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Abstract. Planktonic populations were sampled over a
4 week period in the NW Mediterranean, at a site subject to
little vertical advection during the Dynaproc 2 cruise in 2004.
The characteristics of the phytoplankton, the tintinnid com-
munity and the zooplankton have recently been described in
detail. Based on these studies, we compared the characteris-
tics of 3 well-circumscribed assemblages of different trophic
levels: Ceratiumof the phytoplankton, herbivorous tintin-
nids of the microzooplankton, and large (>500µm) omnivo-
rous and carnivorous copepods of the metazoan zooplankton.
In all three groups, diversity as H’ or species richness, was
less variable than concentration of organisms. Plotting time
against species accumulation, the curves approached plateau
values forCeratiumspp, tintinnids and large copepods but
only a small number of species were consistently present
(core species) and these accounted for most of the popula-
tions. ForCeratiumcore species numbered 10, for tintinnids
11 species, and for large copepods, core species numbered 4
during the day and 16 at night.Ceratium, tintinnids and large
copepods showed some similar patterns of community struc-
ture in terms of species abundance distributions.Ceratium
species were distributed in a log-normal pattern. Tintinnid
species showed a log-series distribution. Large copepod as-
semblages were highly dominated with night samples show-
ing much higher abundances and greater species richness
than day samples. However, species abundance distributions
were similar between day and night and were mostly log-
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normal. The paradox of the plankton, describing phytoplank-
ton communities as super-saturated with species, extends to
the microzooplankton and zooplankton.

1 Introduction

Many groups of planktonic organisms are characterized by
high species-richness. Hutchinson (1961) was the first to
formally state that there appears to be an unreasonable num-
ber of phytoplankton species for an apparently homogenous
environment- “the paradox of the plankton”. The paradox
of a supersaturation of species has been extended beyond
phytoplankton to that of a general feature of aquatic systems
(Roelke and Eldridge, 2008). Over the years many solutions
to the paradox, most applicable only to phytoplankton, have
been proposed but none have found general acceptance (Roy
and Chattopadhyay, 2007). The answer may lie in examining
mechanisms or phenomena which impact planktonic organ-
isms in general. This possibility is difficult to evaluate as a
single distinct taxonomic or trophic group is nearly always
examined in isolation.

There have been a few studies comparing the large, very
heterogeneous groups of “phytoplankton” and “zooplank-
ton”. Interestingly, “phytoplankton” and “zooplankton” ap-
pear to show distinct differences. For example, in lakes phy-
toplankton and zooplankton display different species abun-
dance distributions (Walker and Cyr, 2007). However, the
phytoplankton and zooplankton were not sampled in the
same lakes. In the marine plankton, phytoplankton diversity
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is a hump-shaped function of biomass along a large spatial
gradient while zooplankton diversity appears to be a near-
linear function of biomass (Irigoen et al., 2004). However,
averaged over large time scales (decades) in a single large
system – the Eastern North Pacific Gyre, zooplankton and
phytoplankton show very similar species abundance distribu-
tions (McGowan and Walker, 1993). Phytoplankton and zoo-
plankton diversity responds distinctly to disturbances, such
as flushing, based on the results of experiments with lake
plankton (Fl̈oder and Sommer, 1999) and estuarine plankton
(Buyakates and Roelke, 2005). Thus, frustratingly few gen-
eralities about differences or similarities in plankton com-
munity structure have emerged, perhaps because both phy-
toplankton and zooplankton are heterogeneous groups, and
phytoplankton are much more abundant and often more di-
verse than zooplankton.

Here we take a different approach to comparing phyto-
plankton and zooplankton, that of examining the diversity
and community structure of circumscribed groups of species
within the more general trophic classes of plankton. We
profit from the simultaneous in-depth studies of phytoplank-
ton (Lasternas et al., 2008), zooplankton (Raybaud et al.,
2008) and microzooplankton (Dolan et al., 2009) conducted
during the program “DYNAPROC 2” . We selected the large,
generally omnivorous and carnivorous (>500µm) copepods,
Ceratiumdinoflagellates of the phytoplankton, and herbivo-
rous tintinnid ciliates, to compare the characteristics of zoo-
plankton, phytoplankton and microzooplankton. Each group
is well-circumscribed, species-rich and one in which species
identifications are straightforward. Sampling details, tax-
onomic identification, and sample sizes for each of the 3
assemblages appear as 3 independent papers (Dolan et al.,
2009; Lasternas et al., 2008; Raybaud et al., 2009). All 3
groups were treated by workers considered as experts, with
regard to taxonomy as well as sampling, in their respective
fields. Taxonomic skills employed in examining the 3 groups
can be considered as expert and as the best available.

Other than the planktonic existence, the assemblages have
little in common. To begin with, the groups are trophi-
cally distinct. Ceratiumspecies are dinoflagellate primary
producers, containing chloroplasts. Tintinnids are ciliates,
part of the herbivorous microzooplankton and feed mainly
on small phytoplankton (5–25µm in size). The large cope-
pods (e.g.Neocalanus) are generally assumed to be omniv-
orous or carnivorous. The three sets of species vary in gen-
eration times with that of large copepods measured in weeks
or months,Ceratiumspp in days, and tintinnids in hours.
The 3 groups also represent different degrees of phyloge-
netic cohesion:Ceratiumare all obviously in a single genus;
tintinnids represent a ciliate sub-order and “large copepods”
groups species of distinct orders. The large copepod com-
munity differs as well fromCeratiumand tintinnids in that
day and night communities in the surface layers are distinct
with nighttime copepod communities constituted mainly of
migrating taxa found in deeper waters during the day.

The three assemblages, whilst of distinct trophic levels,
are unlikely to have direct impact on one another. The large
copepods feed onCeratiumand tintinnid-size prey items but
are not found in concentrations sufficient to affectCeratium
spp. or tintinnids, given typical feeding rates for large cope-
pods. This consideration is based on the observations that
the filtration rates of large copepods is roughly 500 ml per
day (Dagg et al., 2006), multiplied by the concentrations of
large copepods, typically 10’s per cubic meter, yields an es-
timate of daily “large copepod community grazing” which
is less than 0.3% of the surface layer or of the habitat of
Ceratium and tintinnids. With regard to the possible interac-
tions betweenCeratiumand tintinnids,Ceratiumspp., most
of which exceed 100µm, are too large to be ingested by most
tintinnids. Based on data from laboratory experiments, the
maximum size of tintinnid food items is about one half of
the lorica oral diameter and the size of prey items most ef-
ficiently exploited are of a size equal to 1/4 the oral diam-
eter (Dolan et al., 2002). As the smallestCeratiumspecies
is about 100 microns, and most tintinnids have an oral di-
ameter of 30–40 microns, it is unlikely that tintinnids feed
on Ceratium. Furthermore, there are no reports of tintinnids
consummingCeratium.

Here we compare the community characteristics of these
sets to organisms in terms of the stability of species and the
structure of community composition by examining species
abundance distributions and compare the short-term relative
variabilities. We do not attempt to compare absolute values
of diversity indexes or species-richness but rather focus on
the overall general characteristics and relative variability of
the 3 assemblages.

2 Material and method

2.1 Sampling

The Dynaproc 2 cruise, in September–October 2004, per-
mitted repeated sampling over a 4 week period at a site in
the NW Mediterranean Sea characterized by little vertical
advection. Detailed descriptions of the study site and sam-
pling appear elsewhere; here we will briefly review methods
used to study copepods (Raybaud et al., 2008), phytoplank-
ton (Lasternas et al., 2008) and tintinnid ciliates (Dolan et al.,
2008). The copepod data considered here are derived from
the samples collected using a 500µm mesh net BIONESS
apparatus. Complete details of details of the sampling
regime, species compositions and data on organisms other
than large copepods are given in Raybaud et al. (2008). The
BIONESS device samples discrete depth strata in the water
column. Here only data from samples collected between 0
and 100 m are considered; alternating day and night samples
were obtained. A total of 7 day samples were analyzed, with
an average of 705 large copepods per sample, and 7 night
samples, with an average of 4243 individuals per sample.

Biogeosciences, 6, 431–438, 2009 www.biogeosciences.net/6/431/2009/



V. Raybaud et al.: Diversity in different trophic levels of the plankton 433

Complete details of the microphytoplankton sampling and
data are given in Lasternas et al. (2008).Ceratium data
considered here are derived from samples obtained using a
53µm mesh phytoplankton net drawn from 90 m to the sur-
face. Here, we analyzed only data on recognized species
of Ceratium, pooling “strains”. Samples were obtained on
17 dates; a minimum of 150 individualCeratiumwere ex-
amined in each sample. Tintinnid sampling and sample anal-
ysis are presented in detail in Dolan et al. (2008). Sam-
ples were obtained using Niskin water bottles from 6 depths
between the surface and 90 m on 18 dates. Approximately
1000 tintinnnids were enumerated for each date.

2.2 Data analysis

Species accumulation curves of large copepods,Ceratium
and tintinnids were plotted as cumulative numbers of species
against time. Taxonomic diversity was estimated for each
date for each group as the Shannon index (ln-based, e.g.,
Magurran, 2004) and species richness. For each species, we
plotted overall abundance against frequency of detection as
% presence out of total sampling dates. We distinguished
two sets of species: core species, defined as those present
on each of the sampling dates and occasional species, de-
fined as not detected on one or more dates. For copepods,
Ceratiumand tintinnids, we constructed log-rank abundance
curves for each date by calculating relative abundance for
each species and ranking species from highest to lowest and
plotting ln(relative abundance) vs. rank. Then, for each en-
tire assemblage as well as separately for the core and occa-
sional species (except for copepods which had an insufficient
number of occasional species), we constructed hypothetical
log-rank abundance curves that could fit the data by using
parameters of the particular assemblage. A total of six dates
were chosen forCeratium, 4 day samples and 4 night sam-
ples for the large copepods to compare with the recent anal-
ysis of the tintinnid assemblages (i.e., Dolan et al., 2009).
We constructed curves for three different popular models of
community organization: geometric series, log-series, and
log-normal, as in Dolan et al. (2007, 2009) and summarized
below.

A geometric series distribution represents the result of the
priority exploitation of resources by species arriving sequen-
tially in a community (Whittaker, 1972), and is modeled by
assuming that each species’ abundance is proportional to a
fixed proportionp of remaining resources. Thus the relative
abundance of theith species is (1−p)pi−1. For each assem-
blage, we used the relative abundance of the most abundant
species on the date of interest to estimatep.

A log-series distribution represents the result of random
dispersal from a larger community, a metacommunity in
Hubbell’s neutral theory (Hubbell, 2001). In a commu-
nity exhibiting a log-series distribution, species having abun-
dancen occur with frequencyαxn/n, wherex is a fitted pa-
rameter andα is Fisher’s alpha, a measure of species diver-

sity that is independent of total community abundance. For
a given community withN total individuals andS species,
x can be found (Magurran, 2004) by iteratively solving the
following equation forx: S/N=−ln(1−x)(1−x)/x and then
finding Fisher’s alpha asα=N (1−x)/x. In the case of cope-
pods,Ceratiumand tinntinnid communities, we employed
the observedS andN of the given date to calculatex andα.

A log-normal species abundance distribution is thought to
result from either a large number of species of independent
population dynamics with randomly varying (in either space
or time) exponential growth, such thatN(i)∝ eri whereri is
a random variable. SinceN(i) is a function of an exponen-
tial variable, ln(N(i)) should be normally distributed (May
1975). Alternatively, species in a community that are limited
by multiple factors that act on population size in a multiplica-
tive fashion should also exhibit a log-normal distribution of
abundances. We calculated the expected log-normal species
abundance distribution for each tintinnid sample by calculat-
ing the mean and standard deviation of ln(abundance) and
using these parameters to generate expected abundance dis-
tributions for theS species in the sample in a spreadsheet.
We then calculated the mean abundance for each species,
ranked from highest to lowest, and then calculated relative
abundance.

For selected dates, the observed rank abundance distribu-
tions for the 3 sets of species were compared to the hypothet-
ical models using a Bayesian approach: an Akaike Goodness
of fit calculation (Burnham and Anderson, 2004). Using this
approach, an Akaike Information Criterion (AIC) was de-
termined as the natural logarithm of the mean (sum divided
by S) of squared deviations between observed and predicted
ln(relative abundance) for all rankedS species plus an addi-
tional term to correct for the number of estimated parame-
ters,k (1 for geometric series and 2 each for log-series and
log-normal distributions): (S+k)/(S−k−2). The lower the
calculated AIC value, the better the fit. A difference of 1 in
AIC corresponds roughly to a three-fold difference in fit, so
this parameter is sensitive enough for our data to judge the fit
of the three different models.

3 Results

3.1 Temporal trends

Throughout the sampling period the three groups of organ-
isms varied considerably in concentration, that is, by fac-
tors of 3 to 5, and independently as well (Fig. 1).Ceratium
ranged from about 800 to nearly 4000 cells m−3. Tintinnid
concentrations varied from 8000 to 48 000 cells m−3. Large
copepods were found in concentrations ranging from 1.7 to
4.5 individuals per m3 in the day samples and 10 to 55 indi-
viduals m−3 in the night samples. Compared to the shifts in
concentrations, all 3 groups exhibited a relative stability in
diversity, estimated as either species richness or the Shannon
index.
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Fig. 1. Temporal changes in the concentrations (top panel), species
richness (middle panel) and Shannon Index of diversity (bottom
panel) ofCeratium, tintinnids and copepods.

The number ofCeratium species encountered each day
varied between 14 and 24; tintinnids species numbered from
20 to 33. The copepod communities sampled in the day-
time consisted of 9 to 15 species while the night samples
contained 19 to 26 species. Thus, for all three groups of or-
ganisms, maximum and minimum species richness differed
by about a factor of about 1.5. Similarly, the Shannon in-
dex metric of diversity for each group varied in a relatively
narrow range compared to organismal concentrations. The
Shannon metric (H ’) ranged between 1.3 and 2.1 forCer-
atium, and from 2.0–2.7 for tintinnids. For the copepods
sampled during the day, H’ varied between 0.6 and 1.8 and
values for night communities ranged from 1.4 to 1.9.
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Fig. 2. Species accumulation with time forCeratium(top panel),
tintinnids (middle panel), and copepods (bottom panel).

3.2 Species pools

For each of the three groups, curves of species accumulation
with time showed near linear increases of species with time
over the first 10 sampling dates and began to plateau at the
end of the sampling period (Fig. 2). The species pool en-
countered forCeratiumnumbered 32 and that for tintinnids
59. Day samples yielded a total of 25 species of large cope-
pods, night samples contained 34 species and pooling both
night and day, a total of 35 species of large copepods. For
Ceratium, tintinnids and large copepods, sampling over a 4
week long sampling period revealed the presence of about
1.5 times the number of species found in the first sample.
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Fig. 3. Relationships between the overall (all samples pooled) relative abundance of species and their temporal occurrence inCeratium(top
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Within each group, the presence of a given species over the
4 week sampling period was related to its total overall abun-
dance (Fig. 3). For all groups there was a relatively small
number of species, compared to the total species pool, which
accounted for the majority of the population. These species
– the core species – were consistently present in all samples
as against the much larger number of “occasional” species.
Core species ofCeratiumand tintinnids numbered 11 each;
for large copepods such species numbered 6 during the day
and 15 at night. The numbers of occasional species ofCer-
atium, tintinnids and large copepods were 21, 48 and 19, re-
spectively. For all the groups there was then a relatively small
number of species, compared to the total species pool which
accounted for the majority of the population and were con-
sistently found – the core species and a far larger number of
“occasional” species.

3.3 Species abundance distributions

Examples of species abundance distributions are shown in
Fig. 4. Typically, the 5 most abundant species accounted for
about 80% of the total individuals in all three groups. Com-
parison of observed species abundance distributions with
modeled distributions showed that the geometric model was
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Table 1. Results of the analysis of theCeratium species abun-
dance distributions. For each date the observed log-rank abundance
curve was compared to model-derived log-normal, geometric and
log-series curves using an Akaike Information Criterion test. The
values in boldface denote the lowest AIC value, indicating the clos-
est fit. A difference of 1 AIC unit is equal to about a 3-fold dif-
ference in closeness of fit. Log-normal distributions followed by
log-series provided the closest fit to observed distributions.

Ceratium

DATE # Spp log-normal geometric log-series

18 Sept 22 −0.23 4.71 0.55

20 Sept 20 −0.27 3.87 −0.15

25 Sept 25 −1.06 4.46 0.85

26 Sept 24 −0.47 4.26 0.53

4 Oct 18 −0.34 4.61 0.15

6 Oct 23 0.58 5.14 0.84

the poorest fit for all three groups. TheCeratiumspecies
abundance distributions were most often best fit by a log-
normal distribution (Table 1) while those for tintinnids were
most often best fit by a log-series model (Table 2). Cope-
pod species abundance distributions were variable in both
day and night populations but were overall most often best-
fit by a log-normal distribution (Table 3). The goodness of fit
for Ceratiumand tintinnids to their respective best fit statisti-
cal model provided was much stronger (lower AIC) than for
copepods (compare Tables 1–3). However, for all the groups,
AIC values estimator of fit for the log-normal and log-series
fits were often similar.

4 Discussion

We wished to establish if there are general characteristics de-
scribing assemblages of marine planktonic organisms. We
compared distinct groups of species, each investigated sep-
arately by sampling the same planktonic community repeat-
edly over a 4 week period (Lasternas et al., 2008; Dolan et
al., 2009; Raybaud et al., 2009). The groups belong to dif-
ferent trophic levels, found in different concentrations, and
have different generation times. To our knowledge, no pre-
vious study has exploited data derived from intensive sam-
pling of multiple trophic levels in the plankton. We examined
the characteristics of the assemblages and assessed temporal
variability.

We found a great deal of similarity betweenCeratiumspp.,
tintinnids and large copepods (including the different day and
night copepod populations). All 3 groups displayed a relative
temporal stability of diversity, measured as species richness

Table 2. Results of the analysis of the tintinnid species abundance
distributions. For each date the observed log-rank abundance curve
was compared to model-derived log-normal, geometric and log-
series curves using an Akaike Information Criterion test. The values
in boldface denote the lowest AIC value, indicating the closest fit.
A difference of 1 AIC unit is equal to about a 3-fold difference in
closeness of fit. Log-series distributions followed by log-normal
provided the closest fit to observed distributions.

Tintinnids

DATE # Spp log-normal geometric log-series

19 Sept 28 3.88 1.71 −0.38

20 Sept 29 3.80 1.30 −0.70

25 Sept 27 −0.50 4.59 −0.80

26 Sept 27 −0.11 2.86 −0.83

4 Oct 20 0.11 −0.38 −0.45

6 Oct 25 −0.75 1.28 −1.12

or H’, despite large changes in concentrations. In each group,
only a small fraction of the total species found were present
consistently and these “core species” accounted for most of
the individuals. For all three groups, the species accumula-
tion curves approached saturation but did not reach a plateau.
The species abundance distributions, based on comparisons
with modeled distributions, were log-normal or log-series
and the 2 distributions were often difficult to distinguish. For
example, in a previous study of the community structure of
the tintinnid community, the log-series pattern of the entire
community was shown to be a combination of the log-normal
pattern of the core species alone and the log-series pattern of
the occasional tintinnid species (Dolan et al., 2009).

Our findings of several common characteristics in plank-
tonic groups based on comparingCeratium, tintinnids and
large copepods contrast with some other findings based
on different scales of time and space, or different hierar-
chical groupings. For example, within the phytoplankton
Peuyo (2006) compared “dinoflagellates” and “diatoms” col-
lected from several sites in the Mediterranean and in coastal
water of Venezuela. Peuyo described distinct species abun-
dance distributions for the two taxonomic groups of phyto-
plankton: log-normal for dinoflagellates and log-series for
diatoms. The two distributions are thought to characterize
different community structures. For the diatoms, the log-
series distribution follows from neutral models of biodiver-
sity and suggests near ecological equivalence among species
(Etienne and Alonso, 2007).

In comparing lake zooplankton and phytoplankton and
fish, Walker and Cyr (2007) concluded that zooplankton and
fish showed a log-series distribution, which differed from
that of phytoplankton in that species abundance distributions

Biogeosciences, 6, 431–438, 2009 www.biogeosciences.net/6/431/2009/



V. Raybaud et al.: Diversity in different trophic levels of the plankton 437

Table 3. Results of the analysis of the large copepod species abundance distributions. For each date the observed log-rank abundance
curve was compared to model-derived log-normal, geometric and log-series curves using an Akaike Information Criterion test. The values in
boldface denote the lowest AIC value, indicating the closest fit. A difference of 1 AIC unit is equal to about a 3-fold difference in closeness of
fit. Both day and night populations showed distributions which varied between log-normal and log-series based on the closest fit to observed
distributions.

Copepod Copepod
Day Night

Date #spp normal geom series # spp normal geom series

18 Sept 20 −0.73 −0.15 1.78 20 0.98 −0.15 0.978

20 Sept 15 0.27 0.82 −0.94 18 0.56 0.68 1.81

25 Sept 14 0.23 3.56 −0.21 20 0.23 3.21 1.10

4 Oct 14 0.35 1.82 1.89 26 0.04 3.23 −0.37

of phytoplankton did not show the log-series distribution, in
apparent contrast to marine diatoms (Peuyo, 2006). These
studies however, differed from ours in that the groups com-
pared were not intensively sampled, nor were some in the
same system. Hence, it is not unreasonable to suppose that
our findings of similarity among different trophic levels in
the plankton maybe be extended to other systems because at
present there is no adequate comparative data suggesting the
contrary. There may be larger differences between systems
than within systems. For example considering “zooplank-
ton” alone, in lakes the latitudinal differences in diversity
are positively related to stability (Shurin et al., 2007), a pat-
tern the phytoplankton might follow as well. With regard to
only species abundance distributions, there is at present little
enough data comparing distinct trophic levels that this lacuna
has been listed recently among the “top dozen directions” to
pursue in “species abundance research” research (McGill et
al., 2007).

Here we have examined and considered only temporal
variability. A question which may arise is that of spatial vari-
ability. In this regard it is perhaps worth noting that separate
studies ofCeratium(Weiler, 1980) and tintinnid (Dolan et
al., 2007) community structure across the subtropical Pacific
reached similar conclusions concerning the remarkable con-
sistency of species abundance patterns across very large spa-
tial scales. Unfortunately, no similar examination of spatial
variability in the community structure of large copepods has
been conducted, to our knowledge.

For all three groups, a minority of species, core species,
accounted for a large majority of the individuals. Sampled
over a 4 week period, the species accumulation curve of
each group approached, but did not reach a plateau, suggest-
ing that continued sampling would have yielded additional
species ofCeratium, tintinnids and copepods. It appears that
each assemblage could be characterised as being constituted
of a large number of transient species, or forms present in
near trace concentrations. The ecological implications of

such a pattern is the possibility that a common character-
istic of each assemblage is the presence of a large pool of
under-study species, present to fill a niche should it become
available, thereby contributing to the long-term stability of
each assemblage.

5 Conclusions

We conclude then that within the NW Mediterranean Sea,
the characteristics ofCeratiumspecies of the phytoplankton
(high species richness coupled with a stable dominance of
a few forms) also characterizes assemblages from the con-
sumer trophic levels, the tintinnid ciliates as well as large
copepods. This convergence in proportion of consistently
present species, large species pools and low variability in di-
versity suggests that, despite their trophic differences, body
size and generation time, similar, general mechanisms, such
as resource pre-emption coupled with local dispersal limita-
tion, for example, may structure their communities (Magur-
ran and Anderson, 2003). However, we found important and
consistent differences in species abundance distributions be-
tweenCeratiumphytoplankton and large copepods, which
exhibited mostly log-normal distributions, and tintinnids,
which exhibited mostly log-series. We find no clear expla-
nation for this difference. However, because we compared
communities from the same intensive samples in the same
body of water, differences in abundance distributions may be
more likely to arise from ecological differences among the
different trophic levels than from environmental differences
that have plagued previous comparative studies.
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