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ABSTRACT: Patchy distribution of animals, on a large or small scale, is a common phenomenon. 
Various explanations have been given for this spatial and temporal heterogeneity, but in many cases 
the causes are obscure. Patchy distribution of zooplankton is not understood and was not even 
expected in the fast turbulent currents of the well mixed tidal channels of the Wadden Sea. This 
patchiness is shown here for a number of plankton species. Methods commonly used for monitoring 
plankton usually neglect the fact of patchy distribution, and thus results suffer. Interpretation of such 
data can be highly misleading, particularly when used to assess the environmental status of an area: 
an overestimate or underestimate of population density may be the result. Sound quantitative data 
can only be obtained by making great efforts in terms of work and money. The costs entailed by such 
studies must be valued accordingly. 

I N T R O D U C T I O N  

M a n y  an imal s  s h o w  pa t chy  dis tr ibut ion.  This  p rope r ty  is so w e l l  k n o w n  tha t  lan-  

g u a g e s  h a v e  m a n y  words  for it: a f lock of sheep ,  a g a g g l e  of geese ,  a school  of fish, a p a c k  

of wolves ,  a s w a r m  of locusts,  and  it has  e v e n  b e e n  u s e d  as the  ti t le for a nove l :  A f l ight  of 

cu r l ews  ('t Hart ,  1986). The  r ea sons  for this spat ia l  and  t e m p o r a l  h e t e r o g e n e i t y  in 
n u m b e r s  are  c lear  for m a n y  species ,  bu t  a re  u n c l e a r  for others .  Pa tch iness  occurs  on 

d i f ferent  scales:  on  a l a rge  scale  it  m e a n s  the  g e o g r a p h i c a l  dis t r ibut ion,  and,  more  

genera l ly ,  the  sui tabi l i ty  of l iv ing spaces ,  w h i c h  m a y  d i sp lay  a p a t c h y  dis t r ibut ion.  O n  a 

smal le r  scale,  o the r  factors p lay  a role  (as i l lus t ra ted  above) ,  a n d  on a v e r y  smal l  sca le  
e v e n  space  i tself  m a y  be  the  l imi t ing  factor  (e.g. in adul t  ba rnac le s ;  Crisp,  1961). 

Pa tch iness  of spec ies  has  one  a d v a n t a g e  for m a n  in tha t  it is eas i ly  d i sce rn ib le  by 
sight:  a f a rmer  can  eas i ly  count  his s h e e p  and  an  orn i tho log is t  the  geese ,  and  f i s h e r m e n  

tel l  (or ra ther  do not  tell!.) one  ano the r  w h e r e  the  schools  of he r r i ng  are.  Diff icul t ies  ar ise 

w h e n  the  pa tches ,  as such, canno t  be  s e e n  or r ecogn i sed .  
A l t h o u g h  p l a n k t o n  is usua l ly  d e f i n e d  as " w a n d e r i n g "  (Hensen ,  1887), the  rea l  

t rans la t ion  is " tha t  w h i c h  is m a d e  to w a n d e r  or drift",  i.e. dr i f t ing b e y o n d  its o w n  control ,  

h o v e r i n g  wi th  t he  cur ren ts  (Hardy,  1956). The re fo re ,  it was  usua l ly  taci t ly  a s s u m e d  that  
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p lank ton  organisms in the sea  were  d is t r ibuted  randomly,  and  cer ta inly  so in the very  
wel l  mixed  W a d d e n  Sea. Later  in this p a p e r  it will become clear  that  in this  respec t  the 
ear ly  natural is ts  (Vaughan Thompson  [1828] and  Mfiller [1844], both  c i t ed  by  Hardy  
[1956]) did not  do us a good service by  invent ing  the tow net, as this is an  excel lent  
ins t rument  with which to obscure  any depar tu re  from randomness ;  tow ne t s  can be  used 
for measur ing  abundance ,  p rov ided  very  long hauls  are made!  

Since then, a genera l  awareness  has  b e e n  growing,  very  slowly, tha t  p lankton  is 
pa tchi ly  dis t r ibuted in the sea, on any scale from hundreds  of kms, to sub-dm;  a great  
l eap  forward in this respect  was made  by  a series of papers  by  Cassie  {1957, 1959a, b, 
1960, 1962, 1963), and  Clutter  (1969}. A rev iew has  been  given by  Steele  (1976}. 

Patchiness  of organisms has been  desc r ibed  as aggrega ted ,  contagious,  or gregar i -  
ous distributions; it means  that  in some places  (or in some samples)  t he re  are more 
individuals ,  and  in other  p laces  fewer  than  would  be  expec ted  in case  of a random 
distribution.  Samphng  in a pa tchy  popula t ion  easi ly leads  to an over- or unde re s t ima te  of 
density.  Methods  have  been  deve loped  in two fields to overcome these  difficulties: 
sampl ing  technology and  statistics. By select ing a sui table  sampl ing  method ,  an  a t tempt  
can be  made  to e l iminate  at leas t  some of the  patchiness  e.g. by  long p l a n k t o n  hauls, or 
anchor ing  the ship and  let t ing the  s t ream flow through the net, or by  doub le -ob l ique  
hauls  or continuous p lankton  recorder .  

Patchy distr ibution is, statistically, usual ly  descr ibed  by  a nega t ive  b inomia l  distribu- 
t ion (Southwood, 1966~ van der  Aart,  1985). Earlier, pa tchiness  in the  W a d d e n  Sea 
channels  had  been  shown for the  m e d u s a e  Rhizostoma pulmo and  Chrysaora hysoscella 
(Verwey, 1966}, but  these  da ta  are  semi-quant i ta t ive  at  best.  Creu tzbe rg  et  al. {1978} 
found pa tchiness  for larvae  of Pleuronectes platessa, and it has  been  shown  (de Wolf, 
1973} that  cypris larvae  of Balanus irnproyisus in the fast t idal  currents  of t he  wel l  mixed 
t idal  channel  Texels troom are also patchi ly  dis tr ibuted,  and  a mechan i sm respons ib le  for 
this pa tchiness  was proposed.  

The presen t  p a p e r  stems from the wish to de te rmine  the numbers  of P1eurobrachia 
pfleus, Aurelia aurita and  Sarsia tubulosa in the W a d d e n  Sea, as par t  of a s tudy on the 
p reda t ion  by  these  coelentera tes  on larval  plaice  in the Wes te rn  W a d d e n  Sea  {van der  
Veer  & Sad4e, 1984; van  der  Veer, 1985; van  der  Veer  & Oosthuysen,  1985), and  as a 
da t abase  for mathemath ica l  models  of the  Ems Dollard es tuary  (Baretta & Ruardij ,  1988) 
and  the Weste rn  W a d d e n  Sea (EON, 1988). 

In addi t ion to the species  ment ioned,  o ther  species  that  were  caught  in sufficient 
numbers  such as plaice  la rvae  (Pleuronectes platessa), Cyanea sp. {Scyphomedusae) ,  
Eutonina indicans (Leptomedusae)  and  Syngnathus rosteflatus {Nilsson's pipefish)  were  
also analysed.  It was found that  all but  one (Pleurobrachia at 16 m depth,  Fig.  3) of these 
were  patchi ly,  distr ibuted.  In this paper ,  par t  of the  da ta  is p resented ,  a n d  the conse- 
quences  of the low accuracy,  inheren t  in the  nega t ive  b inomial  distr ibution,  a r e  discussed 
as wel l  as the size of the effort necessary  to obta in  h igher  accuracy.  

MATERIAL AND METHODS 

Cypris  larvae  of Balanus improvisus were  col lected on 5 Ju ly  1968 at s ta t ion 7 (Fig, 1) 
by  p u m p i n g  200 dm 3 wate r  from depths  of 2, 4, 6, 8 and  9,5 m be low the sur face  through a 
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hand-he ld  p lankton net  into a 200 dm 3 drum; in this way, equal  volumes were obtained 
(de Wolf, 1973). 

Sampling of the other species was done  at each of 6 stations, 3 in the Ems Dollard 
estuary, 3 in the Western Wadden  Sea (Fig. 1), each for a full tidal period (12.5 h), on 
25-27 April 1982 and  24-26 May 1982, respectively. At each station, fishing was carried 
out at a fixed depth, in the Ems-Dollard at 3 m below the surface, in the Western Wadden  
Sea at 3 m below the surface and at 4 to 5 m over the bottom. 

All hauls were made from a ship at anchor with nets of polyamid p lankton gauze 
(Monodur 2000, 2 mm aperture) with a net  opening of 0.7 m 2 and  a net  length  of 5 m. The 
porosity (0.59) and  the mesh area (12 m 2) of the net  (definitions according to Smith et al., 
1968) proved to be sufficiently large to prevent  overflow of the net  (van der Veer & Sadie ,  
1984). The amount  of water filtered was measured with a flow meter, at tached in the 
mouth of the net. In general, the reduction of the water flow through the net  amounted  to 
10 %. Depend ing  upon current velocity (up to 2 m.  s -1) haul  duration varied be tween  5 
and  15 rain, providing samples of be tween  100 and  500 m 3 water filtered. About  40-60 
hauls could be made  at each depth during a tidal cycle. 

ter Wadden a a 
Ems-Dollart Estuary. A: sampling stations. 

Fig. 1. The Western Wadden Sea and Ems Dollard estuary with sampling stations. (i) Borkum, 
26 April 82, depth 10 m; (2) Oostereems, 27 April 82, depth 9 m; (3) Termunten, 28 April 82, depth 
6 In; (4) Texelstroom, 24 May 82, depth 20 m; (5) Scheurrak, 25 May 82, depth 15 m; (6) Doove Balg, 

26 May 82, depth 11 In; (7) Ankerboei, 5 July 68, depth 11 m 

After the net  washdown, all large coelenterates were counted and the remainder  of 
the sample was preserved in a 4 % formalin-seawater solution and sorted in the labora- 
tory. All flatfish larvae and Syngnathus rostellatus were counted and the coelenterates 
were put  in a flat basin and photographed on slides, Prom these slides, numbers  of the 
various species were counted. For all species, numbers  per haul  were converted into 
densities per 1000 m 3. 
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RESULTS 

The results p re sen ted  here  are a r andom select ion of stations from 52 combina t ions  of 
6 stations, 2 depths ,  8 species  and,  for Aurelia 2 size classes. For 2 spec ies  (p la ice  la rvae  
and  Syngnathus), all avai lable  da ta  are given. The 1968 da ta  for cypris l a r v a e  of Balanus 
improvisus are  given in Figure  2. Data  for the other  species  are in Figures  3-10 .  

Grea t  variat ions in the number  of animals  pe r  sample  are to be  seen,  for a l l  species,  in 
Figures  3-11, suppor t ing  the v iew of unt rus twor th iness  of s ingle p lank ton  samples .  

These  da ta  were  ana lysed  in two ways:  as abundance - f r equency  dis t r ibut ions  of 
numbers  of animals  in a sample  agains t  the n u m b e r  of samples  (Fig. 11), and ,  in Table  1, 
as the  dispers ion pa rame te r  K for the nega t ive  b inomial  distr ibution (Southwood,  1966). 
F igure  11 shows that  near ly  all f requency  dis tr ibut ions have  high n u m b e r s  of samples  
with no, or a low number  of, animals  (on the left of each figure), and  a l l  f requency  
distr ibut ions have  a long tail s t re tching to the  r ight  with low numbers  of s a m p l e s  with 
h igher  numbers  of organisms,  typical  for the  nega t ive  binomial  dis tr ibut ion.  There  a r e  
two except ions:  Figure  l l C  for Pleurobrachia, and  Figure  l l A  for cypris la rvae .  Pleuro- 
brachia shows a figure that  approaches  a Poisson distr ibution,  and  hence  a r a n d o m  (non 
patchy) dispers ion in the sea, but  only at a dep th  of 3 m, and  not at a dep th  of 16 m (Fig. 
11D). The f requency  distr ibution of the  cypris  l a rvae  is comphca ted  (Fig. 11A), a l though it 
is not  s ignif icant ly different from a nega t ive  b inomial  distribution. 

Table  1 presents  for all species  a r educe d  vers ion of Figures  2-10; it contains  the 
n u m b e r  of samples  (n), the  mean  number  of organisms (~), the s tandard  dev ia t ion  (SD), 
the d ispers ion pa rame te r  K of the nega t ive  b inomial  distribution, and  D: the accuracy.  A 
D of 0.1 indicates  that  the  es t imated  mean  has  a probabi l i ty  of 95 % of be ing  within 10 % 
of the true m e a n  in the field. D is ca lcu la ted  (Rojas, 1964) from 
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Fig. 2. Numbers of cypris larvae Of Balanus improvisus per 200 dm 3 at station 7, 5 July 68, at depths 
of 2, 4, 6, 8 and 9.5 m 
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From the table, it follows that K varies from 0.34-10.6. For K values larger  than 8 the 
negat ive  binominal  distribution approaches  the Poisson distribution, as has b e e n  shown 

above for P l eurobrach ia  in Figure 11C, with K = 10.6. Smaller  values  of K indicate 

patchiness. The accuracy of the mean  for N samples (D) has been  calculated; it is seen 

that most of them are much higher  than 0.1. If 0.1 is a reasonable  s tandard for D 

(Southwood, 1966), the number  of samples N necessary to obtain this accuracy can be 
calculated f rom  (1). It shows that for such accuracy a much higher  number  of samples  

than has b e e n  collected, is general ly  needed.  
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Fig. 3. Numbers of Pleurobrachia pfleus (Ctenophora) at station 4, 25 May 82, at depths of 3 m (e) 
and 16 m (a) 
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Fig. 4. Numbers of large Aurelia aurita (Scyphozoa) at station 5, 25 May 82, at depths of 3 m (e) and 
11 m (A) 
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Fig. 5. Numbers of small Aurelia aurita (Scyphozoa) at station 2, 27 April 82, at a depth of 3 m 
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Fig. 6. Numbers of Cyanea sp. (Scyphozoa) at station 1, 26 April 82, at a depth of 3 m 
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Fig. 7. Numbers of Eutonina indicans (Leptomedusae) at station 4, 24 May 82, at depths of 3 m (e) 
and 16 m (a) 
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Fig. 8. Numbers of Sarsia tubulosa (Anthomedusae) at station 5, on 25 May 82, at depths of 3 m (e) 
and 11 m (a) 
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Fig. 10. Numbers  of Syngnathus rostellatus at stations I (upper), 2 (middle), 3 (lower line) on 
26, 27, 28 April 82, at a depth  of 3 m 
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Fig. 9. Numbers  of larvae of Pleuronectes platessa at stations 1 (upper line), 2 (middle) and  3 (lower) 
on 26, 27, 28 April 82, at a depth  of 3 m 
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DISCUSSION 

The patchy distribution of the cypris larvae of Balanus improvisus was confirmed by 
de Wolf (1973). He sampled these larvae by pumping  200 dm 3 of seawater  i n  54-66 secs, 
at a current speed varying be tween  25 to 150 cm-s-1; the scale of this pa tchiness  was 

therefore 13.5-99 m. 
The sampl ing technique us ing the tidal currents  flowing through the  ne t  was 

des igned to avoid patchiness. Tidal currents dur ing  sampling at the various stations 
var ied from 10-25 c m - s  -1 at the turn of the tide (and occasionally 0 cm.  s -1 for short 
periods, but  then  we did not fish), to 1-2 m.  s -1 (depending upon the statior~) at full flood 
or ebb. The period of fishing varied from 15 min (at slack tides) to 5 min (at full currents), 
and  thus the des igned sample-lengths were b e t w e e n  200-600 m; and  des igned  sample 
volumes varied from 100-400 m ~. The actual measured  sample volumes varied from 
100-520 m 3. 

In spite of this design to avoid patchiness, all species studied - even  holoplankton  
such as Pleurobrachia, Sarsia, Eutonina, Cyanea, Aurelia - are patchily d is t r ibuted in  the 
fast turbulent  currents  in the well mixed tidal channels  of the W a d d e n  Sea. Therefore, 
a l though at least part  of the patchiness on a scale of < 200-600 m has b e e n  removed,  part 
of it is clearly still there, while there may be a patchiness on a still larger scale. 

Table 1 shows the consequences  of this patchiness:  our estimate (the m e a n  x for each 
series of samples) of the mean  density of the organisms in the sea is for mos t  species not 
more than _+ 20 %, and  in  a few cases less. The amount  of our effort, in  the p re sen t  study, 
was large; in the field work, 8 people were involved, besides 1 ship + 3 crew members:  
sorting and count ing took 1.5 person years. In terms of money,  the p r og r a mme  from 
which the data in  Figures 3-10 are taken cost just  over DM 100 000, which  means  that 
each of the graphs costs DM 2000 and  that is relatively cheap due to (a) the  low costs of 
sorting large Aurelia, Syngnathus and Cyanea, and  (b) the use of all species caught. The 
cost of Figure 2 was about  DM 12 000 (use of only one" species). 

There is a second consequence in Table 1: due to the D 2 in  the re la t ion be tween  
n u m b e r  of samples and  accuracy, an accuracy of 0.1 (Southwood, 1966) wou ld  d e m a n d  a 
4-5 times larger effort (last column), provided that the same samphng  s t ra tegy was used. 

For monitor ing populations, a different approach could possibly be used.  However, 
use of larger nets and much longer  hauls would give rise to an addi t ional  source of 
variance due to the - then necessary - subsampl ing  of the catch, apar t  from the 
difficulties inheren t  in the use of large unwieldy nets, and larger ships. Moreover,  it is no 
solution for a study on the formation of patches, their evolution, and  how they  main ta in  

themselves. 
As to the title of this paper: Patchiness is a very common property of organisms.  Due 

to our inabili ty to see the patches in the sea, samphng  programmes must  be  des igned 
especially for this patchiness; for the sake of reasonable  accuracy la rge  numbers  of 
samples, or great  efforts, are general ly  needed;  hence,  patchiness is very costly, whether  
in terms of money  or in  lack of accuracy, or both. 
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