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ABSTRACT: An unusually large nu m b er of replicated m acrofaunal sam ples (70) w as tak en from the
W estern Baltic in M ay 1995 for a ringtest in an ICES/HELCOM intercalibration exercise. This d ata set
w as em ployed in this study in order to investigate the perform ance of num erical m ethods u sed for
predicting species richness and to assess the accuracy of the estim ates of ab undance and diversity
currently used in benthic ecology. The results of this study indicate that: (1) m ore th an 10 replicates
are req u ired in order to include in th e d ata set m ore th an tw o-thirds of the species found in 70 rep li
cates, an d m ore th an 53 replicates are req u ired in order to include 95% of the species; (2) estim ates
of av erage ab u n d an ce an d of av erage Shannon-W iener diversity index using 5 replicates could result
in less th an 40 % error; this could be less th an 30 % for 10 replicates and less th an 5 % for 70 replicates;
(3) both types of species-richness predictions (jackknife estim ate and SJj increased w ith increasing
num b er of sam ples used in the calculations, indicating that their ability to assess overall species rich
ness in the com m unity is rath er limited; in particular, it is show n that jackknife overestim ates and
slightly u nderestim ates species richness. Different configurations of the
m ethod w ere tested in
order to optim ize its perform ance, an d it w as found that both truncation and increasing sam pling lag
result in in creased an d stabilized estim ates of species richness.
KEY WORDS: M acrobenthos sam pling m ethodology • Species-area curves • A bundance • Diversity •
W estern Baltic
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INTRODUCTION
The sp ecies-area curve is a p attern that has b een
know n for a long tim e in ecology (A rrhenius 1921,
Rosenzw eig 1995), an d in fact seem s to consist of 3 or 4
different p attern s (Williams 1943, Rosenzw eig 1995),
i.e. it can be calculated (1) am ong tiny pieces of a sin
gle biota, (2) am ong larg er pieces of a single biota,
(3) am ong islands of 1 archipelago an d (4) am ong areas
w ith in d ep en d en t evolutionary histories. T hese p a t
terns are sh ap ed by processes o perating at different
spatial an d tem poral scales, rang in g from stochastic
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w ithin-site variability to spéciation and extinction. At
the low en d of this spectrum , species-area curves are
often u sed as a criterion for decisions on sam pling
strategy, particularly w ith respect to the m inim um
sam pling effort required. However, the num ber of sp e
cies in a com m unity to w hich interm ediate yield-persam ple is com pared m ay also be considered as an
interm ediate result in an infinite series of sam ples that
could be tak en from a given site at a given time. T h ere
fore, the num ber of species included in the calibration
sam ple rep resen ts only a subset of the species richness
in the com m unity (in this p ap er the term 'species rich
ness' is used to refer to the total num ber of species in
the com m unity and not to the index introduced by
M argalef 1958).
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Two m ethods have b e e n proposed as a m eans of
overcom ing this problem by extrapolating th e existing
information: (1) the jackknife estim ate (Heltshe & For
rester 1983a) predicting total species richness from a
series of sam ples using the num b er of species present
in n sam ples, th e num b er of sam ples an d th e nu m ber of
unique species (i.e. of species p resen t in 1 an d only 1
sam ple), an d (2) the
m ethod (Karakassis 1995),
w h ereb y total species richness is calculated by re g re s
sion of the cum ulative nu m b er of species in k + 1 sam 
ples against that in k sam ples an d by calculating the
intercept point w ith th e bisector of th e angle b etw een
the coordinates, thus producing an estim ate of the
num ber of species beyond w hich no further increase in
the cum ulative nu m b er of species is ex p ected using
additional sam pling effort. N one of these m ethods has
b een calibrated against a really high num b er of rep li
cated sam ples.
The d ata set of m acrobenthic replicates p resen ted
here is one of th e largest m ulti-species ecological
replication d ata sets in scientific lite ra tu re — it con
tains 70 true replicates (taken in seq uence from the
sam e site) or a total of 7 m 2 of sea bed. This d ata set
has b e e n pro d u ced using a quality assurance protocol
and originates from an a rea w h ere th e fauna is
largely know n. Patchiness in this particular station, or
other sources of spatial h etero g en eity (Morrisey et al.
1992), m ay be considered low; the species richness in
the entire a rea is relatively low, so th e cum ulative
species richness curve should be closer to the asym p
tote th an in m ost oth er know n similar d ata sets. All
these q ualities/properties m ake the d a ta set ap p ropri
ate for testing the perform ance of statistics developed
to predict com m unity attributes from a lim ited n u m 
ber of sam ples.

MATERIALS AND METHODS
Sampling site. The m acrofaunal d ata p resen ted in
this study cam e from the ICES/HELCOM in tercalibra
tion study, w h erein these sam ples h a d b e e n used for a
ringtest b etw een 13 p articipating laboratories (ICES
1996). The Station 'M illionenviertel 14' is located in the
north ern p art of Kiel Bay (W estern Baltic) at a d ep th of
24 m, an d has a sandy/m ud sedim ent. M aps indicating
the position of the sam pling station an d the m ain bio
logical features can be found in A rntz (1981) and Weigelt (1991).
Analysis of macrofauna. M acrofaunal sam ples w ere
collected by m eans of a 0.1 m 2 v an V een grab. They
w ere sieved on board th ro u g h a 1 mm sieve, p reserved
in 4 % form aldehyde, and identified to species by the
environm ental consultant ZOOTAX in Stockholm
(Sweden). The m ethods generally followed the ICES

and HELCOM recom m endations on sam pling benthos
and treatm ent of sam ples (Rumohr 1999).
Multivariate analysis. A bundance d a ta of all m ac
robenthic replicates tak e n w ere analyzed by m eans of
nonm etric m ultidim ensional scaling (N-MDS) as re c 
om m ended by Field et al. (1982). Similarities w ere cal
culated using the Bray-Curtis similarity index (Bray &
Curtis 1957). Prior to the analysis, a double square-root
transform ation w as applied to the ab undance in order
to norm alize and avoid skew in the d ata set. This
analysis w as perform ed in order to detect w h eth er the
sam ples tak en form discrete subgroups, thus introduc
ing bias in subsequent analyses.
Species richness abundance and diversity estimates.
The species-area curve w as plotted using 100 com 
p u ter-g en erated random sam ple sequences (Holme
1953, K arakassis 1995) and the m ean species content
of all possible subsets of sam ples by averaging as
d escribed in W einberg (1978) and Karakassis (1995).
This technique m inim izes the potential for bias in
the shape of the cum ulative curve of species num ber
against the num ber of sam ples w hich could result from
the presence of extrem ely species-rich or species-poor
sam ples at the beginning of the sequence.
The sam e type of procedure w as used for the calcu
lation of the average ab undance and Shannon-W iener
index, H' (Shannon & W eaver 1949), perform ing 100
random perm utations in the sam ple sequence. For
each of these perm utations, the average value w as cal
culated for 1, 2, 3, ... up to 70 samples:
_

x kj
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w here xk¡ = the value (abundance or diversity) of the
ith sam ple in sequence during the jth random p erm u 
tation, and y¡j = the average value for the first i sam ples
of the jth random perm utation.
In order to estim ate the m axim al possible error in
either of these variables (abundance and diversity), w e
have defined as m axim al deviation (niDi:) the m axim al
absolute difference b etw een the cum ulative average
ab undance (or diversity) for each possible subset of
species from the average value for 70 sam ples (y70j)
divided by the average value for 70 sam ples, w hich
m ay be considered as the value closest to the 'true'
m ean of the community:
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The advantage of this approach is th at it provides a
m easure of the potential error, w ith no assum ption on
the distribution of ab undance am ong the replicates.
The calculation of the jackknife estim ate w as p e r
form ed also w ith 100 com puter-generated random sam ple sequences, and during each perm utation the
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prediction of the estim ate w as recorded as the sam ple
size in creased from 1 to 70 grabs.
The Soo prediction w as calculated in the sam e w ay
(with increasing sam ple size) using the av erage of 100
perm utations. In addition, 2 different configurations
w ere tested w ith this m ethod modifying the initial
m ethod proposed by K arakassis (1995):
V arying sam ple la g (SL): The initially proposed
m ethod w as b ased on a regression of the species in
k + 1 sam ples against the species contained in k sam 
ples. The m ain concept w as th at this index w ould p ro 
vide the num ber of species expected to be attained
w h en the difference in the cum ulative n um ber of sp e
cies b etw een 2 consecutive sam ples (sam pling lag = 1)
w ould be zero. However, in th at case th ere should also
be a zero difference b etw een h igher sam pling lags. It
could be expected th at the increase in sam pling lag
w ould provide m ore accurate results, particularly in
species-poor comm unities, since it could give a higher
resolution in detecting tren d s in the increase of species
richness. T herefore, w e have chosen to test the b eh av 
iour of the Soo index for different values of SL (1, 10 and
30).
Truncation of the ends of the series: As has b een
stated before (Karakassis 1995), the stan d ard deviation
of species richness at the 2 ends of the series is lower
th an in the m iddle, since the num ber of com binations
at those points is lim ited and, therefore, some of the
values are re p e a te d during the perm utations. In a
bro ad er context, it could be arg u ed th at the 2 ends of
the d ata series are m ore d e p en d en t on the values
resulting from the p articular sam pling event, w hereas
the interm ediate values w ould be m ore representative
of the rate of increase in richness. In this particular
study, w e have tested the behavior of the
m odel
w h en om itting 1 to 10 pairs of values.
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stress = 0.22

Fig. 1. MDS ordination plot of all 70 replicated sam ples tak en

the first subdiagonal correspond to sam ples tak en in
sequence (lag = 1), those of the second subdiagonal to
similarities am ong every second sam ple (lag = 2) and
so on. A veraging similarities of these subdiagonals
(Fig. 2) provides an additional m eans of testing for
m ultivariate hom ogeneity: if the average similarity d e 
creases w ith increasing lag, th en it could be assum ed
th at strong patchiness or a 'hidden gradient' reduces
the hom ogeneity of the data. The data from the presen t
study did not show such an effect, the average sim ilar
ity rem aining relatively constant for Lags 1 to 40, ra n g 
ing from 63 to 68 %.

Species occurrence
R egarding species distribution am ong replicates
(Fig. 3), it w as found th at a large proportion of the spe-

RESULTS
H om ogeneity of the site

£
tes

The results from the m ultivariate analysis through
MDS (Fig. 1) did not show any m ajor clustering of the
replicates into discrete groups. The relatively high
stress value (although below 0.3) is typical for sam ples
w hich do not rep resen t series along a g radient or
grouping into clusters. The av erage similarity betw een
different sam ples w as 67 %, w ith a m inim um of 38 and
a m axim um of 87 %. In com parison to the first sam ple
taken, similarity of su b seq u en t sam ples ran ged b e 
tw een 46 and 78%.
H om ogeneity w as further tested by com paring the
subdiagonals of the association matrix. Since sam ples
w ere arran g ed by sam pling hour, the sim ilarities of
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Fig. 2. A verage (±SD) similarity b etw een sam ples tak en
at different sam pling lags (lag = 1 for sam ples tak en in
sequence)
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Fig. 3. C um ulative contribution of m acrobenthic species to
total ab u n dance and to species richness in relation to cum ula
tive occurrence in th e replicates (i.e. horizontal axis indicates
m axim um proportion of th e sam ples w herein the respective
species w ere found)

Fig. 5. M axim al deviation of th e average ab u n d an ce and
S hannon-W iener diversity index (H ') calculated as p e rcen t
age over th e respective values for 70 replicates

cies (16%) occurred in only 1 sam ple and 75% of the
species w ere p resen t in less th an half of the sam ples. In
total, 70% of the species richness contributed less th an
5% to the total m acrofaunal abundance.

tions in the series of sam ples (Fig. 5) show ed that th ere
is a decreasing potential for deviation from the true
value (m easured as p ercen t difference betw een the
estim ated value for a given num ber of sam ples and the
value for all 70 replicates) w ith increasing sam pling
size for both ab undance and diversity. In this type of
analysis, the minim al deviation is obviously zero. The
estim ates of the average ab undance and of the av er
age Shannon-W iener diversity index for 5 replicates
could result in less th an 40% deviation from the true
value of these variables, w hereas it could be less th an
30 % for 10 replicates. However, it seem s that th ere is a
n eed for m ore th an 60 sam ples in order to avoid the
possibility of deviation higher th an 5 %.

Abundance and diversity
Typically (Fig. 4), as the n um ber of replicates
increases the av erage total ab u n d an ce or diversity
tends to stabilize, fluctuating around the av erage value
for the 70 replicates. The results of different perm uta-
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Species richness w as found to be an increasing func
tion of sam pling effort (Fig. 6) th at did not level off
until the end of the horizontal axis. The first 5 sam ples
3.0 cover only 55% of the species found in 70 replicates,
w hereas in order to sam ple 70 or 90 % of the species, it
takes 12 and 35 sam ples respectively.
The estim ates of species richness (Fig. 6) obtained
2 .Í
through jackknife and the standard configuration
of Soo w ere found to be highly d e p en d en t on the sp e 
cies already available in the data set, w hereas they
26 show ed no signs of approaching the asym ptote before
the actual curve of species presen t in the data set. In
fact, the jackknife exceeded in all cases the num ber
of species presen t in the com m unity and w as approxi
m ately parallel to it after 30 replicates. The curve p ro 
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Fig. 4. A bundance an d S hannon-W iener diversity index, H '
(per sam ple), a v e ra g e d over a ran d o m series of rep lic a te s
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number of replicates
Fig. 6. C um ulative nu m b er of species p resen t in an increasing
num ber of replicates an d prediction of th e total species rich
ness by the jackknife estim ate an d 3 configurations of the S^
m ethod using different sam ple lag

duced through the standard configuration of
(Fig. 6:
Soolag 1) w as m uch closer to the actual species rich
ness, w hereas towards the end of the line it seem ed
to u nderestim ate the n um ber of species by approxi
m ately 3.
The Soo estim ate (for all 70 replicates) u n d er different
sam pling lags (Fig. 7) show ed th at th ere is a consider
able increase in the expected species richness w ith
increasing lag th at becom es relatively stable after 30.
The d ecrease found after the 59 lag is probably due to
the very low num ber of points considered for the
regression.

(/)

Different com binations of sam pling lag and tru n c a 
tion of the entire data set w ere used in order to provide
the best configuration for the
m ethod (Fig. 8). It was
found th at both truncation and sam pling lag lead to an
increase in the species richness predicted by S^ in
com parison to the standard configuration (SL = 1, no
truncation). However, it w as found that both tre a t
m ents ten d to produce similar results exceeding the
initial estim ate by approxim ately 8% , w hereas w hen
truncation exceeds 7 the m axim al difference am ong all
configurations is less th an 1 species.

DISCUSSION

The sam pler used in the presen t study w as a
1000 cm2 van V een grab (modified according to
D ybern et al. 1976), w hich is a sta n 
d ard m eans of sam pling for num erous
60
benthic surveys in the Baltic and
59
around the world. A lthough D owning
58
(1980) has em phasized the efficiency
of
sam plers of sm aller unit area for
57
benthic ab undance estim ates, th ere is
56
still no consensus as to how the use
55
of such sm aller sam plers w ould af
fect the estim ates of species richness,
54
w hereas the edge-effects of the sam 
53
pler becom e m ore im portant as the
52
area of the sam pler decreases (Gray
1984). A ccording to Riddle (1989), a
51
sam
pler of sm aller surface area could
50
provide a saving of total area sam pled
0
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of about 20% .
lag
In term s of abundance, the function
provided by Dow ning (1979) w orked
Fig. 7. Soo estim ate for different lags b etw een successive sam ples
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relatively w ell w ith th e d a ta of th e p resen t study, p re 
dicting that log10 of the stan d ard deviation w ould be
2.5 w h ereas th e actual value found (calculated per m 2)
w as 2.7. This is an indication th at the distribution of
ab u n d an ce w as not 'atypical' in com parison to other
benthic studies.
The coefficient of variation (standard deviation/
m ean) for th e ab u n d an ce d ata in the p resen t study was
0.39 (m ean = 140.1, stan d ard deviation = 54.5). A pply
ing these figures and the form ula (Andrew & M apstone
1987, Riddle 1989) relatin g th e num b er of replicates r e 
qu ired to estim ate the m ean ab u n d an ce as a function of
the d esired precision to the m ean an d th e sam ple v ari
ance, it w as found th at 4 sam ples (actually 3.9) w ould
be en o u g h to g et a 20% precision of the m ean. H ow 
ever, th e results of the 100 random ized sequences of
sam ples (Fig. 5) show ed th at ab u n d an ce could deviate
by m ore th an 20% w h en the num b er of replicates w as
low er th an 15. In this context, the form ula for calculat
ing the req u ired nu m b er of sam ples provided by Krebs
(1989) involving also 95% confidence limits w as more
realistic, since it would predict that 12 to 15 sam ples are
req u ired in order to achieve ±20 % relative precision of
the m ean abu n d an ce estim ate.
The presen ce of singletons (or rare or uniq ue sp e 
cies), i.e. species occurring in 1 and only 1 quadrat
(Krebs 1989), is a typical feature of collections of eco 
logical sam ples. The presen ce of these species is in fact
quite an im portant piece of inform ation, allow ing the
prediction of the total nu m b er of species in the com 
munity. Both jackknife (Heltshe & Forrester 1983a) and
(Karakassis 1995) estim ates of species richness are
directly or indirectly influenced by th e nu m b er of sin
gletons in the community. It w ould be ex pected th at in
a relatively hom ogeneous area, in a species-poor macrobenthic community, an d after such an exhaustive sam 
pling, singletons w ould ten d to ap proach zero. H ow 
ever, 9 species (16% of th e species richness) w ere
found in only 1 sam ple in the entire d a ta set, w hereas
during the random ization process their p ercen tag e in
any subset of sam ples w as never low er th an 6.5% of
the respective species richness
Based on 12 m acrofaunal replicates from the G er
m an Bight (G erlach 1972), Gray (1984) assum ed that
for this particular a rea m ore th a n 60 and 90% of the
species in the com m unity w ould be collected w ith 2
and 7 replicates respectively. Holme (1953) sam pled
benthic m acrofauna at 4 sites off Plymouth, using m ul
tiple replication (15 to 40 sam ples) w ith different sam 
pling devices (200 cm 2 suction corer, 500 cm 2 scoop
sam pler an d 1000 cm 2 P etersen grab). In none of these
sites h a d th e num b er of species leveled off, and the
num ber of singletons at th e m ost intensively sam pled
site w as not less th a n 30% of the total nu m b er of sp e 
cies found in th e 40 replicates.

G entil & Dauvin (1988) p resen ted a large d ata set of
32 replicates tak en at the Bay of M orlaix (Station
Pierre Noire) by m eans of a similar sam pling device
(0.1 m2, Sm ith-M clntyre grab). The total num ber of
species found w ithin this d ata set (91) w as higher than
that in the present study and the num ber of singletons
en co u n tered w as also high. G entil & Dauvin suggested
that the occurrence of rare species is largely u n p re 
dictable and therefore it is only possible to estim ate
the num ber of 'non rare' species. These authors partly
attributed the difficulties in estim ating the species
richness of the entire com m unity to particular c h arac
teristics of the site investigated, such as the m acrotidal
regim e and the high diversity in the area w hich allows
for the existence of species that are largely dispersed
and of such low ab undance th at they rarely ap p ear in
the sam ples. This omission strategy w as also recom 
m ended by Riddle (1989), w ho also tested the effect of
different sam plers (grabs and cores) on the estim ation
of species richness. Riddle em phasized the fact that
th ere are m ore singletons in m arine benthic com m uni
ties th an in freshw ater ones.
Cao et al. (1998), in a river benthic d ata set of 24
replicates, also found a large num ber of singletons (ca
30%), and they tested how omission of rare (at differ
ent levels of rarity) species from the d ata sets w ould
affect com parisons am ong different sites. They con
cluded that rare species are critical for accurate com 
m unity studies and bioassessm ent. Cao et al. also
em phasized the idea that although exclusion of rare
species m ay be desirable for purely statistical reasons,
this procedure seriously violates g en eral ecological
observations and theory, leading to an unacceptable
loss of ecological information.
The results from the presen t study show th at a large
num ber of rare species m ay be present even in a re la 
tively species-poor, microtidal, largely hom ogeneous
benthic com m unity and even after taking 70 true rep li
cates, i.e. after sam pling 7.0 m2 of the sea bed.
The results of both m ethods for predicting species
richness in the entire community, nam ely jackknife
and S„ w ere not in d ep en d en t of the actual num bers
already found in the d ata set. The jackknife estim ate
has b een found to overestim ate the num ber of species
(Heltshe & Forrester 1983b, Karakassis 1995). As the
num ber of species in the d ata set increases, this esti
m ate tends to becom e equal to S + u w here S = n u m 
b er of species in the d ata set and u = num ber of unique
species. However, since the num ber of the unique sp e
cies (or even their proportion in the species richness)
does not seem to decrease w ith increasing sam pling
effort, it is quite difficult to conclude on the reliability
of the jackknife estim ate results.
The m ain criterion for assessing the efficiency of a
predictive m ethod for species richness w ould be that
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the cum ulative curve prod u ced should rise early (with
the few est sam ples possible) and level off before the
actual species curve reach es th e asym ptote. From this
point of view it w as found that the predictive efficiency
of th e S«, m ethod in creased w ith increasing SL (Fig. 6),
although the increase in SL inevitably delays the sta rt
ing point, therefore limiting the potential of the method.
D ifferent com binations of sam pling lag an d tru n c a
tion in th e entire d a ta set w ere used in ord er to provide
the best configuration for th e
m ethod (Fig. 8). It w as
found that both truncation an d sam pling lag result in
increasing and stabilizing the species richness p re 
dicted by S«, in com parison to the stan d ard config
uration (Karakassis 1995), becom ing h igher th a n the
actual nu m b er of species p resen t in th e d ata set and
low er th a n the jackknife estim ate. Of course, this
new configuration increases th e num ber of sam ples
req u ired in com parison to th e stan d ard configuration,
since the increase in both truncation an d the sam pling
lag results in a low er nu m b er of pairs for the
re g re s
sion. Therefore, in o rder to obtain th e best possible
inform ation out of th e
m ethod, it is su g g ested that a
set of different configurations (depending on the n u m 
b er of available replicates) involving both truncation
an d increasing lag could be u sed in order to locate the
point w h ere th e estim ates ten d to stabilize.
The id ea th at w ith a decen t num b er of replicates bio
diversity will be ad eq u ately sam pled does not seem to
be realistic. With 5 replicates w e could only include
53% of the species p resen t in 70 replicates and u n 
doubtedly it could be ex pected th at th e nu m b er of sp e 
cies found in 70 replicates is only a proportion of the
respective nu m b er for 100 or 200 replicates. F u rth er
more, th e nu m b er or the proportion of singletons
did not show any m arked d ecrease w ith increasing
sam pling effort. T herefore, it m ay be concluded that
selecting th e nu m b er of replicates req u ired should not
be b ased on the criterion of including a large propor
tion of the com m unity species in th e set of sam ples
(Gray 1984). O ne could be fairly confident that the
ab u n d an t species are included in th e d ata set w ith
relatively low sam pling effort, but it seem s extrem ely
laborious to tak e en o u g h sam ples so as to include in
the d ata set all th e species of th e community, even for
calibration purposes. However, it is recom m ended that
a large num b er of replicates is tak en before standard
m onitoring starts so that at least the precision of the
estim ates is known.
This inadequacy in determ ining the num ber of sp e 
cies in a com m unity is an im portant problem for the
m onitoring of m acrofaunal biodiversity at the species
level, since it is quite a difficult task to com pare 2 n u m 
bers (e.g. tem poral ch anges in biodiversity) w h en n e i
th er of them is know n. In fact, w e m ay only com pare
num bers for the most ab u n d an t species an d th en w e
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m ay only assum e (or hope) th at the abu n d an t species,
play a m ore im portant role th an the rare ones and,
therefore, since the form er are included in our calcula
tions, that these conclusions are m eaningful. In this
context, the m easurable part of species richness refers
to 'ecodiversity' (M argalef 1997) rather th an to biodi
versity. However, it should still be kept in m ind th at not
all im portant species (e.g. keystone species) are a b u n 
dan t or of high biom ass, and therefore estim ates of
species richness do not necessarily reflect ecological
im portance.
O n the other hand, average H ' diversity and a b u n 
dance per m2 m ay be estim ated fairly easily w ith a re a 
sonable num ber of replicates, and therefore the infor
m ation contained in such estim ates is quite reliable. In
this context, the num ber of replicates req u ired largely
d epends on the type of hypothesis tested, always being
a com prom ise betw een precision and the tim e tak en to
obtain and process the sam ples (Gray 1984). However,
a prelim inary survey w ith a large series of replicates
allows the determ ination of some im portant variables
such as the standard deviation of the ab undance or
diversity so that differences betw een sets of sam ples
are adequately docum ented.
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