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ABSTRACT

Aim A species—accumulation curve may represent a direct expression of
B-diversity, the rate at which diversity increases from local to regional scale.
Patterns of variation in P-diversity tend to be consistent when measured
across lower levels of the Linnaean taxonomic hierarchy (i.e. using species,
genera or families). Our aim was to assess the relationships between species—
accumulation curves and B-diversity at different taxonomic levels and to
combine the logic of species—accumulation curves with taxonomic surrogacy to
provide a new approach for cost-effective and reliable estimates of large-scale
species richness (y-diversity).

Location Mediterranean, N Atlantic and SW Pacific.

Methods We provide here a novel framework to extrapolate quantitative
measures of species richness in large areas from accumulation curves based
on extensive sampling at the family level coupled with estimation of
species-to-family ratios from a subset of sampling units where organisms are
identified to the species level. We demonstrated the effectiveness of the
approach by analysing six datasets of diverse marine molluscan assemblages
from different biogeographical regions and habitat types.

Results The approach proposed here can be used successfully to gain substan-
tial efficiencies in sampling, potentially reducing the number of sampling units
in which organisms have to be identified at species level between 50 and 75%,
while still allowing reliable estimates of regional species richness.

Main conclusions Our results highlight the potential of this approach to
improve the general exploration of biodiversity, especially for large-scale moni-
toring programs. The method we propose differs from previously described
approaches by taking into account the spatial heterogeneity of species distribu-
tions within the sampled area and also by relying on estimates of species-
to-family ratios obtained directly from the specific area of interest.

Keywords
Biodiversity monitoring and conservation, molluscs, species—accumulation
curves, taxonomic surrogates, p-diversity, y-diversity.

INTRODUCTION

The original interest in advancing baseline knowledge of spe-
cies diversity has also moved towards more practical intents,

Quantifying biodiversity in a given geographical region has such as mitigation strategies, given the rapid world-wide
long fascinated ecologists (Hutchinson, 1959; May, 1988). increase in anthropogenic threats to biodiversity (Vitousek
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et al., 1997; Halpern et al., 2008) and potential attendant
depletion of ecosystem function (Worm & Duffy, 2003;
Balmford & Bond, 2005).

Historically, biodiversity monitoring programmes have
gathered large quantities of data, but often with an absence
of clearly stated objectives (Yoccoz et al., 2001). Moreover,
information on species diversity is generally delivered at a
rate that is not compatible with the urgent necessity to pro-
vide rapid cost-effective methods to assess human impacts
(Wheeler et al., 2004). Endeavours to collect detailed infor-
mation on biodiversity may even be perceived as an outdated

and unnecessary luxury (Beattie & Oliver, 1994) compared

with pressing concerns arising under the current ‘biodiversity
crisis’ (Worm & Duffy, 2003).
Beyond fragmented and limited information on the distri-

butions of species and their roles within communities (Whit-
taker et al., 2005), we still do not even know how many
species exist on the planet. The total number of species cur-
rently described is approximately 1.5 million, which is paltry
by comparison with recent estimates of a probable total of
around 7-10 million existing species (Mora ef al., 2011).

Most known species belong to well-studied groups, such as
vascular plants, whereas the diversity of other groups such as
marine invertebrates, remains largely unexplored (Cardoso
et al., 2011). An almost complete map of global biodiversity
might be feasible (Wilson, 2004), but advancements in the
exploration of biodiversity are hampered by the ongoing
crisis of insufficient knowledge and expertise in systematics
and taxonomy (Wheeler et al., 2004).

Quantifying species richness at a regional or local scale

can be problematic, as a consequence of the time and cost
associated with taxonomic identification and a chronic lack
of taxonomic expertise. An expedient means to overcome
these problems is to use higher taxonomic ranks of the
Linnaean hierarchy, rather than species (e.g. Williams &
Gaston, 1994; Balmford et al., 1996; Mazaris et al., 2010). In
this approach, a regression model of the number of species

to the number of genera or families is fitted based on data
from intensively sampled areas and then used to estimate
the number of species in other areas where only genera or
families have been recorded (Gaston & Williams, 1993;
Andersen, 1995; Balmford et al, 2000). This method
assumes, however, that correlations between the number of
species and the number of higher taxa from a given sampled
area are consistent throughout the study area, which may
not be realistic (Lewandowski et al, 2010; Smale, 2010;
Sutcliffe et al., 2012). Predictable patterns in the taxonomic
classification of species have also been used, more recently,
to allow the total number of species within taxonomic
groups to be estimated, allowing estimates of the total num-
ber of species globally (Mora et al., 2011). Applying this

latter approach to more limited spatial extents would be
problematic, however, because the rate at which species and
higher taxa are discovered within a limited area may not
reflect broader-scale patterns in taxonomic structure and
total species richness.
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Another potential cost-saving approach for quantifying
biodiversity across large areas is to use species richness esti-
mators (Colwell & Coddington, 1994) based on a limited but
representative collection of sampling units. This approach

extrapolates species richness from species—accumulation
curves, which are plots of the cumulative number of species
versus increasing numbers of units. Although the accuracy of
such tools is still under debate (e.g. He & Hubbell, 2011),
some have been demonstrated to provide reliable estimates of
total species number (Reichert et al., 2010). For example, in

the approach described by Ugland ef al. (2003), an overall

total-species (T-S) curve is obtained using only the terminal
points of a set of species—accumulation curves from subareas
within the total area of study (i.e. the points corresponding
to the total species richness estimated at increasing number
of subareas). In contrast to the traditional method, this pro-
cedure takes into account not only the variation in species
richness at small scales (i.e. the scale of individual sampling
units), but also the potential heterogeneity in species identi-
ties among subareas within the total area sampled (e.g. Matias
et al., 2011). Moreover, it has been shown that this approach
provides the most accurate estimate of total richness out of a
suite of classical estimation methods (Reichert et al., 2010).
Importantly, the T-S curve of Ugland et al. (2003) esti-
mates species richness, while also including and allowing for
variation in the shapes of accumulation curves across the

total area. The regression coefficient of the T-S curve mea-
sures how fast the number of species increases with the (log)
number of sampling units; thus, variations in the coefficient
are highly likely to be aligned with variations in B-diversity
among subareas within the total area. Beta-diversity can be
expressed in terms of non-directional changes in species
composition (heterogeneity in identities of species) among
sampling units within a given spatial, temporal or environ-
mental extent (Anderson et al, 2011). This concept of

B-diversity is at the core of many of the main theoretical
attempts to model spatial patterns of species distributions
(MacArthur & Wilson, 1967; Nekola & White, 1999) having
a central role in linking local and regional diversity (Witman

et al, 2004). As patterns of heterogeneity in identities of
species (B-diversity) may be maintained at coarser levels of
taxonomic resolution up to families (Terlizzi et al., 2009),

we hypothesize that there may be an intimate relationship
between patterns of variation in the coefficient of the T-S
curve and B-diversity at different levels of taxonomic resolu-
tion. We anticipate that estimated parameter coefficients of
the T-S curve calculated at each level in the taxonomic
hierarchy can be strongly correlated with the estimated
B-diversity in a given area.

Here, we propose that the estimation of species richness
for a given region might be carried out effectively by com-
bining the idea of taxonomic surrogacy with the use of
species—accumulation curves. We explored the potential to
derive reliable estimates of regional species richness by
extending the logic of T-S curves to taxonomic surro-
gates. Our approach both takes into account the spatial
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heterogeneity of species distributions within the sampled area
and also exploits estimates of species-to-family ratios that are
appropriately representative and derived from the specific
area of interest alone.

We developed a framework with three essential steps. First,
a T-S curve was obtained for a region at the family level
(which might be referred to as a “T-F curve’), using the full
set of available sampling units. Second, a quantitative rela-
tionship between species-level and family-level richness was
modelled (namely, a species-to-family ratio) using only a
random subset of sampling units from the region for which
organisms have been identified at the species level. Note that
this differs from earlier approaches (e.g. Gaston & Williams,
1993), in which a simple correlation between species richness
and higher taxon richness is estimated from some intensively
sampled reference areas and assumed to be representative of
the total area of interest. In our approach, instead, estimates
of the species-to-family ratio are based on samples from the
whole area of interest. Finally, the species-level richness for
the region was estimated by combining the information
given in the first two steps; namely, the estimated number of
species can be calculated as the estimated number of families
times the estimated species-to-family ratio.

We assessed the effectiveness of our proposed method for
datasets of marine molluscan assemblages from different
biogeographical regions and habitat types, including the
Mediterranean Sea, the North Atlantic and the South Pacific
Ocean. Specifically, we compared results obtained using
our new approach (i.e. T-F curves and estimated species-to-
family ratios for a given area), calculated from random
representative subsets of data of different sizes, with what
would be obtained if all units were identified to species level
and T-S curves had been used.

METHODS

Study areas and datasets

Six datasets from previous studies investigating spatial pat-
terns of macrofaunal assemblages were analysed to explore
the correlation between the T-S curve coefficient and
B-diversity at decreasing taxonomic resolution, and the poten-
tial to derive reliable estimates of regional species richness
based on family-level data. Datasets were gathered in each of
six marine regions (Fig. 1), having different areal extents,
sizes of individual sampling units and habitat types. These
were mud flats of the Norwegian Continental Shelf (A),
coastal sand/mud bottoms of the southern Irish Sea (B),
coastal sandy detritic/mud bottoms (C) and rocky cliffs (D)
of the north Ionian Sea, coastal sand/mud bottoms of the
southern China Sea (E) and (F) kelp forests of the south-
west Pacific (see Table SI in Supporting Information).
Although all datasets included several different invertebrate
phyla, we focused on one of the most widespread and
diverse, the Mollusca, for which all six datasets included
complete taxonomic identification of all individuals down to
the species level. The effectiveness of families in depicting
patterns of o- and B-diversity has already been assessed for
most of these datasets (see for details Bevilacqua et al., 2009;
Terlizzi et al., 2009).

Estimation of species-level richness using T-S curves

Consider a set of i = 1,..., U units taken from a region and
suppose there are k = 1,..., S species that occur variously in
those sampling units across the whole collection of U units.
Next consider a random sample of size u and let the number
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Figure 1 Map showing the regions from which datasets were obtained: (A) Norwegian Continental Shelf, (B) southern Irish Sea,
(C) Ionian Sea soft bottoms, (D) Ionian Sea rocky cliffs, (E) southern China Sea and (F) New Zealand kelp forests.
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of units in which the kth species occurs be denoted by uy.
Ugland et al. (2003) used the hypergeometric distribution to

derive the expected number of species, E[S,] in a random

()

— )

()

collection of u units, as follows:

[ ()
E[Su]zz -~ 7| =s—
=)

Expanding the binomial coefficients gives:

E[SulS—;(l—%)(l—uul)“(l‘u(Zk1)) =

We wish to consider the expected number of species as a

S
k=1

function of an increasing sequence of random units from a
collection to estimate the rate of increase of species number
with increasing sample size. This approach involves an
extrapolation method for the common situation where the
sampling units are only a small fraction of the total area.
In most natural assemblages, only a small fraction of the
species are widely distributed, while the majority of species
occur in a small subset of the available space. From exten-
sive empirical investigations, Ugland et al. (2003) suggested

that an adequate mathematical approximation to the exact
analytical expression in equation (2) could be achieved by fitting
a species—accumulation curve according to the semi-log
relationship:

E[S,] = n+ B(logu) (3)

(here and throughout, ‘log’ indicates the natural logarithm).
It is important to realize that the fundamental underlying
assumption for this approximation is that species be ran-
domly and independently distributed across the sampled
area. Such an assumption might well be violated for commu-
nities with a large species number where the spatial distribu-
tion is not random and there are biological dependencies
between the species. However, the robustness of this approxi-
mation to heterogeneous distributions of species within a
sampled area has been confirmed by Reichert et al. (2010) in

analyses of datasets from areas where the total species rich-
ness was actually known. Given a set of data, such a relation-
ship can be fitted using ordinary least squares regression of
calculated values of E[S,] for random samples of size u ver-
sus log (u). Ugland et al. (2003) further developed this idea
to incorporate potential variation in the curves that might

occur across several subareas within a region. For example,
in a given region, sampling units are distributed within a
total area A, which includes a number of subareas j = 1,...,
a. Then, one species—accumulation curve is obtained for ran-
domized units of all combinations of 1, 2, 3,..., a subareas,
with (say) 100 random draws of sampling units for each
combination. Let Y = {yj(s)} (j=1,..., a) be a random
variable corresponding to only the terminal points of the

Diversity and Distributions, 20, 356-368, © 2014 John Wiley & Sons Ltd
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species—accumulation curves obtained from different combi-
nations of subareas (see Ugland et al, 2003 for further
details). The overall T-S curve is then obtained by fitting a
semi-log curve:

3 = b+ B(log ) + 4)
where here u; corresponds to the sample size at each of the
endpoints of the j = 1,..., a subarea curves. Ordinary least
squares regression (assuming ¢; are ii.d. normal) gives an
estimate for the intercept, fi5, and also for the slope coeffi-
cient, Bs» the latter of which is directly interpretable as an
estimated rate of increase in the number of species with
increasing (log) sample size. Given the relationship in
equation (4), an estimate of the total number of species for
the region (Stoy) is then obtained simply by replacing u with
N, the total number of sampling units (given the area com-
prising each unit and the total area of the region) across the
region’s full spatial extent, as follows:

Stor = fig + Bs(lOgN) (5)

In practice, the T-S curve integrates species richness esti-
mates from species—accumulation curves calculated for
increasing numbers of subareas to take into account the het-
erogeneity in species distributions among subareas within the
total area sampled.

Note that if from the outset we take k = 1,..., F families,
rather than species, through all of the above steps in pre-
cisely the same procedure (i.e. equations 1 through 5 and
replacing S with F throughout), then we can obtain a ‘total
families’ (T-F) curve. More specifically for what follows,
E[F,] = W + Br(logu), and we can obtain an estimate of the
intercept i and slope coefficient based on families, lgF, as
well as estimating the total number of families in the region,
Fror. Indeed, similar such models and associated estimates
can naturally be obtained for whatever taxonomic units
(genera, orders, etc.) are of interest.

Correlation between T-S curve coefficient and
p-diversity

The coefficient of a T-S curve is a measure of how fast the
number of species increases with increasing (log) number
of sampling units. It is therefore reasonable to propose that
this coefficient may be used as a measure of B-diversity.
We tested this prediction by correlating, at different levels
of taxonomic resolution (i.e. at levels of species, genus,
family, order and class), the estimated values of this coeffi-
cient with either a classical or distance-based multivariate
measure of [-diversity (see Anderson et al, 2011 for

review).

For each dataset, matrices of molluscan assemblages were
aggregated at different taxonomic levels following the Lin-
naean classification. For each aggregated matrix in each
region, the T-S curve coefficient (or T-F coefficient, etc.)
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was estimated following the procedure proposed by Ugland
et al. (2003), as described above. Each aggregated matrix was
used to obtain a taxon—accumulation curve for random sam-
ples of all possible combinations of subareas within the total
area sampled. Subareas within regions were identified based
on general geographical and environmental distinctiveness.
Matrices aggregated at different levels of taxonomic resolu-
tion were also used to calculate B-diversity. We used two
measures for this: (1) the classical measure of Whittaker
(1960), By, = v/a, where vy is the total richness (number of
taxa) within a region (y = S in the case of species-level data)
and @ is the average richness (number of taxa) per sampling
unit and (2) the multivariate dispersion among sampling
units, as deen (see Anderson et al., 2006 for further details).

More specifically, de, is the average distance to the group
centroid of sampling units in the multivariate space defined
by a given resemblance measure. We calculated d.., using
the Jaccard dissimilarity measure in order to restrict our
attention here only to the differences in the identities of spe-
cies (or taxa) among sampling units. Note that centroids in
the Jaccard space are not equivalent to the arithmetic aver-
ages in the space of the original variables. Thus, distances to
centroids in Jaccard space must be calculated using the full
set of principal coordinate axes (PCO axes) derived from the
Jaccard distance matrix for the full set of sampling units, as
described in detail in Anderson et al. (2006).

For each region, we examined the relationship between the

T-S curve coefficients at decreasing taxonomic resolution
and the corresponding values of [-diversity. Correlations
were calculated for these relationships using Spearman’s cor-
relation (p) and analyses were performed separately for each
of the two types of B-diversity measures.

Estimating regional species richness from regional
family richness

The number of species within a given region S can be
expressed as the product between the number of families F
in the region and the ratio of the number of species to the
number of families r:

S=Fxr (6)

Note that this does not assume any particular relationship,
linear or otherwise, between S and F across subareas within
the region. It assumes only that there is one ratio value that
may be used for one given single region of interest. The
terms in equation (6) can be substituted by their expected
values for a given number of units to give:

E[S.] = E[F,] X E[r,] (7)

where E[S,] and E[F,] are as previously defined, and E[r,] is
the expected value of the ratio of the number of species to
the number of families in u units.

Following (3), equation (7) can be rearranged to give an
expression for E[r,] as:
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o+ Bs(logu)
Elrd = ¥ Br(logw) ®)

As the aim is to estimate species richness in very large
areas, the extrapolation of regional species richness using
T-S curves is carried out by considering a very large number
of sampling units, covering the whole area of interest. We
therefore consider equation (8) in the limit as u— o0, thus:

{Hs + Bs(log u)}

Elnd = lim | By (logu)

)

Dividing both numerator and denominator by the com-
mon value of log (u) gives:

lim [+ | B

E[r,] = —= = (10)
fim [ Be] P
Consequently,
BlS.) = IF] x an

Thus, for very large values of u, the total number of
species in a region can be approximated by:
) = g x B (12)
F
To reduce efforts of taxonomic identifications when esti-
mating regional species richness on the basis of a given num-
ber of sampling units, we propose to estimate Fro, using a
T-F curve based on all available units U at family level,
whereas the ratio fg/f; will be estimated using only a
random subset of such units, analysed at species level. In
practice, this will require identification of specimens at
species level only for a limited number of sampling units,
yielding considerable savings in time and costs, while at the
same time providing a calibration of the use of taxonomic
surrogates.
We used our datasets to test the effectiveness of the

approach and to determine to what extent S(TFO)t (equation 12)
may be representative of actual total species richness for the
region St by comparing it with the estimate obtained using
all sampling units at species level, namely St (equation 5).
For each dataset, we calculated Fr, from the T-F curve
based on all available units, and the ratio g / Br using
random subsets of 25, 35 and 50% of the total number of
available units. For each subset and each dataset, 1000
random such draws were done, yielding an empirical distri-
bution of values of g(Ti)t, which allowed means and 95%
confidence intervals (using the 0.025 and 0.975 quantiles of
the empirical distribution) to be obtained. For each region,
the corresponding value of Ster was directly compared with
these distributions of S(T?t values.

All analyses were performed using R (R Development Core
Team, 2010). The R code for calculations is also provided

Diversity and Distributions, 20, 356-368, © 2014 John Wiley & Sons Ltd
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(see Appendix SI in Supporting Information) along with
example data (see Appendices S2 and S3 in Supporting
Information).

RESULTS

Independently of the measure employed, B-diversity and T-S
curve coefficients decreased with decreasing taxonomic reso-
lution in all regions (Table S2 in Supporting Information).
The decrease in the T-S curve coefficient was highly corre-
lated with decreasing B-diversity (whether measured as By
or dey) in all cases (p=1, P<0.05), indicating a strong
significant relationship between B-diversity and T-S curve
coefficients (Fig. 2). T-S curves for each region based on all
sampling units at species level are given in Fig. 3. The corre-
sponding T-F curves based on all sampling units at family
level also followed a logarithmic model (Fig. 4).

The estimated number of species for New Zealand kelp
forests and Tonian rocky cliffs was lower than for the remain-
ing regions (i.e. Norwegian Continental Shelf, southern Irish
Sea, Ionian soft bottoms and southern China Sea; Table 1),
which, however, had larger spatial extents (Table S1). Among
these larger regions, the southern Irish Sea showed the high-
est and the southern China Sea showed the lowest estimated
species richness, respectively (Table 1). The estimated species
richness of Ionian soft bottoms was not much lower than
that estimated for the other large regions (it was even higher
in some case, i.e. versus the southern China Sea), although it
was three to four orders of magnitude smaller in areal extent
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B-diversity (dcen)
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(Table S1). These relative patterns among regions were con-
sistent for estimated family-level richness (Table 1).

Stor (i species richness estimated from T-S curves based
on all sampling units at species level) fell within the 95%
empirical CI for the distribution of S(T?t (i.e. species richness
obtained from the estimated regional family richness and
species/family ratios) using a subset of 25% of the sample
for datasets from Ionian rocky cliffs, southern China Sea soft
bottoms and New Zealand kelp forests (Fig. 5a). Using a
subset of 35% of the sample, the estimated species richness
for the Norwegian Continental Shelf and Ionian soft bottoms
also fell within the 95% CI (Fig. 5b), whereas Stop for the
southern Irish Sea only fell within the 95% CI of S(Ti)t when
a subset of 50% of the sampling units was analysed to spe-
cies level and used to calculate the species-to-family ratio
(Fig. 5¢).

The calculation of §(Tpo)t led to estimates that were, on aver-
age, higher than 85% of Stot (i.e. the number of species esti-
mated when using all units) for all regions; these estimates
were obtained using a subset of 25% of the sampling units at
species level for Ionian rocky cliffs and New Zealand kelp
forests, a subset of 35% of the sampling units for the Norwe-
gian Continental Shelf and Ionian soft bottoms, and a subset
of 50% of the sampling units for the southern Irish Sea and
the southern China Sea (Table 2). In all cases, random selec-
tion of sample subsets to be identified at species level led to

lower and upper limits for the 95% CI of S% that were

within 70 and 114% of Stor, respectively (Table 2).
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Figure 2 Relationships between
B-diversity and T-S curve coefficients at
increasing (i.e., from left to right: Class,
Order, Family, Genus, Species) levels of
taxonomic resolution for each region.
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Figure 3 Total-species (T-S) curves (solid lines) based on all sampling units at species level for each region. Dotted lines indicate
species—accumulation curves for increasing numbers of subareas within the region (see text for further details). The equation and R

statistic for the T-S curve are also reported for each region.

DISCUSSION

Mitigating human impacts on ecosystems and adequately
identifying conservation priorities requires a deeper advance
in our knowledge of biodiversity. This is not an easy task,
involving huge endeavours to describe species and their dis-
tributional patterns (Lomolino, 2004; Whittaker et al., 2005),
and designing studies to understand underlying causal
processes. These efforts require the development of reliable
methodological tools to quantify components of biodiversity
and to assess the effects of anthropogenic stressors on them
(Underwood et al., 2000). Our study combines taxonomic
surrogacy with species—accumulation curves to achieve
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efficient estimation of species richness over large areas.
Applying this method will help biodiversity assessment and
monitoring programmes to cope with the current gaps in
biodiversity knowledge.

The idea that the slope of accumulation curves might rep-
resent a measure of B-diversity dates back to the original
efforts to model spatial patterns of species distributions,
although theoretical and empirical research to understand
such relationships has been rarely attempted (Scheiner,
2004). We have shown here that the relationship between the
coefficient of the T-S curve and the two diversity measures
(i.e. Bw and den) demonstrates that the coefficient of the
T-S curve contains the same essential information about

Diversity and Distributions, 20, 356-368, © 2014 John Wiley & Sons Ltd
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Figure 4 Total-family (T-F) curves (solid lines) based on all sampling units at family level for each region. Dotted lines indicate
family accumulation curves for increasing numbers of subareas within the region (see text for further details). The equation and R*
statistic for the T-F curve are also reported for each region. Note that the scale of the y-axis differs from that reported in Fig. 3.

Table 1 Estimates of regional species (Stor) and family (Frop) richness from the total-species (T-S) and total-family (T-F)
accumulation curves based on all sampling units in each region. The associated estimated slope () and intercept (fi) of the T-S (for

species) or T-F (for families) curves are also provided

Species Family
Region fis fig R’ Stot [§F g R’ Erot
Southern Irish Sea 44.7 —54.1 0.995 1094 14.7 0.5 0.980 378
Norwegian Continental Shelf 53.0 —45.3 0.999 1002 18.9 —11.9 0.992 376
Tonian Sea (soft bottoms) 72.5 —79.5 0.998 837 18.0 4.4 0.994 232
Southern China Sea 233 —43.3 0.997 457 6.8 —6.6 0.999 140
Tonian Sea (rocky cliffs) 36.3 —21.1 0.998 386 11.7 7.4 0.995 139
New Zealand kelp forests 29.1 —22.6 0.999 306 8.7 12.0 0.997 110
Diversity and Distributions, 20, 356-368, © 2014 John Wiley & Sons Ltd 363
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the number of species estimated from T—S curves based on all units being identified at the species level (Stoy).

Table 2 Estimated regional species richness S(Tpo)t obtained from the estimated family richness (Frop) from the T-F curve based on all
sampling units and the estimated species-to-family ratio (Bg/PBp, see text for details), as obtained using only a subset of the sampling

units identified down to the species level. The estimated values and 95% CI for S(T

F)

o are also shown expressed as a percentage of the

regional species richness estimated from the TS curve based on all sampling units being identified at species level (Sto). For each
region, only results for the smallest subset required to obtain representative estimates (i.e. > 85% of Sto) are reported here

Norwegian
Southern Continental Tonian Sea Southern Tonian Sea New Zealand

Region Irish Sea Shelf (soft bottoms) China Sea (rocky cliffs) kelp forests
Estimate of regional family richness (Frop) from 378 376 232 140 139 111

the T-F curve based on all sampling units
Estimate of the species-to-family ratio 2.5 24 3.4 2.9 2.5 2.5

r (= Bs/Be)
Percentage of sampling units at species level 50 35 35 50 25 25

used to estimate r (%)
Estimate of regional species richness 945 902 789 406 348 278

as §<TF0)‘ = Pro x ES/GF .
Estimate of regional species richness (Sto) from 1094 1002 837 457 386 306

the T—S curve based on all sampling units

S'(r?' as a percentage of Stor (%) 86 90 94 89 90 91
95% CI of S'(l‘?1 (%) 73-100 79-101 78-114 74-113 76—108 70-112

B-diversity as the two other measures across taxonomic levels
for a given dataset (Fig. 2).

For four of the datasets considered here, a subsample of
about 1/3 of the total number of sampling units at species
level was sufficient for the resulting estimate obtained using
the species-to-family ratio to be within 20% of the estimate
obtained from T-S curves based on all units. For the remain-
ing two regions, it was necessary to increase the fraction of
subsamples up to 50% to achieve the same precision. At a

subsampling intensity of 35-50%, the confidence interval
incorporated the estimate obtained from T-S curves based
on all units (Fig. 5). Thus, our simulation indicates, at least
for molluscs, that it is possible to reduce the efforts in terms
of sampling units analysed at species level by 50% and still
obtain reliable species richness estimates.

The implications of this outcome are many. Following a
pilot investigation of biodiversity characterizing a given
region at species level, the calibration of identification efforts
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based on the proposed framework could be conducive to
cost-effective subsequent investigations. This is of crucial
importance to large-scale monitoring of biodiversity, which
is often deemed impractical. For instance, following a first
extensive sampling exercise, with identifications being carried
out at species level, the sample subset required to obtain reli-
able estimates of regional species richness could be identified.
Then, subsequent samplings could be carried out analysing
all units at family level and only a limited number of them
at species level. The ensuing estimate of regional species rich-
ness, if falling below or above the 95% CI of the pilot esti-
mate, could be directly interpreted then as a significant
decrease or increase in regional species richness.

Estimates of species richness over large areas are inherently
dependent on sample size, irrespective of the estimation
method used. In most cases, a number of factors such as the
spatial extent of the investigated area, and the time and costs
required for analysing samples may constrain sampling
intensity. Thus, estimates of species richness often rely on a
subsample of the whole area of interest. In this respect, our
approach is no exception. Estimates of regional family rich-
ness are likely to be affected by sample size as well. However,
as previously outlined, an initial pilot assessment of regional
species richness and an appropriate choice of sample size to
be adopted should be achieved prior to implementation of
the approach outlined here. Although sample size is often
dictated by experimental and funding constraints and the
statistical procedures to be used in order to define a suffi-
cient sample size for reliable estimates of regional species
richness are debated, considerable work on this topic has
been done and is described elsewhere (e.g. Chao et al,
2009). It could be argued that our approach might introduce
an additional bias related to sample size as species richness
estimates rely on numerical relationships between taxonomic
ranks (i.e. r, the species-to-family ratio), which may vary
depending on the number of samples (Gotelli & Colwell,
2001). However, our species-to-family ratio, despite being
calculated from a limited number of samples, is not assumed
to be invariant across the whole investigated area. In fact,
this would not be realistic and would not be conducive to
obtaining reliable estimates of regional species richness (see
Table S3 in Supporting Information). Instead, this ratio is
modelled in our approach against the number of samples,
and its value is estimated as if the whole area of interest was
sampled.

The method proposed in the present study introduces sev-
eral improvements to traditional methods for estimation of
regional species richness by taking into account the spatial
heterogeneity of species distributions within the sampled area
and relying on estimates of species-to-family ratios derived
precisely from the specific area of interest alone. The
approach does assume that suitable subareas of geographical
and/or environmental distinctiveness within the region of
interest have been identified a priori, but the increasing avail-
ability of broad-scale environmental data makes this task
quite feasible for the majority of investigations. Note that
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our procedure does not necessitate complete baseline taxo-
nomic information on reference areas, requiring only a fully
representative pilot investigation at species level within the
region of interest, thus providing a versatile tool for rapid
assessment of species richness over large areas. Clearly, fur-
ther efforts to apply this method across a larger array of
organisms and geographical regions are needed before any
further generalizations can be made regarding its utility.
Nevertheless, our approach is likely to provide important
insights and to yield helpful sampling efficiencies in the early
investigation of biodiversity across large unexplored areas or
environments.

Estimation of species richness by extrapolation of the T-S
curve takes into account the effects of habitat heterogeneity
(Ugland et al., 2005). As families tend to incorporate several
species in a given habitat, the accumulation curves of
families will be less influenced by heterogeneity (Gotelli &
Colwell, 2001). Our suggested procedure is therefore less
influenced by heterogeneity than extrapolation based on
presence—absence of species. We also expect that the total-
family (T-F) curves stabilize more rapidly than T-S curves
as the sample size increases, as suggested by the decreasing
values of slope coefficients with decreasing taxonomic resolu-
tion (Table 2), although this, in itself, is certainly a topic
worthy of future investigation.

The approach described here does rely, however, upon the
validity of the semi-log approximation described by Ugland
et al. (2003) (equation (3) above). Although this method
was fairly recently identified by Reichert et al. (2010) as the
best among a suite of potential estimation methods, con-
struction of separate accumulation curves for rare, interme-
diate and common species revealed that the shape of the
randomized empirical accumulation curve for all species is
determined primarily by the occurrence of rare species. Fur-
thermore, their simulations showed that the T-S approach of
Ugland et al. (2003) will either under- or overestimate total
species richness if the occupancy of rare species is unusually
low or high, respectively. This suggests, therefore, that
caution should be exercised in applying the proposed
method in such cases.

The approach we have outlined here is purely instrumen-
tal, with the goal of sampling efficiency, and does not
attempt to provide a theoretical underpinning for the ecolog-
ical meaning of taxonomic surrogacy (e.g. Bevilacqua et al.,
2012). However, the basic ideas presented here might have
potential for application with other types of measures of
diversity, such as functional or phylogenetic diversity (e.g.
Graham & Fine, 2008; Swenson et al, 2010). Functional
diversity may not be hierarchical, however (Laliberté &
Legendre, 2010), and the lengths of branches in different
parts of a hierarchical phylogeny may vary, meaning that
comparable entities at higher levels could be difficult to
delineate. The potential to combine analyses of functional,
phylogenetic and taxonomic diversity to provide insights into
broad-scale patterns of community assembly is, however, a
fruitful area of current ecological research (e.g. Stegen &
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Hurlbert, 2011; Anacker & Harrison, 2012), and cost-effec-
tive methods, such as that proposed here, for quantifying
biodiversity, will certainly serve to enhance such endeavours.

Above all, the approach of combining a method that
accounts for compositional heterogeneity in natural assem-
blages with the use of taxonomic surrogates is likely to repre-
sent a powerful way to help fill the gaps in our current
knowledge of human-driven changes in macro-ecological
patterns. The ongoing decline of global biological diversity
has raised wide concern about expected deleterious effects on
the functioning of ecosystems and the flow-on consequences
in terms of our ability to derive ecosystem goods and ser-
vices from such compromised systems (Balmford & Bond,
2005). Potential negative outcomes of biodiversity loss are
particularly alarming for seas and oceans (Halpern et al,
2008), for which wide gaps in biodiversity information on
many marine organisms (Archambault et al., 2010; Fraschetti
et al., 2011) further increase uncertainties on the magnitude
of human-driven species extinctions and functional losses in
marine ecosystems (Sala & Knowlton, 2006). We consider
that the predictions made by our procedure have a wide
range of potential applications, including conservation, large-
scale biodiversity surveys and routine monitoring of biodi-
versity changes in relation to global changes or localized
human impacts. Importantly, although the taxonomic efforts
required are reduced by our approach, the concept at the
base of the procedure does not disregard the importance of
the identification of species and thus the role of taxonomy, a
crucial discipline that lies at the heart of any knowledge or
study of biodiversity.
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