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Abstract The aim of this study was to evaluate compositional
differences between harpacticoid (Crustacea, Copepoda) as-
semblages at two widely separated abyssal locations. During
the DIVA 1 cruise of RV METEOR (July/August 2000) to the
Angola Basin (Southeast Atlantic), two deep-sea stations, ap-
proximately 300 nautical miles apart (Stations 325 and 346),
were sampled repeatedly by Multicorer (MUC). For quantita-
tive analyses, 5 MUC samples were selected at random from
each of 15 deployments at both stations, totalling 75 cores.
Across the study, 7,081 Harpacticoida specimens were en-
countered and of these 31.4 % were adults and could be
analysed to species level: 682 species were identified, with
99.3 % new to science. At northern Station 346, a total of 600
species were recorded—the highest harpacticoid species num-
ber ever recorded for a single deep-sea locality. Most species
(56 %) were represented by singletons. Multivariate tests iden-
tified significant differences between community compositions
at the two stations. Diversity, species richness and species

density were higher at Station 346, whilst taxonomic distinct-
ness, evenness, and rarefaction were similar between stations.
Regression and correlation analyses showed that the difference
in species diversity was best explained by species densities
rather than species richness. Under-sampling due to low den-
sities was an issue at the southern Station 325. Nevertheless,
our study demonstrated significant differences in regional-
scale harpacticoid community structures within a single deep-
sea basin that would usually be considered a uniform and
stable habitat. These observed differences are thought to reflect
differences in food availability at the two stations.

Keywords Meiofauna . Community analysis . Species
richness . Diversity . DIVA . CeDAMar

Introduction

Meiofauna organisms are ubiquitous, and are the numerically
dominant metazoans at all water depths (Rex et al. 2006; Wei
et al. 2010). Concerning the deep sea, our knowledge of the
large-scale distributional patterns of metazoan meiofauna spe-
cies has grown over the last years. Communities of deep-sea
meiobenthic taxa (primarily Nematoda and Harpacticoida)
have been investigated across complete geographical areas
(e.g. Baguley et al. 2006; Lambshead et al. 2000, 2001,
2002; Lampadariou et al. 2009) or over certain time periods
(Shimanaga et al. 2004). Species turnover of abyssal
Harpacticoida has been studied over large scales, showing
that distribution ranges of single harpacticoid species can span
thousands of kilometres (e.g. Gheerardyn and Veit-Köhler
2009; Kottmann et al. 2013; Menzel 2011a; Menzel et al.
2011; Pointner et al. 2013; Seifried and Martínez Arbizu
2008). Nevertheless, diversity of mega- and macro-fauna
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and their role in the ecosystem are far better documented, and
species-level studies on all Harpacticoida in deep-sea commu-
nities are scarce (Coull 1972; Dinet 1973; Soltwedel 1997;
Thistle 2001; Baguley et al. 2006).

Besides sediment characteristics, oxygen supply, hydrolog-
ic conditions (currents), and catastrophic physical disturbance,
food supply plays an important role in structuring meiobenthic
communities and species diversity in the deep sea (cf. Coull
1988; Lambshead et al. 2000, 2001, 2002; Levin et al. 2001;
Soltwedel 2000; Tietjen 1984, 1992; Vanhove et al. 1995;
Vanreusel et al. 1995a, b). Increased food resources should
result in an increased number of corresponding feeders, and
this theory has been supported by a number of recent studies
(e.g. Baguley et al. 2006; Danovaro et al. 2000; Gutzmann
et al. 2004; Lampadariou et al. 2009; Raes et al. 2010; Rose
et al. 2005; Shimanaga et al. 2000). Moreover, it is known that
primary productivity is higher near the coasts than offshore,
even in deep-sea areas (e.g. Brown et al. 1991; Levin et al.
2001; Rex et al. 1993; Smith and Hinga 1983; Soltwedel 2000;
Thistle 2003; Wasmund et al. 2005). However, environmental
conditions in the deep sea are thought to change only slightly
even over great distances (cf. Ramírez-Llodra et al. 2010;
Thistle 2003; Türkay 2006; Tyler 2003).

The DIVA project (Latitudinal Gradients of Deep-Sea Bio-
diversity in the Atlantic Ocean), initiated in 2000, aims to
develop a comprehensive data set to enable a reliable estimate
of deep-sea biodiversity. So far, the bottom fauna, from the
nano- to the megabenthos, have been studied across five
Atlantic deep-sea basins during three DIVA expeditions
(Balzer et al. 2006; Martínez Arbizu and Schminke 2005).
In addition to an extensive taxonomic inventory of the benthos
and the description of new species, a primary objective has
been the comparison of different deep-sea basins regarding
their taxonomic composition and species diversity (Türkay
2006). The three DIVA expeditions (DIVA 1, 2000; DIVA 2,
2005 and DIVA 3, 2009) have sampled extensively the deep-
sea basins of the southern Atlantic Ocean, i.e. the Cape,
Angola, Guinea, Argentine, and Brazil Basins. The study
presented here relates to the DIVA 1 cruise to the Angola
Basin.

DIVA 1 concentrated on a transect approximately 700 km
long in the Angola Basin (Türkay 2006). One aim of this
cruise was to evaluate whether the presumed environmental
uniformity and stability within a single deep-sea basin holds
true (e.g. Levin et al. 2001). Kröncke and Türkay (2003)
recorded decreased productivity, biomass, and abundance of
the mega- and macrobenthos from north to the south along the
investigated DIVA 1 transect, casting doubt on the assumption
of environmental uniformity for the Angola Basin.

Two Stations of this transect (Fig. 1), one southern (325)
and one northern (346), were sampled repeatedly by
Multicorer (MUC). This was the first study where a compara-
ble, intense sampling effort has been carried out at two stations.

The replicated, quantitative data set was used to compare these
stations regarding their taxonomic composition and species
diversity. Rose et al. (2005) demonstrated a significantly higher
within-core alpha diversity of harpacticoid copepods at the
species-level, and higher individual densities at the northern-
most Station 346 compared to the southern Station 325. This
earlier study calculated only within-core diversities since spe-
cies designations had not been integrated across the stations
but the data compiled allows a hitherto unmatched investiga-
tion of community diversity in the deep sea.

Based on the results of Rose et al. (2005), and taking into
account the different productivity regimes of the two investi-
gated stations, the following null hypothesis was tested:

The Copepoda Harpacticoida assemblages of the two sta-
tions are statistically indistinguishable in their structure (taxa
composition) and diversity.

Materials and methods

Sampling protocol

Sampling took place from 6 July to 2 August 2000 during the
DIVA 1 campaign of RV METEOR (cruise M48/1) to the
Angola Basin (Southeast Atlantic). Two stations, Stations 325
and 346 were sampled repeatedly by Multicorer (MUC)—the
most quantitative sampling device for soft sediments (Barnett
et al. 1984; Bett et al. 1994; Shirayama and Fukushima 1995),
each deployment providing ten cores (inner diameter, 9.6 cm,
so one core covers 72.4 cm2). Station 325 (19°58.2 S,
02°59.8 E; depth, 5,448 m, 550 nautical miles west from the
African coast) was located 300 nautical miles south-west of
Station 346 (16°17.0 S, 05°27.0 E; depth, 5,389 m, 350 nauti-
cal miles west from the African coast) (Fig. 1). The stations
correspond to “working areas” 3 and 6 in Kröncke and Türkay
(2003) and Fiege et al. (2010), and were characterised by
differing productivity resulting in divergent biomass and abun-
dance of the mega- and macrobenthos. They were sampled
eight times each, every deployment being considered as a
replicate, with five of the ten cores from each replicate selected
at random to remove operator bias in an attempt to achieve
representative subsampling of the population (corresponding to
362.0 cm2 per replicate). At Station 325, only seven replicates
were successful, providing a total of 35 cores (subsamples)
(corresponding to 2,534.0 cm2), whilst at Station 346 all eight
replicates were successful yielding 40 subsamples for further
analysis (corresponding to 2,896.0 cm2). Hence, 15 replicates
comprising 75 subsamples (i.e., 5,430.0 cm2=0.54 m2) were
analysed quantitatively for the present study.

To get the meiofauna, the upper 5 cm layer of sediment was
taken from each subsample. The sediment was preserved in
5 % formaldehyde solution on ship. In the laboratory, the fixed
subsamples were washedwith tap water through a 40μm-mesh
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sieve. Meiofauna and organic material were then extracted
from the remaining sediment by centrifugation with a colloidal
silica aquasol (Levasil®) as the flotation medium, using kaolin
to cover the heavier particles (Somerfield et al. 2005). Each
subsample was centrifuged three times at 4,000 rpm for 6 min,
after each spin the floating matter was decanted on to a 40 μm-
mesh sieve and rinsed with tap water. Copepods were subse-
quently transferred to glycerine, and the undamaged adult
harpacticoid copepods were analysed quantitatively at species
level (Appendix A: species-stations matrix).

Species identification

Assignment to species of the harpacticoid taxa was made in
accordance with the recent nomenclature, using a variety of
identification keys (Boxshall and Halsey 2004; Huys et al.
1996; Lang 1948; Wells 2007) and original descriptions. For
the systematic status of Dactylopusiidae Lang, 1936, and
Pseudotachidiidae Lang, 1936, we follow Willen (2000) and
Willen (2002) for Miraciidae Dana, 1846. Idyanthidae Lang,
1944, Neobradyidae Olofsson, 1917, Tisbidae Stebbing,
1910, and Zosimeidae Seifried, 2003, are assigned according
to Seifried (2003), and Aegisthidae Giesbrecht, 1892, and
Rometidae Seifried and Schminke, 2003 according to Seifried
and Schminke (2003).

Species identification resulted in an extensive species-station
matrix (Appendix A) that formed the basis of community anal-
ysis. Adult individuals were identified to species level, whether
or not assignment to a known genus or family of Harpacticoida
was possible. In such cases, species were assigned to the lowest
possible supraspecific taxon level (e.g. Podogennonta sp. 1,
Ameiroidea sp. 10, Diosaccinae sp.). No species of Ameiridae
was assigned to generic level.

Statistical data analysis

Similarity analysis

Similarity analysis was performed using Cosine Similarity.
According to Pfeifer et al. (1998), the Cosine Similarity, as a
more “qualitative” similarity measure, may reveal the structur-
al properties of communities more clearly than more “quanti-
tative” ones. In particular the Bray-Curtis coefficient, which is
widely accepted in ecology, “has the major drawback that it
separates ‘similar’ monitoring units if the difference is mainly
due to multiples in abundance” (Pfeifer et al. 1998: p 65).
Therefore it often requires data transformation (e.g. fourth
root), especially when comparing different sampling sites.
However, data transformation reduces the acquainted data
(here: abundance values) into direction of the level of ranks,
which results in a loss of information. Thus, the Cosine Sim-
ilarity is increasingly preferred as an adequate similarity mea-
sure in faunistic analyses (e.g. Pfeifer et al. 1998; Rose 2001;
Shimanaga et al. 2004; George 2005; Veit-Köhler et al. 2008)
and also adopted in the present contribution. To visualise
potential differences between the two assemblages, a two-
dimensional non-metrical multidimensional scaling (nMDS)
was applied. In order to test for significant differences, a
minimum spanning tree-test (MST; cf. Schleier and van
Bernem 1996 for detailed description of the test procedure)
was made, analogous to Rose et al. (2005). Like the commonly
applied “analysis of similarities” (ANOSIM; Clarke 1993), the
MST is based on the estimated similarity values of all pairs of
samples (Schleier and van Bernem 1996), i.e. upon the simi-
larity matrix. In a first step, the samples (here: seven replicates
of Station 325 and eight replicates of Station 346) were ordered
(Schleier and van Bernem 1996). The minimum spanning tree

Fig. 1 Black stars Location of
Stations 325 and 346 in the
Angola Basin off Namibia
(Africa) sampled by Multicorer.
Black squares Sampling localities
according to (A) Dinet (1973) and
(B) Soltwedel (1997)
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consists of a series of lines connecting directly those samples
which are closest together. After tree building, all lines that
connect samples of different stations are removed, leaving
“subtrees” that link only samples from the same station. The
resulting number of subtrees is the test statistic (Schleier and
van Bernem 1996). If significantly fewer subtrees than
expected under randomised conditions were left, the two sta-
tions would be significantly different. The nMDS ordination
served as a graphic basis for a drawing of the tree (Rose et al.
2005). As the original software SPANTREE 1.0 was not
available to the authors, the MST-test was performed using
the software PAST 2.00 (Hammer 2010).

Diversity analyses

As a first qualitative comparison of the absolute species num-
ber, S pointed towards much higher species diversity at Sta-
tion 346 than at Station 325, estimation of species diversity
was undertaken using several different coefficients, aiming to
elucidate if possible differences might be related to species
richness or species density. Very first insights into species
diversity are provided by the N /S ratio (cf. Rose et al.
2005), which is expressed by the relationship between number
of individuals (N) and species number (S ). Also Shannon’s
H ’, Pielou’s Evenness J ’, and Simpson’s Evenness 1 -λ con-
sider the distribution of species over individuals. As each
coefficient focusses on particular aspects of diversity (H ’:
measures the “average uncertainty” when predicting to which
species a specimen selected randomly from given S and N
belongs; J ’: expresses H ’ in relation to H’max; 1 -λ : gives the
probability that two specimens picked randomly from a given
assemblage belong to the same species; Ludwig and Reynolds
1988), they may complement each other, delivering compre-
hensive insights into species diversity. In order to account for
the different number of replicates collected at the stations,
rarefaction (Hurlbert 1971) was additionally applied to direct-
ly compare estimates of expected species numbers [E(Sn)]
based on the same number of individuals. In contrast to the
above mentioned diversity and Evenness indices, rarefaction
does not refer to all species S and individuals N of the
different stations, but rather interpolates the species numbers
expected in a sample of n individuals (Hurlbert 1971; Ludwig
and Reynolds 1988). This flattens the differences in size and
amount of samples and replicates, enabling their direct
comparison.

To detect potential influence of phylogenetic structures
within the harpacticoid assemblages of both stations 325 and
346, average taxonomic diversity Δ , and average taxonomic
distinctness Δ* (Clarke and Warwick 1998; Warwick and
Clarke 1995) were calculated based on the 352 species for
which genera and family associations could be determined.
Following Warwick and Clarke (1995), taxonomic distances
(ωij) ranged between 0 and 100; the higher the Δ and Δ*

values, the larger the taxonomic distance within the
community.

To estimate the number of species potentially overlooked
during the study, three extrapolative non-parametric methods
were applied to calculate expected number of species: Chao1,
Chao2, and Jackknife1 (cf. Baltanás 1992; Chao 1984, 1987;
Colwell and Coddington 1994; Heltshe and Forrester 1983;
Palmer 1990, 1991). Although such extrapolative estimates of
species numbers should be interpreted with caution, due to their
tendency to produce biased values (mainly underestimating
species numbers, cf. Rose 2001), they may give an approxima-
tion of expected species number provided no under-sampling
took place.

All listed analyses were performed with the software PAST
2.00 (Hammer 2010) and PRIMER 6.1.6 (Clarke and
Warwick 2001).

Results

Overall data

In total, the seven replicates (35 subsamples) from Station 325
and the eight replicates (40 subsamples) from Station 346
combined yielded 7,081 Harpacticoida specimens, of which
4,860 (68.6 %) were copepodids and 2,221 (31.4 %) adults.
The adults were 76.2 % female and 23.8 % male. Of the adult
specimens, 69 (3.1 %) were badly damaged and therefore
unidentifiable; quantitative analyses at species-level were
based on the remaining 2,152 adult Harpacticoida (Table 1).

Supraspecific taxa

Altogether, 20 known families were identified (Table 1), with
an additional 53 individuals that could not be assigned to any a
known family pooled as “Harpacticoida incertae sedis (i .s .)”.
Five families reached dominance values >8 % (N >150), with
Pseudotachidiidae showing highest abundance values (Table 1).
A further five families each represented <0.5 % of relative
abundance (N <10), with Rometidae, Dactylopusiidae, and
Rhizotrichidae being represented by 2, 1, and 1 specimen,
respectively (Table 1).

Generally, Station 346 presented considerably higher abun-
dance (N ) values than Station 325 (Table 1, Fig. 2). Also, both
stations exhibited different taxonomic compositions:
Canuellidae, Tisbidae, Rometidae, and Dactylopusiidae were
found exclusively at Station 346, with a total of 19 families
recorded here, whilst 16 families were found at Station 325,
with only Rhizotrichidae being restricted to that station
(Table 1). The remaining 15 families were reported from both
stations.

At both stations, Pseudotachidiidae was the most abundant
taxon (Table 1, Fig. 2). At Station 325 it was followed by
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Neobradyidae and Ectinosomatidae, whereas at Station 346
Argestidae, Ameiridae, and Ectinosomatidae showed next
highest abundance values (Fig. 2).

Approximately half (51.3 %) of all determined species could
be assigned to known genera. In addition to the 53 individuals
named “Harpacticoida i .s .” (see above), none of the Ameiridae
(i.e., Ameirinae + Stenocopiinae) species could be assigned to a
known genus. It was remarkable that in some of the more
species-rich families (Aegisthidae, Huntemanniidae,
Zosimeidae) all collected species belonged to known genera,
whereas in others (Canthocamptidae, Neobradyidae) more than
40 % did not (cf. Appendix A). The total number of determined
genera was 58 (Appendix B). Of these 28 genera were collected
at both stations (grey fields in Appendix B), while 3 genera were

restricted to Station 325, and 27 genera were found exclusively
at Station 346.

Species of Harpacticoida

From the 2,152 individuals of adult Harpacticoida collected, 682
species were identified. A condensed species list is shown in
Appendix A. Only five of these species (0.7 %) were known to
science at the time of sampling, 677 species (99.3 %) were new
to science. The known species were: Marsteinia parasimilis
(Dinet, 1974) (Neobradyidae), Mesocletodes robustus Por,
1965 (Argestidae), Microsetella norvegica (Boeck, 1865)
(Ectinosomatidae), Selenopsyllus dahmsi Moura and Pottek,
1998 (Canthocamptidae), and Styracothorax gladiator Huys,

Fig. 2 Harpacticoid families
collected from Stations 325 and
346 (Angola Basin). Families are
sorted according to the total
number of collected individuals
N (columns) and dominance
(pie charts). “Others” refer to the
following families (in decreasing
order from left to right): Station
325 = Paramesochridae,
Huntemanniidae, Ancorabolidae,
Cletodidae, Aegisthidae,
Miraciidae, Rhizotrichidae,
Canuellidae; Station
346 = Neobradyidae,
Paramesochridae, Zosimeidae,
Canthocamptidae, Idyanthidae,
Miraciidae, Huntemanniidae,
Cletodidae, Aegisthidae,
Ancorabolidae, Tisbidae,
Canuellidae, Rometidae,
Dactylopusiidae
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1993 (Idyanthidae). As part of the taxonomic goal of the
CeDAMar Programme (http://www.cedamar.org), a further 27
harpacticoid species have been described recently (Bröhldick
2005; Bruch et al. 2011; Corgosinho and Martínez Arbizu
2010; George 2006a, b, 2008; George and Müller 2013;
Gheerardyn and George 2010; Menzel 2011a, b; Menzel and
George 2009; Pointner et al. 2013; Seifried andMartínez Arbizu
2008 Seifried and Schminke 2003; Seifried et al. 2007; Veit-
Köhler 2004, 2005; Veit-Köhler and Drewes 2009;Willen 2005,
2008, 2009).

Harpacticoid densities were comparatively low, with aver-
age values of 1.37 individuals (ind.)/10 cm2 (standard devia-
tion 0.27) and 6.02 ind./10 cm2 (standard deviation 1.18) at
Stations 325 and 346, respectively.

Nearly 75 % of all recorded species belonged to just five
families (25 %), namely Ameiridae, Pseudotachidiidae,
Ectinosomatidae, Argestidae, and Neobradyidae (Table 1).

Cletodidae showed the highest N /S ratio (38.0), as this
family comprised only one species with 38 individuals across
the stations. Next highest N /S ratios were calculated for
Paramesochridae and Ancorabolidae. In contrast, within the
species-rich families of Ameiridae, Ectinosomatidae, and
Pseudotachidiidae on average only few individuals were
recorded per species, resulting in low N /S ratios (Table 1).

In total, 384 species (56.3 % of species, 17.9 % of individ-
uals) were represented by singletons (Appendix A) and a
further 111 species (16.3 %) were represented by two individ-
uals. The most frequently recorded species were: Argestes
angolaensis George, 2008 (N =92), Paradanielssenia sp. 1
(N =67), Argestes sp. 1 (N =50), Ameiridae sp. 10 (N =47),
Cletodidae sp. (N =38), Neobradyidae sp. 1 (N =36), and
Bradya kurtschminkei Seifried and Martínez Arbizu, 2008
(N =26) (Appendix A). Argestes angolaensis , Ameiridae sp.
10, and Bradya kurtschminkei were found only at Station 346
(Appendix A, cf. George 2008; Seifried and Martínez Arbizu
2008). The remaining four species were present at both
stations.

Numbers of individuals and species in single cores were
almost always higher at Station 346 than at Station 325
(Fig. 3). At Station 325, a total of 172 species were found
(N =348), whilst 600 species were recorded at Station 346
(N =1804) (Table 1, Appendix A). The stations shared 90
species (Appendix A), whilst 82 and 510 species were exclu-
sive to Station 325 and Station 346, respectively. Thus, 592
species (86.8 %) were restricted to one station only.

Community analysis

The taxonomic distribution of the species over the families
also differed between the stations. At Station 325 the commu-
nity was dominated by species of Pseudotachidiidae,
Ectinosomatidae, Ameiridae, and Neobradyidae, which to-
gether accounted for 100 (58.1 %) of the 172 species sampled

at that station (Table 1, Fig. 2). In contrast, Ameiridae was the
most species-rich taxon at Station 346, followed by
Pseudotachidiidae, Ectinosomatidae, and Argestidae, the four
families representing 421 (70.2%) of the 600 species recorded
(Table 1, Fig. 2).

Similarity analyses

The result of Cosine Similarity analysis is shown in Fig. 4.
The non-metric MDS plot (Fig. 4) visualises the separation of
Stations 325 and 346 due to species composition and abun-
dance values. The stress value (0.15) indicates a relatively
unproblematic down-scaling of the measured similarities
(Appendix C: similarity matrix) to the two dimensions of the
nMDS plot. The northern Station 346 (red diamonds in Fig. 4
representing replicates 1–8) forms a highly distinct group,
with all eight replicates located closely to each other and
distant from Station 325 replicates (green circles in Fig. 4).

The MST-test (Fig. 4: blue lines between replicates), re-
veals that only two subtrees were left (continuous lines in
Fig. 4) after removing all connections between replicates of
different stations (just one such connection: dotted line in
Fig. 4). This was significantly different (P =0.0003) from the
expected number of trees under random conditions (N =8.47).

Hence, with respect to the taxa composition the null hy-
pothesis must be rejected, since the similarity analyses
showed that the assemblages were significantly statistically
different.

Diversity analyses

Comparison of different diversity indices (Table 2) revealed a
certain complexity of species diversity. When looking at ab-
solute species number, S , Station 346 had a clearly higher
species richness compared to Station 325, a result closely
related to the much higher abundance at Station 346 (Table 2,
Figs. 3, 5A). Also, Shannon’sH’ (Table 2, Fig. 5B) confirmed
a higher species diversity at Station 346, values about three
times higher than at Station 325. In contrast to the calculated
much higher species diversity at Station 346, only a slightly
higher rarefaction curve was calculated for Station 346
(Fig. 6). A detailed analysis of replicate level [sums of five
subsamples] did not identify differences for E(S30) but did
find differences for E(S100) estimates (Table 2).

Evenness was high at both stations (both J ’ and 1 -λ >0.9);
however, J ’ values were significantly higher at Station 325
than at Station 346 (P <0.01) (Fig. 5C, Table 2). No signifi-
cant difference (P >0.05) was found in Simpson’s Evenness
1 -λ between the stations.

Plotting number of individuals against number of species
for the single cores, combined for both stations (Fig. 7) com-
bined with a regression analysis gave an almost perfect linear
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regression (y =0.8333x), S and N being strongly correlated
(R2=0.9821).

Average taxonomic diversity and average taxonomic
distinctness

Table 2 provides Δ and Δ* values for all replicates from
Station 325 and Station 346 (each replicate: five pooled sub-
samples). Thesewere significantly (P <0.05) higher for Station
325 (Δ =72.58–75.94) than Station 346 (Δ =72.07–74.13).
Significant differences (P <0.001) were also found for the
Δ* values (Fig. 5D, Table 2).

Estimation of diversity via extrapolation

Table 3 lists the estimated species numbers for Stations 325 and
346 as calculated with Chao1, Chao2, and Jackknife1. The
percentage of species recovered by our study at Station 325 lies
between 39.7 % (Chao1) and 61.2 % (Jackknife1), with an
average percentage of 47.7 %. This ratio is higher for Station
346 (average 54.4 %), ranging between 48.95 % (Chao2) and
63.6 % (Jackknife1). Roughly, the number of collected species
accounts for approximately one-half of what could have been
expected at the sampled stations. However, all estimates strongly
depend on scale and intensity of sampling. Thus, the outcome (1)
might be affected by under-sampling (especially for Station

Fig. 3 Absolute numbers of species (red bars) and specimens (blue
bars) (y-axis) found in seven Multicorer (MUC) replicates at Station
325 and eight replicates at Station 346 (x-axis) (each replicate = the sum

of five randomly chosen cores). F FailedMUC deployment, providing no
material

Fig. 4 Two-dimensional non-
metrical multidimensional scaling
(nMDS) ordination plot of
replicates based on all 682
collected harpacticoid species
(green : Station 325, replicates 2–
8; red: Station 346, replicates 1–
8). Similarity index: Cosine
Similarity (no data
transformation, stress: 0.15). Blue
line Minimum spanning tree,
dotted line sole connection
between the two stations
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325), and (2) cannot be extrapolated to other spatial scales (e.g.
sub-regions of the Angola Basin).

Therefore, also with respect to the species diversity, the
above formulated hypothesis must be rejected, since the di-
versity analyses showed that the assemblages were signifi-
cantly statistically different.

Discussion

In the past 40 years, several quantitative studies on deep-sea
Harpacticoida have been published (e.g. Coull 1972; Dinet
1973; Thiel 1983; Vincx et al. 1994; Soltwedel 1997; Thistle
2001; Baguley et al. 2006; Ramírez-Llodra et al. 2010;
Kitahashi et al. 2012). Two of these studies, those by Dinet
(1973) and Soltwedel (1997), included stations close to our
sampling area.

Dinet (1973) compared meiobenthos sampled at both sides
of the Walvis Ridge. From the 11 sampled stations, station no.
02 is located most closely to the DIVA 1 stations (Fig. 1, black
square A). Soltwedel (1997) studied the distribution pattern of
meiobenthos with respect to sedimentation of organic matter
at 13 transects along the whole western African coast. The
deepest station on transect 13 was near the DIVA 1 sampling
area (Fig. 1, black square B). Both authors used different
sampling methods to the current study (only three replicate
cores sub-sampled from box corers, each study using different
types of box core) and therefore direct data comparison was
not possible. However, both Dinet (1973) and Soltwedel
(1997) provided harpacticoid abundance data, as ind./
10 cm2, which were also estimated for the DIVA 1 Stations
325 and 346. Abundances were considerably lower at the
DIVA 1 stations. Dinet (1973) observed a clear difference in
population density on each side of the Walvis Ridge, with

highest densities in the Cape Basin (south of the ridge) and it
might be assumed that abundance increased from north to
south. However, this is not consistent with our own observa-
tions within the Angola Basin, which found higher abun-
dances at the northern Station 346. Instead, it may be that in
this earlier study the recorded abundance pattern reflected
distance from the continental slope.

Among other factors, food supply is important for the
structure and species diversity of meiobenthic communities
(cf. Coull 1988; Lambshead et al. 2000, 2001, 2002; Levin
et al. 2001; Soltwedel 2000; Tietjen 1984, 1992; Vanhove
et al. 1995; Vanreusel et al. 1995a, b). A number of recent
studies from the Antarctic (Gutzmann et al. 2004; Raes et al.
2010), theMediterranean (Danovaro et al. 2000; Lampadariou
et al. 2009), the Gulf of Mexico (Baguley et al. 2006), the
Sagami Bay (Shimanaga et al. 2000) or the two stations from
the Angola Basin presented herein (Rose et al. 2005) showed
that increased food supply resulted in a higher number of
organisms at the sea floor. However, Shimanaga et al. (2007)
suggested for the Sulu Sea that food quantity had limited
importance to organism density. Additionally, a trend of
higher primary productivity near the coasts compared to off-
shore stations has been observed even for deep-sea areas (e.g.
Brown et al. 1991; Levin et al. 2001; Rex et al. 1993; Smith
and Hinga 1983; Soltwedel 2000; Thistle 2003; Wasmund
et al. 2005).

Thus, since Dinet’s (1973) station no. 02 (although at
almost the same depth) is located much closer to the African
coast than DIVA 1 Stations 325 and 346, increased food
supply may explain the higher abundances recorded there,
and may also explain the lower abundances found at Station
325 compared to Station 346, given that it is furthest from the
continental shelf. However, this discussion is qualified by the
data provided by Soltwedel (1997), his station located nearest

Table 2 Diversity values for
replicated deployments at Sta-
tions 325 and 346. J’ Pielou’s
Evenness; H’ Shannon’s species
richness; 1-λ Simpson’s index.
The rarefaction values E(SN) for
30 and 100 individuals, as well as
average taxonomic diversity (Δ)
and average taxonomic distinct-
ness (Δ*) values for each repli-
cate (each replicate is the sum of
five randomly selected cores from
a single deployment) from Sta-
tions 325 and 346 are presented

Replicate S N H ' J ' 1-λ ' E(S30) E(S100) Δ Δ*

325/2 45 58 3.732 0.9803 0.9909 26.32 45.00 74.294 75.657

325/3 48 58 3.789 0.9786 0.9915 26.91 48.00 74.843 75.991

325/4 27 33 3.213 0.9748 0.9848 24.90 27.00 73.696 75.613

325/5 41 51 3.629 0.9773 0.9898 26.15 41.00 74.082 75.426

325/6 49 56 3.843 0.9874 0.9948 27.89 49.00 75.651 76.331

325/7 33 38 3.455 0.9882 0.9929 26.91 33.00 75.938 76.646

325/8 35 55 3.394 0.9548 0.9778 22.68 35.00 72.578 75.640

346/1 182 296 4.905 0.9425 0.9916 27.06 77.40 72.255 73.563

346/2 178 291 4.944 0.9541 0.9936 27.57 79.01 73.419 74.373

346/3 112 150 4.560 0.9664 0.9935 27.54 79.70 74.128 74.713

346/4 110 166 4.425 0.9414 0.9875 26.05 72.99 72.414 74.297

346/5 160 239 4.860 0.9576 0.9932 27.57 79.94 73.967 75.021

346/6 128 198 4.605 0.9490 0.9889 26.68 75.92 72.075 73.676

346/7 154 257 4.742 0.9415 0.9907 26.73 74.66 73.198 74.655

346/8 129 209 4.604 0.9474 0.9901 26.62 74.01 73.872 75.386
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Fig. 6 Rarefaction curves for
Stations 325 (green) and 346
(red). E(SN) Number of expected
species, N individuals. Dotted
lines Expected species numbers
for 340 individuals

Fig. 5 a–d Diversitymeasures calculated for the replicates from Stations
325 and 346. a S Total species numbers, N abundance, Z Median,Min .
minimum, Max . maximum, Q1 quartile 1 (25 % of all measured data

below that value), Q3 quartile 3 (75 % of all measured data below that
value). b H’ values. c Equitability measures, J’ and 1-λ . d Average
taxonomic diversity Δ and average taxonomic distinctness Δ*
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to the DIVA 1 study area was even closer to the coast than
Dinet’s (1973) station 02, yet supported lower abundances
(Table 4). Soltwedel (1997) observed discrepancies between
potential organic matter input and meiobenthic abundance,
and postulated that this resulted from fractionated sedimenta-
tion to the sea floor. This may also explain the different
abundance values recorded at DIVA 1 Stations 325 and 346.

Comparing the faunistic results for Harpacticoida to those
for macrobenthic groups studied during the DIVA 1 expedition,
it is notable that no macrobenthic taxon has diversity values
comparable to the harpacticoids. Of the 58 macrofaunal major
taxa listed by Kröncke and Türkay (2003), only 6 have been
investigated to species-level to date. Highest species and abun-
dance values were reported for Isopoda (S =100; N =1,326:
Brandt et al. 2005). They are followed by Polychaeta (S =83;
N =1,047: Fiege et al. 2010), Tanaidacea (S =50; N =194),
Cumacea (S =45; N =479), Amphipoda (S =39; N =150), and

Mysidacea (S =7; N =34) (Brandt et al. 2005). The results
confirm that, in the deep sea, the meiobenthos generally have
a much higher diversity and abundance than the macrobenthos
(e.g. Lambshead 1993; Rex 1983; Thiel 1983; Thistle 2001).
Moreover, it has to be emphasised that the extraordinarily high
number of harpacticoid species recorded here (682 species)
was collected from only two stations, with 600 species at only
one station (Station 346), while the macrobenthic studies in the
same area considered five to seven stations along a complete
transect (Brandt et al. 2005; Fiege et al. 2010; Kröncke and
Türkay 2003). An even higher number of Harpacticoida spe-
cies might be expected if all stations were considered.

Supraspecific taxa

Almost all of the 20 families found in the Angola Basin have
been reported previously from the deep sea; two families were
previously unreported (Parameiropsidae: Corgosinho and
Martínez Arbizu 2010; Rometidae: Seifried and Schminke
2003). However, the systematics of many families has
changed in the past decades, and therefore comparison at
suprageneric level with data from other publications may be
difficult (cf. Seifried 2004). Also, 35 species (5.1 %) did not
belong to any known family of Harpacticoida, showing that in
the deep sea new taxa can be discovered even at family level.

Comparing our data with those in the literature, two find-
ings were evident:

1. All studies revealed a similar taxonomic composition,
confirming the cosmopolitan nature of Harpacticoida at
family level, as concluded by Wells (1986), and extending
this hypothesis into the deep sea (Gheerardyn&Veit-Köhler
2009; Menzel 2011a; Menzel et al. 2011);

Table 3 Expected species numbers as calculated by three different
extrapolative estimation methods (Chao1, Chao2, Jackknife1), plus the
proportion of those collected

Station 325 Station 346

Sobs 172 600

N 349 1,806

Chao1 433.33 1,184.80

% registration 39.69 50.64

Chao2 408.46 1,225.80

% registration 42.11 48.95

Jackknife1 281.00 943.20

% registration 61.21 63.61

Average % reg. 47.67 54.40

Fig. 7 Harpacticoid abundance
(N) at core level (Station 325,
green dots ; Station 346, red dots)
plotted against corresponding
species numbers (S)
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2. There are certain differences regarding the composition of
dominant families between marine realms. The northeast
Atlantic deep sea seems to be dominated by Cletodidae,
Diosaccinae, Ectinosomatidae, Tisbidae, and particularly
Cerviniinae (cf. Vincx et al. 1994). In the northern Gulf of
Mexico, Tisbidae, Ectinosomatidae, Diosaccinae,
Ameiridae, and Argestidae appear to dominate (Hicks &
Coull 1983; Baguley et al. 2006). In the Pacific Ocean
Ectinosomatidae, Ameiridae, Tisbidae (here including
Zosimeidae for reasons of comparability), Argestidae and
Miraciidae (Ahnert and Schriever 2001; Kitahashi et al.
2012) are dominant. The new data presented here show that
the Angola Basin was dominated by Pseudotachidiidae,
Argestidae, Ameiridae, Ectinosomatidae, andNeobradyidae,
tallying with the North-Atlantic and Pacific data only partly.
Only Ectinosomatidae may be regarded as dominant in the
whole Atlantic deep sea.

Some families were dominant in the South-eastern Atlantic
(Pseudotachidiidae, Neobradyidae) but only subdominant to
subrecedent in the northern part, and conversely others
(Diosaccinae, Cletodidae, Tisbidae, and Cerviniinae) may be
dominant in the northern Atlantic but do not play a major role
in the South-eastern Atlantic harpacticoid assemblage. Future
deep-sea expeditions have to evaluate the validity of such
trends. However, the partial absence of certain families from
the Angola Basin (346, no Rhizotrichidae; 325, no Tisbidae,
Canuellidae, Rometidae or Dactylopusiidae) must be consid-
ered an artefact of under-sampling. They were collected in
very low frequencies, which indicate a rarity in this area. Thus,
not to find a certain family at one or even both of the stations
does not necessarily indicate their absence.

Stations 325 and 346 appeared to show different assemblage
structures, the former station presented a relatively homogenous
distribution of specimens over several families, whilst at the
latter station most individuals belonged to few families that
dominated the assemblage. Communities dominated by few taxa
are more commonly found under conditions of higher produc-
tivity and often indicate the decrease phase of the unimodal
productivity-diversity relationship (e.g. Rosenzweig 1995).

At genus level the number of unknown taxa was consider-
ably higher: of the 647 species that could be assigned to a
known family, 136 (21.0 %) did not belong to a known genus.
These results clearly demonstrate the vast number of unknown
deep-sea Harpacticoida, particularly at species level.

Species of Harpacticoida

Recently, Baguley et al. (2006) reported 696 harpacticoid species
(distributed over 221 families) from the northern Gulf ofMexico.
This impressively high number arises, however, from 43 stations
covering an area of 1,130 x 273 km (see Fig. 1 in Baguley et al.
2006). Moreover, station depths range from 212 to 3,150 m,
from the continental shelf down to the lower abyssal. Compared
to those data, the 682 species collected from only two deep-sea
stations in the Angola Basin during the DIVA 1 expedition is
remarkable and unexpected. Although being separated by ap-
proximately 300 nautical miles, both stations were of approxi-
mately the same depth (5,400 m) and were in a generally
uniform environment (Fiege et al. 2010; Kröncke and Türkay
2003). Also, 87.8 % of the species were sampled at Station 346
alone: 600 Harpacticoida species at one deep-sea station is the
highest ever record from any deep-sea locality so far.

The high percentage (99.3 %) of undescribed species is
greater than any other known record (e.g. George 2005,
84.4 %; George and Schminke 2002, 96.4 %; Shimanaga
et al. 2004, p. 1099, did not identify to species level). How-
ever, in shallower studies, from the sublittoral down to the
abyssal (cf. Humes 1994; George 2005, Schminke 2007;
Seifried 2004; Veit-Köhler et al. 2010), a high number of
previously unknown Harpacticoida species are generally
recorded. Thus, in a global context, most Harpacticoida spe-
cies are doubtlessly unknown to science. Consequently, a
significant increase in taxonomic research is needed to address
this situation (e.g. Boero 2010; Brökeland and George 2009;
Mallet and Willmott 2003; Wheeler 2004; Zhang 2008).

Despite our attempt to optimise the experimental sampling
design by conducting eight MUC deployments per station and
treating each deployment as a single replicate consisting of
five (randomly chosen) cores, some restrictions to quantitative
analysis still remain. For instance, no statement can be made
regarding the biased occurrence of a species, particularly if it
was recorded in low density. The absence of a taxon from one
station is not necessarily evidence for its absence from that
locality but may rather reflect an insufficient sampling effort

1 Baguley et al.’s (2006) family list is erroneous, however, including in
fact 21 instead of 22 taxa: The authors listed both Paranannopidae and
Danielsseniidae, which are synonymous (Huys et al. 1996; Boxshall and
Halsey 2004).

Table 4 Harpacticoida densities
(ind./10 cm2) at different sampled
localities across the Angola Basin

Station Geographical location Depth (m) Density (Ind./10 cm2) Reference

St. 02 18°54.0 S, 07°22.4 E 5,170 27.00 Dinet 1973

Transect 13 17°10.2 S, 08°54.4 E 4,601 16.00 Soltwedel 1997

Station 325 19°58.2 S, 02°59.8 E 5,448 1.38 Present contribution

Station 346 16°17.0 S, 05°27.0 E 5,389 6.24 Present contribution
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(see above). Even if a species was quite frequent at one station
but not reported from the other one (e.g. Argestes
angolaensis ), a possible presence at the latter station could
not be excluded. Bradya kurtschminkei and Emertonia
andeep (Veit-Köhler, 2004), for example, were not recorded
at Station 325, but B . kurtschminkei is known from the
Guinea Basin, the Cape Basin, and the Porcupine Abyssal
Plain (Seifried andMartínez Arbizu 2008), and E . andeep has
been reported from the Guinea Basin and the Weddell Sea
(Gheerardyn and Veit-Köhler 2009).

Awide distribution in the deep sea has been shown previously
for species of the family Paramesochridae (Gheerardyn andVeit-
Köhler 2009) and the argestid genus Mesocletodes (Menzel
2011a; Menzel et al. 2011). Also most of the five species already
known show a wide distribution range: Mesocletodes robustus
shows an Atlantic-wide distribution and was found also in
Antarctic waters, the Mediterranean, and in the Eastern Pacific
in depths ranging from 219 down to 5,000 m (see Menzel et al.
2011 for review); Microsetella norvegica is distributed world-
wide, due to its planktonic living; however, its report from the
deep sea is the first (cf. World Register of Marine Species, http://
www.marinespecies.org); Selenopsyllus dahmsi was found in
the Antarcic Weddell Sea at 2,000 m depth (Moura and Pottek
1998), and Styracothorax gladiator was collected northwest of
Manila (Philippines, Pacific Ocean) in 2,050 m depth (Huys
1993). In contrast, Marsteinia parasimilis is the only species
that had been reported previously from the Walvis Ridge in the
Angola Basin (Dinet 1974).

Such wide distribution of the mentioned species is thought
possible because, among other factors, environmental conditions
change only slightly even over great distances (cf. Ramírez-
Llodra et al. 2010; Thistle 2003; Türkay 2006; Tyler 2003).
Against this background, it seems somewhat astonishing that
only 13.2% of the species recorded here in theAngola Basin (90
out of 682 species) were present at both stations. The stations
were not separated by geological barriers, had the same depth
and a similar sediment composition (but lower productivity)
(Kröncke and Türkay 2003). At Station 346, a total of 600
species were recorded, of which 510 were exclusive to this site.
Only 14.8%of these 600 species (90 species) were also recorded
at Station 325, where an additional 82 species were recorded.
Thus from a total of 172 species, Station 325 shared 47.7 %
species with Station 346. At Station 325, the low densities of
species and individuals led to under-sampling compared to
Station 346; this probably concealed much higher species num-
bers—possibly akin to Station 346. However, to sample these
additional species, a much higher number of replicates than at
Station 346 would have been necessary.

Community analysis

Qualitative comparisons between Stations 325 and 346 al-
ready indicated remarkable differences between their

harpacticoid population structures. Species and specimen
numbers per core per replicate (five cores per replicate) were
much higher at Station 346 than Station 325. Multivariate
similarity analysis confirmed this: the stations differed signif-
icantly regarding their community structure, as shown both by
theMST-test. This is presumably caused by the lower absolute
numbers of individuals in the replicates from Station 325.
Similarly, differences in the number of individuals and species
within Station 325 between cores also resulted in the higher
relative differences between replicates in this low-abundance
station, compared to the high-abundance Station 346. Hence,
the greater dissimilarity of replicates from Station 325, as
shown in the nMDS ordination, may be at least partly a
mathematical artefact of the lower absolute abundances/
under-sampling at that station.

As demonstrated by J ’ and 1 -λ values (Fig. 5C), both
stations show a high evenness; however, the proportion of
singletons was higher at Station 325 (65 %) than at Station
346 (57 %; Appendix A). This meant that at Station 325
replicates were more distinct from each other, than at Station
346, where densities were higher and under-sampling less
severe. Data from Station 346 support the conclusions of Rose
et al. (2005) regarding harpacticoid within-core diversity: the
station showed low local-scale variability with respect to
species composition and frequency, with all replicates being
quite similar. In contrast, considerable local-scale differences
were found at Station 325, and these occasionally exceeded
differences at the regional scale (see Fig. 4, replicates 325/3,
325/4). However, under-sampling is more severe when densi-
ties are low, causing strong “pseudo-turnover” between repli-
cates (i.e. measured turnover due to overlooked species; Whit-
taker 1998). Pseudo-turnover appears to be a strong factor at
Station 325, artificially rendering the replicates from this
station more dissimilar than those from Station 346. Nonethe-
less, the exact proportion of pseudo-turnover affecting our
results remains unknown. Thus, for the Harpacticoida we
reject the null hypothesis: the harpacticoid assemblages of
Stations 325 and 346 are statistically distinct in their structure
(taxa composition) and diversity.

Average taxonomic diversity Δ and average taxonomic
distinctnessΔ*, were slightly higher at Station 325 compared
to Station 346. However, due to the currently limited knowl-
edge of deep-sea Harpacticoida this is difficult to interprete.
The relatively high Δ and Δ* values at both stations (>70)
underline the existence of phylogenetically heterogeneous
assemblages that are not formed by different but closely
related species deriving from few common ancestors. That
would have been a hint for a rather isolated fauna that possibly
conquered the environment by radiation. In contrast, it seems
more likely that large-scale taxonomic exchange occurs,
which has in the meantime been confirmed for Mesocletodes
species by Menzel et al. (2011), resulting in quite heteroge-
neous, species-rich assemblages at Stations 325 and 346,
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whose diversity becomes manifest even in higher taxonomic
levels.

Regarding classical diversity analyses, harpacticoid density
(ind./10 cm2) is about 4.5x higher at Station 346 than at
Station 325 and, if comparing absolute S , Station 346 is much
more diverse than Station 325. If including abundance, N , in
an estimation of species diversity, H’, this still holds true: H’
ranges from 3.21 to 3.84 at Station 325, and from 4.30 to
4.94 at Station 346. However, when comparing species num-
bers accounting for abundance by rarefaction, diversity differ-
ences are not significant [e.g. for E (S30)]. Even though in this
study the Multicorer sampling effort per abyssal deep-sea
station was greater than ever before, our results indicate po-
tential under-sampling at Station 325; we might have recorded
higher species richness, similar to Station 346, if a greater
number of individuals had been collected.

Furthermore, a qualitative look at the data reveals that, on
average, at Station 325 every second specimen resulted in an
additional species (N /S =2.03), whereas at Station 346 three
specimens were needed to add another species (N /S =3.01).
This again qualifies the characteristics of higher diversity, as
S , at the northern Station 346, and is supported also by
evenness J ’, which is higher at Station 325 than at Station
346. It was estimated by Simpson’s 1 -λ whether the number
of frequent species at stations 346 and 325 was high or low,
the index calculating the probability that two specimens cho-
sen randomly belong to the same species. As the index was
almost identical at the two stations, the probability of finding
two specimens of the same species is not significantly differ-
ent between Stations 325 and 346. The values are high for
both stations, emphasising the low number of common
species.

As also shown by Rose et al. (2005) for within-core alpha-
diversity of harpacticoid copepods, a higher measured species
richness was found at Station 346, since almost all cores from
that station provided more species and specimens than those
of Station 325. The almost perfect linearity seen in Fig. 7
indicates that the more specimens collected, the more species
found, and that, even with the high sampling effort employed
here, we are probably far from the asymptotic part of the
collectors curve. Assuming severe under-sampling at least
for Station 325, an increase in N might have led to a linear
increase in S at that station for a considerable number of
further individuals, possibly reaching similar species numbers
as Station 346 with similar individual numbers. This leads to
the conclusion that the difference in collected species numbers
between the stations may be explained by species density
rather than by species richness. However, under-sampling
was probably also an issue for Station 346 as indicated by
the linearity of the regression curve for this station also. This is
confirmed by both the Rarefaction analysis as well as by
extrapolative species estimation, as both methods suggest
possible hyper-diversity but at the same time under-sampling.

Different productivity levels between the stations might
explain the different densities recorded. This issue was
discussed extensively by Rose et al. (2005) for both stations
and can be summarised as follows: in contrast to Station 325,
Station 346 was positioned in an area of upwelling with higher
productivity. Under the assumption that deep-sea habitats
generally show lower productivity compared to other marine
or terrestrial habitats (Grassle 1989; Thiel 1983; Tietjen 1992;
Valiela 1995), productivity can be regarded as a major limiting
factor in deep-sea environments under normal circumstances.
A peak or subsequent descending, productivity–diversity re-
lationship will probably not be reached within the abyssal
productivity range (following Rosenzweig 1995, p. 351: “As
productivity rises from very low to moderate levels, diversity
also rises”). However, we have shown that, at family-level, the
descending part of the unimodal productivity–diversity curve
might already have been reached. Thus, large-scale heteroge-
neity in food availability could be an important factor in
structuring harpacticoid communities in the abyss of the An-
gola Basin, and possibly also in other deep-sea regions (Rose
et al. 2005). Thus, it can be stated that Stations 325 and 346
differ noticeably in some aspects of species diversity, but less
in others. By showing this, our investigation reflects the
complexity of the term ‘diversity’. The study gives evidence
for pronounced structural difference between the harpacticoid
communities at Stations 325 and 346, which is expressed
mainly by different abundance and species densities, probably
caused by varying food availability in the Angola Basin.
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