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ABSTRACT: Loss of weight and change in concentration of soluble phenolics, bound phenolics, 
lignins, and cell wall material were followed over 2 yr of decay in 4 types of litter of Spartina 
alterniflora. The pattern of weight loss showed rapid leaching during the first month, temperature- 
dependent decay during the first year, and little further loss during the second year. Soluble phenolics 
were lost throughout decomposition. Initially some soluble phenolics may become attached to cell 
walls; absolute increases in bound phenolics were observed in low marsh litters during the first 2 wk of 
decay. Lignins were lost at the slowest rate from litter material and increased in relative concentration 
during decay. Intraspecific differences in litter quality were small, and did not alter the pattern of 
decomposition among the 4 types of litter. Changes in chemical composition of litter during decay, 
however, were major controls of decay rates during the second and third phases of decomposition. 
Decreasing weight loss correlated with increasing lignin and nitrogen content. The increase in 
nitrogen presumably reflected synthesis of refractory nitrogen-enriched complexes. As decay con- 
tinued, the litter became progressively enriched in recalcitrant lignin and nitrogen-enriched com- 
plexes and little further loss of organic matter occurred. 

INTRODUCTION 

The rate of decomposition of plant litter in any 
ecosystem is determined by interactions between the 
litter, environmental conditions, detritus-feeding ani- 
mals and microorganisms (Swift et al. 1979, White & 
Trapani 1982). The chemical composition of the litter is 
of great importance in determining the extent and rate 
of litter decomposition. Phenolic compounds in par- 
ticular are thought to play a key role, markedly reduc- 
ing the rate of plant litter degradation (Davies 1971, 
Schlesinger 1977, Singh & Gupta 1977). 

Grasses generally contain substantial concentrations 
of soluble phenolics, cell wall bound phenolics, and 
lignins (Hartley & Jones 1977). These compounds may 
reduce the susceptibility of plant litter to attack by 
decomposers (Swain 1978). In this paper we examine 
the relation of these 3 types of phenolic compounds 
and decay rates in litter of salt marsh cordgrass Spar- 
tina alterniflora. 
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The chief soluble phenolic acids in Spartina altezni- 
flora are cinnamic acid esters of glucose (Valiela et al. 
1979). These phenolics are stored in cell vacuoles and 
act as antimicrobial agents and herbivore deterrents 
(Rice & Pancholy 1974, Woodhead & Cooper-Driver 
1979, Buchsbaum et al. 1984), and possibly as sub- 
strates for flavonoid and lignin synthesis (Stafford 
1974, Akers et al. 1977). Such compounds are stable 
and persist after senescence of the plant and can 
inhibit detritivores, as shown for litter of S. alterniflora 
(Valiela et al. 1979). 

The phenolic compounds bound by esterification to 
lignins, cellulose, and hemicelluloses in cell walls of 
Spartina alterniflora are mainly hydroxycinnamic 
acids (Hartley & Jones 1977, Collins et al. 1981). These 
compounds, especially p-coumaric acid, may be lignin 
precursors, but their main importance in the context of 
litter decomposition is that they may inhibit the enzy- 
matic hydrolysis of the cell wall polysaccharides to 
which they are attached (Hartley & Jones 1977). 

Lignins, a third group of phenolics, are heteropoly- 
mers that form close associations with cell wall polysac- 
charides. They mechanically strengthen cell walls and 
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render them more resistant to microbial attack or animal 
digestion (Cowling &Brown 1969). Lignins therefore can 
slow the rate of litter decomposition (Peevy & Norman 
1948, Bollen 1953, Meentemeyer 1978). 

Biochemical factors other than the concentrations 
and types of phenolic compounds present affect the 
rates of decomposition of plant litter; one such factor is 
nitrogen content. The effect of nitrogen is presumably 
due to stimulation of microbial activity (Witkamp 1966, 
Satchel1 & Lowe 1967, Harrison 1982, Marinucci et al. 
1983, Valiela et  al. 1985). The effect also may be the 
result of an interaction with phenolic compounds. In a 
study of the effect of litter chemistry on food choice by 
salt marsh detritivores, high nitrogen concentrations 
overcame the inhibitory effect of phenolic acids on 
feeding by detritivorous snails (Valiela & Rietsma 
1984, Valiela et al. 1984). 

In this paper we examine the effects of certain chem- 
ical components (phenolics and nitrogen) on rates of 
decay of salt marsh litter. We hypothesized that intra- 
specific variation in chemical make-up may signific- 
antly influence rates of decomposition. The effects of 
intraspecific differences in litter quality on decay rates 
were examined by comparing decay in litterbags con- 
taining litter of the tall and short forms of Spartina 
alterniflora from fertilized and control salt marsh plots. 
The 2 forms are ecophenotypes (Shea et al. 1975, Val- 
iela et  al. 1978) that grow at 2 different elevations, 
designated here as creekbank (CB) and low marsh 
(LM). The creekbanks are at lower elevations than the 
low marsh, but elevation has only a small influence on 
the rate of decay (Valiela et al. 1985). The use of litter 
from the 4 treatments thus permitted an examination of 
the decomposition of litter from a single species of 
marsh grass containing different initial amounts of 
percent nitrogen. 

METHODS 

Great Sippewissett Marsh is located on the western 
shore of Cape Cod, Massachusetts, USA. Since 1971, a 
series of experimental plots have been maintained on 
the marsh to which fertilizers are added (Valiela et al. 
1976). Two control plots (CB C;  LM C) and 2 plots (CB 
XF; LM XF) that received 75 g m-* wk-l of a mixed 
fertilizer (N: 10 %; P: 6 %; K: 4%) from March through 
November were used in this study. The fertilized plots 
produce litter with nitrogen contents higher than 
untreated control plots (Vince et al. 1981, Valiela et al. 
1985). 

In October 1979, senescent culms of Spartina alter- 
niflora were collected from fertilized and control plots 
located in creekbank (CB) and low marsh (LM) areas of 
the study site. Air-dried a l m s  (50 g) were placed 
whole in 4 mm mesh nylon litterbags, and replaced in 

their respective plots. The size of the mesh admitted all 
but the largest detritivores (fish and crabs) but was 
small enough to retain litter. Litter bags were sampled 
after 0.5, 1, 5.5, 9.5, 13, and 23 mo. Two litter bags per 
site were collected on each date. Upon sampling, 
accumulated sediment was gently rinsed from the litter 
with running seawater and the litter dried at 60 "C and 
ground to pass a 60 mesh (0.250 mm) sieve. 

Soluble phenolics in the litter were determined by 
extraction of 250 mg of the powder in 10 m1 of 80 % 
aqueous methanol for 10 min at 80 "C, and then the 
mixture was allowed to cool for 20 min at room temper- 
ature. After centrifugation the supernatant was sepa- 
rated and the plant slurry re-extracted as above. The 2 
extracts were combined and reduced by evaporation to 
10 ml. The concentration of soluble phenolics in the 
extract was then estimated by comparing the absorp- 
tion at  324 nm to that of a ferulic acid standard (Hartley 
& Jones 1977). 

The residue was then treated further to obtain cell 
wall material, containing mainly polysaccharides, cell- 
wall bound cinnamic acids, proteins, and lignins. 
Lipids were removed by washing the residue from 
methanol-extractions in 10 m1 of chloroform/ether (3:l 
V/V) for 30 min at room temperature, and then in 10 m1 
of ether alone for 30 min at room temperature. This cell 
wall material was dried and used for further assays of 
cell wall-bound phenolics and lignins. 

Determination of total bound phenolic acids started 
with hydrolysis of 100 mg of cell wall material in I N  
NaOH for 4 h at room temperature under nitrogen to 
free the bound phenolic acids. The mixture was fil- 
tered, the filtrate acidified to pH 2.0, and the phenolic 
acids extracted into ether (Hartley & Jones 1977). Total 
bound phenolic acids were quantified by measuring 
the UV absorption of the bound phenolic acid fraction 
at 308 nm (where a distinct maximum occurred) and 
comparing this to a standard curve of absorption at 
308 nm of known quantities of pcoumaric acid. All 
analyses were carried out in triplicate. 

Concentrations of individual bound phenolic acids 
were determined by gas chromatography. Following 
the base hydrolysis and extraction of bound phenolics 
into ether described above, the ether was removed 
under a stream of nitrogen gas. The phenolic acids 
remaining were then converted to trimethylsilyl 
derivatives and analyzed on a 200 cm by 2 mm i.d. 
glass column filled with 3 % OV-25 coated on a 60-80 
mesh Chromosorb W support installed in a Varian 3700 
gas chromatograph fitted with a flame ionization 
detector (Vande Casteele et al. 1976). The column was 
temperature programmed from 100 to 260 "C at 6 C" 
min-l with an initial hold of 5 min. 

Lignin content of litter was established by digestion 
of extracted cell wall material with acetyl bromide and 
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subsequent measurement of absorbance at 280 nrn 
(Johnson et al. 1961, Morrison 1972a). Lignin concen- 
trations were then determined by comparing the UV 
absorbance (280 nm) to that of a lignin standard con- 
sisting of a preparation of cell wall material from 
Spartina alterniflora. Lignin content of this primary 
standard was originally determined gravimetrically by 
a 2-stage hydrolysis procedure using 72 % and IN 
sulfuric acid (Effland 1977). 

Nitrogen concentrations were adapted from Valiela 
et al. (1985) and corrected to an ash-free dry weight 
basis. 

Ash content of each sample of the litter was deter- 
mined by combustion at 550 "C for 3 h and dry weights 
(60 "C) of the litter and concentrations of litter compo- 
nents were corrected to an ash-free dry weight (AFDW) 
basis. Litter components are reported as percent of 
initial content of each component remaining in the 
litter at each sampling time. Furthermore, for lignin, 
the relative concentration (% AFDW) is also given. 

The AFDW provides a close approximation of the 
organic content of the litter and was used in the analy- 
sis of decomposition. The decomposition rate was 
expressed as the percentage of the original AFDW lost 
during each sampling period. In addition, decomposi- 
tion was modeled as a negative exponential function 
(Olson 1963), using the equation: 

In (W, / W,) = - kt ,  

where W, = the original AFDW; W, = percentage 
AFDW remaining after time t; t = time (in days). k 
values were determined as the slope of the linear 
regression of In W, vs time. 

RESULTS AND DISCUSSION 

Total weight loss 

The pattern of weight loss from litter of Spartina 
alterniflora can be described as occurring in leaching, 
decomposer, and refractory stages (Odum et al. 1973, 
Valiela et al. 1985). The loss of organic matter from 
litter had a rapid initial stage (Fig. l), during which 20 
to 40 % of the original amount of material was 
removed. This initial stage presumably involved 
leaching of soluble organic materials (Nykvist 1959, 
Odum & Heywood 1978, Haines & Hanson 1979, Lee et 
al. 1980, Montagna & Ruber 1980). 

The possibility that loss of litter fragments from litter 
bags occurring during handling, transport, and instal- 
lation of the bags in the field contributed to the losses 
of organic matter occurring initially was examined 
(Valiela et al. 1985). Changes in litter weight due to 
these procedures were very small (i.e. less than 1 % of 

Fig. 1. Percent of initial ash-free dry weight remaining in 
litterbags placed in creekbank (CB) and low marsh (LM) 
habitats. Within each habitat fertilized (XF) and control (C) 
litter were used in separate treatments. There were 2 repli- 

cates per treatment. Values are means f SE 

the initial litter weight) and such losses cannot account 
for the rapid disappearance of material occurring dur- 
ing this period. 

The rate of weight loss slowed during a second 
phase of decay which presumably depended on fungal 
and bacterial attack on structural components of the 
litter. Temperature affects rates of litter decomposition 
(Witkamp & Van der Drift 1961, Suberkropp et al. 1975, 
Wiegert & McGinnis 1975, Christian 1984); thus the 
slowing of the decay rate of litter in the winter and 
subsequent increase in the spring was expected 
(Fig. 1). As the decay of litter continued into the 
warmer months, the amounts of material remaining in 
the litterbags converged. 

In the third stage of litter decomposition there was 
little further loss of weight. In fact, LM XF litter 
showed a gain in AFDW during the second year. 
Increases in mass of litter remaining have been 
observed in other studies, and may be due to sampling 
error, or growth of the epiphyte community, but the 
causes of such increases need further investigation 
(Christian 1984). 

Decomposition rates were similar for the 4 types of 
litter of Spartina alterniflora (Table 1). kvalues ranged 

Table 1. Decomposition rate constant, k, with 95% confi- 
dence interval and coefficient of determination (r2) for fer- 
tilized and control litters from CB and LM habitats. k, the 
decomposition rate constant, is the slope of the linear regres- 
sion of In AFDW vs time for the 23 mo period of the study 

Litter type k r2 n 
(d-'1 

CB C -0.0042 ( f0 .0009)  0.97 14 
CB XF -0.0028 ( f  0.0013) 0.85 14 
LM C -0.0040 ( f  0.0014) 0.92 14 
LM XF -0.0028 ( f  0.0027) 0.59 14 
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only from -0.003 to -0.004, and did not differ signifi- 
cantly except between CB C and CB XF litters 
(t = 3.82; p < 0.005). Use of the kvalue to express the 
decomposition rate assumes a constant loss of material 
leading to an inverse exponential pattern of decay 
(Olson 1963), and does not allow for changes in the 
biological, chemical, and physical processes involved 
in the loss of litter during the different phases of decay. 
Nevertheless, the single decay coefficient of the simple 
exponential model is useful for comparison of decom- 
position curves (Wieder & Lang 1982, Brock et al. 
1985), and this model provided a reasonable fit to the 
data. 

Soluble phenolics 

Initial concentrations of soluble phenolics in CB and 
LM litter were not significantly different (t-test; 
p > 0.05) and averaged 5.7 mg g-' AFDW. Amounts of 
soluble phenolics remaining in XF and C litters from 
each habitat were similar at most times during decay. 

Loss of soluble phenolics occurred rapidly during the 
leaching phase. CB litter is subject to greater tidal 
flushing than LM litter (Valiela et al. 1985) and, during 
the first month of decay, lost about 60 to 70 % of the 
initial content of soluble phenolics compared with 
45 % from LM litter (Fig. 2). Rates of loss slowed dur- 
ing the winter, but LM litter continued to lose soluble 
phenolics and at  a faster rate in winter than CB litter 
such that by 6 mo, the % soluble phenolics remaining 
were similar between CB and LM. This may have been 
the result of continued leaching of soluble phenolics 
from LM litter of material already leached from CB 
litter. After 9.5 mo of decay, the amounts of soluble 
phenolics remaining in the different litters converged. 
Only 10 % of the original amounts of soluble phenolics 
remained, and little further loss occurred. 

Fig. 2. Percent of initial amount of soluble phenolics remain- 
ing in the Iitter from fertilized (XF) and control (C] plots 
within creekbank (CB) and low marsh (LM) habitats. Values 

are means + SE of duplicate treatments 

Cell wall material 

Cell wall material accounted for insoluble compo- 
nents remaining in the litter. This fraction, consisting 
largely of hemicelluloses, cellulose, and lignins, ini- 
tially made up about 83 % of the AFDW of CB litter 
and 75 % of the AFDW of LM litter. Concentrations of 
cell wall material were similar in XF and C litters from 
each habitat. 

Fig. 3. Percent cell wall material remaining in fertilized (XF) 
and control (C) litter placed in creekbank (CB) and low marsh 
(LM) sltes. Values are means k SE of duplicate treatments 

The pattern of loss of cell wall material was variable 
(Fig. 3), but similar to that of organic matter (AFDW). 
During the leaching phase 20 to 35 % of the original 
amounts of cell wall material were lost. Loss of cell 
wall material from litter slowed during winter and 
increased in warmer months. After 9 mo, only 18 to 
30 % of the initial amount of cell wall material 
remained and little further loss occurred. 

Bound phenolics 

Concentrations of cell wall-bound phenolics were 
5.5 mg g-I AFDW in CB litter and 2.8 mg g-' AFDW in 
LM litter. Fertilization did not affect the bound 
phenolic concentrations in the litter. 

The pattern of loss of bound phenolics was irregular 
with both apparent losses and gains occurring over the 
first 6 mo of decay (Fig. 4). Initial absolute increases 
were observed in LM litter and are similar to those 
observed in other studies for lignin (Kaushik & Hynes 
1968, Triska et al. 1975, Suberkropp et al. 1976) and 
nitrogen (Mikola 1955, King & Heath 1967, Odum et al. 
1979). These increases may have resulted from the 
formation of insoluble complexes from the binding of 
proteins and soluble phenolics present in the plants at 
the time of senescence (Handley 1961). No such 
increase occurred during the first 2 wk of decay in CB 
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Fig. 4. Percent bound phenolics remaining in fertilized (XF) 
and control (C) litter placed in creekbank (CB) and low marsh Litter of the 4 types of Spartina altemjflora used in 
(LM) sites. All treatments were run in duplicate; values are this study initially contained 11 to 12 % lignin 

means f SE 
(Fig. 5b), somewhat less than concentrations of lignin 

litter, which was exposed to greater tidal flushing and 
(18-to 21  %) reported for standing dead S, alterniflora 

is subject to a more rapid loss of soluble phenolics than 
LM litter (Fig. 2). The loss of nearly twice as much 
soluble phenolics from CB litter during the first 2 wk of 
decay may contribute to the initial lack of an absolute 
increase in bound phenolics in CB litters. 

Bound phenolics decreased during the decomposer 
phase up to about l yr (Fig. 4), and the amounts 
remaining in the litters eventually converged. After a 
year of decay, little further loss occurred. 

Use of UV absorption to quantitatively determine the 
concentrations of soluble and bound phenolics in plant 
litter assumes that the constituents of these pools are 
equally susceptible to decomposition, and that no sub- 
molecular changes have occurred that might alter the 
molar absorptivity of these compounds. In the case of 
bound phenolics, determination of concentrations of 
individual phenolic acids in CB XF and C litters by gas 
chromatography provided a check on these assump- 
tions. Bound phenolics in these litters consisted 
primarily of p-coumaric and ferulic acid in a ratio of 
approximately 2 : l .  These 2 phenolic acids accounted 
for 75 to 97 % of the bound phenolics in CB C litter and 

Fig. 5. Percent lignin remaining in litter. (a) Percent of initial 
lignin content remaining in litter. (b) Lignin concentration 
(% AFDW) in recovered litter. Litter from fertilized (XF) and 
control (C) plots was placed in creekbank (CB) and low marsh 

(LM) habitats. Results are means -t SE of 2 replicates 

Table 2. Percentage of total bound phenolics in litter from creekbank (CB) habitats accounted for by pcoumaric and ferulic acids 
bound to cell walls over 23 mo of decomposition 

Litter age % of total bound phenolics 
(m01 CB C litter CB XF litter 

pcoumaric Ferulic Combined pcoumaric Ferulic Combined 
acid acid total acid acid total 

Initial 51.5 30.8 82.3 52.9 37.7 90.6 
0.5 62.7 32.9 95.6 55.0 35.1 90.1 
1 .O 58.0 32.4 90.4 48.7 31.7 80.4 
5.5 71.3 25.9 97.2 63.2 26.9 90.1 
9.5 52.7 21.9 74.6 36.4 28.9 65.3 

13.0 56.4 28.3 84.7 39.7 21.1 60.8 
23.0 73.2 22.3 95.5 104.4 45.6 150.0 
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from a Georgia salt marsh (Hodson et al. 1984). Initial 
concentrations of lignin did not differ significantly (t- 
test) among the 4 types of litter used in this study. 

Loss rates of lignin from litter of Spartina alterniflora 
were greatest during the first month of decomposition 
(Fig. 5a). During this period, 20 to 35 % of the original 
amounts of lignin were lost. Such losses may reflect 
rapid microbial catabolism of lignin. In studies of 
decomposition of ['4C]lignocelluloses from S. alterni- 
flora, Maccubbin & Hodson (1980) demonstrated that 
microbial degradation of lignin occurs within hours of 
microbial colonization of detrital material, and Wilson 
(1985) found rates of decomposition of lignin peaked in 
the first 4 d of decomposition. These early, rapid losses 
of lignins may indicate removal of protolignin (a pre- 
cursor of lignin proper; Sakakibara 1977), or of the 
more labile or exposed lignin fractions (Albert & 
Boudet 1979, Odier & Monties 1983). 

The rate of disappearance of lignin slowed during 
the winter and increased again in the spring and sum- 
mer (Fig. 5a). Rates of loss of lignins during this period, 
however, were always slower than those observed dur- 
ing the first month of decomposition. A decrease in 
rates of mineralization of lignins with time has also 
been observed in radiotracer studies (Maccubbin & 
Hodson 1980, Hodson et al. 1984, Wilson 1985), pre- 
sumably due to the increasing recalcitrance of the 
remaining lignocelluloses to microbial degradation as 
the more labile constituents are consumed (Benner et 
al. 1984). After 1 yr of decomposition, little further loss 
of lignin occurred in control litters, and in one case 
(LM XF) the amount of lignin remaining apparently 
doubled over the second year. The increase in amount 
of lignin remaining in LM XF litter coincided with an 
increase in AFDW (see Fig. l), and may merely reflect 
the AFDW increase as % lignin of AFDW in LM XF 
litter did not change dramatically in relation to % 
lignin in other litter types during the second year. 

The relative concentration of lignin in the litter 
increased throughout the study period (Fig. Sb). An 
increase of 2 % in relative concentration of lignin was 
observed over 1 mo of decomposition of field-incu- 
bated litter, slightly less than the 4.8 % increase in 
relative lignin concentration occurring in a month cal- 
culated from results of radiotracer experiments on 
similar litter (Wilson 1985). The slower rate of increase 
in lignin concentrations in field-incubated litter may 
reflect lower temperatures in the field, or result from 
the use of whole litter in litter bag experiments and 
ground litter (particle size < 0.425 mm2) in the radio- 
tracer experiment (Wilson 1985). Decreasing particle 
size is known to be an important factor increasing rates 
of lignocellulose mineralization (Hodson et al. 1983). 

The gradual increase in relative concentration of 
lignin in the litter reflects the slower breakdown of 

lignin compared to other (mainly polysaccharide) frac- 
tions (Minderman 1968, Toth et al. 1975). More rapid 
mineralization of the structural polysaccharide compo- 
nent compared to the lignin component of lignocellu- 
loses has also been observed in radiotracer studies of 
decomposition of lignocelluloses of Spartina alterni- 
flora (Maccubbin & Hodson 1980, Hodson et al. 1984, 
Wilson 1985). Continual increase in concentrations of 
lignins and other refractory residues and concomitant 
decrease of the more labile fractions renders the 
remaining litter progressively more resistant to decay 
(Hodson et al. 1984). Eventually, only very refractory 
components were left, and loss of organic matter nearly 
ceased. 

In this study, lignin concentrations were determined 
by UV absorption following lignin digestion with 
acetyl bromide. Previous studies have generally 
employed the method of Van Soest (1963) for lignin 
determinations in decaylng litter (Triska et al. 1975, 
Suberkropp et al. 1976, Godshalk & Wetzel 1978a, 
1978b), although this technique potentially overesti- 
mates lignin concentrations since complexes formed 
by the binding of nitrogenous compounds by phenolics 
(Handley 1961, Van Sumere et al. 1975, Swift et al. 
1979) are reported as lignin (Suberkropp et al. 1976). 
Lignin determinations by the UV absorption method 
are not subject to such interference (Morrison 1972a, 
1972b), but do assume that the molar absorptivity ( E ~ ~ ~ )  

of the residual lignin is unaltered by decay (Crawford 
1981). Although this requirement may not be com- 
pletely satisfied, comparison of the lignin oxidation 
product composition of newly senesced culms of Spar- 
tina alterniflora with that of 23 mo old litter shows that 
little change in lignin composition occurred over 2 yr 
of decomposition of litter (Wilson et al. 1985). 

Comparison of lignin concentrations in litter of Spar- 
tina alterniflora determined by the Van Soest techni- 
que (Wilson 1985) with lignin concentrations deter- 
mined by the UV absorption method, however, indi- 
cated that there was a good correlation (r = 0.92; 
p < 0.001) and close 1: l  correspondence between lig- 
nin concentrations determined by the 2 methods (as 
determined by a linear regression of the lignin con- 
centrations determined by each method on one 
another; a t-test showed the slope of the regression did 
not differ significantly from a slope of 1). Both techni- 
ques yielded similar results. 

Litter mass loss 

The pattern of initial rapid loss of weight, a slower 
rate of loss of more resistant material, and an even 
slower loss of the most recalcitrant fractions has been 
noted previously in decomposition curves (Odum et al. 
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1973, Valiela et al. 1985). The early losses were gener- 
ally attributed to leaching, but certain soluble compo- 
nents of litter such as soluble phenolics and soluble 
carbohydrates can also combine with structural 
phenolics and polysaccharides to yield insoluble, 
stable complexes that are resistant to decay (Suber- 
kropp et al. 1976, Bon & Haverkamp 1982). Such com- 
plex formation may in part account for the disappear- 
ance of the soluble components of the litter and abso- 
lute increases in bound phenolics and lignins (Fig. 4 & 

5). 
The disappearance of 20 to 30 % of the initial con- 

tent of cell wall material within the first 30 d of decay 
indicated that appreciable microbial decomposition of 
structural components occurred during the 'leaching' 
phase (Fig. 3). Concurrent loss of a soluble organic 
fraction and an insoluble intermediately-available 
organic fraction also occurs in wheat straw litter 
(Reinertsen et al. 1984). These losses dominated the 
initial stages of straw decomposition. Loss of cellulose, 
an insoluble structural component of plant cell walls, 
was observed during the initial phase of decomposi- 
tion of litter of Spartina alterniflora (Wilson 1985). 

Relation of initial substrate quality to decay 

The importance of substrate quality as a regulator of 
the process of decomposition was recognized early 
(Waksman 1929, Mikola 1955, Minderman 1968). In 
particular, several recent studies have related biode- 
gradability of plant litter to initial contents of lignin 
and nitrogen. For instance, in a study of decomposition 
of forest litter, Fogel & Cromack (1977) found that the 
initial lignin concentration of the litter substrate was 
highly correlated with decay rate. Marinucci et al. 
(1983) demonstrated a direct relation between initial 
nitrogen content and decay rates of litter of Spartina 
alterniflora in laboratory percolators. Melillo et al. 
(1982) noted that the initial content of lignin and the 
ratio of lignin to nitrogen were highly correlated with 
rates of decay of litter in a hardwood forest. In this 
study, initial concentrations of lignin did not vary sig- 
nificantly among litter types and so could not contri- 
bute to the variability in decay rates of the litters. 
Initial concentrations of nitrogen, however, varied 
more widely among the 4 types of litter, with a range of 
0.9 % N (LM C litter) to 1.8 % N (LM F litter). Initial 
nitrogen content of litter was a significant predictor 
(Pearson product-moment correlation coefficient) of 
the percent AFDW remaining after 5.5 mo of decom- 
position (r = -0.746; P < 0.05)' by which time 35 to 
65 % of the total weight loss had occurred. Thus, over 
this period of decomposition, these results are consis- 
tent with those of Marinucci et al. (1983). Similarly, 

Benner et al. (1985) found a strong positive correlation 
between initial nitrogen content of several plant 
species, including S. alterniflora, and rates of lignocel- 
lulose decomposition over the course of a 1 mo labora- 
tory incubation experiment. 

Initial content of nitrogen, however, was not a sig- 
nificant predictor of decay rates in the later stages of 
decomposition. Neither the percentage AFDW remain- 
ing, nor the decomposition rate constant, k (d-l), were 
correlated with initial N content after 13 or 23 mo of 
decomposition. The litter with the highest initial N 
content actually increased in AFDW during the second 
year of decomposition (Fig. 1). 

Relation of nitrogen and lignin contents to decay rate 

The rate of decomposition of litter of Spartina alter- 
niflora was influenced by the chemical composition of 
the litter, despite a paucity of correlations between 
initial chemical quality of litter and decomposition 
rates. Following the rapid loss of soluble and insoluble 
substances from litter during the early phase of decom- 
position, concentrations of structural components 
increased and began to dominate long-term decom- 
position. During the decomposer and refractory phases 
of decomposition, lignin and nitrogen concentrations 
of the litter at the beginning of each sampling interval 
were inversely correlated with daily weight loss occur- 
ring during that interval (Fig. 6; r = -0.532, p < 0.05 
and r = -0.523, p < 0.05, respectively). The gradual 
enrichment of litter in lignin evidently masks other 
structural components from enzymatic attack, renders 
the remaining litter increasingly more resistant to 
decomposition, and slows decay rates over time. 

Concentrations of nitrogen were inversely correlated 
with the percentage of original biomass remaining in a 
study of the decomposition of leaf litter in a hardwood 
forest (Aber & Melillo 1980). We also observed an 
inverse relation to nitrogen (r = -0.773; p < 0.01) and 
a quite good inverse relation to lignin concentration 
(r = -0.887; p < 0.001) during the decomposer phase 
(Fig. 7). In the second year of decay, however, this 
relation failed since there was little change in the 
amount remaining, although the nitrogen and lignin 
content continued to increase. 

The accumulation of nitrogen in litter has been 
observed frequently during decay (Odum et al. 1973, 
Rice & Tenore 1981, Melillo et al. 1982), but the 
mechanisms of nitrogen accumulation have not been 
fully documented. Absolute increases in litter nitrogen 
were originally attributed to increases in microbial 
protein during decay (Newel1 1965, Odum & de la Cruz 
1967). More recently, investigations have demon- 
strated the presence of non-protein nitrogen in plant 
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Fig. 6. Rate of litter decomposition (% AFDW loss d-'1 occur- 
ring within each sampling interval expressed as a function of 
(a) percent nitrogen concentration and (b] percent lignin 
concentration, at the beginning of that interval for the 3 
phases of decay: leaching phase, 0 to 30d; decomposer 

phase, 30 to 395 d; refractory phase, 395 to 700 d 
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Fig. 7. Decomposition of litter of Spartina alterniflora with the 
% AFDW remaining expressed as a function of (a] percent 
nitrogen concentration and (b) percent lignin concentration in 

the remaining litter 

litter (Suberkropp et al. 1976, Odum et al. 1979) and 
have suggested that microbial and fungal biomass 
account for less than 20 % of the nitrogen present in 
decaying litter of Spartina alterniflora (Rublee et al. 
1978, Lee et al. 1980, Marinucci 1982, Hicks 1983). 
Fungi contributed the major portion of microbial nitro- 
gen in Spartina litter (Lee et al. 1980, Newel1 & Hicks 
1982, Marinucci et al. 1983). 

The condensation of reactive phenolics and carbohy- 
drates with proteins and other products of microbial 
activity provides an alternative explanation for the 
accumulation of nitrogen in litter (Rice 1982, Rice & 
Hanson 1984, Melillo et al. 1984). During decomposi- 
tion, the depolymerization of the litter substrate by 
microbial enzymes results in an enrichment in reactive 
carbohydrate, phenolic, amino, and polypeptide 
groups which can combine to yield complex nitrogen- 
enriched condensates. Exoenzymes and other micro- 
bial exudates (e.g. mucopolysaccharides) become 
incorporated in the humifying matrix of the decompos- 
ing litter as nitrogenous complexes synthesized by 
condensation reactions with reactive phenols, car- 
bohydrates, and lignins. As decay continues, the litter 
becomes increasingly enriched in these recalcitrant 
nitrogen-enriched complexes, and rates of decay slow. 
This explanation is supported by observations of the 
apparent complexation of soluble phenolics in LM 
litter during the early stages of decomposition, as indi- 
cated by the absolute gains in bound phenolics occur- 
ring concurrently (cf. Fig. 4 & 2), and by the strong 
positive correlation between increasing concentrations 
of lignin and nitrogen in decomposing litter of Spartina 
altemiflora (r = 0.789; p < 0.001). 

We postulated that the rate of decomposition of litter 
was influenced by the chemistry of the litter substrate. 
The correlation between litter decay rate and lignin 
content indicated the potential for significant influ- 
ence of lignin content on decay during the decomposer 
and refractory phases of litter decomposition. Nitrogen 
content of litter increased during decomposition and 
was inversely related to rates of litter decay. The 
increase was attributed to the sequestration of nitrogen 
in refractory complexes by condensation reactions. 
Soluble and bound phenolics were apparently 
involved in the formation of these stable, resistant 
complexes. Further experiments are needed to investi- 
gate the interactions of phenolics, carbohydrates, and 
nitrogen in decomposing litter of Spartina alterniflora 
and to assess the significance of reductions of 'avail- 
able nitrogen' by complex formation on the activities of 
decomposers and on growth of detritivores. 
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