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Abstract 

In laboratory decomposition expcrimcnts dead cclgrass lcavcs lost a maximum of 35% 
of the original dry weight in 104l days at 20°C. Whole leaves lost 0.5% of their organic 
content per day whereas particlcs smaller than 1 mm lost lo/O per clay. Sterilization of 
leaves by dry heat or potassium cyanide showed that leaching accounted for 82% of the 
total loss of organic matter from predried material and 65% of the loss from undried mate- 
rial. Bacteria acting alone incrcascd the nitrogen content of the detritus but only slowly 
degraded the leaf material. When protozoa wcrc introduced, they grazed on the bacteria, 
maintained the bacterial population in an active metabolic state, and hastcncd the rate 
of decay. The C : N ratio of incubated detritus decreased from over 20 : 1 to as low as 
11 : 1, indicating an increase in its potential food value. The overall slow rate of decom- 
position could enable the eclgrass detritus system to continue functioning during periodic 
short term fluctuations in eelgrass primary production by ensuring that a rcscrvoir of slowly 
decomposing material is always p&Gent. - - 

In studies of marine detritus, saprophytic 
decay has been considered the most impor- 
tant process in relation to both rates of de- 
composition and changes in nutritional 
value of the detritus (Fenchel 1972), but the 
situation is not well understood. We have 
determined the relative contributions of the 
processes of decomposition in a series of 
laboratory experiments. 

Eclgrass detritus, as here defined, con- 
sists of both the nonliving leaf debris and 
the associated, living microorganisms. The 
processes forming detritus from leaves in- 
clude: fragmentation, mechanical break- 
down by physical or biological grinding; 
autolysis, the rclcase of cell contents due to 
the action of the plant’s enzymes; lcaching, 
the removal of water-soluble components; 
and microbial decay, digestion of the de- 
bris by bacterial or fungal extracellular en- 
zymcs. The combined effect of these pro- 
cesses in reducing particulate detritus to a 
--- 
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Materials and general methods 

Eelgrass leaves were collected from a sub- 
marine meadow in St. Margaret’s Bay on 
the Atlantic coast of Nova Scotia as de- 
scribed previously (Harrison and Mann 
1975). SCUBA d ivcrs collcctcd material 
for laboratory experiments and also ob- 
served the fate of leaves which dropped off 
the plants in autumn or were torn off by 
storms. Leaves of various ages were used: 
young, green leaves; old leaves with brown 
or black areas; and dead leaves collected 
from the scdimcnt surface. 

The experiments consisted of incubations 
of Zostera leaf material, of various ages and 
sizes, in flasks with scawatcr which had 
been filtered through a Millipore I-IA 
(0.45 pm) membrane. Flasks were kept in 
the dark at 20°C or 2”C, approximately the 
maximum and minimum temperatures ob- 
served in the field. The leaf material was 
weighed at the start OF each experiment, and 
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after incubation the contents of each flask 
were filtered with a O&pm Millipore mcm- 
branc, The particulate material on the fil- 
ter was rinsed with a 3% (w/v) solution of 
ammonium formate in distilled water to 
remove sea salts, dried at 100°C to constant 
weight, and reweighed. In addition, before 
and after incubation in some experiments 
the leaf material was analyzed for organic 
matter, expressed as loss of dry weight on 
ashing at 520°C for 8 h, and for carbon and 
nitrogen, using a CHN analyzer (Hewlett 
Packard F & M 185) calibrated with cyclo- 
hcxanonc-2, 4-dinitrophcnyl hydrazone. Ex- 
periments were performed to show that in- 
cubation of eelgrass leaf material in flasks 
did not inhibit bacterial activity. 

Experiments and results 

Effect of the age of the leaf material- 
Most celgrass leaves mature and age on 
the plant before dying and dropping off. 
Some green and aging leaves, however, arc 
seen in autumn floating on the sea surface 
after being torn off by storms. Leaves of 
various ages differ in total organic matter 
and nitrogen contents (Harrison and Mann 
1975) and might bc cxpccted, therefore, to 
decompose at different rates. 

Exp. 1: Two 10-g fresh weight ( 1.8-g dry 
wt ) samples of green leaves collected in 
January were incubated in 2 Iiters of seawater 
for 28 days at 20°C. 

Exp. 2: Two 30-g fresh weight (5.1-g dry 
wt ) samples of old leaves collected in Au- 
gust were incubated in 3 liters of scawatcr 
for 25 days at 20°C. 

Exp. 3: Three 1.5-g fresh weight (0.2-g dry 
wt) samples of dead leaves collcctcd in No- 
vember were incubated in 100 ml of seawater 
for 20 days at 20°C. 

Table 1 compares the rates of decompo- 
sition and shows that young green leaves 
and old darkening lcaves decomposed more 
quickly than dead leaves. Since the rate of 
decomposition did depend on the age of 
the leaf material, and since most leaves die 
naturally before beginning to decompose, 
further work concentrated on the fate of 
dead lcaves. 

Exp Age of 
leaves Dry Wt Organics Organicslday 

2 Young 2724 39.5kO.7 1.4 
2 Old 2323 27.Oi1.4 1.1 
3 Dead 15+7 7.3k7.2 0.4 

Effect of drying the leaf material 
before incubation-Decomposing eelgrass 
leaves were observed in the field both inter- 
tidally and subtidally. Winter storms de- 
posit some lcavcs on shore where they are 
alternately dried and wetted before being 
washed back into the sea. Most lcaves, 
however, drop from the plant to the sedi- 
mcnt surface and decompose in situ. It was 
desirable, therefore, .to compare rates of de- 
composition using dried and undried leaf 
material. Dried samples were inoculated 
with seawater containing a natural micro- 
bial community. - 

Exp. 3: Three 1.5-g samples of fresh, dead 
leaves collected in November were incubated 
in 100 ml of seawater for 20 days at 20°C. 

Exp. 4: Three 0.2-g samples of dried, dead 
leaves collected in November were incubated 
in 100 ml of seawater for 20 days at 20°C. 

Exp. 5: Three 0.4-g samples of fresh, dead 
leaves collected in March and ground into 
pieces of 25O-1,000 pm were incubated in 
2 liters of seawater for 26 days at 20°C. 

Exp. 6: Three 0.25-g samples of dried, dead 
leaves collcctcd in November and ground into 
pieces of 250-1,000 ,um were incubated in 
100 ml of seawater for 20 days at 20°C. 

Experiments 5 and 6 used leaves col- 
lcctcd at the start and end of winter, but 
the lcavcs had similar chemical composi- 
tions ( Harrison and Mann 1975). 

Table 2 shows that predried leaf mate- 
rial lost organic matter- only slightly more 
quickly than did fresh leaf material of com- 
parable size. IIowever, organic matter was 
actually a smaller proportion of the total 
losses in predried material. Table 3 shows 
that during dccompositon of fresh leaf ma- 
terial both carbon and nitrogen decreased 
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Table 2. Loss of organic matter and its relation to total loss of dry weight from eelgrass detritus, 
both in large pieces and finely grouncl, incubated with microorganisms, to show differences between 
dried (0) and undried (F) material. Values are means +1 SD. 

------------------- ------------- -----.--- ---------- -- ------.---- ------ - ----- ---- ---- 
--____ -----_-- -__ __-.---------- _--- ------------------- ---- --- ----- ------- 

Exp Size of Fresh (F) % loss OF t-test Organic loss as % 
particles or Dried (D) organics oE difE. of total wt loss 

______l__-_--____---_--_------- _-------------11-1-1------------ --------- 

3 2-4 cm F 7.3 2 7.2 34.4 
4 D 9.3 + 1.4 

t4>2.8 
ns 28.8 

5 0.25-l mm F 15.9 2 12.4 t4>2.8 58.8 
6 D 20.5 ? 2.2 ns 41.0 

-----___ -.---- ~ ---------__-~ -------------I------ 

( as percentage of remaining dry weight ) 
whereas with predried leaf material carbon 
and nitrogen levels rose. The C : N ratios 
also showed opposite trends. 

Effect of particle size in unsterilized 
material- 

Exp. 4: Dried, dead leaves in pieces 24 
cm long were incubated as described earlier. 

Exp. 6: Dried, dead leaves of 250-1,000 
,um were incubated as described earlier. 

Exp. 7: Three 0.25-g samples of dried, 
ground, dead leaves less than 250 pm wcrc 
incubated in 100 ml of seawater for 20 days 
at 20°C. 

Figure 1 shows that a reduction in size of 
leaf material from more than 1 cm to less 
than 1 mm doubled the rate of loss of or- 
ganic mat tcr. With further reduction in 
size the rate of decomposition appeared to 
decrcasc. 

Effect of sterilixnton of leaf material- 
By eliminating microorganisms from the 
detritus complex it should be possible to 
measure the cffcct of autolysis and leaching 
from the debris. Two sterilizing agcn ts 

were used: dry heat (100°C for 60 h, suf- 

ficient to kill bacteria and protozoa) and 
potassium cyanide. We checked the cf- 
fectivencss of the s tcrilizing agents periodi- 
cally by spreading aliquots from the treated 
flasks on plates of ZoBell’s 2216~ medium 
(Jannasch and Jones 1959) and incubating 
the plates at 20°C for several days. Al- 
though this procedure is not absolutely rc- 
liable, we feel that in all flasks called stcrjlc 
the bacterial populations were, at the very 
least, reduced substantially from control 
levels. 

Exp. 8: 0.5-g samples of dried, ground, 
dead leaves less than 420 pm were heat-stcril- 
izcd and incubated in 100 ml of autoclavcd 
seawater for 35 days at 20°C. Some flasks 
were inoculated with bacteria and protozoa 
obtained from sediment and celgrass leaves. 

Table 4 shows that unstcrilc leaves lost 
23% more organic matter than did sterile 
lcaves. 

~xp. 0: 4.0-g samples of fresh, ground, dead 
leaves of 250-1,000 ,um were treated 2 h with 
100 ml of a l/500 (w/v) solution of KCN in 

Table 3. Carbon and nitrogen content ($70 of dry wt) and C : N ratio of finely ground eelgrass de- 
tritus before and after incuba.tion with microorganisms, to show differences between driecl and undried 
material. Values are means +I SD, 

___ ___.______.__.___________ ________. -_.--- __._._ .--- ._._.._._ -- 
___~ --- --- - ---___ ___--- _________ _____.______ - .- _________ -----.- ----- 

Exp Treatment % Carbon % Nitrogen C:N ratio 

Defore After RcEore After Before After 
-_-~- -- --- -- 

5 Undried 39.3to.s 37.1k1.6 3.11-0.1 2.120.0 12.8AO.3 17.9kO.4 

6 Dried 34.723.9 46.422.5 1.9kO.4 4.3kO.3 18.822.5 10.820.6 

____-.- -- _p___--__------- - 
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Fig. 1. Loss of organic matter from eelgrass 
detritus incubated with microorganisms at 2O”C, 
showing the diffcrcnccs with various sizes of par- 
ticles. Vertical lines indicate k1 SD. 

seawater or sterile seawater, filtcrcd, rinsed, 
resuspended in 2 liters of autoclavcd seawater, 
and incubated 26 days at 20°C or 2°C. 

Bacteria grew at 20°C and the loss of 
weight Erom controls and treated samples 
was identical. Results for the 2°C series 
are in Table 4 and indicate an increased 
ra tc of decomposition in uns tcrilc material, 

Exp. 10: 1.5 g of fresh, dead leaves 2-4 cm 
long were incubated in 100 ml of a l/1,000 
(w/v) solution of KCN or seawater for 20 
days at 20°C. Sterility was maintained. 

l+!Pk%dq 
Nitrogen 

C:N ratio 
I I I I I I 
8 6 4 -2 0 +2 4 
Change in % C, % N, or C:N ratio 

Fig. 2. Changes in carbon and nitrogen con- 
tent and C : N ratio of undried eelgrass detritus, 
to show the effect of incubation at 20°C under 
sterile conditions or with microorganisms. Vcrti- 
cal bars joined by a horizontal lint indicate +I 
SD. 

Table 4 shows once again an increased 
rate of decomposition in mlsterilc leaves, 
but the majority of the losses occurred in 
the sterile material. Figure 2 indicates that 
sterile debris lost nearly as much nitrogen 
as did unstcrilc detritus but that sapro- 
phytic decay resulted in a greater loss of 
carbon than did lcaching. In both casts 
the C : N ratio increased to a similar extent. 

Table 4. Losses of total dry weight and organic matter from eelgrass detritus of various types to 
show differences between sterile malarial and material incubated with microorganisms, Values are means 
I+1 SD. 

--.-----I-.--- ^--- .----.-- -.- ----l.l-__.--_--__-- -._.- ---- - -----._--.---_---- --___---_-- -_-.-- ------.- -.---.- 

Exp Treatment % loss OF dry wt Sig. % loss of organic matter Sig. 

Sterile Unsterile oE difE.* SteriILe Unsterile of cliff.* 

--~_ -~--_----___ -- ---- -.----.-_- _.-___.___- 

8 Dried, ground 30.5to.3 32.521.2 11s 15.4fO.5 20.kL.5 99% 
~420 pm 

9 Fresh, ground 6.O.t 10.7 4 . 0 7.7 
250-1,000 pm 

10 Fresh, whole 3.9_+10.0:/: 15.1~6.5 Il.5 5 . 6?6 . 9:1: 7.327.2 ns 
11 Dried, whole 21.422.9 22.621.2 ns 8.613.4 9.3iL.4 11s 

12 Dried, ground 27.Oi3.5 34.551.7 95% 15.052.9 20.522.2 ns 
250-1,000 llrn 

13 Dried, ground 24.7to.7 26.OtO.4 95% 15.OkO.9 17.620.4 95% 
<250 pm 

--- 

*Using t-test: ns = not significant; 95% = significant at 95% level; 99% = significant at 

99% level. 
,l.Data insufficient to cal.culate SD. 
+Data highly variable. 
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$, Bacteria, only, present 

\ 

Fig. 3. Numbers of bacteria per gram dry 
weight in flasks at 20°C containing finely ground 
celgrass detritus, to show differences with and 
without protozoa. Symbols are actual counts in 
duplicate on each occasion; lines join the means. 

Exp. 11-13: 0.2 g of dried, dead leaves wcrc 
incubated as in exp. 10. In cxp. 11 the mate- 
rial was in pieces 2-4 cm long; in exp. 12 it 
was 250-1,000 pm; and in cxp. 13 it was less 
than 250 pm. 

Table 4 shows that the sterile leaves lost 
73-92% as much organic matter as did 
leaves decomposed by microorganisms. 

Effect of successive additions of bacteria, 
microflagellates, and ciliates to sterilized 
leaf debris- 

Exp. 14: 0.25 g of dried, ground, dead leaves 
of less than 420 pm were sterilized with dry 
heat, trcatcd as below, and incubated 35 or 
102 days at 20°C. 

Ten flasks were used for each of four 
treatments : l-control, no further treat- 
ment; 2-inoculation with bacteria from 

. . . . . . . . . . . 
. . . . . . . . . . 
/// , ,, $ ,I +Bacteria (B) 

l *....***e...... 
l **.e***..e . . . . . 

1 + B,+ Micro- 

/ / / / / J / / / / / 1 f’ag(gtes 

. . . . . . . . . . . . . . . . . . . +B,+M, 
.~e**ee**ee....... 

/ / /////U/U +Ciliates 
I I I I I I I I I I 

0 4 8 12 16 20 
% loss of organic matter 

B 35 Days / I/////// 102 Days 

Fig. 4. Loss of organic matter from finely 
ground cclgrass detritus after 35 and 102 days at 
2O”C, to show the cffcct of incubation under 
stcrilc conditions or with various microorganisms. 

decaying eclgrass leaves and mud; 3- 
addition of microflagellates, probably a 
species of Bodo, to 2; and 4-addition of 
ciliates, a species of Euplotes, to 3. The 
maintenance of sterility in controls was 
checked as before. Bacterial population 
sizes were monitored with plate counts as 
follows: l-ml samples were removed from 
stirred flasks with a wide bore pipette, di- 
lutcd to 10d3 to D5 (to give between 30 
and 300 colonies per plate), and spread on 
plates of ZoBcll’s 2216e medium. Plates 
were incubated at 20°C initially for up to 
5 days but since no new colonies were ob- 
served after the first day, 24-h counts were 
used. Because of the dilutions and condi- 
tions of incubation, some populations may 
have been underestimated. Ciliates were 
counted live in a l-ml plankton cell under 
50X magnification. 

The results in Fig. 3 show that when 
bacteria only were present their population 
reached 10°-1010 cells per gram dry detri- 
tus. When protozoa were present there 
were only 10s bacteria per gram dry detri- 
tus, Ciliates maintained populations of lo4 
per gram dry detritus for 50 days after 
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Sterile 

+ Bacteria (B) 

+B+ 
Microf lagellates (M) 

+B,+M,+Ciliates 
I I I I I I I I 

b 14 16 18 20 

C:N ratio 

p-l 1:; kg 
Fig. 5. C : N ratio of finely ground cclgrass 

detritus before and after incubation at 20°C for 
35 and ,102 days, to show the effect of incubation 
under sterile conditions or with various microor- 
ganisms. Vertical bars joined by a horizontal lint 
indicate 21 SD. 

which the numbers fluctuated between 10 
and lo3 per gram. Figure 4 indicates that 
sterile debris lost 12% of its organic matter 
through leaching; bacterial activity had 
little effect, but another 6% was lost when 
protozoa were present. Figure 5 shows that 
the lowest C : N ratios ( 15 : 1) were char- 
acteristic of detritus with only bacteria 
prcscnt. When protozoa were growing well 
the C : N ratio was around 17.5 : 1, but this 
eventually decreased to the level of the 
bacterial scrics when the protozoan popula- 
tions dccreascd. 

Tables 5 and 6 show that renewal of the 
medium generally reduced, rather than en- 
hanccd, the rate of decomposition and had 
little effect on the C : N ratio, 

Effect of the addition of inorganic nutri- 
ents-Bacteria decomposing organic matter 
of plant origin may be limited by the low 
nitrogen or phosphorus levels in the sub- 
stratc (Richards and Norman 1931). 

Table 6. C : N ratio of eelgrass detritus before 
and after incubation with microorganisms, to show 
the effect of periodic renewal of the medium (exp. 
16). Values are means kl SD. 

---- --_ 

Effect of renetoal of the medium cluring 
incubation--In a static system such as we 
used in the previous experiments microbial 
activity may become limited by the supply 
of nutrients or oxygen or by the buildup of 
metabolic products. Two different mcth- 
ods were used to renew the scawatcr during 
the incubations. 

Treatment 
Sig. of difE. 

C:N ratio from control * 

Initial leaf 18.8~2.5 
material 
Static medium 
(control) 10.8~0.6 
Renewed-day 1 10.5rt0.4 llS 

-day 5 9.220.7 99% 
-day 10 10.320.6 ns 

Exp. 15: 10 g of fresh, dead leaves of 2-4 k Using t-test: 
cm were incubated in 2 liters of tither sea- 

ns = not significant; 99% = 
significant at the 99% level. 

Table 5. Loss of dry weight from edgrass ck- 

tritus incubated with microorganisms, to show the 
effect of two different methods used to renew the 
medium,, i.e. continuous flow (exp. 15) and peri- 
odic dilution (exp, 16). Values are means 21 SD. 

_____ ~---- 

Exp % loss of dry wt Sig. of 

static Renewed diff. * 
- 

15 21.724.5 9.128.9 ns 
16 Day 1 34.5k1.7 31.5t1.6 ns 

Day 5 23.921.3 99% 
Day 10 22.7kO.03 99% 

- 

fe Using t-test: ns = not significant; 99% = 
significant at 99% level. 

water flowing with a renewal time of 12 Ii or 
standing seawater, for 51 days at 20°C. 

Exp. 16: 0.25 g of dried, ground, dead leaves 
of 250-1,000 ,um were incubated in 100 ml 
seawater for 20 days at 20°C. On days 1, 
5, and 10, 50 ml w,as pipctted off and replaced 
with fresh, filtered seawater. 



930 Uarrison and Munn 

Table 7. Loss of dry weight from finely ground 
eelgrass detritus incubated with microorganisms, 
to show the effect of the addition of various inor- 
ganic mctrients at the start of the incubation period 
(exp. 17) or throughout the incubation (exp. 18). 
Values are means k I SD. 

- 

EXP Nutrients added % loss of Sig. of 
(mg-atoms/liter) dry wt dif f . Erom 

control * 

17 None (control) 28.7 + 1.1 -- 
1.0 NHL, + 28.4 ? 1.3 11s 
1.0 N03- 28.8 ? 0.9 ns 
0.2 P043-- 28.9 2 1.0 ns 
NIL,+ + PO '- 
N03- + PC+- 

26.6 i: 0.8 99% 
28.7 2 0.3 ns 

18 None (control) 29.7 i: 1.0 -- 
1.0 NHI,k 29.0 t 0.7 11 s 

+ 0.2 POr13- 
10.0 NHL,-+ 29.4 2 1.4 ns 

+ 0.2 po,,3- 

9, Using t-test: ns = not significant, 99% = 
significant at p = 0.01. 

Exp. 17: 0.25 g of dried, ground, dead lcavcs 
of 250-1,000 pm were incubated in 100 ml of 
seawater containing added nitrate, ammonia, 
and phosphate in various combinations for 20 
days at 20°C. 

The water in all flasks became cloudy 
and brown in 2 days. Gradually the cloudi- 
ncss disappeared, first in the controls and 
then in the enriched samples, until by day 
12 all were transparent and amber colored. 
As Table 7 shows, enrichment with nitrogen 
or phosphorus or both had little effect on 
the rate of decomposition. 

I:xp. 18: We repeated exp. 17 but added 
nutrients initially and every second day for 
the 10 days of incubation. 

Table 7 shows that this treatment also 
had no effect on the rate of decomposition. 

Changes in nitrogen content of detritus- 
Figure 6 summarizes the data on gains and 
losses of nitrogen from the eelgrass detritus 
used in several of these experiments. Pub- 
lished data from previous studies using 
detritus from cclgrass and other macro- 
phytes ( marine, terrestrial, and frcshwatcr) 
are included .for comparison. Large in- 
creases in the percent nitrogen content were 

q 6 

.1 

/ , I I I I I 

1 2 3 

% Nitrogen before decomposition 

Fig. 6. Changes in the nitrogen content (as 
“/o of remaining dry weight) during decomposition 
of detritus derived from eclgrass and other marine 
macrophytes as well as terrestrial and freshwater 
plants. 

I-8. Marine macrophyte detritus ( l-3, in field; 
4-8, in lab ) : l-mangrove leaves (Heald cited 
in Marm 1972 ) ; 2-marsh grass leaves ( Odum and 
de la Cruz 1967 ) ; 3-eclgrass leaves (Jensen 
1914) ; 4-eelgrass lcavcs ( Fenchcl unpublished). 
5-8-Eelgrass decomposition experiments (this 
study): prcdricd Ei-exp. 8; 6-exp. 12, 13; undried 
7-exp. 9; 8-cxp. 2. 

9-17. Terrestrial leaf litter decomposed six 
months on forest floor: g-ash; lo-oak; ll-hazel; 
12-alder (Bocock 1964); 13-chestnut; 14-beech 
( Anderson 1973 ) ; 1%maple; 16-beech; 17-birch 
( Gosz ct al. 1973 ). 

18-21. Terrestrial leaf litter decomposed in 
freshwater for G months (18) or 50 days (19-21) : 
18-beech ( Iverscn 1973 ) ; 19-elm; 20-alder; 21- 
oak ( Kaushik and Hynes 1968 ) , 

22. Freshwater macrophyte, water milfoil 
(Nichols and Kccney 1973 ). Dashed line indi- 
cates no change in percent nitrogen. 

shown only by the marine detritus, whereas 
terrestrial and frcshwatcr macrophyte litter 
decayed with little change in percent nitro- 
gen. In our experiments the total amount 
of particulate nitrogen in the flasks contain- 
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Table S. Processes affecting the nitrogen content (N) of decomposing eelgrass leaf material, and 
the resultant changes. 

---------------- ----- _- ----- ~.--.-_--___ ____.__ -_.______ ---___-I___ -__ _- -- 

Fraction of Processes 
Resultant change in: 

leaf aEFectcd occurring 
N as % of Absolu tc 
remaining amount of 
dry wt. particulate N 

-~_--__--- -- -___.---I_ __.---_~-__---~_-_-____ 

Nonnitrogenous Losses - leaching 6r decay increase no change 
Nitrogenous Losses - leaching & decay decrease decrease 
Nitrogenous Gains - bacterial growth increase increase 

- ---___ 

ing predried, dead eelgrass material rose 
by l2.S50% during incubation. 

Discussion 

Leaching from dead eelgrass leaves has, 
in these cxpcrimcnts, been cstablishcd as 
the major process in the decomposition of 
eelgrass detritus. Of the total loss of or- 
ganic matter from decomposing celgrass 
material, leaching accounted for 73-92% 
(average 82%) when the lcavcs were pre- 
dried and 52-77% ( average 65%) when the 
leaves were not dried. Autolysis may have 
contributed to the losses, but the steriliza- 
tion methods used would bc cxpccted to 
inactivate any enzymes still present in the 
dead leaves ( Kretovich 1966). Thcrc was 
some indication that leaching was relatively 
more important (and microbial decay less 
so) when the material had been predried, 
but the high variability of the results with 
undried leaves and the overlapping ranges 
of the two sets of data show that the differ- 
encc was small. Nevcrthelcss, drying did 
appear to alter the organic matter in such a 
way that it was less rapidly attacked by mi- 
crobcs whereas the inorganic matter was 
more easily removed from dried leaves than 
from fresh lcavcs (Table 2). This conclu- 
sion contradicts that of Zieman ( 1968) that 
prcdrying of turtle grass leaves caused 
structural and chemical changes in the cells 
which allowed easier entrance of microbes 
and a faster rate of decay. Zicman, how- 
ever, reported only the loss of total dry 
weight and thus his conclusions cannot bc 
related directly to changes in the organic 

fraction. Previously microbial decay has 
been emphasized over leaching in marine 
detritus studies (Odum and de la Cruz 
1967; Burkholdcr and Doheny 1968) al- 
though leaching is known to bc an impor- 
tant process in freshwater and terrestrial 
situations (Krause 1962; Nykvist 1963; Ot- 
suki and Wetzel 1974) and in dying and 
dead seaweeds (Khailov and Burlakova 
1969). 

Mechanical reduction in size of leaf ma- 
terial generally increased the rate of de- 
composition (Fig. 1). As the size of the 
particles decreased, the total surface would 
increase with the result that both microbial 
activity and leaching could occur at greater 
rates. It has been shown with a variety of 
types of detritus as well as mud and sand 
that bacterial activity, as measured by oxy- 
gen uptake, is proportional to substrate 
surface area ( Odum and dc la Cruz 1967; 
Hargrave 1972). Leaching, on the other 
hand, has been thought to occur from whole 
leaves soon after they die (Olah 1972), and 
the effect of fragmentation has been ig- 
norcd. The particles can lose weight by 
leaching and saprophytic decay, but they 
can also be expected to gain weight due to 
the growth of attached bacteria at the ex- 
pense, not of the particles, but of soluble 
material; the latter could also physically 
adsorb to free surfaces of the particles. Per- 
haps reasoning of this sort can be used to 
explain the apparent decrease in rate of de- 
composition of the very fine particles ( Fig, 
1). Because of the central role of particle 
size and surface area in decomposition WC 
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feel that fragmentation should be inten- 
sivcly investigated. 

Several processes could have caused the 
observed changes in the nitrogen content of 
decomposing eelgrass leaf material (Table 
8). Leaching and mineralization through 
microbial decay affect both nitrogenous 
and nonnitrogenous components, while 
growth of bacteria is also accompanied by 
the immobilization of soluble nitrogen from 
the medium. Since all of these processes 
most probably occur in a single sample of 
detritus, Table 8 can give only a basic 
analysis of the results. 

The increases in percent nitrogen con- 
tent when dried, dead celgrass leaf material 
was decomposed in the laboratory are simi- 
lar to those reported for a variety of types 
of macrophyte detritus found in the sea 
(Fig. 6). The increase in total amount of 
particulate nitrogen ( 12.5-50%) was similar 
to one of 20% we calculated from the data 
of Fenchel (unpublished) also using ccl- 
grass. These increases were presumably at- 
tributable to the uptake of soluble nitrogen 
from the scawatcr by microorganisms dc- 
caying the structural carbohydrates of the 
detritus ( Newell 1965). That an increased 
supply of inorganic nitrogen and phospho- 
rus did not increase the rate of decay may 
indicate the importance of initial levels of 
nutrients in both the water and the plant 
debris. Since nitrogen content is a rough 
index of the protein level in the detritus 
( Harrison and Mann 1975)) and since pro- 
tcin is often a limiting part of an animal’s 
diet, decomposition of eelgrass and other 
macrophytes in the sea results in an increase 
in the nutritional value of the plant mate- 
rial. 

When undried celgrass leaves, either ag- 
ing or dead when collected, were incubated 
with microorganisms the results were more 
variable but in general the percent nitrogen 
content did not increase (Fig. 6). Intcrest- 
ingly, we also found little change in the 
percent nitrogen level in intact, dead 
leaves decomposing on the sediment under- 
water (Harrison and Mann 1975). Other 
studies of freshwater and tcrrcstrial macro- 
phytc detritus (leaf litter) have shown only 

slight increases in percent nitrogen ( Fig. 
6). In the latter studies mesh bags were 
used to enclose the detritus, and the data 
can apply only to the large particles ( gencr- 
ally greater than 1 mm) remaining in the 
bags. Nothing can bc concluded, therefore, 
about the nitrogen levels in the small parti- 
clcs that escaped from the bags. In our 
study, however, it is likely that there was an 
initial loss of nitrogenous substances from 
large pieces of leaf, that loss exceeding the 
gain of nitrogen resulting from colonization 
by microorganisms. After the soluble and 
easily decayed nitrogenous materials disap- 
pcarcd, the microorganisms continued to 
grow. 

The increase in potential nutritional value 
accompanying the eventual rise in percent 
nitrogen during decomposition was re- 
flcctcd in a drop in the C : N ratio of the 
detritus ( Fig. 5). These results agree with 
the current understanding of detritus sys- 
tems, i.e. decay of the plant material (car- 
bon) accompanied by a buildup of micro- 
bial protein (Mann 1972). One important 
detail these experiments revealed is that 
grazing by protozoa can partly comltcract 
the effect of bacteria, perhaps by excreting 
some of the ingested bacterial nitrogen as 
was proposed for phosphorus by Johanncs 
( 1968) or by “forcing” the bacteria to main- 
tain a metabolically active population ( Fen- 
chel unpublished) which exhibits a faster 
rate of turnover of nitrogen, Assuming that 
all nitrogenous materials are equally avail- 
able to consumers and accepting the value 
of 17 : 1 as the maximum C : N ratio that 
gives an adequate diet for animals (Russcll- 
Hunter 1970), then eelgrass detritus with a 
C : N bctwecn 11 : 1 and 17.5 : 1 could pro- 
vide an animal with a better source of food 
than intact, dead leaves with C : N between 
20 : 1 and 30 : 1. 

The available experimental evidence in- 
dicates that celgrass detritus decomposes 
very slowly. Even when dead leaves were 
incubated under favorable conditions in the 
laboratory, 65% of the dry weight re- 
mained after 100 days at 20°C. Since the 
annual primary production of leaves is 
high, organic detritus should bc accumulat- 
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ing in the eclgrass system. Anecdotal ac- 
counts by local fishermen tend to support 
this idea, If a large pool of detritus exists 
in the sediments, then cvcn a slow rate of 
decomposition would be sufficient to sup- 
port the consumer populations, Following 
this line of reasoning further, the temporary 
declines of cclgrass observed at 20- to 40- 
year intervals in recent history ( Cottam 
1934) would not be expected to result in an 
immediate decline in organisms dcpcndcnt, 
directly or indirectly, on celgrass detritus. 
Only where celgrass died out and did not 
repopulate an area, as in some higher salin- 
ity regions in Danish waters (Nelson 1947), 
would the detritus-based system be re- 
placed by one based on, for example, phy- 
toplankton. 

Indirect evidence for this pool of detritus 
is found in the idea of Odum ( 1969) that 
detritus-based systems arc “mature” and 
have low production to biomass ratios 
( P : B ) , The annual accumulation of dctri- 
tus (P) should bc, therefore, only a small 
proportion of the pool of detritus ( B ) . Also, 
in the vicinity of the cclgrass bed we stud- 
ied, the rate of sedimentation of fine par- 
ticulate organic matter was approximately 
constant throughout the year (Webster 
et al. 1975), indicating that the autumn in- 
put of dead leaves is converted to particles 
of detritus over a long period. We have 
some direct evidence for the pool of detri- 
tus in that one can find areas where the sub- 
surface sediment consists wholly of par- 
tially decomposed eelgrass leaves. The 
existence of a large mass of slowly decom- 
posing plant material may thus enable the 
eelgrass ecosystem to continue functioning 
even when the main primary producer is 
temporarily removed. 

A simplified model of the eclgrass detri- 
tus system is presented in Fig. 7. Each au- 
tumn a mass of dead leaves is added to 
the pool of particulate debris prcscnt in the 
sediment. At the same time, some of the 
leaf biomass is released as dissolved or- 
ganic matter, from both dying and dead 
lcaves. The pool of particulate debris is 
decomposed slowly, mainly by leaching of 
soluble material but also by direct sapro- 

Fig. 7. Model of the eelgrass detritus system ^_ 
showing the major energy flows. 

phytic decay. The decay of structural car- 
bohydrates (cellulose) may bc the rate 
limiting step. The pool of dissolved organic 
matter, on the other hand, is metabolized 
quickly by microorganisms. Grazing by 
protozoa on bacteria maintains the latter 
in an active metabolic state and thus in- 
crcascs the rate of saprophytic decay. Fin- 
ally, the grinding action of physical forces, 
as well as animals, fragments the leaves 
into small particles and increases the rates 
of leaching and decay. The eelgrass dctri- 
tus system is complex and although many of 
the biological and abiological interactions 
involved need ‘further investigation, it is 
now clear that the formation of detritus 
from eelgrass leaves is of fundamental im- 
portancc in many coastal marine cnviron- 
mcnts. 

References 

ANDERSON, J. M. 1973. The breakdown and de- 
composition of sweet chestnut (Castanen sa- 
tiw Mill. ) and beech (Fugus sylvaticu L. ) 



934 Harrison and Mann 

leaf litter in two deciduous woodland soils. 
Oecologia ( Berl. ) 12 : 251-288. 

BOCOCK, K. L. 1964. Changes in the amounts 
of dry matter, nitrogen, carbon and energy 
in decomposing woodland leaf litter in rela- 
tion to the activities of the soil fauna. J, 
Ecol. 52: 273-284. 

BURKIIOLDER, P. R., AND T. E. DOHENY. 1968. 
The biology of eelgrass. Dep. Conservation 
and Waterways, Town of Hcmpstead, Long 
Island, N.Y. 120 p. 

COTTAM, C. 1934. Past periods of eclgrass 
scarcity. Rhodora 36 : 261-264. 

FENCIIEL, T. 1972. Aspects of decomposer food 
chains in marine benthos. Vcrh. Dtsch. Zool. 
Ges. 65: 14-22. 

Gosz, J. R., G. E, LIKENS, AND F. H. BORMANN. 

1973. Nutrient release from decomposing 
leaf and branch litter in the IIubbard Brook 
forest, New Hampshire. Ecol. Monogr. 43: 
173-191. 

IIARGRAVE, B. T. 1972. Aerobic decomposition 
of scdimcnt and detritus as a function of par- 
ticle surface arca and organic content. Lim- 
nol. Oceanogr. 17: 583-596. 

IIARRISON, P. G., AND K. II. MANN. 1975. 
Chemical changes during the seasonal cycle 
of growth and decay in eelgrass (Zosteru m- 
rinu L. ) on the Atlantic coast of Canada. J. 
Fish. Res. Bd. Can. 32: 615-621. 

IVERSEN, T. M. 1973. Decomposition of au- 
tumn-shed beech leaves in a springbrook and 
its significance for the fauna. Arch. IIydro- 
biol. 72: 305-312. 

JANNASCH, I-1. W., AND G. l3. JONES. 1959. Bac- 
terial populations in sea water as determined 
by diffcrcnt methods of enumeration. Lim- 
nol. Oceanogr. 4: 128-139. 

JENSEN, P. B. 1914. Stud& concerning the or- 
ganic matter of the sea bottom. Rep. Dan. 
I3iol. Sta. 22: 1-39. 

JOHAXNES, R. E. 1908. Nutrient regcncration 
in lakes and oceans. Adv. Microbial. Sea 
1: 203-213. 

KAUSIIIK, N. K., AND II. B. N. HYNES. 1968. Ex- 
perimental study on the role of autumn-shed 
leaves in aquatic environments. J. Ecol. 56: 
229-243. 

KIJAILOV, K. M., AND Z. P. BURLAKOVA. 1969. 
Rclcasc of dissolved organic matter by sca- 
weeds and distribution of their total organic 
production to inshore communities. Limnol. 
Oceanogr. 14 : 521-527. 

KRAUSE, I-1. R. 1962. Investigation of the de- 

composition of organic matter in natural wa- 
ters. FAO Fish. Biol. Rep. 34. 14 p. 

K.iXTOVICII, V. L. 1966. Principles of plant 
biochemistry. Pcrgamon. 

MANN, K. H. 1972. Macrophyte production and 
detritus food chains in coastal waters. Mem. 
1st. Ital. Idrobiol. 29 ( suppl. ) : 353-383. 

NELSON, T. C. 1947. Some contributions from 
the land in determining conditions of life in 
the sea. Ecol. Monogr. 17: 337-346. 

NEWELL, R. 1965. The role of detritus in the 
nutrition of two marine deposit feeders, the 
prosobranch Hydrohia ulvue and the bivalve 
Mucoma balthica. Proc. Zool. Sot. Lond. 
144 : 25-45. 

NICIIOLS, D. S., AND D. R. KEENEY. 1973. Ni- 
trogen and phosphorus release from decaying 
water milfoil. Hydrobiologia 43 : 509-525. 

NYKVIST, N. 1963. Leaching and decomposition 
of water-soluble organic substances from dif- 
fcrent types of leaf and needle litter. Stud. 
For. Suet. 3 : l-31. 

ODUM, E. P. 1969. The strategy of ecosystem 
clevelopment. Scicncc 164: 262-270. 

-, ANI) A. A. DE LA CIzuz. 1967. Particu- 
late organic detritus in a Georgia salt marsh- 
estuarine ecosystem, p. 383-388. In G. II. 
Lauff [ed.], Estuaries. Publ. Am. Assoc. Adv. 
Sci. 83. 

OLAFI, J. 1972. Leaching, colonization ancl sta- 
bilization during detritus formation. Mem. 
1st. Ital. Idrobiol. 29 ( suppl. ) : 105-128. 

OTSUKI, A., AND R. G. WETZEL. 1974. Rcleasc 
of dissolved organic matter by autolysis of a 
submersed macrophyte, S&pus sz~bterminulis. 
Limnol. Oceanogr. 19 : 842-845. 

RICHAI~DS, E. H., AND A. G. NORMAN. 1931. 
The biological decomposition of plant mate- 
rial. 5. Some factors determining the quan- 
tity of nitrogen immobilised during decompo- 
sition. Biochem. J. 25: 1769-1778. 

RUSSELL-HUNTER, W. D. 1970. Aquatic pro- 
ductivity: An introduction to some basic as- 
pccts of biological oceanography and limnol- 
ogy. Macmillan. 

WEISSTER, T. J. M., M. A. PAUNJAPE, AND K. H. 
MANN. 1975. Sedimentation of organic 
matter in St. Margaret’s Bay, Nova Scotia. J. 
Fish. Res. Bd. Can. 32: 1399-1407. 

ZIEMAN, J. C., Jli, 1968. A study of the growth 
and decomposition of the sea-grass Thalassia 
testudinum. M.S. thesis, Univ. Miami. 50 p. 

Submitted: 30 August 1974 
Accepted: 23 May 1975 


