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Abstract The relationship between number of species
and area observed has been described using numerous
approaches and has been discussed for more than a century.
The general objectives of our study were fourfold: (1) to
evaluate the behaviour of species—area curves across geo-
graphic scales, (2) to determine sample sizes necessary to
produce acceptably precise estimates of tree species
diversity, (3) to evaluate relationships among estimates of
tree species diversity for local to large geographic scales,
and (4) to determine whether the proportion of native tree
species may be precisely estimated using sample sizes
smaller than those necessary to estimate total tree species
diversity. Such investigations are necessary to improve
biodiversity monitoring at large scales. The analytical
approaches included Monte Carlo bootstrap simulations
and two geospatial methods and relied on a database
populated with data for more than 12,000 national forest
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inventory plots (NFI) from 16 regional units, 13 European
countries and three ecoprovinces of the United States of
America (USA). Four primary results were obtained. First,
tree species diversity may be precisely estimated using
observations for a random subsample of 2,000-4,000 NFI
plots. Second, large sample sizes are necessary to estimate
tree species diversity for regional units or forest categories,
except possibly for boreal forests for which the number of
tree species is small. Third, estimates of the proportion of
native tree species may be precisely estimated using tree
species information for a random sample of approximately
30 NFI plots. Finally, our estimated species—area curves
show that the curve shapes and relationships among esti-
mates of tree species diversity at large scales clearly
depend on the relative geographic location of the anchor
regional unit (a European country or ecoprovince of the
USA) relative to the other regional units. None of the
well-known models for species—area curves adequately
describes our results. The conclusion was that the uncer-
tainties of the estimates reflect the unfavourable state of
global biodiversity monitoring of species groups. The total
numbers of tree species in our regional units, which cannot
be adequately estimated, are small relative to other tree
species-rich regions. Consequently, monitoring of tree
species diversity is currently a highly uncertain enterprise
at large scales.

Keywords Biogeography - Species—area curve - Forest
category - Forest structure - International reporting -
National forest inventory - Spatial autocorrelation

Abbreviations
NFI National forest inventory
In Natural logarithmic to the base e with e

approximately 2,71
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Introduction

Common reporting on biodiversity is increasingly required
to monitor biodiversity changes at large scales (Chirici
et al. 2011; Boutin et al. 2009; Winter et al. 2008). This
requirement is documented in international agreements,
protocols and processes such as the Convention on Bio-
logical Diversity (CBD 1992), the Montréal Process
(2009), and the Ministerial Conference on the Protection of
Forests in Europe (e.g. MCPFE 1997, 2003). Detailed
biodiversity monitoring is a prerequisite to managing and
maintaining biodiversity (Brockway 1998), and knowledge
of how biodiversity changes from local to large scales is
necessary to interpret the results of harmonised biodiver-
sity assessments (Chirici et al. 2011). Increasingly, biodi-
versity estimates are scaled up from local (alpha) and
regional (gamma) to large-scale levels (Whittaker 1972,
1975, 1977; Whittaker et al. 2001). Local or alpha biodi-
versity is the diversity of very small habitats such as forest
stands and is often studied using plots of sizes on the order
of m? to hundreds of m* (Tomppo et al. 2010). Regional or
gamma diversity focuses on total diversity at the landscape
level and includes different habitats such as forest cate-
gories (EEA 2006), and large-scale diversity refers to
geographic scales that include multiple landscapes or
regions such as the entirety of Europe.

Schoener (1976) asserted that the relationship between
increasing numbers of species and increasing area observed
constitutes one of the few laws of ecology. This relation-
ship dates back to Watson (1859) who constructed the first
local- to large-scale species—area curve for plant species in
Great Britain. Decades later, Arrhenius (1921) and Gleason
(1922) described the relationship between the number of
species and area observed using two theoretical modelling
approaches: (1) the power model and (2) the exponential
model. Both models have been discussed and refined by
numerous researchers (Preston 1960; Rosenzweig 1995;
Scheiner 2003). Hubbell (2001) further asserted that the
relationship between diversity and area can be described
using a sigmoidal curve that is asymptotic at the local
scale, nearly linear at the regional scale, and exponential at
the continental scale (Hubbell 2001:158).

To accommodate large numbers of observation units and
to linearise relationships, natural logarithmic transforma-
tions, In(.), are often used. We assume that the relationship
between the natural logarithm of the number of tree species
and the natural logarithm of area observed follows a mostly
linear to asymptotic curve from the local to the global
scale, which characterises species—area curves for island
biogeography (MacArthur and Wilson 1967). The linearity
of the relationship between the natural logarithm of the
number of species and the natural logarithm of area derives
from the In—In transformation of the equation N = kA%,
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where N is the number of species observed for area A, and
k and z are constants (Arrhenius 1921; Preston 1960); i.e.,
In(N) = In(k) + z In(A).

The assumption of increasing species numbers under-
lying the curves is that for a generally homogenous habitat,
the number of species increases with increasing plot sizes
or number of plots due to small patches of heterogeneity in
the spatial distribution of species. For the regional to large
scale, the additional habitats are assumed to produce dis-
crete step increases in species numbers that result in dif-
ferent curve shapes. This assumption is the basis for our
decision to assess tree species that dominate and form
forests on approximately one-third of earth’s terrestrial
surface and contribute almost half the terrestrial net pri-
mary biomass production (Groombridge and Jenkins 2002).

Noss (1990) includes the number of tree species among
the factors that contribute to the compositional component
of biodiversity. Winter et al. (2008) and Chirici et al.
(2011) regard tree species diversity as a crucial component
of biodiversity for reporting purposes and note that tree
species is a variable that can be readily assessed by national
forest inventories (NFIs). Both native and non-native tree
species contribute to increasing tree species diversity,
although native tree species have greater relevance for
purposes of maintaining natural ecosystem dynamics and
of maintaining specific diversities such as for insects,
mammals and plant species, which are evolutionarily
linked with the tree species (Peterken 2001).

Large-scale monitoring of forest sustainability requires
ecological-based surveys that produce large databases of
standardised or harmonised data. Although large-scale
monitoring efforts (Fischer et al. 2009; Granke et al. 2009)
have been undertaken for purposes such as assessing
environmental effects on forest ecosystems, a harmonised
approach to large-scale monitoring is still not available.
Our approach focuses on using NFI data because NFIs are
conducted in many countries and because all NFIs record
tree species. The primary objective of NFIs is to produce
forest planning information such as estimates of the sus-
tainable yield and wood quality distribution of forests; thus,
measures of tree diameter and tree species are common
NFI variables (Winter et al. 2008; Chirici et al. 2011). Our
approach uses this common NFI information to assess tree
species diversity at large scales. Our intent was to dem-
onstrate the utility of NFI data for comprehensive, large-
scale monitoring to assess ecological aspects of forest
sustainability (Puumalainen et al. 2003; Tomppo et al.
2010).

Our general objectives were methodological and
focused on (1) determining the number of NFI plots nec-
essary to produce acceptably precise estimates of tree
species diversity and the proportion of native tree species at
different geographic scales and on (2) describing the
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relationships among estimates of tree species diversity for
different forest categories. To accomplish both objectives,
we used Monte Carlo bootstrap simulations and two dis-
tance-dependent geospatial approaches. Magnussen (2009)
used Monte Carlo simulations to investigate the uncertainty
of forest tree species diversity estimates using a relatively
small data set; Wiegand et al. (2007) used Monte Carlo
simulations to describe the spatial distribution of tree
species diversity; and Miyamoto et al. (2008) used Monte
Carlo simulations to estimate the sample size, in terms of
number of trees, necessary to obtain accurate measures of
allele richness in ash forests of Fraxinus excelsior L. These
reports all indicate that Monte Carlo simulation techniques
are appropriate for assessing the uncertainty of forest
diversity estimates.

For this study, we used Monte Carlo bootstrap simula-
tions to conduct general uncertainty assessments for tree
species-based indicators of diversity using large samples of
different sizes. In particular, our specific objectives focused
on assessing biodiversity and were fourfold: (1) to evaluate
the behaviour of species—area curves across geographic
scales, (2) to determine sample sizes necessary to produce
precise estimates of tree species diversity, (3) to evaluate
the relationship among estimates of tree species diversity
for local to large geographic scales, and (4) to determine
whether the proportion of native species may be precisely
estimated using sample sizes smaller than those necessary
to estimate tree species diversity.

Data

Our study on the relationships among estimates of tree
species diversity from local to large scales required a large
data set. Such a data set was constructed by COST Action
E43 Harmonisation of National Forest Inventories in
Europe: Techniques for Common Reporting, organised
under the auspices of the European program Cooperation
in Science and Technology (COST) (COST 2009; Tomppo
et al. 2010). COST Action E43 included a working group
that focused on forest biodiversity (Chirici et al. 2011) and
that populated a common database with NFI plot data. The
database was used to test methods for harmonising esti-
mates of forest biodiversity using NFI data from 16
regional units including three ecoprovinces of the United
States of America (USA) and 13 European countries:
Austria, Belgium, Czech Republic, Denmark, Finland,
Germany, Ireland, Italy, Norway, Portugal, Spain, Sweden
and Switzerland. The three ecoprovinces of the USA are
defined by Bailey (1976): Ecoprovince 212, consisting of
Lauretian mixed forest province in the north central USA
in the vicinity of the Great Lakes; Ecoprovince 231, con-
sisting of southern mixed forest province in the central

region of the south-eastern USA; and Ecoprovince 242,
consisting of Pacific lowland mixed forests in the western
USA in parts of Oregon and Washington. Although Eco-
provinces 212 and 231 are not entirely contiguous, data for
only the largest contiguous portions of these ecoprovinces
were used. The database included observations of 256,513
trees representing 228 species observed on 12,536 NFI
plots. Although McRoberts et al. (2009) and Gotelli and
Colwell (2001) demonstrated that different plot sizes result
in different diversity estimates, the different minimum NFI
plot sizes (0.025-0.25 ha) are not problematic for our
investigations for several reasons. First, the objective of
our study was to describe the tree species diversity within
our database, which covered local to large scales; the
objective was not specifically to estimate tree species
diversity for European countries or ecoprovinces of the
USA or forest categories. Second, the large number of
iterations (2,500—see below) ensures that plots of different
sizes are selected in proportion to their occurrence in the
database. Third, differences in plot sizes for the different
regional units do not seriously affect estimates of tree
species diversity. Additionally, although the minimum plot
size of 670 m? for the American ecoprovinces is at the
smaller end of the continuum of European plot sizes,
estimates of tree species diversity for the American eco-
provinces are larger than for the European regions. This
result can be attributed to the greater number of species in
American forests than in European forests rather than to
differences in plot sizes and confirms our assertion that our
database is appropriate for the presented analyses. Further,
we harmonised the database by using only trees with
diameter at breast height (dbh) greater than 120 mm, which
is the minimum dbh for NFIs whose data were included in
the COST Action E43 database (Winter et al. 2008).

Methods

We used three approaches to investigate tree species
diversity: a Monte Carlo simulation technique to estimate
the uncertainty of estimates of biodiversity indicators and
two geospatial approaches to estimate relationships among
estimates of biodiversity indicators for different geographic
scales. First, we constructed species—area curves using
Monte Carlo simulations; second, we estimated tree species
diversity for groups of regional units separated by similar
distances; and third, we constructed traditional species—
area curves for comparison with the curves of Hubbell
(2001) and MacArthur and Wilson (1967). European plots
represented in the common database were additionally
assigned to classes based on European forest categories
following the descriptions of the European environment
agency (EEA 2006).
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For the analyses, we used two tree species-related bio-
diversity indicators. The first indicator was the number of
tree species, nspe, based on the plant list for European tree
species (ICP 2010) and on the National Core Field Guide
(USDA Forest Service 2007) for species in the USA. The
second indicator was the proportion of native tree species,
pnat. European tree species were defined as native if they
were included in the EEA (2006) description of the forest
categories. For European tree species included in the
database but not among the EEA descriptions, we acquired
additional information on their natural distributions by
forest categories. Assertions that tree species were not
native in a particular European forest category were care-
fully checked using tree species distribution maps and
descriptions of Meusel et al. (1987), Meusel and Jager
(1992) and of Schiitt et al. (1992). The nativeness of the
species in the three American ecoprovinces was based on
the expert opinion of inventory specialists who determined
whether the species were indigenous to North America and,
if so, whether they were found within their natural geo-
graphic ranges. A small proportion of native tree species
indicates less natural forests (Winter et al. 2010) with an
associated loss of biodiversity.

We used the standard deviation of the distribution of
sample-based indicator estimates to describe the precision
of an estimate of an indicator. The standard deviation can
be estimated using bootstrap resampling implemented with
Monte Carlo simulation techniques that randomly resample
with replacement from the available sample data
(Metropolis and Ulam 1949; Hoffman 1998; Efron and
Tibshirani 1994). Efron and Tibshirani (1994) recommend
at least 200 bootstrap resamples for estimating means but
do not address the number of resamples necessary to obtain
stable estimates of the standard deviation.

The Monte Carlo bootstrap simulations were first used
to determine the number of bootstrap resamples and the
number of NFI plots necessary to obtain stable estimates of
the standard deviation of estimates of the two biodiversity
indicators. The first set of simulations was implemented as
follows. For m = 5, 10, 100 and 200, we combined the data
for m randomly selected plots, treated the combined data as
a single data set and calculated estimates of the indicators.
We then randomly selected with replacement m more plots,
treated the combined data for these m plots as a single
second dataset and calculated estimates of the indicators.
For each indicator, we now had two estimates of each
indicator, which permitted calculation of the standard
deviations of the estimates. We then randomly selected
with replacement m more plots, treated the combined data
for these m plots as a third single dataset and calculated the
estimates of indicators. For each indicator, we now calcu-
lated the standard deviation of the three estimates. For each
value of m, we continued this procedure in the same
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manner until we had randomly selected a maximum of
I =5,000 datasets where the random selection with
replacement of a sample of m plots was characterised as an
iteration i (i = 1, ..., I).

For each value of m, the mean value of the indicator,
denoted !, over I bootstrap resamples or iterations was
calculated as,

=3 (1

where " is the estimate obtained from the ith bootstrap
resample. The variance of the estimate was then calculated
as,

I

Var()= 74 > (it — i)’ @)
i=1

and the standard deviation was simply the square root of

the variance.

For each indicator and for each value of m, we graphed
the standard deviation of the indicator against the number
of iterations, which ranged from 2 to 5,000, to determine
the number of iterations for which the standard deviation
stabilised. The graphs showed that 2,500 replications were
sufficient to stabilise the estimate of the standard deviations
(Fig. 1).

For the second set of Monte Carlo simulations, the
number of iterations was held constant at 2,500. The entire
database was divided into two subsets, one for European
plots and one for American plots. This division separates
the two main biogeographic regions with their different
species populations (Pielou 1972). From each subset, one
plot was randomly selected for each of 2,500 resampling
iterations; for each iteration, the indicators were estimated;
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Fig. 1 Standard deviation (S) of indicator estimates (nspe number of
tree species, pnat proportion of native tree species) versus number of
iterations with random selection with replacement of m = 5 NFI plots
per iteration for all plots represented in the database
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and the mean and standard deviation over all iterations
were calculated. Next two plots were randomly selected
from each subset for each of 2,500 iterations; for each
iteration, the data for the two plots were combined and the
indicators were estimated for the combined dataset; and the
mean and standard deviation over all iterations were cal-
culated. This procedure was repeated for 3, 4, ..., k ran-
domly selected plots for each iteration where k = 7,212 for
Europe and k = 5,324 for the USA. In addition, the
European portion of the database was divided into forest
category classes, and the same simulation procedure was
implemented with the number of plots randomly resampled
per iteration ranging from 1 to 100.

We also used two geospatial analyses that took into
account distances between centroids of the regional units
whose NFI plots were represented in the database. The first
geospatial analyses entailed grouping the regional units
with respect to the distances between them. Distances were
based on the unit’s centroids. Centroids for Ecoprovinces
212 and 231, which are not entirely contiguous, were cal-
culated for only the largest portions to correspond to the
areas for which data were used. The distribution of dis-
tances between the regional unit centroids showed that
most regional units were within 2,000 km of the other
regional units (Fig. 2). However, because of the Atlantic
Ocean separating Europe and the USA, we had a data gap
in the distances from approximately 3,500-6,500 km. The
data for the regional units were grouped by five distance
intervals with break points of 150, 1,000, 2,000 and
3,000 km. Finland and Portugal have the maximum

Histogram of distances
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Fig. 2 Number of pairs within distance groups of 200 km between
the centroids of countries and ecoprovinces that contributed NFI data
to the COST Action E43 database. The total number of country and
ecoprovince pairs was 256

separation distance of approximately 3,400 km among
Europe countries. The maximum distance from Finland to
an Ecoprovince in the USA is approximately 12,300 km to
the western ecoprovince 242. The distance groups were
chosen to represent a gradient from the regional to the large
scale. In accordance with the general principles of spatial
correlation, we assumed that species diversities for regional
units separated by small distances would be more similar
and smaller than the diversities for regional units that were
separated by greater distances (Tobler 1970). Conse-
quently, we expected that the average number of tree
species would increase when data were grouped together
for regional units separated by greater distances (Goslee
2006). This group-distance analysis produces a species—
area curve that is not characterised by discrete distance
steps as is the case for the second geospatial analyses.

The second geospatial analyses focused on constructing
species—area curves using as area centres the centroids of
four anchor regional units: Austria for central Europe,
Finland for northern Europe, Portugal for southwestern
Europe, and Ecoprovince 231 for the central part of the
south-eastern USA. Beginning with the NFI plot data of
the anchor regional unit, we constructed tree species—area
curves by adding the data for regional units, depending on
their increasing distances to the anchor regional unit, and
using the increasing number of plots as a surrogate for
area.

We used the R statistic package, version 2.10.1 (R
Development Core Team 2009), for analysing the data
(Bolker et al. 2009). The Monte Carlo simulations using R
followed the descriptions of Robert and Casella (2010).

Results

Uncertainties in monitoring tree species diversity
on large scales

For both Europe and the USA, graphs of estimates of nspe
based on NFI data from the COST Action E43 database
clearly show estimates do not approach an asymptote,
meaning that the total numbers of NFI plots represented in
these two subsets are insufficient to estimate tree species
diversity at this large scale (Fig. 3). The two curves of
mean number of species depict the decreasing uncertainty
when selecting an increasing number of plots to estimate
the number of tree species at large scales. However, as the
number of plots increases to 2,000—4,000, estimates of
mean number of tree species based on the 2,500 resampling
iterations each approach asymptotes that represent envi-
ronmental capacities for the number of tree species; fur-
ther, these estimates are quite precise (Fig. 3, see the
2-standard deviation curves). For assessing the diversity of
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Fig. 3 Mean curves and standard deviation (s,pe) intervals for the
number of tree species, nspe, for NFI plot data for Europe and the
USA: for Europe, bold and fine continuous lines for the mean and
Snspes Tespectively; for the USA, bold and fine dotted lines for the
mean and Sygpe, respectively

common and widespread species, as opposed to the tree
species diversity for all tree species, which additionally
includes rare species, a smaller proportion of a large
database is sufficient because the probability of observing
common tree species is large; approximately 10% of our
database suffices.

Surprisingly, these findings also pertain to those Euro-
pean forest categories for which at least 100 NFI plots are
represented in the database. The single exception is forest
category 1, tree species-poor boreal forests, for which the
estimated number of tree species stabilises for approxi-
mately 20 randomly selected plots, a relatively small
sample size (Fig. 4). Species—area curves for forest cate-
gories 8—10 for southern Europe, particularly forest cate-
gory 8, Thermophilous deciduous forest, and forest
category 10, Mediterranean coniferous forests, which are
rich in tree species show the least indication of approaching
an asymptote. However, tree species diversity is close to
stabilising using only 100 plots of species-rich forest cat-
egories. For forest category 14, plantations, a species—area
curve would be expected to indicate continuously
increasing numbers of species because of the large number
of non-native species planted in the various regional units.

The proportion of native tree species, pnat (Fig. 5a, b),
can be precisely estimated using fewer NFI plots than the
number of tree species, nspe (Fig.3). For the three
American ecoprovinces, pnat is nearly constant at
pnat = 1.00. For European species, as the number of plots
increases, the uncertainty in estimates of pnat decreases.
For 2,500 resampling iterations, mean pnat is achieved for
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Fig. 4 Mean numbers of tree species versus number of NFI plots by
European forest categories (EEA 2006); results for forest category 4,
Acidophilous oak forest, and forest category 12, Floodplain forest, are
not depicted because of fewer than 100 NFI plots in the COST Action
E43 database

random selections of 30 or more NFI plots. However, a
single sample of 30 randomly selected plots results in a
1-standard deviation interval of [0.25, 0.55] around mean
pnat; this interval decreases to [0.35, 0.45] for 100 ran-
domly selected plots. For fewer than 30 plots, the slightly
greater mean pnat and the larger standard deviation indi-
cate that NFI plots with greater numbers of trees include
more non-native trees than NFI plots with smaller numbers
of trees. This result indicates that trees of non-native spe-
cies are comparatively young and small and that they are
increasingly planted, which is not the case for trees in older
stands.

For European forest categories, random selection of 30
or more NFI plots produced precise estimates of mean pnat
(Fig. 5b). For forest categories, 0.4 < pnat < 1.0 shows
that large-scale diversity estimates differ by forest cate-
gories. For forest category 8, Thermophilous deciduous
forest, and forest category 10, Mediterranean coniferous
forest, pnat is medium to large, which suggests that the
proportion of non-native tree species does not account for
the failure of the curves of nspe versus numbers of plots to
approach the total nspe (Fig. 3). However, for forest cate-
gory 5, Mesophytic deciduous forest, with pnat <0.5, the
large number of non-native tree species partially explains
why estimates of nspe do not approach an asymptote
(Fig. 3). The occurrence of non-native tree species is
constrained only by their growth potential in geographic
regions corresponding to forest categories. Thus, the
number of non-native tree species may be large in some
forest categories, as indicated by small proportions, pnat,
and is then difficult to estimate precisely using only 100
plots.

However, the tree species—area curve based on average
nspe in distance groups approach asymptotes for the four
smallest distance groups (Fig. 6). The largest distance
group combines data for the two most distant European
countries of Finland and Portugal and the ecoprovinces of
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depicted because without coordinates of the plots, the nativeness of a
tree species cannot be assessed

the USA; thus, this group is the most heterogeneous.
Nevertheless, the general shape of the curve is similar to
the linear species—area curves described for island bioge-
ography (MacArthur and Wilson 1967) with a slight sig-
moidal shape as per Hubbell’s curve. The tree species—area
curve is asymptotic for the European data and is nearly
linear for the entire data set.
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The combination of data for scales from local to large
scale (Fig. 7) reveals three aspects of the relationship
between nspe and the associated area represented by the
number of plots. First, as the number of plots increases
within the anchor regional unit (e.g., 658 Austrian plots,
Fig. 7a), the curves clearly approach asymptotes. At the
large scale, the curves remain asymptotic for Portugal
(Fig. 7c) as an anchor or become nearly linear for Austria,
Finland (Fig. 7a, b) and Ecoprovince 231 (Fig. 7d) as
anchors. Second, nspe is quite linear when data for
regional units are aggregated to a continental scale.
Third, it is obvious that the 5,000 NFI plots from the
three American ecoprovinces represented in the COST
Action E43 database are insufficient to estimate nspe for
these three ecoprovinces. Thus, the curves starting
with Austria, Finland and Portugal as anchor countries
show large increases in nspe without approaching an
asymptote.

The tree species—area curves for different anchor
countries are of different shapes (Fig. 8) using In—In
transformations. For Austria and Portugal as anchor
countries, the increase in the numbers of species results in
similar curve shapes that are within the envelope of the
curves obtained when using Finland and American Eco-
province 231 as anchors. The four curves cover the range
of possibilities of species—area curve shapes described in
the introduction.

Discussion

Uncertainties of estimates of biodiversity indicators
at large geographic scales

Estimates obtained from efforts to monitor biodiversity and
from scenarios for assessing the loss of biodiversity are
subject to uncertainty (for vascular plants, see van Vuuren
et al. 2006). In the regions of our study, we have a quite
complete overview on the diversity of plant species,
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Fig. 7 Tree species—area curves for different anchor countries
(a Austria, b Finland and ¢ Portugal) and the Ecoprovince 231 of
USA (d); solid vertical lines indicate transitions from (1) the local to
regional (first neighbouring countries or ecoprovinces) level and (2)
continent to continent level (second vertical line)
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Fig. 8 Tree species—area curves (In-In data transformation) con-
structed for different anchor countries: Austria (AT), Finland (FI),
Ecoprovince 231 of the USA (US_321) and Portugal (PT); the order
of the increasing plot numbers is, first, all plots in anchor countries or
ecoprovince and, second, averaged numbers of tree species in
countries with increasing distances from the anchor country
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especially of tree species. However, comparisons of the
number of tree species in our database to the total number
of tree species in the regional units are not possible. The
number of tree species is largely dependent on factors such
as species definitions, definitional distinctions between tree
and shrub species, and decisions as to whether tree species
in botanical gardens, experimental forests and rural areas
are included. Consequently, reliable estimates of total
numbers of tree species in our regional units or within the
forest categories are not available.

Uncertainties associated with monitoring at large scales
result from a combination of lack of knowledge concerning
biodiversity stressors influencing native tree species dis-
tributions, inaccuracy in field work and data management,
and most notably inaccuracy and differences in methods
used to estimate biodiversity indicators at international
scales (Hoffmann-Kroll et al. 2003; Chirici et al. 2011).
Our study focused on the uncertainty of large-scale esti-
mates of tree species-related indicators using NFI data. The
results of our Monte Carlo bootstrap simulations clearly
indicate that comprehensive monitoring of tree species
diversity at large scales requires an extremely large data-
base. We found that combining the NFI data for a large
number of European countries and/or some American
ecoprovinces at least produces precise estimates of large-
scale tree species diversity indicators. However, the nature
of the tree species abundance distributions, with small
numbers of common and widespread species and large
numbers of specialists in small niches, which is typical for
most species groups, makes samples sizes to observe all
species prohibitive in many cases (Chao et al. 2009). Thus,
efforts have focused on sample-based assessments rather
than complete species enumeration, which has already been
suggested for small-scale biodiversity (Longino et al.
2002).

Several limitations associated with the analyses are
clear. First, the different NFI designs with different plot
sizes may result in different accuracies of tree species
composition based on data for single plots. However, the
large number of plots considered is assumed to overcome
this limitation. Second, the minimum dbh of 120 mm used
for harmonising the tree data may limit some results. For
example, some tree species typically remain in the under-
story where they grow only slowly and seldom greater than
120 mm dbh; thus, a smaller minimum dbh for NFI tree
records is highly recommended. Finally, tree species,
especially for rare and introduced tree species that cannot
be easily identified, should not be recorded using broad
categories such as “other oaks” or “other coniferous tree
species”. NFIs that use this practice will tend to underes-
timate tree species diversity. Further, tree species diversity
analyses may better be restricted to contiguous mainlands
rather than to continents. Analyses that span different
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continents with distinct evolutionary species histories
produce different tree species compositions which, when
combined, produce bimodal species distributions.

Relationships between number of species and area

The Monte Carlo simulations and both geospatial methods
based on distances show that the relationship between
nspe and area are not fully or adequately described by any
particular existing model for species—area curves.
Although the curves are clearly different in their forms,
they tend to be linear when using In—In transformations.
The shapes of curves depicting the relationship between
the nspe and corresponding area depend more on the
geographic scale of the data and on the choice of the
anchor regional unit than on factors such as species group
or features of the island biogeography expressed by island
size and distance to the next continent (Kalmar and Currie
2006). In this context, the order of the regional units with
respect to their distances to the anchor regional unit is
determined by the selected anchor regional units in dif-
ferent geographic regions. Some features of the three
models for species—area curves, Arrhenius’ (1921) power
model, Hubbell’s (2001) sigmoidal model and the
asymptotic model are reflected in the species—area curves
obtained using the COST Action E43 tree species data.
The exponential model proposed by Gleason (1922) does
not adequately describe the species—area curves because
none of our curves is exponential after In—In transforma-
tion. In our study, we modified and combined the
species—area curve types described by Scheiner (2003).
We analysed non-continuous data using a combination of
partially smooth curves and curves with discrete, discon-
tinuous steps. Scheiner (2003) separates the curves at the
locations of these steps. The combination of different
approaches is admissible because the smooth curve shapes
for the anchor regional unit represent averaged subdivi-
sions of individual regional units at the larger scales.
Local diversity in our study generally conforms to an
asymptotic curve. The asymptotic shape of the local to
regional species—area curve is confirmed theoretically
(Harte et al. 2009) and by several studies on different
species groups (Rosenzweig 1995).

Our results show that it is generally not possible to
define smooth, continuous transitions from local to large
scales. And our results confirm the statement of Whittaker
et al. (2001) regarding the impossibility of constructing a
single, simple, universally applicable model that describes
relationships between number of species and area. This
result is in contrast to the work of Harte et al. (2009) who
attempted to develop such a universal model for species—
area curves.

Conclusions

Three conclusions may be drawn from our study. First, the
Monte Carlo resampling simulations and the two geospatial
analyses produced valid species—area curves and estimates
of uncertainty and are appropriate for use with other spe-
cies groups. Second, precise estimates of European tree
species diversity based on NFI data will not be possible
with any monitoring approach that does not include data
representing nearly all of Europe obtained using large
sampling intensities. Third, for the total number of tree
species, estimates of the uncertainties of estimates reflect
the unfavourable state of global biodiversity monitoring of
species groups. The numbers of species observed for the
European forest categories and the American ecoprovinces
are small compared with tree species-rich forest regions;
nevertheless, even with a database as large as that used for
this study, the total number of tree species cannot be
adequately estimated. Consequently, biodiversity monitor-
ing of global forests is currently a highly uncertain
enterprise.
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