total of 733 vascular plant species (see Table 1
for species — trait summary) across 160 plots at 60 patches and
two time periods (125 Gibson et al. (1994) plots and 35 new to
this study). These plots encompass two threatened ecological
communities: tuart woodland (14 plots) and banksia woodland
(146 plots). In the 125 remeasured plots we found a species
turnover of 49% in banksia woodlands vs 63% in tuart
woodlands (stable species banksia woodland = 51% and tuart
woodland = 36%). The 60 patches in 2016 correspond to 45 in
1992, and 29 in 1979. The total number of vegetation patches
within the study area increased from 7739 in 1979 to 8791 in
1992, and 9267 in 2016. Extant vegetation represents 14% of
pre-European vegetation, the result of clearing for agriculture
and urbanisation.

Method |: contemporary native richness and
patch area

Results of regressions of log native richness and log areas
through time (Fig. 2) and subsequent linear models showed
differing trends by woodland type (Table 2). Combined data
(banksia and tuart woodland combined) had a significant
relationship between contemporary native richness and
historical patch sizes only (2016: R? = 0.0044 (P = 0.61),
pre-European: R? = 0.27 (P = 0.0049)). When data are split
by vegetation type, banksia woodland showed a stronger
relationship to pre-European area (2016: R2 = 0.0018 (P = 0.76),
pre-European: R? = 0.25 (P = 0.011), However, tuart wood-
land showed a stronger relationship to contemporary area
(2016: R? = 0.60 (P = 0.0083), pre-European: R?> = 0.37
(P = 0.11)). This suggests that banksia woodlands have
likely incurred an extinction debt, whereas tuart woodlands
showed no evidence of extinction debt with this method.

Method 2: testing for extinction debt using stable
and regressive species groups and landscapes

We used all 146 banksia woodland plots (58 fragments),
equating to 49 regressive (>40% area loss, range = 49.8-99.9%,
mean = 96.8%) and nine stable (<40% loss; range = 0-39.3,
mean = 8.6%) banksia woodland patches for analysis. The
stable banksia woodland species—area relationship, for which
predictions were based, had an R? of 0.23. The predicted
extinction debt for regressive patches of banksia woodland
was an average loss of 13 species per patch (range: +11
species to —45 species), corresponding to 28% of the average
native richness recorded in the stable 100 m? banksia
woodland plot network (Fig. 3). This result of an average of 28%
of the native species richness indicates that the community
has been impacted by an extinction debt of this magnitude in
fragments that have lost greater than 40% patch size and will
likely suffer localised extinction of species in the future. Tuart
woodland was excluded from assessment using this method
due to the low number of patches (see Method 1).

Method 3: historical and contemporary
data - species area comparison

Historical and contemporary species—area relationships did
not differ significantly by time period when pooled across
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Fig. 2. Species area—richness (log—log regression + 95% confidence envelope) relationships across four time periods (2016, 1992, 1979,
and pre-European for (a) all plots (n = 160), (b) banksia woodland plots only (n = 146), and (c) tuart woodland plots only (n = 14). The
species—area relationship was strongest for pre-European in banksia woodland and in 2016 for tuart woodland.

vegetation types (Fig. 4a). When analysed by vegetation type,
the same was true for banksia woodland (Fig. 4b) and tuart
woodland (Fig. 4c). Given no effect of time period on
species—area relationships, this method could not be used to
estimate extinction debt.

Influence of traits on extinction debt

Plant traits relating to lifespan, including longevity (annual/
perennial), woodiness (woody/non-woody), and resprouting
ability (resprouter/non-resprouter) showed no significant
difference within time period in relationship strength, or
slope estimate (rate of accumulation) for linear models (Fig. 5).
However, all traits associated with greater longevity (i.e.
perennial, woody and resprouters) were most correlated with
pre-European patch size and showed a consistent and mono-
tonic decrease in slope and R? from oldest (pre-European) to
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contemporary sampling periods. In contrast, traits associated
with shorter lifespans (annual, non-woody, non-resprouter)
had no consistent trend in slope or R? across sampling
periods and with greatest slope and R? in the contemporary
period. Taken as a whole, the observation that short-lived
plants are most responsive to contemporary patch area and
longer-lived plants to the pre-European patch area are
suggestive of an extinction debt.

Discussion

Plant communities and their constituent species may exhibit a
slow response to fragmentation, resulting in the development
of an extinction debt in fragmented plant communities - i.e.
species are initially retained within a patch following an
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Table 2.

Significance of log—log species area relationships of native richness and patch area using generalised linear mixed models with patch as a

random effect within two vegetation communities in Western Australia, across four time points, pre-European (PE) to 2016.

Overall

Banksia woodland

Tuart woodland

Estimate (s.e.) t P

Estimate (s.e.)

t P Estimate (s.e.) t P

PE 0.056 (0.020) 2.84 0.01
1979 0.017 (0.028) 0.59 0.57
1992 0.014 (0.022) 0.65 0.52
2016 0.012 (0.019) 0.62 0.54

0.051 (0.019)
0.0095 (0.018)
0.0011 (0.017)
0.0052 (0.015)

2.65
0.53
0.064
0.34

0.017
0.6l
0.95
0.74

0.019 (0.052) 037 0.72
0.060 (0.041) 15 021

0.054 (0.029) 1.9 0.094
0.12 (0.028) 42 0.013

Significant estimates (P < 0.05) are in bold.

-
()]

-
[6)]

Native richness (logyg)

0 1 2 3 4
2016 area (log4q)

Fig. 3. Logo observed (blue) and log|, predicted richness (red) with
95% confidence envelopes for banksia woodland for 49 regressive
patches with >40% loss in patch size. Predicted richness is modelled
from the species—area relationship of nine stable patches (<40%
loss). Difference between the red and blue line indicates the
predicted species loss/gain.

impact but eventually lost. Estimation of extinction debt is
important for predicting whether a plant community is on a
trajectory towards species losses before they are realised,
giving land managers and conservationists time to implement
counteractive measures, and thus improve conservation
outcomes. The communities examined in this study are of
high conservation value, with both tuart and banksia
woodlands federally listed as endangered (Commonwealth
of Australia 2016, 2019). However, until now and to our
knowledge, no study has assessed either of these communities
for extinction debt. This study presents an opportunity to
further understand the risk status of these communities using
multiple methods for detecting extinction debt that together
provide stronger inference than any method in isolation.

The methods used each have constraints in terms of
both the level of data required, and the inference possible.
Method 2 was the most useful in determination of a quan-
tifiable value for extinction debt, but is based on the
assumption of stable fragments, and as such, can only be

considered an estimation. Method 1 - the simplest to
implement — could not predict the magnitude of future
species loss, as temporal species richness data are not used
with this method. Method 3, which was unable to be used
successfully in this study, requires repeated monitoring
enabling direct observation of extinction debt and lag times
over long time periods. Method 3 is the most accurate and
desirable approach relative to Methods 1 and 2 but much
harder and more costly to obtain the data required.

Our results show that ability to detect an extinction debt
depends upon both data and methodology. We applied three
methods with two, Method 1 (significant) and Method 2
(indicative), indicating a likely extinction debt for banksia
woodland. One approach, Method 1, indicated the absence
of an extinction debt for the adjacent tuart woodland,
which is corroborated by higher turnover in tuart vs banksia
woodlands. There were fewer data for tuart woodland, which
meant that Method 2 could not be used to estimate extinction
debt there. Consequently, there is more support for our
findings for banksia woodlands than for tuart woodlands.
Using Method 1, which uses contemporary species richness
and habitat patch size, we found differing patterns of extinction
debt between our two study communities, and an influence
(although not statistically significant) on observed extinction
debt of life history traits relating to longevity. Method 2,
comparing contemporary species richness in stable and
regressive habitat patches, suggested an average extinction
debt of 13 species per patch (28%) in banksia woodland due
to landscape changes arising from a reduction in patch sizes
since European colonisation. Method 3 relies on differences
(mainly patch size) between time points to predict contemporary
richness from historical richness. There was minimal
difference in richness, and most patches remained a similar
size between 1992 and 2016. Rather than showing an
absence of extinction debt, we suggest this method does not
have the statistical power to detect a debt with minor changes
in patch size between time points.

Method 1 provided some evidence that tuart woodlands
may not have an extinction debt, whereas banksia woodlands
are likely carrying an extinction debt in smaller patches.
Findings from Method 2 were consistent with Method 1,
that banksia woodlands may have an extinction debt, with
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an average debt estimated of 13 species per patch or 28% of
mean richness. This debt compares 27.3% (26.5 species per
patch) over 80 years in Belgian grasslands reported by
Piqueray et al. (2011) using similar methods to this study.
Piqueray et al. (2011) reported an overall richness of 492
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species, so this extinction debt estimate is for a far less
diverse plant community than banksia and tuart woodlands.

For both banksia and tuart woodlands, Method 3 was
unable to estimate extinction debt at the time scale of this
study (~25 years), as there was little evidence of species
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loss or patch size change over this time frame. Method 3 is
likely only useful over longer timescales, or with initial
survey prior to or early in landscape change. However, early
detection (as provided by Methods 1 and 2) is beneficial from

a management perspective because there is time to intervene

and mitigate species losses (Cousins 2009).
Delayed extinctions are more likely for long-lived species,

which are characterised by slow demographic rates. Such
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species are expected to show longer relaxation times (time
taken for the community to reach a new equilibrium) than
short-lived species (Kuussaari et al. 2009; Krauss et al. 2010).
Our study shows a lack of relationship between contemporary
native richness of banksia woodland and contemporary area,
with richness being more strongly related to historical area,
suggesting that there may be a large extinction debt in
banksia woodlands at the time of this study. Banksia woodland
typically contains many long-lived species, with some known
to live for 100, and perhaps up to 300, years or more (Enright
and Lamont 1992). This is particularly true for species that are
able to regrow vegetatively after fire from protected buds
either on stems or in the soil (Bond and Van Wilgen 2012).
Although we identified an extinction debt (Method 1) and
estimated an average extinction debt of 13 species per patch
(Method 2), due to the longevity of plant species in banksia
woodland and the relatively recent fragmentation (European
colonisation in 1829), it may be too early for the magnitude of
this debt to be predicted accurately using our dataset which
spans just 25 years of change (Method 3).

The contrary may be true for tuart woodlands, appearing to
be at equilibrium, with no evidence of an extinction debt (i.e.
some species likely already lost and the community returned
to species—area equilibrium) within the timeframe of our
study. Tuart woodland showed a stronger relationship with
contemporary area, compared with banksia woodland, sug-
gesting any extinction debt that might have been present
after fragmentation is quickly paid (i.e. species are lost). The
correlation that we have observed between tuart woodland
and contemporary landscape area is consistent with the
trait suite characteristic of plant species associated with the
calcareous soil type on which this plant community type is
found. Woodlands on these younger, calcareous soils have a
higher proportion of non-resprouter, faster-growing and
shorter-lived taxa, including various species of Acacia, and
species such as Banksia sessilis and Olearia axillaris, than
the older, acid sands that support banksia woodlands (Monk
et al. 1981; Millar et al. 2019), and thus this may explain why
extinction debt was not detected in tuart woodlands, as they
likely respond more quickly to habitat fragmentation. That
said, given extinction debt can go undetected (Kuussaari et al.
2009) more data are needed, and other methods tested, to
support or refute our findings for tuart woodlands.

Factors other than patch size may explain species losses in
plant communities over time. One key factor in our landscape
is rainfall decline, which has occurred during the same period
as the window between historical and contemporary vegetation
surveys. If rainfall decline accelerates the loss of species, then
it would be reducing extinction debt (i.e. the communities
would be moving more quickly towards a new equilibrium).
Further, if rainfall decline was playing a contributing role, we
would anticipate it to contribute to both communities, as
seedlings in both would be impacted by recruitment bottlenecks
with summer drought.
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Another key factor that may offset extinction debt is
connectivity among patches, which aids fundamental
ecological processes — including pollination, gene flow and
dispersal — contributing to community and species viability
(Jennersten 1988; Provan et al. 2008; Valiente-Banuet et al.
2015). Further, reduced connectivity and consequent increased
edge effects can increase the presence of stressors, such as
abundance of weeds, plant disease and nutrient enrichment
(Leishman and Thomson 2005; Thomas et al. 2006; Sax and
Gaines 2008; Dullinger et al. 2012). We were unable to
evaluate the degree of connectivity and how it may coun-
teract the influence of patch size reduction on future extinc-
tions. This could be investigated further in future studies,
including how connectivity may influence species responses
to fragmentation differently, and at differing timescales
related to species level traits.

We found no key traits to be significant in driving this
extinction debt in either woodland community, although trait
groups with the greater longevity (i.e. perennials vs annuals,
woody vs non-woody, resprouters Vs mnon-resprouters)
consistently showed better fit to historical (contiguous)
than to contemporary (fragmented) area. However, our analysis
of traits was coarse, and a more nuanced analysis of species
(based on varying longevity among perennials) may be
worthwhile. Other trait types may also be worth investigat-
ing. For example, pollination-based traits may influence the
pollination distance required for successful reproduction, so
plants associated with certain pollinators may be negatively
impacted by a lack of ability to transfer genetic material
across widely spaced fragments with limited connectivity
(Greenleaf et al. 2007; Cranmer et al. 2012).

Implications for conservation

Detecting extinction debt in plant communities offers the
opportunity to develop a greater understanding of remnant
native vegetation change (past) and a projection for change
into the future. Steps can be taken to pre-empt species decline
and eventual extinction through conservation, management
and restoration of remnant vegetation patches (Hahs and
McDonnell 2014). Restoration is likely the primary means
of long-term viability of populations suffering an extinction
debt, through supplementary planting of at-risk groups, and
improving landscape connectivity (Meyer 2019). Proactive
management of species identified as the most vulnerable to
loss would be the best-practice approach, however more
research would be required to identify these species and
groups, and if they warrant such intensive conservation
efforts. Instead, site-led management may be sufficient to
delay the effects of extinction debt by reducing additional
pressures on species through invasive species, access, and fire
regime management. Understanding how different community
types, and functional trait types, respond to time-delayed
impacts will also help land managers to prioritise interven-
tion efforts using SMART (specific, measurable, achievable,
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realistic, time-bound) goals. Being able to predict extinction
debt for plant communities provides opportunity for conserva-
tion efforts; the sooner intervention occurs, the more likely it is
to be successful in mitigating species loss.

Conclusions

The results we present here show that different plant
communities are likely to respond differently to landscape
change over varying timescales, highlighting the importance
of community level management and understanding. Testing
for an extinction debt offers the opportunity to predict future
management needs to enable persistence of isolated popula-
tions of plant species. Although we estimated an average
extinction debt of 13 species per patch using Method 2, this
value may increase with further reduction in patch size,
with serious conservation implications given more than a
quarter of species (~28%) may be lost to fragmentation.
Repetition of this study in the future could help to identify
species or species groups experiencing an extinction debt in
greater detail, enriching the dataset, and the value of the
approach for species conservation and land management.
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