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ABSTRACT: D ecom position of roots of th e  sa lt m arsh  grass Spartina anglica  w a s  in v es tig a ted  using  
litte r  bags. T he p a tte rn  of d isa p p ea ran c e  of th e  root m ateria l w as essen tia lly  th e  sam e a t soil d ep th s of 
30, 15, an d  3 cm, an d  ab o v e-g ro u n d . A v e rag e  ca lcu la ted  tu rn o v er tim e for S. anglica  root m ateria l 
v a ried  be tw een  2.0 a n d  3.9 yr. T h ese  d ifferences a re  d u e  to varia tions in  decay  r a te s  a t th e  various d ep th  
leve ls a n d  m arsh  locations. A t th e  c ree k  lev ee  an d  low  m arsh  study site, decom position  ra te  decreased  
w ith  dep th . This p h en o m en o n  w as less obvious a t th e  m o d era te ly  v e g e ta te d  m idd le  m arsh  site. A 
possib le exp lanation  of th e se  o b servations m ay  b e  found  in  th e  in te rac tions of living roots w ith  the 
deco m p o ser com m unity in  th e  sa lt m arsh  sed im ent. S. anglica  roots d eco m p o sed  faste r w ith  increasing  
e levation  of the m arsh  location, in d ica tin g  th a t in u n d a tio n  freq u en cy  is an  im p o rta n t factor in  d e te rm in 
in g  the  ra te  of decay  processes. P e rcen tag e  n itro g en  in  th e  litter in creased  in  t im e , bo th  be lo w -g ro u n d  
a n d  above-ground . T h ere  w as a stro n g  positive  corre lation  b e tw ee n  th e  p e rc e n ta g e  n itro g en  an d  the 
p e rce n ta g e  w e ig h t loss of ro o t m ateria l. In  co n trast to n itro g en  levels, th e  p e rc e n ta g e  of ex tractab le  
p ro te in  in  th e  root litte r  d e c re ased  rap id ly  to u n d e te c ta b le  levels a few  m o n th s  after th e  s ta rt of th e  
ex perim en t. This find ing  u n d e rlin e s  th e  difficulty in  in te rp re tin g  e lem en ta l N  v a lues in  term s of 
re so u rce  quality. T he course of p ro te in  d ec re ase  w as  sim ilar on all d e p th  lev e ls  an d  locations; this 
su g g ests  th a t th e  transform ation  of com pounds v a luab le  to m icrobial m etab o lism , such  as p ro teins, is 
m u ch  less responsive  to en v iro n m en ta l factors th an  th e  m ajority  of p lan t m ate ria ls .

INTRODUCTION

B ased  m ain ly  on studies of th e  ab ove-g round  p a rt of 
th e  v eg e ta tio n , tem perate  sa lt m arshes h av e  long  b ee n  
k n o w n  as v e ry  productive p la n t com m unities. M ore 
re c e n t d a ta  o n  below -ground  production  only have 
s tre n g th e n e d  this fundam en tal idea. It h a s  becom e 
ev id en t th a t sa lt m arsh  p lan t species annua lly  p roduce  
roots an d  rh izom es in  am ounts w hich a t le as t e q u a l the  
ab o v e -g ro u n d  production, b u t o ften  are  considerab ly  
g re a te r  (Good et al. 1982, H ow arth  & H obbie  1982, 
L ong & M ason  1983). A dditional to this s tructu ra l com 
p onen t, th e re  probably  is excretion  of o rgan ic m o le
cu les by  roots and rhizom es (e.g. Russel 1977) w h ich  is 
g en e ra lly  n o t accounted for in  b iom ass production  
studies.

N o tw ith stand ing  this h igh  an n u a l production , 
accum ulation  of o rganic m a tte r norm ally  does no t
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occur in  soils of E u ro p e a n  tida l sa lt m arshes, w ith  the 
exception  of m arshes u n d e r  Eu-A tlantic clim atic condi
tions (Beeftink 1976, B eeftin k  e t al. 1977). This p red o 
m inantly  m ineral c h a ra c te r  of E u ropean  salt m arsh  
soils m ay ind icate  th a t m ineralization  in  situ -  possibly 
in com bination  w ith  s e e p a g e  of com pounds p roduced  
by su b te rran ean  decom position  p rocesses — p re 
dom inates over p roduction .

E valuations of a n a e ro b ic  su lfate  reduction , w h ich  has 
b e e n  show n to b e  of p a r tic u la r  im portance in  decom 
position  of o rganic m a tte r  a t least in  N orth-A m erican  
sa lt m arsh  soils, h a v e  in d ica ted  th a t by  expo rt of 
red u c ed  inorganic su lp h u r  com pounds from th e  soil to 
n ea rb y  creeks an d  e s tu a rie s , a  sign ifican t p art of the 
below -ground  p ro d u c tio n  m ay becom e availab le to 
coastal ecosystem s (H ow arth  & T eal 1980, H ow arth  et 
al. 1983). T he p o te n tia l im p o rtan ce  of sa lt m arsh  below - 
g round  prim ary p ro d u c tio n  as fuel for ad jacen t aquatic  
food chains obviously  is  m e d ia ted  by  decom position 
processes. H ow ever, i n  contrast to  th e  d eg rad a tio n  of
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ab o v e -g ro u n d  litter, very  little is know n of the  decom 
position  of roots an d  rhizom es in  th e  sa lt m arsh  soil.

This study  investiga tes th e  below -ground  p a tte rn  of 
d isa p p ea ra n ce  of Spartina anglica  root m ateria l a t 
d iffe ren t d ep th  levels. A  com parison w as m ade  w ith  
ab o v e -g ro u n d  decay. Furtherm ore, the  effect of m arsh  
location  w as eva lua ted . To assess qualita tive  changes 
in  th e  com position of th e  litter during the  decom posi
tion process, levels of n itrogen  and  ex trac tab le  p ro te in  
of the  litte r  w ere  determ ined . T he study w as carried  out 
in  an  es tu a rin e  sa lt m arsh  in  the  S. W. N etherlands, an d  
is one of a  series on production  an d  decom position  in 
th ese  m arsh es (Wolff e t al. 1979, Buth & d e  W olf 1985, 
G roenend ijk  1984, Buth 1987, G roenendijk  & V ink- 
L ievaart 1987).

MATERIALS AND METHODS

T he s tudy  w as carried  ou t on a  sa lt m arsh  called  
'Z uidgors ', on  the  n o rthern  side of the  W esterschelde 
es tuary  (Fig. 1) in the S. W. N etherlands. T he m ean  
salin ity  a t h igh  tide in  this p a rt of the  es tuary  is approx i
m ately  12.5 %o Cri. T hree locations on the  m arsh  w ere  
chosen  rep rese n tin g  low er m arsh  (LM), m iddle m arsh  
(MM) a n d  c reek  levees (CL). The p erc en ta g e  v e g e ta 
tion cover on the  sites during  the  grow ing season  w ere: 
LM: 85 %, M M : 40 %, CL: 100 %. E levations of th ese  
sites w ere  2.07, 2.28, an d  2.65 m above N.A.P. (Dutch 
O rd n an ce  Level, corresponding  approxim ately  w ith  
m ean  sea level). The LM vegeta tion  w as dom ina ted  by 
Spartina anglica, A s te r  tripolium  an d  Salicornia  
dolichostachya. Puccinellia m aritim a  an d  A s te r  
tripolium  w ere  the  dom inant species of th e  M M  lo c a
tion. O n  th e  CL location  E lym us p yc n a n th u s  w as the 
sing le species.

T he root m a te r ia l u sed  in  this s tudy  w as collected 
from  m onospecific  stands of Spartina anglica  by  tak in g  
soil cores from  5 to 30 cm  dep th . Roots an d  rhizom es 
w ere  se p a ra te d  from  soil partic les u sing  a 1.0 m m  m esh  
sieve. Living ro o t m ateria l w as collected  an d  dried  a t 
60 °C. (Roots a n d  rhizom es w ere  considered  to be alive 
w hen  they  w e re  white). T h e  root m ateria l w as cut up to  
ob ta in  p ieces n o t la rger than  2 cm. A pproxim ately 
6.25 g of the  d ry  m ateria l w as p u t into 10 x 10 cm nylon 
bags w ith  1 m m  m esh. T h e  litterbags w ere  p u t out in  
the  LM, M M  a n d  CL locations on 27 an d  28 Ja n u ary  
1986; 40 cm  co re s  w ere carefully  ex trac ted  from the  
m arsh  soil a n d  sliced  30, 15 an d  3 cm  from the  surface 
level. T he cores w ere  rep laced  in  th e ir  original position 
w ith  ind iv idual litterbags in se rted  horizontally  at the  
30, 15 an d  3 cm  dep th  levels (cf. H ackney  & de la Cruz 
1980). A 4th lit te rb a g  w as p laced  above-g round  on top 
of each  core. T h ese  surface litterbags w ere  fastened  
w ith  p ins to p re v e n t them  from b e in g  w ash ed  aw ay 
during  h igh  tid es . In ea ch  of the  3 locations 37 cores 
w ith  4 lit te rb ag s  w ere se t ou t in  rows, a t 50 cm in te r
vals. O n 10 su b se q u e n t sam pling  dates, a t each  loca
tion  litterbags of 3 random ly assigned  cores w ere  
retrieved . T he litte rb ag s w ere  re tu rn ed  to th e  lab o ra
tory an d  g ro w in g  roots w hich h a d  p en e tra te d  th e  b ag s  
from outside w e re  rem oved. T he con ten ts subsequen tly  
w ere  w ash ed  carefu lly  in  tap  w ater, u sing  a  300 pm 
sieve, d ried  a t 60 °C, w e ig h ed  an d  ground.

C hem ical an a ly ses  w ere  perfo rm ed  on subsam ples of 
the  ground litter. A sh-free dry  w eigh t (AFDW) w as 
d e term ined  by  com bustion  of the m ateria l for 1 h a t 
550 °C in  a m uffle  furnace. C arbon  w as determ ined  by  
gravim etric m e asu rem en ts  of abso rbed  C 0 2 after com 
bustion  w ith  oxygen  a t 580 °C in  a  C olem an CH A naly 
zer M odel 33. N itrogen  w as m e asu red  in  a  Carlo E rb a  
A utom atic N itrogen  A nalyzer M odel 1400. P ercen tage

Zu idgors

Antwerpen/

10 Km

Fig. 1. Study site  a lo n g  W este rsch e ld e  e stu ary  in  so u th w est N e therlands
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carbon  an d  n itrogen  w ere ca lcu la ted  on an  ash -free  dry 
w e ig h t basis, to avoid false values resu ltin g  from  silt 
a d h e rin g  to the  litter.

For estim ation  of p ro tein  contents, sam ples w ere  
ex trac ted  in  1 M  N aO H  at 100 °C for 1 h. T h e  sol
ub ilized  pro tein  w as m easu red  colorim etrically  w ith 
C oom assie B leu as described  by  R ead  & N orthcote 
(1981). The im portan t ad v an tag e  of th e  assay  is th e  lack  
of in te rfe rence  by  o ther chem icals. It is thus applicab le 
to th e  m easu rem en t of p ro te in  concen tra tion  of crude 
p la n t tissue hom ogenates (C hiapelli e t al. 1979).

A nalyses of v ariance  w ere  u sed  for sta tistica l tre a t
m en t of the data. A rcsin transfo rm ation  of d a ta  to 
rad ia n s  w as n ecessary  if the  d istribu tion  of a  se t of 
p e rc en ta g es  w as no t norm al. As th e  se t of w e ig h t loss 
d a ta  in c lu d ed  percen tag es above 100, th e se  d a ta  w ere  
d iv id ed  by 1000 for conversion to proportions in  the  
transfo rm ation  procedure.

S ignificant d ifferences w ere  determ ined , u s in g  the  
transfo rm ed  data, by the L east S ignificant D ifference 
p ro ced u re . A bove-ground litte rb ag s of th e  M M  site 
un fo rtunate ly  w ere  lost early  in  th e  experim en tal 
period ; the re fo re  th e  analyses of variance w ere  carried  
ou t w ith  the d a ta  of th e  below -ground  litte rb ag s only. 
C ovariance analysis w as carried  ou t on th e  linear 
reg ressions com puted  on the  d a ta  re la tin g  n itrogen  
co n ten t to litte r  w eigh t loss.

RESULTS 

Decom position rates

T h e  tim e course of th e  p e rc en ta g e  AFDW  rem ain ing  
a t th e  3 locations is illu strated  in  Fig. 2.

T h e  overall p ic ture on th e  3 locations is th a t of a 
ra th e r  g radual decline in rem ain in g  AFDW  d u rin g  the  
en tire  course of the  experim en tal p e rio d  (408 d). 
D esp ite  low tem peratu res in  the  first m on ths of the 
ex p erim en t (winter), a d ecrease  in  ash -free  dry  w eigh ts 
can  b e  observed  in  spring, w ithou t consisten t d iffer
en ces b e tw e en  dep th  levels. D uring sum m er d iffer
ences a p p e a r  in  the CL and LM locations, w hich  persis t 
in  th e  rem a in d er of the  experim en tal period : th e  root 
m a te r ia l b u ried  at 15 and  30 cm d ep th  clearly  decom 
poses slower th a n  the  above-ground  a n d  superficially  
b u r ie d  (3 cm) m ateria l. In con trast to  th e  CL an d  LM 
sites, decom position  ra tes a t various d ep th s  a t th e  MM  
lo c a tio n  apparen tly  a re  less different; a t th e  en d  of the  
ex p e rim en ta l period  the  p e rc en ta g e  rem a in in g  AFDW  
is n e a r ly  the sam e for all 3 d ep th  levels.

T h ree-w ay  analysis of v ariance on th e  b e lo w -g round  
li t te rb a g  series (Table la , Fig. 3) show s th a t th e  d ep th  
d iffe rences b e tw e en  the  —30, —15 an d  —3 cm series of 
th e  L M  and C L  sites are significant, decom position

100-,
CL

6 0 .

100-,
MM

cn
c

5o
U-
<

6 0 .

LM

6 0 .

Fig. 2. P e rcen t of a sh -free  dry  w e ig h t rem ain in g  in  litte rb ag s 
in cu b a ted  in  3 d ifferen t h a b ita ts  a t  4 d e p th  levels. E ach  point 
rep re sen ts  the av erag e  of 3 rep lica tes . CL: c reek  levee; MM:
m iddle  m arsh; LM: low  m arsh . ------ : above-g round ; ------ :

- 3  cm; ...... : - 1 5  c m ;  : - 3 0  cm

being  slow er a t in c reasin g  dep ths. At the  M M  site  the 
overall values of th e  - 3 0  cm  series a re  significantly  
h ig h e r th a n  th e  —15 a n d  —3 cm  series. Location also 
has a  significant effect; excep t for th e  - 3  cm  series of 
th e  M M  site, th e  resu lts  clearly  ind icate  a h ig h e r 
decom position  ra te  w ith  inc reasing  elevation  of th e  site 
(Fig. 3), an d  the re fo re  w ith  d ec reas in g  in u n d a tio n  fre 
quency. In addition, th e  analysis of variance show s a 
significant effect of tim e and  a significant in te rac tion  of 
tim e an d  depth . T h ese  effects can  b e  re la ted  to decom 
position  ra tes w hich  v a ry  in  tim e an d  d e p e n d  on dep th  
level, as is show n b y  rew ork ing  the  d a ta  of Fig. 2. 
D ecom position ra te s  p e r  sam pling  in terval w ere  calcu
la ted , ex p ressed  as p e rc e n t w e ig h t loss p e r  day. Sim ilar 
d ep th  series of the  3 experim en ta l locations w ere 
pooled  (Fig. 4). T h e  decom position  ra tes  show  a  com 
p arab le  tim e course p a tte rn  ab o ve-g round  an d  on  the 
below -g round  d ep th  levels: a  h igh  in itial ra te  during  
th e  first w eeks of th e  ex p e rim en t is follow ed by  a  short 
phase  w ith  n ega tive  ra te s , ind ica ting  gain  of litte rbag  
contents. S ubsequen tly , th e re  is an  ex ten d ed  period  of
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T ab le  1. A nalysis of variance  of (a) root litter ash -free  d ry  w eights; (b) root litte r  n itro g e n  levels; (c) root litter p ro te in  levels. 
A nalyses w ere  carried  ou t on be lo w -g ro u n d  da ta , afte r arcsin  transform ation . * p  <  0.05; * * p  <  0.01; * * * p  <  0.001

V ariab le SS df var F P

(a)
Location (1) 3.48 X  IO-2 2 1.74 X IO "2 58.11 * * •

D ep th  (d) 3.67 X IO-2 2 1.84 X IO "2 61.34 * » •

Tim e (t) 0.65 9 7.23 X IO "2 241.52 * * •

1 X d 7.43 X  IO-3 4 1.86 X IO "3 6.21 * * *

1 X t 4.02 X IO "2 18 2.23 X IO "3 7.45 * * *

d X t 0.045 18 2.52 X IO "3 8.43 . . .

1 X d X t 2.04 X  IO "2 36 5.68 X. IO "4 1.90
Exp. error 5.39 X  IO "2 180 2.99 X IO "4

(b)
Location (1) 8.19 X  IO "3 2 4.10 X IO "3 18.48 . . .

D epth  (d) 2.36 X IO "2 2 1.18 X IO "2 53.30 . . .

Tim e (t) 0.11 9 1.18 X  IO "2 53.21 . . .

1 X d 9.24 X  IO"4 4 2.31 X I O '4 1.04 n.s.
1 X t 1.76 X IO "2 18 9.80 X IO "4 4.42 .  » .

d X t 1.74 X IO "2 18 9.65 X  IO "4 4.36 * * *
1 X d X t 7.39 X IO "3 36 2.05 X IO "4 0.93 n.s.
Exp. erro r 3.99 X IO "2 180 2.22 X IO "4 - -

(c)
L ocation (1) 2.38 X IO "3 2 1.19 X IO "3 4.35 *
D ep th  (d) 5.89 X IO "4 2 2.94 X IO "4 1.08 n.s.
T im e (t) 0.16 9 1.81 X IO "2 66.22 . . .

1 X d 1.36 X  IO "3 4 3.41 X IO "4 1.25 n.s.
1 X t 5.73 X  IO "3 18 3.18 X  IO "4 1.16 n.s.
d  X t 2.24 X  IO "3 18 1.25 X IO "4 0.46 n.s.
Exp. error 36 2.74 X  IO "4
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0 4 .
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Fig. 3. In teraction  b e tw e e n  m arsh  location  a n d  d e p th  leve l at 
w h ich  litte rb ag s w ere  bu ried . E levation  of m arsh  locations (cm 
above D u tch  O rd n an ce  Level) g iven  b e tw ee n  b racke ts . L et

te rin g  a n d  lines as in  Fig. 2
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Fig. 4. Rates of litter w e ig h t loss a t th e  4 d e p th  levels, c a lcu 
la te d  p e r  sam p lin g  in terval. For calculations, d a ta  of sim ilar 
d e p th  se ries of th e  3 m arsh  locations w e re  pooled. Lines a s  in 

Fig. 2

m ore or less g rad u a l w e ig h t loss. D ecom position ra tes 
d ecrease  to  very  low  values in  the  la st p h ase  of the 
experim en ta l period  du ring  w intertim e. A lthough  the 
g en e ra l p a tte rn  is th e  sam e on all 4 levels, th e  ra tes 
a tta in  the ir p e a k  values (both positive an d  negative) in 
th e  ab o ve-g round  series. D uring th e  m ain  decom posi
tion p h ase  from spring  to autum n, ra te  fluctuations are 
less p ronounced  w ith  inc reasing  depth . Furtherm ore,

w e ig h t losses a re  low er w ith  in c reasin g  d ep th  d u rin g  
this period.

Nitrogen levels

P ercen tag e  n itrogen  in  the litte r  clearly inc reases in  
the  course of the  decay  p rocess (Fig, 5). A lthough  an
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Fig. 5 . P e rcen tag e  n itrogen  in  roo t litter (AFDW) during  
decom position. Each po in t re p re se n ts  th e  av e ra g e  of 3 

rep lica tes . L ettering  an d  lin es as in  Fig. 2

in c rease  is found  a t all 3 sites, b o th  ab o ve-g round  and  
below -ground , there is non eth e less  a h igh ly  significant 
effect of location  and  of d ep th  (Table lb ). T he increase  
in  p e rc e n ta g e  n itrogen  is particu larly  conspicuous on 
the  C L site, w here  decom position  of th e  litter in  term s 
of w e ig h t loss (Fig. 2) is m ost prom inent. W ith in c re as
in g  d ep th  th e  gains in  n itro g e n  levels a re  low er, a 
f in d in g  w hich runs parallel w ith  th e  d ec reas in g  decom 
position  a t in c reasin g  d ep th  level. F u rth e r analysis 
dem onstra tes  th a t th e re  is a  h igh ly  sign ifican t re g re s 
sion (p  <  0.001) betw een  th e  n itro g en  p e rc e n ta g e  and  
the  p e rc e n ta g e  w eight loss on  ea ch  d ep th  level (Fig. 6). 
A nalysis of covariance show s th a t th e re  is no signifi
ca n t d iffe rence in slope b e tw e en  the  reg ression  lines (p 
= 0.143), ind icating  tha t th e  ra te  of n itro g en  increase  
d e p e n d s  sim ilarly on progressive w e ig h t loss a t all 4 
d e p th  levels.

Í . 6 .

1.2 .

1.0 .

0 10 20 30 40 50 60
% L o ss  of AFDW

Fig. 6. R egression  b e tw e e n  p e rce n ta g e  n itro g en  in  root litter 
an d  p e rcen tag e  w e ig h t lo ss a t th e  4 in v es tig a ted  d e p th  levels. 

L ines as in  Fig. 2

Protein levels

In rem arkab le  con trast to the  p e rc en ta g e  nitrogen, 
the  p e rc en ta g e  p ro te in  in  th e  litter dec reases rap id ly  to 
u n d etec tab le  levels a lread y  a  few  m onths afte r th e  start 
of the  experim en ta l p e rio d  (Fig, 7). A nalysis of variance 
(Table le) show s th a t th e  effect of location  is signifi
cant, b u t only a t the  0.05 level; no sign ifican t effect of 
dep th  w as found.

DISCUSSION  

D ecom position  rates

Surface decom position  stud ies of above-g round  
p lan t m ateria l g en e ra lly  h av e  show n th a t the  p a tte rn  of 
decay can  b e  d iv id e d  into 3 p h ases  w ith  different 
processes dom inating  each  phase , A n in itial phase 
characterized  by  ra p id  w eigh t loss of the  litter, d u e  to 
the  physical p rocess of leach ing  of so lub le com pounds, 
is followed by  an  e x te n d e d  period  of active m icrobial 
decom position. R em ain ing  refractory  com pounds are 
d eg ra d ed  only very  slow ly in  a  final th ird  s tag e  (Swift 
e t al. 1979). T hese  p h a se s  h av e  also b e e n  observed  for 
litter of salt m arsh  p la n ts  (Frasco & G ood 1982, M cKee 
& S eneca 1982, B uth & de Wolf 1985, V aliela e t al. 
1985). T he few  s tu d ie s  ava ilab le on  below -ground  
decom position in  sa lt m arsh es give variab le  resu lts in 
this respect. A  le ac h in g  p h ase  can  b e  d istingu ished  in 
the  results of V an  d e r  V alk & Attiw ill (1983) an d  of 
V aliela e t al. (1984). In  contrast, H ackney  & de la  Cruz 
(1980) an d  B uth (1987) d id  n o t find  distinctive phases. 
In th e  p re se n t study, ab o v e -g ro u n d  a n d  below -ground  
decom position  of Spartina  anglica  root m ateria l p ro 
ceeds ra th e r g rad u a lly  in  tim e (Fig. 2); how ever, w hen
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decom position . E ach  point rep re sen ts  th e  av e ra g e  of 3 
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decay  ra te s  p e r sam pling in te rval a re  calcu lated , sev 
eral p h a se s  can  b e  d istinguished. T he h igh  in itial ra tes  
strongly  su g g e st th a t leach ing  does occur bo th  ab o v e 
g round  an d  below -ground  in  a  first p hase . T he fact th a t 
leach ing  ap p aren tly  is of rela tively  m inor im portance in 
w e ig h t loss of Spartina  root m ateria l, as com pared  to 
d ecay  of aeria l tissues (Buth & de Wolf 1985), m ay  b e  
d u e  to a la rg e r proportion  of no n -leach ab le  m ateria l in  
root tissue. A fter the  h igh  initial w e ig h t loss rates, th e re  
is a  short period  in  w hich a p rocess lead ing  to n eg a tiv e  
w eig h t loss ra te s  (increase of litterbag  contents) 
dom inates. T he phenom enon  of w e ig h t gain  afte r in iti
ation  of litte rbag  experim en ts has also b ee n  observed  
in  o th e r studies, an d  has b ee n  ex p la ined  by the  grow th

of the  m icrobial com m unity  on th e  litter (e.g. Buth 
1987) or to the  assoc ia tion  of iron-pyrite w ith  organic 
m atte r in  th e  s a l t  m arsh  soil (H ackney & de la Cruz 
1980, H ackney  1987), G row th  of m icro-organism s 
p robably  is no t th e  cause of the  w e ig h t increase  show n 
by  the  p resen t resu lts , as no sim ultaneous increase in  
p ro tein  is found. Also the  association  of iron-pyrite w ith 
organic m atte r c a n n o t exp lain  the  p re se n t findings, as 
th e  da ta  app ly  to  ash  free dry w eights. H ow ever, 
association of ca rb o n a te s  w ith  the  root m ateria l m ay be 
involved. It is k n o w n  th a t a t h ig h e r pH  values (7 to 8) 
carbonates in  sa lin e  soils m ay p rec ip ita te  (G oldhaber & 
K aplan 1975). C orrec tion  of the  rem ain ing  root m ateria l 
(dried a t 60 °C) in  th e  p re se n t experim en ts for ash  
w eigh t w as c a rrie d  ou t by  com bustion  of sam ples a t 
550 °C. A t this te m p era tu re , carbon  dioxide m ay form 
from th e  p rec ip ita ted  carbonates, resu lting  in  an  u n d e r
estim ation of th e  ino rgan ic  p art of the  litter. This u n d e r
estim ation m ay resu lt in  ap p a re n t w e ig h t increases 
after the  first p h a s e  of w e ig h t loss, as th e  leach ing  
process d im in ishes in  im portance, an d  before th e  p ro 
cesses lead ing  to  g rad u a l w e ig h t losses from spring 
onw ards becom e dom inating .

The w eigh t loss w hich continues th rough  spring, 
sum m er an d  au tum n , is found aga in  bo th  above
ground  and  below -ground . This p h ase  p robab ly  is 
characterized  b y  active m icrobial decom position. 
Tow ards the  e n d  of the  experim en ta l period, th e re  is a 
su d d en  d ec rease  in  decay  rates. A lthough the  rela tive 
proportion  of refracto ry  com pounds will increase w ith 
tim e, this p ro b ab ly  m ainly w ill be due to the  drop in  
tem peratu res as w in ter approaches. A true 'refractory  
ph ase ' (Valiela e t  al. 1985) m ay not have b e e n  reach ed  
during  th e  tim e sp a n  of the experim ent. The m ain  po in t 
to stress h ere  is th e  consistency of th e  observed  p a tte rn  
of decay rates; th e  course of th e  decom position  process 
on the  salt m arsh  is essentially  th e  sam e above-ground  
and  be low -ground : a short early  p h ase  dom inated  by  a 
physical leach in g  process is follow ed by  an  equally  
short p hase  w ith  n ega tive  w e ig h t loss ra tes possibly as 
a resu lt of chem ical p recip ita tions and, subsequen tly , 
an  ex ten d ed  p h ase  during  w hich  decom position d u e  to 
biotic activity g rad u a lly  proceeds.

Of course, th e  various p rocesses m en tioned  occur to 
som e ex ten t sim ultaneously . T hey  are, how ever, no t 
equally  im p o rtan t during each  phase .

N o tw ithstand ing  the sim ilarities m en tioned  above, 
the  d ifferences in  decom position  ra tes b e tw een  the  
various d ep th  levels a re  conspicuous. The p re se n t 
results show  th a t on the  CL a n d  LM sites decom posi
tion ra tes  d ec rease  w ith  inc reasing  depth . This is p a r 
ticularly  clear on  the  LM site, w h e re  a t the  en d  of the  
experim en tal period  in  the  above-g round  litterbags 
only 49 % of th e  organic m ateria l rem ains, w hile this is 
79 % for the  m ateria l buried  a t 30 cm depth . It is also
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obvious a t the  CL site, a lthough  decom position  at 
- 3  cm appears to p roceed  m ore quickly  th a n  decom 
position  above-ground . A clear d ep th  effect w as also 
found by  H ackney  & d e  la Cruz (1980): decom position  
ra te  w as g rea tes t in  th e  top 10 cm, b u t no detec tab le  
decom position  w as found below  20 cm.

T h ere  is one aspec t of th e  sa lt m arsh  soil w hich is 
particu larly  variab le  w ith resp ec t to dep th , i.e. oxygen 
conten t. A rm strong e t al. (1985), in  a  study  of a  W est 
E u ropean  salt m arsh, have show n th a t the  oxygen 
d ep th  profile of the m arsh  soil is com plex  an d  highly  
variab le , coup led  to tidal cycles a n d  rainfall. In general, 
how ever, the  oxygen  con ten t of th e  soil dec reases  w ith 
dep th : la rge-scale alterations of th e  ae ra tion  profile 
w ere  no t found (cf. H ow es e t al. 1981). T he aeration  
sta tu s of the  soil m ay affect aspec ts of th e  decom posi
tion process, It is know n for in s tan ce  th a t the  lack  of 
m olecu lar oxygen  m ay h am p er the  decom position  of 
som e p la n t m aterials (lignins, arom atic  hydrocarbons,- 
F enche l & B lackburn 1979). The ae ra tion  sta tus of the 
soil, how ever, is no t a priori the  decisive factor for 
decom position  rates. Lack of oxygen  as such  does not 
in h ib it m icrobial activity or decom position  of m ost com 
p o u n d s  (H ow arth & H obbie 1982). A rec en t in v estig a
tion  show ed  th a t d ifferen t d eg rees  of reduction  in  a 
N orth-A m erican  salt m arsh  h a d  no  sign ifican t effect on 
below -g round  decom position (H ackney  1987). In 
ag re em e n t w ith  th e  la tte r au tho r w e th in k  th a t the 
p rese n ce  of living roots is also a sign ifican t factor in  the 
d ecay  of o rgan ic  m atte r in sa lt m arsh  soils. T he profile 
of liv ing below -ground  b iom ass in  sa lt m arsh  soils 
generally  show s tha t the  b u lk  of th e  m ateria l is p resen t 
in  th e  u p p er soil layers an d  d ec reases  w ith  d ep th  (e.g. 
Broom e e t al. 1975, de la  C ruz & H ackney  1977, 
G allagher & Plum ley 1979, Sm ith  e t al. 1979, 
L ivingstone & P atriquin  1981), a lthough  exceptions do 
occur (G roenendijk  & V ink-L ievaart 1987). T he p resen t 
resu lts  show th a t the  d ep th  effect is le as t clear in  the 
M M  area , w here  the  v ege ta tion  cover w as low  (ca 
40 % ), in con trast to bo th  o ther s tudy  sites. T he p re 
sen ce  of roots p robably  is h igh ly  im p o rtan t in stim ula t
ing  soil bac te ria  activity, as excretion  of organ ic carbon 
by  p la n t roots in  a v e g e ta ted  soil allow s active grow th 
of th e  m icrobial population  (Lynch 1976). W ithout the 
p rese n ce  of easily  ava ilab le  o rgan ic carbon  ex u d ed  by 
p la n t roots, bac te ria  m ay b e  severely  energy-lim ited , 
an d  m ineralization  p rocesses in  the  soil a re  h am p ered  
(C larholm  1985). In a  v eg e ta ted  soil, th e  grow ing  roots, 
n ex t to  providing carbon for m icrobial b iom ass, ren d e r 
an  additional fraction of detrita l so il-carbon  ava ilab le to 
m icrobial u tilization (Helal & S au erb e ck  1986). 
M oreover, it is  know n th a t sed im en ts u n d e r w etland  
p la n t species, e.g. Spartina alterniflora, m ay  b e  m ore 
ox id ized  th a n  unv eg e ta ted  soils (A rm strong 1975, 
H ow es et al. 1981), a  phen o m en o n  p robab ly  re la ted  to

oxygen diffusion from th e  roots. T he m ore oxic condi
tions, an d  the  p rese n ce  of an  actively grow ing m icro
b ial population , also a re  a  favourab le env ironm ent for 
m eiofaunal g razers. In sa lt m arsh  soils the  m eiofauna is 
dom inated  by  n em ato d es  (Arm onies 1986). T he p o te n 
tia l role of n em ato d es in  stim ulating  decom position  is 
m ost clearly  show n by  th e  w ork of A bram s & M itchell 
(1980). For sa lt m arsh  decom position processes the 
significance of th e se  an im als w as su g g ested  by their 
p resen ce  in  h igh  n u m b ers  in  surface litter (Buth & de 
Wolf 1985). T he m ech an ica l activity of th e  m eiofauna 
(and m acrofauna) in  th e  rooting zone w ill also help  to 
p rev en t the  local b u ild -u p  of toxic concentra tions of 
com pounds re leased  d u rin g  the decom position proc
ess. In conclusion, for sev era l reasons the  d ep th  effect 
as found in  the  p re se n t investigation  m ay b e  signifi
cantly  re la ted  to v a riab le  in teractions of th e  living roots 
w ith  th e  decom poser com m unity  w ith in  sa lt m arsh  sed 
im ents.

A n in te resting  resu lt of the  p re se n t investigation  is 
th e  in c rease  in  b e lo w -g round  decom position  with 
in c reased  e leva tion  of th e  m arsh  location  (Fig. 4), in d i
ca ting  th a t the  in u n d a tio n  frequency  is an  im portant 
factor in  determ in in g  th e  ra te  of below -ground  decay  
processes. This is u n d e rs ta n d ab le  as it will in fluence a 
n u m b er of soil conditions, includ ing  soil w etness, a e ra 
tion sta tu s (A rm strong e t al. 1985), m ean  tem peratu re  
(cf. Buth 1987) an d  fluctuations in  soil salinity  (Beeftink 
1976); ea ch  of th ese  a re  expected  to affect the  activity 
of the  soil biota. A pparen tly , an  increasing  inundation  
frequency  in  this m arsh  results in  a se t of env iron
m en ta l conditions w hich  are  less favourable for below - 
g round  decom position . W ith resp ec t to decom position 
above-g round , th e  re la tion  b e tw e en  elevation  level 
an d  decom position  is le ss  direct (Reice & Stiven 1983, 
Buth & d e  W olf 1985, V alie la  e t al. 1985, this study), A 
com plex of o ther factors, e.g. transport of particles from 
th e  litter by tida l flushing, an d  su rface  desiccation 
during  dry m onths, de te rm in e  th e  ra te s  of litter loss 
here.

By u s in g  th e  values on  litter w e ig h t rem ain ing  1 yr 
after s ta rt of the  experim en t, a rough  ind ication  of the 
tu rnover tim e of root m ateria l in  the  sa lt m arsh  soil can 
be ob ta in ed  (Table 2). T u rnover tim es vary, d epend ing  
on d ep th  an d  location, b e tw e en  1.8 and  3.9 yr. 
A lthough  th e  values perta in in g  to above-g round  
decom position  are  clearly  on  th e  low er en d  of the 
range , they  are  n o n e th e le ss  of the  sam e o rder of m ag
n itude . O bviously, belo w -g ro u n d  conditions for decom 
position in  the  sa lt m arsh  are less favourab le only to a 
lim ited deg ree . C onsiderab ly  h ig h e r above-g round  
decom position  ra tes  h av e  b ee n  rep o rted  (e.g. Buth & de 
Wolf 1985). H ow ever, th e se  stud ies u sed  above-g round  
p la n t m aterial, w hile  in  th e  p re se n t study  root m aterial 
w as u sed  for d e term in a tio n  of bo th  above- an d  below-
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T ab le  2. Spartina  anglica. D ecom position  of ro o t m ateria l at 
d ifferen t d e p th  levels. V alues b a se d  on w e ig h t loss b e tw een  

J a n  1986 an d  J a n  1987

°o w e ig h t 
loss y r-1

T urnover 
tim e (yr)

CL
A bove-g round 50.0 2.0
B elow -ground  -  3 cm 55.0 1.8

- 1 5  cm 47.8 2.1
- 3 0  cm 37.6 2.7

MM
A bove-g round - -
B elow -ground  -  3 cm 36.7 2.7

- 1 5  cm 30.2 3.3
- 3 0  cm 26.2 3.8

LM
A bove-g round 49.1 2.0
B elow -ground  -  3 cm 43.2 2.3

- 1 5  cm 31.0 3.2
- 3 0  cm 25.6 3.9

CL: c reek  levee; MM: m iddle m arsh; LM: low  m arsh

ground  decom position rates. Root m ateria l can  b e  of a 
m ore refractory  n a tu re  th a n  ae ria l tissues; ab o v e
g round  m ateria l of Spartina anglica  for in stan ce  con
sists of 10 % lignin, root m ateria l of ca  30 % lignin 
(Buth 1987). B elow -ground tu rnover tim es accord  w ith 
th e  estim ate of S. anglica  roots tu rnover ra te  ob ta ined  
in  a  nearby  salt m arsh, ca lcu la ted  by  d iv id ing  m ax
im um  stand ing  below -ground  crop b y  th e  n e t below - 
g round  prim ary production  (G roenendijk  & Vink- 
L ievaart 1987), T hese authors also found  th a t turnover 
ra te s  of root b iom ass did no t differ m uch  b e tw e en  S. 
anglica  an d  2 o ther dom inant halophy tes of th ese  m ar
shes, E lym us p ycn a n th u s  an d  H alim ione portu laco ides  
(turnover tim es of abou t 2yr). T u rnover tim e of Trig
lochin m aritim a  roots w as calcu la ted  to b e  4,5 yr. S tart
in g  then  from a  tu rnover tim e of root m ateria l of 2 to 
4 yr in  m arsh  soil, an d  assum ing  th a t tran sp o rt of 
detritu s particles below -ground is m arg inal, it is obvi
ous th a t th e  am ount of decom posing  root m ateria l in 
th e  soil should  clearly  exceed  th e  liv ing root biom ass. 
In fact, such  a  p a tte rn  has b e e n  found  in  a sa lt m arsh  
a long  the  n ea rb y  coast of S. E. E ngland , w h ere  condi
tions for below -ground  decom position  p robab ly  are 
com parab le  (Hussey & Long 1982). H ow ever, accum u
la tion  of o rganic m atter in  the  soil com plex  of the 
Zuidgors m arsh  and  o ther es tu a rin e  m arsh es in  S. W. 
N eth erlan d s is lim ited (cf. B eeftink  e t al. 1977, 
G roenend ijk  & V ink-L ievaart 1987). T h e  solution to 
th is ap p a ren t contradiction  p robab ly  lies in  th e  local 
accretion  ra tes  of th ese  m arshes. T idal sa lt m arsh  
deposits show ing h igh accretion  ra te s  usua lly  have

relatively low o rg an ic  m a tte r  con ten ts (V erhoeven e t al. 
1957). A h igh  accre tio n  ra te  is in  acco rdance w ith data 
of Buth (1987) w h o  d e te rm in ed  the w e ig h t of living and  
d ead  roots in  a n  E astern  S cheld t sa lt m arsh  soil: in the 
u p p er 15 cm ro o t m ateria l consisted  m ain ly  of living 
biom ass, w hile a t  15 to 30 cm d ep th  m ainly decaying 
roots w ere  found . A ccretion a t this sa lt m arsh  m ay be 
m ore th a n  1 cm  yr-1 (Buth unpubl.). O ccasional obser
vations of re c e n t artifacts in  th e  sed im en ts of the  W es- 
te rschelde sa lt m arsh  soils also ind icate  that, locally, 
accretion ra tes  o f 1 to several cm  yr-1 h av e  occurred in 
the  recen t past. A t these  ra tes, accretion  w ill b e  a m ajor 
factor in  d e te rm in in g  th e  m ineral charac ter of a salt 
m arsh soil. F u rth e r  m easu rem en ts  a re  n e e d e d  on this 
point.

Chem ical changes

An increase in  n itrogen  levels w ith  progressive 
decay  has b e e n  rep o rted  in  several stud ies of above
g round decom position  of salt m arsh  p lan t tissues. For 
below -ground  decom position  b o th  an  inc rease  (Valiela 
e t al. 1984) an d  the  ab sen ce  of a  d iscern ib le change 
(H ackney & d e  la  Cruz 1980) h av e  b ee n  found. The 
absence of a  ch a n g e  found  by  the  last m entioned  
authors m ay h a v e  b ee n  re la te d  to the  lim ited decay 
found during  th e  period  of observation. The p resen t 
results show  th a t increasing  n itrogen  percen tag es are 
strongly co rre la ted  w ith  p rogressive decay. T here  is an  
in te resting  co n tra st b e tw e en  th e  increasing  n itrogen  
and  decreas ing  p ro te in  levels du ring  the  course of the  
experim ental period , T hese  resu lts clearly ind icate  tha t 
the  increase  in  n itrogen  canno t b e  a ttribu ted  to 
increases in m icrobial p ro te in  d u e  to grow th of decom 
poser m icro-organism  populations. M ore likely, nitro
gen  increase is the  resu lt of condensa tion  of reactive 
phenolics and  o ther com pounds, re leased  during  
decom position, w ith  m icrobial exudates; during the 
decay  process, th e  litter becom es increasing ly  en riched  
by these n itro g en  containing, b u t decay  resis tan t com 
plexes (Rice 1982, M eLillo e t al. 1984, Rice & H anson  
1984, W ilson e t al. 1986a, b); the  sim ilar increase ra tes  
of n itrogen  re la tive  to w e ig h t loss a t all d ep th  levels, 
suggest th a t th e re  are no qualita tive  d ifferences in  
these  n itrogen  in c reasin g  p rocesses a t d ifferen t depths.

The d ecrease  in  p e rc en ta g e  pro tein  obviously is 
m uch  faster th a n  the  overall d ec rease  in  litter w eight, 
an d  show s th a t p la n t tissue p ro te ins are relatively  e a s 
ily lost from th e  litter as com pared  to o ther p lan t com 
pounds. T he d ec rease  m ay b e  in  p art the  resu lt of the  
loss of w ate r so lub le pro teins b y  an  ex ten d ed  leach ing  
process; how ever, as pro teins a re  n itrogen  rich an d  
relatively  no n -resis tan t to m icrobial attack, the  decline 
in  pro tein  will also be a  reflection  of decom poser ac tiv 
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ity, resu lting  in  the  transform ation  of the  p la n t tissue 
p ro teins. The rap id  decline in  p ro te ins of roots and 
rh izom es illustrates th a t the  chem ical com position of 
th e  litte r  at least in  som e resp ec ts  rap id ly  changes 
d u rin g  the  first m onths of th e  d ecay  process. In term s of 
resou rce  quality  for the  decom poser com m unity, the 
d im in ish ing  pro tein  con ten t m ust b e  considered  a 
decline. Interestingly, the tim e course  of the  p e rc e n 
ta g e  pro tein  is no t significantly  in fluenced  by depth , 
an d  the  effect of location is only sign ifican t a t the  0.05 
level. T hese variab les h ad  a  h igh ly  sign ifican t effect on 
the  decline in  AFDW. A pparen tly , d ec rease  in  litter 
p ro te in  is m uch less responsive to env ironm enta l fac
tors th a n  m ost o th e r p lan t m ateria ls. This m ay be 
re la ted  to the  quality  of p ro te in  as a  substra te  for 
m icrobial m etabolism  in com parison  to  the  com pounds 
w hich  m ake u p  the m ajor p a rt of p la n t tissue w eight, 
e.g . cellulose, an d  w hich are  m ore nu trien t-poor. 
B reak-dow n of these com pounds m ay b e  d ep e n d en t for 
in stan ce  on the  n u trien t s ta tu s  of the  soil, w hile  as has 
b e e n  m en tioned  before, som e of th e se  com pounds are 
only decom posed  in  oxic conditions (cf. Hill e t al. 1985). 
T he effect of location w ith in  th e  sa lt m arsh  as has b ee n  
found  in  stud ies of ab ove-g round  litter decay, an d  of 
location  and  depth , as h as  b e e n  de te rm in ed  in  the 
p re se n t study, may therefo re only re la te  to su b stra tes  of 
lim ited  nu tritive value.

A ck n o w led g e m e n ts . T h e  au thors a re  in d eb te d  to Drs C. H. R. 
H eip , G. van d e r V elde  an d  A. H. L. H u isk es for critical 
rem ark s an d  to Dr A. G. V lasblom  for adv ice  on statistical 
analysis.
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