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ABSTRACT

Tidal e#changes of organic carbon, nitrogen and phosphorus between a
south temperate Sarcocornia marsh and its associated estuary are
examined. Subterranean water flow was small, and the hydraulic exchange
between the two systems largely surficial. The dominant tidal signal
was semi-diurnal, and the extent of inundation of the marsh varied
considerably as a consequence of interactions of semi-lunar tidal cycles

with changes in daily mean sea level.

Annual net fluxes of organic carbon were directed from the marsh to the
estuary, but amounted to less than 2% of marsh aerial net primary
productivity. This indicates the incompatibility of E.P. Odum's

outwelling hypothesis to this marsh-estuarine system.

The direction of net flux of organic carbon switched on a time-scale of
days. These directions were largely correlated with mesoscale oceanic
events, which materially altered the extent of marsh inundation, and
which provided evidence of the mutual exclusivity of outwelling of DOC

from the marsh and oceanic upwelling.

Laboratory mesocosm experiments using intact marsh blocks of sediment
from the marsh were conducted to identify the proximate processes and
interactions at the marsh-water interface responsible for the
variability of marsh-estuarine exchanges. Patterns of fluxes of organic
carbon, total nitrogen and phosphorus were markedly different in the

structurally contrasted tidal creek and Sarcocornia Zone regions of the
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Figure 1 Map of Kariega estuary showing location of the study marsh.
Inset: map of South Africa showing location of Kariega

estuary.



Figure 2

Fiqure 3

South westerly view of upper reaches of Kariega estuary
showing elongate, sinuous channel, and narrow intertidal

areas. Arrow indicates location of study marsh.

Lower reaches of Kariega estuary showing non-vegetated sand-
banks near estuary mouth, and salt-marshes further upstream.

Study marsh lies off bottom right-hand corner of photograph.
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For instance, when a peak in daily mean sea level occurred during a

spring-tide period, as occurred from 12 to 15 May 1984, the marsh was
inundated by extremely high tides. But when depressed mean sea levels
coincided with a neap-tide period, for example from 18 - 23 May,

estuarine water levels dropped, and tides failed to enter the marsh.

One of the consequences of these interactions is an increased tidal
range. This has potentially important implications, because the
vertical extent of the marsh is small, and the duration and area of
inundation of the marsh is determined to a large degree by tide

elevation.

3.2 Tide elevation, and area and duration of marsh inundation

Figure 17 shows the regions of the marsh inundated at high-tide for
seven tides of different maximum elevations. The nature of the marsh
surface inundated at each tide changed with tide elevation (Figure 18).
At tides <1.0 m.a.m.s.l., the tidal creek and associated mudflats
accounted for more than 70% of the marsh area inundated, but at higher
tides the salt-marsh flats accounted for most of the area inundated.
Because the salt-marsh flats are flatter and more extensive than the
2
tidal creek, the area (m ) of the marsh inundated (I) at each tide
increased disproportionately with increasing maximum tide elevation, m,
(H) (Figure 19). This relation is best described by the power equation:

8.745
I = 0.965H (1)
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Figure 17 Pattern of inundation of the marsh. Shaded areas represent
regions of the marsh inundated at high slack-tide for seven
tides of increasing maximum elevations (a-g). Contour heights

are as in Figure 4.
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Figure 24 Instantaneous discharges per sector, Q(t), for six sectors
across the tidal creek, 13 May 1984. Sectors are partitioned
for purposes of explanation into those in the western (a) and
eastern (b) halves of the creek channel. Numbers indicated
for each curve denote time-averaged net discharge per sector, <Q>
3 -1

(m s ). Location and terminoloqy of sectors are shown in

Figure 21c.
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Figure 25 Instantaneous cross-sectional discharge, Q , over five tides.
T
Tides are as in Figure 23. Discharge-time curve for tide of 9
November 1984 is reproduced in each panel to assist in
comparison. Note the vertical axis in panel (¢) is not the

same as in panels (a) and (b). Maximum elevations of tides

are indicated in brackets (m.a.m.s.l.).






























Figure 29
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Changes in water table level and subterranean discharge
during the spring-tide of 6 December 1984. Arrows denote
directions of flow, and values below arrows indicate

3 3 -1 -1
discharge (x 10 mm m h ).






59

Figure 30 Changes in water table level and subterranean discharge
during the neap-tide of 3 November 1984. Details as in

Figure 29.
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The tides of 19 and 22 January 1985 exported DOC, while the intermediate
tides of 20 and 21 January imported this fraction; <F > values for the

T -1
respective tides were -0.07, +0.10, +0.02, and -0.03 gE s -

Figure 34 shows the changes in water level, and concentrations of DOC
and POC over the four tides. DOC concentrations generally exceeded those
of POC, but concentrations of both fractions, and pérticularly the
concentrations of POC relative to those of DOC, were elevated at 1low
water levels at the start and end of each tide. Observations of the
release of silty material from burrows of the anomuran mudprawn,

Upogebia africana (Ortm) suggested this was a consaquence

of bioturbation. In view of the shallowness of the creek, it may also

be due to wind-induced resuspension of sediments at low water levels.

Over each tide, the changes in DOC instantaneous cross-sectional fluxes,

F , closely followed changes in discharge, @ (Figure 35). These data

T T
show that the instantaneous fluxes of DOC onto and off the marsh were

controlled more by changes in discharge than by DOC concentration
changes in the water column. 1In contrast, the F wvalues of POC, which

T
were smaller than those of DOC, followed Q less closely. This shows

T
that compared to DOC, the processes responsible for changes in POC

concentrations exerted a more pronounced effect relative to discharge on

the instantaneous fluxes of this component.

Fluxes of DOC over semi-lunar tides

Figures 36 and 37 show the net fluxes per tide of DOC and POC, expressed

as <F > and F » over alternate tides during four semi-lunar sampling
t TIDE
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Figure 34 Changes in water level (a), and concentrations of DOC (b) and
POC (g) in the tidal creek over four selected tides, January

1985.
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Figure 35 Instantaneous cross-sectional discharges, o, and fluxes, F
T T
of DOC and POC at the marsh-estuarine junction over four

tides. Negative discharge and flux values denote transport

onto marsh, and positive values transport from marsh to
estuary. Time-averaged instantaneous cross-sectional net

discharges, <2 >, and fluxes, <E >, are indicated for each
T T

tide.
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Figure 36 Net fluxes of DOC and POC over alternate tides during autumn
(a) and winter (b) semi-lunar sampling periods. Solid bars
signify cross-sectional net fluxes per tide, F ; clear bars

. TIDE .
represent time-averaged instantaneous cross-sectional net

fluxes per tide, <F >. Vector diagrams of mean wind direction
TI\
and velocity are presented. Maximum height of tides observed

at the marsh-estuarine junction, and predicted for the ocean

are indicated by solid and dotted lines, respectively.
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Figure 37 Net fluxes of DOC and POC over alternate tides during spring
(a) and summer (b) semi-lunar sampling periods. Details as in

Figure 36.
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period during which a constant or base-line condition was established in
the mesocosms. on Day 3, the mean number of crabs, of mean individual
biomass, wére introduced to the first, third and fifth mesocos%s. Crabs
were collected at the sites of sediment collection less than two hours

before their transfer to mesocosms. The second, fourth and sixth

mesocosms were incubated without crabs and served as controls.

After the four-day equilibration period the mesocosms were subjected to
a ‘"neap-tide" period of exposure, or non-flooding, followed ‘by a
"spring-tide" period during which the mesocosms were flooded twice a
day. The Sarcocornia mesocosms, were subjected to neap and spring
periods of 9 and 5 days respectively, and the tidal creek mesocosms to
neap and spring phases of 6 and 8 days. These regimes were determined
from 12-month water-level recordings monitored at the marsh-estuarine

junction.

The mesocosms were arranged in rows (Figures 48 and 49) below two light
banks fitted with sodium and halogen lamps. Incident
photosynthetically active radiation, measured at the sediment surface
using a Lambda Instruments LI-185 light meter, was 92 + 4.3 (S.D)

-2 -1 T
MEm s , n 15. This value is only slightly lower than the levels

reported to cause light saturation of photosynthesis in epibenthic algae
-2 -1
(ca. 100 MEm s Rasmussen et al. 1983). Air between the light banks

and mesocosms was exchanged using fans to prevent overheating.

Temperatures at the marsh surface in the mesocosms were maintained at
o o

16(+0.7) C and 23(+0.9) ¢ for the winter and summer experiments,



Figure 48

Figure 49
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Laboratory mesocosms and tidal simulation system. 1 Primary
reservoir, 2 Filter pump, 3 Secondary reservoir, 4
Circulation manifold, 5 Influent flow requlators, 6 Light
bank, 7 Mesocosms of the Sarcocornia Zone, 8 Effluent

pipes, 9 Collection containers in ice.

Laboratory mesocosms of the marsh below light banks.

Notations as for Figure 48.















In certain isolated instances estimates of the net flux of material were
not available for particular mesocosms at certain tides. For purposes
of statistical testing, these missing values, of which there were 15,

were replaced with "cell" means to make cell size uniform.

Results

Figures 50 and 51 compare the net fluxes (F ) of DOC, POC and the ratio
of the two, from mesocosms of the Sarcocgrnia and tidal creek zones
under simulated winter (Experiments 1 and 2) and summer conditions
(Experiments 3 and 4). Each panel shows the mean net flux per tide (n =
3) for mesocosms with (solid lines) and without (dotted lines) crabs,

over a simulated semi-lunar period of inundation. Results of the four-

way ANOVA's of these data are presented in Tables 7 and 8.

In both zones, the net fluxes of DOC and POC were directed from the

marsh surface to the overlying water, at all tides, in both seasons, and

whether crabs were present or not. The fluxes of both components were
influenced by marsh zone (ZONE), presence of crabs (CRABS), and season
(SEASON) ; as indicated by the highly significant F-tests of MAIN

EFFECTS in Tables 7 and 8 (P > 0.001 in all cases). Fluxes of DOC also
varied significantly with tide sequence (TIDE, P > 0.001, Table 7).
Consequently, the null hypotheses H1, H2 and H4 can be rejected for both
DOC and POC, and H3 for DOC. The significaht F-tests of INTERACTION

EFFECTS show that the effects of zone, crabs and season are each

dependent on the other two factors (Tables 7 and 8).



Figure 50 Comparison of winter tidal net fluxes of DOC (a), POC (b) and

the ratio of the two (S)' in laboratory mesocosms of Lthe
Sarcocornia (left) and tidal creek (right) =zones of the
marsh. Each point represents the mean (n=3) net exchange

per tide, for either the mesocosms with crabs (solid) or
those without (dotted). Successive semi-diurnal tides were

monitored over a simulated semi-lunar, spring-tidal cycle.
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Results

Nitrogen

The

nitrogen flux data are presented in Figures 53 to 55, and their

interpretation in Table 14.

The following conclusions are possible:

1.

In mesocosms of both 2zones incubated with crabs, and which

therefore simulate the field situation, mean net fluxes of

nitrogen, as TN, for all tides combined, were significantly

different from =zero, and directed from the marsh surface to the

water column (Figure 53).

Mean fluxes of TN were six times higher in the Sarcocornia Zone
-2 -1

(43.6 + 8.3 mgN m tide ) than in the tidal creek (6.7 + 4.8 mgN

-2 -1

m tide ) (Table 14).

This difference was mainly due to the larger losses of DIN, and

particularly ammonium-N, from the Sarcocornia Zone than from the

tidal creek; mean fluxes of ammonium-N in the respective zones were
-2 -1

27.9 and 4.3 mgN m tide .

The presence of crabs had a significant influence on the fluxes of

TN, DIN and ammonium-N (see significant F - test results for main

effects of CRABS, Table 14). The extent of these effects depended

on the species/zone under consideration (ZONE x CRABS interaction

effects Table 14). For instance, fluxes of TN were significantly

increased as a consequence of the presence of S.catenata but were

not altered by C. edwardsii.
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Figure 53 Net fluxes of total nitrogen (TN), dissolved nitrogen (DN) and
particulate nitrogen (PN) in the Sarcocornia Zone (left panel)
and tidal creek mesocosms (right panel), incubated with{(solid)
and-'without crabs (dotted) over a simulated spring-&idal
period. Each point represents mean net flux per tide (n = 3),
and positive and negative values denote net exports and

imports, respectively.
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Figure 54 Net fluxes of dissolved inorganic nitrogen (DIN) components,
namely ammonium-N, nitrate-N and nitrite-N, in mesocosms of
tidal creek and Sarcocornia zones incubated with (solid) and

without (dotted) crabs. Details as for Figure 53.
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5. This difference was largely due to the different effects of the two
species on fluxes of ammonium-N. The mean increase in ammonium-N
fluxgs attributable to crabs, and calculated as the difference in
the net fluxes in the with- and without-crab mesocosms, was 16.3 +

-2 -1
3.9 mgN m tide in the Sarcocornia Zone, and only 2.9 + 0.6 mgN
-2 -1
m tide in the tidal creek.

6. These data, in combination, show that the pronounced zonal
differences in fluxes of nitrogen, as TN, are due mainly to the
differential effects of the two crab species on the fluxes of
ammonium-N.

Phosphorus

1. Mesocosms of both zones incubated with crabs exhibited significant
losses of phosphorus as TP (Figure 56 ).

2. In contrast to the fluxes of TN, the fluxes of TP were
significantly higher from the tidal creek than from the Sarcocornia
Zone; the mean TP fluxes were 9.1 + 1.7 and 3.1 + 1.0

-2 -1
mgP m tide , respectively.

3. In both zones, losses of phosphorus occurred mainly as SRP, and to
a lesser extent as PP (Figure 57). These losses were offset in
part by the retention of reduced phosphorus, as DOP.

4. Mean losses of SRP and PP, and uptake of DOP, were all greater in
the tidal creek than in the Sarcocornia Zone.

5. However, comparison of the mean SRP flux values, calculated for all

tides combined, is misleading because, as indicated by the
significant ZONE x TIDE interaction effect in Table 15, the

difference between zones was dependent on tide sequence within the
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Figure 56 Net fluxes of total phosphorus (TP), dissolved phosphorus (DP)
and particulate phosphorus (PP) in Sarcocornia Zone (left) and
tidal creek mesocosms (right) incubated with (solid) and

without crabs (dotted). Details as for Figure 53.






































































































































