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Soft sediment meiofaunal community structure in 
relation to a long-term heavy metal gradient in 
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ABSTRACT: T he  Fai estuary  system, sou thw est  England, is an  ideal site for a na tura l  e x p er im en t  on the 
effects of long-term  contam ination  by heavy  m etals on intertidal m udfla t  m eio fauna  communities.  Five 
c reeks  w ere  chosen in which  sed im ent concentra t ions of h eavy  m etals d iffered by orders  of m agn i tude ,  
nam ely  R estronguet  (mean Cu concentra t ion  2532 gg g “ ’), Mylcjr (1272 gg g~'), Pill (697 gg g “1}, St Jus t  
in Roseland (332 gg g “ 1 ) and  Percuil (165 gg g ' 1). U n iv an a te  a n d  mult ivariate  analyses of the  m eio ­
faunal  comm unity  s truc ture  in these  c reeks  sugges t  th a t  n e m a to d es  a re  m ore  responsive  to sed im en t  
heavy  m etal concentra t ions than  copepods,  as indices of diversity and  c h an g es  in n em a to d e  comm unity  
s truc ture  as revea led  by multivariate  analyses w e re  closely co rre la ted  with metal levels. For copepods  
d ifferences could only be  de tec ted  in Restronguet  creek, w h e re  e n d o b en th ic  species w ere  absent.  
Analyses suggest  that som e n em a to d e  species  m ay  h ave  d e v e lo p ed  different  to le rance  m ech an ism s  for 
survival in a reas  with h igh heavy  metal concentrations.
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INTRODUCTION

M eiofauna have  evoked  considerable  interest as 
potentia l indicators of an th ropogen ic  per turbat ion  in 
aquatic  ecosystems (see review  by Coull & C handler
1992) as they have  several potentia l advan tages  over 
m acrofauna, w hich  have  traditionally b ee n  the com ­
p o nen t  of the ben thos exam ined  in pollution m onitor­
ing surveys. T hese  include their  small size and  high 
densities, so tha t smaller sam ples  m ay be collected, 
shorter genera tion  times and  no p lanktonic phase  in 
their life cycles, suggesting  a potentially shorter 
response  time and  h ighe r  sensitivity to an th ro ­
pogenic  d is tu rbance (Heip et al. 1988, Warwick
1993). H eavy m etals  are  an  im portan t  com ponen t in 
m any  m arine  discharges, inc luding sew age,  in d u s­
trial wastes  and  m ining w astes  (Bryan 1976). 
A lthough sed im ent m etal concentra tions have  been  
implicated  in pollution effects in the  m eiobenthos 
(Tietjen 1980, G ee  et al. 1992) few discharges to the 
sea alter sed im en t m etal concentra tions in isolation 
and  it is therefore difficult to separa te  the toxic

effects of heavy  metals  from, for exam ple ,  o rganic  
enrichm ent.

The Fai es tuary  system in Cornwall, UK, contains a 
nu m b e r  of tidal c reeks  which open  into C arrick  Roads 
(Fig. 1). Each of these has a small central s tream  and  
extensive  a reas  of mudflats. The mining of m etals  in the 
a rea  of sou thw est  Cornwall d ra ined  by the C arnon  
River, which en ters  Carr ick  Roads via R estronguet 
C ree k  (Fig. 1), has  a long history, p robab ly  s tre tch ing  
back  to the Bronze Age for the recovery  of alluvial tin. In 
the m iddle  of the 19th cen tu ry  m ore than  1000 mines 
p ro d u ce d  up to 50 % of the world's  supply  of copper, tin 
and  arsenic. O u tpu t  dec lined  sharply dur ing  the  20th 
cen tu ry  and  the last tin mine, W heal J a n e  in the  C arnon  
Valley, closed in 1991. H eavy  metals, however, have  
con tinued  to en te r  the  C arnon  River from old m ine  adits 
and  runoff from spoil heaps.  Thus over the cen tur ies  a 
m a rk e d  g rad ien t  of sed im en t m eta l  concentra tions has 
built up  and  sed im en ts  in o therw ise  similar c reeks  in 
different par ts  of the  system have  levels of heavy  m etals  
( including Cu, Zn, As, Cd, Fe) w hich  differ by orders  of 
m ag n itu d e  (Bryan & Gibbs 1983).
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Fig. 1 Sampling locations within the Fai estuary system, 
Cornwall, UK

T he Fai es tuary  system, therefore, p re se n ted  a su it­
ab le  site for a na tu ra l  expe r im en t  on the  effects of lo n g ­
te rm  heavy  m eta l  pollution on m eio faunal com m unity  
s truc tu re  in an  a re a  o therw ise  sub jec ted  to a very  low 
level of pollution.

MATERIAL AND METHODS

Sam pling d esign . Based on sed im en t coppe r  da ta  in 
Bryan & Gibbs (1983), 5 c reeks  (Restronguet, Mylor, 
Pill, St Ju s t  in Roseland an d  Percuil) en ter ing  into C a r ­
rick Roads w ere  chosen  to cover the  expected  ran g e  of 
heavy  m etal concentrations. Replication in the s a m ­
pling des ign  w as on a spatial scale appropria te  to 
exam in ing  diffe rences b e tw e en  creeks. In N ovem ber  
1991, 5 sites (7 in Restronguet)  a long each  creek  w ere  
se lec ted  as rep resen ta t ive  of tha t c reek  and, be ing  at 
the sam e tidal he igh t (distance from the central 
stream) an d  confined to b anks  of mud, as far as possi­
ble with  similar env ironm en ta l  characteristics. At each  
location (Fig. 1) a single core (50 ml syringe to a dep th

of 5 cm) w as ta k en  for m eiofauna and  fixed in 4 % 
buffered  formalin. Surficial sed im ent was collected for 
ana lyses  of metal concentrations, % silt/c lay and  
% orgamcs, and  frozen at - 2 0  °C pend ing  analysis.

Sam ple processing. Sam ples for m eiofauna w ere  
w a sh e d  on a 63 pm  sieve to rem ove formalin and  most 
of the  finer sed im ent fraction. The m eiofauna w ere  
th e n  ex tracted  using élutriation in fresh w ate r  and  
d écan ta tion  th rough  a 63 pm  seive followed by a 
flotation extraction using a colloidal silica solution 
(Ludox TM from DuPont) with a specific gravity of 
1.15. M eiofaunal com munities in in tertidal m uds are 
generally  dom ina ted  by n em atodes  and  copepods. Our 
analyses, therefore, are  confined to these 2 taxa. Each 
sam ple  was w ashed  into a lined petri dish and  the 
copepods p icked  out u n d e r  a binocular microscope 
an d  identified to species, in hang ing -d rop  m ounts  or 
by dissection, using a Nom arski in te rfe rence  contrast 
microscope. The rem ain ing  m eiofauna w ere  slowly 
evapora ted  to anhydrous  glycerol,  evenly sp read  on 
m icroscope slides and  the  cover slips r inged with 
Bioseal. N em atodes  w ere  coun ted  and  the first 200 
spec im ens  encoun te red  in each  sam ple  identified to 
species using conventional bright-field illumination, 
a llowing the  total num bers  of each  species in each  
sam ple  to be  estimated.

Sed im en t sam ples  w ere  dried  at 80 °C. For the d e te r ­
mination  of metal concentra tions dried  sam ples  w ere  
d iges ted  in concentra ted  H N 0 3 and, after evaporation, 
the residues w ere  dissolved in 1 M HCl. M etal co n c en ­
trations w ere  d e te rm in ed  by flame atomic absorption 
using a Varian Spectr AA20 atomic absorption  spec tro ­
m e te r  with autosam pler.  B ackground  correction was 
u sed  for e lem ents  other than  Cu, Zn and  Fe. 
An a ir/ace ty lene flame was used  for all metals  except 
Cr, for w hich  nitrous ox ide /acety lene flame w as used. 
The % organic m atte r  in sam ples  was es tim ated by the 
loss of w eigh t on ignition at 600 °C for 8 h, after 
rem oval of ca rbonates  by t rea tm en t  with 8%  H S 0 3. 
The % silt/clay in sed im ent sam ples  w as de term ined  
by w et  sieving using a 63 pm  sieve to separa te  the 
coarse an d  fine fractions which w ere  then  dried at 
95 °C an d  weighed.

To account for u n m e asu red  g rad ien ts  within each 
creek, such as salinity, a 'd istance ' factor, the distance 
of each  sam pling location from the  creek  m outh  as 
a proportion  of the creek  length, w as ad d e d  in the 
analyses.

DATA ANALYSES

A nalyses of environm ental variables. E nv ironm en­
tal data  w ere  ord ina ted  using a co rre la tion-based  p r in ­
cipal com ponents  analysis (PCA). The significance of
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differences be tw e en  creeks was tes ted  by applying 
the random isa tion /perm uta tion  test ANOSIM (Clarke 
1993) to the Euclidean distance matrix underly ing  the 
ordination (Clarke & G reen  1988).

Univariate m easures of com m unity structure. U ni­
variate m easures  included: Shannon-W iener  diversity 
indices calculated using natura l logarithms (H'), sp e ­
cies richness (M arga le fs  d), evenness  (Pielou's J) ,  total 
ab u n d a n ce  (A), and  ab u n d a n ce  of taxa (S). The signif­
icance of d ifferences be tw e en  creeks was tested using 
1-way ANOVA.

M ultivariate analyses of com m unity structure. For 
the majority of analyses nonparam etr ic  multivariate 
techniques w ere  used. T hese  techn iques  are  discussed 
in a recen t review  by C larke (1993) and  are  inc luded  in 
PRIMER (Plymouth Routines In Multivariate Ecological 
Research), a suite of com puter  p rogram s deve loped  at 
the Plymouth M arine Laboratory, UK. R anked  lower 
tr iangular  similarity matrices w ere  constructed  using a 
range  of da ta  transformations, the Bray-Curtis similar­
ity m easu re  an d  g roup -average  sorting. T ransform a­
tions w ere  used  to red u c e  contributions to similarity by 
a b u n d a n t  species, and  therefore to increase the im por­
tance of the le ss -abundan t  species in the analyses. 
N em atodes  vary in a b u n d a n c e  be tw e en  single individ­
uals and  thousands of specim ens within samples, so a 
fourth root transformation was applied. C opepods  vary 
be tw e en  single specim ens and  h u n d red s  of specimens, 
so a square  root transformation was used. Ordination 
was by nonmetric  mult id imensional scaling (MDS) 
(Kruskal & Wish 1978, C larke & G reen  1988). Formal 
significance tests for d ifferences be tw e en  creeks 
w ere  perfo rm ed  using  the ANOSIM  perm uta tion  test 
(Clarke & G reen  1988).

The rela tionships b e tw e e n  m ultivaria te  com m unity  
s tructure  and  environm enta l  variables w ere  exam ined  
using the BIOENV p rocedure  (Clarke & Ainsworth
1993) which calculates rank  correlations be tw e en  a 
similarity matrix derived from biotic data  an d  matrices 
derived  from various subsets  of env ironm enta l  var i­
ables, the reby  defining suites of variables which 'best 
exp la in ’ the biotic structure . The species contributing 
to dissimilarities b e tw e en  creeks w ere  investiga ted  
using the similarities p e rc en ta g es  p rocedu re  (SIMPER) 
(Clarke 1993).

RESULTS 

Environm ental variables

S ed im en t m etal concentra tions (Table 1) show that 
the s trong g rad ien t  p resen t  in the  mid-1970s (Bryan & 
Gibbs 1983) had  not a l te red  app rec iab ly  over the  in te r ­
ven ing  years, desp ite  the cessation of m in ing  activity 
in the  C arnon  Valley. S ed im en t  concentra tions of 
heavy  m etals  inc luding Cu, Zn, Ag an d  Cd w ere  low ­
est in Percuil C ree k  an d  approx im ate ly  double  
th rough  St Just, Pill and  Mylor C reeks  to h ighest  levels 
in Restronguet Creek, w h e re  Cu concentra tions are 
the h ighest  in the UK (Bryan & Langstone 1992). O rd i­
nation of the m etals  data  by PCA (Fig. 2) shows that 
R estronguet C ree k  is clearly se p a ra te d  from all others, 
which are  o rdered  from Mylor C reek ,  at the bottom  of 
the ordination, th rough  Pill and  St Ju s t  C reeks  to P er­
cuil Creek. ANOSIM confirms tha t each  c re ek  w as s ig ­
nificantly different from the others in term s of their 
sed im en t metal conten t (p < 0.03) (Table 2). % silt/clay

Table  1. M ean s  a n d  s ta n d ard  deviations of % silt/clay (% S/C), % organic  m at te r  (% C) a n d  heavy  m eta l  concen tra t ions 
(tig g “ 1 dry  weight)  in sed im ents  from 5 c reeks  in the Fai estuary  system, N o v e m b er  1991

C reek % S/C % C Ag Cd Co Cr Cu Fe Mn Ni Pb Zn

Restronguet
M ean 69 6.3 3.63 2.75 21.9 38.7 2532 55 845 539 30 209 3814
SD 13 1.4 0.91 1.03 4.1 4.9 575 8 685 44 4.7 42 1295

Mylor
M ean 95 8.5 2.33 1.47 12.9 59.7 1272 40 768 395 32.8 188 1431
SD 3 0.3 0.11 0.17 0.5 4.9 62 1 426 15 1 7 59

Pill
M ean 90 9.2 1.43 1.35 11.3 43.5 697 33 603 282 26.9 142 1006
SD 4 0.4 0.06 0.34 0.2 5.1 19 1074 13 0.9 8 69

St Jus t
M ean 81 12.8 0.62 0.85 9.51 44 332 29 703 249 26.6 93.9 624
SD 7 4.4 0.08 0.07 0.54 4.9 33 2812 10 1.3

COCO 33
Percuil

M ean 92 8.7 0.32 0.32 7.87 49.6 165 31 647 221 28.9 72.8 302
SD 5 1.1 0.07 0.09 0.47 4 34 7 863 39 0.9 4.5 62
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Fig. 2. PCA ordinat ion  of m eta ls  d a ta  from R estronguet  (R), 
Mylor (M), Pill (P), St Ju s t  (J) a n d  Percuil  (E) C reeks

Table  2. Results of pa irw ise  tests from ANOSIM  for significant 
dif ferences in en v iro n m en ta l  d a ta  b e tw e e n  creeks

C reek s  com p ared R P

Restronguet ,  Mylor 0.667 0.001
Restronguet ,  Pill 0.677 0.003
Restronguet ,  St Ju s t 0.823 0.001
Restronguet ,  Percuil 0.858 0.001
Mylor, Pill 0.98 0,008
Mylor, St Jus t 0.94 0.008
Mylor, Percuil 1 0.008
Pill, St Jus t 0.416 0.008
Pill, Percuil 0.868 0.008
St Just,  Percuil 0.324 0.024

varied  little b e tw e e n  samples, a l though  it w as lowest 
at  the 2 sites n ea res t  to the m outh  of R estronguet 
Creek. T he  sed im en ts  in St Ju s t  C re e k  h ad  a h igher  % 
organic  carbon  than  did sed im en ts  from o ther  creeks.

Univariate m easures of nem atode and copepod  
com m unity structure

Univariate m easu res  for both  n em a to d e  an d  copepod  
data  vary  significantly b e tw e e n  creeks, with the 
exception of n em ato d e  evenness  (J) (Figs. 3 & 4, 
Table 3). A lthough  the  n em a to d e  com munities in 
R estronguet an d  Mylor C reeks  have  significantly 
lower diversity (H'),  n u m bers  of g en e ra  (S) and  species 
r ichness (d) than  do those in Pill, St Ju s t  and  Percuil 
Creeks, un ivaria te  m easu res  of com m unity  s tructure 
do not show  any significant d iffe rences with in  these  2 
groups (Fig. 3). O ther  th a n  a reduc tion  in a b u n d a n ce  
(A) in R estronguet C ree k  un ivaria te  m easu res  of co p e ­
pod com m unity  s truc tu re  in the  various creeks do not 
reveal a p a t te rn  tha t  can  be  re la ted  to the  g rad ien t  in 
sed im en t m etal concentra tions (Fig. 4).
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Fig. 3. M eans  and  95%  pooled confidence intervals for 
univar ia te  m easu re s  of n em a to d e  comm unity  struc ture  in Re­
s t rongue t  (R), Mylor (M), Pill (P), St Jus t  (J) an d  Percuil  (E) 
Creeks .  A: a b u n d a n c e  (thousands of individuals core“'); 
S.- n u m b e r  of g e n e r a ; H ' S hannon-W iener  diversity, d. M a r ­

g a l e f i  c/; J: Pielou's J

Table  3. F-ratios a n d  significance levels (from F , 22) from 
1-way ANOVA tests for d ifferences b e tw ee n  c reeks  in various 

univar ia te  m easu re s  of comm unity  struc ture  (see text)

Univariate N em atodes C opepods
m easu re F P F P

A 14.855 0.0000 4.586 0.0076
S 24.126 0.0000 6.840 0.0010
H ' 9.811 0.0001 5.127 0.0045
d 17.831 0.0000 5.217 0.0041
J 0.750 0.5684 3.147 0.0345
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Fig. 4. M eans  a n d  95 %  pooled  confidence intervals for 
univariate  m easu res  of copepod  comm unity  s tructure  in Re­
s t rongue t  (R), Mylor (M), Pill (P), St Jus t  (J) and  Percuil  (E) 
Creeks .  A; a b u n d an c e  (individuals core“1); S: n u m b er  of 
genera ;  H': Shan n o n -W ien er  diversity; d: M argalef 's  d; 

J: Pielou's J

M ultivariate analyses

MDS ordinations (Fig. 5) show a g radation  in 
nem atode  com m unity  structure. R estronguet C ree k  is 
clearly separa ted  from all others, w hich are  ordered  
from Mylor Creek, at  the  bottom of the ordination, 
th rough  Pill an d  St Ju s t  C reeks  to Percuil Creek, i.e. 
in an  order consistent with increasing  metal co n c en ­
trations. Sam ples from within Restronguet C ree k  are 
also ordered, with sam ples  from the h ea d  of the
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Fig. 5. Mult id im ensional  scaling ordinations for fourth root 
t ransform ed  n em a to d e  a b u n d a n c e  (stress = 0.13) a n d  square  
root transform ed co pepod  a b u n d a n c e  (stress = 0.14) in Re­
s t rongue t  (R), Mylor (M), Pill (P), St Ju s t  (J) an d  Percuil  (E) 

C reek s

creek  (i.e. nea res t  the source of input) a t  the bottom. 
O ther  than  separation  of the  com m unity  in R estron­
g u e t  C re e k  from those in o ther  creeks,  o rd ination  of 
the transform ed copepod  data  does not p re se n t  a 
pa t te rn  that is as readily  re la ted  to a g rad ien t  as is 
tha t from the n em ato d e  data. ANOSIM  confirms that 
the nem atode  and  copepod  com m unities in all creeks 
are  significantly (p < 0.05) d ifferent from ea ch  other 
(Table 4).

A s tandard  p roduc t-m om en t  correla tion analysis 
(Table 5) of env ironm enta l  da ta  from the survey ind i­
cates tha t sed im en t levels of all m etals  o ther  than  Cr 
an d  Ni a re  highly corre la ted  (>0.95) w ith  C u  levels. 
Thus only concentra tions of Cu, Cr an d  Ni w ere  used  
in the BIOENV analysis, a long with the o ther  variables 
% silt/clay, % organic carbon  and  p roportional d is­
tance from the creek  mouth. Results of the ana lyses  are 
sum m arised  in Table 6.

The h ighest rank  correla tion with fourth root t ran s­
formed nem atode  a b u n d a n c e  d a ta  (0.77) occurs with 
the single variable Cu, an d  inc luding extra variables
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Table  4. Results  of pa irw ise  tests from ANOSIM  for significant 
d if ferences  in com m unity  s truc ture  b e tw e e n  creeks.  N e m a ­
tode  da ta  fourth root transformed, copepod  da ta  sq u a re  root 

t ransform ed

Univaria te N em atodes C opepods
m easu re F P F P

R estronguet ,  Mylor 0.902 0.001 0.889 0,001
Restronguet ,  Pill 0.93 0.001 0.917 0.001
Restronguet ,  St Jus t 0.985 0.001 0.759 0.001
R estronguet ,  Percuil 0.965 0.001 0.771 0.003
Mylor, Pill 0.948 0.008 0.684 0.008
Mylor, St Jus t 0.976 0.008 0.536 0.008
Mylor, Percuil 0.876 0.008 0.316 0.008
Pill, St Jus t 0.752 0.008 0.876 0.008
Pill, Percuil 0.784 0.008 0.544 0.008
St Just,  Percuil 0.508 0.024 0.412 0.008

d e g ra d e s  this correlation, confirming that differences 
b e tw e e n  n em a to d e  com m unities in d ifferent creeks 
are  l inked  to levels of heavy  m etals  in the sediments.  
For sq u a re  root transform ed copepod  a b u n d a n ce s  the 
h ighes t  rank  correlation is only 0.51, with 2 variables 
Cu and  % silt/clay. Therefo re  copepod  community 
s truc tu re  is not particularly  well exp la ined  by the m e a ­
su red  environm enta l  variables.

As the concentra tions of most m etals  a re  correla ted  
w ith  Cu, MDS plots overlaid w ith  symbols proportional 
in size to Cu concentra tion  (Fig. 6) allow one to visu­
alise the rela tionship  b e tw e en  m eta l  levels an d  com ­
m unity  structure . T he  n em a to d e  com m unity  in each 
creek  can be d is t inguished  on the  basis of levels of Cu 
and  m etals  in the  sediments, with the com m unity  in 
R estronguet C ree k  clearly se p a ra te d  from the rest, and 
sam ples  in both  groups  a r ra n g e d  from bottom  to top of 
the ordination  accord ing  to heavy  m eta l  concentra-

Table  6. Sum m ary  of results  from BIOENV. C om binations of 
variables, k at a time, giving the  highest  rank  correlations 
b e tw ee n  biotic and  abiotic similarity matrices. N em atode  
da ta  fourth root transformed, copepod da ta  sq u a re  root 
transformed. lower correlations om itted from the table.

% C: % organic  matter; % S/C: % silt/clay

k Best variable  combinations

N e m ato d es
1 Cu

0.77
% C 
0.28

2 Cu, % S/C 
0.71

Cu, Ni 
0.66

3 Cu, Ni, % S/C 
0.67 -

C o p e p o d s
1 Cu

0.45
% C 
0.31

2 Cu, % S/C 
0.51

Cu, % C 
0.36

3 Cu, % S/C, Distance 
0.43 -

tions. The rela tionship  be tw e en  sed im en t metals and  
copepod  community s tructure is less clear.

SIMPER analyses of transform ed nem atode  and  
copepod  a b u n d a n ce  data  allow the exam ination of the 
species which contribute to the dissimilarity be tw e en  
creeks (Table 7). The nem atode  com m unity  in Restron­
g u e t  C reek  is sep ara ted  from those in all other creeks 
by a gene ra l  reduction or absence  of a range  of n e m a ­
tode species and  the p resence  of relatively high n u m ­
bers of a few species including Tripyloides gracilis, 
D esm odora com m unis  and  L epto la im us papilliger. 
Mylor C reek  is separa ted  from Pill an d  St Just Creeks 
by the p resence  of relatively high a b u n d a n ce s  of Dap-

Table  5. Pairwise corre lations b e tw e e n  env ironm en ta l  variables. Values in bold type indicate correlations >0.95. % S/C:
% silt/clay; % C: % organic  m atter

Ag Cd Co Cr Cu Fe Mn Ni Pb Zn Distance % S/C

Cd 0.932
Co 0.9625 0.9515
Cr -0  1381 -0.2155 -0.297
Cu 0.9873 0.9392 0.9869 -0.222
Fe 0.9281 0.8889 0.9452 -0.149 0.9506
Mn 0.9668 0.886 0.9502 -0.179 0.98 0.9467
Ni 0.5836 0.5081 0.4811 0.5629 0.5263 0.5969 0.502
Pb 0.9642 0.8968 0.889 0.0144 0.9225 0.8609 0.9073 0.6408
Zn 0.9511 0.9652 0.9895 -0.284 0.9774 0.9449 0.9304 0.5025 0.8702
Distance -0.209 -0.2646 -0.1662 -0.427 -0.1597 -0.235 -0.129 -0.648 -0.283 -0.1841
'.-. S/C -0.362 -0.3026 -0.4621 0.7197 -0.4477 -0.347 -0.455 0.3319 -0.193 -0.4247 -0.4916
% C -0.5216 -0.4029 -0.4849 0.1281 -0.5324 -0.516 -0.543 -0.24 -0.44 -0.4745 -0.0123 0.3617
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NEMATODES

COPEPODS

Fig. 6. M ult idimensional scaling ordinations, as in Fig. 5, 
overlaid  with circles proportional in d iam ete r  to sed im en t  Cu 

concentra t ion

ionem a procerum , M etachrom adora vivipara  and 
Calom icrolaim us h o n estu s  in Mylor and  a general 
increase  in ab u n d a n c e  of a b road  ran g e  of species in 
creeks  with lower sed im ent m etal concentrations. In 
com parison with the nem atode  com m unity  in Pill 
C reek, that in St Jus t  C ree k  differs in the m ain  due to 
changes  in the ab u n d a n ce  of species com mon to both 
creeks, such as A p o n em a  torosa, C alom icrolaim us 
honestus, Sabatieria pu lchra  and  P aracanthonchus  
heterodon tus  which are  m ore a b u n d a n t  in Pill Creek, 
and  L ep to la im us lim icolus, A nop lostom a  vivipara  and 
Terschellingia  species, which are  m ore a b u n d a n t  in St 
Jus t  Creek. Some species including D aptonem a se to ­
sum  and  Paracom esom a dub iu m  a re  absen t  from Pill 
C reek. In com parison with other c reeks Percuil has 
m ore species but lower a b u n d a n ce s  of individual sp e ­
cies. The genera l  pa t te rn  therefore  appears  to be  one 
of increasing species diversity with dec reas ing  metal 
concentrations, but with ch anges  in a b u n d a n ce s  of 
individual species contribu ting  to the dissimilarity

b e tw e en  creeks in a w ay tha t is not readily  in te r ­
pretable,  a l though  the g ene ra l  t rend  is an  increase  in 
num bers, with the exception of Percuil Creek.

The majority of copepod species contribu ting  highly 
to dissimilarities b e tw e en  R estronguet C ree k  and  the 
o ther  c reeks are ab sen t  from, or occur in low num bers  
in, R estronguet C reek .  Exam ples are  E nhydrosom a  
gariene, M icroarthridion fallax, P la tychelipus littoralis 
and  M esochra lilljeborgi. The only species occurring in 
h igher  num bers  in R estronguet C ree k  is S tenhelia  
palustris. Dissimilarities b e tw e e n  o ther  creeks  g e n e r ­
ally result from ch a n g es  in relative ab u n d a n c e s  of 
more a b u n d a n t  species such as M icroarthridion fallax, 
Tachidius d isc ipes  and  Robertsonia  celtica, and  spo ­
radic absences  of less com m on species  such as S te n ­
helia e liza b e th a e  from St Ju s t  Creek.

DISCUSSION

The majority of studies with m eio fauna  and  m etals  
have  b ee n  in vitro laboratory  toxicity studies with 
copepods an d  nem ato d e s  (Coull & C h a n d le r  1992), 
which have  te n d ed  to show tha t m etals  as toxicants 
have ei ther  le thal or sub le tha l  (reductions in fecundity, 
increased  deve lopm en ta l  time) effects w hich  tend  to 
increase  with inc reased  m etal concentra tions. Thus a 
dec rease  in diversity is to be expec ted  as a com m unity  
response  to m etal pollution. Only 2 field studies have  
b ee n  repo r ted  w hich can be re la ted  to our s tudies  on 
the Fai es tuary  complex. Both deal with shallow s u b ­
littoral sed im ents  off N ew  York, USA (Tietjen 1977, 
1980). In the form er study  no re la tionsh ip  b e tw e en  
sed im en t metal concentra tions an d  n em a to d e  species 
diversity w as dem onstra ted ,  bu t the re  w ere  m any  
other confounding  factors such  as d iffe rences in 
sed im en t composition and  the o rganic  load ing  of the 
sediments. In the  la tter  study (Tietjen 1980) a clear 
rela tionship b e tw e e n  inc reased  m eta l  concentra tions 
and  dec reased  n em a to d e  diversity w as dem onstra ted .  
A lthough some ch a n g es  in un ivaria te  m easu res  of 
com m unity  structure, such as the reduction  in diversity 
of nem atodes  in R estronguet and  Mylor Creeks,  can  be 
re la ted  to ch anges  in sed im en t m etal concentrations, 
the p re se n t  study sugges ts  tha t  such der ived  m e asu res  
conceal m ore than  they  revea l  abou t ch an g es  in com ­
m unity  s tructure  b e tw e e n  creeks. M ultivaria te  an a ly ­
ses, however, sugges t  tha t n em a to d e  com m unity  s truc­
ture  ch anges  in a smooth and  o rd e red  fashion with 
increas ing  sed im en t m etal concentra tions. C h a n g e s  in 
copepod  com m unity  s truc tu re  b e tw e e n  creeks  are  not 
as ordered .

M ultivariate ana lyses  indicate  a s trong rela tionship  
b e tw e en  n em a to d e  com m unity  s truc tu re  and  metal 
concentra tions in the  Fai system. BIOENV analyses
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Table  7. Su m m ary  of similarit ies te rm s (SIMPER) analysis.  D ifferences (< and  >) in ave rag e  a b u n d an c es  (ind. core“1) of species 
con tr ibu t ing  to dissimilarit ies b e tw e e n  consecutive  c reeks  a long the  m eta ls  gradiant.  A cut-off at a cumulative  % dissimilarity of

70 % was app lied

Restronguet Mylor Pill St Jus t Percuil

N em atodes
M etachrom adora  vivipara 1 < 1697 843 > 493
C alom icro la im us h o n estu s 2 < 593 251 > 57
D ap to n em a  no rm a n d icu m 6 < 393 108 > 18
Terschellingia long icaudata 0 < 155 130 < 367
Terschellingia com m u n is 4 < 256 > 104 < 308
Theristus acer 34 > 0 < 88 > 54 > 9
D esm odora  co m m u n is 44 > 0
Tripylo ides gracilis 278 > 43 48 > 4
D apto n em a  se to su m 0 < 46 > 0 < 23 > 10
C hrom adora m acrolaim a 78 > 13 < 130 215 > 56
H yp o d o n to la im u s balticus 21 > 6 < 58 > 23 > 1
Terschellingia  sp. 0 < 322 218 > 16
A p o n em a  torosa 15 < 310 > 5 < 8
D apto n em a  pro ceru m 67 > 14 < 18 < 20
P aracan thonchus h e te ro d o n tu s 13 < 100 36 > 19
D esm o la im u s zee la n d icu s 5 < 55 < 76 > 20
M o lg o la im u s d em a n i 149 < 687 728 > 56
le p to la im u s  lim icolus 12 < 199 > 42
A n o p lo s to m a  viv iparum 6 < 51
P aracom esom a d u b iu m 0 < 23
P rea can thonchus p u n c ta tu s 10 < 30 > 18
C hrom adorita  ten ta b u n d a 4 < 17 < 21
T ha lassom onhystera  parva 0 < 15
A xo n o la im u s para sp in o su s 80 > 32

C opepods
E n h ydrosom a  gariene 0 < 48 > 32 9 < 22
M icroarthridion iallax 14 < 85 > 33 < 75 > 54
P la tychelipus littoralis 1 < 33 < 50 > 8
R obertsonia celtica 0 < 9 3 < 22 > 10
S ten h e lia  pa lustris 14 > 5
A m p h ia sco id es  lim icola 0 < 12
M esochra lilljeborgi 2 < 15 > 0
P aronychocam ptus curticaudatus 0 < 6
E nhydrosom a lo ng ifurca tum 0 < 6
Tachidius d isc ipes 0 < 30 > 8
P seudobradya  curticorne 11 < 42 < 45
P seudobradya  sp. 0 < 25

from the  G e rm a n  Bight (Gee et al. 1992) also implicate 
heavy  m etals  as d e te rm in an ts  of m eioben th ic  co m m u ­
nity structure, a l though  in this study  confounding  
effects of ch anges  in sed im en t s tructure  and  depth  
te n d ed  to obscure  any  rela tionships b e tw e e n  m e io ­
faunal com m unity  s truc tu re  and  levels of pollutants. In 
the p re se n t  study  the  sam pling  des ign  a t tem p ted  to 
e l im inate such confounding  factors as far as possible. 
A lthough  m etal concentra tions are  an  im portan t  factor 
influencing copepod  com m unity  s truc tu re  in the Fai 
system, BIOENV indicates tha t  o ther  factors are  also of 
significance. % silt/clay is one, even  though  th e re  is 
little variation in sed im en t  s tructure  b e tw e e n  creeks.

M ultivariate ana lyses  also sugges t  the  possibility of 
th reshold  levels in m eio faunal responses  to heavy

m etal pollution. In R estronguet C reek, w h ere  sed im en t 
coppe r  concentra tions are  in the region of 2500 g g  g " \  
the nem atode  and  copepod  communities are  very  dif­
ferent to those in all the other creeks, in which sed i­
m en t copper concentra tions ran g e  from 100 to 1200 gg 
g _ 1. It is unlikely how ever  tha t the actual value of such 
a threshold  would be of universal significance, as the 
com munities in these creeks m ust be a d a p te d  to su r­
vive high metal concentrations. Even in Percuil C reek  
the levels of copper are  generally  still an  order  of m a g ­
n itude h igher  than  those found in genu ine ly  unpo l­
lu ted  sites (Bryan & Gibbs 1983). Luoma et al. (1983) 
show ed  that tolerance to Cu in populations of M acom a  
balthica  and  the copepod  Acartia clausi varied as much 
as 10-fold over short distances. Rygg (1985) sugges ted
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that a Cu concentra tion of 200 |ig g -1 rep resen ted  a 
threshold  concentra tion  for polychaete communities.

Laboratory studies have shown that acute and  sub- 
lethal toxicity of m etals  to a variety of m eiofauna is 
d e p e n d a n t  not only on the chemical form of a metal, 
but also on other factors including te m pera tu re  (Ver- 
riopoulos 1981, Lehtinen et al. 1984, V ranken  et al. 
1989), salinity (Bengtsson & Bergström 1987) and  food 
(Verriopoulos & M oraitou-Apostolopolou 1989). The 
question  of bioavailability and  metal toxicity to the 
benthos is enormously com plicated and  is not n e c e s ­
sarily reflected in m e asu rem en ts  of total concen tra ­
tions. Modifying processes  include the mobilisation of 
metals to the interstitial w ate r  and  their chemical s p é ­
ciation, chemical transformations such as m éthylation 
of metals like As and  Pb, the control exer ted  by major 
sed im ent com ponents  such as oxides of Fe and  organic 
m atte r  to which m etals  m ay bind preferentially, and  
competition b e tw e en  chemically similar metals such as 
Cu and  Ag, Zn and  Cd, for up ta k e  sites in organisms. 
These processes are  further influenced by physical fac­
tors such as bioturbation, salinity, redox potentia l and  
pH  (Bryan & Langston 1992). Thus it is often difficult to 
relate the results of in vitro experim ents  to natura l sit­
uations. Uptake of metals  in m acrofaunal species tends 
to result from up take  th rough  body surfaces (Bryan 
1985) or ingestion of particles (Harvey & Luoma 1985). 
The cuticle of nem atodes  is know n to be  a site of 
up take  for metals  (Howell 1983). M ucous substances 
secre ted  by nem atodes  are  cabab le  of b ind ing  metals 
(Howell & Smith 1983) and  it has  been  sugges ted  (Rie- 
m ann  & S chrage 1978) tha t m ucus is used  by m any 
nem atode  species as a par t  of their feed ing  m e c h a ­
nism. Acid m ucopolysaccharides secre ted  by bacteria 
are  also cabab le  of b ind ing  metals  (Harvey & Luoma 
1985, Decho 1990) and  it is likely that, as m any  n e m a ­
todes and  copepods are  bacteria l feeders  (Rieper 1982, 
Je n sen  1987), this is ano ther  route by w hich  meiofauna 
assimilate metals.

T here  is ev idence from the m acrofauna  tha t in a reas  
of high metal concentrations, their effects m ay be a m e ­
liorated by the deve lopm en t of tolerance m echanism s 
in some species (Grant et al. 1989, Bryan & Langston 
1992) and  the evolution of to lerant strains in others 
(Hately et al. 1989). Such processes  m ay also be  found 
in the  meiofauna. M etals occur most abu n d a n tly  in the 
tissues of surface-dw elling  m eiofauna (Frithsen 1984), 
an d  Howell (1982a, b, 1983, 1984) show ed  tha t metal 
levels are  h igher  in m eio fauna  from polluted sites and 
that specim ens of E noplus brevis  from a polluted site 
w ere  less sensitive to m etals  than  specim ens from an 
unpollu ted  site. O ur data  sugges t  tha t some species, 
such as P tycholaim ellus ponticus, Sabatieria pulchra, 
M olgolaim us dem an i an d  A xo n o la im u s paraspinosus, 
can tolerate the w hole range  of metal concentra tions

and  m ay therefore have  some form of to lerance m e c h ­
anism. Tripyloides gracilis an d  D esm odora com m unis  
a re  most com m on in, but not restric ted  to, Restronguet 
Creek, and  may therefore  have  deve loped  tolerant 
strains. Tietjen (1980) found tha t S. pulchra  and  T. gra ­
cilis w ere  relatively a b u n d a n t  at a site with h igh  sed i­
m en t metal concentrations. O ther  species, such as 
C alom icrolaim us honestus, D ap tonem a norm andicum  
and  Terschellingia  species, com m on and  often dom i­
nan t  in o ther  creeks, are  ab sen t  from R estronguet 
Creek, suggesting  tha t they are  incapab le  of adap t ing  
to such ex trem e levels of m eta l  pollution. N em atodes  
a p p e a r  to be  m ore sensitive to m etal pollution than  
copepods. This is not unexpected ,  as n em ato d e  life h is­
tories are  m ore closely in teg ra ted  with the sediment,  
w h erea s  the copepod  com m unity  contains m any 
ep ibenth ic  species. Indeed  it is the ep iben th ic  species 
such as P seudobradya  species, Tachidius d isc ipes  and  
M icroarthridion fallax, a long with the  tube-dw ell ing  
S tenhelia  palustris, which are  found in all creeks. 
Endoben th ic  species such as E nhydrosom a gariene, 
Robertsonia celtica  and  M esochra  lilljeborgi, com mon 
in o ther  creeks, are  ab sen t  from R estronguet Creek.
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