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ABSTRACT: A new method is presented for analysing biological time series with only a few observa- 
tions of many species. It operates by selecting the more informative species and describing the tem- 
poral changes of a community using a Principal Components Analysis method based on the relative 
proportions of selected species. The method was tested on a macrobenthic time series data from the 
Bay of Morlaix (western English Channel). 
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INTRODUCTION 

Systematic sampling of communities over time re- 
sults in the recording of the abundance of all species 
present at  given sampling locations. Unfortunately, 
many rare species are unlikely to be detected by 
sampling and, even when detected, the estimated 
abundances of such species are unreliable. Therefore, 
in relation to statistical methods used for analysing 
data, it might be more efficient to discard rare species 
from subsequent analyses. In quantitative analysis, 
according to the multivariate method used, numbers of 
rare taxa cannot usually be employed in Principal 
Components Analysis (PCA) or in Correspondence 
Analysis. In PCA analysis, rare species are not impor- 
tant in calculation of distances between samples; on 
the contrary, because of the large number of species, 
they are inappropriate in the interpretation of Principal 
Components. In the case of Correspondence Analysis, 
some rare species will have high loadings without any 
ecological or statistical significance (Stephenson & 
Cook 1980, Greenacre 1984). On the other hand, in 
qualitative analysis, only the presence or absence of 
species in samples is taken into account; the 'rare' ones 

can be very informative on the state of the community, 
and the dominant ones can be less informative (Gray et 
al. 1990). In the present work, we essentially focused 
on Metric Multidimensional Scaling (MMDS), i.e. PCA 
from interdistance tables. This approach is well suited 
to the exploratory analysis of populations and leads to 
easily interpretable displays of distances between 
samples (Besse et al. 1986). The selection of 'repre- 
sentative species' enables us to discard rare species, 
which would not significantly alter the interdistances, 
to obtain legible displays with a reduced number of 
descriptors. This new approach is tested on a macro- 
benthic series (1977 to 1991) from an infralittoral 
muddy fine-sand community of the Bay of Morlaix 
(English Channel; northern Brittany, France). 

MATERIAL AND METHODS 

Study site. To test the method, we chose an available 
macrobenthic time series having a large number of 
collected species and a relatively large number of ob- 
servations through time. It is an Abra alba-Hyalinoecia 
bilineata macrobenthic community from the Bay of 
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Morlaix which was regularly sampled from April 1977 
to December 1991. The main characteristics of the 
sampling of the abiotic and biotic conditions were 
described in detail elsewhere (Dauvin 1984, 1991, 
Dauvin & Ibanez 1986) and are only summarized in 
this paper. The Pierre Noire station was located in the 
eastern part of the Bay of Morlaix (48'42' 30" N, 
3' 51' 58" W, 17 m depth). The sediment was fine sand 
(median particle size, 148 to 184 pm). The bottom- 
water temperature varied from 8OC in March to 15.5OC 
in September and salinity between 34.5 in winter and 
35.3 at the beginning of autumn. During the 15 yr sur- 
vey there were 112 sampling events, i.e. 5 observations 
for April 1977 to December 1977, 11 observations in 
1978, 12 observations per year from 1979 to 1981, 
7 observations in 1982, 5 in 1983, 6 in 1894, 10 in 1985, 
7 in 1986, and 5 observations per year from 1987 to 
1991. Samples were collected with a Hamon grab for 
April and August 1977 and 4 replicate samples were 
taken each time, covering a total area of 1.2 m2. All 
other times, a Smith Mclntyre grab was used and 10 
samples were taken each time, for a total area of 
1.2 m2. After collection, the sediment was sieved (1 mm 
circular mesh) and the retained material was fixed with 
10% neutral formalin and sorted twice. The second 
sorting was done afer staining with 10 % Rose Bengal. 
Species were identified and counted for each grab, 
then their densities were pooled together and 
expressed in ind, m-2 

The Pierre Noire station was impacted by the hydro- 
carbons of the 'Amoco Cadiz' oil spill in spring 1978, 
which caused disappearance of the dominant Am- 
pelisca spp. populations (Dauvin 1984, Dauvin & Iba- 
nez 1986). Subsequently, the station was recolonised 
by these species whose populations had been locally 
eliminated by the oil spill (Dauvin 1987, 1991). 

Characteristics of the data. Pierre Noire station 
showed high diversity: the total cumulative number of 
species collected was 421 (112 m2 sampled). The 
number of species m 2  generally varied from a mini- 
mum of 90 in March to 130 in October (see Fig. l b ) .  

Method. After identification and counting of the 
individuals, samples were directly described by raw 
frequencies and identified with independent observa- 
tions of multinomial random vectors. In consequence, 
the dissimilarities between samples were quantified 
through distances suited to multinomial laws. There 
are few usual distances on discrete probability law 
space; among them, the Hellinger and Bhattacharrya 
distances are easily computable and clearly interpre- 
table in a geometrical framework (Rao 1982, Qannari 
1983, Kass 1989, Amari 1990). 

Selection of representative species. At any given 
time, each sample of a series drawn from the popula- 
tion under study is composed of N individuals belong- 

ing to some random number of species (Q). The true 
number of species actually present in the community is 
Q' 2 Q. Methods for estimating Q' are beyond the 
scope of this paper and are extensively discussed in 
Chao & Lee (1992). Each sample can be considered as 
some value of a multinomial random vector with 
parameters re,, v,i, ..., ren where rei (i = 1, 2, ..., 0') is the 
theoretical proportion of the i th species in the sample. 
Consequently, the variate 'number of individuals be- 
longing to the ith species' (Ki) follows a binomial dis- 
tribution of parameters re, and N. Due to sampling 
fluctuations, only Q species are detected in a sample 
and the presence in a particular sample of some 'rare 
species' in the community can be attributed to chance. 

Let 0.0 equal the probability a species being absent 
from a sample when its true proportion is ~y and the 
sample size is N. Under the independence hypothesis 
for sampling, the probability of absence is 

By definition, a species will be said to be 'rare at the 
a. level' if its true proportion re, (i = 1, 2, ..., Q') in the 
macrobenthic community is less than or equal to no. 
Clearly re; is unknown and we need to decide whether 
the species is 'rare' or not from an estimate%;. We used 
the unrestricted maximum likehood estimate kJN, 
where k j  is the observed abundance of the ith species. 
The probability Pnj (ko) for the random number K, being 
less than or equal to ko, a given integer 0 5 ko 5 N, is 
equal to: 

Pi,(ko) = PÃ£ ( K ,  -S ko) = 2 [E) ""1- K , ) ' " ' ~ ,  

m = 0  

This is a decreasing function of re,, equal to 1 for re, = 0 
and 0 for n, = 1. 

The upper limit of a unilateral confidence interval for 
IT, at the r\ level may be obtained by determining the 
value of re, such that (Van der Waerden 1967) 

where, as above, k, is the observed number of indi- 
viduals of the ith species. Now if we assume that 0 
is fixed at a given value qo, and if we suppose that 
K ,  = H Q ,  we can determine the greatest integer kmax 
such that 

kmax is the greatest observable number of individuals 
compatible with the Q level rarity of a species when 
the size of the population is N. In other words, reo 
would be the estimated upper limit of a unilateral 
confidence interval for ic, at the an level, when the ob- 
served number is kmx. Practically, the determination 
of kmax is based on the expression of P^kmax} as a 
function of the incomplete beta distribution 6{n, m, n)  
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(Van der Waerden 1967): 

One obtains km,, by inverting Pno(k,,,,,) = q0 using, for 
instance, the algorithm of Majumder & Bhattacharjee 
(1985). After determining k,,,,,, all species for which 
k, I km,, are discarded from the sample; all the rare 
species are pooled and constitute a special group 
named 'background noise'. This variate reflects some 
kind of biodiversity in the sample. Lastly, the species 
discarded from all the processed samples are elimi- 
nated. The number of selected species is an increasing 
function of a. and q, (see Table 1).  

PCA on multinomial data. The comparison of the 
distributions of retained species at different dates was 
carried out by a weighted PCA (Rao 1964, Jolliffe 1986) 
based on 2 metrics (Hellinger and Bhattacharrya dis- 
tances) suited to the particular nature of the data. The 
weight of a sample is the total number of individuals 
belonging to 'active' (as opposed to supplementary; 
see Greenacre 1984) species collected, such that each 
sample remains represented by a multinomial law 
when some species are removed to a supplementary 
list. 

Hellinger distance. This distance between 2 multi- 
nomial laws is 

where zd and nd' are associated with dates d and d' 
respectively. Because in the multinomial case the 
Hellinger distance is the usual euclidian distance in RQ 
after square-root transformation, this analysis can be 
performed using a conventional weighted-PCA pro- 
gram (e.g. SAS 1989). This metric should not be con- 
fused with Orloci (1978) chord distance, which is 
defined as an empirical correlation coefficient between 
2 samples (Pielou 1984). 

Bhattacharrya distance. This distance was originally 
defined on the space of multinoniial laws (Bhatta- 
charrya 1946); it is the geodesic distance on this 
space when the Riemannian metric is defined from 
Fisher's information (Kass 1989, Amari 1990). It can be 
expressed as a function of Hellinger distance accord- 
ing to 

When distances are 'small', Bhattacharrya's and Hel- 
linger's metrics are essentially the same, with both of 
them approxinlately identical to the square of the Kull- 
back-Leibler divergence, which is nearly identical to 
the chi-squared distance (Benzecri 1967, Kass 1989). 
So, all of these distance notions coalesce when samples 
are close enough together. In contrast to Hellinger's 
distance, it is necessary to perform metric or non- 

metric MDS from the interdistance table. The relation- 
ships between the species and the principal compo- 
nents are no longer straightforward. To overcome, in 
part, this drawback, the linear correlation coefficients 
between species and components are to be computed 
as a usual assistance to interpretate the analysis. 

RESULTS 

The number of collected individuals for some of the 
species was low and the procedure described above 
was performed with several threshold values for the 
probabilities a. and q o  Table 1 shows the results of the 
procedure. 

PCA is a method for decomposing the total variance 
of a set of samples. In consequence, its results are not 
affected by 'rare species' (weak variance), at least not 
in the range of the considered thresholds; so, we used 
only the 124 species corresponding to Q = 0.01 and 
qo = 0.01 (Table 1). The total number of individuals 
showed strong temporal changes that ranged between 
approximately 2000 ind. m-' and values greater than 
60000 lnd. m-2 (Fig. l a ) .  The first peak was observed 
in September 1977, which was before the 'Amoco 
Cadiz' oil spill, and corresponded to high abundance of 
Ampelisca species; a second peak occured in August 
1982 and corresponded to a proliferation of the oppor- 
tunistic polychaete Polydora pulchra. During the last 4 
annual cycles, we observed seasonal variations with a 
summer maximum, a winter minimum, and a trend of 
increasing density due to the re-establishment of Am- 
pelisca species. Temporal changes of total species rich- 
ness and those of selected species were quite similar 
and approximately synchronous (Fig. Ib) .  Number of 
species was affected by seasonal variations, with a 
maximum in summer and a minimum in winter. We 
also observed a decrease in species richness in 1978 
and 1979 linked to the disappearance of a great num- 
ber of species, especially amphipods, just after the oil 
spill (Dauvin 1984, 1987). Using Hellinger and Bhatta- 
charrya's distances, 2 weighted-PCA analyses were 
performed. As the results were very similar, we choose 
to report only those related to Bhattacharrya's inter- 
distances table, processed using the ADDAD (1992) 

Table 1 Number of selected species as a function of the 
thresholds h and qo 
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Fig. 1 (a) Density (ind. m-2) versus sampling date, and (b) 
number of observed (upper line) and selected (lower line) 

species from Apnl 1977 to Decem.ber 1991 

MMDS program. After the distances between samples 
were computed, the first 2 principal components were 
determined. They accounted for 71.6% of total vari- 
ance. The temporal changes of the first component 
(Fig. 2a) showed a large increase in spring of 1978 
linked to the decrease of Ampelisca spp. abundance 
after the 'Amoco Cadiz' oil spill. Thereafter, we noted a 

'linear' trend towards the initial values of 1977 with the 
re-establishment of Ampelisca populations. Thus, the 
first factor was strongly correlated with the temporal 
changes of Ampelisca spp. (Table 2), e.g. Ampelisca 
armoricana (r = -0.69; see Fig. 3a). The other species 
representative of this factor were Ampelisca sarsi 
(r = -0.75), Ampelisca tenuicornis (r = -0.69), Am- 
pharete acutifons (r = -0.?1), and Scoloplos armiger 
(r = +0.60). The increase identified in this analysis for 
the first component, just after the 'Amoco Cadiz' oil 
spill, was similar to the increase of the Shannon diver- 
sity observed by Warwick & Clarke (1993) on the same 
Pierre Noire data set. The second component (Fig. 2b) 
showed essentially seasonal behaviour related to an- 
nual recruitment cycles that occurred from the end of 
the spring to the beginning of autumn. It displayed an 
increasing trend in seasonal changes from 1981 to 
1987, with low values in summer and high values in 
winter. The minimum was in August 1982 when P 
pulchra showed very large densities. During the 4 first 
and the 4 last annual cycles, seasonal variations re- 
mained moderate. This factor was mainly due to P 
pulchra (r = -0.76, Fig. 3b) which presented very high 
densities in 1982 and 1984. Other species representa- 
tive of this factor (Table 2) were Leucothoe incisa (r = 

-0.79, Fig. 3c), Phtisica marina (r = -0.?5), Leptonereis 
glauca (r = +0.72), Gnathia oxyuracea (r = -0.69), PI- 
sidia longicornis (r = -0.67), and Tharyx marioni (r = 

+0.66). 
The first analysis on the data table (112 samples X 

124 species) identified Ampelisca species and Polydora 

Fig. 2. Principal components versus sampling date (a, b) PCA with 124 species: (a) F1 (first component) and (b) F2 (second com- 
ponent). (c, d )  PCA without Ampelisca species and Polydora pulchra: (c) F1 and (d) F2 
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P - P  

Table 2. Values of  R? (multiple correlation coefficient between 
the first 7 principal components and each species) and h e a r  
correlation coett.icient between species and the first 2 conl- 
ponents (F1 and F2) in the PCA with 124 species X 112 sam- 

ples. BGN: background noise 

Species 
.- - 

Abra alba 
Ampelisca armoricana 
Ampelisca brevicornis 
Ampelisca sarsi 
Ampelisca spinipes 
Ampelisca tenuicornis 
Ampelisca typica 
Ampharete acutifrons 
Aricidea cerrutii 
Aricidea fragilis 
Ankidea minuta 
Bath yporeia elegans 
Bathyporefa tenujpes 
Chaetozone setosa 
Euclymene oerstedi 
C~lltellus pellucidus 
Exogone gemmifera 
Gnathia oxyuraea 
Heterocirrus ala t 11s 50.49 
Lan~ce conchilega 67.79 
Lejochone clypeata 52.09 - 
Leptonereis glauca 77.84 
Leucothoe incisa 68.59 
~Magelona mira bilis 58.66 
A4arph ysa bellii 52.26 - 
Neph t i s  holn bergii 
Paradonejs arma ta 
Photjs longica udata 
Phtisica marina 
Pisidia longicornis 
Polydora pulchra 
Scoloplos armiger 
Spio decora tus 
Spiophanes bombyx 
Tharyx marioni 
Thyasira flexuosa 
Urothoe pulchella 
Venus ova ta 

BGN 

pulchra as important for explaining both first factors. 
So, in a second step we discarded the 8 species of 
amphipod Ampelisca and the polychaete Polydora pul- 
chra to define the temporal changes of the other main 
species. The second analysis was performed with a 

~ reduced table (112 samples X 115 species). The first 
component accounted for 22% of total variance and 
showed the seasonal variations of the community 
with a maximum in summer and a minimum in winter 
(Fig. 2c). Two main periods could be distinguished: 
(1) from the beginning of sampling (April 1977) to De- 
cember 1981, i.e. the annual cycle before the spill and 
the first 3 cycles afterwards, when the community re- 
mained perturbed and presented low total densities 

(Dauvin & Ibanez 1986) and (2) from 1982 to the end of 
the observations in 1991, when this restricted commu- 
nity reached a steady state with a significant seasonal 
pattern. The temporal changes of the subcommunity 
were also affected by the oil spill, but the impact of 
hydrocarbons on the selected species was not as dra- 
matic as in the first analysis. After the initial stress, this 
subpopulation rapidly reached a steady state (see 
Fig. 2c). The species which had the highest correlation 
with the first component (Table 3) were Leucothoe 
jncjsa (r = 0.62), Nephtys hombergii (r = 0.66), Spio- 
phanes bombyx (r = 0.67) and Paradoneis armata (r = 
-0.78). 

The second component (Fig. 2d) (15.5 % of total vari- 
ance) seemed to correlate with species richness 
(Fig. lb ) .  It displayed correlation with abundance of 
marginal species ('background noise': r = 0.59) and 
with temporal changes of Lanice conchilega (r = 0.60) 
and Spio decoratus (r = -0.59). Maximal values from 
1980 to 1983 corresponded to increases in population 
of several main species as a secondary effect of the 

Table 3.  Values of R2 (multiple correlation coefficient between 
the first 7 principal components and each species) and linear 
correlation coefficient between species and the first 2 com- 
ponents (F1 and F 2 )  in the PCA without Ampeljsca spp, and 
Polydora pulchra wih 115 species X 11 2 samples. BGN: back- 

ground noise 

Species 

Abra alba 
A bra pnsma tica 
Ampharete acutifrons 
Aricidea fragilis 
Aricidea cerrutii 
Ba thyporeia elegans 
Chaetozone setosa 
Cultellus pellucidus 
Euclymene oerstedi 
Exogone hebes 
Heterocirrus alatus 
Leiochone clypeata 
Leucothoe incisa 
Magelona filiformis 
Magelona n~irabilis 
Marphysa bell11 
Nephtys hombergli 
Notomastus latericeus 
Ophlura albida 
Paradoneis armata 
Photls longicaudata 
Phtisica mal-ina 
Scoloplos armjger 
Spio decoratus 
Spjophanes bombyx 
Thyaslra flexuosa 
Urothoe pulchella 
Venus ovata 

BGN 
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-3 - Ampelisca arrnoricana 

Polydora pulchra 

Leucothoe incisa 

Nephtys hornbergii 

Fig. 3. Changes of relative abundance of (a) Arnpelisca armoncana, (b) Polydora pulchra, (c )  Leucothoe incisa, and ( d )  Nephtys 
h om bergii 

perturbation of the community after the initial impact 
of oil pollution (Dauvin & Ibanez 1986). The elimina- 
tion of Polydora pulchra induced the disappearance of 
its associated factor (seasonality), probably because 
the other associated species were too sparse. 

To test the robustness of our method of selection of 
the main species, we plotted the 6216 Bhattacharrya 
interdistances after selection species (Dl :  PCA with 
124 species; D2: PCA with 115 species) against the 
corresponding interdistances without selection (D: 

PCA with 421 species). Fig. 4 shows the relationships 
between D and D1, and between D and D2. In the 
first case, the selection method does not alter the 
interdistances since the cloud of points is very close to 
the line X = y. Plotting D vs D2 (Fig. 4b), we obtain a 
scattered cloud of points showing that the elimination 
of some dominant species dramatically changes the 
interdistance structure between samples. In summary, 
both PCAs on a subset of the species in the commu- 
nity identified the general trend and the seasonal 

Fig. 4. Relationships between Bhattacharrya interdistances. (a) D (421 species) versus D1 (124 selected species). (b) D versus 
D2 (115 remaining species) 
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changes of the assemblages, along with successional 
periods following the oil spill including destruction of 
the dominant Ampelisca species and the progressive 
re-establishment of the community to nearly its pre- 
spill state. 

DISCUSSION 

There is a large body of literature on various types of 
multivariate analysis (see Kenkel & Orloci 1986, 
Minchin 1987, Clarke & Green 1988, Palmer 1993). 
The choice of an analysis method essentially depends 
on the aims of the study and the nature of data, but also 
on personal preference, availability of programs and 
validity in terms of statistical assumptions (Heip et al. 
1988). In the present work, we developed a method 
selecting the more informative species from a quanti- 
tative point of view. The analysis of temporal changes 
in the community was performed using a particular 
PCA method based on the relative proportions of 
selected species. Another way used to reduce the 
number of biological descriptors consists of aggregat- 
ing species according to higher taxonomical levels 
(e.g. genus, family, and phyla) as proposed by Heip 
et al. (1988) and Gray et  al. (1990). The major groups 
identified by multivanate analysis with aggregation to 
higher taxa, even to the level of phyla, remain d~stin- 
guished. Thus, with the Pierre Noire data set Warwick 
& Clark (1993), using ordinations of phylum, showed 
the impact of the 'Arnoco Cadiz' oil spill on a macro- 
benthic community. To our knowledge, the selection of 
representative species before data analysis has been 
studied only by Stephenson & Cook (1980) and, before 
them, by Dale & Williams (1978). The method of 
Stephenson & Cook was very different from ours since 
it was based on studying the influence of removing 
species on the stability of the dissimilarity structure 
between samples. As a consequence, the retained spe- 
cies depend on the chosen dissinlilarity index. The 
usual technique for excluding species is based on the 
examination of proportions; for instance, species 
whose proportion is 1 5  % are excluded from the analy- 
sis. Our opinion is that since the observation of 'rare 
species' is relatively improbable, some are collected, 
while others are not. So it is quite natural to identify 
such species and pool them in a residual category. The 
method used in this paper for selecting species for PCA 
assumes that each sample is assimilated to a multino- 
mial vector where the components are the numbers of 
individuals of each species. The main interest is thus 
focused on proportions. In the comparison of observa- 
tions by PCA, the size of each sample is taken into 
account as a weight associated with that sample. Since 
in PCA the observations have less influence when 

weights are low, smaller samples play a minor role. In 
the same way, if a species is 'rare', i.e. the probability of 
a random individual belonging to this species is low, it 
may be discarded from the analysis without affecting 
the overall results. The critical values chosen in the 
determination of 'rare species' have been fixed 
between 0.1 and 0.01. The first value, ao, is the fixed 
probability that a species is not observed in Nsamples; 
from cq, and N, a maximum proportion no can easily be 
computed such that, if the true proportion of some spe- 
cies, X,, is less than KO, the probability of this species 
being absent in N samples is greater than q, Such a 
species is 'rare at  the a. level'. As we don't know the 
true proportion X,, we must determine, afterwards, the 
probability of the event for each species s (n, < no) 
when the observed effective is K, and eliminate rare 
species for which this probability is greater than the 
second critical value q o  Another way to choose the 
dominant species would be to perform a similar analy- 
sis on the whole frequency table. Rare species should 
be processed by methods suited to the analysis of pres- 
ence/absence data, such as (1) Gower's maximal pre- 
dictive classification (1967) or Govaert's variant of the 
dynamical clusters method for binary data (1990) for 
determining homogeneous groups of samples, (2) mul- 
tiple correspondence analysis (Greenacre 1984, Good- 
man 1985, Escofier & Pages 1990) for displaying prox- 
imities between samples through chi-square distance, 
or (3) tree analysis (Buneman construction) for display- 
ing the samples as leafs or nodes on a tree (Barthelemy 
& Guenoche 1988). Multiple Factorial Analysis 
(Escofier & Pages 1990) could be a synthetic tool for 
exploring eventual Links between both groups of spe- 
cies (rare and abundant ones). 

Our method allows the relationships between 
species over time to be investigated and allows a com- 
parison of temporal changes of several communities at 
a local or mesoscale (Gray & Christie 1983, Souprayen 
et al. 1991, Ibanez et al. 1993). Used on macrobenthic 
data from Pierre Noire station in the Bay of Morlaix, 
our method was shown useful to time series analysis of 
data with many species of low abundance. 
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