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ABSTRACT: A mass balance for the decomposition of kelp in a sand beach microcosm shows that
microbial incorporation of nitrogen from kelp debris is achieved within 7 d with an efficiency of as
much as 94.2 % of the particulate and dissolved carbon. Although comparatively high concentrations of
carbon and ammonia appear in the leachates from kelp, these amount only to 0.2 % of the carbon and
1.5 % of the nitrogen originally present in the kelp debris. Estimates of the input of macrophyte debris
to the shore from a kelp bed at Kommetjie, Cape Peninsula, South Africa, suggest that 2006 gCm~1d ™!
are cast onto the strandline and that the organic nitrogen inputis 12gm~!d™!. The carbon returned to
the sea is thus 0.4 g m~! d~! while the nitrogen ist 0.2 g m~! d~! Although the ammonia released
during decomposition of kelp debris on the strandline may have some strictly localised significance in
the immediate subtidal zone, it is estimated that such leachates could meet only 0.09 % of the nitrogen
requirements of primary production in the nearby kelp bed, or approximately 0.4 % of those of surf
zone phytoplankton. Primary production in the adjacent subtidal communities is thus dependent
mainly on in situ remineralisation of nutrients and on local upwelling, rather than on the regeneration
of nutrients from material cast onto the strandline.
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INTRODUCTION

As is well known, a principal end product of micro-
bial decompostion of nitrogenous debris in both ter-
restrial and aquatic environments is ammonia (for
review see Fenchel and Blackburn, 1979). Under aerial
conditions much of this may be lost to the atmosphere,
but there is a good deal of evidence that the ammonia
may be of importance in supporting primary produc-
tion in aquatic environments. Lewin et al. (1975), for
example, reported that ammonium was always present
in surf at Copalis Beach, Washington, and that this
probably represented a nitrogen source to sustain the
dense populations of surf zone diatoms. Raine and
Patching (1980) have shown that during the productive
season the nitrogen supply to the water column,
mainly in the form of ammonia from biological decom-
position of imported organic matter in a semi-enclosed
bay in Galway, Ireland, was in excess of local phyto-
plankton requirements. Again, McLachlan et al. (1981)
estimated that the nitrogen in a sandy beach in Port
Elizabeth, South Africa, was regenerated approxi-
mately every 8 d and suggested that the total nitrogen
was of importance in sustaining primary production in
the surf zone.
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There have, however, been few attempts to deter-
mine the rate of supply of nitrogenous debris to the
intertidal environment from areas of known primary
production. There is also little information on the rela-
tive amounts of carbon and nitrogen from such mate-
rial which is returned to the sea, or its quantitative
significance in sustaining further primary production
by the source of the organic material. The following
study was therefore undertaken to follow quantita-
tively the decomposition products of kelp debris
through a sand beach adjacent to a kelp bed of known
primary production. Carbon flow through the system
has been reported previously (Koop et al., 1982). The
present paper summarises the flow of nutrients
between cast up kelp and the adjacent nearshore envi-
ronment.

MATERIALS AND METHODS

A sample of 26.35 kg wet weight of freshly-cut kelp
(Ecklonia maxima Osbeck} was placed at high water of
spring tides on a shore with sand patches at Kommet-
jie, Cape Peninsula, South Africa (34°08' S : 18°18' E).
Kelp was put in a cleft with a flat rock floor which
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Table 1. Summary of methods for analysis of nutrients in seawater samples. c.v. coefficient of variation. See also Armstrong et al.
(1967) and Strickland and Parsons (1972)

Nutrient Method Standard Sensitivity (mg 17! c.v.)
Ammonia Berthelot colour response with sodium 2 umol 17! 0.2;0.25%

phenoxide and sodium hypochlorite ammonium sulphate in N-free water
Nitrite Copper-cadmium reduction of nitrite ion 15 pmol I 0.02mgN17!0.55%
Nitrate and formation of azo dye potassium nitrate in N-free water
Phosphate Molybdophosphoric acid reduction to 1.5 umol 7 0.2,040%

molybdenum blue complex by ascorbic potassium dihydrogen phosphate in

acid ARISTAR (Merck) seawater

1

drained into a small depression of approximately 10 1
volume (Pool 1). An overflow of excess fluids from this
pool drained through a sand patch of 1 m length and
50 cm width with a depth of approximately 12 cm on an
impervious rock floor. Finally, material from the sand
could drain into a larger rock pool of 30 1 volume
(Pool 2) (Koop et al., 1982). Fluids from Pool 1 were
used to assay the chemical composition and microbiol-
ogy of the initial kelp leachates. The sand strip
allowed us to study the role of the interstitial mic-
rofauna in the degradation of dissolved and particulate
matter entering the beach from the kelp while analyses
of organic matter entering the larger Pool 2 repre-
sented material returned to the sea following proces-
sing activities by the sand (Fig. 1).
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Fig. 1. Detail of study site at Kommetjie, Cape Peninsula,
South Africa, showing the different components of the micro-
cosm studied. Average depth of the sand strip was 12 cm

Desiccation of the kelp pile was prevented through
the rapid formation of a superficial dry layer and at the
end of the study all but this layer had disappeared
through a combination of grazing by invertebrates and
bacterial decomposition (Koop et al., 1982). The chemi-
cal composition of the dried out kelp appears to be
remarkably stable - the C:N ratio remained
unchanged over the study period.

Samples of 40 ml were taken daily from the initial
leachates in Pool 1, from the interstitial water of the
sand strip and from the final drainage Pool 2. The
water was filtered through 25 mm Whatman GF/C

filters and the filtrate frozen prior to analysis. Samples
were analysed for ammonia, nitrite, nitrate and phos-
phate on a Technicon Auto Analyzer II. The analytical
procedures are outlined in Table 1, together with the
standards used and the sensitivity of the method. The
results are expressed in ug-at 17! and for the purpose of
the mass balance calculations were subsequently con-
verted to total weights using the volumes of water in
the components of the microcosm.

The total carbon and nitrogen of freeze dried mate-
rial was analysed by combustion in a Heraeus CHN
elemental analyser (Model EA415-50} using p-Ni-
troanaline (52.17 % C and 20.28 % N) as a standard
(see also Koop et al., 1982). All results were expressed
as the mean for 3 weighed subsamples of approxi-
mately 3 mg dry material.

RESULTS
Carbon, Nitrogen and Phosphate in the Microcosm

The concentrations of nitrogen and phosphate ana-
lysed in the initial leachate pool beneath the kelp
(Pool 1), in the interstitial water of the sand column,
and in the final drainage Pool 2 are summarised in
Table 2. Carbon values recalculated from Koop et al.
(1982) are also shown. It is clear that very high con-
centrations of NH; accumulated over the experimental
period after which time 92 % of the kelp initially
supplied to the microcosm had been decomposed. In
contrast, nitrite, and to a greater extent nitrate, were
low except in the interstitial water when grazing
amphipods invaded the sand for a period of 3 d. Phos-
phate showed an initial accumulation in the leachates
but subsequently declined with time and with passage
through the system, a maximum of only 16.21 ug-at1™!
appearing in the final drainage pool. Carbon values in
the leachate pool were much higher than the nitrogen
concentrations and showed a marked utilisation dur-
ing passage through the microcosm. As noted by Koop
et al. (1982), it is clear that almost all of the organic
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Table 2. Nutrient values (ug-at 17!} in leachates from the kelp Ecklonia maxima {Pool 1), in the interstitial water of a 1 m sand strip
and in a subsequent drainage pool (Pool 2). The carbon values were recalculated from Koop et al. (1982). All data have been

corrected for evaporation

Day Cc 10° NH, NO, NO, Total inorganic N PO,
Pool 1
0 6.05 32.56 0.73 0.05 33.34 0.42
1 17.22 210.84 0.94 0.09 211.87 15.14
2 52.78 1535.60 0.94 0.06 1536.60 115.12
3 104.17 3443.00 0.98 0.06 3444.04 60.78
4 128.06 5372.64 1.49 0.06 5374.19 468.69
5 158.89 5809.34 2.63 0.12 5812.09 14.67
6 107.22 6853.69 3.61 0.13 6857.43 17.26
7 221.33 7280.60 4.71 0.16 7285.47 11.02
Interstitial
0 13.33 198.00 0.73 0.11 198.84 0.85
1 26.39 534.00 108.53 757.55 1400.08 1.50
2 22.33 697.00 89.28 361.60 1147.88 2.35
3 20.00 936.00 78.43 452.00 1466.43 1.34
4 20.25 906.00 21.37 1.72 929.09 2.35
5 25.25 1170.00 1.19 0.18 1171.37 8.57
6 14.17 992.00 6.75 0.93 999.68 2.35
7 13.89 1201.00 28.88 4.11 1233.99 1.79
Pool 2
0 8.06 31.52 1.09 0.18 32.79 0.68
1 6.39 255.65 13.43 1.11 270.19 3.02
2 6.39 939.40 1.07 0.10 940.57 6.67
3 11.39 1185.53 1.15 0.06 1186.74 9.46
4 9.42 1395.26 1.97 0.11 1397.34 6.30
5 8.58 1810.35 1.27 0.12 1811.74 12.76
6 8.58 2023.04 3.75 0.13 2026.92 13.38
7 10.56 2600.43 1.48 0.13 2602.04 16.21

carbon is utilised in the microcosm by a combination of
grazing and microbial activity.

In order to estimate the decomposition products
accumulating in the microcosm, it is necessary to mul-
tiply the values shown in Table 2 by the volumes of
initial leachate, interstitial water and water in the final
drainage Pool 2. The values attained at the end of the
experiment are shown in Table 3. These represent
products which had not been utilised by microbial
activity or consumers and which are thus available for

Table 3. Total amounts (ug-at - 10%) of material from decom-

posing kelp Ecklonia maxima accumulating in leachates

(Pool 1), interstitial water of a 1 m sand strip, and final

drainage Pool 2. Data derived from amounts of material

accumulated on the final day of experiment (Table 2) multi-

plied by the volumes of water in each of the 3 sections of the
microcosm

Source  Carbon NH; NO, NO; Total N PO,

Pool 1 4639.5 72.48 0.07
Interstitial 0.0 802 0.04
Pool 2 233.1 77.07 0.01

0.002 72.550 1.30
0.004 8.064 0.01
0.000 77.080 0.46

export to the adjacent coastal waters. [t is apparent that
approximately 95 % of the carbon ist used up during
passage through the sand column (see also Koop et al.,
1982). Although there es some evidence of utilisation
of nitrogen in the sand, nitrogen accumulation in the
leachate pool is similar to that draining from the sand
column to the sea (Pool 2).

Nitrogen leaching to the sea is dominated by NH,.
This is in agreement with the results of Raine and
Patching (1980} and thus potentially significant as a
source of nitrogen for nearshore primary producers
{(Lewin et al., 1975; McLachlan et al., 1981). In order to
arrive at a mass balance for the remineralisation of
carbon and nitrogen, however, it is necessary to
express the residual components leaching to the sea in
terms of the amounts contained in the material initially
cast ashore.

Mass Balance for a Sand Beach Microcosm

It is now possible to calculate a mass balance for
carbon and nitrogen during decomposition of the kelp
debris and to estimate the quantitative significance of



94 Mar Ecol. Prog. Ser. 9: 91-96, 1982

mineralisation products leaching to the sea. The
results are summarised in Table 4. Since the wet
weight: dry weight ratio of Ecklonia maxima is 6.5:1
(Newell et al., 1980} and the carbon and nitrogen was
found to be 32.08 % and 1.87 % of the dry weight
respectively, the initial 26.35 kg wet kelp supplied to
the microcosm corresponds to 1300.5 g Cand 75.8 g N.

Koop et al. (1982) have estimated that 8.9 % of the
kelp carbon is directly removed by grazing inverte-
brates while 6.9 % is returned as faeces. This yields a
net loss of 26.0g C (=2 %) from the microcosm by
grazing. The residual dried kelp remaining at the end
of the experiment amounted to 8 % of the carbon
initially supplied and together with the sum of the
residual carbon in the water (Table 3) this gives
162.5 g C. The carbon available for microbial decom-
position is thus 1300.5 — (26.0 + 162.5) = 1112.0 g. The
total bacterial biomass in the microcosm has been
estimated to be 622.2 g dry weight {Koop et al., 1982)
which yields a carbon equivalent of 311.1 g (Luria,
1960). The carbon conversion efficiency by the bacteria
in the microcosm is thus 28.0 %, a value which accords
well with that of 31 % recorded for some bacteria by
Fenchel and Blackburn (1979). It is also clear that
carbon leaching from the microcosm to the sea (Pool 2)
amounts only to some 0.2 % of that originally supplied
in the debris while that lost, presumably as CO, to the
atmosphere, is 100 — (2 + 28.0 + 0.2) = 69.8 % (Fig. 2).

In much the same way, the net exchange of nitrogen
within the microcosm and the significance of drainage
to the sea can be estimated from the difference
between the amount supplied in the kelp and that
incorporated into grazers plus bacteria and that
remaining in the water of the microcosm (Table 3). In
this case the nitrogen removed by grazing amounted to
6.7 g while the nitrogen equivalent of the faeces was
5.2 g yielding a net loss of 1.5 g N to grazers. The total

KELP DEBRIS
2.0
0.6}
Invertebrates
28.0
Loss from (9.0}
microcosm Bacteria
0.2
on CARBON
Leachates
to sea

Fig. 2. Mass balance of carbon from decomposing kelp Eck-

lonia maxima on the strandline. Figures expressed in g car-

bon, derived from an initial 100 g carbon in kelp; values in

parentheses represent the weight (g) of carbon derived from
100 g dry weight of kelp

Table 4. A carbon and nitrogen mass balance for the decom-
position of kelp Ecklonia maxima on the strandline. Wet
weight:dry weight and C:N ratios of 6.5:1 and 17.2:1
respectively were used for kelp conversions. Removal by
invertebrates and biomass of bacteria were calculated from
Koop et al. (1982), residues from Table 3. Percentage loss from
microcosm represents material not incorporated into btomass
or returned to the sea and is probably lost to the atmosphere

Source Carbon  Nitrogen
(9) (9)
Total amount deposited 1300.5 75.8
Net removal by invertebrates
amount removed by grazing 115.7 6.7
amount returned as faeces 89.7 5.2

difference 26.0 1.5

% incorporation 2.0% 2.0%
Residues in microcosm
dried kelp 104.0 6.1
dissolved matter in Pool 1 55.7 1.0
dissolved matter in interstitial 0.0 0.1
dissolved matter in Pool 2 2.8 1.1
Total residues 162.5 8.3
Material available for microbial 1112.0 66.0
decomposition
Biomass of bacteria 311.1 62.2
Bacterial conversion efficiency 28.0% 94.2%
Percent returned directly to sea 0.2% 1.5%
Percent loss from microcosm 69.8% 2.3%

residual nitrogen in the microcosm at the end of the
study was 8.3 g (Table 3) leaving 66.0 g N for microbial
utilisation. The nitrogen equivalent of the bacterial
biomass, using a C: N ratio of 5: 1 (Fenchel and Black-
burn, 1979) is 62.2 g. The nitrogen conversion effi-
ciency of the bacteria in the microcosm was thus as
high as 94.2 %. Although, as noted on p. 93, the con-
centrations of NH; returned to the sea as leachates

KELP DEBRIS

2.0
(0.04)

Invertebrates

Loss from

microcosm
Bacteria
1.5
(0.03) NITROGEN
Leachates
to sea

Fig. 3. Mass balance of nitrogen from decomposing kelp

Ecklonia maxima on the strandline. Figures expressed in g

nitrogen, derived from an initial 100 g nitrogen in kelp;

values in parentheses represent the weight (g) of nitrogen
derived from 100 g dry weight of kelp



Koop et al: Microbial regeneration of nutrients 95

were high, it is apparent that these comprise only
1.5 % of the nitrogen supplied in the kelp debris.
Nitrogen loss to the environment amounted to only 100
-(1.5+94.2 +2) = 2.3 % (Fig. 3).

The mass balance for the decomposition of kelp thus
clearly shows that microbial incorporation of nitrogen
from the kelp debris is as much as 94.2 % efficient and
is accompanied by mineralisation of approximately
70 % of the carbon. Because there is no net accumula-
tion in sandy beaches with successive cycles of decom-
position, however, it is obvious that the material incor-
porated into bacteria is eventually returned to the
environment.

CONCLUSION

Using the data cited above for the carbon and nitro-
gen exchange within an experimental sand beach mi-
crocosm, it is poésible to estimate the annual fluxes on
the strandline and the potential significance of
ammonia regenerated from microbial activity in the
intertidal zone for primary production in the adjacent
coastal waters. Koop et al. (1982) have estimated that
206.01 g carbon d ! are cast onto each metre of strand-
line from a kelp bed at Kommetjie, whose production is
known. Since the C:N ratio of kelp is 17.2:1, the
nitrogen input to the beach is 12.0 g N m~? of strand-
line d-'. From Table 4 we know that 0.2 % of the
carbon and 1.5 % of the nitrogen is regenerated and
returned to the sea by leaching. The carbon returned to
the sea is thus 0.4 g m™~! of strandline d !, while the
nitrogen is 0.2gm~!'d ™.

Newell et al. (1982) have summarised the primary
production of Cape coast kelp beds and have reported
that the combined production of kelp bed phytoplank-
ton, understorey algae and kelp plus epiphytes
amounts to 58,700 kJ m~2 yr~!. For a kelp bed of
1000 m width seawards, the carbon primary production
would thus amount to 3710 g C fora 1 m wide stripd™".
Equally, nitrogen production would amount to 215.7 g
N d~!in the same 1 m X 1000 m strip. Since, as shown
above, nitrogen regeneration from the beach is 0.2 g
m~! of beach d7!, it follows that leaching could supply
only 0.2:215.2 = 0.09 % of the nitrogen requirements
of the adjacent kelp bed. Even if all the nitrogen
incorporated into bacteria were ultimately returned to
the sea, it is clear that this could meet only 11.7:215.7
= 5.4 % of the nitrogen requirements of the adjacent
kelp bed.

It is also possible to estimate the potential signifi-
cance of microbial regeneration of ammonia to surf
zone phytoplankton. Primary production by the kelp
bed phytoplankton is estimated as 23,900 kJ m~? of
kelp bed yr! (Newell et al., 1982). McLachlan et al.

(1981) have defined a surf zone of 1 m width and depth
X 200 m seawards as characteristic of exposed sandy
beaches. The nitrogen requirements of such a zone
would amount to 50 g N d™! using a C: N ratioof 6:1
for phytoplankton and the primary production figures
cited above. Leachates from the shore could thus sup-
ply only 0.2:50 = 0.4 % of the estimated phytoplank-
ton requirements even from a strandline where organic
input is high. The contribution is probably even less on
open exposed beaches where less debris is deposited
on the strandline and where primary production by the
surf zone diatoms is high (Lewin et al., 1975).

The sand beach ecosystem thus receives an organic
input from the adjacent coastal zone and largely con-
serves the nitrogen in the debris cast up onto the
strandline. While as much as 70 % of the carbon is
mineralised by the microbial community, combined
losses of nitrogen amount only to 3.8 % of the original
amount supplied to the shore. Although there is no
information to date on the further fate of the material
immobilised by bacteria, it is clear that some of the
nitrogen may leach back to the sea after the bacteria
themselves have been mineralised. This would indi-
cate that as much as 95 % of the nitrogen cast up onto
the strandline may ultimately be returned to the sea,
though there may be further losses to the atmosphere
at this step. However, even if a very large proportion of
the nitrogen input returns to the nearshore water, this
could still meet only a rather small fraction of the
nitrogen requirements in that habitat. Primary produc-
tion in the kelp bed community must therefore be
dependent mainly on in situ regeneration of nutrients
and on local upwelling. Although the high concentra-
tions of ammonia regenerated from the decomposing
kelp may have strictly localised significance in the
immediate subtidal zone, the mass balance for the
decomposition of macrophyte debris shows clearly that
leachates from the strandline could meet only a small
proportion of the nitrogen requirements of the primary
producers in the adjacent nearshore ecosystem.
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