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Archaeobotanical evidence for a massive
loss of epiphyte species richness during

industrialization in southern England

Christopher J. Ellis*, Rebecca Yahr and Brian J. Coppins
Royal Botanic Garden Edinburgh, 20A Inverleith Row, Edinburgh EH3 SLR, UK

This paper describes a novel archaeological resource—preserved epiphytes on the timber structure of
vernacular buildings—used, to our knowledge, for the first time to quantify a loss of biodiversity between
pre-industrial and post-industrial landscapes. By matching the confirmed occurrence of epiphyte species for
the pre-industrial period, with a statistical likelihood for their absence in the present-day landscape (post-
1960), we robustly identified species that have been extirpated across three contrasting regions in southern
England. First, the scale of biodiversity loss observed—up to 80 per cent of epiphytes—severely challenges
biodiversity targets and environmental baselines that have been developed using reference points in the
post-industrial period. Second, we examined sensitivity in the present-day distribution of extirpated
species, explained by three environmental drivers: (i) pollution regime, (ii) extent of ancient woodland,
and (iii) climatic setting. Results point to an interacting effect between the pollution regime (sulphur
dioxide) and changed woodland structure, leading to distinctive regional signatures in biodiversity loss.
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1. INTRODUCTION
The process of industrialization involves an unprecedented
human modification of the environment and associated
biodiversity loss [1—3]. There is, therefore, significant con-
cern over the pathway of economic convergence between
developing nations and today’s industrialized and wealthier
states [4—6]. Comparatively less concern has been directed
towards the historic consequences of industrialization for
biodiversity in temperate Europe and North America, per-
haps because these impacts are often hidden from the
scrutiny of objective analysis. Historic effects of the indus-
trial revolution from the mid-eighteenth century outpaced
the collection of high-resolution biodiversity and distribu-
tional data (figure 1). These effects also predated by a
century or more the science of ecology and the establish-
ment of long-term datasets [8,9], and the emergence of a
social conservation ethic [10,11]. The environmental and
conservation policy of industrialized temperate regions
are therefore vulnerable to ‘shifting baselines’ (sensu
[12]), in which regional biodiversity status, as a reference
point for measuring species loss and protection, may be
normalized with respect to the post-industrial landscape.
The Industrial Revolution began in England in the mid-
eighteenth century, and spread quickly throughout
Western Europe and North America [13]. This paper
focuses on one of the first regions to be impacted by
industrialization—southern England—drawing on a novel
archaeological resource to examine biodiversity shifts
across the boundary of industrialization. This new evi-
dence allows us to critically reappraise our baseline
expectations for biodiversity conservation. We use epiphy-
tic lichens preserved on the timbers of vernacular buildings
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(fifteenth—eighteenth centuries) to reconstruct species dis-
tributions for the pre-industrial landscape, and we infer the
degree of change in epiphyte species richness compared
with a period post-1960. Epiphytes include well-developed
bioindicators for a range of industrial pollutants [14—-17];
they are sensitive to changes in woodland habitat quality
emerging from landscape management [18-20] as well
as spatial-temporal climatic variation [21-23]. Addition-
ally, epiphytes play a role in ecosystem function,
including cycling of limiting nutrients [24] and as a focal
node in forest food webs [25-27]. Focusing on the epi-
phytes of southern England provides an important
regional context; it represents a historic template of social
and economic change (industrialization) which is expand-
ing across a majority of terrestrial ecosystems. Shifts in
epiphyte biodiversity across the English industrial
boundary, therefore, provide a long-term context for
biodiversity drivers operating globally in the present-day
(cf. [28]). Detecting historic impacts on epiphyte diversity
will also provide a qualitative model for previous shifts in
ecosystem function and services [29]. Our aims were:
(i) to quantify the epiphyte shift in species richness
between the pre- and post-industrial periods, and (ii) to
infer the drivers of this change, and to set the relative
importance of these drivers within a landscape context.

2. METHODS

(a) Field sampling

We surveyed timber structures of low-status vernacular build-
ings for the presence of bark and epiphytes in three
villages across lowland England (cf. figure 2): Coggeshall
(Essex: 51.8717°N, 0.6913°E), Downton (Wiltshire:
50.993° N, 1.743° W) and Stogursey (Somerset: 51.1807°
N, 3.1413°W). The villages (study sites) were selected in
order to provide regional contrasts, in terms of climatic set-
ting, pollution regime and landscape history. Preserved
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Figure 1. Comparing biodiversity knowledge, as the known lichen species in Britain [7] (filled circles), with indicators for the
process of industrialization: domestic coal consumption (filled triangles; compiled by the former Department for Business,
Enterprise and Regulatory Reform), and urbanization, i.e. the population of Manchester (open trianlges; compiled by
Greater Manchester Metropolitan Council). Biodiversity knowledge accumulated throughout the period of industrialization
and post-industrialization; by the time industrialization has been fully effected (peak coal and patterns of demographic
change sustained), the known number of lichen species is only 63% complete relative to 2009. Considering the additional
sampling effort required to generate high-resolution biogeographic information, and the pervasive effects of industrialization
from the late eighteenth century, pre-industrial patterns of lichen epiphyte diversity are unknown.
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Figure 2. The distribution of study sites in southern England,
with regional estimates of floristic loss (block segments of cir-
cles) for lichen epiphytes, compared between the pre- and
post-industrial periods. Calculations of loss were based on
the confirmed historic occurrence of species, compared
with their expected absence derived using spatial distri-
butions in the post-industrial landscape.

bark in vernacular buildings tends to be accessible and
untreated in roofs and loft spaces [30—-32], and sampling
was targeted to buildings within each study site, with original
roof elements remaining from the eighteenth century or ear-
lier. Dating of timber structures was estimated to century
based on the style of construction (e.g. [33]) and in consul-
tation with local buildings specialists (e.g. [34]).

All visible and untreated timber elements were examined
for the presence of bark. Where necessary, bark samples
were returned to the laboratory at the Royal Botanic
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Garden Edinburgh for identification of preserved epiphytes
using standard microscopic and chemical methods [35,36].
The species of tree for each bark sample was recorded.

(b) Time-series distributional change

We aimed to compare the confirmed occurrence of a
species in the pre-industrial landscape with a statistical
estimate (likelihood) of its presence—absence in the post-
industrial landscape.
historic bark samples from across the three study sites,
we scored their presence—absence in the modern landscape
for the 10 km grid squares, which matched these localities
(cf. figure 2). Analysis was based on lichen mapping data
collated since 1960, and archived by the British Lichen
Society (University of Bradford). These datapoints for
each of the three study sites (‘centroid’) were accompanied
by a measure of the lichen species’ occurrence in consecu-
tively sized buffers, positioned at 10 km intervals, up to a
maximum buffer of 50 km (electronic supplementary
material, appendix S1). Presence—absence in centroid
grid squares was treated as a response variable, and the
proportion of grid squares occupied within each of the dif-
ferently sized buffers (spatial density of confirmed
occurrences) was treated as explanatory variables. These
response and explanatory data were combined into a
single dataset, combining all species across the three
study sites. The order of samples in the dataset was ran-
domized with respect to species and study site, and the
matrix was split into 10 subsets.

Using k-fold cross-validation, nine subsets were used to
build a generalized linear model (GLM) with a logit-link
function (implemented using the base package in R [37]).
The GLM was used to predict the likelihood of presence—
absence in the subset of samples excluded from model

For lichen species recorded on
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development. Predictive capacity was estimated for the
combined results of k-fold validation (all independent pre-
dictions) as the area under the receiver-operating
characteristic curve (area under curve, AUC) [38-40]. The
optimum predictive model was used to calculate an AUC
threshold [39]. This threshold is positioned at the model like-
lihood value that maximizes the sum of sensitivity (true
positive predictions, as a proportion of observed presences)
and specificity (true negative predictions, as a proportion of
observed absences). On this basis, comparing the confirmed
historic occurrence of a species to its predicted likelihood of
occurrence (based on present-day spatial density) yields four
outcomes:

— historic absent, present-day expected occurrence,

— historic absent, present-day expected absence,

— historic occurrence, present-day expected occurrence,
and

— historic occurrence, present-day expected absence.

Outcomes 1 and 2 are invalidated by the need to prove a
negative—it is impossible to demonstrate the absence of a
species from the historic landscape, based on its non-occur-
rence in the timber samples. However, outcomes 3 and 4 are
tractable—for example, we can definitively confirm the pres-
ence of a species within the historic landscape, and we can
match this against the statistical likelihood that the same
species is present or absent based on its post-1960 spatial dis-
tribution. Where a species occurs in the historic landscape,
and is not expected to occur within an equivalent centroid
square in the modern landscape (likelihood values < AUC
threshold), we can reasonably infer species extirpation—a
functional shift in its spatial distribution and abundance,
compared between the pre- and post-industrial time periods.
Additionally, we performed a sensitivity analysis to test the
robustness of our optimum AUC decision threshold, com-
paring the estimated magnitude of species extirpations for a
range of contrasting threshold wvalues. If the optimum
threshold is robust, we would expect little change in the out-
come across a range of thresholds either side of our optimum.

This statistical comparative approach, based on a species’
wider distribution pattern (i.e. within a 30 km buffer), was
preferred to a field search of the landscape immediately sur-
rounding each study site, and/or the direct comparison with
presence—absence in the centroid grid square. It is extremely
difficult, if not impossible, to definitively confirm the absence
of species based on the field survey [41], perhaps especially
so for diminutive lichen species. However, the method we
used is founded on a massive combined sampling effort by
members of the British Lichen Society, over a 50 year
period (greater than 1 million records). Consequently,
while it may be impossible to unequivocally confirm a
species’ absence from a given 10 km grid square, species’
wider distributions are reliably known. On this basis, we
can show with a degree of statistical certainty that a particu-
lar study site lies outside a species’ current geographical
range, in an area where an occurrence would be anomalous.
Accordingly, the occurrence on an historic building timber
(our sample of which undoubtedly represents a vanishingly
small proportion of historically available habitat) might be
taken as strong evidence for a distributional shift: the
change from a state in which that species was historically
more abundant. Alternatively, presence—absence data for a
single location (e.g. the 10 km grid square containing a
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study site) could be directly compared with the historic
record. In addition to the problems outlined above, this
direct comparison would sacrifice important information
on the ‘likelihood’ that a species might be sampled into a ver-
nacular building—we would simply know that a species
occurs within a 10 km square, without any wider distribu-
tional context, including a cross-scale link to
abundance (cf. [42—-45]). The direct comparison of pres-
ence—absence would, therefore, fail to resolve situations
where a species’ sampled occurrence from the historic land-
scape is statistically anomalous and biologically interesting,
being in an area that lies outside its known present-day
distribution.

local

(¢) Environmental drivers of change

For those species which we calculated to have under-
gone extirpation, we used their spatial distribution in
the present-day landscape to estimate sensitivity to three
landscape-scale environmental drivers: climatic setting,
pollution regime, and spatial-temporal woodland structure.
First, we summarized the present-day spatial distribution of
extirpated species, by calculating their density within buf-
fers that were spaced equidistantly across the British Isles,
and including the landscape surrounding the three study
sites (n = 63; the electronic supplementary material, appen-
dix S2). The size of buffers (30 km) matched the scale used
to optimally discriminate species presence—absence (see
§2b, above). The spatial density was standardized between
0 and 1 for individual species, and formed the response in
an ordination analysis by non-metric multi-dimensional
scaling (NMDS). Ordination was based on a Serenson dis-
tance matrix with NMDS implemented using 75 runs
with observed data, and 100 randomized trials to assess
significance (500 interations per run). Analysis was
implemented in PC-ORD v. 4.41, with default values for
the remaining parameters, and allowing a solution of up
to six dimensions [46]. An optimum significant solution
(i.e. number of dimensions) was selected to minimize
latent stress (S) and maximize stability.

Second, we compared NMDS axis scores—summarizing
patterns in the spatial density of extirpated species—to putative
environmental drivers. Modelled pollution data were derived as
3-year average values for the period 2004—2006, at a 5 km scale
downloaded from publically available datasets [47]. Three
measures of urban and industrial pollutants were used: sulphur
dioxide (SO,) concentration (g kg™ ! at 1013 hPa and 25°C),
deposition of nitrogen oxide (NO,) (kgN ha™! yr™!) and acid
deposition (keq ha™! yr™!), and three measures associated with
eutrophication from intensive agriculture: ammonia (NHs)
concentration (pugkg ' at 1013 hPa and 25°C), and deposi-
tion of reduced nitrogen (NH,) (kgNha ! yr™'), along with
total-nitrogen (N) (kg Nha~ ! yr~1). Pollution data were sum-
marized using principal components analysis (PCA), used to
reduce multiple collinear variables to a series of summary
axes. PCA was implemented using CANOCO v. 4.5 [48],
with the values for contrasting variables standardized and
centred [48,49]. PCA analysis was used to select two important
variables in explaining regional pollution trends, but which
were contrasting and weakly co-varying (see the electronic
supplementary material, appendix S3): SO, and NH,.

Climate data at a 5 km grid-square resolution were
derived from UK Met Office modelled datasets [50]: esti-
mated monthly and annual climatic averages for average,
maximum and minimum monthly temperatures (°C) and
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precipitation (mm). Estimated climate data were verified
against averages based on point data for the period 1961—
2000 at 540 and 4400 monitoring stations across Britain,
for temperature and precipitation, respectively. As with the
pollution data, climate data were summarized using PCA
(see the electronic supplementary material, appendix S4);
we selected two summary climate gradients, which were
weakly correlated and described contrasting aspects of the
regional climatic setting: mean annual temperature (°C)
and annual precipitation (mm).

Values of woodland continuity were derived from the
ancient woodland inventory (AWI: [51-53]). This included
only class la and 2a woodlands, comprising natural and
semi-natural woodland, with a continuous record of wood-
land cover since the mid-nineteenth century (‘ancient
woodland’). Sites that have been cut-over and replanted
represent a break in continuity for tree-dwelling epiphytes,
and were excluded. We calculated the per cent land area
occupied by ancient woodland.

Values for the putative explanatory environmental variables
were averaged for the 63 buffers (cf. electronic supplementary
material, appendix S2) using spatial analyst tools in ARcCMaP
v. 9.1 [54]. The values for SO, and NH,, mean annual temp-
erature (°C) and annual precipitation (mm), and class 1 and
2a ancient woodland extent were compared using ordinary
linear regression with NMDS axes. A Bonferroni correction
was used to control for multiple tests and adjust the type I
error (e = 0.05). This allowed us to select the variables that
best explained present-day patterns in the spatial density of
extirpated species; we then tested the status of the three
study sites, with respect to these selected environmental vari-
ables. We bootstrapped the values
variables (10000 resamples), using resampling with replace-
ment, where the size of the resample is #» = 63. For each
resampled set, we calculated the 95% confidence intervals.
These intervals were then used to test the difference between
the environmental settings of our three study sites, relative to
the bootstrap confidence intervals for the median of the 30 km
buffers positioned across Britain.

for environmental

3. RESULTS

Analysis of the timber artefacts yielded archaeological
records for 56 lichen species (see the electronic sup-
plementary material, appendix S5); of these, three
species recorded from pre-industrial Essex are now
extinct across the East of England: Bacidia laurocerast,
Bacidia rubella and Chaenothecopsis nigra [36]. Analysis
of timber tree species showed that elm (Ulmus spp.) is
regionally important as a building material, especially in
Somerset [31], and we therefore excluded one lichen
species from analysis (Caloplaca luteoalba), whose post-
1960 distribution has been influenced by the spread of
Dutch elm disease [36,55]. Present-day species occur-
rence in a centroid grid square was strongly predicted
by surrounding spatial density at buffers ranging in size
from 10 to 50 km (table 1). We selected the buffer with
the highest AUC score (30 km) to generate estimates of
a species’ presence—absence based on its landscape-
scale distribution. It was therefore possible to statistically
isolate species with a confirmed occurrence in the historic
landscape, but which are no longer expected to occur in
the post-industrial landscape: i.e. present-day spatial den-
sity below an AUC threshold value (figure 2). Study sites
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Table 1. Diagnostic tests for the optimisation of a GLM,
explaining species presence—absence for a 10 km grid
square (centroid), based on the density of confirmed species
occurrences at contrasting-scales within the surrounding
landscape  (cf. electronic  supplementary  material,
appendix S1). (AIC, Akaike information criterion.)

scale of model diagnostics  k-fold cross-validation
analysis

(size of AUC
buffer; km) AIC X-p AUC threshold

10 54.56 <0.0001 0.957 +£0.016 0.45
20 63.54 <0.0001 0.950 +0.016 0.43
30 56.94 <0.0001 0.959 +0.012 0.41
40 55.76  <0.0001 0.958 +0.013 0.35
50 57.313 <0.0001 0.958 +0.013 0.38

from each of the three regions show a decline in epiphyte
species richness, in the order: Essex (80%) > Somerset
(65%) > Wiltshire (35%). This decision-making frame-
work is robust to shifts in the AUC-threshold, with
consistent estimates for the magnitude of extirpation
across a wide range of values (electronic supplementary
material, appendix S6). This emphasizes the conservative
estimate of loss provided by our method. For example,
even with an extremely weak decision threshold (skewed
towards false presences), e.g. restricting an expected
present-day absence until there is <0.5 per cent likeli-
hood of occurrence, the measure of species loss remains
relatively high: Essex (57%) > Somerset (45%) >
Wiltshire (14%).

Analysis by PCA for our two multi-variate environmental
drivers—pollution regime and climatic setting—was success-
ful in reducing these complex gradients to summary
variables. The PCA for climate demonstrated that individual
temperature and pollution variables tended to be inter-
correlated, but that temperature and precipitation explain
contrasting aspects of variation in British climate space (see
the electronic supplementary material, appendix S4).
Thus, mean annual temperature (°C) and annual precipi-
tation (mm) were selected as summary climatic gradients.
For pollution, SO, and NH,, were the least correlated vari-
ables, and were associated with contrasting regimes in
pollution space (see the electronic supplementary material,
appendix S3). Concentration of SO, was correlated with
mean annual temperature (rg; = 0.611, p < 0.0001) and
annual precipitation (rg; = —0.66, p < 0.0001), with no
significant correlation between NH, and climatic variables,
or between extent of ancient woodland and any climatic or
pollution variables. However, because these variables were
regressed individually against NMDS axes (see below), the
correlation structure did not influence the subsequent
identification of explanatory variables.

The selected climate and pollution variables—along
with extent of ancient woodland—formed the basis for
explaining environmental sensitivity of extirpated species.
NMDS ordination summarizing the present-day distri-
bution/abundance of extirpated species resulted in an
optimum two-dimensional solution, with stress = 8.313,
instability < 0.00001 (p < 0.01). Axis one explained
78.4 per cent of variation in the original distance
matrix, and was significantly explained by SO, pollution,
while axis two explained 12.1 per cent of variation in the
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Figure 3. Bootstrapped values for environmental variables (30 km buffers) selected to explain the spatial density of extirpated
species in the present-day landscape (cf. table 2): (@) SO, and (b) per cent cover of ancient woodland. Values derived for each of
the three study sites (cf. figure 2) are indicated on the graphs. Dashed lines show the 95% bootstrap confidence intervals.

Table 2. Diagnostic tests for the comparison of
environmental variables (30 km buffers), with NMDS axis
scores used to summarize the present-day British
distribution (spatial density of occurrence) for extirpated
species (d.f.=61). (Using a Bonferonni correction for

multiple tests, results are significant when p < 0.01
(indicated in bold).)

NMDS axis 1 NMDS axis 2
explanatory
variables r p > P
mean temperature  0.0075 0.4671 0.0585 0.0314
mean precipitation 0.0821 0.0130 0.0018 0.2952
SO, 0.244  0.000023 0.0147 0.7486
NH, 0.006 0.4304 0.01752 0.1519
ancient woodland  0.0904 0.0125 0.1487  0.00164

original distance matrix, and was significantly explained
by the extent of ancient woodland (table 2).

Bootstrap sampling which was used to compare the
environmental status of the study sites, to values averaged
for 30 km buffers from across Britain, showed that the
regional setting with the greatest loss of epiphyte biodiver-
sity (Essex) was characterized by significantly high SO,
pollution—with pollution for study sites in Wiltshire
and Somerset lower, though also outside the 95% boot-
strap intervals (figure 3a). However, the bootstrap
sampling for ancient woodland indicated that the Wilt-
shire study site was characterized by significantly more
ancient woodland than generally observed for British
30 km buffers, along with the Essex site, while the Som-
erset study site had an approximately median value for
ancient woodland cover (figure 3b).

4. DISCUSSION

The first goal of this study was to use a novel archaeolo-
gical resource, lichens on historic timbers, to estimate
the magnitude of biodiversity loss for epiphytes between
the pre- and post-industrial periods. The fact that this
resource exists has been demonstrated previously
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[30,32], and it can be confidently assumed that preserved
lichens provide representative subsamples of epiphyte
communities that existed at the historic time-point a
tree was harvested and included within the built structure
[31]. However, the methodology described here is subject
to several caveats. First, we make the important assump-
tion that the epiphyte species preserved on historic
timbers are sampled from the local environment sur-
rounding a village. The timbers included in this analysis
date from between the fifteenth and eighteenth centuries.
Although documentary evidence for the source of timbers
used in vernacular architecture is generally lacking [56],
most materials—including timbers—used to construct
low-status buildings in this period are considered to
have come from the local environment (M. Bridge 2010,
personal communication). Documented instances of
long-distance transport of timber for building are excep-
tional [57], and we assume that large timbers were not
commonly traded during the pre-industrial period.

Second, with only three study sites, it was necessary to
amalgamate the estimate of threshold presence—absence
for all species combined. Our results depend upon a gen-
eric AUC threshold value, relevant to those lichen
species recorded from historic timbers. In reality, the like-
lihood of occurrence for a species, predicted based on its
spatial density, may be subject to interspecific variation
controlled by life-history traits such as dispersal limitation
and habitat specialization [58,59]. However, GLMs were
highly significant across the range of spatial-scales, with
AUC values indicating strong predictive ability. This can
be explained by a pattern of spatial aggregation for each
of our target lichen species (with present-day distributions
skewed away from the study sites), underpinning the utility
of this method as a statistically robust way of estimating a
species’ presence—absence when combined with a heavily
sampled floristic dataset. While it may be very difficult to
predict the presence—absence of a species for an individual
grid square, the general distribution of lichens in the
British Isles is reliably known, and estimates based on
these spatially aggregated larger-scale patterns provide a
robust method for comparing confirmed historic presences
with post-industrial distributions.
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On the basis of statistical likelihoods for present-day
absence, we estimated that greater than or equal to 80 per
cent of pre-industrial epiphyte diversity may have become
locally extinct from the landscape in the southeast of Eng-
land. This figure varied regionally in our study between 80
and 35 per cent, and these estimates of loss bring into
sharp question assessments of biodiversity status developed
using post-industrial data. The importance of this result is
highlighted by the debate surrounding the environmental
Kuznets curve (EKC) hypothesis [60,61]. Based on inter-
region comparison, the EKC predicts that beyond a
threshold level of per capita wealth, the threat to habitats
and/or species decreases as socio-economic forces undergo
‘ecological modernization’ and become environmentally pro-
gressive [62—65]. Notwithstanding criticism levelled at the
socio-economic basis of the EKC [61,66,67], our study high-
lights a further critical flaw: correlating biodiversity threat
with per capita wealth for a single time-period hides the fact
that economically developed regions may have suffered an
historic massive loss of species in attaining wealth, therefore
invalidating straightforward spatial comparisons. This is an
example of the wider problem of shifting base-lines [12]:
i.e. the elements of biodiversity that are used to inform con-
servation policy may be a recalcitrant subset of those that
existed during a pre-industrial period, and, given as a base-
line, extant species will be relatively easily protected for
those economies that have already industrialized.

Our second goal was to infer the possible drivers of
species extirpation. Pollution is expected to be the most
significant large-scale driver of biodiversity change between
the pre- and post-industrial periods [68], though the tran-
sition also encompasses the end of the Little Ice Age
[69,70] and a period of changed countryside management,
including commercial planting into ancient and tradition-
ally managed woodlands [71,72]. Individual variables
included within measures of climatic setting or pollution
regime often covary across a range of scales, and it can
be difficult to use regression techniques to isolate the
effect of many competing and correlated explanatory vari-
ables. To overcome this problem, we reduced each suit of
potential explanatory variables, describing pollution and
climate, to a set of weakly correlated variables. We tested
these against the present-day distribution of those species,
which had been extirpated, to identify a signature for
species sensitivity. However, we assumed that spatial pat-
terns in SO, averaged for the period 2004-2006 are
highly correlated with the spatial pattern that existed
during the most severe period of SO, pollution, even
though absolute values have since declined to a point
allowing early signs of lichen recovery [68,73]. This is sup-
ported by the highly significant correlation between SO,
concentrations for 1987, and those for the period 2004—
2006 (see the electronic supplementary material, appendix
S3). On this basis, post-1960 lichen distribution patterns
that continue to reflect the severe effects of SO, pollution
can be modelled against present-day concentrations of SO,.

The spatial distribution of extirpated species pointed to a
sensitivity to SO, pollution, implying the strong impact of
this pollutant on epiphytes between the pre- and post-indus-
trial periods. The target region inferred to have lost the most
species—Essex—had outlying values at the extreme upper-
end of SO, pollution. This is entirely consistent with
previous work demonstrating the severe damaging effect of
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SO, on lichen distributions in Britain [14,15], though sub-
ject to the emerging importance of N-pollution in modifying
lichen epiphyte distribution/abundance [16,74]. This result
also suggests that the loss of species richness should not be
alternatively interpreted as temporal species turnover, caus-
ing an ‘apparent decline’: i.e. our interpretation is supported
by the fact that patterns in lichen species richness show a
general decline from a relatively clean-air environment
(e.g. rural northern Britain) towards the industrialized
regions of England [68,75]. However, our results also
point to the potential interaction between pollution impacts
and habitat quality (extent of ancient woodland). This inter-
action may modify the direct effect of pollution, leading to
regional variability in biodiversity loss (see also [17,76]).
Thus, Wiltshire suffered a greater SO, pollution load than
Somerset, but with fewer extirpated species. This might be
explained by the buffering effect of ancient woodland in
low to moderate pollution regimes (Wiltshire has high
values for ancient woodland, including the neighbouring
Hampshire New Forest), scenarios where local habitat qual-
ity is expected to offset the negative effect of pollution on
epiphytes.

In summary, we have provided a novel quantification
for the extent of epiphyte floristic loss between the pre-
and post-industrial periods, for a region that went
through an early period of industrialization. Our evidence
using epiphytes provides high-resolution taxonomic data
that extends ‘long-term’ ecological datasets by several
centuries (e.g. [8]). It adds an archaeological perspective
to palaeoecological studies that have strongly argued for a
longer-term framework when developing biodiversity
‘baselines’ and conservation strategy [77—79]. Drawing
on the sensitivity of lichen epiphytes to environmental set-
ting, our results invoke a multiplicity of factors underlying
landscape variation in species extirpation during industrial-
ization—pollution regime, in combination with changes in
habitat quality accompanying an intensification of rural
land-use. The magnitude of biodiversity loss provides an
important context when directing concern towards develop-
ing countries, which may occupy regions of high global
diversity. We question whether, to maintain parity when
seeking to mitigate biodiversity impacts in other nations (tro-
pical developing countries), and when faced with massive
regional biodiversity loss suffered during the English indus-
trial revolution, it should be necessary to reconsider UK
baselines for biodiversity conservation and environmental
recovery with respect to pre-industrial conditions.
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