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Safety margins and adaptive
capacity of vegetation to climate
change
Rachael V. Gallagher , Stuart Allen & Ian J. Wright
Vegetation is composed of many individual species whose climatic tolerances can be integrated into
spatial analyses of climate change risk. Here, we quantify climate change risk to vegetation at a
continental scale by calculating the safety margins for warming and drying (i.e., tolerance to projected
change in temperature and precipitation respectively) across plants sharing 100 km × 100 km grid cells
(locations). These safety margins measure how much warmer, or drier, a location could become before
its ‘typical’ species exceeds its observed climatic limit. We also analyse the potential adaptive capacity
of vegetation to temperature and precipitation change (i.e., likelihood of in situ persistence) using
median precipitation and temperature breadth across all species in each location. 47% of vegetation
across Australia is potentially at risk from increases in mean annual temperature (MAT) by 2070, with
tropical regions most vulnerable. Vegetation at high risk from climate change often also exhibited low
adaptive capacity. By contrast, 2% of the continent is at risk from reductions in annual precipitation by
2070. Risk from precipitation change was isolated to the southwest of Western Australia where both
the safety margin for drier conditions in the typical species is low, and substantial reductions in MAP are
projected.
The composition of vegetation is expected to undergo substantial reassembly in response to anthropogenic climate change1,2. Palaeoecological evidence from past climate change events suggests that changes in composition
may be rapid3,4 and species responses highly idiosyncratic5. Studies of contemporary plant communities indicate
that changes in composition connected to climate warming are already occurring6,7, flagging the need for better
predictive tools which estimate risk across spatially explicit aggregates of biodiversity such as assemblages, communities or vegetation types. Predictions of where in the landscape vegetation may be most at risk from the effects
of future climate change will be instrumental in directing conservation planning and policy development8,9.
Climatic tolerance limits provide valuable information about the potential response of species to changing
climates10–12. At the species level, approaches for measuring response and adaptive capacity to climate change
typically involve detailed experimentation, often including genetic or genomic analyses, to determine fundamental tolerance limits in controlled environments or field settings13–15. These approaches are highly informative but
cannot be applied practically to entire suites of species occupying whole regions or continents. For hyper-diverse
groups – such as plants – scalable approaches which bridge between species-level information on tolerance limits
and macroecological patterns are required16.
Climatic tolerance limits inferred from the observed niche of species are routinely used to assess the risk
to communities and ecosystems from rapid climate change17–21. The large-scale digitisation of natural history
collections (NHCs) over the last two decades has revolutionised our understanding of the distributional limits
of species, particularly in relation to climate. When used appropriately22, NHCs are a vital source of information for quantifying climate niches across large cohorts of species23. Several climate tolerance indices based on
NHC data have been used to assess responses to anthropogenic climate change in marine19,24,25 and terrestrial
ecosystems26–29.
Here, we report an approach that uses observed climatic limits for species derived from NHC data to quantify the safety margin (tolerance), adaptive capacity and risk to continental vegetation from climate change.
Using approximately 2.5 million cleaned occurrence records for the Australian flora we calculate observed upper
temperature and lower precipitation limits and breadths for 20,608 taxonomically-valid higher plant species.
We aggregate these observed limits into metrics of tolerance and adaptive capacity in a set of vegetation units
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Figure 1. Calculating safety margin at the continental scale. For this example, Australia is divided into a set
of 100 km × 100 km, equal area (Albers projection) grid cell locations and intersected with 2,303,015 cleaned
species occurrences (latitude and longitude coordinates of vouchered herbarium specimens) (A), species lists
are extracted for each location and matched to estimates of the upper, observed climate limit for MAT (°). An
exemplar community of 4 species is shown here (B). In (C) a frequency distribution of climatic limits across all
species is constructed for each location. The difference between the median of this distribution and the longterm average temperature in the cell estimates the safety margin of the ‘typical’ species to climate warming
(MAT example provided here). This climate tolerance metric can then be mapped across the continent.
(100 km × 100 km equal area grid cells, hereafter ‘locations’) and combine them with climate projections to assess
the likely exposure to future climate change by 2070. We address two questions:
(1) How does the risk of climate change to vegetation vary across the landscape and between Australia’s Major
Vegetation Groups (MVGs)? Specifically, in which locations does predicted exposure to climate change
exceed the safety margin for warming or drying in vegetation? Exposure (E) is estimated from projections
of future climate for the decade centred on 2070, focusing on two drivers of vegetation distribution at a
continental scale – mean annual temperature (MAT; °C) and mean annual precipitation (MAP; mm).
Safety margins (S) are measured by quantifying how close the climate conditions in a location are to the
upper limit of its hypothetical ‘typical’ species (Fig. 1). This metric of climate change tolerance measures
how much warmer, or drier, a location could become before its typical species exceeds its observed climatic
limit, extending the idea of warming tolerance11 to large-scale vegetation communities. Climate change
risk is then measured as the difference between exposure and safety margin in a location (Risk = E – S). In
locations where E > S, turnover in species composition may be necessary for vegetation to keep pace with
warming or drying conditions. Conversely, a ‘typical’ species in locations where E < S is expected to be able
to withstand projected warming and drying trends. Our focus here on ‘typical’ species allows us to view
vegetation as the product of a collection of species responses (while noting that, even where E < S, at least
some species may be adversely affected). We also identify which of Australia’s MVGs may be under most
risk from changing climate conditions.
(2) What is the relationship between climate change risk and adaptive capacity in vegetation? We estimate the
adaptive capacity of vegetation as the average observed breadth of climate conditions, considered across
all co-occurring plant species. We hypothesise that species which span a wider breadth of conditions
across their distributional range have a greater capacity to adapt to climate change. By contrast, species
with narrow breadths (i.e., ecological specialists) may need to track conditions which most closely match a
particular set of ecological dependencies, limiting their adaptive responses30,31. Assessments of individual
species ability to adapt to climate change are relatively commonplace and use a variety of techniques from
genetics32, manipulative experimentation33,34 and functional traits35,36. However, it remains unclear how
species-level adaptive capacity might scale to larger units of biodiversity, such as vegetation types.

Results

Climate change risk to Australian vegetation.

Figure 2 depicts the risk (A-B), exposure (C-D), safety
margin (E-F) and potential adaptive capacity (G-H) of vegetation to projected rates of climate change by 2070
under RCP 8.5. Brown regions in (A) and (B) indicate locations where exposure to climate change exceeds the
safety margin of vegetation based on current MAT and MAP, and vice versa for blue locations. Values for each
location are available in Supplementary Table S2.

Exposure. As a percentage of land area, 100% of Australian vegetation is exposed to increases in MAT and
26% to decreases in MAP by the decade centred on 2070 (Fig. 2C,D). The median projection across five GCMs
shows exposure to MAT increase is likely to be greatest in the central inland regions of the continent (3.3–3.4 °C)
however substantial warming is also projected in coastal regions (2.0–2.8 °C). Exposure to changing precipitation
patterns also varies markedly across the continent. Substantial decreases in MAP (dark brown colours, Fig. 2D)
are broadly predicted for coastal regions in the south and for small areas in the north (coastal Queensland and
Northern Territory). Substantial increases in MAP are predicted for vast areas of northern Australia and for
coastal New South Wales, in the east.
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Figure 2. Risk to Australian vegetation from change in mean annual temperature (°C) and precipitation (mm)
by 2070 under RCP8.5 (A,B). Brown regions in A-B indicate regions where exposure to climate change (C,D)
exceeds the safety margin (E,F) of vegetation based on current MAT and MAP patterns. Exposure is derived
from the median projection from five global climate models (ACCESS1.0, CNRM-CM5, HADGEM2-CC,
MIROC5, NorESM1-M) centred on the decade 2070 under RCP8.5. Safety margins are based on the difference
between observed climate limits and long-term average climate conditions amongst species sharing a 100 km
× 100 km grid-cell locations (see Fig. 1). The average climate breadth of species in each location (G,H)
approximates the adaptive capacity of vegetation to climate change (darker blue regions indicating greater
adaptive capacity). In all maps, values are coded into five equally-sampled (quantile) bands.

Safety margins. Safety margins for increase in MAT in the vegetation of Australia range between 0.2–8.5 °C.
Vegetation across 8% of Australia has a safety margin of <1 °C, and 26% a safety margin of <2 °C (Fig. 2E). Areas
with the smallest safety margins are clustered in the tropics – particularly in the north-west of the continent – and
in the upper part of the southwest floristic region of Western Australia. In these locations, based on the observed
climate limits of their typical species, vegetation has a relatively small safety margin for adjusting to projected
increases in temperature. The vegetation with the most tolerance (largest safety margin) to temperature change
occurs across the south-east corner of Australia, including the majority of Tasmania and extending into coastal
parts of Queensland and the central inland. Many of these regions with large safety margins are characterised
by relatively high topographic relief (>1000 m elevation; e.g., the Australian Alps in the south east, the Border
Ranges in northern NSW, the Flinders Ranges in South Australia, Tasmania, Atherton Tablelands in far north
Queensland).
Across Australia, safety margins for decreases in MAP range between 0.4–1791 mm and 38% of vegetation has
safety margins which are smaller than a ≤ 100 mm decrease in MAP (Fig. 2F). That is, the typical species across
38% of the continent can tolerate a reduction of precipitation of 100 mm or less before exceeding its observed
climate limit. MAP itself varies widely across the continent so there is also merit in considering proportional
reductions in precipitation. When safety margins are calculated relative to a proportional 10% reduction in MAP
at each location, 18% of continental vegetation exceeds its observed lower limit, increasing to 95% of the continent under a 50% reduction in MAP.
The smallest safety margins for reductions in MAP are concentrated across the desert regions of the central
western inland (i.e., dark brown regions; Fig. 2F). Conversely, vegetation which is relatively tolerant to MAP
change is clustered in regions characterised by high annual precipitation, such as the tropical regions of far north
Queensland (i.e., light-yellow region in coastal areas <20°S).
As MAT and MAP safety margins are measured in differing units, standardised z-scores were also calculated for each location to allow comparison between climate variables (Fig. 3A,B). This null modelling indicated
that the observed safety margins across 21% (MAT) and 34% (MAP) of vegetation were larger than expected
under random expectation (dark red locations; Fig. 3A,B). In these locations, after comparing the observed and
expected values, the comparative chance of detecting the observed safety margin was <5% (i.e. z-score =≤1.96,
or ≥1.96).
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Figure 3. Standardised scores of the safety margins of Australian vegetation to changes in MAP (A) and MAT
(B). Maps depict the deviation of the observed safety margin from random expectation (z-score) under a null
model using 1000 reassignments of observed niche limits. Dark blue and red represent locations where safety
margins are lower or higher than expected, respectively, given observed species richness. Regions which have
vegetation with significantly larger (i.e., z-score ≥ 1.96), or smaller (i.e., z-score ≤ 1.96), safety margins relative
to chance for both MAT and MAP are depicted in (C). The relationship between observed safety margins for
MAP and MAT is shown in (D).

Vegetation with significantly larger safety margins relative to chance for both MAT and MAP (i.e., z-score
≥1.96) occur across 11% of Australia (red locations in Fig. 3C). Conversely, vegetation with significantly smaller
safety margins than expected for both climate variables (i.e., z-score ≤ 1.96) are found across the majority (60%)
of Australia (blue locations in Fig. 3C). In these regions, most locations have safety margins for reductions in
MAP of <200 mm and for temperature change between 2–4 °C (Fig. 3D).
Climate change risk. Locations at risk are those where exposure to climate change exceeds the safety margin
of the typical species (Risk = E - S; brown locations in Fig. 2A,B). Using this metric, vegetation across 47% of
Australia is at risk from MAT increase by 2070. As the magnitude of exposure to MAT change is relatively uniform across the continent (2–3.4 °C; Fig. 2C) patterns of risk are largely driven by the safety margin (tolerance)
of vegetation to climate change. By contrast, only 2% of the continent is at risk from reductions in MAP by
2070 (Fig. 2B). Precipitation vulnerability is isolated to the southwest of Western Australia in places where both
the safety margin for drier conditions in the typical species is low (low tolerance) and substantial reductions in
MAP are projected (high exposure). Across the five GCMs analysed, MAP is projected to decrease by between
25–276 mm by 2070 in this region.
Adaptive capacity. Based on estimates of the niche breadth of a typical species, the adaptive capacity of vegetation to MAT increase and MAP decrease under climate change ranges between 2.4–9.1 °C and 155–1686 mm,
respectively (Fig. 2G,H). Higher values indicate vegetation is adapted to a wider breadth of MAT and MAP and
assumed to have the potential to adapt in situ to climate change. Vegetation with relatively high adaptive capacity for temperature change is mainly located in the south-east of the continent and the south-west of Western
Australia has the lowest adaptive capacity to climate change based on our estimates of the niche breadth of a
typical species. Desert regions of Western Australia have the lowest adaptive capacity for MAP change (light blue
regions in Fig. 2H), though precipitation is already low in these regions and plants exhibit many adaptations to
arid conditions.
To test hypotheses about relationships between risk and adaptive capacity we used a subset of locations
(n = 388 grid cells) where completeness of herbarium specimen sampling was ≥0.7 based on the ratio of
observed to expected richness derived from the Chao1 estimator (inset maps Fig. 4; Supplementary Figure S1
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Figure 4. Relationship between risk and adaptive capacity to climate change in Australian vegetation. Risk
from changes in MAT (°C; A) and MAP (mm; B) by 2070 under RCP8.5 is calculated as the difference between
exposure to climate change and the safety margin to warming, or drying, of a typical species in each location.
Adaptive capacity is calculated as the climatic breadth across the range of a typical species in each location.
‘Typical’ species are represented by the median response of all species present at a location. Replicates in (A,B)
are locations (grid cells) from across Australia. Only locations with high herbarium sampling completeness
(ratio of observed to expected richness from Chao1 estimator ≥0.7) were included as replicates in statistical
analyses (n = 388 cells; 49% of Australian land area). The black line and grey fill depict the LOESS regression
line and its confidence intervals. Note that for MAT, at risk locations have positive values on the y-axis whereas
for MAP values are negative. This is because risk values summarise a tolerance deficit for the typical species in
terms of increasing temperature or decreasing precipitation.

Figure 5. Twenty-two Australian Major Vegetation Groups (MVGs). MVGs have been grouped into simplified
vegetation units (e.g., Acacia dominated) which are coloured in similar hues. White map units denote areas
mapped as the MVGs excluded from our analyses (Inland aquatic - freshwater, salt lakes, lagoons; Cleared,
non-native vegetation, buildings; Naturally bare - sand, rock, claypan, mudflat; Mangroves; Regrowth, modified
native vegetation; Sea and estuaries; Unclassified forest; Unclassified native vegetation; Unknown/no data).
Source: National Vegetation Information System (version 4.2).

and Supplementary Table S2). These locations cover 49% of the Australian land area and span all biomes present
(Bureau of Meteorology, 2006).
There was a significant curvilinear relationship between adaptive capacity and risk of MAT change in
Australian vegetation (R2 = 0.42, F (2,283) = 100.8, p < 0.001; Fig. 4A). Most locations (69%) with low risk under
temperature increases also had high adaptive capacity for this variable (i.e., median climate breadths >7.5 °C). We
also found a significant curvilinear relationship between risk from MAP change and potential adaptive capacity,
whereby the most vulnerable locations were those characterised by species with narrow climate breadths for precipitation (R2 = 0.70, F (2,283) = 326.9, p < 0.001; Fig. 4B).
Climate change risk to Major Vegetation Groups (MVGs). Of the 22 MVGs analysed (Fig. 5), 21 occur in areas
deemed at risk from increases in MAT by 2070, and 13 in areas at risk from MAP decreases (Table 1). ‘Tropical
Eucalypt Woodlands/Grasslands’ are most at risk, with 98% of their extent occurring in areas where exposure to
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MVG
code

Vegetation Unit (MVG name)

Simplified Vegetation Unit

Area (%
Australia)

% of MVG under climate
change risk (MAT)

% MVG under climate
change risk (MAP)

6

Acacia Forests and Woodlands

Acacia dominated

5.5

38.5

3.2

13

Acacia Open Woodlands

Acacia dominated

4.2

20.6

0.4

11.5

49.6

7.2

0.1

6.3

0.4

16

Acacia Shrublands

Acacia dominated

4

Eucalypt Low Open Forests

Eucalyptus dominated

3

Eucalypt Open Forests

Eucalyptus dominated

3.7

22.9

0

11

Eucalypt Open Woodlands

Eucalyptus dominated

6.2

56.7

0.1

2

Eucalypt Tall Open Forests

Eucalyptus dominated

0.5

0

5

Eucalypt Woodlands

Eucalyptus dominated

12.1

53.5

0
0.3

14

Mallee Woodlands and Shrublands

Eucalyptus dominated

3.7

20.8

1.6

12

Tropical Eucalypt Woodlands/Grasslands

Eucalyptus dominated

1.5

97.8

0

20

Hummock Grasslands

Grasslands

18.5

76.9

0

19

Tussock Grasslands

Grasslands

7.1

53.5

0

21

Other Grasslands, Herblands, Sedgelands
and Rushlands

Grasslands

0.9

50.9

0

22

Chenopod Shrublands, Samphire
Shrublands and Forblands

Heath and Shrublands

5.9

15.5

0.3

18

Heathlands

Heath and Shrublands

0.1

42.4

0.9

15

Low Closed Forests and Tall Closed
Shrublands

Heath and Shrublands

0.2

77.6

3.7

17

Other Shrublands

Heath and Shrublands

1.7

49.6

5.5

1

Rainforests and Vine Thickets

Rainforest

0.5

22.0

0

7

Callitris Forests and Woodlands

Woodlands

0.4

2.1

8

Casuarina Forests and Woodlands

Woodlands

2.0

15.2

0
0.1

9

Melaleuca Forests and Woodlands

Woodlands

1.3

90.8

0

10

Other Forests and Woodlands

Woodlands

1.0

62.6

0.3

Table 1. Climate change risk analysis of Australia’s Major Vegetation Groups (MVG). The total spatial extent
of MVGs across Australia (Area % Australia) and the amount of the MVG within areas of climate change risk
under projected MAT increases and MAP decreases are provided. Simplified Vegetation Units correspond to
Fig. 5. MVG codes and names are those assigned by the National Vegetation Inventory System (v. 4.2).
climate change exceeds the safety margin for warming of the typical species present. Other at-risk MVGs include:
‘Melaleuca Forests and Woodlands’ (91% of extent at risk); ‘Low Closed Forests and Tall Closed Shrublands’ (78%);
and ‘Hummock Grasslands’ (77%). Both ‘Melaleuca Forests and Woodlands’ and ‘Tropical Eucalypt Woodlands/
Grasslands’ are restricted to the tropical north of Australia and are relatively small in overall extent across Australia
(Area (%); Table 1). Similarly, ‘Low Closed Forests and Tall Closed Shrublands’ which are found in Western
Australia have a very small overall extent (0.2% of Australia), 78% of which falls in areas of climate change risk.
Projected changes in MAP relative to vegetation safety margins place several vegetation communities at risk in
the south-west of Western Australia, though the amount of vegetation affected may be small relative to its overall
extent. For instance, ‘Low Closed Forests and Tall Closed Shrublands’ are at risk, but only 3.7% of their overall extent
is threatened. Various Acacia-dominated MVGs (Fig. 5; Table 1) are also at risk from decreases in MAP, however the
total extent of the MVGs affected is small (e.g., 7.2% of ‘Acacia Shrublands’; 3% of ‘Acacia Forests and Woodlands’).

Discussion

Vegetation across almost half of Australia (47%) may be at risk from projected increases in MAT based on spatial analysis of exposure and safety margins for temperature climate change by 2070. Risk from MAT change is
most acute in the northern, tropical regions of the continent and across most of the state of Western Australia
(i.e., brown cells in Fig. 2A). In these regions, projected exposure to MAT change by 2070 exceeds the inherent
safety margin, or tolerance, to warming of the typical species that characterises this vegetation (measured as the
difference between the median, upper temperature limit across all species present, and the long-term MAT in
each location (Figs 1 and 2E,F)). The adaptive capacity of vegetation to tolerate changes in MAT is predicted to be
highest in regions of low climate change risk (Fig. 4). By contrast, at-risk regions with low adaptive capacity under
warming conditions – such as Tropical Eucalypt Savannas in the north, and the Southwest Australian Floristic
Region (SWAFR) of Western Australia – may be important targets for intensive conservation management, particularly where land-use is rapidly changing. The SWAFR also contains the only vegetation identified as at -risk
from projected reductions in MAP by 2070. Across this vulnerable vegetation – which covers 2% of the continent
(170,000 km2) – MAP is consistently projected to decrease by 2070 across the five GCMs assessed and the safety
margin for drying of a typical species is larger than these projected reductions. When directly compared using
z-scores, safety margins for both temperature and precipitation are significantly larger than expected by chance
across the tropical regions of the continent (red locations; Fig. 3C); smaller margins than expected are found
across large areas of the arid zone (blue locations; Fig. 3C), increasing the likelihood of climate related impacts on
vegetation composition in these regions due to the interactive effects of changes in temperature and precipitation.
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Our analysis constrains the upper climate limit of all species assessed to the highest MAT across a study region
(i.e., 29.4 °C at a 5-arc minute resolution in our Australian example). This means that no species can have an
observed climate limit higher, or lower, than the highest value of MAT or MAP recorded across Australia. Of the
20,608 species assessed here, 151 (0.7%) have upper observed climate limits for MAT occurring at this 29.4 °C
threshold, and a further 1,147 species have upper limits within 1 °C of this threshold. These 151 species are important targets for physiological/experimental research, particularly those which are dominant and widespread such
as Eucalyptus tetrodonta and E. camaldulensis, to characterise their temperature tolerances and adaptive capacity
under climate change. Increases in mortality in E. tetrodonta in the Victoria River regions of the Northern Territory
have been attributed to drought-related die-back due to localised dry-season water stress37 and increasing incidence of heat wave events may challenge species which currently occupy the warmest locations across Australia38.
Our approach to continental scale analysis of vegetation offers a biogeographic perspective on the exposure,
safety margin, risk and potential adaptive capacity of the Australian flora. This analysis can identify regions and
species of greatest concern for conservation planning (e.g., MVGs contained largely within at-risk areas, such as
‘Tropical Eucalypt Woodlands/Grasslands’ (Table 1); or, areas with smaller safety margins for MAT and MAP
under climate change than expected by chance (Fig. 3C). Similarly, data on observed climate limits can be used
to identify species to target for physiological experimentation (e.g., the 151 species with observed climate limits at Australia’s highest MAT). Currently, detailed physiological experimentation to quantify the response of
Australian vegetation to climate change is either highly site-based (e.g., the EucFACE and OzFACE facilities) or is
restricted to examining a modest subset of species (e.g.33,39). Our approach complements the use of species distribution models40–42 and dynamic global vegetation models43 to assess climate change risk to Australian vegetation.
Climate change vulnerability analyses have been conducted at smaller scales for singular Australian plant taxa or
communities44–46 and at similar continental scale to our analysis for birds26.
Projected decreases in MAP exceed the drying tolerance of vegetation in south-west of Western Australia. In
the SWAFR, vegetation in regions as at risk from MAP change in our analysis are already undergoing large-scale
die-back events attributed, in part, to increased incidence of hot and dry conditions47,48. Similarly, Western
Australia’s northern Jarrah forests, species which occur on rocky soils with low water holding capacity are known
to suffer high rates of dieback during extreme dry years48. Our estimates of precipitation effects on risk are presumably very conservative since temperature and precipitation interact strongly. For instance, drier conditions
can result even in the absence of a projected decrease in precipitation because increased MAT is accompanied by
increased evaporation from the land surface, resulting in lower available soil moisture for a given precipitation.
That said, there will be some tendency for higher atmospheric CO2 to ameliorate the physiological effects of
reduced precipitation, through its positive effect on photosynthetic water use efficiency49.
Despite the high vulnerability of the SWAFR to changes in rainfall, the typical species in vegetation across
most of Australia has relatively high ability to withstand reductions in MAP projected for the decade 2070. That
is, projected reductions in MAP are far smaller than the safety margin for drying of the typical species across 98%
of the continent. In one sense this simply reflects the projections of GCMS which show that a relatively small
area of Australia is exposed to substantial MAP decrease by 2070 (i.e., only 5% of the continent is in the upper
quantile for precipitation reductions by 2070 – dark brown regions of Fig. 2D). But in addition, this low risk to
MAP change may be the result of the inherent unpredictability of precipitation50 and the adaptations of many
Australian species to variability. For instance, our safety margin metric shows that, relative to average precipitation totals between 1950–2000, the average species in 95% of Australian vegetation may tolerate a reduction of
between 10% and 69% of current precipitation amount before exceeding its observed climate limit. This is a conservative measure given that the predicted higher temperatures across much of the continent will lead to higher
rates of evaporation, hence generally less plant-available water for a given MAP.

Considerations and caveats.

Abiotic factors not considered in our analysis can modify plant exposure to
temperature and precipitation change at local scales, such as microtopography and aspect51,52 and soil conditions
(e.g., soil depth, soil water holding capacity, and the mosaic of run-off/run-on zones created by topographic variation53). Where species composition is known to change rapidly over relatively short altitudinal gradients (e.g., the
Australian Alps, and the Wet Tropics Bioregion) the response of the typical species may be more difficult to reasonably characterise using the median safety margin (and median climate limits). In these locations, vulnerability
assessments of individual plant communities or species will offer more nuanced insights on the threat of climate
change54. However, we caution against solely assessing rare species (narrow-ranged endemics) in vulnerability
analyses at the expense of their more common counterparts55.
Our analysis was limited to the use of estimates of the observed climate niche of species across their historical
distribution, as opposed to using assessments of the highest MAT or lowest MAP under which plant function can
be maintained (i.e., species’ fundamental niche limits of Grinnell56). We acknowledge that fundamental limits
may not be bounded by conditions experienced across the range; species may not be physiologically intolerant
of cooler or warmer, drier or wetter conditions not encountered across their historical distribution. That said, a
recent meta-analysis of eleven reciprocal transplant experiments showed strong support for the idea that geographic range limits closely approximate niche limits57. Our analysis captures which species have been recorded
at least once at a location, though as herbarium collections accumulate over time current day composition may
differ. Similarly, herbarium collections offer no accompanying data on species abundance and this may affect
estimates of safety margins.
Gathering data on fundamental limits is time-intensive and therefore necessarily limited to a small subset of
(presumably) representative species. We generously estimate that c.1% of the flora of Australia (approximately 200
species) have had fundamental tolerance limits to temperature and precipitation characterised via experimentation, and that these species are heavily biased toward a few species in the genera Eucalyptus and Acacia. Although
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these genera are dominant in many landscapes, they represent a relatively modest fraction (c. 10%) of the plant
diversity in Australia, which encompasses c. 20,000 species from >200 families.
Biotic interactions (e.g., inter-specific competition or facilitation, herbivory) and barriers to dispersal which
prevent occupation of locations where species are physiologically tolerant may also lead to underestimations of
the niche limits of species58,59. Finding a balance between taxonomic coverage and experimental determination of
responses when assessing vulnerability to climate change will remain a challenge until more comprehensive data
accumulates on species fundamental limits.

Methods

Cleaning species occurrence data. Digitised collection records from 4,312,554 vouchered herbarium
specimens in the Australian Virtual Herbarium (AVH) were accessed via the Atlas of Living Australia (ALA) application programming interface http://api.ala.org.au/. Analyses were limited to terrestrial, higher-plant taxa native
to Australia’s mainland states and Tasmania (excluding offshore island territories, such as Norfolk, Christmas,
Lord Howe, Macquarie and Heard Islands).
We used the Australian Plant Census (APC) as our taxonomic authority60; available here: https://biodiversity.
org.au/nsl/services/APC). The APC provides accepted scientific names for native and naturalised plant species
in Australia. However, the APC does not classify families based on higher groupings; i.e., higher plants (angiosperms, gymnosperms) or lower plants (ferns, hornworts, liverworts). To do this, we used the R package taxonlookup61 to assign families to higher and lower plant groupings and limited our analyses to higher-plant families
(n = 226).
Filters were applied to limit AVH records to valid spatial and taxonomic occurrences. This resulted in
2,303,015 valid occurrences across 20,608 species (mean and median of records per species are 112 and 45 respectively). Collection records were eliminated where they met one of the following criteria: (1) no valid species
name in the APC, including being known only by an unratified name or hybrid designation (8.3% of raw data,
n = 360,684 records), (2) lack of geo-referenced coordinates, or coordinates which fall outside the mainland and
Tasmanian Australian terrestrial administrative boundaries (9.9%, n = 427,563 records), (3) flagged as ‘suspected
outliers’ by the ALA using a reverse jack-knife procedure assessing similarity of occurrences in environmental
space (4.4%, n = 191,131 records), (4) cultivated origin, either flagged as such in the AVH or containing the search
terms cultivat* and/or garden in a free-text search of the collection record (1.9%, n = 82,290 records), (5) being of
non-native origin, identified by cross-checking to an exotic species checklist for Australia62 or to a list of species
naturalised in at least one state of Australia in the APC (18.7%, n = 805,960 records), (6) being an observation
other than a preserved specimen (0.3%, n = 14,447 records. Note that species often met more than one of these
criteria and Fig. S2 provides a histogram of the year of collection of all specimens.
We retained only one unique record for each combination of species name, latitude, longitude, month, year,
and collector name in the data set to remove potential duplicate specimens (9.2%; n = 400,611 records) of the
same collection event submitted to the AVH from multiple state herbaria.
Sampling completeness. Sampling effort in herbarium collections varies spatially, often in concert with
human settlement and infrastructure63. To minimise the effect of potentially inadequate sampling on vulnerability analyses we excluded 402 locations (100 km × 100 km grid cells) with low sampling completeness (<0.7)
from our analyses. Completeness was estimated from the ratio of observed to expected species richness, where
expected richness was calculated from occurrence records using a bias-corrected Chao1 estimator64,65 in R (R
Core Team, 2014) using package vegan 2.3–466.
Quantification of species’ temperature and precipitation limits.

We matched cleaned occurrence
records for each species to gridded long-term average climate conditions to identify the highest MAT and lowest
MAP at which the species occurs. Climate data were matched at a 5 arc-minute resolution (~8 km) to approximate
the average spatial accuracy of herbarium collections. The 98th percentile of MAT and 2nd percentile of MAP were
taken as the upper and lower observed climatic limits for each species, respectively. Climate data were accessed
from Worldclim67. All analyses were performed using the packages raster68, rgdal69 and sf70. Observed species
limits are available as Supplementary Table S1.
Observed climatic envelopes derived from occurrence data potentially underestimate the fundamental climatic
tolerances of species22,71. We used two approaches to partially address this issue. First, we tested the effect of combining our cleaned occurrence records with cultivated occurrences from 122 botanic garden inventories across
Australia when estimating the observed upper temperature limits of species. This allowed us to the assess whether
climate limits from natural history collections routinely underestimate the climate limits of the species and, therefore, affect the outcomes of our analyses71. Second, we assessed whether the climatic limits of a suite of tropical
species which occur in higher latitudes outside Australia are truncated by abutting the continental land limits of
Australia. If widespread, this truncation could decrease the accuracy of estimates of the climatic limits of species.
Cultivated records from botanic gardens inventories published in Bush et al. (2018) were available for 6,159
species in our dataset (30%). We matched the locations (latitude and longitude coordinates) of each botanic
garden and species combination to gridded climate data as described for all other occurrence records. We then
counted how many species had upper climate limits from cultivated records which exceeded estimates from
native range occurrences. It was not possible to calculate an analogous metric from cultivated records for MAP
because of the confounding effect of irrigation in botanic gardens on plant performance. The effect of irrigation is
also likely to increase the ability of cultivated plants to tolerate warmer conditions; additional water increases the
potential for evaporative cooling to maintain favourable leaf temperatures for photosynthesis39,72.
Only 17% of species for which data were available (n = 1042 of 6159) had climatic limits for MAT which were
higher when derived from species occurrences in botanic gardens (the potential niche71) than when derived from
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vouchered herbarium specimens. These 1,042 species account for only 5% of the species assessed in our study
(n = 20,608) and the effect of these species on mapped patterns of safety margins at the continental scale was
considered to be negligible. Henceforth, we report findings derived from vouchered herbarium specimens only.
To assess the potential truncation of the observed limits of species due to distributions being bounded by
continental land limits we randomly selected 10% of species endemic to the tropical region of Australia (n = 370
species) and collated their occurrence data from tropical land areas north of Australia (e.g., Papua New Guinea,
Indonesia, Malaysia, Solomon Islands) from the Global Biodiversity Information Facility (www.gbif.org).
Vouchered herbarium occurrences were available from these regions for 42 species and their upper MAT limits were extracted following methods described for Australian occurrences. We then calculated the difference
between climatic limits derived from inside and outside Australia. The extent of truncation of climatic limits
was relatively small, with most species (81%; n = 34 species) having lower limits for MAT in locations outside
Australia. For the remaining species (n = 8) upper MAT limits were <1° higher outside Australia (0.3–0.9 °C).
Therefore, we assume that upper observed climate limits for temperature are rarely truncated by continental land
limits in this study and that any truncation will be negligible when calculating the median safety margin of a typical species in each location across Australia (see Climate change risk predictions below).

Climate change risk predictions.

The risk to vegetation from projected climate change in each location
was quantified from two components – safety margin and exposure73.
Safety margin was calculated for each location as the difference between the median observed climatic limit
across all species present and the long-term average climate conditions in the location (Fig. 1). This measure
captures how much warmer, or drier, a location could become before its hypothetical typical species exceeds the
observed climatic limit.
We also created standardised scores (z-scores) for the safety margin at each location for MAT and MAP to
allow for comparison of patterns between climate variables which are measured in differing units (°C, mm).
In each location, we performed 1000 random draws from the observed climate limits of all Australian species,
constraining the species pool to those with an upper (MAT) or lower (MAP) limit which was lower or higher,
respectively, than the long-term climate in the cell. This randomisation procedure produced an expected safety
margin in each location which was compared to observed values to calculate z-scores.
Exposure to climate change in each location was derived from anomalies between current and future projected
climate conditions. To calculate anomalies for MAT and MAP, current long-term average climate conditions were
subtracted from downscaled projections of future climate from five global circulation models (GCMs) in the
Coupled Model Inter-comparison Project Phase 5 for the decade centred on 2070 accessed from www.worldclim.org. The median anomaly across the five GCMs (ACCESS1.0, CNRM-CM5, HADGEM2-CC, MIROC5,
NorESM1-M) was calculated and aggregated to a 100 km × 100 km equal-area grid. These five GCMs were chosen
for their high skill-scores in modeling various Australian climatic phenomena (e.g., El Niño-Southern Oscillation,
historical climate, regional variability)74. GCM projections were based on a comparatively high atmospheric
greenhouse gas concentration pathway (Representative Concentration Pathway (RCP) 8.5; c. 800 ppm of CO2
by 2070) and multiple models were used to capture known differences in the assumptions which underpin the
production of future climate scenarios75.
Climate change risk to vegetation in each location was calculated as the difference between the exposure and
safety margin (Risk = E - S). Where E > S, vegetation is predicted to be at risk from climate change.

Adaptive capacity predictions. We quantified the adaptive capacity of vegetation at each location by
aggregating climate breadths calculated for each species. We assumed that a wider median climate breadth across
all species at a location indicates a greater adaptive capacity to changing climate for the typical species in the vegetation30,76. For each species, climate breadth was quantified as the difference between the 2nd and 98th percentiles
of MAT and MAP conditions, respectively, experienced across the range of each species.
We tested for a relationship between climate change risk and adaptive capacity across Australian vegetation
using ordinary least squares regression (α = 0.05). Where high climate change risk and low adaptive capacity are
coupled together in the landscape, the likelihood of vegetation change may increase.
Climate change risk to Major Vegetation Groups (MVGs).

We calculated the spatial extent of 22
MVGs in the National Vegetation Information System which are at risk from climate change (Fig. 2). Shapefiles
of MVGs were overlaid on climate change risk predictions to extract values. We excluded nine MVG categories
which collectively occur across 15% of Australia (i.e. Inland aquatic - freshwater, salt lakes, lagoons; Cleared,
non-native vegetation, buildings; Naturally bare - sand, rock, claypan, mudflat; Mangroves; Regrowth, modified
native vegetation; Sea and estuaries; Unclassified forest; Unclassified native vegetation; Unknown/no data).

Data Availability

The derived data used in this analysis are available as supplementary materials. Code used in this study is available
upon request.

References

1. Corlett, R. T. & Westcott, D. A. Will plant movements keep up with climate change? Trends in ecology & evolution 28, 482–488
(2013).
2. Higgins, S. I. Ecosystem assembly: a mission for terrestrial Earth system science. Ecosystems 20, 69–77 (2017).
3. Nolan, C. et al. Past and future global transformation of terrestrial ecosystems under climate change. Science 361, 920–923, https://
doi.org/10.1126/science.aan5360 (2018).
4. Williams, J. W., Shuman, B. N. & Webb, T. Dissimilarity analyses of late‐Quaternary vegetation and climate in eastern North
America. Ecology 82, 3346–3362 (2001).

Scientific Reports |

(2019) 9:8241 | https://doi.org/10.1038/s41598-019-44483-x

9

www.nature.com/scientificreports/

www.nature.com/scientificreports

5. Stewart, J. The evolutionary consequence of the individualistic response to climate change. Journal of evolutionary biology 22,
2363–2375 (2009).
6. Steinbauer, M. J. et al. Accelerated increase in plant species richness on mountain summits is linked to warming. Nature 556, 231
(2018).
7. Vicente-Serrano, S. M., Zouber, A., Lasanta, T. & Pueyo, Y. Dryness is accelerating degradation of vulnerable shrublands in semiarid
Mediterranean environments. Ecological Monographs 82, 407–428 (2012).
8. Pacifici, M. et al. Assessing species vulnerability to climate change. Nature Climate Change 5, 215 (2015).
9. Foden, W. B. et al. Climate change vulnerability assessment of species. Wiley Interdisciplinary Reviews: Climate Change 10, e551
(2019).
10. Addo-Bediako, A., Chown, S. L. & Gaston, K. J. Thermal tolerance, climatic variability and latitude. Proceedings of the Royal Society
of London B: Biological Sciences 267, 739–745 (2000).
11. Deutsch, C. A. et al. Impacts of climate warming on terrestrial ectotherms across latitude. Proceedings of the National Academy of
Sciences 105, 6668–6672 (2008).
12. Sunday, J. M., Bates, A. E. & Dulvy, N. K. Thermal tolerance and the global redistribution of animals. Nature Climate Change 2, 686
(2012).
13. Sgro, C. M. et al. A comprehensive assessment of geographic variation in heat tolerance and hardening capacity in populations of
Drosophila melanogaster from eastern Australia. Journal of evolutionary biology 23, 2484–2493 (2010).
14. Somero, G. The physiology of climate change: how potentials for acclimatization and genetic adaptation will determine ‘winners’ and
‘losers’. Journal of Experimental Biology 213, 912–920 (2010).
15. Lancaster, L. T. Widespread range expansions shape latitudinal variation in insect thermal limits. Nature climate change 6, 618
(2016).
16. Fordham, D. A. et al. Plant extinction risk under climate change: are forecast range shifts alone a good indicator of species
vulnerability to global warming? Global Change Biology 18, 1357–1371 (2012).
17. Devictor, V. et al. Differences in the climatic debts of birds and butterflies at a continental scale. Nature climate change 2, 121 (2012).
18. Li, D., Wu, S., Liu, L., Zhang, Y. & Li, S. Vulnerability of the global terrestrial ecosystems to climate change. Global change biology
(2018).
19. Stuart-Smith, R. D., Edgar, G. J., Barrett, N. S., Kininmonth, S. J. & Bates, A. E. Thermal biases and vulnerability to warming in the
world’s marine fauna. Nature 528, 88 (2015).
20. Sandel, B. et al. The influence of Late Quaternary climate-change velocity on species endemism. Science, 1210173 (2011).
21. Zanne, A. E. et al. Functional biogeography of angiosperms: life at the extremes. New Phytologist 218, 1697–1709 (2018).
22. Warren, D. L., Cardillo, M., Rosauer, D. F. & Bolnick, D. I. Mistaking geography for biology: inferring processes from species
distributions. Trends in Ecology & Evolution 29, 572–580 (2014).
23. Lister, A. M. & Group, C. C. R. Natural history collections as sources of long-term datasets. Trends in ecology & evolution 26,
153–154 (2011).
24. Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L. & Levin, S. A. Marine taxa track local climate velocities. Science 341,
1239–1242 (2013).
25. McLean, M. J., Mouillot, D., Goascoz, N., Schlaich, I. & Auber, A. Functional reorganization of marine fish nurseries under climate
warming. Global change biology (2018).
26. VanDerWal, J. et al. Focus on poleward shifts in species’ distribution underestimates the fingerprint of climate change. Nature
Climate Change 3, 239 (2013).
27. Kerr, J. T. et al. Climate change impacts on bumblebees converge across continents. Science 349, 177–180 (2015).
28. Warren, R. et al. Quantifying the benefit of early climate change mitigation in avoiding biodiversity loss. Nature Climate Change 3,
678 (2013).
29. Feeley, K. J. & Silman, M. R. Extinction risks of Amazonian plant species. Proceedings of the National Academy of Sciences 106,
12382–12387 (2009).
30. Ackerly, D. D. Community assembly, niche conservatism, and adaptive evolution in changing environments. International Journal
of Plant Sciences 164, 165–184 (2003).
31. Eskildsen, A. et al. Ecological specialization matters: long‐term trends in butterfly species richness and assemblage composition
depend on multiple functional traits. Diversity and distributions 21, 792–802 (2015).
32. Jordan, R., Hoffmann, A. A., Dillon, S. K. & Prober, S. M. Evidence of genomic adaptation to climate in Eucalyptus microcarpa:
Implications for adaptive potential to projected climate change. Molecular ecology 26, 6002–6020 (2017).
33. Drake, J. E. et al. A common thermal niche among geographically diverse populations of the widely distributed tree species
Eucalyptus tereticornis: No evidence for adaptation to climate‐of‐origin. Global change biology 23, 5069–5082 (2017).
34. Munday, P. L., Donelson, J. M. & Domingos, J. A. Potential for adaptation to climate change in a coral reef fish. Global change biology
23, 307–317 (2017).
35. Foden, W. B. et al. Identifying the world’s most climate change vulnerable species: a systematic trait-based assessment of all birds,
amphibians and corals. PloS one 8, e65427 (2013).
36. Butt, N. & Gallagher, R. Using species traits to guide conservation decisions under climate change. Climatic Change (in press).
37. Sharp, B. R. & Bowman, D. M. Net woody vegetation increase confined to seasonally inundated lowlands in an Australian tropical
savanna, Victoria River District, Northern Territory. Austral Ecology 29, 667–683 (2004).
38. Holmes, A., Rüdiger, C., Mueller, B., Hirschi, M. & Tapper, N. Variability of soil moisture proxies and hot days across the climate
regimes of Australia. Geophysical Research Letters 44, 7265–7275 (2017).
39. Drake, J. E. et al. Trees tolerate an extreme heatwave via sustained transpirational cooling and increased leaf thermal tolerance.
Global change biology (2018).
40. Baumgartner, J. B., Esperón‐Rodríguez, M. & Beaumont, L. J. Identifying in situ climate refugia for plant species. Ecography (2018).
41. Gallagher, R. V., Hughes, L. & Leishman, M. R. Species loss and gain in communities under future climate change: consequences for
functional diversity. Ecography 36, 531–540 (2013).
42. Shimizu-Kimura, Y., Accad, A. & Shapcott, A. The relationship between climate change and the endangered rainforest shrub Triunia
robusta (Proteaceae) endemic to southeast Queensland, Australia. Scientific Reports 7, 46399 (2017).
43. Whitley, R. et al. Challenges and opportunities in land surface modelling of savanna ecosystems. Biogeosciences (2017).
44. McCallum, K. P., Guerin, G. R., Breed, M. F. & Lowe, A. J. Combining population genetics, species distribution modelling and field
assessments to understand a species vulnerability to climate change. Austral Ecology 39, 17–28 (2014).
45. Guerin, G. R., Biffin, E. & Lowe, A. J. Spatial modelling of species turnover identifies climate ecotones, climate change tipping points
and vulnerable taxonomic groups. Ecography 36, 1086–1096 (2013).
46. Lee, J. R., Maggini, R., Taylor, M. F. & Fuller, R. A. Mapping the drivers of climate change vulnerability for Australia’s threatened
species. PloS one 10, e0124766 (2015).
47. Matusick, G., Ruthrof, K. X., Brouwers, N. C., Dell, B. & Hardy, G. S. J. Sudden forest canopy collapse corresponding with extreme
drought and heat in a mediterranean-type eucalypt forest in southwestern Australia. European Journal of Forest Research 132,
497–510 (2013).
48. Brouwers, N., Matusick, G., Ruthrof, K., Lyons, T. & Hardy, G. Landscape-scale assessment of tree crown dieback following extreme
drought and heat in a Mediterranean eucalypt forest ecosystem. Landscape Ecology 28, 69–80 (2013).

Scientific Reports |

(2019) 9:8241 | https://doi.org/10.1038/s41598-019-44483-x

10

www.nature.com/scientificreports/

www.nature.com/scientificreports

49. Keenan, T. F. et al. Increase in forest water-use efficiency as atmospheric carbon dioxide concentrations rise. Nature 499, 324 (2013).
50. Jiang, M., Felzer, B. S., Nielsen, U. N. & Medlyn, B. E. Biome‐specific climatic space defined by temperature and precipitation
predictability. Global ecology and biogeography 26, 1270–1282 (2017).
51. Suggitt, A. J. et al. Habitat microclimates drive fine‐scale variation in extreme temperatures. Oikos 120, 1–8 (2011).
52. Lim, F. K., Pollock, L. J. & Vesk, P. A. The role of plant functional traits in shrub distribution around alpine frost hollows. Journal of
Vegetation Science 28, 585–594 (2017).
53. Noy-Meir, I. Desert ecosystems: environment and producers. Annual review of ecology and systematics 4, 25–51 (1973).
54. Williams, R. et al. An International Union for the Conservation of Nature Red List ecosystems risk assessment for alpine snow patch
herbfields, South‐Eastern Australia. Austral Ecology 40, 433–443 (2015).
55. Neeson, T. M. et al. Conserving rare species can have high opportunity costs for common species. Global change biology (2018).
56. Grinnell, J. The niche-relationships of the California Thrasher. The Auk 34, 427–433 (1917).
57. Hargreaves, A. L., Samis, K. E. & Eckert, C. G. Are species’ range limits simply niche limits writ large? A review of transplant
experiments beyond the range. The American Naturalist 183, 157–173 (2013).
58. Hutchinson, G. E. A Treatise on. Limnology 1 (1957).
59. Pulliam, H. R. On the relationship between niche and distribution. Ecology letters 3, 349–361 (2000).
60. CHAH. Australian Plant Census. (2010).
61. Pennell, M. W., FitzJohn, R. G. & Cornwell, W. K. A simple approach for maximizing the overlap of phylogenetic and comparative
data. Methods in Ecology and Evolution 7, 751–758 (2016).
62. Randall, R. P. The introduced flora of Australia and its weed status. (CRC for Australian Weed Management Adelaide, 2007).
63. Daru, B. H. et al. Widespread sampling biases in herbaria revealed from large‐scale digitization. New Phytologist 217, 939–955
(2018).
64. Chao, A. Estimating the population size for capture-recapture data with unequal catchability. Biometrics, 783–791 (1987).
65. Chiu, C. H., Wang, Y. T., Walther, B. A. & Chao, A. An improved nonparametric lower bound of species richness via a modified
good–turing frequency formula. Biometrics 70, 671–682 (2014).
66. Oksanen, J. et al. Vegan: Community ecology package. R package version, 117–118 (2011).
67. Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. Very high resolution interpolated climate surfaces for global land
areas. International journal of climatology 25, 1965–1978 (2005).
68. Hijmans, R. J. & van Etten, J. raster: Geographic data analysis and modeling. R package version 2 (2014).
69. Bivand, R. et al. Package ‘rgdal’. (2018).
70. Pebesma, E. Simple Features for R: Standardized Support for Spatial Vector Data. The R Journal 10(1), 439–446, https://doi.
org/10.32614/RJ-2018-009 (2018).
71. Bush, A. et al. Truncation of thermal tolerance niches among Australian plants. Global Ecology and Biogeography 27, 22–31 (2018).
72. Wright, I. J. et al. Global climatic drivers of leaf size. Science 357, 917–921 (2017).
73. Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C. & Mace, G. M. Beyond predictions: biodiversity conservation in a changing
climate. science 332, 53–58 (2011).
74. Whetton, P. et al. (CSIRO and Bureau of Meteorology, Australia. Available at, http://www.climatechangeinaustralia.gov.au/en/
publications-library/technical-report/ [accessed 12 August 2016], 2015).
75. Randall, D. A. et al. In Climate change 2007: The physical science basis. Contribution of Working Group I to the Fourth Assessment
Report of the IPCC (FAR) 589–662 (Cambridge University Press, 2007).
76. Thuiller, W., Lavorel, S. & Araújo, M. B. Niche properties and geographical extent as predictors of species sensitivity to climate
change. Global Ecology and Biogeography 14, 347–357 (2005).

Acknowledgements

RVG was supported by an Australian Research Council Discovery Early Career Researcher Award (DE170100208).

Author Contributions

R.V.G. and I.J.W. devised the study. R.V.G. and S.A. wrote code and analysed data. R.V.G. wrote the manuscript
with substantial input from I.J.W.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44483-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:8241 | https://doi.org/10.1038/s41598-019-44483-x

11

