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N2 (C2H2) fixation was associated with decaying leaves ofRhizophora mangle.
The process was predominantly anaerobic, with about two-thirds of the nitro-
genase activity being light dependent. Average N2 fixation rates in the light
were 11 ,ug of N per g (dry weight) per h for leaves that had decayed for 2 to 3
weeks. This nitrogen input is probably significant in the estuarine, detrital food
chains linked to R. mangle.

Organic detritus is an important source of
food for organisms in many aquatic environ-
ments (15, 19). Detritus-based food chains have
been well studied in woodland streams (3, 8,
14), salt marsh, sea grass, and other estuarine
areas (4, 17, 22). Litter from the red mangrove
Rhizophora mangle forms the basis of an
aquatic food web in estuaries fringed by man-
groves in southern Florida (E. J. Heald, Ph.D.
thesis, Univ. of Miami, Miami, Fla., 1969; W.
E. Odum, Ph.D. thesis, Univ. of Miami,
Miami, Fla., 1970). Heald (Ph.D. thesis) de-
tected increases in the relative amount of nitro-
gen during the decay of red mangrove leaves.
Similar results have been obtained with leaves
from deciduous trees in temperate climes de-
caying in freshwater streams (12) and also for
Spartina and Juncus leaves degrading in salt
marshes (5, 16). In all these systems the rela-
tive increase in nitrogen content appears to be
primarily due to the proliferation of fungi,
which are ultimately consumed by detrital
feeders (Heald, Ph.D. thesis). Fell et al. (6)
observed that red mangrove leaves lose a signif-
icant portion of their nitrogenous compounds by
leaching during the first few days of immersion
in seawater but that this loss is later replen-
ished. The present communication provides evi-
dence that a significant portion of the nitrogen
required for this replenishment is provided
from N2 fixation by microorganisms associated
with the decaying leaves.

Senescent or postsenescent leaves (6) were
collected from trees of R. mangle at Key Bis-
cayne, Fla. The leaves were placed inside nylon
mesh bags (mesh size, 2.5 mm2), and then the
weighted bags were deposited on the sediment
surface and tied to mangrove roots at the site of
collection. Environmental temperatures during
the summer varied between about 26 and 30 C.
The leaves were completely submerged for pe-

riods of up to 4 weeks. For some experiments,
leaves ofunknown age decaying naturally were
collected from the sediment surface at the field
site. During transport back to the laboratory
for assays of N2 fixation, the leaves were im-
mersed in ambient seawater. N2 fixation was
assayed by the C2H2 reduction method (10, 20).
The assays were carried out in 55-ml Erlen-
meyer flasks sealed with serum caps. Each leaf
was cut into sections with an area of about 0.5
to 1.0 cm2. One-halfofthe sections from a single
leaf were put into each flask. In aerobic assays,
the flasks contained 10 ml of Gulf Stream sea-
water (membrane filtered [Millipore Corp.],
0.45-,Am pore size) which completely covered
the leaves. The gas phase was air containing
20% C2H2 by volume. For anaerobic incuba-
tions, the seawater was purged with a flow of
argon to remove oxygen, and the gas phase was
20% C2H2 by volume in argon. The flasks were
incubated in a water bath at 30 C. Dark flasks
were wrapped in silver-grey air conditioning
tape, and illumination was provided by an ar-
ray of tungsten lamps at an intensity of about
5,000 lx. In some experiments the flasks were
agitated by reciprocal shaking (80 strokes/min;
amplitude, 5.0 cm). The gas phases were sam-
pled (0.25 ml) with Glaspak syringes (Becton-
Dickinson & Co., Rutherford, N.J.) at zero time
and then every hour for up to 5 to 6 h. C2H4 in
the gas samples was measured by gas chroma-
tography (2). After assaying, the sections of leaf
were removed from the flasks and dried to a
constant weight at 105 C. A molar ratio of 3:1
was assumed to convert C2H4 production to N2
fixation (10).
N2 (C2H2) fixation was consistently observed

in association with decaying leaves ofR. man-
gle. Controls under all conditions showed no
C2H4 production in the absence of C2H2. Shaken
aerobic assays exhibited low rates of C2H2 re-
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duction, presumably due to the oxygen inacti-
vation of nitrogenase (Fig. 1, Table 1). The rate
of C,H, reduction in unshaken aerobic assays
had a lag phase of 1 to 2 h before linear rates
were attained; this lag was virtually eliminated
by shaking under anaerobic conditions (Fig. 1).
The rates in unshaken aerobic assays were cal-
culated from the linear portion of the graph
since subsequent experiments showed that
there was no significant difference with leaves
at the same state ofdecay between this rate and
that obtained in shaken anaerobic incubations
(P < 0.05). For example, in experiments with
14-day-old leaves, the light rate of N, fixation
in unshaken aerobic assays was 10.1 ,ug of N
(dry weight) per h (n = 5; standard deviation =

1.6) as compared to 10.4 ,ug of N (dry weight)
per h (n = 5; standard deviation = 1.9) in
shaken anaerobic assays. In addition, there
was no difference between rates observed in
shaken microaerophilic assays (0.02 atm of 0,)
and shaken anaerobic assays (P < 0.05). The
rates of C2H, reduction were significantly
higher (P < 0.05) in the light than in the dark
in both aerobic and anaerobic assays (Table 1).
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FIG. 1. Effect of shaking and gas phase composi-

tion on N, (C,H,) fixation associated with decaying
leaves of R. mangle. The assays were done with
illumination using leaves that had decayed for 14
days. Symbols: *, anaerobic shaken; 0, aerobic un-

shaken; A, aerobic shaken.

The results in Table 1 for anaerobic and aerobic
assays are not strictly comparable because the
aerobic assays were conducted with leaves at
various stages of decay. Table 2 shows the rates
of N, fixation associated with leaves at increas-
ing stages of decay. The C,H, reduction rates in
this experiment were lower than usual due, at
least in part, to shading problems because
whole leaves (in sections), not half-leaves, were
used in each assay vessel. However, the results
indicate that N, fixation commenced within 1
week of decay and persisted for at least 4
weeks, at which point the leaves were still in-
completely decayed.
Although many aspects of microbial activi-

ties in leaf detrital systems have been studied,
the possible role of N, fixation seems to have
been neglected. This is surprising since senes-
cent leaves are generally deficient in nitrogen
(9, 13) and should provide, if the available car-
bon is biodegradable, a suitable enrichment
substrate for heterotrophic N,-fixing microbes.
Following the tenet ofBaas Becking (1), "every-
thing is everywhere, the environment selects,"
the type of N,-fixing flora that develops will
depend upon the environment in which the
leaves come to reside and also the conditions on
and within the leaf. With respect to decaying
leaves of R. mangle, N, fixation is a predomi-
nantly anaerobic process. Excessive aeration by

TABLE 1. Effect ofassay conditions on the rate ofN2
(C2H2) fixation associated with decaying leaves ofR.

manglea

N, fixation (Ag of Nig [dry wtj
Assay condition per h)

Dark rate Light rate

Aerobic, shakenb 0.7 ± 0.7 1.3 ± 1.3
Aerobic, unshakenb 2.6 ± 2.1 7.3 ± 5.3
Anaerobic, shaken' 4.2 ± 2.1 12.6 + 3.4

a All results are the means of at least five sepa-
rate samples (± standard deviations).

Leaves of unknown age.
' Leaves decayed for 14 days.

TABLE 2. Rates ofN2 (CH,) fixation associated with
leaves of R. mangle at various stages of decaya

Decay time in field N2 fixation (,ug of N/g [dry wt]
(days) per h)

0 0
2 0.2 ± 0.3
7 1.1 ± 1.1

14 4.0 ± 1.6
21 3.5 ± 0.8
28 2.3 ± 0.4

a The assays were done aerobically with illumina-
tion but without shaking. Results are the mean of
five separate samples (+ standard deviation).
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shaking almost completely abolished C2H2 re-
duction (Fig. 1) and, therefore, eliminates the
possibility of a contribution from heterocystous
blue-green algae. The lag observed in the un-
shaken aerobic assays probably represents the
time required for the reestablishment of anaer-
obic microenvironments on or within the
leaves. Photosynthetic microorganisms, Rho-
dospirillaceae, and possibly nonheterocystous
filamentous blue-green algae (21) probably pro-
vide about two-thirds of the nitrogenase activ-
ity. Facultatively or strictly anaerobic hetero-
trophic bacteria account for the remainder of
the C2H2 reduction. On the sediment surface
the photosynthetic microbes presumably pre-
dominate on the illuminated surface of the
leaves. However, no attempt was made to dif-
ferentiate between the leaf surfaces in our as-
says.

Fell et al. (6) reported an increase in absolute
nitrogen content of 54 utg of N per g (dry
weight) per day in leaves of R. mangle during
their decay period of 15 to 50 days after falling
into the water. This figure reflects the standing
crop only and does not account for either the
rapid turnover due to continuous grazing by the
meiofauna or losses by leaching. Laboratory
incubations gave an average N2 fixation rate of
10.6 jig ofN (dry weight) per h (n = 29; stand-
ard deviation = 2.9) in the light for leaves that
had decayed for 2 to 3 weeks. This result indi-
cates that N2-fixing microorganisms associated
with the leaves might contribute significantly
to the observed nitrogen increases of decaying
leaves. The microbial populations of the leaves
are continuously grazed by meiofaunal orga-
nisms and are also utilized by large numbers of
detritus consumers, which in turn serve as food
for larger invertebrates and fishes (Odum,
Ph.D. thesis). The N2-fixing prokaryotes are
consumed directly (7) and also probably provide
nitrogen to the fungal populations of the leaves
(11, 18). In conclusion, N2 fixation may, there-
fore, be of considerable importance to the pro-
ductivity of this estuarine system and certainly
merits further investigation.
We gratefully acknowledge the expert guidance and

helpful discussions of J. Fell and his associates (I. M. Mas-
ter, A. Tallman, I. Hunter, and R. Cefalu) about R. mangle
detrital systems.

J. W. G. was supported by a fellowship from the Univer-
sity of Miami, and other financial support was provided by
grant GA-41135 from the Oceanography Section of the Na-
tional Science Foundation.

LITERATURE CITED

1. Baas Becking, L. G. M. 1934. Geobiologie. W. P. Van
Stockum en Zoon N. V., Den Haag.

2. Bunt, J. S., K. E. Cooksey, M. A. Heeb, C. C. Lee, and
B. F. Taylor. 1970. Assay of algal nitrogen-fixation
the marine subtropics by acetylene-reduction. Nature
(London) 227:1163-1164.

3. Cummins, K. W., R. C. Petersen, F. 0. Howard, J. C.
Wuycheck, and V. I. Holt. 1973. The utilization of
leaf litter by stream detritivores. Ecology 54:336-345.

4. Darnell, R. M. 1967. Organic detritus in relation to the
estuarine ecosystem, p. 376-382. In G. Lauff (ed.),
Estuaries. Am. Assoc. Adv. Sci. publication no. 83.
Horn-Shafer, Baltimore.

5. de la Cruz, A. A., and B. C. Gabriel. 1974. Caloric,
elemental, and nutritive changes in decomposing
Juncus roemerianus leaves. Ecology 55:882-886.

6. Fell, J. W., R. C. Cefalu, I. M. Master, and A. S.
Tallman. 1975. Microbial activities in the mangrove
(Rhizophora mangle L.) leaf detrital system. In
G. E. Walsh, S. C. Snedaker, and H. J. Teas (ed.),
Biology and management of mangroves. Proceedings
of the international symposium on biology and
management of mangroves. University of Florida,
Gainesville.

7. Fenchel, T. 1970. Studies on the decomposition of or-
ganic detritus derived from the turtle grass Thalassia
testudinum. Limnol. Oceanogr. 15:14-20.

8. Fisher, S. G., and G. E. Likens. 1973. Energy flow in
Bear Brook, New Hampshire: an integrative ap-
proach to stream ecosystem metabolism. Ecol. Mon-
ogr. 43:421-439.

9. Goss, J. A. 1973. Physiology of plants and their cells.
Pergamon Press, Inc., Elmsford, N.Y.

10. Hardy, R. W. F., R. D. Holsten, E. D. Jackson, and R.
C. Burns. 1968. The acetylene-ethylene assay for N2
fixation: laboratory and field evaluation. Plant Phys-
iol. 43:1185-1207.

11. Jones, K., and W. D. P. Stewart. 1969. Nitrogen turn-
over in marine and brackish habitats. IV. Uptake of
the extracellular products of the nitrogen-fixing alga
Calothrix scopularum. J. Mar. Biol. Assoc. U.K.
49:701-716.

12. Kaushik, N. K., and H. B. N. Hynes. 1971. The fate of
dead leaves that fall into streams. Arch. Hydrobiol.
68:465-515.

13. Malaviya, B. 1965. On the biochemistry of senescence,
p. 213-234. In R. D. Asana and K. K. Nanda (ed.),
Growth and development of plants. Today and To-
morrow's Book Agency, New Delhi.

14. Minshall, G. W. 1967. Role of allochthonous detritus in
the trophic structure of a woodland springbrook com-
munity. Ecology 48:139-149.

15. Odum, E. P. 1971. Fundamentals of ecology. W. B.
Saunders Co., Philadelphia.

16. Odum, E. P., and A. A. de la Cruz. 1967. Particulate
organic detritus in a Georgia salt marsh-estuarine
ecosystem, p. 383-388. In G. H. Lauff(ed.), Estuaries.
Am. Assoc. Adv. Sci. publication no. 83. Horn-Shafer,
Baltimore.

17. Odum, W. E., J. C. Zieman, and E. J. Heald. 1973.
Importance of vascular plant detritus to estuaries, p.
91-114. In R. H. Chabreck (ed.), Proceedings of the
coastal marsh and estuary management symposium.
Louisiana State University Division of Continuing
Education, Baton Rouge.

18. Pohl, P., and G. Drath. 1975. Stickstoff-ausscheidung
durch N2-fixierende Blaualgen. III. Zerwertung des
ausgeschiedenen Stickstoffs durch Grunalgen. Z. Na-
turforsch. Teil C 30:223-226.

19. Reice, S. R. 1974. Environmental patchiness and the
breakdown of leaf litter in a woodland stream. Ecol-
ogy 55:1271-1282.

20. Stewart, W. D. P., G. P. Fitzgerald, and R. H. Burns.
1967. In situ studies on N2 fixation using the acety-
lene reduction technique. Proc. Natl. Acad. Sci.
U.S.A. 58:2071-2078.

21. Stewart, W. D. P., and M. Lex. 1970. Nitrogenase activ-
ity in the blue-green alga Plectonema boryanum.
Arch. Mikrobiol. 73:250-260.

22. Teal, J. M. 1962. Energy flow in the salt marsh ecosys-
tem of Georgia. Ecology 43:614-624.

VOL. 31, 1976


