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Taxonomic survey compared to ecological sampling: are the results
consistent for woodland epiphytes?

C. J. ELLIS and B. J. COPPINS

Abstract: Field survey by a taxonomist or specialist biologist (‘taxonomic survey’) provides a
comprehensive inventory of species in a habitat. Common and conspicuous species are rapidly
recorded and search effort can be targeted to inconspicuous or rare species. However, the subjective
nature of taxonomic survey limits its usefulness in ecological monitoring and analysis. In contrast,
‘ecological sampling’, focused on the standardized use of repeated sub-units such as quadrats,
is designed to quantify the observational error of results, allowing for more robust statistical treatment.
Nevertheless, the spatial extent of recording will be lower during ecological sampling, and rarities might
be missed. Despite their differences, these two approaches are often assumed to be congruent for
decision making. Taxonomic survey is commonly used to identify priority sites for conservation
(including species-rich sites, or those with many rare/threatened species) while ecological sampling is
used to design conservation strategy by relating species richness or composition to habitat dynamics. If
these contrasting approaches are indeed congruent, then trends in species richness and community
composition, detected by ecological sampling, will mirror the results of taxonomic survey so that
management confidently protects the attributes for which a site was prioritized. This study performed
both taxonomic survey and ecological sampling for lichen epiphytes in 13 woodland study sites in
Scotland. To understand the procedure of taxonomic survey, fieldwork by a professional taxonomist
was structured by effort into 15-minute time intervals. As expected, taxonomic survey discovered more
species per site, while ecological sampling (allowing a measure of species frequency) resolved greater
variation in community composition. However, the patterns of richness and species composition
obtained from the different methods were correlated, suggesting an overall high degree of congruence
in identifying and then managing priority sites. Furthermore, when exploring the taxonomic survey in
detail, we found that a minimum effort of 45 minutes was required to accurately determine species
richness differences among contrasting woodland sites.
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Introduction

Conservation valuation often uses species
data to recognize ‘biodiversity hotspots’ with
concentrated species richness (Reid 1998;
Myers et al. 2000). The recognition of
hotspots also incorporates conservation
priorities; for example within the UK, local-
ities important for lichens have been selected
for protection as Sites of Special Scientific
Interest based on the numbers of nationally
rare and scarce species (Hodgetts 1992). For
each of these metrics (richness/endemism, or
threat status), accuracy depends on the level

of expertise that is employed in generating
species occurrence and distributional data
(Ahrends et al. 2011). A gold standard in
generating species data is habitat survey by an
expertly-trained professional taxonomist or
specialist field biologist. By collating the
results of this high quality ‘taxonomic survey’
over time, and across different sites in the
region of interest, biogeographical patterns
will emerge and metrics such as species rarity
can be assessed. Nevertheless, the behaviour
of taxonomic surveyors can be idiosyncratic,
causing bias. On a larger landscape-scale this
includes the spatial effect of the taxonomists’
home or work location (Moerman & Estab-
rook 2006), ease of access to survey sites
(Kadmon et al. 2004), combined with a
preference for examining localities of known
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or perceived richness (Dennis & Thomas
2000). On smaller ecological scales, for
example in recording stands or large plots,
subjectivity in taxonomic survey work makes
ecological inference highly problematic
because the variability in results generated
by different surveyors (observational error)
can swamp the variance related to an
environmental signal (Archaux et al. 2006,
2009).
For these reasons, ‘ecological sampling’

tends to employ a standardized repeated sub-
sampling regime (Kent & Coker 1992; Kent
2012). By focusing measurements across
multiple small-scale units (e.g. points or
quadrats), sub-sampling can more effectively
quantify and reduce the observational error
for species abundance or frequency in a habi-
tat, compared to visual assessments made at a
larger scale (Sykes et al. 1983; Vittoz et al.
2010). However, ecological sampling comes
with costs and there are important trade-offs
between the survey and sub-sampling
approaches (McCune & Lesica 1992). Eco-
logical sampling typically records species
over a lower spatial area per unit time.
Standard models for species abundance lead
to the expectation that species with low
abundance/frequency will remain hidden
beyond a ‘veil line’ (Preston 1948; Magurran
2004); rarer but potentially important species
in a habitat are likely to go unrecorded when
using sub-samples (Gray & Azuma 2005;
Vittoz & Guisan 2007). Despite the weak
detection of rare species, richness values
estimated over multiple small quadrats can be
more consistent among observers, with less
bias, than for larger plots (Archaux et al.
2007).
Considering their attributes, there are

clearly important differences in the benefits
and costs of taxonomic survey and ecological
sampling. If the aim is for as complete a spe-
cies list as possible in a site, taxonomic survey
is suited to provide this as a qualitative
inventory. A taxonomic expert will quickly
record common and conspicuous species
and will be able to spend time purposefully
locating inconspicuous or rare species, in
order to produce a comprehensive list. Eco-
logical sampling will record fewer species but

can better quantify and reduce observational
error in the occurrence, abundance/frequency
or richness of species, when relating these to
environmental controls. While taxonomic
survey aims to identify the sites in a landscape
that are important to conserve (Reid 1998;
Myers et al. 2000), ecological sampling aims
to provide information on how habitat con-
servation might be designed, through an
understanding of the relationship between
community richness and composition, and
habitat dynamics (Jüriado et al. 2009; Leppik
et al. 2011). Given these complementary aims,
it is important that information provided by
each method is indeed congruent; ecological
sampling used to understand habitat man-
agement should be detecting and explaining
the same trends in species richness, composi-
tion and site conservation status revealed by
taxonomic survey. Alternatively, one might
propose a relationship in which taxonomic
survey captures common through to rarer
species, with ecological sampling skewed only
towards common species, disrupting the
congruence between these methods. This
paper directly compares the results of taxo-
nomic survey and ecological sampling among
13 contrasting woodland sites, to investigate
the degree of congruence between the two
approaches. We compared epiphyte richness
and species composition among taxonomic
survey and ecological sampling methods,
using species accumulation curves to reduce
bias in survey/sampling effort (survey time,
or number of trees sampled per stand). We
ask the following questions: (1) to what
extent do species richness estimates match
(in absolute terms) or correlate between
taxonomic survey and ecological sampling,
either as raw values or with reduced bias for
survey/sampling effort using accumulation
curves, (2) do patterns in community
composition derived from taxonomic survey
(species presence-absence) map onto those
derived from ecological sampling (frequency
values) and (3) given recent interest in
time-to-detection as a proxy for a species’
frequency (Bornard et al. 2014), is there a
relationship between the time-to-detection
during taxonomic survey, and species freq-
uency estimated using ecological sampling?
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These questions are also caveated by
investigating the predictive accuracy of
taxonomic survey, when estimating ‘total
richness’ for a circumscribed woodland stand.
We ask, for example, whether the raw number
of species observed is an exact measure of, or
direct linear function of, total species richness
estimated using species accumulation curves,
which would imply consistency in survey
outcome acrossmultiple sites with contrasting
attributes.

Methods

Study sites
Thirteen study sites were selected to include a range

of woodland types broadly representative of semi-natural
habitats in present-day Scotland, positioned over major
gradients of environmental variation (Fig. 1). The sites
varied in terms of their climate and tree species compo-
sition, ranging structurally from ancient woodlands with
old-growth characteristics (e.g. sites 9 & 10, Glen Affric
& Glen Loy) through to regenerated secondary wood-
land (e.g. site 6, Coulmony), and from situations with a
continuous or gladed canopy to parkland-type or way-
side systems (e.g. site 13, Taynish Compartment 5). Site
survey/sampling was limited to a single structurally
homogenous stand of c. 0·25 ha. For continuous canopy
woodland these were interior situations (no edge effects),

and for all selected stands there was freedom of move-
ment without a dense understorey layer, and with field-
work conducted on dry days.

Taxonomic survey
Having circumscribed the boundaries of a discrete

woodland stand at each site, a lichen taxonomist (BJC)
aimed to record all epiphytic lichen species, defined
in a broad sense; corticolous species on the visible range
of tree boles, shrubs and sampled from branches/
twigs including debris. The duration of the survey
was divided into 15-minute intervals, allowing the
accumulation of species to be plotted against survey
effort measured as consecutive time-intervals. Lichen
recording stopped when the taxonomist considered the
species survey to be complete, but with a minimum
duration of 60 minutes.

Two values of species richness were calculated per
stand. First, the observed number of species recorded
by the taxonomist when the survey was considered
completed. Second, the value of species richness esti-
mated at the asymptote for each stand, which was
derived by fitting an accumulation curve to the increase
in species richness over the duration of the survey, using
a three-parameter rational function (Tjørve 2003;
Dengler 2009):

y= 1 + axð Þ = b + cxð Þ (Eq. 1)

Where y is the dependent variable (species richness),
x is the independent variable (survey effort in 15-minute
intervals), and a, b and c are constants. The rational

1. Bell Wood (55.862°N; 2.524°W): birchwood, 901 mm, 1.9 °C
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3. Findhorn, Dulsie Bridge 1 (57.446°N; 3.783°W): hazelwood, 855 mm, 1.8 °C

13. Taynish 2, Compartment 5 (55.989°N; 5.648°W): wayside sycamore, 1560 mm, 4.8 °C
12. Taynish 1, Bar Mor (56.003°N; 5.638°W): oakwood, 1560 mm, 4.8 °C
11. Lost Valley (56.657°N; 4.99°W): birchwood, 2890 mm, 0.4 °C
10. Glen Loy (56.911°N; 5.128°W): pinewood, 2310 mm, 0.5 °C
9. Glen Affric (57.302°N; 4.891°W): birchwood, 1365 mm, 1.7 °C
8. Dundonnell (57.836°N; 5.185°W): wayside oak, 1945 mm, 1.9 °C
7. Inverfarigaig (57.279°N; 4.446°W): riparian ashwood, 950 mm, 2.7 °C
6. Findhorn, Coulmony (57.514°N; 3.726°W): birchwood, 777 mm, 2.6 °C
5. Findhorn, Glen Ferness (57.469°N; 3.779°W): aspen stand, 855 mm, 1.8 °C
4. Findhorn, Dulsie Bridge 2 (57.445°N; 3.784°W): riparian alder, 855 mm, 1.8 °C

2. Kinara (57.166°N; 3.848°W): salix-alder carr, 831 mm, 1.7 °C

FIG. 1. Thirteen study sites selected for the comparison between taxonomic survey and ecological sampling of
lichen epiphytes. Latitude and longitude are given in parentheses, followed by the dominant tree species, mean
annual precipitation and minimum mean temperature for the coldest month using baseline climate data at a 5 km

scale (1961–2006).
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function describes a hyperbolic (asymptotic) curve
assuming therefore that accumulation of species richness
during a survey will, on average, be rapid initially and
decrease over consecutive time-intervals. Species rich-
ness is thus expected to reach the asymptote, at which no
further species are detected despite additional survey
effort (all species are recorded for the stand). This ‘total
richness’ might be directly quantified as a series of con-
secutive intervals during which no new species are
recorded (in which case the asymptote will be fitted to
observed data), or else inferred by extrapolating the fitted
curve to the asymptote, reflecting an estimate based on
the trend in species accumulation for the observed data.
Rational functions were fitted using SigmaPlot v. 11
(Systat 2010).

The procedure of taxonomic survey was investigated
by correlating the observed species richness values per
stand with the estimated total richness at the asymptote,
to explore deviance in potentially unrecorded species.
Assuming species accumulation is robustly described
using the asymptotic curve-fitting then the following
example trends may be detected. First, the survey may
stop consistently within the asymptote, based on multi-
ple intervals that yield no new species, and with observed
richness equivalent to and providing a direct measure of
estimated total richness. Second, if a consistent stopping
rule is exerted once the discovery of new species falls
below an absolute threshold (i.e. fewer than x species
per time-interval), then observed species richness may
correlate with, yet be uniformly lower in absolute terms
than, estimated total richness (corresponding to a
linear correction factor). Third, a stopping rule may be
consistently applied but in relative terms (i.e. at a given
percent increase in recorded species, relative to the
rate of addition over prior time-intervals) so that
observed species richness correlates with, but is non-
uniformly related to, absolute values of estimated
total richness (corresponding to a non-linear correction
factor). Fourth, the observed species richness may be
uncorrelated with estimated total richness, corresponding
to a stochastic and unpredictable stopping rule for the
surveyor.

We also correlated the values of species richness for a
given survey effort with values at the asymptote for each
stand, to identify the minimum survey effort required to
accurately differentiate between the stands in terms of
their estimated total richness.

Ecological sampling
Ecological sampling was carried out by an ecologist

(CJE). Sampling proceeded from a point in the centre of
the stand, and following a randomized compass bearing
the first tree encountered was sampled. The lichen epi-
phyte community was sampled from the bark surface of
the tree bole as presence-absence in a 7 × 7 cm quadrat;
this quadrat size made it possible to sample smaller trees,
and enabled the number of quadrats to scale more
easily with the girth of the tree, so that sampling effort
could be correlated with habitat area (product-moment
r = 0·851; P<0·0001, with 108 df.). Quadrats were

positioned randomly on the tree bole with respect to
aspect and height between 30 and 175 cm, using a series
of constrained random numbers (corresponding to
potential aspect and height positions). Having sampled a
tree, further random compass bearings were followed,
sampling from tree to tree. The ecological sampling was
subject to a time constraint matching approximately
that of taxonomic survey, by allowing the completion
of sampling for a tree when the taxonomist declared
the survey to be complete. In practice this lasted for a
maximum of c. 1 h beyond the duration of the taxonomic
survey.

Two species richness values were calculated for
ecological sampling. First, the raw number of species
recorded across all the quadrats per stand. Second,
richness values were corrected for sampling effort
(number of trees) by resampling an accumulation curve
(Ellis & Ellis 2013). To do this, a list of lichen epiphyte
species per tree was derived from the sampled quadrats.
The richness of species per stand was then accumulated
among consecutive trees, with randomized resampling
100 times. Species richness at the asymptote was derived
by fitting a three-parameter rational function to recon-
struct a hyperbolic asymptotic curve (Eq. 1, above). To
build confidence in this method, the results from the
species accumulation curves were compared to six
alternative estimators for total species richness that seek
to account for unsampled species, calculated in Esti-
mateS v. 9.1 (Colwell 2013): extrapolation of Colwell
et al.’s (2012) species accumulation curve, a Michaelis-
Menten richness estimator (Raaijmakers 1987), Chao 2
(Chao 1987), the incidence-based coverage estimator,
ICE (Chazdon et al. 1998) and Jackknife 1 & 2 (Heltshe
& Forrestor 1983; Smith & van Belle 1984), each with
100 randomizations to estimate 95% confidence
intervals.

Observer bias and herbarium examination
It was our aim to explore how methodological differ-

ences between taxonomic survey and ecological
sampling affected information on species richness and
composition and, in order to do so, to minimize the
potential for observer bias that was unrelated to the
method used.

Thus, the two fieldworkers (BJC & CJE) might be
expected to have contrasting abilities to find and identify
obscure or cryptic species, and/or may apply a divergent
and unequal search effort towards species with certain
attributes. We note, however, that the less constrained
survey method, which is potentially the most open to
observer bias, was undertaken by the more experienced
fieldworker (BJC) who has >40 years’ experience
recording lichens in Scotland, and is a UK taxonomic
authority (Coppins et al. 2002; Smith et al. 2009).
Nevertheless, the survey approach did include the rou-
tine collection of specimens for herbarium examination
which, based on experience, would be injudicious to
identify in the field. Furthermore, an experienced
researcher (c. 10 years’ field experience recording
lichens in Scotland) was responsible for the quadrat
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sampling (CJE) which focused the search effort into a far
smaller area, so that when thoroughly examined with a
hand-lens (combined with speculative sampling of bark
crevices etc), minimized the chance of species being
overlooked. In practice, field identification during
quadrat sampling was limited to species that can be
easily named in the field using current British concepts
(e.g. Evernia prunastri, Hypogymnia physodes, Ramalina
farinacea etc.), with a majority of the morphological
variability encountered in a given quadrat (e.g. sterile
crusts) routinely sampled for herbarium examination.

Species for herbarium examination were identified
using light microscopy, chemical spot tests and thin-
layer chromatography (Orange et al. 2001). Unless
otherwise stated, nomenclature follows Smith et al.
(2009) and concepts were standardized through the
discussion of all taxonomic entities (field identified, or
sampled) between BJC and CJE.

Statistical analysis
To compare trends in species richness we used the

root-mean-square error (RMSE) to measure deviation
in estimated richness values between the taxonomic
survey and the ecological sampling, for their raw data
and asymptotic values. To estimate nestedness between
the taxonomic survey and ecological sampling, we also
calculated the number of unique species that were not
recorded by the alternative method.

We tested whether the time-to-detection during
taxonomic survey is a proxy for species frequency
measured using ecological sampling. Frequency values
were transformed to normality using an arcsine-square-
root-transformation and compared to the time-interval
during which a species was recorded, using an unba-
lanced ANOVA with site identity as a blocking effect
(calculated using the base statistical package in R
(2013)). Data were presented as box plots and averaged
as the mean frequency values per time-interval among
stands.

Trends in species composition were based on species
presence-absence for the taxonomic survey, and to
provide an appropriate contrast were based on frequency
of occurrence for the ecological sampling. In each
case, ordination by nonmetric multidimensional
scaling (NMDS) used the Sørenson’s (Bray-Curtis)
dissimilarity metric to construct a pairwise distance
matrix among the stands (McCune & Grace 2002).
An optimumNMDS solution was identified in PC-ORD
v.6 (McCune & Mefford 2011), based on 250 separate
runs for one to six axes with up to 500 iterations,
and selecting the solution which minimized instability
assessed over 100 runs (with an instability criterion of
0·00001), minimized stress, and maximized significance
against a permutation test with 250 randomizations
(McCune & Grace 2002; McCune & Mefford 2011).
The congruence in species composition, when
compared between the survey and sampling methods,
was examined using a pairwise correlation of their
respective ordination scores (Pearson’s product-
moment r, implemented using the base statistical
package in R (2013)).

Results

The taxonomic survey recorded a total of 281
species across the 13 woodland stands
(Supplementary material, available online).
The mean richness value was 67, varying
between 45 (Bell Wood) and 94 (Compart-
ment 5, Taynish). The rate at which species
were added during taxonomic survey declined
with increased survey effort (Fig. 2A). Accu-
mulation curves plotted to describe the rate of
species addition were all highly significant, in
all cases adjusted-r2>0·99 and P<0·0001
(Fig. 2B), suggesting that curve-fitting using
the hyperbolic rational function provided a
reasonable estimate for total species richness
at the asymptote. The estimated richness at
the asymptote was higher than, though
strongly correlated with, the observed value of
species richness (Fig. 2C). However, the
number of potential unrecorded species
increased with the estimated total richness,
suggesting that a stopping rule applied during
taxonomic survey will meet the requirement
of a non-linear correction factor. With
exhaustive survey effort, between 8 and 52
additional species may have been recorded
from individual stands during taxonomic
survey (for Bell Wood and Glen Loy, respec-
tively), representing an increase of 17·8% and
55·3% over the observed richness values.
Comparing the number of species recorded
for a given survey effort with the estimated
total richness at an asymptote, we can con-
clude that a survey effort of 45 minutes (three
consecutive 15-minute intervals) appeared to
be the minimum required to accurately
determine richness differences among the
woodland stands (Fig. 2D). A survey effort
that is shorter than 45 minutes remained in a
phase of rapid species accumulation, when
data recording was saturated. Differences in
species richness will be poorly resolved until
the survey leaves the point at which additional
species are continuously being recorded and
an effort to discern rarer niche-specialist spe-
cies starts to reveal trends among the different
stands.

Ecological sampling recorded 175 species
across the woodland stands (Supplementary
material, available online) and, comparing the
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raw species richness values for the alternative
methods, the taxonomic survey consistently
recorded more species per stand than ecolo-
gical sampling over an equivalent time period
(Fig. 3A). However, the ecological sampling
results were not simply a nested subset of the
species found by taxonomic survey. The use of
quadrats detected unique species across each
of the stands, though this was highly variable
and ranged from 2 to 17 species not detected
by the taxonomic survey (Fig. 3B). On average,
the number of species uniquely recorded by
ecological sampling was 18·2% of the number

of unique species recorded by taxonomic sur-
vey (varying from 5·1% to 43·5%). Assuming
the asymptote of the taxonomic survey is the
expected total number of species in a stand
(Fig. 2B), then the estimation of species rich-
ness by ecological sampling was improved by
c. 30% when using multiple randomizations to
accumulate samples between trees, and extra-
polating to the asymptote, compared to species
richness sampled from the quadrat data alone
(Fig. 3C) (i.e. generating a lower root-mean-
square error (RMSE)). These estimates, which
were made using a rational function (Fig. 4),
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fell within a broad range for alternative species
richness metrics (Fig. 5). Values tended to be
slightly lower, at relatively higher richness
values, than estimates made using Colwell
et al.’s (2012) accumulation curve, Chao 2 or
Jackknife 1, yet tended to be higher at these
same values than for the Michaelis-Menten
estimator, whilematching closely across a range
of richness values with ICE and Jackknife 2.

Ordination by nonmetric multidimensional
scaling (NMDS)was used to compare patterns

of community composition derived from
taxonomic survey (species presence-absence
in a stand) and ecological sampling (species
frequency values). Taxonomic survey gene-
rated a statistically significant NMDS solution
(instability<0·00001, stress = 9·7, P<0·005)
with two axes (variation for axis one = 65·7%,
axis two = 21·4%, cumulative = 87·2%). Eco-
logical sampling generated a statistically signi-
ficant NMDS solution (instability<0·00001,
stress = 6·04, P<0·01) that had three
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orthogonal axes (variation for axis one =
56·1%, axis two = 14·5%, axis three =15·6%,
cumulative = 87·2%). Site scores along
NMDS axis one for the taxonomic survey were
significantly correlatedwith their equivalent site
scores for the ecological sampling (Fig. 6), and
this was also the case for NMDS axis two

scores. However, a thirdNMDS axis recovered
for the ecological sampling appeared unique,
and was not correlated with site scores for
either axis one or two of the taxonomic
survey.

Finally, there appeared to be a relationship
between the time-interval in which a species
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FIG. 5. Comparison of estimated species richness at an asymptote for species accumulation curves employed in this
study (cf. Fig. 4) with six alternative estimators popularly applied in the diversity literature. Lines of equality shown

as dashed lines.

FIG. 4. Resampled species accumulation based on quadrat sub-sampling for the 13 woodland stands (cf. Fig. 1), fitted
with a three-parameter rational function to describe an asymptotic curve. In all cases adjusted-r2 = 0·99 with P<0·00001.
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was recorded during taxonomic survey and
its frequency in the stand estimated by eco-
logical sampling (Fig. 7: tested by ANOVA,
F = 6·94, P<0·0001, with 338 df). This was
not a straightforward relationship however.
Although the mean frequency of a species
recorded during the first 15-minute interval
was higher on average than at later intervals,
there was a very large spread of frequency
values for species recorded during the first
interval. This suggests that uncommon
species were recorded alongside the most
frequent species early in the survey. Never-
theless, the species recorded during later
intervals tended to have lower maximum fre-
quencies, suggesting that the most common
species (and some rarities) were recorded
earlier during a survey, and that later time
intervals were mostly detecting species with
low frequencies.

Discussion

The study asked whether results generated
for the different purposes of taxonomic sur-
vey and ecological sampling are congruent
for decision making in conservation. This is
explored below through the comparison of
trends in community richness and composi-
tion, within the context of potential
subjectivity (human behaviour) during the
taxonomic survey.

There was a positive relationship between
the numbers of species recorded by taxonomic
survey and ecological sampling. Estimates
from ecological sampling were always lower
than, but more closely approached, the
values for taxonomic survey when processed to
control for sampling effort (e.g. by using
resampling with asymptotic curves). Thus,
while ecological sampling detects fewer species
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than taxonomic survey (McCune & Lesica
1992), when it is used to explain trends in
species richness observed among the wood-
land stands in Scotland it can be considered
congruent with the more complete values of
epiphytic richness described using taxonomic
survey. This is not an inevitable result given
that quadrat sub-sampling was limited to the
lower tree bole (up to a summed quadrat area
of just 0·23m2 for the most heavily sampled
stand (Glen Loy)) and represented a small
amount of habitat space compared to taxo-
nomic survey applied across the visible range
of all tree boles, as well as accessible and fallen
branches/twigs. The result implies a strong
dependency between ecological scales so
that local richness (sub-sampled on the tree
bole) is somehow linked to a species pool of
potential colonists operating at the stand-scale
(Pärtel et al. 1996).
Despite the severely limited spatial extent

of recording, the focused use of quadrats
successfully located a small number of
species that had gone unnoticed by the
taxonomist surveyor, though these species
typically had two properties. Either they
were inconspicuous, such as Jamesiella
anastomosans, Halecania viridescens, or
Japewia subaurifera, or else, if they were more
obvious, such as Parmelia sulcata or Ramalina
farinacea, they occurred at very low
frequencies in the woodland stand. This is
consistent with a pattern of non-detection
observed for vascular plants based on a
combination of species characteristics and
abundance (Vittoz & Guisan 2007; Milberg
et al. 2008; Chen et al. 2013). There were also
a small number of instances when some of
the most common macrolichen species went
unrecorded during taxonomic survey, possi-
bly reflecting a tendency to overlook the
commonly recorded and/or a human instinct
to filter out early in a search the most obvious
‘background’ species, in order to better
detect nested patterns that can locate
diminutive and infrequent rarities. Many of
the difficult to locate species unique to the
ecological sampling were recorded because
bark material from within each quadrat was
routinely collected and screened under a
dissecting microscope in the herbarium.

While habitat conservation should be a
priority, this result nevertheless highlights the
potential importance of a limited though
speculative sub-sampling of different bark
microhabitats, purely for microscopic exam-
ination, in order to locate diminutive species
that might be easily overlooked under
field conditions. The degree to which this is
valuable will be context-specific. Familiarity
with local diversity can be a critical factor in
explaining the number of species detected
and identified by surveyors (McCune et al.
1997; Archaux et al. 2009), and in Scotland
the use of quadrat sampling led to marginal
gains. In tropical habitats, however, where
lichen species are less well known, the use
of quadrat sampling can improve species
detection over general survey methods
(Cáceres et al. 2008).
The results also provided a tentative insight

into the strategy employed by a single
taxonomist during survey work, while
acknowledging that there will be variability
among different taxonomist surveyors
(Vondrák et al. 2016). Although species
recording was not exhaustive during a survey,
because none of the species accumulation
curves plateau within the allotted time-
intervals (Fig. 2B), the decision to stop was
always sufficiently delayed until a point at
which each survey had begun to yield a poor
return in new recorded species. Typically, this
occurred when an average of 2·8 new species
had been recorded during the final 15-minute
interval, following 4·5 new species in the
penultimate interval, consistent with a law
of diminishing returns. Different surveyors
follow subtly different patterns in this respect
(Vondrák et al. 2016). Thus, surveys standar-
dized by a maximum time per unit area may
not represent a useful control method if indi-
vidual surveyors are idiosyncratic in accumu-
lating lists at different rates (Archaux et al.
2006) and applying different stopping rules
(Klimeš et al. 2001). For the single surveyor in
this study, the correlation between observed
and expected total species richness was not
linearly related to a line of equity, and surveys
appear to have ceased relatively early for
stands where time constraints to achieve an
exhaustive species list were the most severe.
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For example, this is the case for Glen Loy
(site 10, Fig. 1), when a single species
recorded during the final 15-minute interval
(Micarea xanthonica) followed a relatively long
and mentally-tiring survey regime in a com-
plex stand (105 minutes). Previous studies
have identified mental tiredness as a limiting
factor (Archaux et al. 2009) and this may have
prompted an end to the survey, despite the
relatively high accumulation of species during
the preceding two 15-minute intervals (nine
and seven species, respectively). However, in
such cases an informed decision might also
have been taken to cease recording, for
example because all contrasting microhabitats
were known to have been examined, with
the strong expectation for none or very few
records during additional recording intervals.
False discrepancies may therefore arise
between observed and expected total richness
because aspects of logical forward-thinking
were not incorporated into the curve-fitting
applied to our sampled data which were
used to predict the asymptote. Similarly,
taxonomic survey often aims to be realistically
comprehensive, rather than exhaustive, and
once a woodland stand is felt to have been
contextualized in terms of species richness
and composition, additional work represents
an incremental gain that may be maximized
by a future visit when physically and mentally
refreshed.

In terms of species composition, the
greater information content provided by
ecological sampling of abundance or fre-
quency data revealed community patterns
undetected by taxonomic survey (presence-
absence data) when estimated as the higher
number of statistically significant orthogonal
ordination axes. However, individual sites
received similar ordination scores in relation
to one another suggesting that summary
differences in terms of species composition
are highly likely to be congruent (r values for
the comparison of site scores along NMDS
axes one and two>0·9) when compared
between the taxonomic survey and ecological
sampling. This is consistent with the ability
of structured survey data to reveal grad-
ients in epiphyte community composition
among sites (McCune et al. 1997), and the

distribution of sites included here (Fig. 1)
will capture the already well-established
effect on lichen composition of major
biogeographical gradients such as for climate
(western oceanic to eastern continental sites)
as well as woodland structure (Ellis et al.
2015). We also found that time-to-detection
in taxonomic survey was statistically related
to, but did not provide an entirely reliable
proxy for, a species’ frequency. This is
because the behaviour of a taxonomist sur-
veyor was not random. Conversations on this
topic when preparing this paper suggested
that a typical mode of operation during
fieldwork was as follows: 1) start with one
discrete habitat (in this case a tree species)
and record until exhausted, 2) move to
another habitat (e.g. structures such as
branches, or an alternative tree species), and
so on through the survey, 3) towards com-
pletion, re-walk the woodland stand looking
for ‘rare niches’ that may have been missed,
or make a special effort to find inconspicuous
species which it is felt ought to be present.
This selective surveying can explain the
apparent spike in species frequencies at
later time-intervals (Fig. 7) because a final
re-evaluation of the stand can lead to
overlooked assemblages. This behaviour
would tend to favour comprehensive inven-
tory, rather than reconstruction of species
frequency patterns.

Finally, the methods employed by our
study required that taxonomic survey work
take on a quantitative character, in order to
compare species richness for a timed effort.
This represents a greater control over lichen
taxonomic survey than is normal and can
lead to improved spatial or temporal com-
parisons relevant to conservation planning
(Hunter & Webb 2001). However, there are
limits to which these constraints may be
beneficial. In terms of species richness, there
is evidence from vascular plant survey to
suggest that error rates among observers
might increase asmethods become constrained
to smaller sub-sampled units (Klimeš et al.
2001; Archaux et al. 2007; Vittoz & Guisan
2007), possibly because infrequent or ambig-
uous specimens that are young, damaged or
otherwise atypical cannot be confirmed
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through wider search effort and so are
misidentified or discounted. The potential
for misidentifications to drive differences
between taxonomic survey and ecological
sampling (Scott & Hallam 2002) was not
addressed by our study though we expect
this effect to be minimal. Specimens were
extensively discussed between the taxonomist
and ecologist to purposefully standardize for
species concepts. As a more general point,
however, it has been suggested that DNA
barcoding offers the potential to standardize
and improve the accuracy of species detection
in vegetation survey (Thompson & New-
master 2014). However, while DNA barcod-
ing for lichens might improve standards in
identification of sampled specimens (Kelly
et al. 2011), a limiting step remains the
expertise to recognize and sample different
species under field conditions (McCune et al.
1997; Giordani et al. 2009). This process of
detection has to happen prior to the applica-
tion of a species name, either based on
morphology or confirmed using DNA
barcoding, and will remain dependent on
taxonomic expertise and field skills.

The study was carried out in contribution to the Scottish
Government’s Strategic Research Programme and we
thank Scottish Natural Heritage and private landowners
for permission to access the woodland sites. We thank
three anonymous reviewers for helpful comments to
improve an earlier version of the manuscript.
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