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Nitrogenase activity in mangrove forests at two locations in the North Island, New Zealand, was measured
by acetylene reduction and '*N, uptake. Nitrogenase activity (C,H, reduction) in surface sediments 0 to 10 mm
deep was highly correlated (r = 0.91, n = 17) with the dry weight of decomposing particulate organic matter
in the sediment and was independent of light. The activity was not correlated with the dry weight of roots in
the top 10 mm of sediment (r = —0.01, n = 13). Seasonal and sample variation in acetylene reduction rates
ranged from 0.4 to 50.0 jumol of C;H, m~2 h™! under air, and acetylene reduction was depressed in anaerobic
atmospheres. Nitrogen fixation rates of decomposing leaves from the surface measured by N, uptake ranged
from 5.1 to 7.8 nmol of N; g (dry weight) ! h™!, and the mean molar ratio of acetylene reduced to nitrogen fixed
was 4.5:1. Anaerobic conditions depressed the nitrogenase activity in decomposing leaves, which was
independent of light. Nitrogenase activity was also found to be associated with pneumatophores. This activity
was light dependent and was probably attributable to one or more species of Calothrix present as an epiphyte.
Rates of activity were generally between 100 and 500 nmol of C,H, pneumatophore™! h~! in summer, but

values up to 1,500 nmol of C,H, pneumatophore™! h~! were obtained.

Asymbiotic nitrogen fixation has been demonstrated in
many forest ecosystems (17, 22). Although nitrogenase ac-
tivity is generally low in these environments, over the life of
a forest these inputs often more than offset losses due to
leaching and denitrification, resulting in long-term accumu-
lations of nitrogen in forests (7, 21). At least three sites of
asymbiotic nitrogen fixation have been identified in forest
environments: measurable activities have been identified in
decaying litter (18), decaying wood (11, 20), and the rhizo-
spheres of some tree species (16, 19). The majority of
workers have been unable to detect significant nitrogenase
activity in mineral soil (17, 22). Although some workers have
implicated anaerobes as the agents of nitrogen fixation (17),
recent work indicates that aerobic or microaerophilic organ-
isms are predominant (20).

The mangrove forest ecosystem represents a very special
environment, in which sediments are almost entirely an-
aerobic and loss of nitrogen from denitrification may be very
high (12). Acetylene reduction assays have shown nitroge-
nase activity in the soils of the mangrove species Avicennia
germinans, Laguncularia racemosa, and Rhizophora man-
gle (10, 24). These studies indicated that the measured
nitrogenase activity was root associated (24) and was great-
est under anaerobic ¢conditions (10, 24).

In addition, Gotto and Taylor (8) measured acetylene
reduction in decaying leaves of R. mangle, and recently
there has been a report of nitrogen-fixing bacteria occurring
in warty lenticellate bark of Brugiera gymnorrhiza (23).

The present study was initiated to investigate the occur-
rence of nitrogen fixation in the mangrove forests of New
Zealand, the southernmost mangroves in the world. Also
investigated were the specific sites of nitrogenase activity in
soils and the requirements for oxygen.
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MATERIALS AND METHODS

Study sites. Sediment and plant materials for most exper-
iments were collected from two sites in the Auckland Prov-
ince (Fig. 1). Site 1 was in the northwestern corner of
Whangateau Harbour (36°19’ S, 174°46’ E), 58 km north of
Auckland. Site 2 was close to Auckland City (36°52’ S,
174°49' E), in a tidal creek 1.5 km inland from the Waitemata
Harbour. Trees at both locations were up to 4 m tall, and the
abundance of seedlings indicated that regeneration was tak-
ing place. Experiments were carried out between December
1974 and July 1976.

C,H,; reduction assay. The C,H, reduction assay for nitro-
genase activity was conducted by previously described
methods (9). Aerobic incubations were conducted by adding
10.13 kPa (0.1 atm) of C,H, to air in enclosed vessels, and
anaerobic incubations were initiated by flushing with Ar
before addition of C,H, (10.13 kPa). The incubation time
varied with the material and ranged from 12 to 20 h. Time
courses showed that rates of C,H, production by intact
cores were linear between 8 and 24 h.

After incubation, 0.1-ml gas samples were analyzed for
C,H, production by a Carle 9500 Basic gas chromatograph
with a flame ionization detector. The gas samples were
carried by a flow of dry nitrogen (0.67 ml s~*) through a
1.6-mm (internal diameter) copper column, 965 mm long,
packed with 80- to 100-mesh Porapak T. The air flow to the
flame ionization detector was 4.17 ml s™1, and the column
oven and injection port temperatures were 70°C. Ethylene
peak heights were measured and related to calibrations made
with standard C,H, concentrations. Endogenous C,H,4 pro-
duction and background C,H, were never detectable.

Collection and incubation. Sediment samples were col-
lected as cores, 38 mm in diameter and 100 mm in length, by
using a polyvinyl chloride coring tube. The intact cores were
extruded into similar incubation chambers with airtight caps
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FIG. 1. Location of main sites used for collection of sediments
and plant materials in the North Island, New Zealand.

containing serum seals. This system produced an intact,
relatively undisturbed core with a headspace gas volume of
approximately 100 cm®. C,H, was injected into this head-
space without prior removal of an equal volume of gas, to
give a partial pressure of 10.13 kPa; the heddspace gas
pressure was equalized; and incubations were then normally
conducted at field temperature. Most of the experiments
were done in summer, when ambient temperatures ranged
from 8 to 28°C with a mearn of about 18°C.

We removed organic matter from the sediment after
incubation by sieving it through a 1-mm (pore size) sieve and
separating the living roots. All other material was designated
coarse particulate organic matter (CPOM). For ease of
comparison, most results are presented on an area basis.

Experiments to investigate the effect of light were con-
ducted in 100- or 1,000-cm? glass jars rather than in polyvinyl
chloride tubes. Sediment cores were incubated in a water
bath at 18°C under full sunlight. ‘

I5N, fixation by decomposing leaves. Decomposing leaves
were collected from the sediment surface at site 2, washed
gently in seawater to remove adhering sediment, put into
7-ml screw-capped serum bottles, and preiricubated for 8 h
at 28°C. The bottles were then flushed with Ar, which was
replaced with a mixture of 50.66 kPa of N, (60 atom %
excess N,), 30.4 kPa of Ar, and 20.27 kPa of O,. After
incubation of the bottles for 20 h at 28°C, the uptake of °N,
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was stopped by the injection of acetylene to 10.13 kPa, and
C,H, reduction was assayed after 1 h. Soluble nitrogen was
extracted from the leaves with 3 N hydrochloric acid, and
both extract and residue were Kjeldahl digested. The ammo-
nia was recovered in solution, and finally N, gas was
regenerated by the addition of 10% lithium hypobromite and
analyzed with a GEC/AEI MS10 mass spectrometer.

RESULTS

Nitrogenase activity by sediments. Six replicate cores,
taken from beneath mangrove trees and from immediately
outside the mangrove area, were incubated with acetylene.
The mean activity was 12.3 wmol of C,;Hs m~2 h™! within the
stand and 4.9 wmol of C,H, m~2 h™! outside, confirming that
N, fixation occurs in New Zealand mangrove stands.

The coefficient of variation of the samples (n = 6) taken
under mangrove trees was 66%, and many other samples
from similar sites also showed a wide range of nitrogenase
activity, from 0.4 to 50 wmol of C;H; m~2 h™!. However,
samples taken outside the stand in similar substrates always
showed low spatial variability, with a coefficient of variation
in the above experiment of only 19%. In a large number of
further experiments, we have consistently confirmed that
nitrogenase activity is normally found in cores of estuarine
muds and that it is significantly higher and spatially more
variable in the presence of mangrove trees than away from
them.

Sediment cores were riormally 100 mm deep, and to
determine whether the complete core or the top surface only
was contributing to the observed nitrogenase activity, cores
of different depths were assayed. Four replicate cores rang-
ing from 10 to 100 mm in depth (measured from the top
surface) were incubated in C,H, for 20 h and assayed for
C,H,. The results (Table 1) indicate that the rates of C,H,
reduction observed in cores came from the top 10 mm or
even less. That activity did not increase with increasing core
depth indicates the existence of a diffusion limitation to
acetylene reduction by intact sediments. The apparent de-
cline in activity with increasing core depth is not statistically
significant.

Effect of light. To investigate the possibility that superficial
cyanobacteria were responsible for the observed nitrogenase
activity, six replicate cores were incubated in glass jars in
the light and in the dark. Mean nitrogenase activities after 12
h were 6.1 and 6.2 wmol of C,Hs m~2 h™! for light and dark

TABLE 1. Rates of acetylene reduction in air by intact sediment
cores of increasing depth

Mean C,H»
Depth reduction
of rate + SD
core (umol of
(mm) C,Hy m™2
h—l)h
10, o s 4326
20 . e 3.6 + 3.8
30 e 3119
Q0. . 2.1 +0.3
S0 . 2812
J0 . e 23+13
100. ... 2.6 =09

“ Incubation for 20 h.
» Means and standard deviations of four replicates.
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FIG. 2. Relationship of acetylene reduction by mangrove forest
sediment cores to dry weight of CPOM in the top 10 mm of the
cores.

treatments, respectively, indicating no significant light-de-
pendent cyanobacterial contribution to sediment activity.

Source of variability. Several experiments were done in
which, after incubation of sediment cores with C,H,, the
identifiable organic fractions (CPOM and roots) were sepa-
rated from the top 10 mm. No correlation was observed
between nitrogenase activity and root dry weight. For ex-
ample, C,H, reduction in 13 cores (18 h of incubation)
ranged from 0.4 to 11.0 nmol of CoH, core™! h™!, and root
dry weight ranged from 0.02 to 0.34 g core™! (r = —0.01).
However, a highly significant correlation was always found
between the very variable C,H, reduction rates and CPOM.
For example, C,H, reduction in 17 cores (after 11 h of
incubation) ranged from 0.6 to 13.2 nmol of C,H, core 1 h™?!
and was very significantly correlated with CPOM (r = 0.91;
Fig. 2).

Oxygen dependence. Experiments with both intact cores
100 mm deep and the top 10 mm of sediment stirred in
seawater (Table 2) showed that anaerobic conditions nor-
mally depressed nitrogenase activity in the sediment mate-
rial. It may be concluded that at least some, and probably

TABLE 2. Nitrogenase activity of mangrove forest sediments and
decaying leaves incubated aerobically and anaerobically

H a
Expt C,H- reduction rate

. - B
no. Material n Acrobic  Amacrobic Significance
1 Intact cores® 3 13.3 10.2 NS

2 Intact cores 3 5.6 1.0 NS

3 Intact cores b 34.8 16.6 **

4  Stirred cores? 3 5.4 1.8 **

5 Stirred cores S 10.9 1.8 *

6 Stirred cores S 12.7 1.8 *xk

7 Decaying leaves 5 324 3.2 **

“ For experiments 1 through 6, the rate is measured in micromoles of C-H,4
meter~2 hour™'; for experiment 7 the rate is measured in micromoles of C-H,
gram (dry weight)~! hour™!.

® NS, Not significant; *. significant (P = 0.1): **, significant (P = 0.01):
***_significant (P = 0.001).

< Intact cores 100 mm deep.

4 Top 10 mm of sediment only.
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FIG. 3. Seasonal variation of acetylene reduction by 100-mm-
deep cores of mangrove forest surface sediment (means of 6 to 10
replicates and 95% confidence intervals shown).

most, of the nitrogenase activity observed in the surface
sediments and decaying leaves is aerobic or microaerophilic.

Seasonal variation. Nitrogenase activity in aerobically
incubated 100-mm sediment cores taken from site 1 over a
period of 11 months showed a distinct seasonal pattern of
variation (Fig. 3). Rates of C,H, reduction were at a maxi-
mum in summer, around February, and were lowest in
winter, from about May to September.

Acetylene reduction hy decomposing leaves. The density of
recently fallen decomposing leaves ranges from 0.1 to 25 g
(dry weight) m~2 under the mangrove canopy. Decomposing
leaves incubated in C,H, at various temperatures for 10 h
showed high rates of C;H, reduction (Table 3), with a Q¢ of
approximately 2. These results can be compared with activ-
ities in CPOM (Fig. 2), which averaged 30.8 nmol of C;H, g
(dry weight)"' h~1,

Anaerobic incubations of leaves significantly depressed
nitrogenase activity in decaying leaf material, and this was
even more marked than in sediments (Table 2).

TABLE 3. Effect of temperature on nitrogenase activity in
decomposing mangrove leaves

Mean C-H,
reduction
rate = SD
Temp (nmol of
°C) C.H. g
[dry wt]™!
h-l)"
10 . 11.1 (6.2)
20 e 19.6 (7.2)
30 e s 41.4 (8.3)

“ Means and standard deviations of five replicates.
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TABLE 4. N, fixation and acetylene reduction by decomposing
mangrove leaves®®

5N, fixation
(nmol of C,H, reduction rate

15N, excess (nmol of C;H, g Molar ratio

g [dry wt]™! [dry wt]™' h™Y)
h™1
5.1 29.1 5.7
5.1 17.1 3.4
7.8 35.1 4.5

“ Incubation at 28°C with !N, for 20 h under 50.26 kPa 60 atom % excess
'*N,, followed by acetylene reduction for 1 h under 10.13 kPa C,H,.
b Means: fixation, 6.0; C,H, reduction rate, 27.1; molar ratio, 4.5.

15N, fixation by decomposing leaves. Confirmation of nitro-
gen fixation in decaying leaves was obtained by assaying
N, uptake. The results (Table 4) confirm that fixation in
three replicate samples occurred at rates of over 5 pmol of
N, g (dry weight)~! h™!. C,H, reduction rates for the three
replicates (Table 4) were much more variable, leading to a
range of molar ratios (3.4 to 5.7) with a mean of 4.5.
Although we cannot rule out the possibility that O, and
substrate depletion may have occurred during incubation,
time course experiments showed that C,H, production was
linear over similar periods.

Acetylene reduction by pneumatophores. The breathing
roots of some mangroves (pneumatophores) are vertical
roots, 5 to 12 mm in diameter, extending 100 to 200 mm
above the sediment surface. They occur in very high con-
centrations in muddy places. C,H, reduction rates of indi-
vidual freshly harvested pneumatophores exhibited a wide
range of activity, from 0 to 1,500 nmol of C;H4 h™1, but rates
generally ranged from 100 to 500 nmol of C;H; h™! in
summer. Highest rates occurred in midsummer, and very
low rates occurred in winter.

The light dependence of C,H, reduction in pneumato-
phores was tested by preincubating them for 10 h at 45
microeinsteins m~2 s~! (cool, white fluorescent light) and in
the dark, and assaying for C;H, reduction under the same
conditions for the following 19 h at 25°C. Rates per pneuma-
tophore averaged 94 = 45 nmol of C;H, h™! in the light and
18 + 4 nmol of C,H, h~! in the dark, showing a strong light
dependence.

Pneumatophores with high C,H, reduction rates invaria-
bly had a high density of the heterocystous cyanobacterium
Calothrix, which is a known nitrogen-fixing organism (15).

Pneumatophore density is variable and ranges from less
than 10 m~2 in sandy, well-aerated sediments to 300 m~2in
muddy, waterlogged areas. Assuming a nominal density of
100 m~2 and a C,H, reduction rate of 300 nmol of C,H,
pneumatophore™! h™!, the contribution of pneumatophores
could be in the order of 30 wmol of C,H; m~2 h™!, or over
twice the average seasonal maximum rate for sediments
(Fig. 3).

DISCUSSION

A wide range of nitrogen-fixation sites has been identified
in aquatic environments. It is clear from our work and that of
others (1, 3, 13) that root-free estuarine muds contain active
nitrogen-fixing bacteria. It is equally clear that activities are
low and are considerably increased by the presence of
plants, both in freshwater systems (2, 6) and in marine
environments (13, 24). A general conclusion from the above
work and from work on some terrestrial habitats is that the
plant stimulates nitrogen fixation by providing the rhizosph-
ere habitat. However, our work showed no evidence of
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significant root-associated activity in surface sediments, and
instead, the sediment core activity could be entirely ac-
counted for by decaying organic matter (mainly twigs and
leaves). Zuberer and Silver (25) have also identified the
association of C,H, reduction with plant litter.

Although roots from horizons below the surface sediments
may have the ability to fix nitrogen, we did not investigate
them because of their uncertain gas relations in a diffusion-
limited system. One indication of gas diffusion limitation was
the light color of the top 10 mm of sediments compared with
the dark, sulfur-smelling sediments below the top 10 mm.
This was probably caused by a combination of oxygen
demand by surface sediments and poor oxygen penetration
through their fine, waterlogged matrix.

The mean activity of decaying leaves taken from the
surface in our study (32.4 nmol of C,H, g [dry weight]™! hl
Table 2) is remarkably similar to the mean activity of
sediment cores divided by their CPOM content (30.8 nmol of
C,H, g [dry weight]™! h™!; Fig. 2), which lends further
weight to the low significance of rhizosphere activity.

Although we do not entirely discount the possibility of
rhizosphere nitrogen fixation, we conclude that most of the
nitrogenase activity observed in core samples is attributable
to decaying organic matter in the top 10 mm.

Most studies of aquatic nitrogenase activity have con-
cluded that anaerobes, either strict or facultative, are the
principal agents (2, 13, 24). However, in New Zealand
mangroves, activity based on decaying organic matter was
consistently inhibited by anaerobic incubation (Table 2).
Anaerobes are no doubt present, especially in the lower
parts of the profile, but account for only a small proportion
of the observed C,H, reduction. A parallel to this situation is
found in nitrogenase associated with decaying wood in
forests. Many workers have concluded on the basis of
isolated bacteria that anaerobes were the major diazotrophs.
However, recent work (19) has shown that oxygen is essen-
tial for the activity of nitrogenase in decaying wood of
Douglas fir.

Nitrogen fixation in decaying leaves of Avicennia in our
study gave 5 to 8 nmol of N, g~ h~! (140 to 224 ng of N g~!
h™1), in contrast to the rates recorded by Gotto and Taylor
8) of 11 pg of N g7! h™! for decaying R. mangle leaves.
However, in the Rhizophara leaves, photosynthetic organ-
isms accounted for up to two-thirds of the nitrogenase
activity, which was apparently all anaerobic. Zuberer and
Silver (25) found no significant depression of mangrove leaf
C,H, reduction under aerobic conditions.

The highest unit rates of nitrogenase activity in the present
study were associated with excised pneumatophores. This
activity was correlated with the presence of Calothrix. It is
interesting to note that Calothrix is not recorded among the
algal flora of mangrove pneumatophores in New Zealand (4,
5), which may indicate seasonal periodicity or other site
factors, but has been recorded on pneumatophores of Avi-
cennia marina in Sinai (14). High Calothrix abundance in our
work was invariably accompanied by high nitrogenase activ-
ity.

Our study has revealed that nitrogenase activity occurs in
New Zealand mangrove forest sediments and that it differs
from that associated with plants in other aquatic environ-
ments because it appears to be principally independent of
light, based on organic matter, and depressed by anaerobic
conditions. However, the majority of nitrogen fixation in
New Zealand mangrove forests is likely to come, under
optimum conditions for algal productivity, from the epi-
phytic flora on pneumatophores.
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