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ABSTRACT ARTICLE HISTORY
Nature-based solutions are seen to benefit both society and biodi- Received 14 December 2022
versity. However, research into their future resilience is required. Accepted 6 May 2023

Soft capping is a nature-based conservation strategy that mimics KEYWORDS

the natural colonisation of plants on top of ruined walls and Nature-based solutions:
reduces rates of material deterioration. To remain effective, soft maxent; emission pathway;
capping species must be tolerant of future climatic conditions. We weathering; biodiversity;
use the Maxent species distribution model to assess the resilience built heritage

of soft capping species to low and high emission scenarios across

Britain and Ireland. We assess the mid- and end-century presence

probability of four native and archaeophyte species used in soft

capping (Sedum album, S. acre, S. anglicum and Saxifraga granulata).

Future presence probabilities were calculated using the climate

models HadGEM3-GC31-LL, IPSL-CM6A-LR and MIROC6. Results

suggest that current sedum-based soft caps will remain viable

until mid-century with additional maintenance (e.g. watering) dur-

ing droughts, although soft caps predominantly formed of Sedum

album may be prone to failure in south-eastern England. In the

future, species more resilient to arid conditions may need to be

preferentially selected for soft capping to ensure resilience under

a warming climate. Species distribution modelling provides a useful

way of predicting the future resilience of nature-based solutions.

Introduction

Nature-based solutions (NbS) are increasingly being deployed by environmental man-
agers and policymakers. NbS are actions that work with nature to address societal
challenges, and involve the protection, restoration or management of natural and semi-
natural ecosystems; the sustainable management of aquatic, agricultural and forest
ecosystems, and the creation of novel urban ecosystems (Seddon, 2022). Examples of
NbS include the creation of forests and parks in urban areas to enhance cooling and
reduce flood risk. NbS provide win-win solutions that benefit both society and
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biodiversity, and have been proposed as being beneficial for the conservation of historic
sites (Coombes & Viles, 2021). However, to continue being successful, NbS must be
resilient to current and future environmental changes. This raises the important question
of if, and how, we can future prove NbS over the coming century.

Since the 1980s, the potential for plants to act as potential agents of NbS at historic
sites, rather than as sources of deterioration and damage, has been increasingly recog-
nised. In particular, the plants have been utilised at various ruined historic masonry sites,
such as abbeys, castles and monasteries, to reduce the rate of material deterioration on
the tops of ruined walls (Historic Environment Scotland, 2014a; Wood et al., 2018). The
presence of plants forming a “soft cap” on ruined wall heads has been found to (i) reduce
temperature fluctuations and the number of freeze-thaw cycles by providing a thermal
blanket, (ii) reduce water ingress into the wall head and (iii) minimise water runoff down
the wall face by enhancing absorption capabilities (Hanssen & Viles, 2014; Lee et al.,
2009; Viles & Wood, 2007). Soft capping can also enhance local biodiversity at heritage
sites and represents one of the first and most successful examples of NbS for heritage
conservation (Coombes & Viles, 2021; Miller, 2019). The comparative cheapness, ease of
installation, minimal maintenance requirement and reversibility of this strategy mean
that soft capping is now widely recommended, particularly in Britain, as shown in
Figure 1, which depicts documented examples of soft capping trials and projects.
Heritage organisations such as Historic England (Wood et al., 2018) and Historic
Environment Scotland (Historic Environment Scotland, 2014a, 2014b) advocate this
method of conservation at sites where biological growth is not considered to negatively
impact the aesthetic value of the site. However, the long-term success of soft capping
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Figure 1. Map showing the location and nature of 84 documented soft capping projects and trials,
with inset map of sites in Britain and Ireland. Two notable natural soft cap growth sites are also
included.
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a)

Figure 2. Sedum-based soft capping on masonry at (a) Godstow Abbey, Wolvercote, Oxford, England
(Listed Grade Il) installed in 2009 using sedum matting and (b) test walls in Wytham Woods,
Oxfordshire, England, where sedum plugs were installed in 2008 around the cap edge (Wood et al.,
2018). Areas primarily populated with sedums are highlighted with white dashed lines.

relies on the environmental conditions being conducive to the survival of the plant
species growing in the soft capping.

In England, trials of capping using mats of sedum plants (Sedum L.) have had
some success in providing a self-sustaining soft capping (e.g. Figure 2a) following
their widespread use in green roofs, and sedum plugs have been widely used around
the edges of turf-based soft capping to reduce soil loss down the wall face (e.g.
Figure 2b; Historic Environment Scotland, 2014b; Wood et al., 2018). Many natu-
rally occurring soft caps, which have grown up over several centuries, have also
been found to contain sedums (Historic Environment Scotland, 2014b). Sedums are
used in green roofs due to their ability to survive severe environmental stress
(Durhman et al., 2007; Nagase & Dunnett, 2010; Rowe et al, 2006;
Vijayaraghavan, 2016); they are able to tolerate drought conditions due to their
succulent properties, thick waxy leaves and Crassulacean acid metabolism (CAM)
photosynthetic pathway, which minimises water loss. While their physical
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characteristics mean they may be resilient to warm and dry climates, the tolerance
of the sedum species used in soft capping to anthropogenic climate change over
medium and long timescales, and how this varies spatially, needs to be better
understood. This is essential for informing the design and maintenance of soft
caps to ensure long-term resilience.

Modelling approaches enable us to assess process interactions over timescales not
feasible under field or laboratory conditions (Richards & Brimblecombe, 2022b). In
particular, species distribution models (SDMs) are commonly used to assess the ability
of species to survive under future climate conditions. These models use present-day
distribution data with environmental parameters (typically abiotic, such as temperature
and moisture) to assess the spatial ranges suitable for species under different climate
scenarios (Lissovsky et al., 2021). This method has been critiqued due to the challenges of
obtaining suitable input data, the model-building process and model evaluation (Araujo
et al., 2019; Pearson & Dawson, 2003; Srivastava et al., 2019). However, in the context of
this study, SDMs provide a highly useful tool as we are primarily concerned with
environmental suitability for given species in specific locations as determined by their
fundamental niche, irrespective of (i) natural dispersal mechanisms (as the target species
are manually installed as part of soft caps) and (ii) competition factors (due to the
selective and periodic manual removal of unfavourable or undesirable colonists, such
as woody species). Guides of best practice (Aradjo et al,, 2019) and review articles
(Lissovsky et al., 2021) have also helped highlight approaches that enhance model quality.

In this study, we used an SDM approach with the aim of assessing the resilience of key
sedum species in Britain and Ireland to future climate change over the 21st century under
high and low emission scenarios. The importance of interactions between cultural
heritage and biodiversity is increasingly being highlighted (Celesti-Grapow & Ricotta,
2021; Cicinelli et al., 2018; Panitsa et al., 2022), with soft capping argued to support the
local biodiversity of ruined sites by increasing the diversity of habitats present on site and
the provision of resources for pollinators (Wood et al., 2018). Therefore, in the first
instance, we specifically chose to focus on the potential future presence and survival of
selected British native and archaeophyte species (i.e. non-native taxa introduced by
humans that naturalised before 1500 CE). Understanding the long-term behaviour of
these species will help shape conservation practices at many ruined masonry sites as well
as highlight the dynamics and importance of the relationship between cultural heritage
and ecology.

Methods
Study area

Our study focused on Britain and Ireland due to the relatively widespread use of, and
general interest in, soft capping here. The supra-national scale approach of our study
means that outcomes can inform strategic conservation decisions rather than being
limited to the management of a single site (Richards & Brimblecombe, 2022a). This
also allowed us to capture spatial variations in climate across Britain and Ireland with, for
example, southern England having a warmer climate than northern Scotland. Our
approach could also be applied to other countries and regions, and findings for Britain
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and Ireland may be indicative of concerns/actions that may need to be considered in
future management plans both in these regions and elsewhere. Throughout, we use the
term “Ireland” to refer to the Isle of Ireland, including both the Republic of Ireland and
Northern Ireland.

Species selection and records

At several ruined sites managed by English Heritage, “The Enviromat” sedum carpet has
been used for soft-capping trials (Wood et al.,, 2018). This matting contains native,
archaeophyte and non-native sedum species and one saxifrage (https://www.turfonline.
co.uk/product/sedum-ground-mat-kit/). Of the 18 species in this matting, two are native
(Sedum acre, which is also commonly used for sedum plugs, and Saxifraga granulata)
and one is an archaeophyte (Sedum album). While Sedum anglicum is not found in this
matting, it is of interest given its native status in the study area and, therefore, was
included in our analysis. Sedum album and S. acre are the most widely distributed sedums
across Britain and Ireland; S. anglicum is mainly found in coastal areas of Ireland and the
west of Britain, and S. granulata has a widespread but patchy distribution (Figure S1, data
are provided from the New Atlas of the British and Irish Flora recording scheme (1970-
2022) courtesy of the Botanical Society of Britain and Ireland (BSBI)).

Presence records for each of the selected species were obtained from the BSBI and the
Global Biodiversity Information Facility (GBIF) (Figure 3a). Criteria for record inclusion
were informed by Pescott et al. (2018). We included records that were as follows: (i)
observations of in-situ plants; (ii) taken between 1970 and 2022; (iii) located between 30°
to 70°N and —15° to 30°E, capturing the European range of the species; (iv) recorded

(a) Modelinputs

Species records Environmental variables Future projections
Collated records of Sedum album, Variance inflation factor used to select WORLDCLIM datasets (2.5 min resolution) for:
S.acre, S. anglicum, and Saxifraga environmental variables with low collinearity +  HadGEM3-GC31-LL
granulata from BSBI and GBIF (VIF <5) from 19 BIOCLIM variables and elevation + |PSL-CM6A-LR
databases Selected variables: *+  MIROC6
Removed records outside of 1) Annual temperature range under low and high emission scenarios for
inclusion criteria (record type, 2) Mean temperature of the driest quarter recent past (1970-2000), mid-century (2041-
precision, date, location and 3) Precipitation seasonality 2060) and end-century (2081-2100)
geographical uniqueness) 4)  Precipitation of the driest quarter
|
| !
(b) Modelling (c) Model outputs
Maxent: Model runs for each species Presence probabilities Environmental variable contribution

Presence probability (0-1) of species | Maxent response curves
presence across the UK and Ireland | Maxent jack-knife tests

l

Low emission
SSP245

High emission

SsP585 g (d) Data analysis
MIROCE | E o 1y e e
:@00 & PSL-CMGA-LR |- Threshold analysis Spatial distribution of presence
0;\0 A S HadGEM3-GC31-LL | & o e e
& T S § Determine presence probability likelihoods
Q&.‘? 0\\,0\\ o = values associated with weak, Calculate percentage of land area associated
& ‘ﬁ\é&a & moderate and strong likelihood of | with a weak, moderate and strong likelihood
6&"’ being present for each region in the UK and Ireland.

Figure 3. Schematic of (a) model inputs, (b) model runs, (c) model outputs and (d) data analysis used
in this study to generate modelled presence likelihoods for four soft capping species (Sedum album,
S. acre, S. anglicum and Saxifraga granulata).
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Table 1. Rationale of record inclusion criteria.
Criteria of record Rationale

Observation of in-situ plants All records were of live plants. Given that these species have a long history and
wide distribution in the study area, we assumed that they have occupied areas
representative of their environmental niche.

Taken between 1970 and 2022  The baseline period for the environmental variables was 1970-2000 (Section
Environmental Parameters) and, ideally, the distribution records would be from
the same time period. However, prior to 2000, there was limited/very patchy
recording of these species across Europe. Therefore, to ensure our observed
records reflected the true European distribution, we extended the period to
2022. Thus, any changes in species distributions in the period 2001-2022 are
associated with the baseline period, meaning the modelled cooler/wetter limits
of a species’ distribution may be wider than in reality. Nevertheless, as the ability
of these species to survive in the United Kingdom is more likely to be impacted
by hotter and drier weather, the inclusion of more modern observational data
was assumed to have little impact on the results.

Located between 30° to 70° These spatial bounds were chosen to include southern, central and eastern Europe

N and —15° to 30° E so that regions with current climates similar to future climates in Britain and
Ireland were captured.
Reference coordinate precision of The reference coordinate precision of each plant record is approximately equal to,
at least 3 km or higher than, the resolution of the environmental data. This meant
observations recorded at a hectad scale (10 km x 10 km square) were not
included in this study.

Geographically unique This removed duplicate records from the same locations, limiting sample bias in

the dataset.

using a reference coordinate associated with a precision of <3 km; and (v) geographically
(spatially) unique, which we considered to be within two decimal places of longitude/
latitude (approximately 1 km). The rationale for these criteria is outlined in Table 1. After
the removal of records that did not meet our stated criteria, we retained the following
numbers of records for each species: S. album =28,591; S. acre =37,190; S. anglicum =
12,944; and S. granulata = 12,276.

Environmental parameters

We used WorldClim’s 2.5-min resolution datasets (Fick & Hijmans, 2017) for the recent
past (1970-2000), mid-century (2041-2060) and end-century (2081-2100) (Figure 3a).
The realised environmental conditions experienced by plants are dependent on sub-
meter- and sub-centimetre-scale microclimates. Therefore, all data coarser than this
represent an averaged approximation of the conditions that plants will be exposed to,
which is particularly the case for plants on top of exposed, free-standing walls. As such,
none of the WorldClim datasets have a fine enough resolution to capture the exact wall-
top microclimates. This is a common challenge and means that models generated using
these data likely represent a wider climatic envelope for each target species. Thus,
following the principles of model parsimony (Burnham & Anderson, 2002), we selected
the coarser 2.5-min WorldClim dataset over the finer-scale 30-sec dataset, giving an
adequate resolution for assessing local-scale environmental changes while also balancing
computational efficiency.

Environmental parameters were assessed using three climate models from the CMIP6
ensemble run under low emission (SSP245) and high emission (SSP585) scenarios to
capture a range of potential future pathways. The three climate models, HadGEM3-GC31
-LL, IPSL-CM6A-LR and MIROCS, were selected due to their distance from each other
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with regard to their development, thereby minimising the biases present in any one
climate model (Figure 3a,b). The environmental parameters used to drive each model
were selected from the 19 BIOCLIM variables (Busby, 1991), which are climatic variables
derived from temperature and rainfall parameters commonly used to explain species
distributions, along with elevation (Figure 3a). Given the isolated nature of soft caps, we
assumed that they are likely to be particularly affected by climatic changes as captured by
the BIOCLIM parameters. For example, the positioning of soft caps means that their
component species are not connected to groundwater supplies and are planted in
controlled soil types, which are commonly relatively shallow. Furthermore, seasonal
responses to temperature and rainfall have been noted in soft caps (Wood et al., 2018),
which indicates their likely sensitivity to future changes in temperature and rainfall
seasonality and extremes.

As many of the BIOCLIM variables are highly correlated, we selected variables with
low collinearity that influence species survival within soft caps (Kozminska et al., 2019;
Nagase & Dunnett, 2010). The significance of collinearity was determined using the
variance inflation factor (VIF) in a stepwise manner, until the VIF was <5 for all
remaining variables (Ecodiv.Earth, 2016). Ultimately, we selected the following four
BIOCLIM environmental variables as predictors: (1) annual temperature range; (2)
mean temperature of the driest quarter; (3) precipitation seasonality (i.e. variation in
monthly precipitation); and (4) precipitation in the driest quarter (Figure 3a).

Modelling the climate niche

We used the SDM Maxent Version 3.4.4 to model the relationship between species
presence records and climate variables (Figure 3b) (Phillips et al., 2021). Maxent is one
of the most commonly used SDMs that applies the concept of the fundamental niche to
define the presence probability of a given species under varying scenarios (Lissovsky &
Dudov, 2021). We used Maxent as it can effectively determine occurrence or habitat
suitability based on the presence of a species (Lissovsky & Dudov, 2021).

We trained Maxent using linear, quadratic and product functions so that a smooth
response function was produced. For each model run, 25% of the observations were
subsampled for testing, and a maximum of 1,000 model iterations were performed. The
model performance was assessed using the Area Under the receiver operating character-
istic Curve (AUC) method; AUC values range from 0 to 1, with values >0.5 indicating
a model performance better than random chance. All model runs were checked to ensure
environmental similarity between the training data and the modelled future data across
Britain and Ireland.

Maxent was used to calculate the presence probability for each of the four target
species in the recent past, mid-century and end-century; under low and high emission
scenarios; and using climatic data from the three climate models (Figure 3b,c). The mean
of the three climate models was calculated, and the results of each model run are
provided as Supplementary Information (Figures S2-4). To evaluate the contribution
of each individual BIOCLIM variable to the MAXENT prediction, we used response
curves and the jack-knife test of variable importance, which were calculated within the
MAXENT program (Figure 3c). A multivariate environmental similarity surface analysis
was also performed by Maxent to assess the accuracy of the predicted distribution of the
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target species. Across the United Kingdom and Ireland, all projected environmental
variables were within the range present in the training data.

Thresholds

The Maxent model calculates the presence probability between 0 and 1. We undertook
a threshold analysis to relate these values to weak, moderate or strong likelihoods of
a given species being able to survive. For each species, we calculated the distribution of
the presence probabilities of terrestrial grid cells across Britain and Ireland where the
species have been recorded. These were plotted as cumulative histograms, and the
presence probability values associated with the 2"! and 20™ percentiles of each dataset
were selected as lower and upper thresholds (to the nearest 0.05 presence probability
value). These percentiles were determined by visually comparing the model outputs for
the recent past to the observation data. Presence probability values below the lower
threshold are associated with a weak likelihood of a species being present; values between
the two thresholds are associated with a moderate likelihood of being present; and values
above the upper threshold are associated with a strong likelihood of being present. The
classification of a moderate likelihood of survival acknowledges that soft caps are able to
be maintained, and thus with some limited human intervention (e.g. additional watering
during drought periods) these caps may be able to withstand environmental conditions
that would be too stressful for populations without additional maintenance.

The likelihood values of species presence for past and future scenarios were spatially
mapped to assess changes in the distributions of the species. Changes between the past
and future scenarios were assessed by comparing (i) the spatial coverage of each like-
lihood value (e.g. size of the distribution) in England, Wales, Scotland and Ireland and;
(ii) the latitudinal and longitudinal distributions of each likelihood value (e.g. location of
the distribution).

The longitudinal and latitudinal distributions were presented using box and whisker
plots where the box is bounded by the 25th and 75th percentiles, with the median shown
with a central line. The whiskers represent all other points, except those that are deemed
as outliers, here considered to be any value that lies over 1.5 times the interquartile range
below and above the 25th and 75th percentiles. The large sample size of our dataset
meant that statistical tests such as Mann Whitney U were overpowered, resulting in
differences being found that were of statistical significance but of no practical impor-
tance. Therefore, for each likelihood, variations in the latitude and longitude were
assessed by comparing the median of the future distribution to the 40™ to 60" percentile
range from the historic distribution. If the median of the future distribution fell outside
of this percentile range, it was deemed to be a notable change.

Results
Model quality and thresholds

The models” AUC values were 0.816 (S. album), 0.821 (S. acre), 0.964 (S. anglicum)
and 0.864 (S. granulata) suggesting a model quality of good to excellent for all four
species (Aradjo et al., 2005), with a tight relationship between species distribution and
the bioclimatic variables. The threshold values associated with weak, moderate or
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Figure 4. Comparative cumulative distributions of presence probabilities for terrestrial grid cells across
Britain and Ireland with records for: (a) Sedum album, (b) S. acre, (c) S. anglicum and (d) Saxifraga
granulata. The presence probabilities associated with 2% and 20% of the locations with a record of
species presence are indicated with dot-dashed and dashed lines, respectively. Values below the 2%
threshold, between 2 and 20% thresholds and above the 20% threshold are associated with a weak,
moderate and strong likelihood of survival, respectively.

strong likelihoods of the environment being habitable were species dependent
(Figure 4). For S. anglicum, the range of presence probability values associated with
a moderate likelihood of being present was notably wider than for the other studied
species, even though its AUC suggests an excellent model quality (Figure 4c). This
might suggest that at lower presence probability values, other factors, such as habitat
availability, could control the distribution of S. anglicum. In addition, with fewer
mainland European records, future projections are more likely to be skewed by the
distribution of this species in Britain and Ireland. Therefore, we note that the
moderate presence probabilities for S. anglicum may have a greater level of uncer-
tainty than those for the other species.

Contributions of environmental variables

We found that the contributions of environmental variables to the predicted probabilities
of species presence were similar for S. album and S. acre. High presence probabilities
were associated with an annual temperature range of between 15°C and 25°C; a mean
temperature in the driest quarter (three-month period) between 5°C and 15°C; 150 mm
of precipitation in the driest quarter; and decreasing precipitation seasonality (see Figure
S9 for the response curves). In contrast, S. anglicum is able to better tolerate small annual
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temperature ranges, although the mean temperature in the driest quarter tolerance of this
species is narrower than S. album and S. acre, peaking between 9°C and 14°C. The
projected response of S. granulata was similar to S. album and S. acre for the mean
temperature in the driest quarter, but this species was less tolerant of low ranges in
annual temperature.

The Maxent jack-knife tests of variable importance showed that the mean temperature
of the driest quarter provided the most information on habitat suitability for S. album,
S. acre and S. granulata, while for S. anglicum, annual temperature range was the most
important. For all species, annual temperature range contained the most information on
habitat suitability that was not present in the other variables.

Species response

Our results show that the modelled habitat suitability for native and archaeophyte sedum
and saxifrage species is spatially and temporally dependent (Figure 5). In the recent past,
S. album, S. acre and S. granulata show a strong presence likelihood across much of
England, Wales, eastern Scotland and eastern Ireland, while a strong presence likelihood
for S. anglicum mainly occurs along the west coasts of Britain and Ireland (Figure 5).
However, the mid-century projections show a shift from strong to moderate presence

Mid century: Mid century: End century: End century:
1970-2000 Low emission High emission Low emission High emission

-1.00

Sedum album

Sedum acre

Sedum anglicum

Saxifraga granulata

Figure 5. Habitat suitability for Sedum album, S. acre, S. anglicum and Saxifraga granulata in the recent
past (1970-2000) and under low and high emission scenarios for mid- and end-century. Areas are
coloured according to whether they have a strong (green), moderate (blue) or weak (red/brown)
likelihood of presence.
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likelihoods under both low and high emission scenarios. By the end of the century, the
likelihood of these species being present is heavily dependent on the emission pathway,
with all species having a very weak likelihood of survival under the high emission
scenarios.

The widespread distribution of S. album across Britain and Ireland is reflected in the
high habitat suitability for this species across much of the study area (Figure 5, 1970-
2000). Projections for mid-century show that under the low emission scenario in Wales,
Scotland and Ireland, the proportion of land associated with a weak presence likelihood is
projected to remain stable, with projected changes ranging from a 7% decrease (Scotland)
to a 4% increase (Wales) in spatial coverage (Figure 6b-d). Under a high emission
scenario, there is a notable increase in the size of the moderate and weak presence
likelihoods in south England, Wales and Ireland (Figure 6a,b,d) with strong likelihood
distributions showing a notable shift northwards and weak likelihood distributions
showing a notable shift south and eastwards (Figure 7).

By end-century, under both low and high emission scenarios, a weak presence like-
lihood is projected for southern England and the majority of Wales (Figure 5). Elsewhere,
there are substantial differences in habitat suitability depending on the emission pathway.
For example, under the low emission scenario, 71% of Ireland and 50% of Scotland have
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Figure 6. Percentage of land area in England (a, e, i, m), Wales (b, f, j, n), Scotland (c, g, k, 0) and Ireland
(d, h, 1, p) with a weak (red), moderate (blue) or strong (green) likelihood for Sedum album (a-d), S. acre
(e-h), S. anglicum (i-) and Saxifraga granulata (m-p) presence in the recent past (1970-2000), by mid-
century and by end-century under low and high emission scenarios. Histograms showing the
distributions of presence probabilities are provided in Figures S5-58.
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Figure 7. The latitudinal and longitudinal distribution of weak (red), moderate (blue) and strong
(green) likelihoods under historic and future scenarios. Future distributions with notable change (as
defined in section Thresholds) are shown in bold/opaque colours, while distributions with no notable
change are shown with transparent colours.

a moderate or strong presence probability for S. album, whereas, under the high emission
scenario, the presence probability falls to 5% and 31% for Ireland and Scotland, respec-
tively (Figure 6¢,d).

The habitat suitability for S. acre is similar to that of S. album in the recent past
(Figure 5); however, by mid-century, projected areas of weak habitat suitability are
more localised for southern England. Under the high emission future, there is
a notable northwards shift in the distribution of strong habitat suitability
(Figure 7), resulting in over 80% of Ireland, 84% of England and 99% of Wales
being projected to have weak habitat suitability for this species by end-century
(Figure 6e-h). Areas of strong habitat suitability persist only along the east coast of
Scotland (Figure 5).

The modelled habitat suitability for S. anglicum has been more spatially distinct than
S. album and S. acre, with areas of strong suitability occurring along the westerly coast-
lines and the Isles of Scotland, and weak suitability in central England (Figure 5). By mid-
century, strong habitat suitability persists in parts of western Scotland and Ireland, while
in central England, there is an expansion in the area of weak habitat suitability (Figure 5).
Similar patterns are projected by end-century under the low emission scenario. Under
the high emission scenario, the area of weak habitat suitability notably expands west-
wards (Figure 7) across the majority of England (88%), Wales (87%) and into central
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Ireland, with no land in England and Wales, and 4% of land in Ireland, projected to have
strong suitability by the end of the 21st century (Figure 6i-1). Only in the north of
Scotland does strong habitat suitability remain for S. anglicum over this timeframe.

The habitat suitability of S. granulata in the recent past shows a strong presence
likelihood across central and eastern England, extending up the east coast of Scotland,
with areas of weak habitat suitability located in western Ireland and western Scotland
(Figure 5). In contrast to the three sedum species, the percentage coverage of weak
habitat suitability decreases in all regions into the mid-century (low and high emission
scenarios) and end-century (low emission scenario) (Figure 6m-p). However, there is
a pronounced shift from strong to moderate habitat suitability in England and Wales,
with a notable northwards shift areas associated with a strong likelihood suitability
(Figure 7). For example, in England reductions in the coverage of strong habitat suit-
ability are projected to be 26-40% by mid-century and 42-77% by end-century
(Figure 6m-p). Under the high emission scenario, by the end of the 21st century, the
only area with strong suitability for S. granulata is located on the east coast of Scotland,
with no land in Wales or Ireland projected to have strong habitat suitability
(Figure 6m-p).

Discussion

Sedums are an important plant type for soft capping on ruined heritage sites (Historic
Environment Scotland, 2014a; Wood et al., 2018) and green roofs on buildings due to
their hardy nature and ability to withstand extreme climate conditions (Vijayaraghavan,
2016). Given future projected increases in the magnitude and frequency of high-
temperature events in Britain and Ireland (Gutiérrez et al., 2021), it might have been
seen as reasonable to assume that this genus would be a resilient nature-based solution
for heritage sites over the coming century. However, we have found that soft caps formed
of the four species we studied are likely to become increasingly vulnerable if a high
emission pathway is followed.

Our results follow a well-established trend (in the northern hemisphere, e.g. Berry
et al., 2002; Thuiller et al., 2005) showing a northward shift in habitat suitability over the
21st century (Figure 7). In areas with relatively warmer and drier climates (e.g. southern
England and Wales), increases in temperature and drought periods may push species to
the edges of their environmental niches, whereas in regions with cooler, damper climates
today (e.g. northern Scotland), species will likely have greater tolerance of change, while
still falling within their established environmental niches. It is also interesting to note that
for soft capping in the west of Scotland, S. anglicum is likely to be more resilient to future
climate change than S. album, S. acre and S. granulata. As S. anglicum has previously not
been included in the brand of commonly used, commercially available sedum matting for
soft capping, this could be a useful alternative species for soft capping in this region.

The stability, and even increase, in areas with strong habitat suitability in northern
regions of Britain and Ireland suggests that where soft capping is currently successful, it is
likely to remain successful until at least the mid-century (Figures 5, 6). For central and
southern regions of Britain and Ireland, the shift from strong-to-moderate habitat
suitability suggests that soft capping in these regions is likely to survive but may be
vulnerable to external stressors. Consequently, species in areas with moderate habitat
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suitability many need additional maintenance during periods of high temperature or low
precipitation. As altering the temperature of a site can be challenging, such maintenance
is likely to involve additional watering during dry periods. Increasing moisture avail-
ability through regular watering (Nagase & Dunnett, 2010; VanWoert et al., 2005), water
retention gels (Young et al., 2015) and increasing the water-holding capacity of the soil
substrate (Farrell et al., 2012) have been shown to improve the survival of sedums on
green roofs. Without such intervention, environmental conditions at some sites may not
be viable for the survival of key soft capping species. In particular, the decrease in the
habitat suitability of S. album in southern England suggests that for soft caps in this
region, it may be more appropriate to use a different species (e.g. S. granulata or S. acre)
to improve the resilience of soft capping into the mid-century. In addition, for areas with
moderate habitat suitability, maintaining a diversity of species in the soft capping could
be beneficial to improve long-term survivability (Nagase & Dunnett, 2010).

Furthermore, our results point to the importance of maintaining intraspecific genetic
variation in the soft capping to enhance resilience to climatic changes. This variation is
likely to be limited if soft capping installation uses cultivars from a limited number of
commercial suppliers, unless these suppliers expand the genetic variation in their pro-
ducts. The use of commercial sedum matting for soft capping further extends the spread
of cultivars across Britain and Ireland. Therefore, the use of plants derived from locally
sourced material could help increase genetic diversity of soft capping species but may
increase labour and financial implementation costs.

Our study adds to the vast body of literature showing the substantial impact that
a high emission scenario will have on the Earth System. Indeed, by the end of the century
under a high emission scenario, areas with suitable climatic conditions for current soft
capping species substantially decline, with only the east coast of Scotland maintaining
suitability for the examined species (Figure 5). This suggests that if we are not meeting
the targets for a low emission pathway by mid-century, soft capping is likely to need to be
planted with more arid-tolerant species in all areas apart from the east coast of Scotland,
unless current species show adaptions to new climatic conditions. For example, the use of
perennial grasses or arid-tolerant succulents and cacti has been trialled by Lim et al.
(2013). Alternatively, non-native sedums such as S. spurium, S. ochroleucum and
S. sediforme are more drought resistant than S. album (KoZminska et al., 2019).

If we follow a high emission scenario to the end of the 21st century, many planetary
boundaries and tipping points are likely to be crossed (Gutiérrez et al., 2021). In this
study, we have modelled changes in average climate. Local conditions such as aspect,
exposure and soil moisture retention properties will influence the resilience of species in
soft caps (Young et al., 2015). As such, when relating our regional scale results to specific
soft capped sites, if the site is located in a particularly exposed environment (e.g. on the
top of an exposed, windy hill), our results might have overestimated the future viability of
soft capping species; while at more sheltered sites, the soft caps may be more resilient
than the model would suggest. Nevertheless, the direction and magnitude of change
provides a clear indicator that heritage managers can incorporate in future-decision
making.

In addition to changes in average climate, Britain and Ireland will also likely experi-
ence an increase in extreme events such as severe storms (e.g. MET office “amber” or
“red” warnings), and the risk of wildfire is projected to increase in continental Europe
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(Gutiérrez et al., 2021), with grass fires occurring in the United Kingdom during the
July 2022 heatwave where temperatures exceeded 40°C for the first time in England.
Single periods of extreme drought or high temperature may have substantial impacts on
habitat suitability and directly influence the effectiveness of soft capping at minimising
deterioration processes. Furthermore, if a high emission pathway is realised, soft capping
may be less effective at dampening deterioration processes associated with more extreme
and variable climate conditions. Therefore, in order to develop effective long-term
conservation strategies, further research should be conducted to establish the climatic
limits of soft capping (under both future mean and extreme conditions) alongside other
forms of NbS for vulnerable heritage.

Given the growing interest in, and opportunities for, adopting NbS for heritage
conservation (e.g. Coombes & Viles, 2021), our study provides one of the first examples
of how a modelling-based approach can inform the design, implementation and main-
tenance of these conservation strategies. It enabled us to investigate the likely ability of
individual sedum and saxifrage species to tolerate future climatic conditions, with the
results highlighting the variability in the predicted response between individual species
across Britain and Ireland (Figure 5). This kind of projection-based analysis is crucial for
predicting and evaluating the long-term climate resilience of heritage sites both with
respect to materials and structures and the ecological communities they support
(Coombes & Viles, 2021; Luciani & Del Curto, 2018; Orr et al., 2021; Richards &
Brimblecombe, 2022b; Viles & Cutler, 2012). However, by assessing individual species,
our approach does not account for the role of diverse plant communities on the presence
probabilities. As diverse green roof communities have been found to have greater
survivability compared to monocultures (Nagase & Dunnett, 2010), the studied species,
located in diverse soft caps, may have a slightly greater tolerance to climatic changes than
our predictions. Even if this is the case, the magnitude of future change in our modelled
presence probabilities indicates that the future climate will have a substantial impact on
the survival of the studied species, particularly in the southern regions of Britain and
Ireland (Figure 5).

Conclusions

Natural-based conservation strategies are increasingly being seen as an important
mechanism to address societal challenges in a way that also benefits the environment.
For these strategies to remain effective into the future, they need to be able to
withstand future environmental conditions. We focus on the NbS of soft capping to
assess the extent to which these methods are future-proof. Soft capping is a widely
recommended nature-based conservation strategy for ruined masonry in Britain and
Ireland. We used species distribution modelling to assess the habitat suitability of four
native and archaeophyte soft capping species over the 21st century. Our results
indicate that sedum-based soft caps that are already successfully installed and func-
tioning at heritage sites will likely remain viable till the mid-century, although soft
caps predominantly formed of S. album may be more prone to failure in south-
eastern England. In southern and central regions of Britain and Ireland, increased and
additional maintenance, such as watering, may be required during extended periods
of drought or in heatwaves. Beyond the mid-century, the management of soft capping
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is more uncertain and will be dependent on which emission pathway we follow.
Under a high emission pathway, we found that only the east coast of Scotland
maintained suitability for the studied soft capping species. Alongside much-needed
evaluations of other NbS for heritage conservation, future work should assess the
climate resilience of other plant groups commonly used in soft capping (e.g. grasses).
In conjunction with further modelling-based research, environmental chamber stu-
dies and microcosm experiments could be used to investigate the tolerance of key
species to moderately suitable habitat conditions as well as extreme events, both in
monoculture and species-diverse soft caps. This would help assess the long-term
climate sensitivity of species across the wider limits of their environmental niche as
well as the functional resilience of soft caps for heritage conservation.
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